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ABSTRACT OF THE DISSERTATION 

 

Radiation- and Chemotherapy-Induced Cognitive Deficits: Neural-Derived Extracellular Vesicles 
as Translational Therapies 

by 

Sarah Mae Smith 

Doctor of Philosophy in Environmental Health Sciences 

University of California, Irvine, 2022 

Professor Charles L. Limoli, Chair 

 

Approximately 24,000 patients are diagnosed with brain tumors each year, which 

represents an estimated 166,000 people living with brain cancer as of 2015.  Radiotherapy 

constitutes one of the principle therapies for primary and metastatic brain tumors along with 

chemotherapy and surgery, with roughly 200,000 patients receiving brain radiation treatment 

each year in the United States.  One of the most common and most damaging iatrogenic effects 

of cancer treatment is cognitive dysfunction, including impairments in working memory, learning 

ability, executive function, and attention.  The deleterious effects of cranial ionizing radiation 

exposure are exacerbated by concomitant use of chemotherapeutic agents that elevate 

neurotoxicity.  While the mechanisms underlying radiation-induced cognitive dysfunction have not 

yet been elucidated, much of the underlying pathology believed to be contributory is related to 

decreased hippocampal neurogenesis, increased neuroinflammation, microvascular injury and 

alterations in neuronal structure that disrupts dendritic morphology, spine density and synaptic 

proteins.  Stem cell-based transplantation strategies have also shown considerable promise in 

ameliorating the negative effects of cranial irradiation.   

My initial work in the Limoli lab sought to examine the impact of bilateral and unilateral 

hemisphere transplantations of human neural stem cell (hNSC) and hNSC-derived extracellular 
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vesicles on the structural integrity of hippocampal neurons in the irradiated rodent brain, in order 

to ascertain the extent and range of the beneficial effects of cell-based therapies as a function of 

distance from the transplant site (which has important therapeutic implications for dosing and 

administration). We found that stem cell transplantation decreases the number of activated 

microglia at one month post-irradiation, signifying a reduction in neuroinflammation.  In addition, 

grafted stem cells preserved host neuronal structure one month and four months after irradiation. 

Stem cell transplantation also allayed the increased expression of the major synaptic scaffolding 

protein PSD-95 caused by irradiation.  Further, as clinical utility of stem cell transplantation 

strategies to offset normal tissue damage caused by irradiation may be limited by the 

downstream potential for teratoma formation and immune rejection, we also attempted to 

circumvent such caveats by evaluating the promise of using transplanted human neural stem cell-

derived extracellular vesicles in place of stem cells.  We showed that unilateral transplantation of 

both stem cells and extracellular vesicles 48 hours post-irradiation signals for the renormalization 

of synaptic proteins such as PSD-95 in the contralateral hippocampus, and found that unilateral 

transplantation has the same protective effects on neuroinflammation, dendritic morphology, and 

spine density as bilateral transplantation. 

My later studies evaluate the impact of GABAergic neuron-derived extracellular vesicles 

on irradiation- and chemotherapy-associated neurocognitive deficits associated with clinically-

relevant treatments, including fractionated radiation and the chemotherapeutic agent 

temozolomide (TMZ).  We first examined whether retro-orbital injection of extracellular vesicles 

(EV) derived from GABAergic neurons can alleviate radiation-associated deficits in cognition at 

one month following treatment.  GABAergic neuron-derived EVs are proposed to improve 

cognition after cancer therapy through providing an inhibitory impetus to compensate for 

irradiation- and chemotherapy-induced hippocampal hyperexcitation, as is apparent in 
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preliminary electrophysiology studies in irradiated animals.  Our behavioral data suggests that 

fractionated irradiation has deleterious neurological effects as determined by performance on 

hippocampus-, prefrontal cortex- and amygdala-dependent behavioral tasks, and that retro-

orbital injection of GABAergic EVs attenuates some of these effects and rescues cognition.  

Intriguingly, these benefits were not replicated with the application of glutamatergic neuron-

derived EVs, which did not reverse the observed decrements in cognitive function after irradiation.  

In exploring the neurobiochemical basis for this rescue in cognition on neuronal morphology, 

synaptic integrity, and neurotrophic factors, we found that dendritic spine density in the dentate 

gyrus of the hippocampus is significantly reduced following irradiation, but statistically similar to 

controls following the application of retro-orbital GABAergic EVs.  We also determined that 

irradiation reduced levels of neurotrophins in the hippocampus, but retro-orbital injections of 

GABAergic EVs ameliorated this decrease.   

We built upon these studies by next exploring whether retro-orbital injection of 

GABAergic neuron-derived EVs can ameliorate the adverse effects associated with a systemic 

insult to the brain, intraperitoneal injections of the chemotherapeutic agent temozolomide (TMZ), in 

the context of a clinically-relevant treatment protocol also including fractionated radiation.  

Temozolomide is an alkylating agent that crosses the blood-brain barrier and is used primarily to 

treat glioblastoma.  Again, several of the behavioral tasks show neurocognitive decrements 

following the TMZ+IRR protocol, which were improved with the GABAergic EV injections.  Likewise, 

tissue from the hippocampi of these animals was analyzed for neurotrophic factor levels, which 

revealed that glial cell-derived neurotrophic factor was reduced after irradiation but improved in 

the GABAergic EV cohort. 

Finally, we have been evaluating the optimal timecourse for delivery of GABAergic 

neuron-derived EVs being employed to rescue cognitive decrements associated with irradiation 
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by examining whether retro-orbitally injecting GABAergic neuron-derived EVs the week before 

the first fractionated radiation dose could result in a preemptive protective effect. We have 

identified that the protective paradigm of GABAergic EV application mitigates radiation-induced 

cognitive injury and enhances the quantity of neurotrophins in the hippocampus relative to 

irradiated animals. 
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CHAPTER ONE: INTRODUCTION AND BACKGROUND — STEM CELLS FOR THE RESOLUTION 

OF RADIATION INJURY TO THE BRAIN 

Adapted From: Smith SM, Limoli CL. Stem Cell Therapies for the Resolution of Radiation Injury to the 

Brain. Current Stem Cell Reports. 2017 Dec;3(4):342-347. doi: 10.1007/s40778-017-0105-5. 

Epub 2017 Oct 11. PMID: 29423356; PMCID: PMC5798632. 

Abstract 

Transplantation of human stem cells in the irradiated brain was first shown to resolve radiation-

induced cognitive dysfunction in a landmark paper by Acharya et al., appearing in PNAS in 

2009. Since that time, work from the same laboratory as well as other groups have reported on 

the beneficial (as well as detrimental) effects of stem cell grafting after cranial radiation 

exposure. Improved learning and memory found many months after engraftment has since been 

associated with a preservation of host neuronal morphology, a suppression of neuroinflammation, 

improved myelination and increased cerebral blood flow. Interestingly, many (if not all) of these 

beneficial effects can be demonstrated by substituting stem cells with extracellular vesicles 

derived from human stem cells during transplantation, thereby eliminating many of the more long-

standing concerns related to immunorejection and teratoma formation.  Stem cell and 

extracellular vesicle transplantation into the irradiated brain of rodents has uncovered some 

unexpected benefits that hold promise for ameliorating many of adverse neurocognitive 

complications associated with major cancer treatments. Properly developed, such approaches may 

provide much needed clinical recourse to millions of cancer survivors suffering from the unintended 

side effects of their cancer therapies. 
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Introduction 

Approximately 24,000 patients are diagnosed with brain tumors each year, which represents an 

estimated 166,000 people living with brain cancer as of 2015 [1].  Radiotherapy comprises one 

of the principle therapies for primary and metastatic brain tumors in addition to chemotherapy 

and surgery, with approximately 200,000 patients receiving brain radiation treatment each year 

in the United States [2]. These treatments have become increasingly effective in improving the 

prognosis for patients afflicted with central nervous system (CNS) cancers. As progress has been 

made in the early detection and treatment of cancer, survival rates have increased, with the five-

year survival rate rising from 23.0% in 1975 to 33.2% in 2014 [1, 3], adding to the importance 

of preserving the quality of life for cancer survivors.  One of the most common and most 

damaging iatrogenic effects of cancer treatment is cognitive dysfunction, including impairments in 

working memory, learning ability, executive function, and attention, with the neurocognitive 

sequelae typically manifesting many months to years following the cessation of treatment [4–8]. 

Each year, roughly 100,000 patients with brain tumors survive for at least six months, which is 

sufficient time for the development of radiation-induced cognitive decrements, which afflict 

between 50% and 90% of adults who survive at least that long with some degree of impairment 

[9, 10]. 

The deleterious effects of cranial ionizing radiation exposure are progressive, particularly in 

pediatric populations, and are exacerbated with increasing dose, volume of irradiated brain, 

and by concomitant use of chemotherapeutic agents that elevate neurotoxicity. While the precise 

mechanisms underlying radiation-induced cognitive dysfunction remain to be elucidated, much of 

the underlying pathology believed to be contributory if not causal is related to decreased 

hippocampal neurogenesis, increased neuroinflammation (activated microglia and pro-

inflammatory cytokines), microvascular injury, and alterations in neuronal structure that disrupts 
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dendritic morphology, spine density and synaptic proteins [2, 9–12]. Increased oxidative stress 

likely plays a critical role, by perpetuating cycles of inflammation and damage that prolong the 

signature of radiation injury in the brain [13–15]. Pharmacologic therapies currently under 

investigation to either prevent or restore neurocognitive functionality after radiation treatment are 

limited, and include anti-inflammatory agents such as peroxisomal proliferator-activated receptor 

agonists, renin-angiotensin system blockers such as angiotensin-converting enzyme inhibitors and 

angiotensin II type 1 receptor blockers, and inhibitors of adenosine kinase [9, 16]. Stem cell-

based transplantation strategies have also shown considerable promise in ameliorating the 

negative effects of cranial irradiation. Given the prominent role that cognitive health plays in the 

quality of life for survivors of brain tumors [17], continued exploration and refinement of stem cell 

therapies to treat radiation-induced cognitive decrements could have a profound effect on the 

lives of thousands of cancer patients, particularly those surviving childhood malignancies. 

Stem Cells and Regenerative Medicine 

Stem cell-based interventions have been investigated to repair and regenerate radiation-

associated injuries outside of the brain as well [18]. Radiation-induced lung injury, such as 

pneumonitis and fibrosis, is a critical complication of radiotherapy for thoracic cancers [19, 20]; 

caudal vein injections of mesenchymal stem cells abated early lung damage, oxidative stress, and 

radiation-associated increases in proinflammatory and profibrotic cytokine plasma concentrations 

in mice that underwent thoracic irradiation, increasing survival while attenuating lung fibrosis [21, 

22]. Salivary gland damage as a result of irradiation to treat head and neck cancer can result in 

chronic xerostomia [23]. Cells isolated from murine submandibular glands and cultured into 

salispheres have yielded cells expressing stem cell markers such as c-Kit [24]. Transplantation of 

these stem cell preparations into irradiated salivary glands of mice has been shown to 

recapitulate the morphology of unirradiated glands and dramatically increase saliva production 
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[23-26].  External radiotherapy frequently results in cutaneous radiation reactions (with up to 

95% of those treated with irradiation showing some adverse effect) [27]. Human mesenchymal 

stem cell (MSC) transplantation has been shown to moderate the severity of radiation dermatitis 

and hasten the healing process in an immunodeficient NOD/SCID mouse model [28], and injection 

of adipose tissue-derived stromal cells facilitated wound healing, re-epithelization, and 

angiogenesis in murine models following irradiation [29, 30]. Injections of CD34+ hematopoietic 

stem cells (HSC) decreased liver degeneration and necrosis and improved liver function following 

abdominal irradiation in immunodeficient mice, with the transplanted stem cells migrating to the 

liver and differentiating into hepatocytes [31]. Finally, bone marrow-derived stromal and MSC 

transplantations have demonstrated beneficial effects in alleviating the negative response of 

gastrointestinal tissue to irradiation, promoting structural recovery, decreasing radiation-induced 

apoptosis, and increasing survival in murine models [32–37]. Further, cognitive dysfunction 

associated with other cancer therapies, such as chemotherapy, is ameliorated with stem cell 

transplantation, as shown in studies of cyclophosphamide- and adriamycin-induced chemobrain 

[38, 39].  Additionally, stem cell-based approaches have been used successfully in animal models 

to ameliorate neurodegenerative conditions such as Alzheimer’s disease [40, 41], epilepsy [42-

44], and traumatic brain injury [45].  Encouraging results in the utilization of stem cell-based 

therapies to address radiation injury in other organ systems and the application of stem cells to 

restore cognition after treatment with chemotherapeutic agents portends the therapeutic potential 

of stem cells for mitigating radiation-induced cognitive dysfunction. 

Stem Cells in the Irradiated Central Nervous System 

Acharya et al. were the first to demonstrate the potential therapeutic value of transplanting stem 

cells into the irradiated brain in 2009 [46]. Intrahippocampal transplantation of human embryonic 

stem cells (hESCs) into cranially irradiated athymic nude rats improved cognitive function on a 
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hippocampal-dependent task. In that work, transplanted cells were found to migrate throughout 

the hippocampus, differentiating into neurons (concentrated in the dentate subgranular zone) and 

astrocytes [46]. A later study by the same group showed that human neural stem cell (hNSC) 

grafting into the hippocampus also ameliorated radiation-induced cognitive dysfunction as 

evidenced by performance on the same task at both one month and four months post-surgery 

[47]. These cells were also shown to migrate throughout the hippocampus, with 23% and 12% of 

the transplanted cells surviving one and four months after grafting, respectively, while 

differentiating into neuronal (chiefly in the dentate subgranular zone and CA1) and astroglial 

lineages (most evident in the corpus callosum) lineages. Intriguingly, upon exploration of novelty, a 

fraction (11%) of the transplanted cells were also found to co-express the mature neuronal 

marker NeuN and the activity-regulated cytoskeleton-associated protein (Arc), a behaviorally-

induced immediate early gene, one month following irradiation [47]. Since expression of Arc has 

been used to map the activity of neuronal circuits [48, 49], these data suggested that 

transplanted cells were functionally integrated into host hippocampal circuitry [47]. Follow-up 

studies comparing the outcomes of transplanted hESCs to hNSCs in cranially irradiated animals 

confirmed that engrafting of both cells types rescued cognitive function at one month and four 

months post-surgery [50]. While survival of the hESCs was higher (35% at one month post-

transplantation, 17% at four months) relative to the hNSCs, hNSCs showed preferential neuronal 

differentiation compared to the hESCs [50]. Moreover, at eight months post-transplantation, 

hNSCs conferred improvement in cognition while hESCs failed to do so [51]. At eight months 

following the transplantation of hNSCs, only 4.5% of the engrafted cells survived, but the number 

of activated microglia were reduced significantly in the transplanted animals relative to animals 

that had been irradiated and received sham surgery [52]. Interestingly, and again following the 

recent exploration of novelty, behaviorally-induced Arc expression was rescued in host neurons 

located in the CA1 and dentate gyrus of the hippocampus [52]. As opposed to the earlier 
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expression of Arc in transplanted cells, these latter findings pointed to a trophic support 

mechanism whereby engrafted cells enhanced the functional plasticity of host neuronal circuits 

[52]. Furthermore, intrahippocampal transplantation of FDA-approved human fetal-derived 

neural stem cells into irradiated rats also improved behavioral performance on hippocampal-

dependent tasks of spatial memory and contextual fear conditioning, with migration of grafted 

cells throughout the CA1 and CA3 subfields and preferential differentiation to neuronal fates 

[53]. 

In addition, the Limoli laboratory has examined the optimal window for stem cell transplantation 

into the hippocampus following irradiation [54]. As opposed to prior work targeting a 2-day 

post-irradiation transplantation time, this study found that stem cell grafting four weeks after 

irradiation yielded more improvement in cognitive function than earlier transplantation times [54]. 

Protracting the transplantation time also revealed that stem cells were distributed along the 

septotemporal axis of the hippocampus, with favored differentiation into neuronal fates, and 

significantly decreased microglial activation throughout all hippocampal subfields, indicating that 

radiation-induced neuroinflammation was reduced [54]. The clinical utility of stem cell 

transplantation strategies to offset normal tissue damage caused by irradiation may be limited 

by the downstream potential for teratoma formation and immune rejection. To circumvent such 

caveats, work by Baulch et al. demonstrated the promise of using transplanted human neural stem 

cell-derived extracellular vesicles, in place of stem cells [55]. Intrahippocampal grafting of 

extracellular vesicles ameliorated the cognitive decrements associated with cranial radiation 

exposure, decreased neuroinflammation, and preserved dendritic morphology in rats. The 

transplanted extracellular vesicles were found to migrate throughout the hippocampus and fuse 

with host brain cells, as determined by tracking a fluorescent marker protein expressed on the 

surface of the grafted extracellular vesicles [55]. The foregoing data provided some provocative 
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insight into the mechanisms of cognitive improvement following irradiation, and suggested that the 

bioactive cargo within extracellular vesicles conferred neurotrophic support to the host brain.  Past 

work has shown similar strategies to be effective in promoting recovery of the CNS after stroke 

and traumatic brain injury as well [56-59], likely mechanistically due to delivery of critical 

neuromodulatory extracellular vesicle cargo to the injured regions of the brain [60]. 

Other studies have also employed the approach of implementing stem cell transplantation for the 

amelioration of radiation-induced cognitive dysfunction. Early experiments showed that 

oligodendrocyte progenitor CD4+ cells transplanted into the spinal cord by laminectomy 

following irradiation migrated throughout the spinal cord without differentiating, contributing to 

the remyelination of demyelinated areas [61, 62]. Irradiation was found to enhance the 

subsequent survival of transplanted oligodendrocyte progenitor cells, likely due to radiation-

induced depletion of the endogenous oligodendrocyte progenitor population, providing the 

transplanted cells the opportunity to enter a previously-occupied “niche” [61, 62]. In fact, survival 

of transplanted CD4 cells was limited in the non-irradiated spinal cord. Evidence for the enhanced 

survival of stem cells transplanted into the CNS following radiation was bolstered by studies from 

Niranjan et al. [63] and Marshall et al. [64], which noted the increased survived of neural stem 

cells transplanted into the brain and multipotent astrocytic stem cells transplanted into the lateral 

ventricle, respectively. Intramedullary transplantation of neural stem cells three months after local 

irradiation of the spinal cord were found to significantly ameliorate indications of myelopathy in 

a rat model [65]. However, it was thought that transplantation of oligodendrocyte progenitor cells 

had limited clinical utility because the radiation dose needed to deplete endogenous 

oligodendrocyte progenitor cells to the requisite level to allow for significant survival of the 

transplanted cells was high enough to approach the ED50 (~20 Gy) for radiation necrosis [66]. 



 

8 
 

More recently, Piao et al. demonstrated that the transplantation of human embryonic stem cell-

derived oligodendrocyte progenitors into the corpus callosum of irradiated animals improved 

performance on behavior tasks that interrogated learning and memory capabilities [67]. The 

transplanted animals exhibited restoration of the glial cell population and remyelination of axons 

[67]. Likewise, transplantation of oligodendrocyte progenitors into the cerebellum improved motor 

balance and coordination, and induced remyelination within the cerebellum [67]. Work by Joo et 

al. showed that mouse fetal neural stem cells administered through the caudal vein in an 

irradiated mouse model migrated to the brain, exhibited multipotent differentiation, and 

improved short-term spatial memory as measured by the Morris water maze [68]. The stem cell 

injections also protected structural aspects of the brain from radiation damage, maintaining the 

depth of the granular layer of the dendate gyrus of the hippocampus and the cerebral cortex 

[68]. This study also found that nerve growth factor was elevated in the brains of mice receiving 

stem cell injections, indicating a protective neurotrophic effect, while the fate of other 

transplanted cells were found to trans-differentiate into endothelial cells, exhibiting a reparative 

effect on cerebral blood flow [68]. In work by Belkind-Gerson et al., enteric neuronal stem and 

progenitor cells administered systemically through the caudal vein were also shown to home to the 

irradiated brain and differentiate into neurons, particularly in germinal zones such as the 

subependymal layer of the ventricular zone and the dentate gyrus, and in white matter tracts 

[69]. However, Osman et al., indicated that intrahippocampal transplantation of autologous 

enteric neural stem/progenitor cells in young irradiated mice actually had a deleterious effect on 

learning [70]. Grafted mice exhibited increased neuroinflammation and deterioration of the 

granular cell layer of the dentate gyrus, while grafted cells showed limited survival and 

differentiation [70]. Similarly, neural stem and progenitor cells derived from mouse brains and 

grafted into the hippocampus of irradiated mice also caused deterioration of the granular cell 
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layer and astrogliosis [71], revealing further potential limitations of the utility of stem cell-based 

therapy for resolving the adverse effects of radiation on the brain. 

Conclusions 

The promise of regenerative medicine continues to move forward, bolstered by a wealth of data 

pointing to the capability of such interventional strategies to hasten the recovery of injured tissues 

throughout the body [18]. For survivors of cancer, radio- and chemotherapy treatments have long 

been associated with adverse neurocognitive complications, unwanted side effects that diminish 

quality of life with relatively little clinical recourse. Cranial and/or systemic transplantation of 

neural and related stem and progenitor cells has now been shown to provide a host of 

neurological benefits that include improved learning and memory and motor control, reduced 

inflammation, preservation of host neuronal morphometry, increased myelination, protection of the 

microvascular bed, and increased cerebral blood flow. At early times post-transplantation (≤3–4 

months) many of the beneficial effects may be due in part to functional integration of grafted 

cells into host neuronal circuitry. At latter times (>4 months) the majority of these benefits are most 

certainly derived from a variety of trophic support mechanisms that act to protect and restore 

CNS functionality. Despite these exciting developments, stem cell therapies will not be suitable for 

everyone afflicted with a declining cognitive reserve. Patients will need to be stratified and 

assessed on an individual basis for various risk factors that will depend greatly on disease status 

and prognosis, and other social and career variables that inform proper medical decision-making. 

Immunorejection and teratoma formation remain genuine risks to most transplantation procedures, 

and while technology has minimized many (but not all) of these potential problems, graft survival 

seldomly approaches the projected life span of many cancer survivors. Nonetheless, for those 

suffering from debilitating cognitive impairment, unable to maintain routine duties or unable to 

conduct prior job duties to acceptable levels, stem cell therapy may one day provide much 
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sought-after relief. For the here and now however, stem cell research must continue to elucidate 

further the mechanism of action, the duration of action, and the optimal routes of administration 

and cellular dosing to provide bona-fide therapeutic efficacy and to deliver useful targeted 

approaches to personalized medicine. 
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CHAPTER 2: FUNCTIONAL EQUIVALENCE OF STEM CELL AND STEM CELL-DERIVED 

EXTRACELLULAR VESICLE TRANSPLANTATION TO REPAIR THE IRRADIATED BRAIN 

Adapted From: Smith SM, Giedzinski E, Angulo MC, Lui T, Lu C, Park AL, Tang S, Martirosian V, Ru 

N, Chmielewski NN, Liang Y, Baulch JE, Acharya MM, Limoli CL. Functional equivalence of stem cell 

and stem cell-derived extracellular vesicle transplantation to repair the irradiated brain. Stem Cells 

Translational Medicine. 2020 Jan;9(1):93-105. doi: 10.1002/sctm.18-0227. Epub 2019 Sep 30. 

PMID: 31568685; PMCID: PMC6954724. 

Abstract 

Cranial radiotherapy, although beneficial for the treatment of brain tumors, inevitably leads to 

normal tissue damage that can induce unintended neurocognitive complications that are 

progressive and debilitating. Ionizing radiation exposure has also been shown to compromise the 

structural integrity of mature neurons throughout the brain, an effect believed to be at least in 

part responsible for the deterioration of cognitive health. Past work has shown that cranially 

transplanted human neural stem cells (hNSCs) or their extracellular vesicles (EVs) afforded long-

term beneficial effects on many of these cognitive decrements. To provide additional insight into 

the potential neuroprotective mechanisms of cell-based regenerative strategies, we have 

analyzed hippocampal neurons for changes in structural integrity and synaptic remodeling after 

unilateral and bilateral transplantation of hNSCs or EVs derived from those same cells. 

Interestingly, hNSCs and EVs similarly afforded protection to host neurons, ameliorating the 

impact of irradiation on dendritic complexity and spine density for neurons present in both the 

ipsilateral and contralateral hippocampi 1 month following irradiation and transplantation. These 

morphometric improvements were accompanied by increased levels of glial cell-derived growth 

factor and significant attenuation of radiation-induced increases in postsynaptic density protein 

95 and activated microglia were found ipsi- and contra-lateral to the transplantation sites of the 
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irradiated hippocampus treated with hNSCs or hNSC-derived EVs. These findings document 

potent far-reaching neuroprotective effects mediated by grafted stem cells or EVs adjacent and 

distal to the site of transplantation and support their potential as therapeutic agents to counteract 

the adverse effects of cranial irradiation. 

Significance Statement 

Cranial radiation therapy for the treatment of brain cancers often leads to adverse impacts on 

cognitive function. This is particularly problematic for childhood cancer survivors who live long 

post-therapy lives. The past regenerative medicine approaches using human neural stem cells 

(hNSCs) have shown beneficial neurocognitive effects in the irradiated brain. The present study 

evaluated the neuroprotective impact of hNSCs and hNSC-derived extracellular vesicles in the 

irradiated brain, as demonstrated by preservation of host neuronal morphology, reductions in 

inflammation, and restoration of neurotrophic factors. 

Introduction 

Radiotherapy represents a beneficial frontline treatment for primary and metastatic brain tumors, 

resulting in improved local regional control and increased survival of afflicted patients [2, 3].  

Unfortunately, these cancer treatments cause a wide spectrum of debilitating and progressive 

cognitive impairments that adversely impact working memory, learning, executive function, and 

attention that manifest months to years following the cessation of treatment [4-8, 10].  The 

mechanisms underlying these multifaceted effects are complex, persistent, and dynamic over time, 

and can be linked to cycles of secondary reactive processes involving oxidative stress and 

inflammation that serve to perpetuate the signature of radiation injury in the brain [13-15].  

These damaging processes can result in decreased hippocampal neurogenesis, demyelination, 

microvascular injury, and alterations in neuronal structure that disrupt dendritic morphology, spine 
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density, and synaptic proteins, factors that have been proposed to be contributory to if not causal 

of radiation-induced cognitive impairment [2, 9-12, 72]. 

In the absence of systematic clinical studies, there remains a conspicuous lack of satisfactory 

solutions for the clinical management of this unmet medical need that greatly diminishes quality of 

life for cancer patients. These considerations prompted earlier investigations from our laboratory 

using rodent models to explore the utility of stem cell transplantation for resolving the unintended 

side effects of cranial radiotherapy [46, 47].  These and related studies have documented the 

long-term benefits of cranially transplanted human stem cells of multiple types, where evidence of 

functional integration within and neurotrophic support to the host brain has highlighted the 

potential clinical promise of such cell-based therapies [50-52, 54].  Interestingly, more recent 

work has found that replacing human neural stem cells (hNSCs) with stem-cell derived 

extracellular vesicles (EVs) during transplantation surgery affords similar neurocognitive benefits 

[55], circumventing some of the more traditional concerns relating to teratoma formation and 

immunorejection that have hindered the translational advancement of stem cells to the clinic. 

Given the prominent role that the restoration of cognitive health plays in the quality of life for 

survivors of brain tumors [17], particularly for children, we have embarked on a more detailed 

examination of the impact of hNSC and EV transplantation on the structural integrity and 

plasticity of mature hippocampal neurons. Although previous studies analyzed how transplanted 

stem cells ameliorate structural alterations to neurons after chemotherapy alone [38], or how 

transplanted EV impact similar parameters in the irradiated brain [55], a systematic and detailed 

analysis of how transplanted stem cells and EV impact neuronal structure has yet to be 

undertaken. Furthermore, the extent and range of the beneficial effects of cell-based therapies 

as a function of distance from the transplant site has yet to be investigated, factors that have 

important therapeutic implications for dosing and administration. Therefore, to shed light on some 
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of these critical issues, we report on the impact of bilateral and unilateral hemisphere  

transplantations of hNSCs and hNSC-derived EVs on the structural integrity of hippocampal 

neurons in the irradiated rodent brain. 
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Figure 2.1: Experimental design/ graphical abstract 
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Materials and Methods 

Animals and irradiation 

All animal procedures are in accordance with NIH and approved by the University of California 

Institutional Animal Care and Use Committee. Four-month-old male immunodeficient athymic nude 

(ATN) rats (Cr:NIHFoxn1rnu, strain 316; Charles River, San Diego) were maintained in sterile 

housing conditions (20˚C ± 1˚C; 70% ± 10% humidity; 12 hours:12 hours light and dark cycle) 

and had free access to sterilized diet and water. The ATN rats were divided into five 

experimental groups (N = 8-12 per group): 0 Gy receiving sham surgery (Con), 10 Gy head-

only irradiation receiving sham surgery (IRR), 10 Gy head-only irradiation receiving bilateral 

hNSC grafting (IRR + hNSC), 10 Gy head-only irradiation receiving unilateral hNSC grafting (IRR 

+ hNSC Contra), and 10 Gy head-only irradiation receiving unilateral EV grafting (IRR + EV 

Contra). For cranial irradiation, animals were anesthetized (2.5% isoflurane), placed ventrally 

and unrestrained on the treatment table (XRAD 320 irradiator, Precision X-ray, North Branford, 

CT), and positioned under a collimated (1.0 cm2 diameter) beam for head-only irradiation 

delivered at a dose rate of 1.0 Gy/minute. 

Stem cell growth and EV isolation 

The use of hNSCs was approved by the Institutional Human Stem Cell Research Oversight 

Committee. The validation, expansion, and characterization of hNSCs (ENStem-A; EMD Millipore) 

have been previously described [47, 73].  EVs were isolated and purified from conditioned hNSC 

culture medium by ultracentrifugation [74] and characterized using a ZetaView PMX 110 particle 

analyzer (ParticleMetrix GmbH;Meerbusch, Germany). 

Cranial transplantation 
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Two days following head-only irradiation, rats received bilateral or unilateral, intrahippocampal 

transplantation of hNSCs or EVs suspended in vehicle (hibernation buffer) using a 33-gauge 

microsyringe at an injection rate of 0.25 mL/minute. For bilateral transplants, each hippocampus 

received four distinct injections of live hNSCs (1 × 105 in 2 μL) per hemisphere using precise 

stereotaxic coordinates, as described previously [46].  For unilateral transplants, each 

hippocampus received four distinct injections of hNSCs (1 × 105 in 2 μL) or EVs (~1.0 × 108 in 2 

μL) into a single hemisphere using the same stereotaxic coordinates. Sham surgery controls 

received an equal volume of sterile hibernation buffer at the same stereotaxic injection 

coordinates. All cohorts were anesthetized using isoflurane/oxygen (5% (vol/vol) induction, 2.5% 

(vol/vol) maintenance; VetEquip). 

Morphometric analyses of neurons 

Animals were euthanized and perfused with 4% paraformaldehyde (Acros Organics, Geel, 

Belgium), and brain tissues were processed for coronal sectioning using a cryostat (Leica 

Microsystems, Wetzlar, Germany). For morphometric analyses brain sections (150 μm) from each 

cohort (N = 4-5 per group) were subjected to Golgi-Cox impregnation and staining of neurons 

according to the manufacturer's instructions (SuperGolgi kit, Bioenno Tech., Santa Ana, California) 

and counterstained by nuclear fast red to visualize hippocampal subregions. Details regarding 

the inclusion criteria for selecting mature neurons for morphometric analysis in the hippocampal 

DG have been described previously [38]. Briefly, apical and basal dendrites of neurons were 

traced using NeuroLucida (MicroBrightField) within the DG and CA1 subfields of the hippocampus.  

All analyses were conducted blind from coded slides. Dendritic complexity was determined by the 

following equation (Σ branch tip orders + number of branch tips) × (total dendritic length/total 

number of primary dendrites). 
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The Stereoinvestigator program (v11, MicroBrightField) was used for the quantification of 

dendritic spines from the same set of tissues used for morphometric analyses. Briefly, serial 

sections (every third) through the entire hippocampus were chosen to analyze potential 

differences in spine density between each of the experimental cohorts (N = 3 per group). Further 

details regarding these procedures have been published previously [38]. 

Extraction and ELISA for measurement of neurotrophins 

Rats receiving unilateral intrahippocampal transplantation of hNSC-derived EVs or sham surgery 

were euthanized at 4 weeks after surgery using isoflurane anesthesia. Brains were immediately 

extracted from the skull (N = 6-8 per group) and the hippocampus was dissected from each 

cerebral hemisphere. Each hippocampus was weighed and transferred into 300 μL ice-cold lysis 

buffer (N-PER Neuronal Protein Extraction Reagent, Thermo Scientific Product number 23225) 

containing sodium orthovanadate (0.5 mM), pheyl-methylsulfonyl fluoride (PMSF, 1 mM), aprotinin 

(10 μg/mL), and leupeptin (1 μg/mL; Santa Cruz Biotechnology, Santa Cruz, California, 

http://www.scbt.com). Tissues were sonicated individually, centrifuged at 4˚C and the 

supernatants were collected and diluted 1:5 with Dulbecco's phosphate-buffered saline. The 

supernatants were acidified to pH 2.6 then neutralized to pH 7.6, and the BDNF and GDNF levels 

were assayed using Emax ImmunoAssay Systems from Promega (BDNF catalog number G7611, 

GDNF catalog number G7621) and uncoated ELISA plates (Biolegend Nunc MaxiSorp, catalog 

number 423501). All measurements were performed at a wavelength of 450 μm on a microplate 

reader (BioTek SynergyMx). 

Immunostaining of PSD-95 and activated microglia 

Brains from experimental cohorts not subjected to Golgi-Cox impregnation were prepared for 

immunohistochemical analyses (N = 4-6 per group) on serial sections (30 μm, 2-4 sections per 
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animal), and the open blade and enclosed blade of the CA1 of the hippocampus for each section 

were imaged through the stratum radiatum. Analysis of PSD-95 was performed using the spot tool 

(Imaris software suite (v7.6, Bitplane, Inc., Zürich, Switzerland). To quantify the density of PSD-95, 

the number of PSD-95 puncta was converted to spots, derived from confocal Z-stacks taken in 0.5 

μm steps at ×60 magnification. The “spot quality threshold” and “minimum spot diameter” 

parameters were manually adjusted to optimize puncta detection and kept constant thereafter for 

all subsequent analyses. Additional details regarding the quantification of synaptic puncta have 

been described previously [11]. 

Immunostaining for activated microglia (ED-1+ cells) was carried out on serial sections (30 μm 

coronal) as described previously [38].  Sections were mounted on gelatin-coated slides, air-dried, 

dehydrated, and counterstained with nuclear fast red (Vector Labs, Burlingame, California). The 

number of activated microglia (ED1+) within the DH, GCL, and CA3/CA1 regions of hippocampus 

were analyzed by stereology. 

Extracellular vesicle labeling 

For in vivo tracking, EVs were labeled with PKH26 (Sigma-Aldrich, St. Louis, Missouri, 

http://www.sigmaaldrich.com, PKH26GL) the day before transplantation. The EVs were then 

resuspended in Diluent C, then incubated with Dye Solution for 2 minutes with intermittent mixing 

as per the manufacturer's protocol. The dye was quenched with 1% bovine serum albumin in 

water, and EVs were isolated through ultracentrifugation [75] and washed. 

Labeled extracellular vesicle tracking and quantification 

Animals were euthanized and perfused with 4% paraformaldehyde (Acros Organics), and brain 

tissues were processed for coronal sectioning using a cryostat (Leica Microsystems). Four serial 

sections (30 μm, every 10th section) were stained with DAPI and imaged using a confocal 
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microscope at ×40 magnification. Five images were collected for both the ipsilateral and 

contralateral hippocampi from each section to image the CA1 pyramidal cell layer. Analysis was 

performed using the spot tool (Imaris software suite (v7.6, Bitplane, Inc.). To quantify the density 

of EVs, the number of EVs was converted into spots, derived from confocal Z-stacks taken in 1 μm 

steps at ×40 magnification. 

Statistics 

All statistical analyses were conducted using PASW Statistics 18 (SPSS, IBM Corporation) and 

GraphPad Prism (v6). Significance between the groups was assessed using one-way analysis of 

variance (ANOVA), and when overall group effects were found, individual groups were then 

subjected to Bonferroni's multiple comparisons test. All analyses considered a value of P ≤ .05 to 

be statistically significant. 

Results 

Radiation-induced cognitive dysfunction following intrahippocampal stem cell transplantation: The 

impact on irradiated versus control cohorts 

Past work from our laboratory has clearly demonstrated the neurocognitive benefits of hNSCs 

cranially transplanted in the irradiated brain [46, 47, 50-52, 54].  We have also shown that the 

benefits of such approaches have been limited to ameliorating deficits caused by irradiation, 

where unirradiated controls were not found to exhibit improved behavioral performance (Figure 

2.2, adapted from [47]). For this reason, and the fact that stem cell grafting of “normal” controls 

is clinically irrelevant, we chose to omit this group from subsequent analyses. 
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Figure 2.2: Bilateral transplantation with human neural stem cells (hNSCs) improves cranial 

irradiation (IRR)-induced behavioral impairments. Unirradiated (0 Gy, Control) and cranially 

irradiated (10 Gy, IRR) animals received bilateral transplantation of hNSCs 48h post-IRR. Animals 

were administered a hippocampus-dependent novel place recognition (NPR) task one month later. 

The discrimination index (DI) is calculated as [(novel location exploration time/total exploration 

time) – (familiar location exploration time/total exploration time)] × 100. The control (0 Gy) 

animals receiving either sham surgery or hNSC transplantation showed a comparable DI on the 

NPR task. Cranial IRR led to a significant decline in performance on the NPR task whereas 

irradiated animals receiving hNSC transplantation showed a significant improvement (P<0.01) in 

the DI at 1-month post-surgery. Data are shown as mean ± S.E.M. (N=8 animals per group). P 

values are derived from two-way ANOVA.  Adapted from Reference 47. 
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Tracking EVs following unilateral intrahippocampal transplantation 

To determine whether EVs migrate to the contralateral hemisphere following unilateral 

engraftment, PKH26-labeled red fluorescent EVs were transplanted into one hemisphere 

(hippocampus), and the animals were euthanized 48 hours following surgery (Figure 2.3). 

Numerous EVs were found migrating to the pyramidal region of the ipsilateral hippocampus 

relative to the transplantation sites (5.99 μm3 per 10 mm3). More importantly, EVs were also 

present in the contralateral CA1 region near the pyramidal cell layer (3.50 μm3 per 10 mm3). 

Quantification of EVs in the CA1 pyramidal cell layer of four serial sections throughout the 

hippocampus demonstrated a similar number of EVs on the ipsilateral and contralateral sides (P = 

.0618), although there is a trend toward fewer EVs that had migrated across the brain to the 

contralateral hippocampus relative to the ipsilateral hippocampus. These data demonstrate that 

unilaterally transplanted EVs can migrate throughout the irradiated brain, with the potential to 

deliver widespread neurotrophic support. 
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Figure 2.3: In vivo tracking of cranially grafted extracellular vesicles (EVs). Dye‐loaded EVs were 

grafted unilaterally 2 days following irradiation, and coronal brain sections were imaged to 

detect the presence of EV on each side of the brain 2 days afterward. EV loaded with dye 

exhibited a strong signal (red) in the ipsilateral CA1 of the hippocampus with migration to the 

pyramidal cell layer 48 hours later. Analysis of the contralateral side revealed a detectable 

presence of fluorescently labeled EV near the CA1 pyramidal cell layer at this same time post-

surgery. Quantification of EV throughout the CA1 pyramidal cell layer of the hippocampus (4 

serial sections, every 10th section) showed similar volume of EV on the ipsilateral and 

contralateral sides relative to transplantation site. Confocal z stacks were collected at ×40 

magnification. Scale bars, 20 and 100 μm, respectively. EV, extracellular vesicles; pyr, pyramidal 

cell layer; sr, stratum radiatum; ts, transplant site 
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Structural plasticity of neurons following irradiation and stem cell-based transplantation 

Past work has shown that stem cell transplantation preserved the host-neuronal morphology in the 

chemotherapy-treated brain [38].  Furthermore, EVs transplanted in the irradiated brain were 

found to be equally protective in preserving the structure of hippocampal neurons [55].  Despite 

these recent findings, we have not directly tested the impact of stem cell transplantation on the 

structural integrity of irradiated neurons, nor have we evaluated the distal effects from the site of 

transplantation. Therefore, the dendritic structure of Golgi-Cox impregnated granule cell neurons 

in the dentate gyrus of the hippocampus was analyzed after irradiation and following bilateral 

and unilateral hNSCs and hNSC-derived EV transplantation paradigms (1 month after 

transplantation). Compared with controls, at 1 month, the neuronal complexity and spine density 

are severely compromised in the irradiated hippocampus that is reversed in the brain receiving 

bilateral hNSC transplantation (Figure 2.4).  Significant differences between groups were found 

(one-way ANOVA, F(4,14) = 12.34, P = .0002), and compared with controls (Figure 2.5), 

irradiated granule cell neurons exhibited significant reductions (>50%, P = .0075) in the dendritic 

complexity. Bilateral transplantation of hNSCs preserved host neuronal structure 1 month 

following irradiation, with a statistically significant increase in dendritic complexity compared with 

the irradiated group (F(4,14) = 12.34, P = .0005), whereas granule cell neurons from controls 

and from irradiated animals receiving bilateral hNSC transplantation were morphologically and 

statistically indistinguishable (F(4,14) = 12.34, P = .9721) (Figure 2.5). Additional studies 

comparing control, irradiated, and cohorts bilaterally transplanted with hNSCs demonstrated that 

the neuroprotective effects of grafted hNSCs in the dentate gyrus extend to 4 months, as 

dendritic complexity is significantly elevated in the transplanted brain compared with irradiated 

cohorts (F(2,10) = 26.25, P = .0001), and statistically indistinguishable from controls (F 

(2,10) = 26.25, P = .7078) (Figure 2.6). 
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Figure 2.4: Bilateral transplantation of human neural stem cells (hNSCs) preserves host neuronal 

morphology in the dentate gyrus following irradiation. Four‐month‐old athymic nude rats received 

10 Gy head‐only x‐ray irradiation, followed by sham surgery or bilateral hNSC transplantation. 

Golgi‐Cox staining was performed 1 month after irradiation and transplantation. A, D, and G, 
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Panoramic images of the hippocampus of control, irradiated, and irradiated + bilateral hNSC 

transplanted animals, respectively. B, E, and H, Images of granular cell layer neurons in the 

dentate gyrus of control, irradiated, and irradiated + bilateral hNSC transplanted animals, 

respectively. C, F, and I, Images of dendritic spines of granular cell layer neurons of control, 

irradiated, and irradiated + bilateral hNSC transplanted animals, respectively. Images from 

irradiated + bilateral hNSC transplanted animals are also representative of sections from 

animals who received unilateral transplantation of hNSCs or extracellular vesicles (EVs). The 

bright‐field images were collected at ×4 (A, D, G), ×40 (B, E, H), and ×100 (C, F, I) 

magnifications. Scale bar, 100 μm (A, D, G) and 20 μm (B, E, H) 
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Figure 2.5: Unilateral transplantation of human neural stem cells (hNSCs) or hNSC‐derived 

extracellular vesicles (EVs) protects dendritic complexity in the contralateral dentate gyrus 

following irradiation. Four‐month‐old athymic nude rats received 10 Gy head‐only x‐ray 

irradiation or sham irradiation/surgery (Control), bilateral or unilateral hNSC transplantation, or 

unilateral transplantation of hNSC‐derived EV. Golgi‐Cox staining was performed 1 month after 

irradiation and morphometric analysis of dendritic complexity of granular cell layer neurons was 

calculated using Neurolucida. A, Dendritic length of granular cell layer neurons in the dentate 

gyrus. B, Dendritic volume of granular cell layer neurons. C, Quantification of dendritic endings of 

traced granular cell neurons. D, Computed dendritic complexity for traced granular cell neurons. 
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Irradiation (IRR) resulted in a significant decrease in dendritic complexity relative to control 

animals, and bilateral (IRR + hNSC) and unilateral (IRR + hNSC Contra) transplantation of hNSCs 

and unilateral transplantation of EVs (IRR + EV Contra) rescued complexity. Data are presented 

as the mean ± SEM (N = 4 animals/group, 4 neurons traced per animal). P‐values are derived 

from analysis of variance and Bonferroni's multiple comparisons test. *, P < .05; **, P < .01; 

***, P < .001 all compared against the irradiated group 
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Figure 2.6: Beneficial effects of bilateral transplantation of human neural stem cells (hNSC) on 

dendritic morphology in the dentate gyrus persist at four months following irradiation.  Four-

month-old athymic nude rats received 10 Gy head-only x-ray irradiation (IRR) or sham 

irradiation/surgery (Control), or bilateral hNSC transplantation (IRR+hNSC).  Golgi-Cox staining 
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was performed four months post-irradiation and morphometric analysis of dendritic structure of 

granule cell layer neurons was characterized using Neurolucida. Exposure to radiation caused a 

significant decrease in dendritic length, volume, and complexity at four months following 

exposure. Bilateral hNSC transplantation in irradiated animals preserved dendritic length and 

complexity in the dentate gyrus relative to irradiated animals that received sham surgery. Data 

are presented as the mean ± SEM (N = 4 animals/group, 4 neurons traced per animal). P values 

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

***P<0.001 all compared against the irradiated group. 
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Our past studies [55] have shown that hippocampal transplantation of hNSC-derived EVs 

alleviated radiation-induced microglial activation distal to the transplantation sites (amygdala). 

To assess the spatial reach of beneficial effects to host brain neuronal structure, unilateral 

transplantations of hNSCs or EVs were performed. Analysis of neuronal morphology in the 

contralateral hippocampus revealed that both hNSC and EV transplantations exerted far-

reaching neuroprotective effects (Figure 2.5). Significant overall group effects were found 

(F(4,14) = 12.34, P = .0002) as the impact of unilateral transplantation using either hNSCs 

(F(4,14) = 12.34, P = .012) or EVs (F(4,14) = 12.34, P = .0002) preserved dendritic complexity 

in the irradiated brain compared with the sham surgery irradiated cohort (Figure 2.5D). The 

morphology of the contralateral granule cell neurons resembled that of controls and was 

statistically indistinguishable for unilateral transplantation of both hNSCs (F(4,14) = 12.34, P > 

.9999) and EVs (F (4,14) = 12.34, P = .7315), demonstrating that hNSC or EV grafting could 

protect host neurons against radiation-induced degradation at sites distal to the region of 

transplantation. There were no statistically significant differences in dendritic complexity between 

bilateral and unilateral transplantation of hNSCs (F(4,14) = 12.34, P = .3938], between 

unilateral transplantation of hNSCs and unilateral transplantation of EVs (F(4,14) = 12.34, P > 

.9999], or between bilateral transplantation of hNSCs and unilateral transplantation of EVs 

(F(4,14) = 12.34, P = .3943]. 

To complement the dendritic complexity measurements, analysis of higher resolution images (e.g., 

Figure 2.4C, F, I) was undertaken to assess the impact of the transplantation paradigms on 

dendritic spine density. Significant overall group effects were found (F(4,10) = 5.844, P = 

.0109), and consistent with past results [38], irradiation significantly reduced overall dendritic 

spine density compared with unirradiated controls (F(4,10) = 5.844, P = .0286) 1 month 

following exposure (Figure 2.7). Importantly, significant group differences were found between 
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irradiated and transplanted cohorts, where bilateral transplantation of hNSCs was found to 

restore dendritic spine density against radiation-induced depletion (F(4,10) = 5.844, P = .0251). 

Dendritic spine density levels in animals receiving bilateral hNSC transplantation were similar to 

that of control animals (F(4,10) = 5.844, P > .9999). Assessment of spine densities in the 

contralateral hippocampus following unilateral transplantation of hNSCs or EVs showed an 

increase in spine density along granule cell dendrites compared with irradiated cohorts, but these 

positive trends did not reach statistical significance (Figure 2.7). 
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Figure 2.7: Bilateral transplantation of human neural stem cells (hNSCs) rescues the radiation‐

induced reduction in dendritic spine density in the dentate gyrus (DG). Four‐month‐old athymic 

nude rats received 10 Gy head‐only x‐ray irradiation or sham irradiation/surgery (Con), 

bilateral or unilateral hNSC transplantation, or unilateral transplantation of hNSC‐derived 

extracellular vesicles (EVs). Quantification of dendritic spines along Golgi‐Cox impregnated 

granule cell neurons 1 month after irradiation revealed that bilateral hNSC transplantation 

(IRR + hNSC) rescued spine density in the dentate gyrus from the reduction seen in irradiated 

animals (IRR). Unilateral transplantation of hNSC (IRR + hNSC Contra) and hNSC‐derived EV 

(IRR + EV Contra) showed a trend toward increasing dendritic spine density in the contralateral 

DG relative to the irradiated brain, but failed to reach statistical significance. Data are 

presented as the mean ± SEM (N = 4 animals/group, three sections per animal). P‐values are 

derived from analysis of variance and Bonferroni's multiple comparisons test. *, P < .05 compared 

against the irradiated group 
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Neurotrophin levels in the hippocampus following irradiation and unilateral stem cell-derived EV 

transplantation 

In the next experiment, we sought to interrogate potential mechanisms by which unilateral 

transplantation of EVs conferred benefits to the CNS. Brain-derived neurotrophic factor (BDNF) 

and glial cell line-derived neurotrophic factor (GDNF) levels were assayed in both the ipsilateral 

and contralateral hemispheres of the hippocampus following irradiation and surgery. The levels 

of BDNF were unchanged 4 weeks following irradiation with and without unilateral EV 

transplantation (F(3,16) = −0.4619, P = .7128) (Figure 2.8A). However, GDNF levels were 

reduced in the irradiated brain (F(3,18) = 8.989, P = .0015), and restored following unilateral 

EV transplantation on the ipsilateral site relative to GDNF levels of irradiated animals (F(3,18) = 

8.989, P = .0035) (Figure 2.8B). The GDNF levels in the ipsilateral hippocampus of animals 

receiving unilateral EV transplantation were statistically similar to those of control animals (F(3,18) 

= 8.989, P > .999). The GDNF levels in the contralateral hippocampus of transplanted animals 

were increased compared with the irradiated hippocampus, but this elevation was not statistically 

significant (F(3,18) = 8.989, P = .4958). These data suggest that the beneficial effects of grafted 

EVs in the irradiated brain may in part be due to a restoration of neurotrophic factors. 
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Figure 2.8: Unilateral transplantation of human neural stem cell‐derived extracellular vesicles 

(EVs) modulate glial cell line‐derived neurotrophic factor (GDNF) in the irradiated hippocampus. 

Two‐month‐old athymic nude rats received 10 Gy head‐only x‐ray irradiation (IRR) or sham 

irradiation/ surgery (Control) or unilateral transplantation of hNSC‐derived EV. Animals were 

euthanized at 4 weeks after surgery and neurotrophic growth factor levels were assessed (N = 6‐

8 per group). A, Brain‐derived neurotrophic factor (BDNF) levels in the control, irradiated, 

ipsilateral transplanted (IRR + EV Ipsi), and contralateral (IRR + EV Contra) hippocampus 

remained relatively unaffected by EV grafting. B, In contrast, GDNF levels that were reduced by 

irradiation were recovered on the ipsilateral side after EV grafting. On the contralatral side, EV 

grafting only showed trends toward improvement. P‐values are derived from analysis of variance 

and Bonferroni's multiple comparisons test. *, P < .05 each compared against the irradiated 

group 
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Synaptic signaling protein levels after irradiation and stem cell-based transplantation 

The ability of irradiation to compromise neuronal morphology is also linked with the disruption of 

synaptic protein expression. Our past data have shown that radiation exposure elicits a marked 

rise in the level of PSD-95 in the hippocampal dentate gyrus [11].  Present results corroborate 

those past findings, as significant overall group effects were found (F(4,174) = 7.393, P < 

.0001), and demonstrate that following cranial irradiation, levels of PSD-95 are significantly 

elevated compared with unirradiated controls (F(4,174) = 7.393, P < .0001; Figure 2.9). 

Interestingly, both transplantation paradigms were found to reduce the radiation-induced 

increase in PSD-95 levels. Bilateral (F(4,174) = 7.393, P = .0003) and unilateral transplantation 

paradigms using either hNSCs (F(4,174) = 7.393, P = .002) or EVs (F(4,174) = 7.393, P = 

.0005) were all effective at attenuating the rise in PSD-95 observed in the irradiated brain 

(Figure 2.9D). There were no significant differences in PSD-95 levels of the dentate gyrus 

between bilateral versus unilateral hNSC transplantation (F(4,174) = 7.393, P > .9999), between 

unilateral transplantation of hNSCs versus EVs (F(4,174) = 7.393, P > .9999), and between 

bilateral transplantation of hNSCs versus unilateral transplantation of EVs (F(4,174) = 7.393, P > 

.9999); the control levels of PSD-95 were also statistically indistinguishable from that of the 

bilateral hNSC transplantation group (F (4,174) = 7.393, P > .9999), the unilateral hNSC 

transplantation group (F(4,174) = 7.393, P = .093), and the unilateral EV transplantation group 

(F(4,174) = 7.393, P = .1791). These data provide the first evidence that increased levels of 

PSD-95 found after radiation exposure can be restored back to the control level by engraftment 

of hNSCs or hNSC-derived EVs, and provide further support for the neuromodulatory role of this 

therapeutic strategy in the irradiated brain. 
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Figure 2.9: The numbers of PSD‐95 puncta are increased after irradiation and were attenuated 

by unilateral transplantation of human neural stem cells (hNSCs) or unilateral transplantation of 

hNSC‐derived extracellular vesicles (EVs) in the contralateral hemisphere. Bilateral transplantation 

of hNSCs also attenuates radiation‐induced increases in PSD‐95 puncta. Four‐month‐old athymic 

nude rats received 10 Gy head‐only x‐ray irradiation or sham irradiation/ surgery (control), 

bilateral or unilateral hNSC transplantation, or unilateral transplantation of hNSC‐derived EV. A‐
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C, Representative immunofluorescence images showing PSD‐95 foci (red) in the (A) control, (B) 

irradiated, and (C) bilateral hNSC‐grafted hippocampal CA1. PSD‐95 puncta are dramatically 

elevated in the sr following irradiation (IRR) as compared with the control group (Con). 

Transplantation of hNSCs, either bilaterally (IRR + hNSC) or unilaterally (IRR + hNSC Contra), and 

hNSC‐derived EV unilaterally (IRR + EV Contra) ameliorate elevated PSD‐95 in the CA1 both ipsi‐ 

and contra‐lateral to the sites of transplantation. D, Quantification of total PSD‐95 synaptic 

puncta in the CA1 of control, irradiated, and transplanted animals, analyzed using the spot tool 

of the Imaris software suite. Data are presented as the mean ± SEM (N = 4 animals/group, two 

sections stained and analyzed per animal). P‐values are derived from analysis of variance and 

Bonferroni's multiple comparisons test. **, P < .01; ***, P < .001 each compared against the 

irradiated group. Confocal z stacks were collected at ×40 magnification. Scale bar, 20 μm (A‐C). 

pyr, pyramidal cell layer; sr, striatum radiatum 
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The impact of stem cell-based transplantation on radiation-induced neuroinflammation 

Significant work from our group has demonstrated the ability of ionizing radiation exposure to 

elevate inflammation in the brain [54, 55].  Microglial activation represents a reliable marker of 

neuroinflammation that has been shown to increase significantly in the context of various cranial 

irradiation paradigms [14, 75, 76].  Present results support past findings and indicate that cranial 

irradiation induces increased numbers of activated microglia throughout distinct subfields of the 

hippocampus (Figure 2.10; F(5,14) = 16.92, P < .0001). Bilateral transplantation of hNSCs was 

found to reduce the microglial activation throughout the hippocampus (F(5,14) = 16.92, P = 

.0004), with the most significant effect in the dentate gyrus (F(5,14) = 14.40, P = .0003; Figure 

2.10D).  Interestingly, data adapted from a prior publication22 for comparative purposes 

indicate a similar if not more pronounced benefit of bilaterally grafted EVs at reducing numbers 

of activated microglia in the irradiated brain to control levels (F(5,14) = 16.92, P < .0001). 

Unilateral transplantation of hNSCs (F(5,14) = 16.92, P = .0008) or EVs (F(5,14) = 16.92, P < 

.0001) was also found to confer significant benefits, demonstrating effective reductions in the 

numbers of activated microglia throughout various regions of the contralateral hippocampus 

(Figure 2.10D,E). Similar numbers of activated microglia were found in the hippocampus of 

bilateral and unilateral hNSC-transplanted animals (F(5,14) = 16.92, P > .9999), bilateral and 

unilateral EV-transplanted animals (F(5,14) = 16.92, P = .4516), animals receiving bilateral 

transplantation of hNSCs versus EVs (F(5,14) = 16.92, P = .9675), and animals receiving 

unilateral transplantation of hNSCs versus EVs (F(5,14) = 16.92, P > .9999). There were no 

statistically significant differences between the activated microglia quantification in the control 

group versus any of the transplanted groups, either (F(5,14) = 16.92, P > .9999 for control vs. 

bilateral hNSC transplantation; P > .9999 for control vs. bilateral EV transplantation; P = .7414 

for control vs. unilateral hNSC transplantation; P = .9999 for control vs. unilateral EV 
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transplantation). The ability of hNSC and EV transplantation to minimize the numbers of radiation-

induced activated microglia suggests that such strategies can play a significant role in facilitating 

the neurocognitive recovery of the irradiated brain. 
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Figure 2.10: Either bilateral or unilateral transplantation of human neural stem cells (hNSCs), or 

bilateral or unilateral transplantation of hNSC‐derived extracellular vesicles (EVs) ameliorates the 

increase in activated microglia following irradiation, as examined in the contralateral 

hippocampus for unilateral transplantations. Four‐month‐old athymic nude rats received 10 Gy 

head‐only x‐ray irradiation, sham irradiation/surgery (control) or bilateral or unilateral hNSC 

transplantation, or bilateral or unilateral transplantation of hNSC‐derived EV. Unbiased 
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stereology was conducted using Neurolucida. A‐C, Representative bright‐field images depict ED‐

1+ microglia (dark brown) in the (A) control, (B) irradiated, and (C) bilateral hNSC‐grafted 

hippocampus (dentate hilus, DH). D, Bilateral (IRR + hNSC) and unilateral (IRR + hNSC Contra) 

transplantation of hNSCs diminishes the number of activated microglia in hippocampal subfields 

(DH, granular cell layer [GCL], and CA3 and CA1), compared with the elevated activated 

microglia in irradiated animals (IRR) and similar to control levels, (E) and in the total hippocampus; 

this effect is also seen following bilateral (IRR + EV) and unilateral (IRR + EV Contra) 

transplantation of hNSC‐derived EV. Data are presented as the mean ± SEM (N = 4 

animals/group, three sections stained and analyzed per animal). P‐values are derived from 

analysis of variance and Bonferroni's multiple comparisons test. **, P < .01; ***, P < .001 each 

compared against the irradiated group. Bright‐field images were collected at ×40 (A‐C) and 

×100 (inserts) magnification. Scale bar, 14 μm (A‐C), and 7 μm (inserts) 
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Discussion 

Radiation-induced cognitive dysfunction is a severe and unintended side effect of radiotherapy 

used to forestall the progression of primary and secondary CNS malignancies. Despite the many 

benefits of these regimens, curative treatments are limited by normal tissue tolerances that dictate 

dose limits to minimize unacceptable normal tissue complications. In this light, mitigation of the 

progressive and debilitating neurocognitive decline following treatment remains an unmet medical 

need that hampers the recovery and impacts quality of life of pediatric and adult cancer 

survivors alike [72].  Much of our past work has focused on this pressing problem and 

demonstrated the neuroprotective benefits of cranially transplanted human stem cells [50, 51] 

and EVs [55] in the irradiated brain. Importantly, many of these past studies have subjected 

rodents to extensive behavioral testing, where we demonstrated significant improvements in 

neurocognitive outcomes at protracted times following irradiation and transplantation [51, 52].  

Here, we present data from a systematic study of transplanted hNSCs and EVs that implicate 

several of the potential routes by which stem cell-based transplantation strategies bestow 

therapeutic benefits. 

Precisely how irradiation impacts the brain to disrupt neurotransmission and cognitive processing 

has been a subject of intense investigation over the years, and many excellent reviews have 

described various features believed to be critical to the radioresponse of the CNS [10, 12, 72, 

77].  More recent evidence, however, has provided some important clues regarding the structural 

sensitivity of mature neurons to ionizing radiation exposure, changes that are posited to have 

significant functional consequences within the irradiated brain [11, 78].  Since the original 

descriptions of the morphometric alterations observed in irradiated hippocampal neurons [11, 

79], subsequent studies from multiple groups have corroborated these findings in other brain 

regions after exposure to a variety of radiation types [75, 76, 80, 81].  Importantly, many if not 
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all of these changes were found to persist over time, suggesting that alterations to irradiated 

neurons were either permanent or exhibited time constants of recovery that far exceeded the 

length of reported experimentation. 

In fact it was the temporal coincidence of radiation-induced cognitive impairment and dendritic 

degradation that suggested cause and effect, although this remained largely corollary until a 

series of follow-up studies linked poor individual behavioral performance to reductions in 

dendritic spine density [75, 76].  Although these heavy ion studies strengthened the structure 

function relationship between impaired cognition and altered neuronal morphometry, it was not 

until improvements in cognition found after stem cell-based interventions were linked to the 

preservation of host neuronal structure that this idea became increasingly difficult to dismiss [38, 

55].  Thus, a major focus of the present work was to support this idea further, by critically 

determining the nature and extent of stem cell- and EV-based neurotrophic support in the 

irradiated brain. 

Findings presented here provide the first evidence that cranially transplanted stem cells preserve 

host neuronal morphometry after irradiation. Bilateral and unilateral transplantation of hNSCs 

preserved the dendritic morphology in both hemispheres of the brain, demonstrating that locally 

transplanted stem cells can impact neurons residing 6-8 mm distal from the site of grafting. 

Similar findings were found with transplanted EVs, indicating that a likely mechanism of 

neurotrophic support from grafted stem cells involves the secretion of such vesicles that can 

mediate local and distal effects through yet-to-be-defined paracrine signaling mechanisms. 

Quantification of fluorescent EVs between the hemispheres was, however, not found to differ, 

pointing to the widespread regenerative capabilities of transplanted EVs. Dendritic spine density 

was also protected after the grafting procedures, although only to a significant extent after 

bilateral hNSC transplantation. Although the benefits of unilateral transplantation showed trends 
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toward increased spine density, neither hNSCs nor EVs were able to increase spine densities 

significantly over irradiated cohorts. Noteworthy too is that past results implementing bilateral EV 

transplantation in the irradiated brain were also unable to demonstrate a protective effect on 

spine densities, despite improvements in cognition, pointing to the complexities of structure-function 

relationships in the irradiated brain [55].  Despite certain caveats regarding the functional 

importance of dendritic spines to cognition, present findings suggest that transplanted EVs might 

be devoid of certain bioactive cargo required for robust protection of dendritic spines, contrary 

to the situation with grafted hNSCs. 

One of the many possible avenues that grafted EVs might impact the irradiated brain can be by 

modulation of endogenous neurotrophic support [82, 83].  Past work from our group has shown 

that a significant fraction of cranially grafted human stem cells ultimately differentiate along glial 

lineages [38, 46, 47, 54].  Neurotrophic support from grafted and/or host glial cells could 

augment host neuronal function by the secretion of exosomes able to provide a variety of 

neuroprotective benefits. Analyses of hippocampi derived from either side of the grafted brain 

revealed significantly elevated levels of GDNF on the ipsilateral side with trends on the 

contralateral side. in vitro models have demonstrated the capability of GDNF to promote axonal 

sprouting [84] and protect neurons from transient ischemia induced damage [85].  Other work in 

different stem cell-based systems has noted various beneficial effects of secreted exosome-

derived GDNF [86, 87].  Although such changes were not found for BDNF, data provide evidence 

that EV grafting is neuromodulatory, able to stimulate neurotrophic growth factors long after 

irradiation and surgery. 

As a critical postsynaptic scaffolding protein, PSD-95 immunostaining has proven to be a 

remarkably robust marker of ionizing radiation exposure in the brain, increasing after nearly 

every irradiation dose, type, and post-exposure time analyzed [11, 75, 76, 78].  Although the 
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role of PSD-95 in organizing and stabilizing postsynaptic glutamate receptors and in synapse 

maturation has been well studied [88], the significance of elevated PSD-95 levels post-irradiation 

remains uncertain. Importantly, radiation-induced decrements in cognition correlate strongly with 

elevated PSD-95 levels, suggesting that the renormalization of PSD-95 found after each 

transplantation paradigm may have functional significance in regulating neurotransmission after 

the global stress of irradiation. It is tempting to speculate that changes in PSD-95 expression alter 

the function of excitatory synapses, and past findings in proton irradiated mice have shown 

changes in the ratio of phosphorylated GluR1/R2 AMPA receptor subunits [15], although PSD-95 

levels were not measured in that work. 

For decades, neuroinflammation has been implicated as one of the primary driving forces behind 

numerous chronic and degenerative conditions of the CNS [12, 89-91].  As alluded to above, 

irradiation initiates a cascade of secondary reactive processes that may never completely resolve 

[77, 92-94], manifesting as a persistent pro-inflammatory state associated with chronically 

activated microglia. The persistence of the inflammatory footprint has the potential to impact 

nearly all neurocognitive processes, and it comes as no surprise that radiation-induced cognitive 

dysfunction is routinely associated with elevated levels of activated microglia. Findings reported 

here corroborate significant past data [14, 54, 55], and reveal that cranial irradiation elicits a 

robust increase in the number of activated microglia throughout all hippocampal subfields 

analyzed. Importantly, current findings indicate that bilateral hNSC transplantation significantly 

reduces the number of activated microglia throughout the hippocampus, supporting earlier results 

obtained with a different source of hNSCs [54].  Furthermore, data derived from the unilateral 

transplantations indicate that both hNSCs and EVs exert anti-inflammatory effects on the 

contralateral side of the brain. Substantial reductions in activated microglia distal to the site of 
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transplantation provide further support for the extended range of neurotrophic support imparted 

by grafted hNSCs and EVs. 

Conclusion 

Regenerative medicine holds promise for restoring tissue functionality in a variety of diseased, 

damaged, and aged tissues, aiming to ameliorate adverse changes while minimizing treatment 

complications [18].  For survivors of cancer, adverse neurocognitive outcomes have become an 

unfortunate burden, with little promise of long-term relief. Cranial transplantation of various 

human stem cell types and stem cell-derived EVs has now been shown to impart significant 

neuroprotective effects within the irradiated microenvironment of the brain. Improved learning 

and memory may reflect any combination of the factors related to reduced neuroinflammation 

and preserved host neuronal morphology and synaptic machinery.  Furthermore, the beneficial 

effects of these transplantation paradigms are likely to be enhanced through the use of EVs, as 

they are clearly non-teratogenic, less immunogenic, and capable of migrating extensively 

throughout the irradiated brain. Although precise mechanistic links between stem cell and EV 

engraftment and enhanced cognition following irradiation require further elucidation, current data 

add to the evidence that stem cell-based transplantation strategies may one day provide a 

certain fraction of cancer survivors with much sought after relief from their persisting declines in 

cognitive health. 
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CHAPTER 3: INITIAL RESULTS — EFFECTS OF A CLINICALLY-RELEVANT COMBINED 

CHEMOTHERAPY/ RADIATION PROTOCOL USING TEMOZOLOMIDE 

Introduction 

Studies undertaken in the Limoli laboratory and by others have indicated that both irradiation 

and chronic chemotherapy treatment, including cyclophosphamide and doxorubicin, adversely 

impact cognitive function one to four months following exposure; further, though there are no 

satisfactory treatments for reducing the progressive adverse effects of radiation- and 

chemotherapy-induced brain injury, intracranial stem cell transplantation has shown promise in 

improving the cognitive decrements associated with both radiation and chemotherapy.  My work 

has demonstrated the broader capability of human neural stem cells and human neural stem cell-

derived extracellular vesicles to attenuate irradiation-induced neuroinflammation and increases in 

PSD-95, preserve host neuronal morphology, and modulate reduced levels of glial cell line-

derived neurotrophic factor and dendritic spine density in the distal irradiated hippocampus, in 

part, mediated by their ability to migrate throughout the brain.  As a logical follow-up, I then 

turned to examining whether these same therapies could have utility in ameliorating the negative 

neurocognitive behavioral effects associated with a systemic insult to the brain, intraperitoneal 

injections of the chemotherapeutic agent temozolomide (TMZ), in the context of a clinically-

relevant treatment protocol also including fractionated radiation.  Temozolomide is an alkylating 

agent that crosses the blood-brain barrier and is used primarily to treat glioblastoma [95].  After 

some unexpected results in the initial model system used for the combined chemotherapy/ 

irradiation paradigm, I shifted to a new model system to ameliorate some of the challenges 

faced, and first investigated the effects of temozolomide and irradiation, separately, on the 

cognition of Fischer 344 rats.  The long-term deleterious effects of numerous chemotherapeutic 
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agents on the brain and cognitive function, known as “chemo-brain”, have been well-

characterized [96]; however, the impact of temozolomide on the brain is not well understood. 
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Figure 3.1: Experimental design (athymic nude rats) 
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Materials and Methods – Athymic Nude Rats 

Animals and irradiation/ chemotherapy treatment 

All animal procedures are in accordance with NIH and approved by the University of California 

Institutional Animal Care and Use Committee. Six-month-old male immunodeficient athymic nude 

(ATN) rats (Cr:NIHFoxn1rnu, strain 316; Charles River, San Diego) were maintained in sterile 

housing conditions (20˚C ± 1˚C; 70% ± 10% humidity; 12 hours:12 hours light and dark cycle) 

and had free access to sterilized diet and water.  The ATN rats were divided into four 

experimental groups: 0 Gy receiving sham surgery (Con), 26 Gy head-only fractionated 

irradiation and temozolomide injection receiving sham surgery (IRR+TMZ), 26 Gy head-only 

fractionated irradiation and temozolomide injection receiving bilateral human neural stem cell 

(hNSC) grafting (hNSCs – IRR+TMZ), and 26 Gy head-only fractionated irradiation and 

temozolomide injection receiving bilateral hNSC-derived extracellular vesicle (EV) grafting (EVs – 

IRR+TMZ). For cranial irradiation, animals were anesthetized (2.5% isoflurane), placed ventrally 

and unrestrained on the treatment table (XRAD 320 irradiator, Precision X-ray, North Branford, 

CT), and positioned under a collimated (1.0 cm2 diameter) beam for head-only irradiation 

delivered at a dose rate of 1.0 Gy/minute.  Whole-brain irradiation for the TMZ+IRR group was 

delivered in 3 fractionated doses of 8.67 Gy for a total dose of 26 Gy. The 3 fractionated 

radiation treatments were be delivered to each rat over the course of 5 days (i.e. days 1, 3 and 

5).  This group also received TMZ delivered concurrently and post-irradiation, with the first 

concomitant injection of TMZ (3-Methyl-4-oxo-8-imidazolo[5,1-d][1,2,3,5]tetrazinecarboxa-mide 

or Temodar®, Sigma, St. Louis, MO, USA) delivered intraperitoneally on the day following each 

fractionated dose of irradiation (i.e., days 2, 4, and 6) at a dose of 12.5 mg/kg. One week 

following IRR and then again during the following two weeks, the TMZ+IRR animals received three 

TMZ injections delivered over the course of five days at a dose of 33.3 mg/kg, delivered 



 

52 
 

intraperitoneally and diluted in 1% ethanol. Thus, animals received 12 total TMZ injections over 

the course of 1 month, 3 during week 1 at 12.5 mg/kg and 9 during the subsequent 3 weeks at 

33.3 mg/kg.  Untreated control animals were anesthetized and handled identically to those 

undergoing irradiation, and received injections of 1% ethanol at the same volumes as TMZ 

injections. 

Cranial transplantation 

For the hNSC and hNSC-derived EV transplantations, the proprietary stem cell line HK532.UbC-

IGF1 was used (Neuralstem Inc.), and the transplanted groups received bilateral 

intrahippocampal injections 1.5 weeks after the final TMZ injection.  The TMZ+IRR and control 

cohorts underwent sham surgeries.  Rats received bilateral intrahippocampal transplantation of 

hNSCs or EVs suspended in vehicle (hibernation buffer) using a 33-gauge microsyringe at an 

injection rate of 0.25 mL/minute.  Each hippocampus received four distinct injections of live hNSCs 

(1 × 105 in 2 μL) per hemisphere using precise stereotaxic coordinates, as described previously 

[46].  Sham surgery controls received an equal volume of sterile hibernation buffer at the same 

stereotaxic injection coordinates. All cohorts were anesthetized using isoflurane/oxygen (5% 

(vol/vol) induction, 2.5% (vol/vol) maintenance; VetEquip). 
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Table 3.1: Timing of treatments for athymic nude rats 
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Behavioral cognitive testing 

The rats were subjected to a battery of behavioral tasks four months after surgery.  The animals 

were tested on spontaneous exploration tasks, namely Novel Place Recognition, which is sensitive 

to spatial cognitive impairments caused by hippocampal damage; Novel Object Recognition, 

which assesses episodic memory retention dependent on the frontal and pre-frontal cortex; 

Object in Place, which evaluates spatial memory retention facilitated by both the hippocampus 

and the pre-frontal cortex; Temporal Order, which interrogates recency memory dependent on 

the medial prefrontal cortex and perirhinal cortex; Elevated Plus Maze, which assesses anxiety-

like behavior; and Light-Dark Box, which also serves as an assay for anxiety-like behavior.  For 

the Novel Place Recognition, Novel Object Recognition, Object in Place and Temporal Order 

tasks, the trials were scored for exploration time of the novel and familiar objects for each animal 

and the discrimination index was calculated from the equation: [(Novel Object/Total Exploration 

Time) – (Familiar/Total Exploration Time)] × 100. A cognitively-intact animal is expected to 

exhibit a preference for novelty in each of these tasks.  The Elevated Plus Maze was comprised of 

an acrylic surface with four elevated arms (75 cm above the floor, 110 cm long and 10 cm arm 

width) with two opposing closed arms enclosed with 42-cm high walls.  Rats were initially placed 

in the central zone of the EPM, with their head facing towards an open arm, and allowed to 

freely explore the maze for five minutes. The frequency of entries in the open arms were 

recorded, with entry into an open arm defined as all four paws of the rat crossing into the open 

arm.  For the Light-Dark Box testing, the rats were initially positioned in the center of the light 

compartment facing away from the opening to the dark compartment and allowed to explore 

freely for 10 minutes.  The number of transitions between the light and dark chambers was 

assessed.  Statistical analysis was performed using a repeated measure ANOVA with Bonferroni 
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correction in GraphPad Prism 6.0 Software (GraphPad Software Inc.), and data was plotted as 

mean ± SEM with significance set at α = 0.05. 

Results and Conclusions 

There were no statistically significant differences between groups on any of the tasks, though 

some showed a trend towards a cognitive decrement in the IRR+TMZ group.  This was due in part 

to significant variation within groups, as well as a decreased N for the IRR+TMZ, hNSCs – 

IRR+TMZ, and EVs – IRR+TMZ groups secondary to significant mortality among rats who had 

received the IRR+TMZ paradigm.  In each cohort, numerous rats developed large abdominal 

masses that impeded their movement and ability to eat, and thus had to be sacrificed; several 

other rats developed vestibular deficits leading to head tilts; and additional rats also developed 

malocclusions which needed to be trimmed intermittently and disrupted normal feeding.  Because 

of these problems with the aged ATN rats tolerating the IRR+TMZ protocol, I made the decision to 

move to using 2-month-old Fischer 344 (immunocompetent) rats for the remainder of my studies. 
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Figure 3.2: Spontaneous exploration data for athymic nude rats receiving a combined irradiation 

(IRR) and temozolomide (TMZ) treatment paradigm, including several hippocampal- and pre-

frontal cortex-dependent learning and memory tasks– Novel Object Recognition (NOR), Novel 

Place Recognition (NPR), Object in Place (OiP), and Temporal Order (TO); and two assays 

intended to assess anxiety– Elevated Plus Maze (EPM) and Light-Dark Box (LDB).  There were no 

statistically-significant differences between groups (P values derived from ANOVA and 

Bonferroni’s multiple comparisons test), and significant variability within groups, although some 

tasks suggest a potential cognitive deficit in the IRR+TMZ group. 
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Introduction – The Effects of Fractionated Irradiation and Temozolomide Treatment on 

Cognitive Function in Fischer 344 Rats 

We next compared the effects of temozolomide and the effects of fractionated irradiation as 

separate treatment groups on cognition in 2-month-old Fischer 344 animals.  The athymic nude 

rats that were first administered the combined TMZ+IRR protocol experienced significant 

peripheral toxicity unrelated to cognitive function (abdominal masses, vestibular issues, 

malocclusions), which made it difficult to maintain a sufficient sample size to observe potential 

cognitive decrements; it is also possible that the exclusion of animals from these behavioral studies 

based on other toxicities selected for the rats that were least affected by the TMZ+IRR exposure 

overall, and thus had the best neurological function in the cohort, while excluding the animals that 

were most impacted and may have had the most profound cognitive impairments.  To try to 

circumvent these unforeseen challenges, we elected to move from six-month-old athymic nude rats 

to two-month-old Fischer 344 rats as our model system.  We hypothesized that the younger age 

of the animals would inculcate more resilience to the cancer therapies being employed in our 

studies.  We also favored using immunocompetent (Fischer 344) rats over immunocompromised 

(athymic nude) rats due to their improved vitality.  Athymic nude rats had been used in my 

previous studies to evade the threat of immunorejection of the transplanted human neural stem 

cells proffered as therapeutic interventions for irradiation-induced cognitive dysfunction.  

However, our findings published in Stem Cells Translational Medicine (see: Chapter 2) as well as 

other concurrent studies in the Limoli lab [97] offered increasingly-strong evidence that stem cell-

derived extracellular vesicles hold significant promise for ameliorating radiation-induced brain 

injury while mitigating the risk of host immunorejection associated with transplanted cells, 

suggesting that future studies investigating the potential of extracellular vesicles as a clinically-

relevant therapy could be viable in immunocompetent models. 
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Figure 3.3: Experimental design (Fischer 344 rats) 
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Materials and Methods – Fischer 344 Rats 

Animals and irradiation/ chemotherapy treatment 

All animal procedures are in accordance with NIH and approved by the University of California 

Institutional Animal Care and Use Committee. Two-month old male Fischer 344 rats (Crl:CD(Fischer 

344), strain 002, Charles River Laboratories, Wilmington, MA) were maintained in standard 

housing conditions (20°C ± 1°C; 70% ± 10% humidity; 12 h:12 h light and dark cycle) and 

provided ad libitum access to food and water.  The rats were divided into three experimental 

groups: animals that received sham irradiation/ anesthesia and intraperitoneal injections of 1% 

ethanol solvent (Control), animals that received 26 Gy fractionated irradiation (IRR), and animals 

that received intraperitoneal injections of temozolomide (TMZ).  The TMZ cohort received three 

injections of TMZ (3-Methyl-4-oxo-8-imidazolo[5,1-d][1,2,3,5]tetrazinecarboxa-mide or 

Temodar®, Sigma, St. Louis, MO, USA) delivered intraperitoneally and diluted in 1% ethanol, 

over five days at a concommitant dose of 12.5 mg/kg during the first week of treatment, 

followed by 3 weeks of three TMZ injections delivered over five days at a dose of 33.3 mg/kg, 

delivered intraperitoneally and diluted in 1% ethanol. Thus, animals received 12 total TMZ 

injections over the course of 1 month, 3 during week 1 at 12.5 mg/kg and 9 during the 

subsequent 3 weeks at 33.3 mg/kg.  During the last week of injections for the TMZ cohort, the IRR 

group received a total of 26 Gy in three fractionated doses over the course of five days.  

Whole-brain irradiation for the IRR group was delivered in 3 fractionated doses of 8.67 Gy for 

a total dose of 26 Gy.  For cranial irradiation, animals were anesthetized (2.5% isoflurane), 

placed ventrally and unrestrained on the treatment table (XRAD 320 irradiator, Precision X-ray, 

North Branford, CT), and positioned under a collimated (1.0 cm2 diameter) beam for head-only 

irradiation delivered at a dose rate of 1.0 Gy/minute.  Untreated control animals were 
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anesthetized and handled identically to those undergoing irradiation, and received injections of 

1% ethanol at the same volumes as TMZ injections. 
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Table 3.2: Timing of treatments for TMZ and IRR cohorts of Fischer 344 rats 
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Behavioral cognitive testing 

These animals likewise underwent a series of behavioral tests at one month following the last set 

of TMZ injections and dose of fractionated IRR.  The animals were tested on spontaneous 

exploration tasks, namely Novel Place Recognition, which is sensitive to spatial cognitive 

impairments caused by hippocampal damage; Novel Object Recognition, which assesses episodic 

memory retention dependent on the frontal and pre-frontal cortex; Object in Place, which 

evaluates spatial memory retention facilitated by both the hippocampus and the pre-frontal 

cortex; Light-Dark Box, which serves as an assay for anxiety-like behavior; and Fear 

Conditioning, which determines whether rats can learn conditioned fear responses.  For the Novel 

Place Recognition, Novel Object Recognition, and Object in Place tasks, the trials were scored for 

exploration time of the novel and familiar objects for each animal and the discrimination index 

was calculated from the equation: [(Novel Object/Total Exploration Time) – (Familiar/Total 

Exploration Time)] × 100. A cognitively-intact animal is expected to exhibit a preference for 

novelty in each of these tasks.  For the Light-Dark Box testing, the rats were initially positioned in 

the center of the light compartment facing away from the opening to the dark compartment and 

allowed to explore freely for 10 minutes.  The number of transitions between the light and dark 

chambers was assessed.  Statistical analysis was performed using a repeated measure ANOVA 

with Bonferroni correction in GraphPad Prism 6.0 Software (GraphPad Software Inc.), and data 

was plotted as mean ± SEM with significance set at α = 0.05. 

Results 

The cohort of animals treated with temozolomide and the cohort of animals treated with 

irradiation both failed to discriminate between the novel toys and the familiar toys during the 

learning and memory tests (Figure 3.4), including Novel Object Recognition, Novel Place 

Recognition, and Object in Place; however, the performance of these animals was not statistically 
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significantly different from control animals, though they did show a trend towards a cognitive 

decrement.  There were no statistically significant differences in performance among the cohorts 

on the Light Dark Box task.  Most interestingly, there was a statistically significant difference 

between the time both the TMZ and the IRR cohorts spent freezing during the context test of Fear 

Conditioning relative to the controls (Figure 3.5), suggesting an inability among animals exposed 

to these cancer therapies to associate the environment with the aversive stimulus.  These data offer 

the first evidence in the Limoli laboratory of cognitive decrements related to temozolomide 

administration in immunocompetent rats. 
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Figure 3.4: Performance on spontaneous exploration tasks by Fischer rats after administration of 

26 Gy fractionated irradiation (IRR), a four-week sequence of intraperitoneal injections of 

temozolomide (TMZ), or sham irradiation/ solvent injection (Control).  The TMZ and IRR cohorts 

exhibit a failure to discriminate between novel and familiarity on the learning and memory tasks 

(Novel Object Recognition, Novel Place Recognition, and Object in Place); however, the 

differences in discrimination index between these animals and the control animals was not 

statistically significant.  The Control, IRR, and TMZ cohorts demonstrated statistically comparable 

performance on the Light Dark Box task.  Data are presented as the mean ± SEM (N = 16 

animals/group). P‐values are derived from analysis of variance and Bonferroni's multiple 

comparisons test. 
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Figure 3.5: Percentage of time spent freezing by Fischer 344 rats receiving fractionated 

irradiation (IRR), intraperitoneal temozolomide (TMZ), or sham irradiation/ intraperitoneal 1% 

ethanol in a fear conditioning paradigm.  The three cohorts had statistically indistinguishable 

percentages of time freezing at baseline, post-training, pre-cue, and post-cue; however, both the 

IRR animals and the TMZ animals showed a significant reduction in time spent freezing during the 

context test, implying an inability of these animals to remember the association of the testing 

environment with the foot-shocks.  Data are presented as the mean ± SEM (N = 16 

animals/group). P‐values are derived from analysis of variance and Bonferroni's multiple 

comparisons test. *, P < .05; **, P < .01; all compared against the control group 
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CHAPTER 4: GABAERGIC EXTRACELLULAR VESICLES IMPROVE COGNITION FOLLOWING 

IRRADIATION, WHILE GLUTAMATERGIC EXTRACELLULAR VESICLES FAIL TO DO SO — THE 

NEUROBIOCHEMICAL MECHANISTIC BASIS 

Introduction 

Our studies further explored whether retro-orbital injection of extracellular vesicles (EVs) derived 

from GABAergic neurons can ameliorate the adverse effects of irradiation exposure on cognition 

by assessing performance on hippocampus-, prefrontal cortex- and amygdala-dependent tasks.  

cognitive function and determining whether retro-orbital injection of extracellular vesicles derived 

from GABAergic neurons can alleviate treatment-associated deficits in cognition at one month 

following treatment.  GABAergic neuron-derived EVs are proposed to improve cognition after IRR 

treatment through providing an inhibitory impetus to compensate for irradiation- and 

chemotherapy-induced hippocampal hyperexcitation, as is apparent in preliminary 

electrophysiology studies in irradiated animals on long-term potentiation (Figure 4.1).  We sought 

to characterize the impact of irradiation and GABAergic neuron-derived EVs on 

neuroinflammation, host neuronal morphology, and neurotrophin levels.  Further, we examined 

whether EVs derived from glutamatergic neurons proffer the same advantageous impact on 

cognition after IRR treatment as we observed from EVs derived from GABAergic neurons.  We 

hypothesized that EVs produced by excitatory glutamatergic neurons would not convey the same 

beneficial effects following fractionated irradiation and evaluated this theory by comparing 

cognitive behavior in animals receiving injections of EVs from each source. 
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Figure 4.1: Preliminary electrophysiology data in irradiated mice following the retro-orbital 

application of extracellular vesicles.  A reduction in mean potentiation was observed in the 

irradiated rat, which was attenuated by the retro-orbital injection of extracellular vesicles. 
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Materials and Methods 

Animals and irradiation 

All animal procedures are in accordance with NIH and approved by the University of California 

Institutional Animal Care and Use Committee.  Eight-week-old male Fischer 344 rats 

(Crl:CD(Fischer 344), strain 002, Charles River Laboratories, Wilmington, MA) were maintained in 

standard housing conditions (20°C ± 1°C; 70% ± 10% humidity; 12 h:12 h light and dark cycle) 

and provided ad libitum access to food and water.  For both the GABAergic extracellular vesicle 

cohort and the glutamatergic extracellular vesicle cohort, the Fischer 344 rats were divided into 

three experimental groups (N = 16 animals per group): a control group that received sham 

irradiation (exposure to anesthesia) and vehicle (hibernation buffer) retro-orbital injections, a 

group that received 26 Gy total fractionated irradiation and vehicle injections, and a group that 

received 26 Gy total fractionated irradiation and injections of GABAergic or glutamatergic 

neuron-derived extracellular vesicles.  Rats were anesthetized using an isoflurane gas system 

(VWR Mobile RC2; induction=3.5% vol/vol isoflurane/oxygen) for irradiation, which was 

delivered using a self-shielded 320 kV X-irradiator (X-RAD320 irradiator, Precision X-Ray, North 

Branford, CT) and lead shielding to facilitate head-only irradiation over a 2 cm2 area at a dose 

rate of 1 Gy/min.  The study was initiated with the irradiated experimental groups receiving 

three fractionated doses of whole-brain irradiation of 8.67 Gy x 3 (total 26 Gy) over the course 

of five days (i.e. on days 1, 3, and 5).  Control animals were anesthetized for the same amount of 

time as the irradiated animals to ensure corresponding isoflurane exposure, and handled 

identically to those undergoing irradiation. 
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Figure 4.2: Experimental design 
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Extracellular vesicle isolation 

GABAergic neuron-derived extracellular vesicles were collected from conditioned culture media in 

which induced pluripotent stem (iPS) cell-derived GABAergic neurons (iCell GABANeurons, 01434, 

FUJIFILM Cellular Dynamics, Inc, Madison, WI) were cultured.  The extracellular vesicles were 

isolated and purified from the conditioned media by ultracentrifugation.  The conditioned media 

was first centrifuged at 300 x g for 10 minutes to remove cells and cellular debris.  The media 

was then centrifuged at 100,000 × g for 90 minutes and the extracellular vesicles were collected 

in hibernation buffer; the extracellular vesicles were pooled and purified in sterile Dulbecco’s 

phosphate-buffered saline at 100,000 x g for 120 minutes, and collected in hibernation buffer.  

The extracellular vesicles were characterized using a ZetaView PMX 110 particle analyzer 

(Particle Metrix GmbH; Meerbusch Germany). 

Glutamatergic neuron-derived extracellular vesicles were collected from conditioned culture 

media in which iPS cell-derived glutamatergic neurons (iCell GlutaNeurons, 01279, FUJIFILM 

Cellular Dynamics, Inc, Madison, WI) were cultured.  The extracellular vesicles were isolated and 

purified from the conditioned media by the same ultracentrifugation protocol as for the 

GABAergic extracellular vesicles. 

Retro-orbital injections 

At 72 hours following the final fractionated dose of irradiation (i.e. on day 8), the rats were 

anesthetized using an isoflurane gas system (VWR Mobile RC2; maintenance=3.5% vol/vol 

isoflurane/oxygen), and extracellular vesicles or vehicle (hibernation buffer) were delivered to 

the rats through circulation via the retro-orbital sinus.  A 31-gauge needle with a 0.5 ml syringe 

attached (BD Veo™ insulin syringes with BD Ultra-Fine™ 6mm x 31G needle) was used to pierce 

2 to 3 mm into the rat’s orbital venous sinus with the bevel on the needle facing upward at a 45° 

angle before injecting the extracellular vesicles.  The control and irradiated experimental groups 
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for both the GABAergic and glutamatergic cohorts received retro-orbital injections of 100 

microliters hibernation buffer (vehicle).  For the GABAergic extracellular vesicle group, 1.5 x 109 

extracellular vesicles in 100 microliters hibernation buffer were delivered by retro-orbital 

injection.  For the glutamatergic extracellular vesicle group, 1.0 x 109 extracellular vesicles in 100 

microliters hibernation buffer were delivered by retro-orbital injection. 
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Table 4.1: Timeline of treatments for irradiation +/- GABAergic or glutamatergic extracellular 

vesicles 
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Behavioral cognitive testing 

Two weeks following the last retro-orbital injections, the rats underwent a battery of behavioral 

tasks designed to interrogate cognitive function.   The animals were tested on spontaneous 

exploration tasks, namely Novel Place Recognition, which is sensitive to spatial cognitive 

impairments caused by hippocampal damage; Novel Object Recognition, which assesses episodic 

memory retention dependent on the frontal and pre-frontal cortex; Object in Place, which 

evaluates spatial memory retention facilitated by both the hippocampus and the pre-frontal 

cortex; and Light-Dark Box, which serves as an assay for anxiety-like behavior.  For the Novel 

Place Recognition, Novel Object Recognition, and Object in Place tasks, the trials were scored for 

exploration time of the novel and familiar objects for each animal (n=16 per experimental 

group) and the discrimination index was calculated from the equation: [(Novel Object/Total 

Exploration Time) – (Familiar/Total Exploration Time)] × 100. A cognitively-intact animal is 

expected to exhibit a preference for novelty in each of these tasks.  For the Light-Dark Box 

testing, need to measure dimensions of light-dark box.  The rats were initially positioned in the 

center of the light compartment facing away from the opening to the dark compartment and 

allowed to explore freely for 10 minutes.  The number of transitions between the light and dark 

chambers was assessed.  Statistical analysis was performed using a repeated measure ANOVA 

with Bonferroni correction in GraphPad Prism 6.0 Software (GraphPad Software Inc.), and data 

was plotted as mean ± SEM with significance set at α = 0.05. 

Extraction and ELISA for assessment of neurotrophins 

Following the behavioral testing at approximately six weeks post-final retro-orbital injections, the 

rats were euthanized using isoflurane anesthesia. Brains were immediately extracted from the 

skull (N = 4-5 per group) and the hippocampus was dissected from each cerebral hemisphere. 

Each hippocampus was weighed and transferred into 300 μL ice‐cold lysis buffer (N‐PER 
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Neuronal Protein Extraction Reagent, Thermo Scientific Product number 23225) containing sodium 

orthovanadate (0.5 mM), pheyl‐methylsulfonyl fluoride (PMSF, 1 mM), aprotinin (10 μg/mL), and 

leupeptin (1 μg/mL; Santa Cruz Biotechnology, Santa Cruz, California). Tissues were sonicated 

individually, centrifuged at 4°C for 15 minutes at 13,200 rpm, and the supernatants were 

collected and diluted 1:5 with Dulbecco's phosphate‐buffered saline. The supernatants were 

acidified to pH 2.6 then neutralized to pH 7.6 to liberate the neurotrophic factors, and the BDNF 

and GDNF levels were assayed using Emax ImmunoAssay Systems from Promega (BDNF catalog 

number G7611, GDNF catalog number G7621) and uncoated ELISA plates (Biolegend Nunc 

MaxiSorp, catalog number 423501). All measurements were performed at a wavelength of 

450 μm on a microplate reader (BioTek Synergy Mx). 

Quantification of dendritic spine density 

At approximately six weeks post-final retro-orbital injections, the rats were euthanized using 

isoflurane anesthesia and perfused with saline + heparin.  Brains (N = 4 per group) were 

extracted from the skull and subjected to Golgi‐Cox impregnation and staining of neurons 

according to the manufacturer's instructions (SuperGolgi kit, Bioenno Tech., Santa Ana, California).  

The brains were sectioned to 100 μm using a vibratome (need details on vibratome) and 

counterstained by nuclear fast red to visualize hippocampal subregions.  The Stereoinvestigator 

program (v11, MicroBrightField) was used for the quantification of dendritic spines using four 

serial sections (every second) throughout the hippocampus to analyze potential differences in 

spine density between each of the experimental cohorts. 

Immunostaining of Activated Microglia 

Following behavioral testing, rats were euthanized using isoflurane and perfused with 4% 

paraformaldehyde (Acros Organics, Geel, Belgium), and brain tissues were processed for coronal 
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sectioning using a cryostat (Leica Microsystems, Wetzlar, Germany) and prepared for 

immunohistochemistry.  Immunostaining for activated microglia (ED‐1+ cells) was carried out on 

serial sections (30 μm coronal, every tenth section) with six sections per animal (N = 4 per 

experimental group), via a primary anti-ED-1 antibody (mouse, 1:200; AbD Serotec) followed by 

a donkey anti-mouse biotinylated secondary antibody (1:200; Invitrogen). Sections were mounted 

on gelatin-coated slides, air-dried, dehydrated and counterstained with nuclear fast red (Vector 

Labs, CA, USA). The number of activated microglia (ED1+) within the DH, GCL and CA3/CA1 

regions of hippocampus were analyzed by stereology. 

Extracellular Vesicle Labeling 

To interrogate the distribution of extracellular vesicles administered by retro-orbital injections 

throughout the hippocampus, GABAergic neuron-derived extracellular vesicles were labeled with 

PKH26 (Sigma‐Aldrich, PKH26GL) the morning before injection. The extracellular vesicles were 

resuspended in Diluent C, incubated with Dye Solution for 4 minutes with intermittent mixing as per 

the manufacturer's protocol. The dye was quenched with 1% bovine serum albumin in water, and 

the extracellular vesicles were isolated through ultracentrifugation at 100,000 × g for 90 minutes 

and collected in hibernation buffer.  For each animal, 1.5x1010 extracellular vesicles were dyed 

and prepared for injection. 

Labeled Extracellular Vesicle Administration, Tracking, and Quantification 

Male Fischer 344 rats (Crl:CD(Fischer 344), strain 002, Charles River Laboratories, Wilmington, 

MA) were divided into two groups (N =2 animals per group): a control group that received sham 

irradiation (exposure to anesthesia) and an irradiated group that received 26 Gy total 

fractionated irradiation (8.67 Gy x 3).  At 72 hours post-irradiation, the animals received 

injections of PKH26-labeled extracellular vesicles in 100 microliters hibernation buffer by retro-
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orbital injection as described above.  The rats were euthanized at 24 hours following the 

injections using isoflurane and perfused with 4% paraformaldehyde.  The brains were processed 

for coronal sectioning using a cryostat (Leica Microsystems, Wetzlar, Germany) in the dark to 

preserve the dye labeling.  Four serial sections (30 μm, every 10th section) were stained with 

DAPI and imaged using a confocal microscope at ×40 magnification.  Analysis was performed 

using the spot tool (Imaris software suite (v7.6, Bitplane, Inc.). To quantify the density of EVs, the 

number of EVs was converted into spots, derived from confocal Z‐stacks taken in 1 μm steps at 

×40 magnification. 

Results: 

Retro-Orbital Application of GABAergic Extracellular Vesicles Improves Cognition and Rescues 

Performance on Behavioral Tasks Following Irradiation 

Two weeks subsequent to the final retro-orbital injections and four weeks subsequent to 

irradiation, the Fischer 344 rats (N = 16 rats per group) were subjected to a series of 

spontaneous exploration tasks to evaluate their cognitive capabilities.  The animals were 

habituated to the testing room and arena for three days before performing the Novel Object 

Recognition test to evaluate hippocampal function, in which they were exposed to two identical 

objects for five minutes, then removed from the arena for five minutes, then returned to the arena 

with one of the same (“familiar”) objects and a new (“novel”) object.  Control animals were able 

to discriminate between the novel and familiar objects and exhibited a preference for the novel 

objects as expected for cognitively-intact animals (mean discrimination index= 29.45%), while the 

animals that received fractionated irradiation showed no ability to discriminate between novel 

and familiar (mean discrimination index=-1.72%).  The rats treated with GABAergic extracellular 

vesicles following irradiation demonstrated improvement in cognitive function on the Novel Object 

Recognition Task (mean discrimination index= 32.55%).  Significant overall group effects were 
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found (F (2, 47) = 4.738; P=0.0134), and the differences between the performance of the 

control group and the irradiated group (F (2, 47) = 4.738; P=0.0480) and that of the irradiated 

group and the extracellular vesicle-treated group (F (2, 47) = 4.738; P=0.0206) were 

statistically significant (Figure 4.3).  In contrast, the mean discrimination index of the control group 

and the extracellular vesicle group were statistically indistinguishable (F (2, 47) = 4.738; 

P>0.9999). 

The rats were next tested on the Novel Place Recognition test to evaluate the capability of the 

pre-frontal and frontal cortex.  The animals were placed in an arena with two identical objects 

for five minutes, then returned to their housing for one hour, and finally placed back in the arena 

with one of the objects in its original position (“familiar”) and the other object moved to a 

different position (“novel”).  The Novel Place Recognition test detected an overall group effect (F 

(2, 45) = 3.829; P=0.0291), and the control (mean discrimination index=24.88%) and 

extracellular vesicle-treated (mean discrimination index= 26.45%) groups had higher mean 

discrimination indices than the irradiated group (mean discrimination index= -12.17%); however, 

neither the difference between the control and the irradiated groups (F (2, 45) = 3.829; P= 

0.0705) nor the difference between the irradiated and extracellular vesicle-treated groups (F (2, 

45) = 3.829; P= 0.0554) met the threshold for statistical significance (Figure 4.4). 
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Figure 4.3: Retro-orbital injection of GABAergic extracellular vesicles improves performance on 

the Novel Object Recognition test following fractionated irradiation.  Data are presented as the 

mean ± SEM (N = 16 animals/group. P‐values are derived from analysis of variance and 

Bonferroni's multiple comparisons test. *, P < .05; all compared against the irradiated group 

 

 

 



 

79 
 

 

Figure 4.4: Performance on the Novel Place Recognition task following 26 Gy fractionated 

irradiation +/- retro-orbital injection of GABAergic extracellular vesicles.  The irradiated rats 

failed to discriminate between novel and familiar, and an overall group effect was detected, with 

the mean discrimination indices of the control and IRR + GABAergic EV cohorts increased over that 

of the IRR group; however, the difference was not statistically significant.  Data are presented as 

the mean ± SEM (N = 16 animals/group. P‐values are derived from analysis of variance and 

Bonferroni's multiple comparisons test.  All compared against the irradiated group 
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Testing on the Object in Place task was then initiated, which seeks to interrogate the proficiency of 

the hippocampus and pre-frontal cortex.  After two additional days of habituation, the rats were 

exposed to four different objects in the arena for five minutes, then taken out of the box for five 

minutes.  When they were subsequently returned to the arena for five minutes, the positions of two 

of the objects were reversed (“novel”), while the other two objects remained in place (“familiar”).  

As with the other spontaneous exploration tasks, rats with normal cognitive function are expected 

to exhibit a preference for the novel objects.  Significant group effects were observed for this test 

(F (2, 45) = 9.104; P=0.0005), and there were statistically-significant increases in the mean 

discrimination index for both the control group (F (2, 45) = 9.104; P= 0.0492) and the 

extracellular vesicle-treated group (F (2, 45) = 9.104; P= 0.0003) as compared to the 

irradiated group (Figure 4.5), which failed to discriminate between novel and familiar (mean 

discrimination index= -17.13%).  The performance of the control group (mean discrimination 

index= 14.05%) and the extracellular vesicle-treated group (mean discrimination index= 

35.95%) was statistically similar (F (2, 45) = 9.104; P= 0.2599). 

Finally, the Fischer 344 rats underwent a Light-Dark Box testing paradigm to examine anxiety-

like behavior, and the number of transitions between the light compartment and the dark 

compartment were recorded.  Significant overall group effects were detected (F (2, 45) = 6.466; 

P=0.0034), and the control animals (Figure 4.6) exhibited a significantly higher (F (2, 45) = 

6.466; P=0.0027) number of transitions (mean number of transitions=3.750) compared to the 

irradiated rats (mean number of transitions=1.188).  The extracellular vesicle-treated group 

likewise had a higher number of transitions (mean number of transitions=2.125) relative to the 

irradiated group, but this difference was not statistically significant (F (2, 45) = 6.466; 

P=0.6005). 
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Figure 4.5: Application of GABAergic extracellular vesicles by retro-orbital injection ameliorates 

irradiation-induced decrements in performance on the Object in Place spontaneous exploration 

task.  Data are presented as the mean ± SEM (N = 16 animals/group). P‐values are derived from 

analysis of variance and Bonferroni's multiple comparisons test. *, P < .05; ***, P < .001 all 

compared against the irradiated group 
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Figure 4.6: Fractionated irradiation (8.67 Gy x 3) reduces the number of transitions between the 

light and dark areas during the Light-Dark Box Test.  The mean number of transitions was higher 

in the cohort that also received retro-orbital GABAergic extracellular vesicles as compared to the 

irradiated group, but this increase was not statistically significant.  Data are presented as the 

mean ± SEM (N = 16 animals/group). P‐values are derived from analysis of variance and 

Bonferroni's multiple comparisons test. **, P < .01 all compared against the irradiated group 
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Glutamatergic Extracellular Vesicles Administered by Retro-Orbital Injection Are Unable to Attenuate 

Radiation-Induced Cognitive Impairments 

The cohort of rats developed to determine the effects of glutamatergic extracellular vesicles 

following irradiation were handled identically to the GABAergic cohort, with the same 

experimental time course, sequence of behavioral tasks, and testing procedures.  The Novel 

Object Recognition test did not reveal significant overall group effects (F (2, 45) = 2.516; 

P=0.0921).  The mean discrimination index for the control group (mean discrimination 

index=25.39%) was greater than that of the irradiated group (mean discrimination index=-

21.00%), but this difference was not statistically significant (F (2, 45) = 2.516; P= 0.0901).  The 

extracellular vesicle-treated rats likewise failed to discriminate between novel and familiar (mean 

discrimination index=0.1461%), and their performance was statistically comparable to that of 

the irradiated rats (F (2, 45) = 2.516; P= 0.9377). 

Significant overall group effects were demonstrated on the Novel Place Recognition task in the 

glutamatergic extracellular vesicle cohort (F (2, 33) = 5.602; P=0.0080).  The performance of 

the control experimental group (mean discrimination index=26.60%) showed a statistically 

significant enhancement (F (2, 33) = 5.602; P=0.0415) compared to the irradiated group (mean 

discrimination index=-8.788%), but there was no statistical difference (F (2, 33) = 5.602; 

P>0.9999) in performance between the irradiated group and the extracellular vesicle-treated 

group (mean discrimination index=-17.73%).  Instead, there was a statistically significant increase 

in mean discrimination index of the control animals over the extracellular vesicle-treated animals 

(F (2, 33) = 5.602; P= 0.0111). 
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Figure 4.7: Administration of glutamatergic extracellular vesicles fails to improve ability to 

discriminate between novelty and familiarity in Novel Object Recognition following irradiation.  

Rats in the irradiated cohort and the cohort receiving both irradiation and glutamatergic 

extracellular vesicles were unable to discriminate between novel and familiar; control animals 

had an increased discrimination index, but the difference between the control and irradiated 

cohorts was not statistically significant.  Data are presented as the mean ± SEM (N = 16 

animals/group). P‐values are derived from analysis of variance and Bonferroni's multiple 

comparisons test.  All compared against the irradiated group 
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Figure 4.8: Radiation-induced decrements in performance on the Novel Place Recognition task 

are not mitigated by the injection of glutamatergic extracellular vesicles.  As compared to control 

rats, rats that received fractionated irradiation exhibited statistically poorer performance in 

discriminating between novel and familiar; the IRR cohort and the IRR + glutamatergic EV cohort 

are statistically indistinguishable from each other, indicating that the glutamatergic EVs did not 

facilitate better performance on the behavioral task.  Data are presented as the mean ± SEM (N 

= 16 animals/group).  P‐values are derived from analysis of variance and Bonferroni's multiple 

comparisons test. *, P < .05 all compared against the irradiated group 
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Figure 4.9: Radiation eliminates rats’ capacity to identify novelty on the Object in Place task, and 

this deleterious effect is not alleviated by retro-orbital injection of glutamatergic extracellular 

vesicles.  Control animals demonstrated statistically-significant superior exploration of novel 

objects over familiar objects relative to irradiated animals; the performance of the irradiated 

cohort and the cohort that were subjected to irradiation and glutamatergic extracellular vesicles 

were statistically similar.  Data are presented as the mean ± SEM (N = 16 animals/group).  P‐

values are derived from analysis of variance and Bonferroni's multiple comparisons test. 

**, P < .01 all compared against the irradiated group 
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For the Object in Place task, significant group effects were observed (F (2, 32) = 7.226; P= 

P=0.0054).  The mean discrimination index of the irradiated group (mean discrimination index=-

1.263%) was significant reduced (F (2, 32) = 7.226; P=0.0044) compared to the control group 

(mean discrimination index=40.71%).  In contrast, the difference between the mean discrimination 

index of the irradiated group and the extracellular vesicle-treated group did not reach 

significance (F (2, 32) = 7.226; P= 0.6433), and the two groups were statistically similar; both 

groups failed to exhibit a preference for novelty. 

Injection of GABAergic Extracellular Vesicles Preserves Neurotrophin Levels Following Irradiation 

The effect of GABAergic extracellular vesicles on neurotrophin levels, specifically brain-derived 

neurotrophic factor and glial cell line-derived neurotrophic factor, in the hippocampus after 

fractionated irradiation was investigated by ELISA assay.  The brain-derived neurotrophic factor 

(BDNF) analysis showed significant overall group effects (F (2, 57) = 16.17; P<0.0001); there 

was a significant decrease in hippocampal BDNF following fractionated irradiation (F (2, 57) = 

16.17; P <0.0001) as compared to the control animals, but the BDNF levels were preserved in 

rats that also received GABAergic extracellular vesicles (F (2, 57) = 16.17; P= 0.0001).  The 

BDNF levels in the control group and the group subjected to fractionated irradiation and 

GABAergic extracellular vesicles were highly similar, with no statistically significant difference 

between them (F (2, 57) = 16.17; P >0.9999). 
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Figure 4.10: Reduction in brain-derived neurotrophic factor (BDNF) due to fractionated 

irradiation ameliorated with application of GABAergic EVs.  At approximately two months post-

irradiation, BDNF levels are significantly decreased in the irradiated cohort compared to the 

controls; however, BDNF levels in the animals that received GABAergic EVs in addition to cranial 

irradiation showed elevated BDNF relative to the irradiated animals, similar to the levels seen in 

the control animals.  Data are presented as the mean ± SEM (N = 4-5 animals/group).  P‐values 

are derived from analysis of variance and Bonferroni's multiple comparisons test. ***, P < .001 all 

compared against the irradiated group 
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Likewise, significant group effects (F (2, 57) = 6.186; P=0.0037) were ascertained in the glial 

cell line-derived neurotrophic factor (GDNF) assay.  The irradiated animals experienced a 

statistically significant reduction in GDNF (F (2, 57) = 6.186; P=0.0038) relative to the control 

group; this reduction was blunted by the application of GABAergic extracellular vesicles, which 

caused a statistically significant increase in GDNF compared to the irradiated animals (F (2, 57) 

= 6.186; P=0.0459).  Levels of GDNF in the control group and the extracellular vesicle-treated 

group were statistically equivalent, with no significant difference observed (F (2, 57) = 6.186; P 

>0.9999). 
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Figure 4.11: Glial cell-derived neurotrophic factor (GDNF) decline due to fractionated irradiation 

ameliorated with application of GABAergic EVs.  At approximately two months post-irradiation, 

BDNF levels are significantly decreased in the irradiated cohort compared to the controls; 

however, BDNF levels in the animals that received GABAergic EVs in addition to cranial 

irradiation showed elevated BDNF relative to the irradiated animals, similar to the levels seen in 

the control animals.  Data are presented as the mean ± SEM (N = 4-5 animals/group).  P‐values 

are derived from analysis of variance and Bonferroni's multiple comparisons test. *, P < .05; *, 

P<.01 all compared against the irradiated group 
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Glutamatergic Extracellular Vesicles Likewise Increase BDNF and GDNF Levels Subsequent to 

Irradiation 

To examine whether differences in neurotrophin levels in the hippocampus could be responsible 

for the differential cognitive performance of rats receiving GABAergic and glutamatergic 

extracellular vesicles, the levels of BDNF and GDNF were assayed in the glutamatergic 

extracellular vesicle cohort as well.  The BDNF analysis yielded significant overall group effects (F 

(2, 45) = 18.30; P<0.0001).  This cohort showed an analogous statistically significant decrease in 

the irradiated group compared to the control group (F (2, 45) = 18.30; P<0.0001); perhaps 

counterintuitively, the extracellular vesicle-treated group also exhibited an increase in BDNF 

levels in the hippocampus over that of the irradiated group ((F (2, 45) = 18.30; P<0.0001), with 

BDNF levels statistically similar to the control group ((F (2, 45) = 18.30; P>0.9999) detected. 

The assay of GDNF levels in the hippocampus the irradiated experimental group also yielded 

significant overall group effects (F (2, 45) = 52.57; P<0.0001).  As before, there was a 

statistically significant decrease in hippocampal GDNF in the irradiated animals compared to 

controls (F (2, 45) = 52.57; P<0.0001); similarly, the GDNF levels in the extracellular vesicle-

treated group exhibited a statistically significant improvement relative to the irradiated group ((F 

(2, 45) = 52.57; P=0.0010).  However, there was also a statistically significant difference in 

GDNF levels between the control rats and the extracellular vesicle-treated rats (F (2, 45) = 

52.57; P<0.0001), with the controls rats showing significantly greater levels of GDNF in the 

hippocampus. 
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Figure 4.12: Brain-derived neurotrophic factor (BDNF) levels in animals receiving glutamatergic 

extracellular vesicles after fractionated irradiation are heightened compared to irradiated 

animals and similar to control levels of BDNF.  Irradiation produces a dramatic reduction in BDNF 

in the hippocampus, but injection of glutamatergic extracellular vesicles substantially recovers 

BDNF levels to approximate those of control animals.  Data are presented as the mean ± SEM (N 

= 4-5 animals/group).  P‐values are derived from analysis of variance and Bonferroni's multiple 

comparisons test. ***, P < .001 all compared against the irradiated group 
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Figure 4.13: Irradiated rats experience a prominent decrease in glial cell-derived neurotrophic 

factor (GDNF) that is partially attenuated by retro-orbital injection of glutamatergic extracellular 

vesicles.  A statistically significant reduction is observed in the irradiated cohort; the IRR + 

glutamatergic EV animals exhibit a statistically significant improvement over the irradiated 

animals.  However, there is also a statistical difference between the control group and the IRR + 

glutamatergic EV group, with the control group possessing greater average GDNF in the 

hippocampus thus the group receiving glutamatergic EVs after irradiation.  Data are presented as 

the mean ± SEM (N = 4-5 animals/group).  P‐values are derived from analysis of variance and 

Bonferroni's multiple comparisons test. **, P<.01; ***, P < .001 all compared against the 

irradiated group 
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GABAergic Extracellular Vesicles Mitigate Radiation-Induced Decline in Dendritic Spine Density 

To assess the impact of retro-orbital injections of GABAergic extracellular vesicles on dendritic 

spine density, the brains of rats sacrificed after the progression of behavioral testing 

(approximately six weeks after the last retro-orbital injection) were prepared using Golgi‐Cox 

impregnation and staining of neurons for morphometric analysis (N = 4 animals per experimental 

group).  The dendritic spine density of the dentate gyrus of the hippocampus was analyzed using 

the Stereoinvestigator program and serial sections across the rat hippocampus.  This analysis 

demonstrated significant overall group effects (F (2, 9) = 11.38; P=0.0034), and there was a 

significant reduction in dendritic spine density in the dentate gyrus following fractionated 

irradiation as compared to the control group (F (2, 9) = 11.38; P= 0.0040).  However, treatment 

with GABAergic neuron-derived extracellular vesicles was able to mitigate this decline, with the 

extracellular vesicle-treated group showing a significant increase in spine density (F (2, 9) = 

11.38; P=0.0216) over that of the irradiated group.  The application of GABAergic extracellular 

vesicles returned dendritic spine density in the dentate gyrus to levels statistically comparable to 

that of control rats, with no statistically significant difference detected ((F (2, 9) = 11.38; 

P=0.8779). 
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Figure 4.14: Dendritic spine density in the dentate gyrus is diminished after cranial irradiation, 

but application of GABAergic extracellular vesicles recovers spine density.  Both the control and 

IRR + GABAergic EV groups show statistically-significant improvements over the irradiated cohort 

in dendritic spine density eight weeks following irradiation.  Data are presented as the 

mean ± SEM (N = 4 animals/ experimental group).  P‐values are derived from analysis of 

variance and Bonferroni's multiple comparisons test. *, P<.05; **, P<.01 all compared against the 

irradiated group 
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Future Directions/ Studies in Progress 

As a comparator to the dendritic spine density data in the GABAergic extracellular vesicle cohort, 

the dendritic spine density in the hippocampal dentate gyrus of the contingent of experimental 

groups including the glutamatergic extracellular vesicles is currently under analysis.  The impacts 

of both GABAergic and glutamatergic extracellular vesicles on neuroinflammation in the brain 

after cranial irradiation is also being assessed, employing staining for activated microglia (ED-1) 

as a proxy marker.  Finally, the extent of spread of GABAergic extracellular vesicles 

administered by retro-orbital injection into the brains is being explored, both in the intact brain 

and the irradiated brain, using PKH-26 dye-loading of the extracellular vesicles. 
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CHAPTER 5: IN A CLINICALLY-RELEVANT COMBINED CRANIAL IRRADIATION/ 

TEMOZOLOMIDE TREATMENT PARADIGM, GABAERGIC EXTRACELLULAR VESICLES RESTORE 

NEUROBEHAVIORAL FUNCTION AND NEUROTROPHIN LEVELS 

 

Introduction 

Studies undertaken in the Limoli laboratory and by others have indicated that both irradiation 

and chronic chemotherapy treatment, including cyclophosphamide and doxorubicin, adversely 

impact cognitive function one to four months following exposure; further, though there are no 

satisfactory treatments for reducing the progressive adverse effects of radiation- and 

chemotherapy-induced brain injury, intercranial stem cell transplantation has shown promise in 

improving the cognitive decrements associated with both radiation and chemotherapy.  This study 

intends to extend these studies to examine a combined fractionated irradiation and 

chemotherapy (TMZ) paradigm designed to approximate current standard of care for human 

brain cancer patients.  We explored the effects of fractionated TMZ + IRR on hippocampus-, 

prefrontal cortex- and amygdala-dependent cognitive function and determine whether retro-

orbital injection of extracellular vesicles derived from GABAergic neurons, delivered in a manner 

significantly less invasive than intrahippocampal transplantation, can alleviate treatment-

associated deficits in cognition at one month following treatment.  Further, upon finding that retro-

orbital administration of GABAergic extracellular vesicles did improve behavioral performance in 

this paradigm, we investigated the neurobiological mechanisms by which the GABAergic neuron-

derived EVs improve cognition after TMZ+IRR exposure by assessing the functional consequences 

of retro-orbital injection and the impact on the host microenvironment. 
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Figure 5.1: Experimental design 

 

 

 

 

 

 

 

 

 

 



 

99 
 

Materials and Methods 

Animals and irradiation 

All animal procedures are in accordance with NIH and approved by the University of California 

Institutional Animal Care and Use Committee.  Eight-week-old male Fischer 344 rats 

(Crl:CD(Fischer 344), strain 002, Charles River Laboratories, Wilmington, MA) were maintained in 

standard housing conditions (20°C ± 1°C; 70% ± 10% humidity; 12 h:12 h light and dark cycle) 

and provided ad libitum access to food and water.  The rats were divided into three experimental 

groups (N=16 animals per experimental group).  Two cohorts received the combined 

temozolomide (TMZ) and irradiation therapy paradigm; the third cohort served as a control. One 

of the TMZ+IRR cohorts received retro-orbital injections of GABAergic neuron-derived 

extracellular vesicles; the other TMZ+IRR cohort and the control group received concurrent retro-

orbital injections of hibernation buffer (solvent).  Rats were anesthetized using an isoflurane gas 

system (VWR Mobile RC2; induction=4%, maintenance=2.5%) for irradiation, which delivered 

using a self-shielded 320 kV X-irradiator (X-RAD320, Precision X-Ray) and lead shielding to 

facilitate head-only irradiation over a 2 cm2 area at a dose rate of 1 Gy/min.  The study was 

initiated with the TMZ+IRR cohorts receiving three fractionated doses of whole-brain irradiation 

of 8.67 Gy each (total 26 Gy) over the course of five days (i.e. on days 1, 3, and 5).  Control 

animals were anesthetized for the same amount of time as the irradiated animals to ensure 

corresponding isoflurane exposure, and handled identically to those undergoing irradiation. 

Interspersed between the radiation doses, the TMZ+IRR cohorts received three concomitant doses 

(12.5 mg/kg) of TMZ (3-Methyl-4-oxo-8-imidazolo[5,1-d][1,2,3,5]tetrazinecarboxamide or 

Temodar®, Sigma, St. Louis, MO, USA) dissolved in 1% ethanol with heating, likewise over the 

course of five days (i.e. on days 2, 4, and 6). The TMZ solution for concomitant doses were 

prepared at 6.25 mg/ml, and administered by intraperitoneal injection (i.p.), alternating the side 
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(left versus right) of the peritoneal cavity being injected. Untreated control rats received injections 

of 1% ethanol at the same volume as would be administered for a TMZ injection. One week after 

the first irradiation dose, the TMZ+IRR cohorts received adjuvant injections of TMZ dissolved in 

1% ethanol at 7 mg/ml (to ensure all injection volumes are less than 3 ml), dosed at 33.3 mg/kg, 

with three injections each week over the course of five days (i.e. on days 8, 10, and 12 for the 

first week of high-dose injections).  Thus, animals received twelve total TMZ injections over the 

course of four weeks, three during week 1 at 12.5 mg/kg and nine during the subsequent three 

weeks at 33.3 mg/kg.  The rats were weighed weekly to ensure accurate dosing.  The TMZ doses 

have been calculated using the body surface area normalization method to most closely 

approximate the clinical doses of TMZ that human patients receive; the fractionated radiation 

protocol delivers a biological effective dose of 101 Gy, which approaches the standard 

treatment for glioblastoma patients (60 Gy in 2 Gy fractions). 

Extracellular vesicle isolation 

GABAergic neuron-derived extracellular vesicles were collected from conditioned culture media in 

which induced pluripotent stem (iPS) cell-derived GABAergic neurons (iCell GABANeurons, 01434, 

FUJIFILM Cellular Dynamics, Inc, Madison, WI) were cultured.  The extracellular vesicles were 

isolated and purified from the conditioned media by ultracentrifugation.  The conditioned media 

was first centrifuged at 300 x g for 10 minutes to remove cells and cellular debris.  The media 

was then centrifuged at 100,000 × g for 90 minutes and the extracellular vesicles were collected 

in hibernation buffer; the extracellular vesicles were pooled and purified in sterile Dulbecco’s 

phosphate-buffered saline at 100,000 x g for 120 minutes, and collected in hibernation buffer.  

The extracellular vesicles were characterized using a ZetaView PMX 110 particle analyzer 

(Particle Metrix GmbH; Meerbusch Germany). 
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Table 5.1: Timeline of treatments for combined irradiation/ temozolomide paradigm to probe the 

impact of GABAergic extracellular vesicles 
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Retro-orbital injections 

At 72 hours following the final fractionated dose of temozolomide, the rats were anesthetized 

using an isoflurane gas system (VWR Mobile RC2; maintenance=3.5% vol/vol 

isoflurane/oxygen), and extracellular vesicles or vehicle (hibernation buffer) were delivered to 

the rats through circulation via the retro-orbital sinus.  A 31-gauge needle with a 0.5 ml syringe 

attached (BD Veo™ insulin syringes with BD Ultra-Fine™ 6mm x 31G needle) was used to pierce 

2 to 3 mm into the rat’s orbital venous sinus with the bevel on the needle facing upward at a 45° 

angle before injecting the extracellular vesicles.  The control and irradiated experimental groups 

received retro-orbital injections of 100 microliters hibernation buffer (vehicle).  For the 

GABAergic extracellular vesicle group, 1.5 x 109 extracellular vesicles in 100 microliters 

hibernation buffer were delivered by retro-orbital injection.   

Behavioral cognitive testing 

Two weeks following the last retro-orbital injections, the rats underwent a battery of behavioral 

tasks designed to interrogate cognitive function.   The animals were tested on spontaneous 

exploration tasks, namely Novel Place Recognition, which is sensitive to spatial cognitive 

impairments caused by hippocampal damage; Novel Object Recognition, which assesses episodic 

memory retention dependent on the frontal and pre-frontal cortex; and Elevated Plus Maze, 

which assesses anxiety-like behavior.  For the Novel Place Recognition and Novel Object 

Recognition, the trials were scored for exploration time of the novel and familiar objects for each 

animal (n=16 per experimental group) and the discrimination index was calculated from the 

equation: [(Novel Object/Total Exploration Time) – (Familiar/Total Exploration Time)] × 100. A 

cognitively-intact animal is expected to exhibit a preference for novelty in each of these tasks.  .  

The Elevated Plus Maze was comprised of an acrylic surface with four elevated arms (75 cm 

above the floor, 110 cm long and 10 cm arm width) with two opposing closed arms enclosed with 
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42-cm high walls.  Rats were initially placed in the central zone of the EPM, with their head facing 

towards an open arm, and allowed to freely explore the maze for five minutes. The frequency of 

entries in the open arms were recorded, with entry into an open arm defined as all four paws of 

the rat crossing into the open arm.  Statistical analysis was performed using a repeated measure 

ANOVA with Bonferroni correction in GraphPad Prism 6.0 Software (GraphPad Software Inc.), 

and data was plotted as mean ± SEM with significance set at α = 0.05. 

Extraction and ELISA for assessment of neurotrophins 

Following the behavioral testing at approximately six weeks post-final retro-orbital injections, the 

rats were euthanized using isoflurane anesthesia. Brains were immediately extracted from the 

skull (N = 4-5 per group) and the hippocampus was dissected from each cerebral hemisphere. 

Each hippocampus was weighed and transferred into 300 μL ice‐cold lysis buffer (N‐PER 

Neuronal Protein Extraction Reagent, Thermo Scientific Product number 23225) containing sodium 

orthovanadate (0.5 mM), pheyl‐methylsulfonyl fluoride (PMSF, 1 mM), aprotinin (10 μg/mL), and 

leupeptin (1 μg/mL; Santa Cruz Biotechnology, Santa Cruz, California). Tissues were sonicated 

individually, centrifuged at 4°C for 15 minutes at 13,200 rpm, and the supernatants were 

collected and diluted 1:5 with Dulbecco's phosphate‐buffered saline. The supernatants were 

acidified to pH 2.6 then neutralized to pH 7.6 to liberate the neurotrophic factors, and the BDNF 

and GDNF levels were assayed using Emax ImmunoAssay Systems from Promega (BDNF catalog 

number G7611, GDNF catalog number G7621) and uncoated ELISA plates (Biolegend Nunc 

MaxiSorp, catalog number 423501). All measurements were performed at a wavelength of 

450 μm on a microplate reader (BioTek Synergy Mx). 

Quantification of dendritic spine density 
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At approximately six weeks post-final retro-orbital injections, the rats were euthanized using 

isoflurane anesthesia and perfused with saline + heparin.  Brains (N = 4 per group) were 

extracted from the skull and subjected to Golgi‐Cox impregnation and staining of neurons 

according to the manufacturer's instructions (SuperGolgi kit, Bioenno Tech., Santa Ana, California).  

The brains were sectioned to 100 μm using a vibratome (need details on vibratome) and 

counterstained by nuclear fast red to visualize hippocampal subregions.  The Stereoinvestigator 

program (v11, MicroBrightField) was used for the quantification of dendritic spines using four 

serial sections (every second) throughout the hippocampus to analyze potential differences in 

spine density between each of the experimental cohorts. 

Immunostaining of activated microglia 

Following behavioral testing, rats were euthanized using isoflurane and perfused with 4% 

paraformaldehyde (Acros Organics, Geel, Belgium), and brain tissues were processed for coronal 

sectioning using a cryostat (Leica Microsystems, Wetzlar, Germany) and prepared for 

immunohistochemistry.  Immunostaining for activated microglia (ED‐1+ cells) was carried out on 

serial sections (30 μm coronal, every tenth section) with six sections per animal (N = 4 per 

experimental group), via a primary anti-ED-1 antibody (mouse, 1:200; AbD Serotec) followed by 

a donkey anti-mouse biotinylated secondary antibody (1:200; Invitrogen). Sections were mounted 

on gelatin-coated slides, air-dried, dehydrated and counterstained with nuclear fast red (Vector 

Labs, CA, USA). The number of activated microglia (ED1+) within the DH, GCL and CA3/CA1 

regions of hippocampus were analyzed by stereology. 

Results 

In a Combined Cranial Irradiation/ Temozolomide Treatment Protocol, Administration of GABAergic 

Extracellular Vesicles Elevate Neurobehavioral Function and Improves Anxiety-Like Behavior 
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Four weeks after the last TMZ injection and two weeks following the last EV injection, the Fischer 

344 rats (N = 16 rats per group) underwent a battery of behavioral tasks designed to 

interrogate cognitive function.  The animals were habituated to the testing room and arena for 

three days before performing the Novel Object Recognition test to evaluate hippocampal 

function, in which they were exposed to two identical objects for five minutes, then removed from 

the arena for five minutes, then returned to the arena with one of the same (“familiar”) objects 

and a new (“novel”) object.  The control cohort demonstrated the capacity to express a 

preference for novelty, as would be predicted for animals without cognitive disruption (mean 

discrimination index= 36.56%), and the rats treated GABAergic extracellular vesicles subsequent 

to the combined cranial irradiation/ temozolomide protocol likewise exhibited the ability the 

discriminate between novelty and familiarity on the Novel Object Recognition task (mean 

discrimination index= 46.55%).   While the experimental animals that received fractionated 

irradiation and temozolomide chemotherapy alone had a decreased mean discrimination index, 

indicating a trend towards a lesser propensity to discriminate between novelty and familiarity 

(mean discrimination index=8.11%), no significant overall group effects were found at α=0.05 (F 

(2, 31) = 2.550; P=0.0511), and the differences between the performance of the control group 

and the irradiated group (F (2, 31) = 2.550; P=0.2166) and that of the irradiated group and 

the extracellular vesicle-treated group (F (2, 31) = 2.550; P=0.0587) were not statistically 

significant (Figure 5.2).  Similarly, the mean discrimination index of the control group and the 

TMZ/IRR + extracellular vesicle group were statistically indistinguishable (F (2, 31) = 2.550; 

P>0.9999).  
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Figure 5.2: Fischer 344 rats display a trend towards a deficit in performance on the Novel 

Object Recognition task after receiving a combined TMZ+IRR treatment as compared to control 

animals and animals receiving GABAergic extracellular vesicles along with the TMZ+IRR, but 

differences are not statistically significant.  Data are presented as the mean ± SEM (N = 16 

animals/group).  P‐values are derived from analysis of variance and Bonferroni's multiple 

comparisons test. All compared against the irradiated group 
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The rats were later subjected to the Novel Place Recognition test to evaluate the integrity of 

function of the pre-frontal and frontal cortex.  The animals were placed in an arena with two 

identical objects for five minutes, then returned to their housing for one hour, and finally placed 

back in the arena with one of the objects in its original position (“familiar”) and the other object 

moved to a different position (“novel”).  In contrast to the rats’ performance on the Novel Object 

Recognition Test, the Novel Place Recognition test did detect an overall group effect (F (2, 42) = 

5.036; P=0.0110), with the control (mean discrimination index=37.45%) and extracellular 

vesicle-treated (mean discrimination index= 41.27%) groups evincing higher mean discrimination 

indices than the irradiation/ temozolomide group (mean discrimination index= -21.99%).  Both 

the differences in performance between the control animals and the irradiation/ temozolomide 

animals (F (2, 42) = 5.036; P= 0.0444) and between the irradiation/ temozolomide animals and 

the animals additionally treated with GABAergic extracellular vesicles (F (2, 42) = 5.036; P= 

0.0294) met the threshold for statistical significance (Figure 5.3).  On the contrary, the control 

group and the GABAergic EV + TMZ/IRR groups were statistically similar (F (2, 42) = 5.036; 

P>0.9999). 

Lastly, the rats in these experimental groups displayed among the most dramatic results on the 

Elevated Plus Maze testing of any of our studies.  Rats were initially placed in the central zone of 

the maze, with their head facing towards an open arm, and allowed to freely explore the maze 

for five minutes as the frequency of entries in the open arms were recorded.  An overall group 

effect was detected for this task (F (4, 44) = 4.908; P=0.0119), and the control experimental 

group had a statistically significantly increased mean number of transitions (1.188 mean 

transitions) as compared to the mean number of transitions (0.1333 mean transitions) for the 

combined cranial irradiation/ chemotherapy group (F (4, 44) = 4.908; P=0.0024).  A statistically 

significant difference (F (4, 44) = 4.908; P=0.0081) was also ascertained between the number 
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of transitions in the combined irradiation/ temozolomide group (Figure 5.4) and the group 

receiving both the combined cancer therapies and the GABAergic extracellular vesicles (1.063 

mean transitions).  No meaningful difference could be found between the control animals and the 

animals receiving GABAergic extracellular vesicles along with irradiation/ temozolomide (F (4, 

44) = 4.908; P>0.9999). 
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Figure 5.3: Control two-month-old rats demonstrated superior cognitive performance on the 

Novel Place Recognition task relative to rats received combined temozolomide/ irradiation 

therapy, but those animals that also received GABAergic extracellular vesicles exhibited rescued 

ability to discriminate similar to that of the controls.  Data are presented as the mean ± SEM (N = 

16 animals/group).  P‐values are derived from analysis of variance and Bonferroni's multiple 

comparisons test. *, P < .05 all compared against the irradiated group 
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Figure 5.4: Retro-orbital administration of GABAergic extracellular vesicles restored performance 

on an assay for anxiety-like behavior subsequent to combined temozolomide/ irradiation 

therapy, approximating the performance of control animals. Data are presented as the 

mean ± SEM (N = 16 animals/group).  P‐values are derived from analysis of variance and 

Bonferroni's multiple comparisons test. **, P < .01 all compared against the irradiated group 
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Administration of GABAergic Extracellular Vesicles Sustains Glial Cell-Derived Neurotrophic Factor 

Quantities in the Hippocampus After Combined Temozolomide/ Irradiation 

As part of a mechanistic evaluation to determine the neurobiochemical basis for the cognitive 

improvement exhibited, an ELISA assay for glial cell line-derived neurotrophic factor (GDNF) in 

the hippocampus was prepared to investigate the neurotrophin levels among control rats, 

temozolomide/irradiation rats, and rats receiving both the cancer treatments and GABAergic 

extracellular vesicles. after fractionated irradiation was investigated by ELISA assay.  The glial 

cell-derived neurotrophic factor analysis showed significant overall group effects (F (2, 53) = 

8.044; P=0.0009); there was a significant decrease in hippocampal GDNF following 

fractionated irradiation/ temozolomide therapy (F (2, 53) = 8.044; P <0.0001) as compared to 

the control animals, but the BDNF levels were improved in rats that also received GABAergic 

extracellular vesicles (F (2, 53) = 8.044; P= 0.0038).  Interestingly, the GDNF levels in the control 

group and the group subjected to cranial irradiation/ chemotherapy and GABAergic 

extracellular vesicles also were significantly different (F (2, 53) = 8.044; P <0.0001) – the 

control animals had a higher mean GDNF level (61.85) relative to the GABAergic EV + TMZ/IRR 

animals (41.99). 
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Figure 5.5: Glial cell-derived neurotrophic factor (GDNF) in the hippocampus experiences a 

striking decline after the administration of a combined temozolomide/ irradiation paradigm; this 

drastic decrease is attenuated by the retro-orbital injections of GABAergic extracellular vesicles, 

although GDNF levels still do not return to control levels.  Data are presented as the mean ± SEM 

(N = 4-5 animals/group).  P‐values are derived from analysis of variance and Bonferroni's 

multiple comparisons test. **, P<.01; ***, P < .001 all compared against the irradiated group 
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Future Directions/ Studies in Progress 

Similar to previous related studies, brains have been processed by Golgi staining to ascertain 

information about dendritic spine density and host neuronal morphology in the dentate gyrus of 

the hippocampus via spine counting and neuron tracing.  Likewise, PFA-perfused sections have 

been stained for the activated microglia marker ED-1, to be used as a proxy for 

neuroinflammation, and the tissues await quantitative analysis.  Further, the expression of 5-

HT1A receptors could be explored, to help interrogate the mechanism behind the unambiguous 

results of the Elevated Plus Maze task.  5-HT1A receptor agonists have demonstrated efficacy in 

alleviating anxiety and depression, and disruption of the receptor’s neurotransmission is known to 

have negative repercussions resulting in psychiatric disorders [98, 99].  The receptors are known 

to be expressed on several populations of GABAergic neurons [98].  Finally, we could reprise our 

previous studies exploring synaptic integrity by quantifying the level of post-synaptic scaffolding 

protein PSD-95 in the CA1. 
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CHAPTER 6: PROTECTIVE ADMINISTRATION OF GABAERGIC EXTRACELLULAR 

VESICLES BEFORE IRRADIATION PRESERVES COGNITIVE PERFORMANCE 

AND NEUROTROPHIC FACTOR LEVELS AFTER IRRADIATION 

 

Introduction 

Previous studies utilizing stem cell-based therapies to improve cognition following irradiation or 

chemotherapy entailed dosing the animals with stem cells or stem cell-derived EVs two days to 

four weeks following the final exposure, to avoid abolishing any benefit conferred by stem cell 

transplantation by subsequent irradiation, which could lead to the rapid deterioration of the 

transplanted cells. The mechanism of delivery (e.g. cranial transplantation) was also invasive 

enough to threaten the viability of undertaking such a surgery among the intermittent 

administration of radio- and chemotherapy.  However, both theoretical drawbacks are eliminated 

by utilizing extracellular vesicles, as the biocargo they bear is less likely to be damaged by 

subsequent radiation or temozolomide.  The retro-orbital route of administration for the EVs also 

lends itself more suitably to delivery before or during the treatment with cranial-only fractionated 

irradiation.   Thus, we hypothesized that injecting GABAergic neuron-derived EVs three times the 

week before the first fractionated radiation dose could result in a preemptive protective effect 

that inhibits the deleterious effects of IRR exposure before they take place, and thus investigated 

a potentially-superior translational approach to mitigate the adverse neurocognitive complications 

associated with clinically relevant brain tumor treatments. 

This study seeks to extend previous work by evaluating whether pre-treatment with GABAergic 

neuron-derived EVs can confer a protective effect to prevent the deleterious effects of 

fractionated irradiation on cognition, recognizing that it would be preferable clinically to prevent 

the neurocognitive insults associated with irradiation and chemotherapy before they occur rather 
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than trying to mollify them after they have occurred.  Additionally, the logic behind transplanting 

neural stem cells subsequent to irradiation and chemotherapy exposure (rather than prior to such 

exposure) is not necessarily applicable to the administration of extracellular vesicles derived from 

neural stem cells. Specifically, neural stem cells exhibit an exquisite sensitivity to irradiation, such 

that engrafting them in advance of radiation exposure would only lead to the death of the cells 

after radiation, which, rather than alleviating subsequent cognitive deficits, would be likely to 

exacerbate them. However, the bioactive cargo contained within stem cell-derived EVs, which can 

include proteins, lipids, mRNAs, and micro-RNAs [100], is unlikely to present the same 

radiosensitivity, and thus may not be negatively impacted by subsequent exposure to radiation. 

Instead, the benefits conferred by the EVs may be amplified by injecting them before subjecting 

them to irradiation treatment, by allowing them to evoke a protective reaction in the brain that 

holds the potential to inhibit the mechanisms by which irradiation and chemotherapy damage the 

central nervous system and thereby avert neurocognitive decline after the cancer therapies are 

administered. The other obstacle to pre-emptive administration of stem cell-based therapies in 

advance of irradiation/ chemotherapy in past studies was the nontrivial recovery time associated 

with cranial transplantation surgeries, during which time period the animals would be ill-equipped 

to tolerate the additional neurological injury caused by cancer treatment. However, with the 

promising results previously described suggesting that retro-orbital delivery of EVs is equally 

efficacious, this obstacle to antecedent injection has likewise been removed. 

However, some potential caveats remain in developing therapies predicated on pre-treatment 

with extracellular vesicles for oncologic utilization.  Chiefly, these include the possibility that 

pretreatment with extracellular vesicles may alter the course of cancer treatments themselves, 

either by directly modulating tumor growth and progression or by changes to the tumor 

microenvironment that are more permissive to tumorigenesis.  Though there is some safety risk 
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associated with stem cell-based extracellular vesicles regardless of treatment timeline relative to 

irradiation and/or chemotherapy treatments, the threat would be more likely to be exacerbated 

if the administration of extracellular vesicles transpires before rather than after cancer 

treatments.  The Limoli lab has published a study [101] undertaking an assessment of retroorbital 

injections of human embryonic stem cell-derived extracellular vesicles, finding that the 

administration of these extracellular vesicles did not cause an increase the growth of flank tumors 

in mice harboring TC1 tumor xenografts as a model system for cancer.  However, if or how these 

findings translate to other clinically relevant contexts remains to be studied. 
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Figure 6.1: Experimental design 
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Materials and Methods 

Animals and irradiation 

All animal procedures are in accordance with NIH and approved by the University of California 

Institutional Animal Care and Use Committee.  Eight-week-old male Fischer 344 rats 

(Crl:CD(Fischer 344), strain 002, Charles River Laboratories, Wilmington, MA) were maintained in 

standard housing conditions (20°C ± 1°C; 70% ± 10% humidity; 12 h:12 h light and dark cycle) 

and provided ad libitum access to food and water.  The Fischer 344 rats were divided into three 

experimental groups (N = 16 animals per group): a control group that received sham irradiation 

(exposure to anesthesia) and vehicle (hibernation buffer) retro-orbital injections, a group that 

received 26 Gy total fractionated irradiation and vehicle injections, and a group that received 

26 Gy total fractionated irradiation and injections of GABAergic neuron-derived extracellular 

vesicles.  Rats were anesthetized using an isoflurane gas system (VWR Mobile RC2; 

induction=3.5% vol/vol isoflurane/oxygen) for irradiation, which was delivered using a self-

shielded 320 kV X-irradiator (X-RAD320 irradiator, Precision X-Ray, North Branford, CT) and 

lead shielding to facilitate head-only irradiation over a 2 cm2 area at a dose rate of 1 Gy/min.  

The irradiated experimental groups receiving three fractionated doses of whole-brain irradiation 

of 8.67 Gy x 3 (total 26 Gy) one week following the administration of the extracellular vesicles 

over the course of five days (i.e. delivered on days 8, 10, and 12).  Control animals were 

anesthetized for the same amount of time as the irradiated animals to ensure corresponding 

isoflurane exposure, and handled identically to those undergoing irradiation. 

Extracellular vesicle isolation 

GABAergic neuron-derived extracellular vesicles were collected from conditioned culture media in 

which induced pluripotent stem (iPS) cell-derived GABAergic neurons (iCell GABANeurons, 01434, 

FUJIFILM Cellular Dynamics, Inc, Madison, WI) were cultured.  The extracellular vesicles were 
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isolated and purified from the conditioned media by ultracentrifugation.  The conditioned media 

was first centrifuged at 300 x g for 10 minutes to remove cells and cellular debris.  The media 

was then centrifuged at 100,000 × g for 90 minutes and the extracellular vesicles were collected 

in hibernation buffer; the extracellular vesicles were pooled and purified in sterile Dulbecco’s 

phosphate-buffered saline at 100,000 x g for 120 minutes, and collected in hibernation buffer.  

The extracellular vesicles were characterized using a ZetaView PMX 110 particle analyzer 

(Particle Metrix GmbH; Meerbusch Germany). 

Retro-orbital injections 

This study was initiated with retro-orbital injections of GABAergic neuron-derived EVs one week 

prior to the first dose of fractionated radiation, followed by a second retro-orbital injection two 

days later and a final EV  injection administered two days following the second (e.g. injections on 

days 1, 3, and 5 of the experiment, with fractionated radiation doses of 8.67 G delivered on 

days 8, 10, and 12).  The rats were anesthetized using an isoflurane gas system (VWR Mobile 

RC2; maintenance=3.5% vol/vol isoflurane/oxygen), and extracellular vesicles or vehicle 

(hibernation buffer) were delivered to the rats through circulation via the retro-orbital sinus.  A 

31-gauge needle with a 0.5 ml syringe attached (BD Veo™ insulin syringes with BD Ultra-Fine™ 

6mm x 31G needle) was used to pierce 2 to 3 mm into the rat’s orbital venous sinus with the 

bevel on the needle facing upward at a 45° angle before injecting the extracellular vesicles.  The 

control and irradiated experimental groups received retro-orbital injections of 100 microliters 

hibernation buffer (vehicle).  For the GABAergic extracellular vesicle group, 1.5 x 109 

extracellular vesicles in 100 microliters hibernation buffer were delivered by retro-orbital 

injection.  
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Table 6.1: Timeline of treatment for protective application of GABAergic extracellular vesicles 

prior to irradiation 
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Behavioral cognitive testing 

Two weeks following the last retro-orbital injections, the rats underwent a battery of behavioral 

tasks designed to interrogate cognitive function.   The animals were tested on spontaneous 

exploration tasks, namely Novel Place Recognition, which is sensitive to spatial cognitive 

impairments caused by hippocampal damage; and Novel Object Recognition, which assesses 

episodic memory retention dependent on the frontal and pre-frontal cortex.  For the Novel Place 

Recognition and Novel Object Recognition tasks, the trials were scored for exploration time of the 

novel and familiar objects for each animal (n=16 per experimental group) and the discrimination 

index was calculated from the equation: [(Novel Object/Total Exploration Time) – (Familiar/Total 

Exploration Time)] × 100. A cognitively-intact animal is expected to exhibit a preference for 

novelty in each of these tasks.  Statistical analysis was performed using a repeated measure 

ANOVA with Bonferroni correction in GraphPad Prism 6.0 Software (GraphPad Software Inc.), 

and data was plotted as mean ± SEM with significance set at α = 0.05. 

Extraction and ELISA for assessment of neurotrophins 

Following the behavioral testing at approximately six weeks post-final retro-orbital injections, the 

rats were euthanized using isoflurane anesthesia. Brains were immediately extracted from the 

skull (N = 4-5 per group) and the hippocampus was dissected from each cerebral hemisphere. 

Each hippocampus was weighed and transferred into 300 μL ice‐cold lysis buffer (N‐PER 

Neuronal Protein Extraction Reagent, Thermo Scientific Product number 23225) containing sodium 

orthovanadate (0.5 mM), pheyl‐methylsulfonyl fluoride (PMSF, 1 mM), aprotinin (10 μg/mL), and 

leupeptin (1 μg/mL; Santa Cruz Biotechnology, Santa Cruz, California). Tissues were sonicated 

individually, centrifuged at 4°C for 15 minutes at 13,200 rpm, and the supernatants were 

collected and diluted 1:5 with Dulbecco's phosphate‐buffered saline. The supernatants were 
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acidified to pH 2.6 then neutralized to pH 7.6 to liberate the neurotrophic factors, and the BDNF 

and GDNF levels were assayed using Emax ImmunoAssay Systems from Promega (BDNF catalog 

number G7611, GDNF catalog number G7621) and uncoated ELISA plates (Biolegend Nunc 

MaxiSorp, catalog number 423501). All measurements were performed at a wavelength of 

450 μm on a microplate reader (BioTek Synergy Mx). 

Quantification of dendritic spine density 

At approximately six weeks post-final retro-orbital injections, the rats were euthanized using 

isoflurane anesthesia and perfused with saline + heparin.  Brains (N = 4 per group) were 

extracted from the skull and subjected to Golgi‐Cox impregnation and staining of neurons 

according to the manufacturer's instructions (SuperGolgi kit, Bioenno Tech., Santa Ana, California).  

The brains were sectioned to 100 μm using a vibratome (need details on vibratome) and 

counterstained by nuclear fast red to visualize hippocampal subregions.  The Stereoinvestigator 

program (v11, MicroBrightField) was used for the quantification of dendritic spines using four 

serial sections (every second) throughout the hippocampus to analyze potential differences in 

spine density between each of the experimental cohorts. 

Results 

Pre-emptive Retro-Orbital Application of GABAergic Extracellular Vesicles Allays Radiation-Induced 

Cognitive Dysfunction 

Four weeks after the last dose of fractionated irradiation and five weeks following the last EV 

injection, the Fischer 344 rats (N = 16 rats per group) were subjected to a series behavioral tasks 

designed to interrogate cognitive function.  The animals were habituated to the testing room and 

arena for three days before performing the Novel Object Recognition test to evaluate 

hippocampal function, in which they were exposed to two identical objects for five minutes, then 
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removed from the arena for five minutes, then returned to the arena with one of the same 

(“familiar”) objects and a new (“novel”) object.  Control animals were able to discriminate 

between the novel and familiar objects and exhibited a preference for the novel objects as 

expected for cognitively-intact animals (mean discrimination index= 26.13%), while the animals 

that received fractionated irradiation showed no ability to discriminate between novel and 

familiar (mean discrimination index=-3.59%).  The rats treated with GABAergic extracellular 

vesicles following irradiation demonstrated improvement in cognitive function on the Novel Object 

Recognition Task (mean discrimination index= 20.87%).  Significant overall group effects were 

found (F (2, 43) = 5.982; P=0.0488), and the differences between the performance of the 

control group and the irradiated group (F (2, 43) = 5.982; P=0.0393) and that of the irradiated 

group and the extracellular vesicle-treated group (F (2, 43) = 5.982; P=0.0450) were 

statistically significant (Figure 6.2).  In contrast, the mean discrimination index of the control group 

and the extracellular vesicle group were statistically indistinguishable (F (2, 43) = 5.982; 

P>0.9999). 

The vitality of the function of the rats’ pre-frontal and frontal cortices was next investigated via 

the Novel Place Recognition test.  The animals were placed in an arena with two identical objects 

for five minutes, then returned to their housing for one hour, and finally placed back in the arena 

with one of the objects in its original position (“familiar”) and the other object moved to a 

different position (“novel”).  The Novel Place Recognition test detected an overall group effect (F 

(2, 39) = 12.74), with both the control (mean discrimination index=36.84%) and extracellular 

vesicle-treated (mean discrimination index= 23.06%) groups had higher mean discrimination 

indices than the irradiated group (mean discrimination index= -16.37%).  Both of these 

differences, that between the control group and the irradiated group (F (2, 39) = 12.74; 

P<0.0001) and that between the irradiated group and the group that received protective 
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GABAergic extracellular vesicles before irradiation (F (2, 39) = 12.74; P=0.0028), were 

statistically significant (Figure 6.3).  However, the control and GABAergic EV cohorts were 

statistically comparable (F (2, 39) = 12.74; P=0.6063) 

 

 

 

 

 

 

 



 

125 
 

 

Figure 6.2: Protective application of GABAergic extracellular vesicles by retro-orbital injection 

mitigates radiation-induced performance decrements on the Novel Object Recognition task.  Data 

are presented as the mean ± SEM (N = 16 animals/group).  P‐values are derived from analysis 

of variance and Bonferroni's multiple comparisons test. *, P < .05 all compared against the 

irradiated group 
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Figure 6.3: Pre-emptive administration of retro-orbital GABAergic extracellular vesicles prior to 

irradiation obliterates the inability to discriminate between novelty and familiarity on the Novel 

Place Recognition task.  Data are presented as the mean ± SEM (N = 16 animals/group).  P‐

values are derived from analysis of variance and Bonferroni's multiple comparisons test. 

**, P < .01; ****, P<.0001 all compared against the irradiated group 
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Pre-emptive Injection of GABAergic Extracellular Vesicles Maintains Neurotrophin Levels After 

Irradiation 

The effect of GABAergic extracellular vesicles on neurotrophin levels, specifically brain-derived 

neurotrophic factor and glial cell line-derived neurotrophic factor, in the hippocampus after 

fractionated irradiation was investigated by ELISA assay.  The brain-derived neurotrophic factor 

(BDNF) analysis showed significant overall group effects (F (2, 45) = 20.32; P<0.0001); there 

was a significant decrease in hippocampal BDNF after fractionated irradiation (F (2, 45) = 

20.32; P <0.0001) as compared to the control animals, but in the animals that first received 

injections of GABAergic extracellular vesicles before being irradiated, the BDNF levels were 

maintained, with a statistically significant increase in BDNF as compared to the irradiated rats (F 

(2, 45) = 20.32; P <0.0001).  The BDNF levels in the control group and the group subjected to 

fractionated irradiation and protective GABAergic extracellular vesicles were highly similar, with 

no statistically significant difference between them (F (2, 45) = 20.32; P=0.7855). 

Correspondingly, significant group effects (F (2, 45) = 84.50; P<0.0001) were detected in the 

glial cell line-derived neurotrophic factor (GDNF) assay.  The irradiated animals experienced a 

statistically significant reduction in GDNF (F (2, 45) = 84.50; P<0.0001) relative to the control 

group; this reduction was mitigated by the protective application of GABAergic extracellular 

vesicles before undergoing irradiation, which caused a statistically significant increase in GDNF 

compared to the irradiated animals (F (2, 45) = 84.50; P<0.0001).  Levels of GDNF in the 

control group and the extracellular vesicle-treated group were statistically equivalent, with no 

significant difference observed (F (2, 45) = 84.50; P=0.4695). 
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Figure 6.4: Reductions in brain-derived neurotrophic factor following 26 Gy fractionated 

irradiation are ameliorated by the protective application of GABAergic extracellular vesicles by 

retro-orbital injection before the doses of radiation.  Data are presented as the mean ± SEM (N 

= 4-5 animals/group).  P‐values are derived from analysis of variance and Bonferroni's multiple 

comparisons test.  ***, P < .001 all compared against the irradiated group 



 

129 
 

 

Figure 6.5: Glial cell-derived neurotrophic factor levels in the hippocampus are preserved in the 

irradiated brain if GABAergic extracellular treatment is applied by retro-orbital injection 

protectively prior to irradiation.  Data are presented as the mean ± SEM (N = 4-5 

animals/group).  P‐values are derived from analysis of variance and Bonferroni's multiple 

comparisons test.  ***, P < .001 all compared against the irradiated group 
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Future Directions/ Studies in Progress 

Again mirroring previous related studies described in this dissertation, brains from this 

experimental cohort have undergone Golgi-Cox staining, which will enable us to investigate 

dendritic spine density and host neuronal morphology throughout the hippocampus by employing 

spine counting and neuron tracing.  Brains prepared for immunohistochemical analyses will be 

used to assess neuroinflammation, post-synaptic protein expression, microvasculature integrity, 

and serotonin receptor (5-HT1A) density. To assess neuroinflammation, immunostaining for 

activated microglia (ED-1+ cells) will be carried out on serial sections, and the number of 

activated microglia within the DH, GCL and CA3/CA1 regions of the hippocampus will be 

analyzed by stereology. Immunostaining for post-synaptic density protein 95 will be executed to 

interrogate post-synaptic protein expression.  The endothelium marker RECA will be employed to 

quantify the structural complexity and volume of the microvasculature, as immunostaining should 

proffer a vascular network to be imaged by confocal microscopy. Previous data has suggested 

that the volume of the capillary bed is reduced following chemotherapy, and thus this approach 

should prove informative in investigating the effects of a combined irradiation-chemotherapy 

treatment protocol on the neurovasculature.  Lastly, utilizing immunohistochemical techniques to 

quantify 5-HT1A receptor expression will explore how IRR exposure affects expression of this 

inhibitory G protein-coupled receptor, and perhaps more interestingly, whether the injection of 

GABA-derived EVs increases its expression. 
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