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ABSTRACT OF THE DISSERTATION 

 

N-acetylcysteine for the Prevention of Cisplatin Chemotherapy-Related Cognitive 

Impairments 

 

Naomi Lomeli 
Doctor of Philosophy in Biomedical Sciences 

University of California, Irvine, 2019 
Department of Pathology and Laboratory Medicine 

Dr. Daniela A. Bota, MD, PhD, Chair 
 

 Chemotherapy-related cognitive impairments (CRCI) are commonly reported 

during and after completion of chemotherapy treatment. CRCI includes changes across 

various cognitive domains such as working memory, executive function, attention, and 

processing speed. While up to 75% of cancer patients experience cognitive impairments 

during chemotherapy treatment, up to 34% of survivors experience long-term CRCI years 

after treatment completion. Clinical studies have found structural brain changes, including 

hippocampal atrophy, and reduction in gray and white matter density, which correlate with 

impaired cognitive function in the affected brain regions in cancer survivors following 

chemotherapy treatment. Earlier studies from our lab have examined the effects of 

cisplatin chemotherapy on cultured hippocampal neurons and neural stem/progenitor 

cells (NSCs) and found that at doses lower than those required to kill cancer cells, 

cisplatin induces severe hippocampal dendritic spine damage and neural cell death, 

suggesting that neural injury/death including a loss of excitatory synapses may underlie 

the cellular basis of cisplatin-induced CRCI.   

 Here we provide evidence for mitochondrial dysfunction as a candidate 

mechanism for cisplatin-induced CRCI, and the therapeutic potential of the antioxidant N-
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acetylcysteine to prevent cisplatin-induced neural damage and cognitive impairments in 

an adult rat model.  Since cisplatin is used to treat pediatric as well as adult malignancies, 

and the risk and extent of cisplatin-induced CRCI on the developing brain have not been 

well characterized, we also developed two pediatric rat models of CRCI to examine the 

long-term effects of systemic cisplatin administration on cognitive function when 

administered during infancy or adolescence.  We employed clinically relevant doses of 

cisplatin to develop our rat models of cisplatin-induced CRCI and used hippocampus-

dependent behavioral tasks to assess neurocognitive function. Lastly, we developed an 

ovarian cancer xenograft rat model, in which we determined that delayed NAC 

administration could prevent cisplatin-induced CRCI without interfering with its anti-

cancer efficacy. 
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CHAPTER 1 

Introduction 

 This dissertation is divided into chapters that focus on different rat models of 

chemotherapy-related cognitive impairments (CRCI) caused by the chemotherapeutic 

drug cisplatin. Chapter 2 focuses on mitochondrial dysfunction as a mechanism for 

cisplatin-induced CRCI, and a model of cisplatin-induced CRCI in adult male Sprague 

Dawley rats. CRCI in adulthood following cisplatin-treatment in infant and adolescent 

Sprague Dawley rats is described in Chapter 3. Chapter 4 is the latest project I worked 

on to develop an ovarian cancer xenograft model of cisplatin-induced CRCI. Lastly, 

Chapter 5 is a separate in-vitro study of neurotoxicity in NSCs and hippocampal neurons 

associated with the chemotherapeutic drug temozolomide. 

 

Chemotherapy-Related Cognitive Impairments (CRCI) 

 Chemotherapy-related cognitive impairments (CRCI), also referred to commonly 

as chemo-fog or chemobrain, is defined as neurocognitive deficits experienced by cancer 

survivors associated with chemotherapy. Cognitive decline is associated with 

impairments in learning and memory, executive function, and processing speed. 

Executive function is the control system that manages other cognitive processes, it is 

regulated by the prefrontal cortex, and allows one to mentally organize information, and 

to regulate the information to modulate a response based on the environment.  

Impairments in executive function may result in difficulties planning, organizing, verbal 

fluency, difficulties processing, storing, and or retrieving information1.  
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The earliest reports of cognitive impairments in cancer patients date back to the 

1970s.  Initial studies attributed the behavioral changes in cancer patients to psychiatric 

depression and anxiety due to the patient’s emotional distress associated with the cancer 

diagnosis, and not the use of chemotherapeutic agents2.  Two studies on psychiatric 

referrals of hospitalized cancer patients found that although over 55% of patients were 

diagnosed with depression, neurocognitive impairments which were reported as ‘organic 

brain syndrome,’ were often misdiagnosed as depression and underreported3,4. Weiss et 

al. provided one of the first detailed reports on the clinical manifestations, incidence, and 

neurological complications associated with commonly used antineoplastic drugs for 

treatment of non-central nervous system (CNS) malignancies, suggesting that the 

prevalence of neurological complications in cancer patients would continue to rise as 

advances in cancer treatment increased patient survival5,6. Silberfarb et al. conducted 

cognitive and psychological assessments in admitted oncology patients and found that 

cancer patients receiving chemotherapy demonstrated lower cognitive functioning 

compared to non-chemotherapy cancer patients, which was not attributed to depression 

and/or anxiety7. However, studies of  prospective longitudinal neuroimaging and cognitive 

assessments of cancer survivors did not appear in the literature until the early 2000s8,9, 

with research on the neural molecular and cellular mechanisms associated with CRCI 

coming to focus much more recently10-14. 

 

Clinical neuroimaging and cognitive studies 

 The majority of clinical studies on CRCI have focused on breast cancer survivors, 

as this population regularly reports experiencing cognitive impairments during and after 
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treatment. Acute declines in cognitive function during chemotherapy have been reported 

to occur in 60% - 75% of chemotherapy-treated cancer patients, with 34% of survivors 

experiencing cognitive impairments years after chemotherapy completion15,16. Notably in 

one report, a subset of patients (29%) experienced delayed cognitive decline, which was 

not present at the time of neurocognitive testing during chemotherapy treatment17.  In this 

same study, 21% of patients demonstrated cognitive impairments at baseline cognitive 

testing, prior to systemic chemotherapy or other treatments, compared to age-matched 

controls. This finding highlights the need to conduct pre-treatment baseline evaluations 

in clinical studies of CRCI but also suggests that there are additional contributing factors 

that may influence cognitive decline, such as cancer or diminished cognitive reserve 

which may predispose patients to CRCI17. Cognitive reserve is defined as overall 

cognitive capacity, which is influenced by genetic and epigenetic factors, education, 

training, and environmental factors18.   

Clinical studies have revealed that declines in neurocognitive function correlate 

with structural brain changes, including reduced gray and white matter density in frontal 

and temporal brain regions, and hippocampal atrophy. Magnetic resonance diffusion 

tensor imaging (DTI), a technique used to map white matter connectivity via the diffusion 

of water molecules, has been used to examine white matter integrity in chemotherapy-

treated patients. A longitudinal study of young premenopausal (43 years at baseline) 

breast cancer patients, found microstructural white matter changes which significantly 

correlated with decreased performance on attention and verbal memory tests 3-4 months 

after chemotherapy completion compared to baseline assessment19. A follow-up study in 

the same cohort of patients 3-4 years after chemotherapy completion revealed a recovery 
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to baseline performance in neurocognitive tasks and white matter alterations20. Other 

longitudinal studies have reported a time-dependent improvement in cognitive 

performance 1-4 years after chemotherapy completion21,22. Whereas other studies 

examining the late-effects of adjuvant chemotherapy (cyclophosphamide, methotrexate, 

and fluorouracil) on neurocognitive function in breast cancer survivors (n=196) 20 years 

after treatment found that they performed worse on tests measuring delayed verbal 

memory, processing speed, and psychomotor speed compared to a large population-

based group without a history of cancer (n=1,509)23, suggesting that some cancer 

survivors experience long-term neurological sequelae that detrimentally affect their 

quality of life years after completing chemotherapy treatment.  

Several studies have also examined hippocampal volume alterations and their 

association with cognitive function. Apple et al. performed a cross-sectional study, which 

examined hippocampal volume in 16 breast cancer survivors 18 months after adjuvant 

chemotherapy (doxorubicin, taxane, cyclophosphamide) and estrogen-blockade therapy 

(tamoxifen) relative to 18 healthy controls24. Compared to the controls, the cancer 

survivors had significantly smaller hippocampal volumes, increased levels of self-reported 

cognitive difficulties, and impairments in episodic memory. Episodic memory is the ability 

to learn and retain novel context-dependent information and is mediated by the medial 

temporal lobes and prefrontal cortex16.  Given the cross-sectional design of the study it is 

not clear whether the breast cancer survivors experienced cognitive decline or 

hippocampal atrophy following chemotherapy completion relative to before treatment. In 

addition, it is not clear whether chemotherapy, tamoxifen, or a combination of both, 

contributed to changes in hippocampal volume as tamoxifen has been shown to impair 
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working memory and induce structural changes in the prefrontal cortex and hippocampus 

independently of chemotherapy16,25.  Bergouignan et al. also observed hippocampal 

atrophy (8% volume reduction) and impairments in episodic memory in breast cancer 

survivors, 18-36 months after treatment completion (surgery, chemotherapy, radiation) 

relative to controls26. Functional neuroimaging studies of breast cancer survivors revealed 

altered hippocampal connectivity following chemotherapy completion (5-6 months after 

commencing chemotherapy) using resting-state functional magnetic resonance imaging 

(Rs-fMRI), which correlated with impairments in executive function, planning, and working 

memory27,28.  

The clinical evidence shows that there is a neurobiological basis for the cognitive 

impairments; in particular, these neurocognitive impairments are consistent with 

dysfunction in the hippocampal and frontal cortex brain regions29. From these studies, it 

is also evident that there are multiple factors that may influence the development of CRCI, 

including age, class of chemotherapeutic agents used, other therapeutic strategies 

(radiation, hormone-blockade therapies, surgery). However, there are discrepancies in 

the literature regarding clinical neuropsychological assessments, which should be 

addressed using neuroscientific approaches to investigate CRCI18.  In the clinical CRCI 

literature, subjective reports of cognitive impairments may not correlate with objective 

neuropsychological testing results.  Horowitz et al. attribute this to the diffuse damage in 

the brain associated with CRCI, which may be under-detected given that these tests were 

initially designed to detect focal lesions18. The effects of cognitive reserve, cancer, 

epigenetic, and genetic factors on cognition may be masked in cross-sectional 

comparisons (e.g., to cancer patients not treated with chemotherapy, or healthy controls) 
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in contrast to longitudinal assessments where comparisons are made to a patient’s 

pretreatment baseline.  The lack of a standardized battery of cognitive tests to examine 

CRCI also contributes to the broad estimate (17% - 75%) of CRCI prevalence in the 

literature.  

 

Animal models of CRCI 

 Research using primary neural cell cultures and rodents has allowed the study of 

candidate mechanisms of CRCI, providing direct evidence of the neurotoxicity of specific 

chemotherapeutic agents to brain cells and resulting effects on cognition, in the absence 

of confounding factors associated with the clinical studies. In-vitro exposure of primary 

neural cells (rat and human), neural stem/precursors cells (NSCs), neuron-restricted 

precursor (NRP) cells, glial-restricted precursor (GRP) cells, oligodendrocyte-type-2 

astrocytes/oligodendrocyte precursor cells (O-2A/OPCs), astrocytes, and 

oligodendrocytes to clinically relevant doses of DNA cross-linking agents (BCNU, 

cisplatin) and human cancer cell lines revealed that these agents were much more toxic 

to neural cells than the cancer cells (Figure 1.1).  Exposure to 1 µM cisplatin or 25 µM 

BCNU (48 h) reduced viability of O-2A/OPCs and NRP cells by 60-90%, in contrast these 

doses had negligible effects on cancer cell line viability10. In-vivo, chronic systemic BCNU 

and cisplatin administration significantly increased apoptotic cell death 6 weeks post-

treatment. Confocal microscopic analysis of immunolabeling and terminal 

deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) 

staining was used to quantify vulnerable neural populations following treatment. In the 

subventricular zone (SVZ) the majority of apoptotic cells (TUNEL+ cells) after BCNU 
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treatment were neuronal progenitors positive for doublecortin (DCX+), astrocytes/NSCs 

positive for glial fibrillary acidic protein (GFAP+), and O-2A/OPCs positive for NG2 

proteoglycan (NG2+), and in the dentate gyrus (DG) of the hippocampus, mature neurons 

positive for neuronal nuclear antigen (NeuN+). The in-vivo vulnerability of neural 

progenitor cell populations to chemotherapeutic agents are in agreement with the in-vitro 

experiments, reflecting the validity of both methods to study the neurobiological 

mechanisms of CRCI.  

 A large body of work in the field of CRCI has focused on the mechanisms 

associated with the alkylating agents cyclophosphamide in combination with the 

topoisomerase II inhibitor doxorubicin30-32, the antimetabolites methotrexate (inhibitor of 

dihydrofolate reductase)33,34 and 5-fluorouracil (5-FU) which interferes with DNA 

biosynthesis and repair by inhibiting thymidylate synthase35,36. Methotrexate-induced 

cognitive impairments are associated with decreased neurogenesis and tri-glial 

dysfunction initiated by chronic microglial activation, which activates astrocytes, depletes 

OPCs, reduces myelin thickness of mature oligodendrocytes, and neuronal death 33,37.  
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Figure 1.1. Simplified schematic illustration of the NSC differentiation lineage. 
NSCs are undifferentiated precursor cells with the capacity for multi-potency and self-
renewal. NSCs give rise to glial-restricted precursor (GRP) cells and neuron-restricted 
precursor (NRP) cells. GRP cells give rise to astrocytes, and oligodendrocyte-type-2 
astrocytes/oligodendrocyte precursor cells (O-2A/OPCs), which in turn give rise to 
oligodendrocytes. NRP cells give rise to neurons. Created with BioRender.com.  

 

 

 

 

 



9 

 

Oxidative Stress and Role in Neurological Disorders 

Among the CRCI candidate mechanisms, DNA damage and oxidative stress have 

been described for various chemotherapeutic agents including cisplatin, doxorubicin, 

carmustine, methotrexate, and cyclophosphamide38-41. Doxorubicin results in oxidative 

stress by producing superoxide ions that damage complex I of the electron transport chain 

(ETC), in addition, it increases levels of tumor necrosis factor-alpha (TNFα) in the plasma, 

which crosses the blood-brain barrier and activates apoptotic pathways resulting in neural 

death42. Diminished antioxidant capacity and low levels of key antioxidants glutathione 

(GSH) and superoxide dismutase (SOD) have been observed in the blood of 

chemotherapy-treated cancer patients43,44 as well as in the blood and brain tissue of 

chemotherapy-treated rodents45,46.   

Cells and organisms are regularly exposed to oxidative stress. Oxidative stress is 

a major type of stress which is defined on the basis of a pro-oxidizing shift in the thiol-

redox state and the resulting dysfunction of redox-sensitive proteins. Oxidative stress 

occurs when the equilibrium of oxidant/antioxidant balance is disrupted, and there is a 

shift towards an oxidative status, this is accompanied by detrimental effects on cell 

survival including lipid peroxidation and oxidative modification of DNA, RNA, and 

proteins47. Free radicals play a vital role in physiological processes in signaling pathways, 

gene regulation, and cellular differentiation48.   

 During periods of high oxidative stress, the ability of cells and organisms to cope 

with such stress can be transiently altered to meet changing demands through a process 

called oxidative stress adaptation49-51. Oxidative damage to mitochondrial enzymes and 

the mitochondrial genome is implicated in the pathogenesis of various neurodegenerative 
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disorders52. Mitochondria contain an ETC, that transfers high energy electrons to a series 

of membrane protein complexes, before final acceptance by oxygen. Unfortunately, this 

process also generates reactive oxygen species (ROS) as by-products, including 

superoxide and hydrogen peroxide, which can cause damage to surrounding 

macromolecules. Superoxide is dismutated to hydrogen peroxide by SOD. Hydrogen 

peroxide is converted to water by glutathione peroxidase (GPx) with the concomitant 

oxidation of reduced glutathione (GSH) to oxidized glutathione (GSSG). As mitochondria 

are one of the major producers of cellular ROS, removal of mitochondrial oxidatively 

damaged proteins is crucial for mitochondrial homeostasis and normal cellular 

function53,54. Since mitochondrial DNA (mtDNA) encodes thirteen protein components of 

the ETC, under conditions of oxidative stress, damage to mtDNA can impair ATP 

production, and elicit a vicious cycle in which ROS damages DNA and mitochondrial 

proteins, resulting in impaired ETC function, which may further increaseROS generation 

(Figure 1.2).   

 The brain is highly susceptible to damage induced by oxidative stress and ROS 

production, as most of neuronal ATP is generated by mitochondrial oxidative 

phosphorylation (OXPHOS), only 10% of brain ATP is produced by glycolysis55. High 

levels of ROS and diminished antioxidant capacity is implicated in aging and neurological 

disorders that compromise cognitive function. In addition, its high lipid content makes the 

brain vulnerable to lipid peroxidation. Mitochondrial dysfunction reduces neuronal 

capacity to respond to bioenergetic challenges, which impair brain metabolism and may 

contribute to neuronal death. Oxidative stress lesions in mtDNA, along with mitochondrial 

respiratory dysfunction, apoptosis, and impaired antioxidant defense systems are 
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involved in the pathology of neurodegenerative disorders, including but not limited to 

Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, Amyotrophic Lateral 

Sclerosis, Stroke, and major depressive disorder52,56.  
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Figure 1.2. Schematic representation of antioxidant responses to mitochondrial 
reactive oxygen species. 
The figure shows a mitochondrion with electron transport complexes I, II, III, and IV in the 
inner membrane, along with the ATP synthase complex V. The mitochondrial respiratory 
chain can generate stressful levels of superoxide, which is quickly dismutated to hydrogen 
peroxide by SOD. Despite effective removal of hydrogen peroxide, by GPx with the 
concomitant oxidation of GSH to GSSG some protein damage still occurs. During such 
oxidative stress conditions, antioxidant capacity decreases, which results in a cycle of 
increased ROS generation that may result in mtDNA damage, impair mtDNA 
transcription, and respiratory dysfunction. (Adapted from Lomeli et al., 2017) 
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Role of NSCs in CRCI 

Hippocampal neurogenesis has been shown to decrease following chemotherapy 

treatment in humans and rodents and may contribute to cognitive changes associated 

with CRCI57. Chemotherapy is associated with neurocognitive deficits that include 

working memory, concentration difficulties, executive function, and speed of information 

processing.  The subgranular zone (SGZ) of the dentate gyrus in the hippocampus is one 

of the main neurogenic niches in the adult brain. In the SGZ, NSCs differentiate into 

dentate granular neurons, which then functionally incorporate into the hippocampal 

circuitry. As NSCs are crucial for intact memory and hippocampal function throughout life, 

toxicity to NSCs and decrease in neurogenesis may contribute to the neurocognitive 

impairments experienced by cancer survivors11. 

  Postmortem analysis of human hippocampal tissue from medulloblastoma or 

leukemia patients, 2-23 years following the completion of chemotherapy revealed a 

profound reduction in neurogenesis. The number of immature neurons (DCX+) was 

decreased 10 to 100-fold in patients receiving chemoradiation relative to age- and sex-

matched control subjects58.  

Animal studies have elucidated the effects of chemotherapy on hippocampal NSCs 

and neurons. Work in such models has demonstrated that exposure to clinically relevant 

doses of chemotherapy results in increased apoptosis in the hippocampus, decreased 

NSC proliferation, and decreased neuronal differentiation in the SGZ of the dentate 

gyrus30,37,38. Our studies and those of others have shown both in-vitro and in-vivo that 

neural progenitor cells and post-mitotic neural cells including neurons and 

oligodendrocytes are preferentially susceptible to damage by diverse types of 
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chemotherapeutic agents, as compared to human cancer cell lines10,38,59,60. At clinically 

relevant concentrations that kill 40-80% of cancer cells, the DNA targeting 

chemotherapeutic, cisplatin, has been shown to reduce the viability of human and rat 

primary CNS progenitor cells by 70-100%10. Unexpectedly, sub-lethal doses of cisplatin 

and other DNA-targeting agents reduce the self-renewal of neural progenitor cells, 

decrease the number SOX2+ cells in the dentate gyrus,  and reduce the dendritic spine 

density of hippocampal neurons10,38,59. 

 Christie et al. developed a model of cyclophosphamide and doxorubicin-induced 

CRCI and showed that chronic treatment with clinically relevant doses of either 

chemotherapeutic agent in rats impaired performance on hippocampus-dependent 

behavioral paradigms (novel place recognition tasks, and contextual fear conditioning), 

compared to untreated controls. Assessment of hippocampal neurogenesis at three 

weeks post-treatment revealed a 47% - 53% decrease in DCX+ neurons, and an 81%-

88% drop in BrdU-NeuN+ cells compared to the saline-treated controls. The DCX+ 

neurons displayed abnormal dendritic morphology and ectopic migration. These results 

suggest that decline in hippocampal neurogenesis is associated with disrupted 

hippocampal-based cognitive function in CRCI and that neuroprotective strategies that 

preserve hippocampal neurogenesis may be useful in ameliorating CRCI30. As a follow-

up study to support this hypothesis, human NSC transplantation in the rat model of 

chronic cyclophosphamide-treatment ameliorated the cognitive impairmen. The grafted 

NSCs survived (8%) and differentiated along neuronal and astroglial lineages, and 

importantly enhanced neuronal dendritic arborization and spine density. As only 8% of 

transplanted NSCs survived, a plausible mechanism for reversing the harmful effects of 
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CRCI with stem cells may be through trophic support through secretion of neurotrophic 

factors that preserve neuronal integrity.  

 Our work and others on cisplatin-induced CRCI have shown that hippocampal 

mitochondrial dysfunction, oxidative stress, and reduction in neuronal arborization are 

associated with cognitive impairments in rodent models of CRCI38,59,61-63. Using a cellular 

approach, Chiu et al. have demonstrated that following nasal administration of 

mesenchymal stem cell (MSC) at 48 hours and 96 hours post-cisplatin cessation, MSCs 

migrated into the brain, restored white matter integrity, and reversed cisplatin-induced 

cognitive impairments including deficits in working memory, spatial recognition, and 

executive functioning64. Cisplatin altered the brain transcription profiles of genes involved 

in oxidative phosphorylation and mitochondrial dysfunction. In addition, MSC 

administration restored mitochondrial respiratory function and morphology following 

cisplatin treatment in brain synaptosomes. Further studies revealed that MSC nasal 

administration prevented cisplatin-induced loss of DCX+ neural progenitor cells in the 

SGZ of the hippocampal dentate gyrus in mice. In-vitro studies using co-cultures of MSCs 

and NSCs revealed that MSC transferred healthy mitochondria to cisplatin-damaged 

NSCs via actin-based intercellular structures, which was enhanced by overexpression of 

the mitochondrial motor protein Rho-GTPase 1 (Miro1) in MSCs. Mitochondrial transfer 

to NSCs restored cisplatin-induced changes in mitochondrial integrity by normalizing the  

membrane potential, respiratory function, and promoting NSC survival61. Although further 

investigation on how MSC-derived mitochondria communicate with the damaged 

acceptor NSC cellular machinery to improve NSC survival and rescue mitochondrial 
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function is needed, these studies along with others crucially demonstrate the role of NSCs 

and mitochondrial dysfunction in cisplatin-induced CRCI. 

Notably, the regenerative effects of mitochondrial-based strategies, using either 

small molecules such as the antioxidant N-acetylcysteine, which is presented in this 

dissertation, or biologics such as MSC mitochondrial transfer, demonstrate the 

therapeutic potential of these strategies at ameliorating cisplatin-induced CRCI.  
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CHAPTER 2 
 

Cisplatin-induced Mitochondrial Dysfunction is Associated with 

Impaired Cognitive Function in Rats 

 

Abstract 

 Chemotherapy-related cognitive impairment (CRCI) is commonly reported 

following the administration of chemotherapeutic agents and comprises a wide variety of 

neurological problems. No effective treatments for CRCI are currently available. Here we 

examined the mechanisms involving cisplatin-induced hippocampal damage following 

cisplatin administration in a rat model, and cultured rat hippocampal neurons and neural 

stem/progenitor cells (NSCs). We also assessed the protective effects of the antioxidant, 

N-acetylcysteine in mitigating these damages. 

  Adult male rats received 6 mg/kg cisplatin in the acute studies. In chronic studies, 

rats received 5 mg/kg cisplatin or saline injections once per week for four weeks. N-

acetylcysteine (250 mg/kg/day) or saline was administered for five consecutive days 

during cisplatin treatment. Cognitive testing was performed five weeks after treatment 

cessation. Cisplatin-treated cultured hippocampal neurons and NSCs were tested for 

changes in mitochondrial function, reactive oxygen species production, caspase-9 

activation, and neuronal dendritic spine density. 

 Acute cisplatin treatment reduced dendritic branching and spine density, induced 

mitochondrial degradation. Rats receiving the chronic cisplatin regimen showed impaired 

performance in contextual fear conditioning, context object discrimination, and novel 
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object recognition tasks compared to controls. Cisplatin induced mitochondrial DNA 

damage, impaired respiratory activity, increased oxidative stress, and activated caspase-

9 in cultured hippocampal neurons and NSCs. N-acetylcysteine treatment prevented free 

radical production, ameliorated apoptotic cell death and dendritic spine loss, and partially 

reversed the cisplatin-induced cognitive impairments.   

 Our results suggest that mitochondrial dysfunction and increased oxidative stress 

are involved in cisplatin-induced cognitive impairments. Therapeutic agents, such as N-

acetylcysteine, may be effective in mitigating the harmful effects of cisplatin.      

 

2.1. Introduction  

Chemotherapy causes short-term memory loss and concentration difficulties, 

which severely diminishes quality of life. Chemotherapy-related cognitive impairment 

(CRCI) encompasses a broad range of neurological problems, such as impairments in 

memory, attention, clarity of thought, executive functioning, and information processing 

speed65,66. CRCI is an ever-increasing problem of significant clinical concern; up to 34% 

of patients experience persistent cognitive problems years after completing 

chemotherapy16. The underlying mechanisms of CRCI are not well understood, and no 

effective treatments are currently available.  

Cisplatin (CDDP) is one of the most widely used cancer drugs; it is used to treat 

advanced ovarian and testicular cancer among other malignancies. CDDP can cross 

through the blood-brain barrier and accumulates in the hippocampus67,68.  CDDP is a 

DNA targeting agent, forming toxic platinum DNA adducts, inducing DNA damage, and 

apoptosis69. In addition, CDDP forms adducts with mitochondrial DNA (mtDNA) and 
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inhibits mtDNA replication and mitochondrial gene transcription70,71.  Unlike nuclear DNA, 

mitochondria lack nucleotide excision repair mechanisms for mtDNA72. Studies 

examining the mechanisms of CDDP-induced peripheral neuropathy in dorsal root 

ganglion neurons and ototoxicity in the cochlea show that CDDP induces mtDNA damage 

and generation of reactive oxygen species, resulting in these two dose-limiting toxicities 

associated with CDDP treatment72-74.  

Ovarian cancer patients treated with CDDP consistently develop CRCI during and 

after platinum-based chemotherapy75. For example, when Hess et al. examined 

advanced ovarian cancer patients in comprehensive neurocognitive tests; impairment 

was detected in two or more cognitive domains in 40% of CDDP chemotherapy 

recipients76. The effects of CDDP on neural mtDNA could produce mitochondrial 

dysfunction and prolonged neurotoxicity after cessation of  CDDP treatment, which may 

play a causal role in the development of CRCI77,78. We previously reported that at doses 

lower than those found in chemotherapy patients, CDDP could potentially induce both 

severe hippocampal synaptic damage and neural cell loss59. In-vitro, low-doses of CDDP 

(2 µM) kill 50% of human NSCs, while a dose five times higher (10 µM) is required to kill 

50% of patient-derived malignant glioma stem-like cells60. To uncover the potential 

mechanisms underlying CDDP-induced brain dysfunction, we evaluated the effects of 

acute and chronic CDDP treatment at clinically relevant doses. We assessed cognitive 

changes using behavioral paradigms that engage the hippocampus. To evaluate the 

hypothesis that hippocampal mitochondrial dysfunction and oxidative stress may play a 

role in the development of CRCI, we examined the in-vivo effects of CDDP treatment on 

hippocampal neuronal dendritic complexity, mitochondrial integrity, and cellular death at 
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several time-points after the cessation of treatment, as well as the in-vitro effects using 

cultured rat hippocampal neurons and NSCs. We also studied the effects of a clinically-

available antioxidant, N-acetylcysteine (NAC) on mitigating CDDP-induced dendritic 

spine loss, oxidative stress, apoptosis, and cognitive dysfunction. 

 

2.2. Materials and Methods 

Animals 

  Animal studies were performed in accordance with the guidelines established by 

the Institutional Animal Care and Use Committee (IACUC) of the University of California, 

Irvine. All the data were generated using Sprague Dawley rats (Charles River 

Laboratories). Experiments were approved by IACUC and conformed to NIH guidelines.  

 

Drug Treatments 

 Seventy-nine adult male Sprague Dawley rats weighing 200-250 g at the time of 

arrival served as subjects. For acute CDDP studies, rats were injected intraperitoneally 

with CDDP (Teva Pharmaceuticals USA, Inc.) dissolved in 0.9% saline (3 mg/kg/day) for 

two consecutive days (n = 6). The control animals received 0.9% sterile saline of the same 

volume (n = 6). For the chronic CDDP + NAC studies, rats received one CDDP (5 mg/kg, 

i.p.)  or saline injection per week for four consecutive weeks. NAC (Cumberland 

Pharmaceuticals, 250 mg/kg, i.p.) was administered for five days starting two days before 

each CDDP administration and ending two days after the last dose of CDDP. On days of 

CDDP administration, NAC was given 4 h after CDDP injection.  The rats were divided 

into four groups: saline-treated controls (Saline, n = 25), N-acetylcysteine-treated (NAC, 
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n = 18), cisplatin-treated (CDDP, n = 15), and cisplatin + N-acetylcysteine-treated (CDDP 

+ NAC, n = 13).  Mannitol (APP Pharmaceuticals, 250 mg/kg, i.p.) was administered to 

all animals 1 h prior to CDDP, to minimize renal toxicity and increase diuresis. For the in-

vitro NAC studies, NAC (Sigma) was added to the culture medium 30 min after CDDP 

treatment.  

 

Golgi-Cox Staining 

  Brains were harvested and subjected to Golgi-Cox impregnation as specified by 

the manufacturer’s instructions (FD Rapid GolgiStain Kit, FD NeuroTechnologies, Inc). 

Coronal sections (200 µm) through the hippocampus were processed using Fluoromount 

G (Southern Biotech) mounting medium. Individual Golgi-impregnated CA3 pyramidal 

neurons were reconstructed, and the dendritic branching and spines were quantified 

across the distance from the soma. Sholl analysis used a series of concentric circles (20 

µm apart) to calculate the number of dendritic intersections as a function of distance from 

the soma.  

 

Transmission Electron Microscopy (TEM) 

Hippocampi were isolated from Sprague Dawley rats and fixed in glutaraldehyde. 

Hippocampal sections of the CA3 region were sent to the UC Irvine Health Research 

Services Core Facility for TEM processing and imaging.  
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Immunohistochemistry 

 Coronal sections (30 µm) through the hippocampus were fixed in 4% PFA in PBS, 

pH 7.4 for 15 min, washed twice with PBS and incubated in blocking buffer (0.1% Triton 

X, 10% goat serum in PBS, pH 7.4) for 1 h at room temperature. Sections were incubated 

overnight at 4°C in primary antibody, rabbit anti-Sox2 1:300 in PBS (Abcam). The next 

day, sections were incubated in secondary antibody goat anti-rabbit conjugated to Alexa 

488 (1:3000, Abcam) for 1.5 h. Sections were washed and processed for fluorescent 

imaging with DAPI Fluoromount G (Southern Biotech) mounting medium. 

 

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling 

(TUNEL) Assay 

Rats were sacrificed, and brains were harvested following 0.9% saline perfusion. 

Brains were rapidly removed, and flash-frozen in isopentane and stored at -80°C. Coronal 

sections (30 µm) through the hippocampus were processed for TUNEL assay. The 

TUNEL assay was performed using the NeuroTACS™ In Situ Apoptosis Detection Kit, 

according to the manufacturer’s instructions (Trevigen Inc). 

 

Cognitive Testing 

 Fear conditioning (FC), Context Object Discrimination (COD), and Novel Object 

Recognition (NOR) were done as previously published by JC and JG79,80. Cognitive 

testing was administered 5–6 weeks after the final and fourth CDDP or saline injection.  

The experiment was repeated three times with three animal cohorts, and data from all 
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three experiments were combined and shown in the results section. All behavior analysis 

was conducted by an experimenter blinded to the treatment group of the rats. 

  

Fear Conditioning  

 A fear-conditioning task was administered five weeks after the final and fourth 

CDDP or saline injection to characterize chemotherapy effects on cognitive performance. 

Two similar but distinct chambers, each housed within a sound-attenuating chamber, 

were used for fear conditioning79. The floor of the conditioning chamber consisted of 18 

steel rods wired to a shock generator (Coulborn Instruments) for footshock delivery. The 

fear-conditioning paradigm used was based on previous studies on chemotherapy-

treated rodents30,32.  

 Rats were placed in a chamber for 5 min (baseline), followed by five-tone (90db, 

2000 Hz, 30 s) - shock (1mA, 1s) pairings over 5 min, and left in the conditioning chamber 

for an additional 5 min (post-training). The following day, rats were returned to the 

conditioning chamber for 5 min with no tone or shock presentations to assess conditioned 

freezing to the context (context test). The cue test was administered 1 h later, during 

which rats were placed in a novel context for 1 min (pre-cue test) followed by a 3 min tone 

presentation (cue test) and an additional 1 min (post-cue test). For training and testing, 

freezing behavior was scored as % time spent freezing, defined as complete immobility 

except for breathing movements. 
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Context Object Discrimination  

 COD is a hippocampus-dependent task that tests context discrimination. It requires 

hippocampal pattern separation81. Rats were exposed to two different environments 

(termed A and B), located in adjacent rooms, for 5 min each per day for two consecutive 

days and allowed to explore freely80. Rats were returned to their home cage for a 20 min 

interval between training sessions. The order of context presentation was 

counterbalanced between subjects and across days. Each environment had two identical 

local objects (unique to each environment). On the third day, rats were tested in 

environment A for 5 min, in which one of the objects from B replaced one of the objects 

from A. The amount of time each subject explored each object is recorded using the 

Limelight2 program (Actimetrics: Coulbourn Instrument).  Total exploration time, time 

spent exploring each object, and the discrimination ratio (time spent exploring the out-of-

context object / total exploration time) were quantified.  

 

Novel Object Recognition  

 Rats were placed in an open Plexiglas box arena (60 x 60 cm) with 60 cm high 

walls containing two identical objects. Each rat explored the arena for 5 min per day for 

two consecutive days. The 5 min test trial was given 24 h later, during which the rat was 

presented with one of the familiar objects paired with a novel object. Total exploration 

time, time spent exploring each object, and the discrimination ratio (time spent exploring 

the novel object / total exploration time) were quantified. 
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Dissociated hippocampal neuron and NSC cultures 

  NSCs were isolated from the hippocampi of embryonic day 19 (E19) Sprague 

Dawley rats and cultured as previously described59. Passage 6-10 NSCs were used for 

experiments. Hippocampal neuron cultures were prepared from postnatal day 0 (P0) 

Sprague Dawley pups, as previously described by our lab and others59,82. Neurons were 

used for experiments on 17-21 days in-vitro (17-21 DIV).  

 

MitoTracker Red and Immunocytochemistry   

  Neurons and NSCs plated on 12 mm coverslips were incubated in culture medium 

containing 500 nM Mitotracker Red CMXRos (Life Technologies) for 30 min at 37°C and 

5% CO2. After incubation, cells were fixed with ice-cold 4% paraformaldehyde (PFA) in 

PBS, pH 7.4, for 12 min. NSCs were incubated in blocking buffer (0.2% Triton-X, 10% 

BSA in PBS, pH 7.4) for 1 h at room temperature. Rabbit anti-Caspase-9 (Cell Signaling) 

was diluted 1:50 for NSCs, and 1:200 in blocking buffer (0.1% Triton-X, 3% FBS in PBS, 

pH 7.4) for neurons overnight at 4°C. Mouse anti-PSD95 1:2000 (Thermo Fisher) was 

used to visualize dendritic spines. The next day, coverslips were washed and incubated 

in the appropriate secondary antibodies conjugated to Alexa Fluor 488 at 1:200, or Alexa 

Fluor 594 at 1:400 (Invitrogen); at room temperature for 1.5 h. Cells were processed for 

imaging with DAPI Fluoromount G (Southern Biotech) mounting medium. Fluorescent 

images were generated using the Nikon Ti-E inverted microscope with a 20x objective 

(NA 0.75).  
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 Measurement of Oxidative Stress 

Neurons and NSCs plated on 12 mm coverslips were incubated in culture medium 

containing 5 µM Cell ROX Green Reagent (Life Technologies) for 20 min at 37°C and 5% 

CO2. After incubation, cells were fixed with ice-cold 4% PFA in PBS, pH 7.4 for 12 minutes, 

and washed with PBS before mounting. Cells were processed for imaging with DAPI 

Fluoromount G mounting medium.  Neuronal images were generated using confocal 

microscopy, Zeiss LSM 700. 10 µm z-series (2 µm steps) images were captured at 20x 

(NA 0.8) spanning across entire neurons. NSC images were generated with an Olympus 

Scanner VS110 based on a BX61VS upright microscope with a 20X apochromatic 

objective (NA 0.75). Relative fluorescence intensity of Cell ROX green probe was 

quantified by ImageJ. Each experiment was repeated at least twice, with similar results. 

Each experiment included 3–4 sister coverslips per treatment group.  For Cell ROX green 

fluorescence measurement, five frames were analyzed per coverslip, for a total of 150–

200 cells per treatment group.   

 

MtDNA qPCR Assay                                                                                                    

 Total DNA was purified from cell samples using the Qiagen Genomic Tip and 

Genomic DNA Buffer Set Kit (Qiagen, Valencia, CA, USA). A mitochondrial fragment (235 

bp) was amplified and standardized to a 12.5 Kb fragment from the nuclear-encoded 

gene, Clusterin (TRPM-2). PCR products were normalized to control levels83. The 

sequences for rat TRPM-2, mtDNA fragment (235 bp) primer sets were:  

TRPM-2 forward 5’-AGACGGGTGAGACAGCTGC ACCTTTTC-3’,  

TRPM-2 reverse 5-CGAGAGCATCAAGTGCAGGCATTAGAG-3’  
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mtDNA fragment forward 5′-CCTCCCATTCATTATCGCCGCCCTTGC-3′ 

mtDNA fragment reverse 5′-GTCTGGGTCTCCT AGTAGGTCTGGGAA-3′ 

 

Quantitative RT-PCR Assay         

 Total RNA was extracted using RNeasy Mini Kit (Qiagen), and cDNA was 

generated using the iScriptTM cDNA Synthesis Kit (Bio-Rad). Quantitative PCR reactions 

(iQTM SYBR Green Supermix, Bio-Rad) were conducted using a Bio-Rad CFX96 Real-

time System, and the gene expression levels were normalized to those of 18S rRNA. The 

sequences for rat Cytochrome B and 18sS rRNA primer sets were:  

Cytochrome B forward 5’-CGAAAATCTACCCCCTATT-3’ 

Cytochrome B reverse 5’-GTGTTCTACTGGTTGGCCTC-3’ 

18S rRNA forward 5’-TCAATCTCGGGTGGCTGAACG-3’ 

18S rRNA  reverse 5’-GGACCAGAGCGAAAGCATTTG-3’.  

All primers were ordered from IDT, Integrated Device Technology, Inc, Coralville, Iowa, 

USA.  

 

Seahorse XF24 Metabolic Flux Analysis 

  Mitochondrial respiratory function was assessed using the Seahorse XF24 

Extracellular Flux Analyzer. Oxygen consumption rates (OCR) were measured in 

adherent hippocampal neurons and NSCs using the Cell Mito Stress Kit84,85 (Seahorse 

Bioscience). Dissociated hippocampal neurons from P0 pups were plated at a density of 

7.5x104 cells/well in poly-D-lysine coated XF24 cell culture microplates. On the day of 

metabolic flux analysis, the neuronal culture medium was replaced with 500 µl of 
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bicarbonate-free XF Base Medium (Seahorse Biosciences) supplemented with 17.5 mM 

glucose, and 0.23 mM sodium pyruvate, pH 7.4. Cells were washed once and incubated 

at 37ºC in a non-CO2 incubator for 1 h. Baseline rates were measured at 37ºC three times 

before the sequential injection of the following mitochondrial inhibitors: oligomycin (2 µM), 

FCCP (1 µM), and lastly, rotenone (1 µM) and antimycin A (1 µM).  NSCs (6x104 

cells/well) were seeded in XF24 cell culture microplates pre-coated with fibronectin. The 

inhibitor concentrations used were oligomycin (1 µM), FCCP (2 µM), rotenone (1 µM), 

and antimycin A (1 µM). Three measurements were taken after the addition of each 

inhibitor. All analyses were normalized to protein content per well using a Qubit 2.0 

fluorometer (Invitrogen). Data were analyzed using Student’s paired t-test. Data were 

graphed as mean ± SEM, n = 3 per treatment group. 

 

Systematic Analysis and Statistical Considerations 

 Graphs and statistical analyses were prepared using GraphPad Prism 5.0 

Software (GraphPad Software, La Jolla, CA, USA). Results were expressed as mean ± 

SEM. Comparison between control and treatment cohorts were made by unpaired 

Student’s t-test, one-way ANOVA, or two-way repeated measures (RM) ANOVA. 

Statistical significance levels were set at 0.05. Post hoc analysis was made by Bonferroni 

correction. All imaging and quantification were performed blinded to experimental 

conditions.   
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2.3. Results 

2.3.1. Acute cisplatin treatment produces a long-term reduction in dendritic branching and 

spine density of hippocampal pyramidal neurons 

Previously, we demonstrated that high-dose (20 mg/kg), acute CDDP exposure 

produces changes in hippocampal dendritic morphology of Sprague Dawley rats three 

days after treatment. To study the long term effects of low-dose CDDP on dendritic 

morphology, adult Sprague Dawley rats were given a 6 mg/kg CDDP regimen 

administered over two consecutive days (3 mg/kg/day). We assessed dendritic branching 

(Figure 2.1A, B) and spine density (Figure 2.1C, D) at 14 and 28 days after treatment. 

This type of treatment directly translates to 18 mg/m2/day in humans86 – which is a lower 

dose than the lowest regimen administered to cancer patients, which is 50 mg/m2 every 

three weeks87. Golgi-Cox impregnated neurons in the CA3 region revealed pronounced 

changes in dendritic morphology at 14 and 28 days after CDDP treatment. At 6 mg/kg, 

CDDP significantly reduced the dendritic branching of pyramidal neurons (F(24,429) = 2.958, 

p < 0.0001) compared to controls (Figure 2.1B). Also, CDDP reduced the number of 

dendritic spines at 28 days after treatment cessation (p < 0.0001) (Figure 2.1D).  

 

2.3.2. Acute cisplatin treatment disrupts hippocampal mitochondrial morphology  

 CDDP accumulates in mitochondria and forms adducts with mtDNA and 

proteins71,72
. To investigate the effect of CDDP on mitochondria of CA3 neurons, we 

assessed mitochondrial changes at 14 days and 28 days after CDDP administration (6 

mg/kg) by TEM (Figure 2.2). CA3 neurons from control rats showed intact normal 

mitochondria (Figure 2.2A, D). Mitochondrial degradation and vacuolization were evident 
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following 14 days (Figure 2.2B, E) with more extensive damage seen at 28 days (Figure 

2.2C, F) after CDDP treatment.  

 

2.3.3. Chronic cisplatin regimen impairs cognitive performance that is mitigated by 

treatment with N-acetylcysteine  

Fear Conditioning 

 To evaluate the effect of chronic CDDP administration on cognitive performance 

modeled on the clinical CDDP regimen, rats received one CDDP injection (5 mg/kg, 

intraperitoneal) per week for four consecutive weeks. NAC (250 mg/kg/day) was 

administered for five days starting two days before each CDDP cycle and ending two 

days after the last dose of CDDP. On days of CDDP administration, NAC was given four 

hours after CDDP. Four hours was considered the optimal time to achieve NAC protection 

without diminishing-anti-tumor efficacy in pediatric tumor models88.  

 Cognitive performance in three tasks, fear conditioning (FC), context-object 

discrimination (COD), and novel object recognition (NOR) was assessed between five 

and six weeks after treatment discontinuation (Figure 2.3A).  Five weeks after the last 

CDDP injection, animals were tested on the FC task (Figure 2.3B).  Two-way RM ANOVA 

revealed a main effect of testing phase (F(4,252) = 550.6, p < 0.0001) and treatment group 

by phase interaction (F(12,252)  = 3.016, p = 0.0006), and a main effect for treatment group 

(F(3, 252) = 3.044, p = 0.0352) for the percent time spent freezing during the FC task. During 

the context-test phase, CDDP animals spent significantly decreased percentages of time 

freezing compared with the control animals (post hoc, p = 0.0018). Groups did not differ 

significantly in the freezing behavior across baseline (p = 0.984),  
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Figure 2.1. Acute CDDP treatment reduces hippocampal dendritic branching and 
spine density of pyramidal neurons at 14 and 28 days after treatment.  
(A) Representative Golgi-impregnated CA3 pyramidal neuron images, and (B) graph 
illustrate the time-dependent reduction in dendritic branching caused by low-dose, 6 
mg/kg CDDP. Compared to controls, CDDP treated rats have significantly less dendrite 
branch points from the soma of pyramidal neurons (n = 6 rats per group, 2 neurons per 
rat). Scale bars, 40 µm. (C) Representative images and (D) graph of CA3 dendritic spines 
depicting significant reduction in spine density 28 days after CDDP exposure (n = 24 
dendritic branches per group). Data represented as mean ± SEM, **** p <0.0001. Scale 
bars, 10 µm. 
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Figure 2.2.  Acute CDDP treatment induces mitochondrial degradation and 
vacuolization in the rat hippocampus. 
Adult Sprague-Dawley rats were treated with CDDP (6 mg/kg), and hippocampal 
mitochondrial morphology was assessed at 14 and 28 days after treatment. (A, D) 
Representative EM images of CA3 neuronal mitochondria, with arrows showing intact 
normal mitochondria in control CA3 neurons. CDDP (6 mg/kg) induced mitochondrial 
vacuolization and degradation (arrows) (B, E) 14 days after treatment, with more 
extensive damage at (C, F) 28 days.  
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post-training (p = 0.6827), pre-cue (p = 0.690), and cue test (p = 0.320), indicating a 

selective deficit on the hippocampus-dependent contextual memory phase of the task. 

Administration of NAC prevented this CDDP-induced deficit.  The CDDP group spent 

significantly less time freezing during the context test than the CDDP + NAC group (p = 

0.0005), whereas the Saline and CDDP + NAC groups did not differ (p = 0.3213). All 

groups showed significant increases in freezing behavior after the tone-shock pairings 

(post-training phase) indicating that CDDP did not impair sensory perception. CDDP + 

NAC animals spent more time freezing during the cue-test compared with controls (p = 

0.0032).  Cued-memory was intact in all groups; groups froze in response to 5 tone-shock 

pairings, which indicates that the CDDP-induced deficit was specific to the memory of the 

context in which the pairing was learned. 

 

Context Object Discrimination        

 After FC testing, animals were habituated and subjected to the COD task. There 

were no group differences in total time spent exploring objects (Suppl. Figure 2.1A), 

indicating that CDDP did not impair locomotor activity or exploratory motivation. While 

saline controls spent significantly more time exploring the out-of-context object compared 

to the in-context object (p = 0.0002), the CDDP-treated rats displayed no preference in 

exploring either object (p = 0.8445) (Suppl. Figure 2.1B). A one-way ANOVA revealed a 

significant overall group effect for the discrimination ratio to differ between the groups 

(F(3,67) = 4.558, p = 0.0058). The discrimination ratio was calculated as [(time spent 

exploring out-of-context object) / (total exploration time)] for each subject, with 1 being 



34 

 

the maximum time spent exploring the out-of-context object and 0 being maximum time 

exploring the in-context object (Figure 2.3C). The discrimination ratios significantly 

differed between the saline and CDDP groups (p = 0.0012); with a discrimination ratio of 

0.45 for CDDP-treated rats, indicating no discrimination between the in-context and out-

of-context objects. CDDP treatment diminished the ability to distinguish a previously 

experienced object, which was placed in a different context. NAC administration partially 

mitigated the CDDP-induced deficit, the discrimination ratios between the saline and 

CDDP + NAC groups were not significantly different (p > 0.05).  

 

Novel Object Recognition                                                                                                                      

 Following COD, rats were tested on the NOR task. There was no difference in total 

exploration time between saline and CDDP-treated animals (Suppl. Figure 2.1C). While 

saline controls spent significantly more time exploring the novel object compared to the 

familiar object (p < 0.0001), the CDDP-treated rats showed no preference in exploring 

either object (p = 0.2241) (Suppl. Figure 2.1D). A one-way ANOVA did not reveal a 

significant overall group effect for the discrimination ratio to differ between the groups 

(F(3,67) = 2.207, p = 0.089) (Fig. 3D). The discrimination ratios differed significantly 

between saline and CDDP subjects (p = 0.01). The CDDP-treated group had a 

discrimination ratio of 0.503, which indicates no preference between the familiar and 

novel objects. CDDP treatment impaired the ability to recognize a novel object from a 

previously experienced familiar object. NAC administration partially mitigated the CDDP-

induced deficit, the discrimination ratios between the saline and CDDP+NAC groups were 

not significantly different (p = 0.371). Together, these data suggest that chronic CDDP 
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treatment results in cognitive deficits, which can be lessened by NAC.  

 

2.3.4. Chronic cisplatin treatment increases apoptotic cell death in the hippocampal 

regions CA3, CA1, and subgranular zone (SGZ) of the dentate gyrus and decreases 

neurogenesis, NAC administration reduces cisplatin-induced cell death in these regions 

To examine the effect of chronic CDDP treatment on neural apoptosis in the 

hippocampus, TUNEL was performed to detect apoptotic cells in the CA3, CA1, and SGZ 

of the dentate gyrus after behavioral testing, six weeks after treatment completion (Figure 

2.4A). One-way ANOVA analysis revealed a main effect for treatment group in CA3 (F(3,32) 

= 12.67, p < 0.0001), CA1 (F(3,32) = 5.747, p = 0.0033), and SGZ (F(3,32) = 12.54, p < 

0.0001). CDDP-treatment increased the number of TUNEL(+) (apoptotic) nuclei in the 

CA3 (p < 0.001), CA1 (p < 0.01), and SGZ (p < 0.001) as compared with the saline group. 

NAC administration significantly reduced the CDDP-induced apoptotic cell death in the 

CA3 (p < 0.01), CA1 (p < 0.05), and SGZ (p < 0.001) as compared to CDDP treatment 

alone (Bonferroni’s Multiple Comparison Test). There were no significant differences in 

the amount of TUNEL(+) cells in all three regions between the CDDP + NAC group, saline, 

and NAC groups (p > 0.05) (Figure 2.4B), suggesting NAC prevented CDDP-induced 

neural death in the hippocampus.     

To examine the effect of acute CDDP (6 mg/kg) treatment on hippocampal 

neurogenesis, quantification of Sox2(+) cells in the SGZ of CDDP-treated rats revealed a 

decrease in the number of NSCs 14 days after treatment (p = 0.0306), with a greater 

decrease 28 days after treatment (p = 0.0097) (Suppl. Figure 2.2). This data suggests 

that at concentrations lower than the therapeutic doses, CDDP can induce NSC damage, 

which may impair neurogenesis long after exposure. 
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Figure 2.3. Chronic CDDP exposure impairs context discrimination memory and 
object recognition, which can be mitigated by NAC.  
(A) Study timeline. To recapitulate the clinical regimen, rats received one CDDP injection 
(5 mg/kg) per week for four consecutive weeks with or without NAC (250 mg/kg/day, i.p.). 
Rats were subjected to Fear Conditioning (FC) testing five weeks after the last CDDP 
injection, followed one week later by Context-Object Discrimination (COD) and Novel 
Object Recognition (NOR) Task. (B) CDDP significantly impaired performance on a 
contextual fear conditioning task.  Baseline freezing levels were equivalent across all 
groups, and all groups showed increased freezing behavior, as expected, in response to 
a series of 5 tone-shock pairings (“Post-Training”). The context test was administered 24 
h later, and CDDP-treated animals showed decreased freezing compared with the 
controls. NAC administration prevented the CDDP-induced deficit in the context test. The 
rats were placed in a novel context 1 h later for the cue test. There was no difference in 
freezing during the baseline or tone presentations, which indicated that CDDP did not 
disrupt the CS-US association. (C) The CDDP-treated rats had diminished ability to 
discriminate the out-of-context from the in-context object on the COD task. (D) Cisplatin-
treated rats had reduced ability to discriminate between the novel and familiar objects on 
the NOR task. NAC administration partially ameliorated the CDDP-induced deficit in the 
COD and NOR tasks. Graphs represent mean ± SEM, Saline: n = 25, NAC: n = 18, CDDP: 
n = 15, CDDP + NAC: n = 13. * p <0.05, ** p <0.01, *** p < 0.001, ns = not significant. 
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Figure 2.4. Chronic CDDP treatment increases TUNEL(+) cells in the rat 
hippocampus, NAC treatment attenuates apoptotic cell death. 
Adult Sprague-Dawley rats were treated with chronic CDDP regimen, and neural 
apoptosis was assessed in the hippocampus after cognitive testing. (A) Representative 
images of hippocampal coronal sections show an increase in TUNEL(+) cells in the CA3, 
CA1, and SGZ of the DG after CDDP treatment, NAC significantly reduced CDDP-
induced apoptotic cell death. Magnification used is 4x for the whole hippocampus, 20x for 
the other panels and 40x for the inserts. Scale bars: 4x, 200 μm; 20x, 100 μm. (B) 
Quantification of TUNEL(+) cells situated in the CA3 and CA1, and SGZ areas. Graphs 
represent mean ± SEM, n = 2 subjects per treatment group, 4 replicates per subject. * p 
< 0.05, ** p < 0.01, *** p < 0.001. 
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2.3.5. Cisplatin inhibits mtDNA synthesis in cultured hippocampal neurons and NSCs 

We previously identified hippocampal neurons as being more sensitive to CDDP 

treatment than NSCs. Schematic (Figure 2.5A) depicts our findings on the sensitivities 

of hippocampal neurons and NSCs to CDDP. A sub-lethal (0.1 µM) dose of CDDP 

destroys synapses located on neuronal dendritic spines, whereas 1 µM CDDP induces 

measurable alterations on neuronal morphology and cell death. In contrast, 2 µM is the 

minimum dose that induces measurable apoptosis in NSCs, with 6 µM reducing cell 

survival to approximately 40%. Based on these studies, we selected these doses to 

assess mitochondrial function in cultured hippocampal neurons and NSCs.   

Previous studies have shown that CDDP binds to mtDNA in mouse liver89 and 

dorsal root ganglion neurons72. However, the effects of CDDP on hippocampal neuron 

and NSC mtDNA have not been investigated. MtDNA is a 16.3 Kb circular piece of DNA 

that encodes for 13 proteins that are essential components of the electron transport chain. 

To investigate if CDDP affects mtDNA in hippocampal neurons and NSCs, we examined 

the direct effect of CDDP on mtDNA replication in these cells. We used a PCR based 

assay to amplify a mtDNA fragment, in which many DNA lesions block the Taq DNA 

polymerase progression, resulting in decreased amplification of the damaged DNA 

template. CDDP produced a time-dependent preferential decrease in amplification of 

neuronal mtDNA as compared with a nuclear gene (Clusterin) (Figure 2.5B). CDDP (1 

µM) significantly reduced mtDNA amplification as early as 4 h post-treatment compared 

to control (p = 0.0077). Further decreases in neuronal mtDNA amplification were 

observed at 24 h (p = 0.0007) and 48 h post-treatment (p = 0.0002) compared to control.

 CDDP produced a dose and time-dependent decrease in amplification of NSC 
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mtDNA (Figure 2.5C). CDDP (6 µM) significantly reduced mtDNA amplification at 4 h (p 

= 0.0176) and 48 h (p = 0.0232) post-treatment compared to control. CDDP (2 µM) 

produced a slight decrease in mtDNA amplification at 48 h, although not significant (p = 

0.2416). 

2.3.6. Cisplatin inhibits mtRNA transcription in NSCs                                                                                       

 To examine whether CDDP-induced mtDNA damage could affect the transcription 

of mitochondrial genes, we assessed the transcription of Cytochrome B (CytB) in NSCs 

following CDDP treatment. CytB is a major subunit of complex III of the mitochondrial 

electron transport chain and is mtDNA encoded90,91. We assessed CytB transcription 

following CDDP treatment (2 µM, 6 µM) at 0 h, 2 h, 4 h, 48 h post-treatment (Figure 

2.5D). CDDP treatment resulted in a significant decrease in CytB RNA levels at 2 µM (p 

< 0.0001) and 6 µM (p < 0.0001) as early as 2 h post-treatment. This finding suggests 

that CDDP-induced mtDNA damage may result in changes in mitochondrial respiratory 

function.   

 

2.3.7. Cisplatin reduces mitochondrial respiratory rates in cultured hippocampal neurons 

and NSCs 

 To investigate if CDDP affects mitochondrial respiratory activity in hippocampal 

neurons and NSCs, we measured oxygen consumption rates (OCR) in these cells 

following CDDP treatment using the Seahorse XF24 extracellular flux analyzer. OCR is a 

measurement of oxidative phosphorylation.  We examined the effect of 0.1 µM CDDP on 

hippocampal neurons following 24 h, 48 h, and 7 days of treatment (Figure 2.5E, F).  
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Figure 2.5. CDDP induces mtDNA breakage and mitochondrial respiratory 
dysfunction in cultured hippocampal neurons and NSCs. 
(A) Schematic representation of neuronal and NSC sensitivities to CDDP. Low-dose 
CDDP (0.1 µM) causes loss of synapses, while higher doses cause neuronal death (1 
µM), followed by NSC death (4 µM). CDDP causes a severe decrease in (B) neuronal 
and (C) NSC mtDNA levels. qPCR demonstrates a selective reduction in amplification of 
a mtDNA fragment (235 bp) compared to a nuclear gene (Clusterin) after CDDP 
treatment. (D) Decreased expression of mitochondrial encoded CytB after CDDP 
administration in NSC. The ratio of CytB RNA and 18S rRNA was quantified by PCR and 
normalized to baseline levels. The Seahorse Bioscience XF24 was used to measure the 
Oxygen Consumption Rate (OCR). OCR is significantly decreased in cultured 
hippocampal neurons treated with CDDP at (E,F) 0.1 µM and  (G,H) 1 µM. (F,H) 
Quantification of  neuronal basal OCR levels. (I,J) CDDP treatment (2 µM, 6 µM) reduced 
mitochondrial respiratory rates. (J) Quantification of NSC basal OCR levels. Graphs 
represent mean ± SEM of three biological replicates. * p < 0.05, ** p < 0.01, *** p < 0.001.  
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Basal OCR was significantly reduced at 24 h (p < 0.0001) and 48 h (p < 0.0001) compared 

to untreated. Basal OCR levels 7 days after treatment remained significantly lower 

compared to untreated levels (p = 0.0012). We also examined the effect of CDDP on 

hippocampal neurons at a higher dose, 1 µM, which significantly reduced basal OCR 

levels at 48 h (p < 0.0001) compared to untreated (Figure 2.5G, H).           

 NSC mitochondrial respiratory rates were also affected by CDDP treatment. We 

examined the effect of 2 µM CDDP on NSCs following 24 h, 48 h, and 7 days of treatment 

(Figure 2.5I, J). Basal OCR was significantly reduced at 24 h (p = 0.0266) and 48 h (p = 

0.0127). Basal OCR levels increased 7 days after treatment back to control levels (p = 

0.2452).  A pronounced decrease in basal OCR was observed following 24 h of CDDP (6 

µM, p = 0.0075). These results indicate that CDDP impairs mitochondrial respiratory 

function in hippocampal neurons and NSCs, which may be long-lasting.  

 

2.3.8. Cisplatin-induced oxidative stress is attenuated by N-acetylcysteine in cultured 

hippocampal neurons and NSCs 

Mitochondria are the main sources of cellular reactive oxygen species (ROS) 

production. Oxidative stress is involved in the pathogenesis of CDDP-induced dose-

limiting toxicities, including nephrotoxicity92, ototoxicity93, and peripheral neuropathy94. 

We examined oxidative stress production in hippocampal neurons and NSCs following 

CDDP treatment (Figure 2.6). Cultured hippocampal neurons were treated with CDDP 

(0.1 µM, 1 µM) for 48 h. The neurons were then incubated with CellROX fluorescent probe 

for 20 min, and ROS production was measured by fluorescence intensity analysis of 

confocal images (Figure 2.6A). CDDP treatment significantly increased oxidative stress 
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levels as quantified by relative fluorescence intensity at 0.1 µM (p < 0.0117) and 1 µM (p 

< 0.0062) compared to control (Figure 2.6B). To further examine CDDP increases in 

mitochondria-generated ROS, we examined the effect of NAC on oxidative stress levels 

following CDDP treatment. Addition of NAC (2.5 mM) significantly reduced oxidative 

stress levels in neurons treated with 0.1 µM (p < 0.0001) and 1 µM (p < 0.0001).   

 CDDP treatment significantly increased oxidative stress in NSCs at 2 µM (p < 

0.0001) and 6 µM (p < 0.001) compared to control (Figure 2.6C,D). NAC (5 mM) 

significantly mitigated oxidative stress levels in NSCs treated with 2 µM (p < 0.001) and 

6 µM (p < 0.001). 

 

2.3.9. N-acetylcysteine treatment mitigates cisplatin-induced neuronal dendritic spine 

loss  

 The effects of CDDP on neuronal respiratory dysfunction and increased oxidative 

stress suggested that mitochondrial damage might contribute to CDDP-induced spine 

loss.  Previously, we showed that CDDP reduces postsynaptic density-95 (PSD95) 

puncta and dendritic spine density in a time- and dose-dependent manner59. To test this 

idea, neurons were treated with CDDP (1 µM) in the presence or absence of NAC (2.5 

mM) (Figure 2.7A), and PSD95 immuno-labeled puncta were quantified 48 h after 

treatment (Figure 2.7B). CDDP reduced the number of PSD95 puncta as compared with 

controls (F(3,80) = 11.71, p = 0.001, n = 12), and post hoc  comparisons showed that NAC 

partially restored dendritic spine density at 40–100 µm. These results suggest that CDDP-

induced dendritic spine loss involves mitochondrial dysfunction, although other 

mechanisms could also play a role.   
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2.3.10. N-acetylcysteine treatment ameliorates cisplatin-induced apoptosis in 

hippocampal neurons and NSCs 

 Next, we sought to examine whether CDDP induced mitochondrially-mediated 

apoptosis in cultured hippocampal neurons and NSCs through caspase-9 activation and 

if NAC could protect against caspase-9 activation.  Caspase-9 is a member of the 

cysteine-aspartic acid protease (caspase) family. Upon apoptotic stimulation, cytochrome 

c is released from the mitochondria and associates with procaspase/Apaf-195. Apaf-1 

activates caspase-9 by cleaving it at Asp315. Cleaved caspase-9 further activates other 

caspase proteins to initiate a caspase cascade that culminates in apoptosis96. 

Hippocampal neurons were treated with CDDP (1 µM) in the presence or absence of 

NAC, and cleaved caspase-9 expression was quantified by fluorescence microscopy 

(Figure 2.7C, D). CDDP (1 µM) increased the percentage of cleaved caspase-9 

expressing neurons (p < 0.0001) compared to control levels. NAC decreased cleaved 

caspase-9 expression in CDDP+NAC treated neurons (p < 0.0001) as compared with 

CDDP treatment alone. Notably, the percentage of cleaved caspase-9 expressing 

neurons was not different between the control and CDDP+NAC treatment groups (p = 

0.7570).   

 CDDP (6 µM) increased the percentage of cleaved caspase-9 expression in NSCs 

(p < 0.0001) compared to control (Figure 2.7E, F). Mitotracker probe was used to label 

mitochondria in NSCs. NAC decreased cleaved caspase-9 expression in CDDP+NAC 

treated NSCs (p < 0.0001) as compared with CDDP treatment alone. 
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Figure 2.6.  In-vitro, CDDP treatment increases oxidative stress in hippocampal 
neurons and NSCs, which can be attenuated by NAC treatment.  
(A) Rat hippocampal neurons (17 DIV) were exposed to 0.1 µM and 1 µM CDDP in the 
presence or absence of NAC (2.5 mM) for 48 h. (B) Quantification of oxidative stress in 
CDDP and CDDP+NAC treated hippocampal neurons. (C) NSC were exposed to 2 µM 
and 6 µM CDDP with or without NAC (5 mM) for 48 h. (D) Quantification of oxidative 
stress in CDDP and CDDP+NAC treated NSCs. Graphs represent mean ± SEM, three 
sister coverslips per treatment. 5 frames/coverslip. Scale bars, 100 µm. * p < 0.05, ** p < 
0.01, *** p < 0.001, ns = not significant. (Blue, DAPI; Green, CellROX Oxidative Stress). 
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Figure 2.7.  In-vitro, CDDP induces dendritic spine loss and apoptosis in 
hippocampal neurons and NSCs, which can be mitigated by NAC treatment. 
Rat hippocampal neurons (17 DIV) were exposed to 1 µM CDDP in the presence or 
absence of NAC (2.5 mM) for 48 h. (A) Graph and (B) representative images of dendrites 
immuno-labeled for PSD95 depicting reduction in spine density after exposure to 1 µM 
CDDP. NAC treatment significantly reduced CDDP-induced spine-loss. Scale bars, 20 
μm (C) Graph and (D) representative images of caspase-9 activation in hippocampal 
neurons following CDDP Treatment. NAC significantly ameliorated CDDP-induced 
caspase-9 activation.  Rat NSCs were exposed to 6 µM CDDP with or without NAC (5 
mM) for 48 h. (E) Graph and (F) representative images of caspase-9 activation in NSCs 
following CDDP treatment. NAC significantly reduced caspase-9 activation in CDDP-
treated NSCs. Blue, DAPI; green, caspase-9; red, PSD95 (neurons); red, Mitotracker 
(NSCs). Graphs represent mean ± SEM of three sister coverslips per treatment. 5 frames 
per coverslip. Scale bars, 100 μm (ns = not significant, * p < 0.05, ** p < 0.01, *** p < 
0.001).  
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Cleaved caspase-9 expression was not significantly different between the CDDP+NAC 

and control groups (p = 0.0606). 

 

2.4. Discussion 

 CDDP is the first platinum anti-cancer agent to be widely used in the treatment of 

several malignancies including lung, ovarian, testicular, and head and neck cancer97-99. 

CDDP interacts with DNA causing DNA-Pt adducts, which result in DNA crosslinking and 

apoptosis. A neurological complication of CDDP chemotherapy is cognitive impairment; 

however, the underlying mechanisms are not well understood. Here, we examine the 

mechanisms of CDDP-induced neurotoxicity by utilizing a rodent model to evaluate the 

effects of acute and chronic CDDP regimens on neuronal integrity and cognitive function. 

In addition, we used cultured rat hippocampal neurons and NSCs to elucidate the 

mitochondria-mediated mechanisms underlying the sensitivity of these cell populations to 

CDDP. We report that acute CDDP (6 mg/kg) treatment reduced hippocampal dendritic 

branching and spine density of CA3 pyramidal neurons. When examining the 

mitochondria of CA3 hippocampal neurons by TEM, we found that acute CDDP induced 

mitochondrial degradation and vacuolization with loss of cristae. Extensive apoptosis was 

also observed in the CA1, CA3, and SGZ of the dentate gyrus in the hippocampus of rats 

treated with the chronic CDDP regimen, as quantified by TUNEL. Notably, the CDDP-

induced apoptosis and cognitive impairments were attenuated by NAC administration, 

suggesting that oxidative stress may be involved in the mechanism of CDDP-induced 

cognitive impairments. CDDP may produce changes in the hippocampus that persists 

after the completion of chemotherapy treatment. CDDP kills vulnerable NSCs and 
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neuronal populations, and those that do survive suffer extensive damage, including 

mitochondrial dysfunction and oxidative stress. 

 Neuroimaging studies have reported structural and functional changes in the brain 

associated with chemotherapy9. Most of these studies focus on the breast cancer 

population, as this group commonly reports cognitive problems after chemotherapy. 

Magnetic resonance imaging (MRI) studies of breast cancer patients have found reduced 

hippocampal volume26,100 and grey and white matter abnormalities101,102. Notably, 

McDonald et al. report prominent reductions in grey matter density in multiple brain 

regions, including the hippocampus of breast cancer patients as early as one month after 

completion of chemotherapy with a partial recovery one year later. These structural 

changes correlate with decreased episodic memory, working memory, and attention 

deficits – all symptoms of CRCI103,104.  In addition, a prospective study examining the 

effects of CDDP in testicular cancer patients found widespread reductions in grey matter 

in multiple brain regions as well as a reduction in performance in neurocognitive testing 

six months after the completion of CDDP treatment105. 

 Additional imaging and functional studies examining the neurological changes 

associated with CDDP chemotherapy in the cancer population are warranted. However, 

studies examining platinum concentrations in the brains of patients that received CDDP 

chemotherapy for CNS106 and non-CNS tumors107 detected platinum (Pt) levels ranging 

between 0.33 and 2.9 µg/g. More recent studies have detected Pt in the brains of rodents 

following chronic CDDP administration ranging between 0.1 and 2.4 µg/g67,68.  Kӧppen et 

al. detected high concentrations of Pt (0.6 – 1.9 µg/g) in the hippocampus. Based on 

these studies, it is plausible that CDDP results in structural CNS changes that correlate 
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with the cognitive deficits observed in CDDP-treated patients75,76.    

 The decrease in the NSC population caused by NSC death and reduced 

hippocampal neurogenesis following chemotherapy treatment may prolong the 

regeneration of hippocampal neurons - which are critical for learning and memory 

processes. Impairment of hippocampal neurogenesis, as well as NSC death following 

chemotherapy, is linked to the cognitive and mood-based deficits observed in patients 

and animal models undergoing cancer therapies10,108,109.       

 Due to the CDDP-induced damage to dendritic branching and spines, as well as 

apoptosis of neurons and NSCs within the hippocampal formation at the cellular level, it 

follows that cognitive tasks that require the hippocampus would be particularly vulnerable 

to CDDP at the behavioral level. To recapitulate the clinical regimen, rats received one 

weekly CDDP injection (5 mg/kg) or saline for four consecutive weeks, and performance 

on FC, COD, and NOR was assessed five to six weeks post-treatment. This five-week 

interlude allowed animals to rest following chemotherapy to minimize sickness behavior 

affecting performance in testing and allowed us to examine long-term effects of CDDP on 

cognitive performance. The CDDP group was impaired in the context but not cued FC; 

they spent significantly less time engaged in freezing behavior than saline controls during 

the context test of FC. No difference was observed in freezing behavior between CDDP 

and control groups during the cue-test, suggesting that CDDP selectively disrupted the 

memory for the context-shock association, which requires intact hippocampal function, 

and not the CS-US association, which does not require the hippocampus. Moreover, 

CDDP-treated rats spent significantly less time exploring the out-of-context object during 

the COD task. As the hippocampus is critical for both context fear conditioning and COD, 
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these results suggest that CDDP disrupts hippocampal function, which impairs context 

memory. Consistent with the notion, clinically, reduced hippocampal volume and 

neurogenesis loss have been found in chemotherapy-treated colon cancer patients110 and 

brain tumor patients58. However, CDDP-treated rats also failed to discriminate between 

the novel and familiar objects during NOR; the NOR task engages the medial prefrontal 

cortex and perirhinal cortex in addition to the hippocampus. This suggests that although 

CDDP impairs hippocampal function, additional regions may be affected.  

 In our search for mechanisms involving CDDP-induced cognitive decrements and 

neurotoxicity observed in-vivo, we found that CDDP induces mtDNA damage and impairs 

respiratory activity in cultured rat hippocampal neurons and NSCs. Mitochondrial 

dysfunction increases oxidative stress, which provokes free radical production, resulting 

in dendritic spine loss. Severe mitochondrial dysfunction promotes caspase-9 activation 

and apoptosis. We found that delayed NAC treatment prevented increases in free radical 

production; ameliorated caspase-9 activation in CDDP treated hippocampal neurons and 

NSCs, and partially mitigated neuronal dendritic spine loss.  NAC administration during 

chronic CDDP regimen reduced the CDDP-induced cognitive deficits and ameliorated 

CDDP-induced apoptotic cell death in the hippocampus. These findings suggest that 

mitochondrial dysfunction is a strong candidate mechanism for CDDP related cognitive 

impairments and neurotoxicity.       

 Oxidative stress and mitochondrial dysfunction in the brain have been associated 

with other chemotherapeutic agents that induce cognitive impairments, such as 

doxorubicin and cyclophosphamide40,41,45, and antioxidant intervention has shown to be 

a promising therapy in preventing CRCI41,46,111. NAC is a precursor of glutathione, the 
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most abundant intracellular antioxidant112. NAC can cross the blood-brain barrier113 and 

has proven efficacy in both human114,115 and rodent models of neurodegenerative 

disorders116. In cancer patients, glutathione levels are severely reduced by CDDP 

treatment, while glutathione supplementation prevents the oxidative damage caused by 

mitochondrial dysfunction117. Oral NAC was studied in multiple clinical trials in 

combination with CDDP and has shown some promising results in preventing CDDP-

induced ototoxicity93 and peripheral neuropathy94. NAC prevents cancer recurrence in 

colon cancer patients118, and its addition to chemotherapy does not decrease the anti-

cancer effect of other drugs119,120. Our data suggest that NAC prevents free radical 

production, ameliorates the apoptotic cellular death, and partially mitigates the dendritic 

spine loss in cultured hippocampal neurons.  

By assessing the effects of CDDP administration on both cognition and neural 

damage, this study advances the understanding of mechanisms underlying CRCI.  
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Supplementary Figure 2.1. Total exploration and object exploration in context 
object discrimination and novel object recognition tasks. 
(A) No significant difference between groups in total exploration in the COD task. (B) The 
CDDP-treated rats had diminished ability to discriminate the out-of-context from the in-
context object on the COD task. NAC treatment lessened the CDDP-induced deficit. (C) 
No significant difference between groups in total exploration in the NOR task. (D)  CDDP-
treated rats had reduced ability to discriminate between the novel and familiar objects on 
the NOR tasks. NAC treatment improved object recognition in CDDP + NAC group.  
Graphs represent mean ± SEM, Saline: n = 25, NAC: n = 18, CDDP: n = 15, CDDP + 
NAC: n = 13. * p <0.05, ** p <0.01, *** p < 0.001    
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Supplementary Figure 2.2. In-vivo, low-dose CDDP treatment (6 mg/kg) leads to a 
decrease in the number of Sox2(+) cells in the dentate gyrus as early as 14 days 
after the treatment.  
(A) Coronal sections through hippocampus from control and CDDP treated animals show 
that CDDP mildly decreased the number of neural progenitor cells after four weeks of 
treatment. (B) Quantification of Sox2(+) cells in control and CDDP treated animals 14 and 
28 days after CDDP treatment (n = 6 rats per group). Data are presented as mean ± SEM, 
* p < 0.05, ** p < 0.01.   
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CHAPTER 3 

Systemic Cisplatin Exposure During Infancy and Adolescence Causes 

Impaired Cognitive Function in Adulthood 

 

Abstract 

 Cancer survivors diagnosed during infancy and adolescence may be at risk for 

chemotherapy-related cognitive impairments (CRCI); however, the effects of pediatric 

chemotherapy treatment on adulthood cognitive function are not well understood. 

Impairments in memory, attention, and executive function affect 15–50% of childhood 

leukemia survivors related to methotrexate exposure. Systemic cisplatin is used to treat 

a variety of childhood and adult cancers, yet the risk and extent of cognitive impairment 

due to platinum-based chemotherapy in pediatric patients is unknown. Systemic cisplatin 

penetrates the CNS, induces hippocampal synaptic damage, and leads to neuronal and 

neural stem/progenitor cell (NSC) loss. Survivors of non-leukemic cancers may be at risk 

for significant cognitive impairment related to cisplatin driven neurotoxicity. We sought to 

examine the long-term effects of systemic cisplatin administration on cognitive function 

when administered during infancy and adolescence in a rat model.  

 We performed cognitive testing in adult rats exposed to systemic cisplatin during 

either infancy or adolescence. Rats treated as adolescents showed significantly poor 

retrieval of a novel object as compared to controls. Further, cisplatin-treated infants and 

adolescents showed poor contextual discrimination as compared to controls, and an 

impaired response to cued fear conditioning. Ultimately, systemic cisplatin exposure 
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resulted in more profound impairments in cognitive function in rats treated during 

adolescence than in those treated during infancy. Further, exposure to cisplatin during 

adolescence affected both hippocampus and amygdala-dependent cognitive function, 

suggesting a more global cognitive dysfunction at this age. 

 

3.1. Introduction 

Cognitive impairment is a well-described consequence of cancer treatment, with 

17-75% of cancer survivors reporting persistent memory problems years after completion 

of therapy29,121. Cognitive abnormalities observed in cancer survivors typically include 

impairments in memory, attention, processing speed and executive function10,11,122,123. A 

variety of causes including direct chemotherapy neurotoxicity as well as indirect toxicity 

related to hormonal abnormalities, oxidative stress, treatment-associated metabolic 

changes, inflammatory activation, cancer-related symptoms (pain, fatigue) and medical 

co-morbidities (anemia, renal dysfunction, cardiotoxicity) have been implicated in the 

pathogenesis of cancer-related cognitive impairment (CRCI)16,124. CNS-penetrating 

chemotherapy, particularly high doses of systemic and intrathecal methotrexate used in 

pediatric acute lymphoblastic leukemia treatment regimens, can cause chronic 

leukoencephalopathy and have been most strongly implicated in CRCI125-127. The clinical 

impact of other non-antimetabolite chemotherapeutic agents on cognition in children and 

adolescents is not known128-130. 

Cisplatin (CDDP) is a CNS penetrating chemotherapeutic agent used to treat a 

number of malignancies including common pediatric and young adult cancers such as 

neuroblastoma, hepatoblastoma, germ cell tumors, and primary central nervous system 
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neoplasms131,132. Recent National Cancer Institute Surveillance, Epidemiology, and End 

Results (SEER) data confirm that the peak incidences of the above-mentioned cancers 

occur during infancy and/or adolescence, thereby making these patient populations at 

particular risk of developing side effects attributable to CDDP133.  

To examine, the effects of early-life CDDP exposure on cognition function in young 

adulthood, we developed an infant and adolescent rodent model of CRCI. Rats have a 

brief and accelerated childhood compared to humans134. The most common method to 

assess infancy in rats is based on weaning age. Rat pups are weaned at post-natal day 

21 (P21), and the average weaning age for humans is approximately 6 months. Rats 

reach peak adolescence at approximately 38 days (P38), and transition into adulthood at 

approximately P63. In contrast, humans reach adolescence at approximately 11.5 years 

and enter adulthood at 18 years of age. Based on these developmental stages, we 

administered CDDP (2 mg/kg/day) to Sprague Dawley rats at P25–P29 or P35–P39 and 

examined cognitive function in young adulthood (P65). These rat developmental stages 

correlate with human infancy (0–2 years) and adolescence (11–18 years), 

respectively134,135. 

The neurotoxic effects of a variety of chemotherapeutic agents (cisplatin, 

methotrexate, cyclophosphamide, carmustine, 5-fluorouracil, cytarabine) have been 

examined in the pre-clinical setting and are associated with neurotoxicity and cognitive 

impairment10,11,36,59,136,137. Specifically, we have previously reported that low-dose in-vitro 

CDDP exposure induces apoptosis in cultured rat hippocampal neurons and neural 

stem/progenitor cells (NSCs)59. Further, we showed that acute in-vivo CDDP (6 mg/kg, 

10 mg/kg) exposure causes a time-dependent loss of hippocampal dendritic branching 
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and dendritic spine density in adult rats59.  When treated with a chronic CDDP regimen 

(5 mg/kg/week for 4 consecutive weeks), adult male rats exhibited significant impairments 

in three cognitive tasks38. Additional behavioral studies in the adult rodent population have 

yielded data showing the development of hippocampal-dependent cognitive impairment.  

One reported pre-clinical model had explored the development of cognitive deficits in pre-

weanling rodents exposed to chemotherapy (methotrexate and cytarabine mimicking 

childhood acute lymphoblastic leukemia treatment); however, a lack of models exploring 

the late cognitive effects of non-antimetabolite chemotherapy, specifically with a pediatric 

focus during infancy and adolescence, exists138. Given the common use of CDDP to treat 

a variety of pediatric cancers and the known effect of CDDP on neural structures, we 

sought to develop a pre-clinical pediatric model examining the long-term cognitive 

function of infant and adolescent rodents treated with CDDP. 

 

3.2. Methods 

Animals 

Animal studies were performed in accordance with the guidelines established by 

the Institutional Animal Care and Use Committee (IACUC) of the University of California, 

Irvine. All experiments were approved by the IACUC and conformed to National Institutes 

of Health standards. 

 

Chemotherapy application in-vivo 

Thirty-nine male Sprague-Dawley rats (Charles River, San Diego, CA, USA) were 

obtained weaned from their mother at post-natal day 21 (P21). Treated rats received 
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intraperitoneal CDDP dissolved in 0.9% saline (Fresenius Kabi USA, LLC) dosed at 2 

mg/kg/day for5 consecutive days beginning at post-natal day 25 (P25, infancy) or post-

natal day 35 (P35, adolescence). Age-matched controls received 0.9% saline of a similar 

volume. Mannitol (APP Pharmaceuticals, 125 mg/kg, intraperitoneal) was administered 1 

h prior to CDDP, to minimize renal toxicity and increase diuresis. Additional intraperitoneal 

injections of 0.9% saline were given as needed for supportive care. 

 

Behavioral testing 

Cognitive testing was completed during adulthood (post-natal day > 65) including 

a novel object recognition task (NOR), context object discrimination (COD) task, and fear 

conditioning (FC) (Figure 3.1)30,32,80,81,139. Each cognitive task was performed in different 

rooms and arenas, and the objects used for NOR were distinct from those used for COD. 

All behavior analysis was conducted by an experimenter blinded to the treatment group 

of the rats. A pilot experiment included 3 rats in each group (n = 9) treated as above and 

tested via the NOR task at post-natal day 65–70. A second experiment included 5 rats 

per treatment group (n = 15). Three rats in the adolescent group (CDDP–P35) died of 

complications of chemotherapy exposure (renal toxicity). The remainder of the rats 

completed the NOR task at post-natal days 65–68 (P65–P68), COD task at post-natal 

days 75–78 (P75–P78) and FC task at post-natal day 93–94 (P93–P94). A third 

experimental group was added to this study, including 5 control, 5 infant, and 8 adolescent 

rats treated and tested using the same conditions as the second cohort. Three control 

rats were excluded from the FC analysis due to lack of response to conditioning; they 

failed to freeze in response to the foot-shocks administered during training, and as a result 
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did not exhibit to freeing behavior during the post-training session, context test, nor cue-

test. 

 

Novel Object Recognition (NOR) 

First, rats were tested for recognition of a novel object81,139. Rats were individually 

placed in a quiet room in an open Plexiglas square arena (60 cm x 60 cm x 60 cm) lined 

with black cardboard.  After habituation to the arena, each rat was given 5 minutes per 

day on 2 consecutive days to explore 2 identical objects in the arena.  The test trial was 

performed 24 hours later such that each rat was presented with one familiar object paired 

with a novel object for 5 minutes.   

 

Context Object Discrimination (COD) Task 

Individual rats were exposed to 2 different environmental arenas (Arena A and 

Arena B) located in adjacent rooms.  Each rat was given 5 minutes in each arena per day 

on 2 consecutive days to explore freely.  Between training sessions, each rat was returned 

to the home cage for a 20 min interval80. Each environment had 2 identical objects unique 

to the environment. The order of context presentation was counterbalanced between 

subjects and across days.  On day three each rat was tested for 5 minutes in a modified 

environment (Arena A’) where one of the objects from Arena B replaced one of the objects 

from Arena A.  The total time each rat explored each object was recorded.  
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Figure 3.1. Experimental design of a pediatric CRCI model. 
Rats received CDDP (2 mg/kg/day) for five consecutive days at P25–P29 (infancy), or 
P35–P39 (adolescence). Age-matched controls received 0.9% saline of similar volume. 
Cognitive testing was completed during adulthood, including novel object recognition 
(NOR) at P65–P70, context object discrimination (COD) at P75–P78, and fear 
conditioning (FC) at P93–P94.  
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Fear Conditioning (FC) 

  The fear conditioning task was administered at approximately post-natal day 90-

95 (P90–P95).  Two similar but distinct chambers, each housed within a sound-

attenuating chamber, were used for fear conditioning79. The floor of the conditioning 

chamber consisted of 18 steel rods wired to a shock generator (Coulborn Instruments) 

for foot-shock delivery. The fear-conditioning paradigm used was based on previous 

studies on chemotherapy-treated rodents30,32. Specifically, the fear-conditioning task 

consisted of three distinct phases: a training phase, a context test phase, and a cue test 

phase.  During fear conditioning rats were individually placed in a chamber for 5 minutes 

(baseline), exposed to 5 tone pairings (90db, 2000 Hz-shock, [1mA, 1s]) for 5 minutes 

and then left in the conditioning chamber for an additional 5 minutes (post-training). The 

following day the rats were returned to the conditioning chamber for 5 min to assess 

conditioned freezing to the context (context test).  No tone or shock was administered 

during the context test.  When memory for the context-shock conditioned association is 

intact, rats spend a significant portion of the context test freezing.  The cue test was then 

administered 1 hour after the context test.  For cue testing, rats were placed in a novel 

context for 1 minute (pre-cue test) followed by a 3-minute tone presentation (cue test) 

and an additional 1-minute (post-cue test).  Freezing behavior was defined as complete 

immobility with the exception of breathing movements and scored as a percent of the 

overall time for each phase. 
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Statistical Analysis 

 Graphs and statistical analyses were prepared using GraphPad Prism 5.0 

Software (GraphPad Software, La Jolla, CA, USA). Results are expressed as mean ± 

SEM. Comparisons between treatment groups were made by unpaired Student’s t-test, 

or two-way repeated measures (RM) ANOVA. Statistical significance levels were set at 

0.05. Post hoc analysis was made by Bonferroni correction.   

 

3.3. Results 

3.3.1. Cisplatin treatment during adolescence causes impaired novel object recognition 

The NOR task utilizes the natural tendency of animals to explore novel objects 

relative to familiar objects140. During NOR testing, all groups showed similar total object 

exploration times, indicating similar engagement and activity level (Figure 3.2A).  

Controls and rats exposed to CDDP during infancy spent significantly more time exploring 

the novel object compared to the familiar object (p = 0.0015 and p = 0.0141); however, 

rats exposed to CDDP during adolescence displayed no preference in exploring either 

object (p = 0.4341). A two-way RM ANOVA revealed a significant difference in object 

exploration (F(1,72) =5.574, p = 0.0209), but no significant difference between treatment 

groups (F(2,72) = 0.9079, p = 0.4079), nor  interaction between treatment groups and object 

exploration (F(2,72) = 2.718, p = 0.0728)  (Figure 3.2B).  CDDP treatment during 

adolescence but not infancy impaired the ability to recognize a novel object from a 

previously experienced familiar object. Together these data suggest that CDDP treatment 

may have an age-dependent effect on cognitive function.   
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3.3.2. Cisplatin treatment during infancy and adolescence causes diminished contextual 

discrimination 

 The COD task tests for context discrimination, which requires hippocampal-

dependent pattern separation skill81. During the COD testing, all groups showed similar 

total object exploration times (Figure 3.3A).  The control group explored the out-of-

context object more than the in-context object (p = 0.0009); however, rats exposed to 

CDDP during infancy and adolescence showed no bias between objects (infants: p = 

0.7142, adolescents: p = 0.6867).  A two-way ANOVA revealed a significant difference 

between treatment groups (F(1,54) = 8.822, p = 0.0044), but no significant difference 

between object exploration (F(2,54) = 0.1681, p = 0.8457), nor interaction between 

treatment group and object exploration (F(2,54) = 2.004, p = 0.1447) (Figure 3.3B). CDDP 

treatment diminished the ability to distinguish a previously experienced object, placed in 

a different context. This effect was most prominent in the subjects treated during 

adolescence. 
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Figure 3.2. Impaired novel object recognition following CDDP exposure in 
adolescence but not infancy. 
During novel object recognition testing, all groups showed similar total exploration 
times. (A)  As expected, control (n = 13) and CDDP-P25 (n = 13) rats explored a novel 
object (NO) significantly more than a familiar object (** p < 0.005 and * p < 0.02; 
however, exploration between objects for the CDDP-P35 (n = 13) rats was not different. 
(B) Error bars are SEM.   
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Figure 3.3.  Impaired contextual discrimination following cisplatin exposure 
during infancy and adolescence. 
During context object discrimination testing, all groups showed similar total 
exploration times. (A) As expected, control (n = 10) rats explored an out-of-context 
object significantly more than a familiar object; (*** p = 0.001); however, exploration 
between objects for the CDDP-P25 (n = 10) and CDDP-P35 (n = 10) rats was not 
different. (B) Error bars are SEM.  
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3.3.3. Cisplatin treatment during infancy and adolescence causes decreased response to 

a conditioned cued stimulus 

Fear conditioning assesses the ability of rodents to learn and remember an 

association between environmental cues and aversive experiences via evaluation of 

freezing behavior in response to a conditioned context or cue141. After being tested on 

novel object recognition and context-object discrimination; the animals were tested on the 

fear conditioning task (Figure 3.4A). While contextual fear conditioning requires an intact 

hippocampus, cued fear conditioning relies on the amygdala142,143. A two-way RM 

ANOVA revealed a main effect of testing phase (F(5,120) = 74.61, p < 0.0001), treatment 

group (F(2,120) = 6.120, p = 0.0071), and treatment group by phase interaction (F(10,120) = 

4.678, p < 0.0001) for the percent time spent freezing during the fear conditioning task. 

During the context-test phase, CDDP-treated infant and adolescence rats spent 

decreased percentages of time freezing compared with the control animals, although not 

significant (infants: p = 0.1405; adolescents: p = 0.1737). Surprisingly, CDDP treatment 

affected cued-memory such that both CDDP-treated infants and adolescents spent 

significantly decreased percentages of time freezing in response to 5 tone-shock pairings, 

as compared to the control subjects (infants: p = 0.0003; adolescents: p = 0.0412).  
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Figure 3.4. Cisplatin decreases response to a conditioned cued stimulus in fear 
conditioning following exposure during infancy and adolescence.  
Schematic of the fear conditioning paradigm. (A) During context and cued fear 
conditioning both CDDP-P25 (n = 10) and CDDP-P35 (n = 10) rats showed a trend toward 
decreasing freezing response during the context test (p = 0.14 and p = 0.17) as compared 
to controls (n = 7).  During the Cue and post-Cue Test, CDDP-P25 rats showed a 
significant decrease in freezing (*** p < 0.001).  During the Cue Test, CDDP-P35 rats 
showed significant decreased freezing response (* p < 0.05), which persisted to a lesser 
degree Post–Cue Test (p = 0.06). (B)  Error bars are SEM.   
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The groups did not differ significantly in the freezing behavior across baseline, post-

training, context-test, and pre-cue, suggesting that the deficits may be selective to the 

amygdala-dependent cue memory phase of the task – the tone to which the foot-shock 

was paired. 

  

3.4.  Discussion  

As most of the current preclinical studies on CRCI have been performed on adult 

rodents, we recognized a need to develop a model exploring the effects of chemotherapy 

on the developing brain. We have previously shown that when administered chronically 

to adult male Sprague Dawley rats, CDDP (20 mg/kg) impaired performance in novel 

object recognition, context object discrimination, and contextual but not cued fear 

conditioning38. In the adult population, ovarian cancer patients treated with CDDP 

consistently develop CRCI during and after platinum-based chemotherapy75. A study that 

examined advanced ovarian cancer patients in comprehensive neurocognitive tests 

detected impairments in two or more cognitive domains in 40% of CDDP chemotherapy 

recipients76. However, studies examining the effects of platinum-chemotherapy in 

pediatric rodent models and in the adolescent and young adult (AYA) cancer survivor 

population are lacking.    

Childhood and adolescence are distinct yet similarly robust periods of brain 

development and maturation of cognitive skills, which are vulnerable to harmful 

environmental influences such as illicit drug exposure144. Similarly, the developing rodent 

brain has been shown to be more vulnerable to toxins or stress as compared to the 

matured rodent brain145. These differences in vulnerability highlight the need for the 
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development of pediatric pre-clinical models of CRCI to parallel those for adults. Here we 

developed a model of CRCI for examining CDDP-induced cognitive impairments in an 

infant (P25) and adolescent (P35) rat model. Our current data shows that CDDP, when 

administered during infancy and adolescence, causes long-term cognitive impairment; 

however, the degree and type of impairment appears to differ with age at the time of 

CDDP exposure.  Understanding the age-dependent and agent-specific differences in 

CRCI will be important in developing effective supportive and preventative strategies to 

preserve cognitive function in growing cancer survivor populations.        

Given that CDDP exposure reduces dendritic branching and spine density, and 

induces apoptosis of neurons and NSCs within the hippocampal formation38,59, it follows 

that cognitive tasks that require the hippocampus would be highly susceptible to CDDP, 

and the effects of CDDP on cognitive function should be explored. The hippocampus is 

required for spatial and contextual memory141. Specifically in rodents, the hippocampus 

participates in the recollection of where and in what context an object is encountered141. 

Further, the hippocampus is crucial for forming an association between an aversive 

experience (foot-shock) and the context in which it occurred142. COD and context fear 

conditioning tasks evaluate for intact hippocampus function.  In addition to hippocampal 

specific behavior testing, we utilized other tasks involving cortical brain regions and the 

amygdala to evaluate cognition function more globally (Table 3.1).  The amygdala 

participates in memory processing and emotional reaction and plays a critical role in the 

formation of an association between an unconditioned stimulus and a cued stimulus142,143. 

Contextual fear conditioning requires an intact hippocampus; however, the cued fear 

conditioning component of the task requires intact amygdala function.  The NOR task  
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Novel Object Recognition Context Object 
Discrimination 

Fear Conditioning 

 Hippocampus 

 Frontal Cortex 

 Perirhinal, 

entorhinal, and 

inferior temporal 

cortices 

 Hippocampus  Hippocampus 

 Amygdala 

 Frontal/Ventromedial/Cingulate 

Cortex 

 

Table 3.1. Neural systems involved in behavioral tasks.  
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differs from all previous tests in that it assesses general memory function, which requires 

an intact temporal lobe including hippocampus as well as adjacent cortical structures140. 

 

3.5. Conclusions 

Our data indicate that rats exposed to systemic CDDP during infancy and 

adolescence experience impairment of cognitive function.  The degree and type of 

cognitive dysfunction may depend on age at the time of CDDP exposure. Rodents treated 

during adolescence may develop greater impairment in cognitive tasks than those treated 

during infancy, as evidenced by impaired performance on the NOR and COD; however, 

neither group showed significant impairment on the contextual FC (Table 3.1).  A more 

strongly powered follow-up study may help confirm these conclusions and define the 

subtle cognitive changes caused by CDDP exposure at various ages.  While CDDP-

associated cognitive impairment may involve the hippocampus, rats treated with CDDP 

during adolescence appear to experience more global cognitive deficits.  Amygdala 

functions are diminished after CDDP exposure in infancy and adolescence.  Previous 

data have shown that activation of neural circuitry pathways involving the nucleus of the 

amygdala contributes to CDDP-induced malaise and energy balance dysregulation146. 

Changes in pathway activation or direct neural toxicity in the amygdala may explain the 

impairment in amygdala-dependent cognitive tasks in the pediatric rodents.  Further, 

adolescent rats showed a significant lack of discrimination of a novel object in the NOR 

testing indicating more global disruption of neural circuitry involving cortical brain regions.  

This was not seen in the population exposed during infancy that exhibited comparable 

discrimination for a novel object to controls.   
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The differences in cognitive performance between the subjects exposed to CDDP  

during infancy and adolescence may be attributed to neurodevelopmental changes that 

occur at these distinct stages147. Infancy is a critical period of robust neurodevelopment. 

Key developmental processes that occur in infancy in humans, as well as rodents, 

include: brain reaches 90-95% of adult weight148, peak in synaptic density149 and 

myelination rate, and neurotransmitter and receptor changes. In rodents, the critical 

period of synaptogenesis occurs during the first three postnatal weeks of life, peaking by 

P25.  In addition, NMDA subunit expression peaks by P20 in the rat hippocampus and 

cortex150. During adolescence, there is specialization and strengthening of neural 

networks, reduced synaptic density, which reaches adult levels, and refinement of 

cognitive-dependent circuitry151.  The robust neurodevelopment that occurs during 

infancy may facilitate the recovery of cognitive function following chemotherapy 

treatment, whereas during adolescence, chemotherapy treatment may result in cognitive 

impairments, which persist long into adulthood.  

In our evaluation of young rats exposed to CDDP, we were able to detect an effect 

of CDDP on long-term cognitive function after rats entered adulthood.  In addition to 

detection of hippocampal-dependent changes, we also identified a potentially more global 

effect of CDDP on cognition, which may be age-dependent and includes the amygdala 

and cortical circuitry.  Further exploration of CRCI, specifically regarding the impact of 

CDDP exposure on the developing brain, is imperative not only in developing a more 

comprehensive understanding of CRCI but also in devising targetable mechanisms for 

treatment and prevention.   
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CHAPTER 4 
 

A Novel Ovarian Cancer Rat Model to Examine Cisplatin-Related 

Cognitive Impairments 

 

Abstract 

 Gynecologic cancer survivors treated with platinum-based chemotherapy agents, 

such as cisplatin, report experiencing long-lasting chemotherapy-related cognitive 

impairments (CRCI), or chemobrain. Using a rat model of CRCI, we had shown that 

cisplatin-induced cognitive impairments are associated with oxidative stress, which was 

prevented by the administration of the antioxidant N-acetylcysteine.  Currently, there are 

no FDA-approved medical interventions for the prevention of CRCI. CRCI preclinical 

studies for therapeutic interventions have focused mainly on healthy, non-tumor bearing 

rodents. In this study, we developed an ovarian cancer xenograft rat model of CRCI to 

examine whether N-acetylcysteine administration could prevent cisplatin-induced CRCI 

without interfering with its anti-cancer efficacy. In-vitro, delayed NAC (10 h) following 

cisplatin treatment in human ovarian cancer cell lines SKOV3.ip1 and OVCAR8 did not 

decrease cisplatin efficacy, while reducing neural cell death, and hippocampal dendritic 

damage. In our tumor-bearing CRCI model, female nude rats received subcutaneous and 

intraperitoneal implantation of human SKOV3.ip1 cells. Rats received one cisplatin (5 

mg/kg) injection every two weeks, for a total of 4 cycles, with or without NAC (250 

mg/kg/day) administered for five consecutive days during cisplatin treatment. NAC was 

delayed by 10 h on days of cisplatin administration, based on our in-vitro data. Cognitive 
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testing and whole blood glutathione measurements were performed six to seven weeks 

after treatment cessation. In-vivo, cognitive impairments were observed in tumor-bearing 

rats in the vehicle and cisplatin-treatment groups, while delayed NAC prevented cognitive 

impairments, and decreased oxidized glutathione (GSSG) levels in the blood.  Delayed 

NAC administration did not affect cisplatin-induced tumor volume reduction nor rat 

survival. These data support the use of delayed NAC to mitigate cisplatin-induced CRCI 

without interfering with cisplatin’s anti-cancer efficacy.  

 

4.1. Introduction  

Chemotherapy has revolutionized cancer treatment, leading to an increasing 

number of survivors.  In gynecologic malignancies such as ovarian cancer, chemotherapy 

has led to a significant increase in five-year survival rates, which now over 45%133.  

However, for many chemotherapeutic agents that are able to cross the blood-brain 

barrier, destroying cancer cells comes with the cost of both acute and long-term 

detrimental effects on neural structures leading to chemotherapy-related cognitive 

impairment (CRCI, chemobrain).  CRCI refers to a clinical entity encompassing significant 

impairments in information processing speed, memory, executive functioning, and clarity 

of thought, which affect the patient’s perceived quality of life.  While CRCI is a recognized 

clinical entity, there are no FDA-approved preventative therapies for it.   

Platinum-based chemotherapeutic agents, such as cisplatin (CDDP), are widely 

used to treat ovarian malignancies, and over 70% of women report experiencing CRCI 

during or after treatment completion152,153. Platinum-based chemotherapy is typically 

delivered in the frontline setting at high doses with curative intent and for the 75% of 
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ovarian cancer patients who recur it is subsequently used again for platinum-sensitive 

recurrences. Therefore, it is of utmost importance to develop a strategy to prevent CRCI, 

an unwanted, under-recognized long-term side effect that seriously affects quality of life.   

We recently reported that CDDP induces cognitive impairments in pediatric and 

adult rat models of CRCI38,154. Although the mechanisms through which CDDP causes 

cognitive impairments are multiple, we identified a strong candidate pathway: 

mitochondrial dysfunction, causing abnormalities in cellular respiration and neuronal 

morphology, in addition to increased free radical production in NSCs and hippocampal 

neurons. Importantly, this process can be potentially prevented or reduced with the 

administration of clinically available treatments, such as the antioxidant N-acetylcysteine 

(NAC)38. 

NAC is used in clinical practice as a mucolytic agent for acetaminophen overdose. 

NAC is the most abundant non-protein thiol (sulfhydryl-containing compound) found in 

cells and is a precursor of L-cysteine, which is the  rate-limiting substrate in glutathione 

(GSH) production155. NAC is also a scavenger of free radicals as it interacts with reactive 

oxygen species (ROS) such as superoxide (OH-) and hydrogen peroxide (H2O2). NAC 

has been shown to protect against cisplatin-related toxicities, including nephrotoxicity156-

158, ototoxicity158, in animal models.  

Concerns that N-acetylcysteine and other antioxidants may interfere with the 

mechanism of action of chemotherapeutic agents and decrease their efficacy has 

hindered their clinical use for the treatment of chemotherapy-related toxicities159. Muldoon 

et al. have shown that delayed administration of NAC four hours after CDDP  in models 

of neuroblastoma and medulloblastoma does not reduce CDDP efficacy, and in separate 
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studies, this regimen has been shown to reduced CDDP-associated nephrotoxicity and 

ototoxicity88,160.    

The aim of this study was to investigate the hypothesis that delayed N-

acetylcysteine administration can prevent CDDP-induced cognitive impairments in a rat 

model of ovarian cancer, without decreasing CDDP’s anti-tumor efficacy. Our rationale 

for choosing an ovarian cancer model was influenced by the fact that platinum-based 

chemotherapy for gynecologic cancers is routinely used as a mainstay in both the primary 

and recurrent setting for most ovarian malignancies. With over 40% of ovarian cancer 

patients experiencing long-term impairments in two or more cognitive domains after 

completion of chemotherapy75,76, this patient population can primarily benefit from 

therapeutic interventions to improve cognitive function and chemotherapy-associated 

sequelae.   

 

4.2. Materials and Methods 

Cell culture 

 The human epithelial ovarian carcinoma cell lines SKOV3.ip1 and OVCAR8 were 

cultured in RPMI 1640 (Corning) supplemented with 10% FBS (Sigma Aldrich) and 

maintained in 5% CO2 at 37°C. SKOV3.ip1 is a SKOV3 subline established from ascites 

by i.p. passage of SKOV3161 in nu/nu  mice. 

  NSCs were isolated from the hippocampi of embryonic day 19 (E19) Sprague 

Dawley rats and cultured as previously described59. Passage 7 NSCs were used for 

experiments. Hippocampal neuron cultures were prepared from postnatal day 0 (P0) 
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Sprague Dawley pups, as previously described38. Neurons were used for experiments on 

17-21 days in-vitro (17-21 DIV).  

 

 Glutathione quantification in hippocampal neurons and NSCs 

Hippocampal neuron and NSC intracellular total glutathione (GSH) levels were 

assayed using the OxiSelect™ Total Glutathione (GSSG/GSH) Assay kit according to the 

manufacturer’s protocol. Briefly, hippocampal neurons and NSCs were cultured in 6-well 

plates. Cells were washed twice with 500 µl of ice-cold PBS. 125 µl of ice-cold 5% (w/v) 

metaphosphoric acid (MPA, Sigma Aldrich) was added to each well to deproteinate the 

samples. Cells were harvested using a cell scraper, and the cell suspension was 

homogenized and placed on ice for 15 min. The cell suspension was then centrifuged at 

14,000 rpm for 15 min at 4°C.The supernatant was collected and stored at -80°C.  An 

equal volume (125 µl) of RIPA buffer was added to neighboring well that received the 

same experimental treatment for protein quantification.  

 

Immunocytochemistry (ICC) 

 Neurons plated on 12 mm coverslips were incubated in culture medium in 24-well 

plates. After incubation, cells were fixed with ice-cold 4% paraformaldehyde (PFA) in 

PBS, pH 7.4, for 12 min. Rabbit anti-Caspase-9 (Cell Signaling) was diluted 1:100 in 

blocking buffer (5% donkey serum, 0.3% Triton-100x in PBS, pH 7.4) overnight at 4°C. 

Mouse anti-PSD95 1:2000 (Thermo Fisher) was diluted 1:2000 in blocking buffer (3% 

FBS, 0.1% Triton-100x in PBS, pH 7.4). The next day, coverslips were washed and 

incubated in the appropriate secondary antibodies conjugated to Alexa Fluor 488 at 
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1:200, or Alexa Fluor 594 at 1:400 (Invitrogen); at room temperature for 1.5 hr. Cells were 

processed for imaging with DAPI Fluoromount G (Southern Biotech) mounting medium. 

 

Image analysis of dendritic branches and spines and caspase-9 expression 

Confocal microscopy, Zeiss LSM700, was used to generate neuronal images. For 

PSD95 quantification, 3 µm z-series (0.5 µm steps) images were captured at 63X (NA 

1.4) spanning across entire neurons. Each individual puncta was considered a separate 

spine, and counts were not adjusted for puncta size. PSD95 puncta density was 

quantified as the number of PSD95 puncta per 20 µm of dendrite length, comparing 

dendrites of the same order using ImageJ59.  Twelve dendrites from six neurons (two 

dendrites per neuron) per treatment group were analyzed. Each experimental group 

included three sister coverslips, and two neurons were imaged per coverslip.   

 For caspase-9 analysis, images were captured at 20X (NA 0.8). Each experiment 

included three sister coverslips per group, with five images analyzed per coverslip, for a 

total of 800-1200 cells per treatment group. 

 

 Animals 

  Animal studies were performed in accordance with the guidelines established by 

the Institutional Animal Care and Use Committee (IACUC) of the University of California, 

Irvine. All the animal data were generated using female athymic nude rats (Cr:NIH-RNU, 

Charles River Laboratories). Experiments were approved by IACUC and conformed to 

NIH guidelines.  
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Ovarian Cancer Xenograft Model 

 Forty Cr:NIH-RNU female rats (16 weeks) were inoculated, i.p. and s.q. with 

SKOV3.ip1 cells. 10x106 SKOV3.ip1 cells suspended in 0.5 mL of RPMI 1640 medium 

with 10% FBS were injected in the left lower peritoneal quadrant, and subcutaneously in 

the right flank using a 25-gauge needle. An additional ten rats served as no-tumor controls 

and were injected i.p. and s.q. with 0.5 ml of RPMI 1640 medium with 10% FBS. 

Abdominal circumference, s.q. tumor volume, and body weight were measured weekly. 

A 10 million tumor cell inoculum was determined by previous reports of ovarian cancer 

models in nude rats to show tumor spread, uptake rate using other cell lines162,163. 

Survival was calculated from the day SKOV3.ip1 cells were implanted to the day when 

animals were euthanized as established by endpoint criteria under IACUC guidelines (s.q. 

tumors reached 3.5 cm in diameter, weight loss greater than 20% was detected, 

emaciation).  To our knowledge, ours is the first study to develop an ovarian cancer 

xenograft model in nude rats using the SKOV3.ip1 cell line. 

 

Drug Treatments 

 A total of forty adult female NIH:Cr-RNU rats weighing 180-230 g served as 

subjects. Rats were randomized to experimental groups. On days of CDDP 

administration, NAC was given 10 h after CDDP injection.  The rats were divided into five 

groups: no tumor saline-treated controls (NT+VEH, n = 10), tumor saline-treated controls 

(VEH, n = 10), tumor cisplatin-treated (CDDP, n = 10), and tumor cisplatin + N-

acetylcysteine-treated (CDDP + NAC, n = 10).   Rats received 5 mg/kg CDDP (Teva 

Pharmaceuticals, USA, Inc.) or saline i.p. injection once every two weeks, for a total of 
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four cycles. NAC (Cumberland Pharmaceuticals, 250 mg/kg, i.p.) was administered for 

five days starting two days before each CDDP administration and ending two days after 

the last dose of CDDP. Mannitol (APP Pharmaceuticals, 125 mg/kg, i.p.) was 

administered to all animals 1 h prior to CDDP, to minimize renal toxicity and increase 

diuresis.  

 

Cognitive Testing 

 Cognitive testing was administered 6 weeks after the final and fourth CDDP or 

saline injection.  The experiment was repeated twice, and data from both experiments 

were combined and shown in the results section. All behavioral analysis was conducted 

by an experimenter blinded to the treatment group of the rats. 

 

Novel Object Recognition  

 Rats were placed in an open Plexiglas box arena (60 x 60 cm) with 60 cm high 

walls containing two identical objects. Each rat explored the arena for 5 min per day for 

two consecutive days. The 5 min test trial was given 24 h later, during which the rat was 

presented with one of the familiar objects paired with a novel object. Total exploration 

time, time spent exploring each object, and the discrimination ratio (time spent exploring 

the novel object / total exploration time) were quantified. 

 

Glutathione measurements in whole blood lysate 

 Whole blood was collected by cardiac puncture in rats under deep terminal 

anesthesia. Whole blood was diluted 1:5 in 5% (w/v) MPA. Samples were placed on ice 
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for 15 minutes, then centrifuged at 12,000 rpm for 15 minutes at 4°C. The upernatant was 

collected and stored at -80°C. Cayman Chemical Glutathione Assay Kit (No. 703002) was 

used to measure total GSH and oxidized glutathione (GSSG), and samples were 

processed according to the manufacturer’s protocol164. For total GSH determination, 10 

µl of samples were incubated with 25 µl of 4M triethanolamine in 465 µl of GSH MES 

Buffer. For GSSG measurement, 1:100 of 1M 1-vinylpyridine was added to the GSSG 

standards and to a 200 µl aliquot of the samples processed for total GSH measurement. 

Samples and standards containing 2-vinylypridine were incubated at room temperature 

for 1 h. Reduced GSH (GSH) was calculated by subtracting the values from total GSH-

GSSG. GSH:GSSG ratio was calculated by: reduced GSH / GSSG165.  

 

Systematic Analysis and Statistical Considerations 

 Graphs and statistical analyses were prepared using GraphPad Prism 5.0 

Software (GraphPad Software, La Jolla, CA, USA). Results were expressed as mean ± 

SEM. Comparison between control and treatment cohorts were made by unpaired 

Student’s t-test, one-way ANOVA, or two-way repeated measures (RM) ANOVA. 

Statistical significance levels were set at 0.05. Post hoc analysis was made by Bonferroni 

correction. All imaging and quantification were performed blinded to experimental 

conditions. Figure 4.3. schematic was created with BioRender.com. 

 

4.3. Results 

4.3.1. Delay in N-acetylcysteine administration following cisplatin exposure does not 
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interfere with cytotoxic activity against ovarian cancer cells while protecting NSC viability 

 We had shown previously that NAC administration 30 minutes following CDDP 

treatment in cultured hippocampal neurons and NSCs prevented free radical production, 

reduced apoptotic cell death, and dendritic spine loss38.  Others have shown that NAC 

protection against CDDP-induced cell death is time-dependent in human cancer cell 

lines166 and rodent tumor models. To determine the optimal timepoint at which NAC could 

be administered after CDDP and not affect CDDP anti-cancer activity while preserving its 

neuroprotective effects in neural cells we conducted a cell viability time-course study. Two 

ovarian cancer cell lines SKOV3.ip1 and OVCAR8 were treated with CDDP, and NAC 

was added 30 min, 4 h, 8 h, and 10 h after CDDP administration (Figure 4.1A). At 10 µM, 

CDDP reduced SKOV3.ip1 and OVCAR8 cell viability to 36.8% ± 0.8% and 40.4% ± 2.4%, 

respectively following 72 h exposure.  NAC prevented CDDP-induced cell death when 

added 30 min after CDDP treatment. When NAC was delayed by 10 h after CDDP, 

SKOV3.ip1 and OVCAR8 cell viability decreased to 38.7% ± 1.2% and 45.9 % ± 3.2% 

respectively, not significantly different than CDDP treatment alone.  

 We next examined the effect of delayed NAC administration on NSCs following 

CDDP treatment. At 2 µM, CDDP reduced NSC viability to 58.8% ± 0.5%, and at a higher 

dose of 6 µM CDDP, NSC viability was reduced to 39.8% ± 0.3% (Figure 4.1B). Delaying 

NAC administration by 10 h exerted a protective effect in NSCs at both CDDP doses. 

NSC viability at low dose 2 µM CDDP was 74.6% ± 1.1% and at 6 µM CDDP was 42.8% 

± 0 .2%, following a 10 h delay NAC administration (p <0.0001).  

4.3.2. Delayed N-acetylcysteine administration prevents cisplatin-induced PSD95 loss 

and cleaved caspase-9 expression in cultured hippocampal neurons 
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 To examine the effect of delayed NAC administration in CDDP-treated 

hippocampal neurons, we first quantified PSD95 puncta. Two-way RM ANOVA showed 

that 1 µM CDDP reduced PSD95 puncta as compared with controls (F(3,80) = 5.812, p = 

0.005) (Figure 4.1C,D). CDDP-treated neurons that received 10 h delayed NAC had 

more PSD95-immunolabeled puncta compared to those treated with CDDP alone (p= 

0.022) and was comparable to control PSD95 density (p =0.37). These data suggested 

that a 10 h delay in NAC addition can prevent CDDP-induced neural damage without 

interfering with CDDP’s anti-cancer killing effect in-vitro.  

 Next, we quantified cleaved caspase-9 expression in hippocampal neurons 48 h 

after 1 µM CDDP exposure with or without 10 h delayed NAC (Figure 4.1E,F). Cleaved 

caspase-9 expression was quantified by fluorescence microscopy as a measure of 

apoptosis. CDDP increased active caspase-9 expression compared to control (p 

=0.0098), which was prevented by the addition of NAC 10 h post CDDP (F(3,7) = 13.01, p 

= 0.0030).  

4.3.3. Delayed N-acetylcysteine prevents cisplatin-induced glutathione depletion in 

cultured NSCs and hippocampal neurons 

 Glutathione (GSH) is the most abundant intracellular antioxidant, it plays a critical 

role in protecting the brain from oxidative stress, acting as a scavenger of reactive oxygen 

species164. Oxidative stress generated by mitochondrial dysfunction has been associated 

with depletion of glutathione in animal models of cisplatin-induced renal toxicity167,168 and 

peripheral neuropathy169. NAC is a thiol and a precursor of L-cysteine, which is the rate-

limiting substrate in glutathione production (Figure 4.2A). Neurons require GSH to 

sustain dendritic integrity; decreases in brain GSH levels are associated with cognitive  
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Figure 4.1. In-vitro, 10 h delayed NAC administration following CDDP reduces 
CDDP-induced NSC death, PSD95 puncta loss, and hippocampal neuron apoptosis 
without reducing its anti-cancer efficacy.  
(A) Human ovarian cancer cell lines SKOV3.ip1 and OVCAR8, were exposed to 10 µM 
CDDP with or without the addition of 5 mM NAC, at the indicated times. (B) Rat NSCs 
were exposed to 2 µM or 6 µM CDDP, with or without the addition of 5 mM NAC, at the 
indicated times. Cell viability was determined 72 h after CDDP addition by XTT assay.    
### p < 0.0001 denotes difference between CDDP and CDDP+NAC (10 h). (C) 
representative images and (D) graph of dendrites immuno-labeled for PSD95 depicting 
reduction in PSD95 puncta density after exposure to 1 µM CDDP. 10 h delayed 2.5 mM 
NAC administration prevented CDDP-induced reduction in PSD95 density. Scale bars, 
20 µm. (E) representative images and (F) quantification of caspase-9 activation in 
hippocampal neurons following 1 µM CDDP treatment with or without 2.5 mM NAC. 10 h 
delayed NAC administration prevented CDDP-induced caspase-9 activation. Cleaved 
caspase-9 expression was assessed 48 h after CDDP treatment. Scale bars, 100 µm. 
Blue, DAPI; green, caspase-9; red, PSD95. Graphs represent mean ± SEM of three sister 
coverslips per treatment. * p < 0.05, ** p < 0.01. 
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decline in aging and neurodegenerative disorders170; therefore we sought to examine the 

effect of CDDP on NSC and neuronal GSH levels. CDDP significantly depleted total GSH 

levels in NSCs, which was restored by delayed NAC administration (F(3,8) = 190.1, p < 

0.0001) (Figure 4.2B). Total GSH levels in hippocampal neurons were mildly decreased 

by CDDP, although delayed NAC administration significantly increased total GSH levels 

compared to CDDP alone (F(3,8) = 21.43, p = 0.0004). Total GSH levels in hippocampal 

neurons are over 6-fold lower in comparison to NSCs, suggesting that differences in the 

abundance of GSH may influence the response of these two cell types to oxidative stress, 

which is may be associated with the sensitivity of neurons to lower doses of CDDP 

compared to NSCs.  

 

4.3.4. Delayed N-acetylcysteine administration during chronic cisplatin treatment does 

not promote tumor growth  

 To examine the effects of CDDP on cognition and the potential for NAC to 

ameliorate CDDP-induced deficits in a clinically relevant animal model of CRCI171, we 

developed an ovarian cancer xenograft rat model (Suppl. Figure 4.1) Cr:NIH-RNU 

female rats were injected with the human ovarian cancer cell line SKOV3.ip1, 10 x 106 

cells intraperitoneal into the lower-left peritoneal quadrant, and 10 x 106 cells 

subcutaneously into the right flank. Subcutaneous tumors were measurable by 10 days 

post-implantation. Abdominal inspection at the time of necropsy, 28 days post-

implantation, revealed nodules on the peritoneum, omentum, and bowel, which is 

phenotypically representative of ovarian cancer in humans (Suppl. Figure 4.1)162,163. 
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Figure 4.2. In-vitro, CDDP depletes total GSH levels in NSCs and hippocampal 
neurons. NAC prevents CDDP-induced GSH loss.  
(A) Simplified schematic representation of the GSH pathway. GSH is synthesized from 
three amino acids: glutamate, cysteine, and glycine. NAC is a precursor of cysteine, which 
is the main factor limiting GSH synthesis. Upon exposure to pro-oxidants such as reactive 
oxygen species, GSH is oxidized to form oxidized GSH disulfide (GSSG), which is 
catalyzed by Glutathione peroxidase. GSSG is reduced to GSH by the enzyme 
glutathione reductase, which requires NADPH. This then regenerates GSH for cellular 
antioxidant defense. (B) 6 µM CDDP significantly reduced total GSH levels in NSCs. 10 
h delayed 5 mM NAC administration following CDDP, prevented GSH depletion. (C) 
Delayed 2.5 mM NAC addition following 1 µM CDDP exposure prevented GSH depletion. 
GSH levels were assessed 48 h after addition of NAC and were normalized to protein 
concentration. Graphs represent mean ± SEM of three sister coverslips per treatment. * 
p < 0.05, ** p < 0.01, *** p < 0.001. 
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Seventeen days after tumor cell implantation, rats received one CDDP injection (5 mg/kg, 

i.p.) or saline of equal volume, every two weeks, for a total of four doses. NAC (250 mg/kg, 

i.p.) or saline of equal volume, was administered for five days starting two days before 

each CDDP cycle and ending two days after the last dose of CDDP. On days of CDDP 

administration, NAC was given ten hours after CDDP (Figure 4.3A). Weekly 

measurements of subcutaneous tumor volume were taken using Vernier calipers, and 

abdominal girth (cm), which is indicative of ascites were also measured. CDDP 

significantly decreased tumor growth as compared to the VEH group (p = 0.022). Delayed 

10 h NAC administration following CDDP did not affect tumor growth. Tumor volume in 

the CDDP+NAC group was significantly lower than the VEH group (p = 0.029) and did 

not differ from CDDP alone (p = 0.46) (Figure 4.3B). At day 37 post-tumor implantation, 

the tumors (s.q.) in four of the rats in the VEH group reached 3.5 cm in diameter and were 

euthanized as established by IACUC endpoint criteria. Abdominal circumference (cm) did 

not differ between any of the groups, which suggests that our tumor-model does not 

develop ascites (data not shown).  

4.3.5. Delayed N-acetylcysteine prevents cisplatin-induced cognitive impairments  

 Cognitive performance using the novel object recognition (NOR) task was 

assessed six weeks after the last dose of cisplatin (Figure 4.3C). While the non-

tumorigenic control group, NT+VEH, spent significantly more time exploring the novel 

object compared to the familiar object (p = 0.0059), we found that the tumorigenic control 

group, VEH performed poorly in NOR, as it failed to discriminate between both objects (p 

= 0.74). The CDDP group showed no preference in exploring either object (p = 0.44), 

whereas delayed NAC administration in the CDDP+NAC group prevented the CDDP- 
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Figure 4.3. Delayed NAC reduces CDDP associated impairments in object 
recognition, increases GSH/GSSG ratio in whole blood, while not enhancing tumor 
growth in an ovarian cancer rat model of CRCI.  
(A) Study timeline. Cr:NIH-RNU female rats were implanted with 10 x 106 SKOV3.ip cells 
i.p. and s.q. Rats received one CDDP (5 mg/kg, i.p.) injection every two weeks, for eight 
weeks with or without NAC (250 mg/kg, i.p.), starting three weeks after tumor 
implantation. NAC was administered for five days starting two days before each CDDP 
cycle and ending two days after the last dose of CDDP. On days of CDDP administration, 
NAC was given ten hours after CDDP. Cognitive performance was assessed six weeks 
after the last CDDP injection via the NOR task. (B) Subcutaneous tumor volume was 
measured weekly in tumor-bearing rats. NT+VEH: n = 5, VEH: n = 6, CDDP: n = 5, 
CDDP+NAC: n = 5. (C) The VEH and CDDP-treated rats had diminished ability to 
discriminate between the familiar object and novel object on the NOR task. NAC 
administration prevented the CDDP-induced deficit on the NOR task (D) Reduced GSH 
(E) GSSG (F) GSH/GSSG Ratio measured in whole blood following NOR completion. 
Graphs represent mean ± SEM. * p < 0.05, ** p < 0.01, ** p < 0.001, ns = not significant. 
NT+VEH: n = 10, VEH: n = 6, CDDP: n = 7, CDDP+NAC: n = 6.  
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induced deficit, as this group showed a preference for the novel object (p = 0.052). An 

interpretation of these results is that tumor development can independently contribute to 

cognitive impairments, which is consistent with the findings in other preclinical models172. 

Delayed NAC can be safely administered in our tumor model without interfering with 

CDDP’s anti-tumor efficacy, and it prevents CDDP-induced impairments in the NOR task.  

 

4.3.6. Delayed N-acetylcysteine reduces oxidized GSGG levels in whole blood 

 Next, we examined GSH levels (reduced GSH, and oxidized GSSG, GSH/GSSG 

ratio) in whole blood, seven weeks after CDDP completion (Figure 4.3D-F). We found no 

difference in reduced GSH levels in any of the groups, however delayed NAC 

administration following CDDP significantly decreased levels of oxidized GSSG in the 

tumor-bearing rats compared to the non-tumorigenic vehicle-treated group (p = 0.0175) 

(Figure 4.3E). Under normal conditions, reduced GSH constitutes 98% of the total GSH 

pool, with a 10:1 ratio of GSH-to-GSSG. GSH/GSSG ratio is used as a marker of 

antioxidant capacity and under conditions of oxidative stress, this ratio decreases164. We 

found no significant difference in the GSH/GSSG ratio in either the VEH or CDDP group 

compared to the NT+VEH group seven weeks after treatment completion. Interestingly, 

the CDDP+NAC group had a higher GSH/GSSG ratio compared to the other groups 

(F(3,30) = 4.426, p = 0.0108)  seven weeks after treatment, suggesting that NAC had long-

lasting effects in enhancing antioxidant capacity. Administration of CDDP in a lymphoma 

mouse model decreased total GSH levels in blood within 48 h after treatment; additionally, 

tumor-bearing mice had lower GSH blood levels compared to non-tumor bearing controls, 

suggesting that tumor growth and CDDP may reduce antioxidant capacity173. It is 
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plausible that CDDP may alter the GSH/GSSG ratio in the tumor-bearing rats in our study 

and at the time of analysis, seven weeks after CDDP completion the GSH levels were 

restored; however, GSH analysis at earlier time points following CDDP administration are 

needed.        

 

4.3.7. Delayed N-acetylcysteine administration following cisplatin does not alter survival 

of tumor-bearing rats  

 Sixty percent of tumor-bearing rats in the VEH group underwent euthanasia 

between 23 and 37 days after tumor cell implantation (average survival 37 days) in 

accordance with IACUC guidelines (Figure 4.4). Deaths in the CDDP and CDDP+NAC 

group between 23 and 37 days after treatment were associated with toxicities following 

the first CDDP dose, not related to tumor growth. The rats that were treated with CDDP 

or CDDP+NAC survived significantly longer than the VEH group (p = 0.041, log-rank test), 

and surviving subjects were euthanized 120 days post-tumor implantation following 

behavioral testing completion. Delayed NAC (10 h) administration following CDDP did not 

reduce survival compared to CDDP administration alone.  

 

2.4. Discussion 

 In this study, we show that NAC may be used to prevent CDDP-induced CRCI 

without affecting CDDP’s anti-tumor efficacy using a delayed administration strategy. 

Concerns about NAC’s ability to interfere with the efficacy of chemotherapeutic agents 

have hindered its concurrent use during chemotherapy regimens as a potential 



98 

 

 

Figure 4.4. Delayed NAC administration following CDDP did not affect survival in 
an ovarian cancer xenograft model.  
Kaplan-Meier survival probability plot of tumor-bearing mice in VEH, CDDP, or 
CDDP+NAC treatment groups. VEH: n = 6, CDDP: n = 5, CDDP: n = 5. The log-rank 
method was used to test for a difference in survival between groups.  
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therapeutic agent to treat sequelae associated with CDDP, including ototoxicity and 

peripheral neuropathy. There are various mechanisms by which NAC exerts its 

antioxidant activity. NAC acts as a source of L-cysteine for increased GSH biosynthesis 

in conditions of severe GSH depletion (for ex. hepatotoxicity associated with 

acetaminophen overdose)174. NAC scavenges oxidants directly through its thiol group. 

Direct binding of the thiol group on NAC to platinum (Pt), may inactivate CDDP 

intracellularly, by preventing binding of the Pt to DNA bases175. Recent studies have 

shined light on a novel mechanism that may also contribute to the potent antioxidative 

property of NAC – intracellularly, NAC is converted to mitochondrial sulfane sulfur species 

which are more reactive towards oxidants than thiols176.  

 We and others have shown that the addition of NAC to CDDP-treated human 

cancer cell lines loses its protective effect on cell viability when administered in a dose-

delayed manner166. Here, we found that a 10 h delay in NAC addition following CDDP-

treatment in two ovarian cancer cell lines had no significant difference in cell viability 

compared to CDDP-treatment alone. While the same 10 h delay, reduced NSC death, 

prevented cleaved-caspase-9 expression and dendritic spine loss in hippocampal 

neurons in-vitro. Additionally, CDDP decreased GSH levels in NSCs and hippocampal 

neurons, which were restored by the addition of NAC. Mechanistically, delayed NAC 

administration may maintain cisplatin’s DNA-platinum crosslinking activity in rapidly 

dividing cancer cells, but provide protection against oxidative stress in less rapidly dividing 

cells such as NSCs, and post-mitotic cells such as neurons88.  

 We had previously shown that NAC administration during chronic CDDP treatment 

prevented cognitive impairments in young adult Sprague Dawley rats38. To assess the 
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effects of NAC on a tumor-bearing model of CRCI that would be consistent with our 

previous studies using rats, we developed an ovarian cancer xenograft model in athymic 

female nude rats.  The human SKOV3.ip1 cell line was implanted subcutaneously and 

intraperitoneal at a density of 10 x 106 cells per site. SKOV3.ip1 tumor-bearing rats 

developed quantifiable subcutaneous tumors within 10 days post-implantation, and 

pathological examination 28 days post-engraftment revealed peritoneal tumors, 

consistent phenotypically with human ovarian cancer.  Ovarian neoplasms commonly 

metastasize, disseminating throughout the peritoneal cavity162,163. 

  Subcutaneous implantation of SKOV3.ip1 allowed us to reliably measure tumor 

growth and treatment response in our model. Intraperitoneal implantation of SKOV3.ip1 

was chosen to accurately depict in-vivo ovarian cancer dissemination and its contributions 

to CRCI, however the disadvantage being that monitoring intraperitoneal ovarian cancer 

progression noninvasively requires the use of fluorescence tomography and would 

necessitate putting the rats under isoflurane anesthesia, which is associated with 

cognitive impairments177 and may introduce variables in our behavioral studies.  Since 

our initial aim was to assess whether delayed NAC ameliorated CDDP-induced deficits in 

an ovarian tumor-bearing model, for this pilot study we opted to implant SKOV3.ip1 at two 

sites. Based on our findings in this study, we will refine our model and experimental design 

so that we can assess the effects of delayed NAC administration following CDDP on 

intraperitoneal tumor growth in our model using fluorescence tomography -  in a rat cohort 

that will not undergo neurocognitive testing.  

 Delayed NAC prevented CDDP-associated impairments in the novel object 

recognition task. Tumor-bearing rats treated with CDDP failed to discriminate between 
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the novel and familiar objects during the NOR task. Interestingly, tumor-bearing rats that 

did not receive CDDP (VEH group) also exhibited impairments in the NOR task. These 

results are consistent with clinical reports that cancer patients exhibit cognitive 

impairments at the time of diagnosis, prior to receiving treatment171,178,179. Winocur et al. 

also observed cognitive deficits in tumor-bearing mice that had not received 

chemotherapy using FVB/N-TG (MMTV-neu) 202 Mul/J mice, a transgenic breast cancer 

model172. These results suggest that cancer, independently of chemotherapy, contributes 

to cognitive impairment. Additional studies to examine if the observed cognitive 

impairments correlate with structural changes in the brain, and/or cytokine dysregulation 

in this tumor-bearing model of CRCI will provide new insight into other variables that 

influence CRCI in cancer patients.  Delayed NAC administration following CDDP did not 

enhance tumor growth compared to CDDP treatment alone, nor did it reduce survival. 

Therefore, our study supports the use of delayed NAC administration as a preventative 

therapy for CDDP-induced CRCI. 
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Supplementary Figure 4.1. SKOV3.ip1 tumor-bearing rats develop intraperitoneal 
tumors.  
Representative images of intraperitoneal tumors in Cr:NIH-RNU female rats injected with 
10 x 106 SKOV3.ip cells i.p., 28 days post-engraftment.  
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CHAPTER 5 

Mitochondrial-associated Impairments of Temozolomide on Neural 

Stem/Progenitor Cells and Hippocampal Neurons 

Abstract 

Primary brain tumor patients often experience neurological, cognitive, and 

depressive symptoms that profoundly affect quality of life. The DNA alkylating agent, 

temozolomide (TMZ), along with radiation therapy, forms the standard of care for 

glioblastoma (GBM) - the most common and aggressive of all brain cancers. Numerous 

studies have reported that TMZ disrupts hippocampal neurogenesis and causes spatial 

learning deficits in rodents; however, the effect of TMZ on mature hippocampal neurons 

has not been addressed. In this study, we examined the mitochondrial-mediated 

mechanisms involving TMZ-induced neural damage in primary rat neural stem/progenitor 

cells (NSCs) and hippocampal neurons. TMZ inhibited mtDNA replication and 

transcription of mitochondrial genes (ND1 and Cyt b) in NSCs within 2-4 h, whereas the 

effect of TMZ on neuronal mtDNA transcription was less pronounced. Transmission 

electron microscopy imaging revealed mitochondrial degradation in TMZ-treated NSCs. 

Acute TMZ exposure (4 h) caused a rapid reduction in dendritic branching and loss of 

postsynaptic density-95 (PSD95) puncta on dendrites. More prolonged TMZ exposure 

impaired mitochondrial respiratory activity, increased oxidative stress, and induced 

apoptosis in hippocampal neurons. The presented findings suggest that NSCs may be 

more vulnerable to TMZ than hippocampal neurons upon acute exposure; however long-

term TMZ exposure results in neuronal mitochondrial dysfunction and dendritic damage, 

which may be associated with delayed cognitive impairments.  
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5.1. Introduction 

Chemotherapy-related cognitive impairments (CRCI) have been described for 

various chemotherapeutic agents in patients with CNS (central nervous system) and non-

CNS tumors171,180. Primary brain tumor patients often experience neurological, cognitive, 

and depressive symptoms. A meta-analysis of depression in cancer patients revealed 

that with a prevalence rate of 28%, brain cancer is the subtype most strongly associated 

with depression181. The majority (85%) of patients experience neurological complications, 

although, for over 30% of long-term GBM survivors, the cognitive impairments persist 

throughout life182,183. The effect of chemotherapy on cognitive sequelae in brain tumor 

patients is difficult to assess in this patient population due to tumor-specific factors that 

alter neurocognitive function, such as the tumor location. Additionally, age, genetic 

background, treatment related-factors such as cranial radiation, surgical resection, 

adjuvant treatment, duration, and dosing further contribute to the impairment of 

neurocognitive function184
, 185.  

Cranial radiation therapy (RT) for treatment of CNS tumors has been widely shown 

to suppress long-term potentiation (LTP) in the dentate gyrus of the hippocampus186, 

deplete neural stem progenitor/cells (NSCs) and neurons, and provoke morphological 

damage to surviving neurons187, which can result in progressive cognitive 

impairment188,189. The DNA alkylating agent Temozolomide (TMZ), along with RT forms 

the standard of care for GBM following tumor resection. GBM is the most common and 

aggressive of all high-grade gliomas, accounting for approximately 80% of all malignant 

primary brain tumors190.  TMZ targets nuclear DNA (nDNA) and generates nDNA adducts 

that induce cell cycle arrest and cell death by apoptosis. Also, it alters mtDNA and 
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respiratory function in glioma191,192. However, its effect on NSCs and non-proliferating 

neural cells such as neurons is not clear.  

Reports of TMZ-induced neural toxicity have primarily focused on the loss of neural 

NSCs in the rodent hippocampus. TMZ is used as an experimental tool to deplete adult 

neurogenesis; these studies have found its application to be associated with 

depression193, anxiety194, and impaired spatial and contextual discrimination in 

mice195,196. To date, no studies have investigated changes in hippocampal neuronal 

integrity or neural mitochondrial function after TMZ exposure. NSCs, hippocampal 

neurons and the excitatory synapses they carry, play a critical role in hippocampal 

processes including learning and memory197,198; therefore it is plausible that neuronal 

damage may also contribute to the observed deficits following TMZ exposure.  

Mitochondrial dysfunction, elevated oxidative stress, and dendritic spine 

remodeling are hallmarks of neuronal toxicity in a variety of neurodegenerative 

disorders52,199,200. The brain is highly susceptible to oxidative stress as it has a high 

metabolic demand and low antioxidant capacity compared to other organs201. Neuronal 

dynamic process such as synaptic plasticity, neurotransmission, and membrane ion 

gradients are highly dependent upon ATP generated by the mitochondrial electron 

transport chain (ETC)202. Mitochondrial respiratory dysfunction and oxidative stress are 

associated with chemotherapy-related cognitive impairments provoked by various 

chemotherapeutic agents such as cisplatin38,64, cyclophosphamide32,203, 

doxorubicin204,205, and methotrexate206. Given the known effects of TMZ on mitochondrial 

function in glioma191,192 and its association with depression and NSC depletion60,193, we 

hypothesized that TMZ induces hippocampal mitochondrial dysfunction and oxidative 
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stress. We examined the in-vitro effects of TMZ on mitochondrial DNA integrity and 

transcription in NSCs and neurons. Additionally, we examined the effects of TMZ on 

neuronal mitochondrial respiratory function, oxidative stress, and resulting changes in 

neuronal morphology and survival.  

 

5.2. Materials and Methods 

Standard protocol approvals 

All experiments conformed to National Institutes of Health guidelines. 

Hippocampal neuron and NSC cell cultures were generated using Sprague Dawley rats 

(Charles River Laboratories) following the guidelines established by the Institutional 

Animal Care and Use Committee of the University of California, Irvine (UCI). Institutional 

Review Board (IRB) approval was obtained at the UCI Medical Center and Children’s 

Hospital of Orange County (CHOC) for the isolation and expansion of human-derived 

NSCs (SC27)207. 

 

Dissociated hippocampal neuron and NSC cultures  

Dissociated hippocampal neuron cultures were prepared from Sprague Dawley 

pups on postnatal day 0 (P0) of either sex as described previously59. Cultures were 

seeded at a density of 400-600 cells/mm2 on 12 mm coverslips (Thermo Scientific) pre-

coated with 0.2 mg/ml poly-D-lysine (Sigma) and initially maintained in Neurobasal 

Medium (NBM) with B-27 (Invitrogen) at 37C and 5% CO2. On the third day in-vitro (3 

DIV), cultures were treated with 5 µM arabinoside-cytosine (Sigma) to inhibit glial 

proliferation and refreshed biweekly with conditioned media (NBM preconditioned for 24 
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h over 1- to 3-week-old glia cell cultures). Neurons were used for experiments on 17-24 

days in-vitro (17-21 DIV). 

Rat NSCs were isolated from the hippocampi of embryonic day 19 (E19) Sprague 

Dawley pups and cultured as described59. The cells were plated onto T25 flasks pre-

coated with 20 µg/ml fibronectin (Invitrogen) and maintained in Knockout™ DMEM/F-12 

with 2 mM GlutaMAX-I Supplement, 20 ng/mL bFGF, 20 ng/mL EGF, and 2% StemPro® 

Neural supplement (Gibco). Passage 6-10 NSCs were used for experiments. Human 

NSCs (SC27) were derived from brains of premature neonates and cultured as previously 

described207.  SC27 cells were cultured on 10 µg/ml fibronectin coated T75 flasks in 

DMEM/Ham’s F-12 medium (Gene Clone), containing 1% BIT9500 (Stem Cell 

Technologies),10 μg/mL Gentamycin (MP Biomedicals), 10 μg/mL Ciprofloxacin (TEVA), 

2.5 μg/ml Amphotericin B (Fisher Scientific), 100 μg/ml Pen/Strep (Gibco), 292 µg/mL L-

glutamine (Gibco), 20 ng/mL bFGF, and 20 ng/mL EGF. SC27 cultures were passaged 

when confluent using Nonenzymatic Cell Dissociation Solution (Sigma Aldrich). 

 

Temozolomide application in-vitro 

In-vitro, TMZ (Sigma Aldrich) was made into a 100 mM stock solution by dissolving 

in DMSO (Sigma Aldrich). TMZ was diluted to a final concentration as specified in the 

figures in the respective culture medium of each cell type. The control group was exposed 

to an equal volume of DMSO at the same time-points. 
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Transmission Electron Microscopy (TEM) 

In-vitro, SC27 (passage 9) cultures were treated with TMZ or DMSO of equal 

volume (control) for 48 h. The cells were washed with PBS, collected, and fixed for TEM 

in glutaraldehyde at room temperature. The samples were sent to the University of 

California, Irvine Pathology Services Core Facility for TEM processing and imaging.  

 

MtDNA qPCR assay 

The PCR assay was a modification of Santos et al., 200683. Total DNA was purified 

from cell samples using the Qiagen Genomic Tip and Genomic DNA Buffer Set Kit 

(Qiagen, Valencia, CA, USA). For SC27 cells, a small mitochondrial fragment (221-bp) 

was amplified and standardized to a 13.5-kb fragment from the nuclear-encoded gene -

globin. A mitochondrial fragment (235-bp) was amplified and standardized to a 12.5-kb 

fragment from the nuclear-encoded gene, Clusterin (TRPM-2) in rat hippocampal neurons 

and NSCs. PCR products were normalized to control levels.  

The sequences for human -globin (13.5-kb) and mtDNA fragment (221-bp) primer sets:  

-globin forward 5′-CGAGTAAGAGACCATTGTGGCAG-3′ 

-globin reverse 5′-GCACTGGCTTTAGGAGTTGGACT-3′ 

mtDNA fragment forward 5′-CCCCACAAACCCCATTACTAAACCCA-3’ 

mtDNA fragment reverse 5’-TTTCATCATGCGGAGATGTTGGA-3’. 

 

The sequences for rat TRPM-2 (12.5-kb) and mtDNA fragment (235-bp) primer sets:  

TRPM-2 forward 5′-AGACGGGTGAGACAGCTGCACCTTTTC-3′ 

TRPM-2 reverse 5′-CGAGAGCATCAAGTGCAGGCATTAGAG-3′ 
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mtDNA fragment forward 5′-CCTCCCATTCATTATCGCCGCCCTTGC-3′  

mtDNA fragment reverse 5′-GTCTGGGTCTCCTAGTAGGTCTGGGAA-3′.  

 

Cell viability assay (MTT) 

 Rat NSCs were seeded in 96-well plates at a concentration of 104 cells/well. After 

24 h post-seeding, the cells were incubated with 100 µM, 200 µM, or 500 µM TMZ. After 

7 days, cell viability was measured by MTT assay (Roche). 20 µl of 5 mg/ml MTT 

tetrazolium salt dissolved in PBS, pH 7.4, was added to each well, and the plate was 

incubated for 5 h. The medium was aspirated from each well, and 200 µl of DMSO was 

added to each well to dissolve the insoluble formazan salts. Absorbance was measured 

at 570 nm using a BioRad 680 plate reader. Each treatment group contained 5 replicates, 

in 3 independent experiments. Cell viability was normalized to the control group. 

 

Quantitative RT-PCR assay  

The assay was performed as described previously38. Total RNA was extracted 

using RNeasy Mini Kit (Qiagen), and cDNA was generated using the iScript cDNA 

Synthesis Kit (Bio-Rad). The sequences for ND1 gene expression levels were normalized 

to those of 18S rRNA. The sequences for rat ND1 primer sets were: forward 5’-

CACCCCCTTATCAACCTCAA-3’; reverse ATTTGTTTCTGCGAGGGTTG. Cyt b gene 

expression levels were normalized to those of 18S rRNA. The sequences for rat Cyt b 

and 18S rRNA primer sets were: Cyt b forward 5′-CGAAAATCTACCCCCTATT-3′, 

reverse 5′-GTGTTCTACTGGTTGGCCTC-3′; 18S rRNA forward 5′-
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TCAATCTCGGGTGGCTGAACG-3′, reverse 5′-GGACCAGAGCGAAAGCATTTG-3′.  All 

primers were ordered from IDT, Integrated Device Technology, Inc, Coralville, Iowa, USA. 

  

Seahorse XF24 Cellular Bioenergetic Analysis 

The Seahorse XF24 Extracellular Flux Analyzer (Agilent Technologies) was used 

to determine the bioenergetic profile of intact neurons38. Oxygen consumption rates 

(OCR) were measured in adherent hippocampal neurons using the Cell Mito Stress Kit 

(Agilent Technologies). Dissociated hippocampal neurons were plated at a density of 5 x 

104 cells/well in 0.1 mg/ml poly-D-lysine coated XF24 cell culture microplates. Baseline 

rates were measured at 37C three times before the sequential injection of oligomycin (2 

µM), FCCP (1 µM), and rotenone (1 µM) plus antimycin A (1 µM). Basal OCR levels were 

determined by subtracting the non-mitochondrial respiration rate from the last rate 

measurement before the oligomycin injection. Maximum respiration was calculated by 

subtracting the non-mitochondrial respiration rate from the maximum rate measurement 

after FCCP injection. Three OCR measurements were taken after the addition of each 

inhibitor. All measurements were normalized to protein content per well using the DC 

protein assay (Bio-Rad). OCR data was collected using the Wave software (Agilent 

Technologies) and analyzed using the XF Cell Mito Stress Kit Report generator. 

 

Immunocytochemistry (ICC) 

The 24 well-plates containing the coverslips with cultured neurons were placed 

into ice slush. Neurons were fixed with ice-cold 4% paraformaldehyde (PFA, Fisher 

Scientific) in PBS, pH 7.4, for 12 min. The following antibodies were used: mouse anti-
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PSD95 1:4000 (Thermo Fisher MA1-046) and rabbit anti-cleaved Caspase-9 (Cell 

Signaling 9507) 1:100. Anti-PSD95 was diluted in blocking buffer (3% bovine serum 

albumin, 0.1% Triton-X in PBS, pH 7.4) and anti-cleaved caspase-9 was diluted in 

blocking buffer (5% donkey serum and 0.3% Triton-X in PBS, pH 7.4) overnight at 4C. 

The next day coverslips were washed with PBS and incubated in the appropriate 

secondary antibodies conjugated to Alexa Fluor 488 at 1:500 or Alexa Fluor 568 at 1:400 

(Invitrogen) at room temperature for 1.5 h.  

 

Image analysis of dendritic branches and spines 

Dendritic spines were visualized by using ICC for PSD95, a reliable marker of 

mature synapses82. Dendritic branching was evaluated using Sholl analysis. Total 

dendritic length was measured, and the number of intersections between branches and 

the concentric circles at increasing 20 µm segments from the soma was quantified. For 

PSD95 quantification, each individual puncta was considered a separate spine, and 

counts were not adjusted for puncta size. PSD95 puncta density was quantified as the 

number of PSD95 puncta per 20 µm of dendrite length, comparing dendrites of the same 

order59. Severe dendritic injury such as beading was identified in the 500 µM TMZ (24 h) 

group which prevented analysis.  

 

CellROX Oxidative Stress Quantification 

Neurons plated on 12 mm coverslips were incubated in culture medium containing 

5 µM CellROX Green Reagent (Life Technologies) for 20 min at 37C and 5% CO2 
38. 

After incubation, cells were fixed as described above and washed with PBS before 
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mounting. Cells were processed for imaging with DAPI Fluoromount G (Southern Biotech) 

mounting medium. Confocal microscopy, Zeiss LSM700, was used to generate neuronal 

images. 10 µm z-series (2.5 µm steps) images were captured at 20X (NA 0.8) spanning 

across entire neurons. Relative fluorescence intensity of the CellROX green probe was 

quantified by ImageJ. The experiment was repeated twice, with similar results. Each 

experiment included 3 sister coverslips per treatment group. 5 images were analyzed per 

coverslip, for a total of 800-1200 cells per treatment group. 

 

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling 

(TUNEL assay) 

The TUNEL assay was performed using the NeuroTACS In Situ Apoptosis 

Detection Kit (Trevigen, Inc. Gaithersburg MD). Following 12 minute fixation with 4% PFA 

in PBS, pH 7.4, neurons were incubated in NeuroPore for 2 h at 4C. The assay was 

performed as described in the manufacturer’s protocol. Neurons were imaged by light 

microscopy using an Olympus BX43 light microscope at 10X magnification.  

 

Systematic analysis and statistical considerations 

Each experiment included 2-3 replicates per treatment group. In the imaging 

experiments, neurons were sampled equally from each coverslip. For PSD95 puncta 

quantification, 4 dendrites from 2 separate neurons were sampled per coverslip for each 

treatment group. Images for PSD95 puncta analysis and Sholl analyses were generated 

using confocal microscopy, Zeiss LSM 510 (Oberkochen, Germany). 3 µm z-series (0.5 

µm step) images were captured from distinct non-overlapping dendrites and extended at 
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least 100 µm from the soma at 63X (NA 1.4) using an oil-immersion objective. All imaging 

and quantification were performed blinded to experimental conditions. Analysis of all 

treatment groups was performed using two-way repeated-measures (RM)-ANOVA, 

followed by Bonferroni’s post-hoc multiple comparisons test. Significance levels were set 

at 0.05, and data are presented as mean  SEM. Data were analyzed using GraphPad 

Prism 5.0 Software.  

 

5.3. Results 

5.3.1. Temozolomide alters human NSC morphology in-vitro 

NSCs (SC27) are sensitive to TMZ as single-dose treatment with 200 µM TMZ kills 

50% of cells after 7 days. In contrast, this treatment has minimal effect on low-grade and 

high-grade derived glioma stem-like cells (GSCs)60. To investigate the effect of TMZ on 

mitochondria in NSCs, NSCs were exposed to 500 µM TMZ for 48 h, and morphology 

was examined by transmission electron microscopy (TEM) (Figure 5.1). Normal 

mitochondria were observed in the control (Figure 5.1A, B). After 48 h TMZ exposure, 

mitochondrial degradation and vacuolization were observed (Figure 5.1C, D).  

 

5.3.2. Temozolomide inhibits mtDNA synthesis in NSCs 

Temozolomide (TMZ) targets genomic DNA by its addition of methyl groups to 

purine residues. The most common lesions produced are methylation at the N7 and O6 

sites on guanine, and O3 on adenine208. We hypothesized that NSC mtDNA might be 

vulnerable to damage by TMZ due to its lack of histones and proximity to the ETC, which 

make it susceptible to oxidative damage. Also, mtDNA lesions may be less efficiently 
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repaired compared to those of nDNA due to the absence of the nucleotide excision repair 

pathway in mitochondria209. To explore the effect of TMZ on NSC mitochondria, we 

examined the effect of TMZ on SC27 mtDNA replication. To compare mtDNA integrity, a 

13.4-kb mtDNA fragment from control and TMZ-treated SC27 cells was amplified by 

qPCR. The PCR products were resolved by agarose gel electrophoresis (Figure 5.2A). 

TMZ decreased the amount of full-length 13.4-kb mtDNA product amplified compared to 

control cells. We next used a quantitative PCR-based assay to compare the amplification 

of a mtDNA fragment to amplification of a nDNA fragment38,83. TMZ produced a 

preferential decrease in amplification of NSC mtDNA as compared with a nuclear gene 

(β-Globin) (Figure 5.2B). TMZ (200 µM) significantly reduced mtDNA amplification in 

SC27 cells to 62.6% ± 2.1%, 2 h post-treatment compared to control (p < 0.0001), which 

further decreased by 85.5% ± 2.4% 48 h post-treatment (p < 0.001).   

 Human NSCs (SC27) are sensitive to TMZ, and provide a relevant in-vitro model 

to examine the effects of chemotherapy on neural populations, however to compare the 

effect of TMZ on the hippocampus (NSCs and neurons), we sought to examine whether 

rat hippocampal NSC derived from the dentate gyrus (DG) would have comparable 

sensitivity to TMZ as human NSCs. Rat NSCs were exposed to clinically-relevant doses 

of TMZ for 7 days, and cell survival was as assessed by XTT assay. TMZ induced a dose-

dependent decrease in cell viability (Figure 5.2C). The TMZ IC50 in rat NSCs is 366 µM, 

which is comparable to the IC50 (200 µM TMZ) in human NSCs, 7 days after TMZ 

exposure60. We continued our subsequent studies using cultured rat NSCs and 

hippocampal neurons, which we have used to examine the effects cisplatin in a rat  
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Figure 5.1. TMZ induced mitochondrial degradation in cultured NSCs.  
(A)  Transmission electron microscopy (TEM) of control SC27 cells showed (B) intact 
normal mitochondria (arrows). (C) SC27 treated with 500 µM TMZ showed (D) 
mitochondrial degradation (arrows) at 48 hours.  
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Figure 5.2. TMZ affects mtDNA integrity and impairs transcription of NADH 
dehydrogenase 1 and Cytochrome b in NSCs and cultured hippocampal neurons. 
 (A) A representative agarose gel of a 13.4-kb mtDNA fragment amplified by quantitative 
PCR from genomic DNA of SC27 cells treated with 200 μM TMZ (lane 2), and 500 μM 
TMZ (lane 3) for 72 hours. Lane 1 is control. (B) TMZ (500 µM) caused a marked decrease 
in SC27 mtDNA levels. qPCR demonstrates a selective reduction in amplification of a 
221-bp mtDNA fragment compared to a nuclear gene (β-globin). (C) TMZ causes a dose-
dependent decrease in viability of cultured rat NSCs after 72 hours as measured by XTT 
assay. (D) The decrease in amplification of intact rat 235-bp mtDNA fragment compared 
to a nuclear gene (Clusterin). Quantification of NADH dehydrogenase 1 mRNA levels 
(ND1) in (E) rat NSCs and (F) primary hippocampal neurons. Decreased transcription of 
mitochondrial encoded Cytochrome b (Cyt b) in (G) rat NSCs and (H) primary 
hippocampal neurons treated with TMZ. Graphs represent mean ± SEM of 2-3 replicates. 
* p < 0.05, ** p < 0.01, *** p < 0.001.  
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model38,59. TMZ reduced amplification of rat NSC mtDNA compared to a nDNA fragment 

(Clusterin) (Figure 5.2D). 200 µM TMZ reduced amplification of rat NSC mtDNA at 4 h 

by 23.8% ± 3.5% (p < 0.05) and at 48 h by 30.1% ± 2.9% (p < 0.05). High-dose TMZ (500 

µM) caused a further reduction in mtDNA amplification at 4 h by 32.3% ± 2.4% (p < 0.05) 

and even further at 48 h by 49.8% ± 2.9% (p < 0.01). 

 

5.3.3. Temozolomide inhibits transcription of mitochondrial genes in NSCs and 

hippocampal neurons  

We next examined the effect of TMZ on the transcription of NADH dehydrogenase 

subunit 1 (ND1) and Cytochrome b (Cyt b), two mitochondrial-encoded genes associated 

with the mitochondrial ETC, in rat NSCs and hippocampal neurons. ND1 is a 

mitochondrial-encoded protein subunit of complex I, the largest of the five complexes of 

the ETC. Defects involving complex I and III of the ETC have been associated with 

mutations in Cyt b210,211. Studies in human and mouse cell lines harboring deleterious 

mutations in Cyt b have shown that an intact complex III is required for the assembly and 

respiratory activity of complex I, suggesting a structural association between these two 

complexes212. We examined whether TMZ impaired transcription of ND1. 200 µM TMZ 

markedly reduced ND1 transcription levels in rat NSCs 2 h after treatment by 71.2% ± 

1.3% (p = 0.0054), and 4 h by 59.7% ± 7.1% (p < 0.05) (Figure 5.2E). High-dose 500 µM 

TMZ decreased ND1 levels by 50.8% ± 0.3% (p = 0.0003), at 24 h. Strikingly, TMZ had a 

minimal effect on ND1 levels in hippocampal neurons (Figure 5.2F). 100 µM TMZ 

reduced ND1 levels by 36.9% ± 7.8% (p = 0.043) 24 h post-treatment, and 500 µM TMZ 

by 27.3% ± 7.4%, 2 h post-treatment although not significantly.  
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Cyt b is a major subunit of the catalytic core of complex III of the ETC and is the 

only component of complex III that is mtDNA encoded 213. We assessed Cyt b 

transcription in rat NSCs following TMZ treatment (200 µM, 500 µM) at 0 h, 4 h, and 24 h 

post-treatment (Figure 5.2G). 200 µM TMZ resulted in a pronounced decrease in Cyt b 

mRNA at 4 h (78.1% ± 5.1% reduction), and 24 h (74.1% ± 3.7% reduction) post-treatment 

(p < 0.001). High-dose TMZ (500 µM) had a comparable reduction in Cyt b RNA levels at 

4 h (73.3% ± 5.7%) and 24 h (75.9% ± 2.8%) post-treatment (p < 0.001). Low-dose TMZ 

(100 µM) significantly reduced hippocampal neuron Cyt b levels by 49.7% ± 4.7% at 4 h 

(p = 0.0094), and 46.6% ± 4.6% at 24 h (p = 0.0347) post-treatment (Figure 5.2H). High-

dose TMZ (500 µM) had a modest 26.9% ± 1.5% decrease in Cyt b levels at 24 h post-

treatment, although not significant (p = 0.0736).  These results suggest that the NSC 

mitochondrial genome might be more sensitive to TMZ than that of hippocampal neurons. 

 

5.3.4. Temozolomide reduces mitochondrial respiratory rates in cultured hippocampal 

neurons 

 To investigate if the mtDNA damage and a decrease in transcription levels of 

mitochondrial-encoded genes ND1 and Cyt b observed following TMZ treatment may be 

associated with impairment of mitochondrial respiratory activity, we measured oxygen 

consumption rates (OCR) in hippocampal neurons following TMZ treatment using the 

Seahorse XF24 extracellular flux analyzer. OCR is a measure of oxidative 

phosphorylation. We examined the effect of 200 µM TMZ (Figure 5.3A,C, D) and 500 µM 

TMZ (Figure 5.3B, E, F) on neuronal mitochondrial respiration after 24 h and 48 h of 

treatment. 200 µM TMZ decreased basal OCR levels at 24 h and 48 h, although not   
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Figure 5.3. TMZ decreases mitochondrial respiration in cultured hippocampal 
neurons.  
The Seahorse X24 Flux Analyzer was used to measure neuronal Oxygen Consumption 
Rate (OCR) using the Cell Mito Stress Kit. Mitochondrial bioenergetic profile of cultured 
hippocampal neurons treated with (A) 200 μM TMZ and (B) 500 μM TMZ for 24 and 48 
hours. Quantitative analysis of neuronal basal OCR levels treated with (C) 200 μM TMZ 
and (E) 500 μM TMZ reveals a decrease in basal oxygen consumption. Temozolomide 
decreased the neuronal maximum respiratory rate at (D) 200 μM TMZ and (F) 500 μM 
TMZ after 48 hours of treatment. Maximum respiration was calculated by subtracting the 
non-mitochondrial respiration rate from the maximum rate measurement after FCCP 
injection. Graphs represent ± SEM, n = 3 replicates per group. * p < 0.05. 
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significantly (Figure 5.3C). At the higher dose of 500 µM, TMZ significantly reduced basal 

OCR levels 48 h post-treatment (p = 0.0125) (Figure 5.3E). TMZ decreased neuronal 

mitochondrial maximum respiration 48 h post-treatment at 200 µM µM (p = 0.0374) and 

500 (p = 0.0386) compared to control levels by 47.1% ± 6.7% and 45.8% ± 5.0% 

respectively (Figure 5.3D,F). The decrease in maximum respiration suggests that TMZ 

may impair the capacity of neurons to increase oxidative phosphorylation to meet the ATP 

demand under stressful energetically demanding conditions.  

 

5.3.5. Temozolomide alters neuronal dendritic structures 

Exposure to radiation and various chemotherapeutic agents has been shown to 

damage neuronal morphology32,59,187,214-217. To examine the effect of TMZ on dendritic 

structures, we measured the number of dendritic branch points from the soma in 

hippocampal neurons treated with graded doses of TMZ (100 µM, 250 µM, and 500 µM) 

for 4 h and 24 h and immunolabeled for postsynaptic density-95 (PSD95) (Figure 5.4A). 

TMZ exposure reduced neuronal dendritic branch points 4 h after treatment (Figure 

5.4B), with a more pronounced reduction in dendritic complexity evident at the highest 

TMZ dose (500 µM), and after 24 h (Figure 5.4C). Two-way RM ANOVA revealed an 

effect of interaction between TMZ dose and distance from soma for 4 h (F(33,220) = 3.599, 

p < 0.0001) and 24 h (F(33,220) = 2.629, p < 0.0001). Notably, 500 µM TMZ induced a rapid 

reduction in dendritic branching at 4 h post-treatment. However, the effects on mtDNA-

encoded genes (Figure 5.2F, H) and mitochondrial respiratory function (Figure 5.3B, E, 

F) are slower, only becoming apparent 48 h after treatment, suggesting that neuronal 
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Figure 5.4. In-vitro treatment with graded doses of TMZ reduces dendritic 
branching of cultured hippocampal neurons. 
(A) Representative images of hippocampal neurons treated with TMZ and immunolabeled 
for postsynaptic density-95 (PSD95). Neurons are superimposed over concentric Sholl 
circles (20 µm increments). (B,C) Quantification of dendritic branches at intersecting 
points with Sholl circles at increasing distance from the soma after (B) 4 hours and (C)  
24 hours of treatment shows that TMZ reduces dendritic complexity at both time-points.  
Data are presented as mean ± SEM, **** p < 0.0001, (n = 6 neurons per group). Scale 
bars, 20 µm. Red, PSD95.  
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damage provoked by TMZ is slow, but progressive and morphological damage may 

precede mitochondrial dysfunction.   

 

5.3.6. Temozolomide induces a loss of postsynaptic density-95 (PSD95) puncta in a 

dose- and time-dependent fashion 

 After assessing TMZ-induced changes in dendritic arborization, we sought to 

examine whether TMZ alters the number of PSD95 puncta found on dendritic branches, 

as a correlate measure of dendritic spine density59,82.  PSD95 is a scaffolding protein 

found at excitatory synapses; it anchors synaptic proteins including NMDA and AMPA 

receptors, and potassium channels218,219. TMZ had an early (4 h) reduction in PSD95 

puncta (F(3,48) = 23.30, p < 0.0001) (Figure 5.5A). 100 µM TMZ did not reduce PSD95 

puncta compared to control (p > 0.05) at 4 h, but at 24 h this dose significantly reduced 

PSD95 compared to control (p < 0.001) and had a comparable effect to 250 µM at 24 h 

(Figure 5.5A, B). TMZ induced more extensive damage at 24 h, as loss of PSD95 was 

more pronounced (100 µM and 250 µM) and resulted in dendritic beading at the highest 

dose, 500 µM, which prevented PSD95 quantification in this treatment group (F(2,32) = 

67.02, p < 0.0001) (Figure 5.5B). This loss of PSD95 occurs concurrently with a reduction 

in dendritic branching.  

 

5.3.7. Temozolomide induces oxidative stress in hippocampal neurons 

 TMZ-induced DNA damage increases ROS production, which contributes to 

apoptosis in glioma220,221. We examined oxidative stress production in hippocampal 

neurons treated with TMZ (250 µM, 500 µM) for 7 days. Neurons were incubated with  
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Figure 5.5. TMZ causes a dose- and time-dependent loss of PSD95 puncta in 
cultured hippocampal neurons.  
(A) Graph and representative images of dendrites immunolabeled for postsynaptic 
density-95 (PSD95) depict a dose-dependent reduction in PSD95 puncta after a 4-hour 
exposure.  (B) The loss of PSD95 is more prominent after 24-hour exposure. Dendritic 
beading (arrows) prevented quantification out to 100 µm from the soma for the 500 µM 
TMZ dose at 24 hours, and therefore was omitted from the analysis. Scale bars, 5 µm. 
Data are presented as mean ± SEM, **** p < 0.0001, (n = 4 neurons per group). Scale 
bars, 20 µm. Red, PSD95.  
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Figure 5.6. TMZ increases oxidative stress in cultured hippocampal neurons.  
(A) Rat hippocampal neurons (21 DIV) were exposed to 250 µM and 500 µM TMZ for 7 
days. (B) Quantification of relative fluorescence intensity of CellROX probe as a measure 
of oxidative stress in TMZ treated neurons. Data are presented as mean ± SEM, * p < 
0.05, ** p < 0.01, three sister coverslips per treatment. 5 images per coverslip. Scale bars, 
100 µm. Blue, DAPI; Green, CellROX Oxidative Stress.  
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CellROX fluorescent probe for 20 min, and ROS production was quantified by measuring 

the fluorescence intensity of confocal images (Figure 5.6A). TMZ significantly increased 

oxidative stress levels by 86% at 250 µM, and 54% at 500 µM compared to control levels 

(F(2,42) = 6.514, p = 0.0034), there was no statistical difference between low-dose and 

high-dose TMZ (Figure 5.6B). Compared to studies examining TMZ-induced ROS 

production in glioma using similar doses of TMZ (250 µM), we found that ROS induction 

in neurons is slower220,222. In gliomas, ROS production peaked 72 h post-treatment, 

whereas, in our neuronal studies, a shorter duration of TMZ exposure did not result in 

significantly higher ROS levels compared to control (data not shown). These results 

suggest that TMZ related changes in neural structures may result in delayed 

complications that are not evident acutely after treatment.  

 

5.3.8. Temozolomide induces active caspase-9 expression and apoptotic cell death in 

hippocampal neurons 

 Next, to examine the effect of TMZ on neuronal apoptotic cell death, we quantified 

cleaved caspase-9 expression in hippocampal neurons 7 days after TMZ exposure 

(Figure 5.7A, B). Upon cleavage, caspase-9 recruits and activates caspase -3 and -7 

which culminates in apoptosis via the mitochondrial intrinsic cell death pathway223. TMZ 

exposure resulted in a dose-dependent increase in caspase-9 expression 7 days after 

treatment (F(2,6) = 11.35, p = 0.0091). High dose TMZ (500 µM TMZ) increased caspase-

9 activation compared to control (p = 0.0009).   

  We also detected apoptosis by TUNEL assay, in neurons treated with TMZ (250 

µM, 500 µM) for 5 and 7 days (F(2,10) = 73.04, p < 0.0001) (Figure 5.7C, D). At 5 days,  
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Figure 5.7. TMZ increases apoptosis in cultured hippocampal neurons. 
(A) Rat primary hippocampal neurons (21 DIV) were exposed to 250 µM and 500 µM 
TMZ for 7 days. (B) TMZ induced a dose-dependent increase in cleaved caspase-9 
expression 7 days after treatment. (C) Images of TUNEL positive hippocampal neurons 
(24 DIV) exposed to 250 µM and 500 µM TMZ for 5 days, and 7 days. (D) Quantification 
of TUNEL(+) (nuclear dark brown staining) neurons show that TMZ increased apoptotic 
neuronal death at both doses and time-points. High dose TMZ (500 µM) further increased 
apoptotic cell death 7 days after treatment. Scale bars, 100 µm. Data are presented as 
mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001, n = 2-3 sister coverslips per group, 10 
images per coverslip. Blue, DAPI; green, cleaved caspase-9; brown; TUNEL.  
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both TMZ doses caused a similar induction in apoptosis, 21.7% ± 0.74% and 21.6% ± 

0.31%, respectively compared to control, 15.2% ± 0.48% (Figure 5.7D). At 7 days, we 

observed a dose-dependent increase in apoptosis, 17.95% ± 1.09% and 26.42% ±  

0.79%, respectively compared to control 12.92% ± 0.79%.  There was an increase in 

apoptotic cell death in neurons exposed to high-dose TMZ, 500 µM for 5 days compared 

to 7 days (p < 0.05), which was not evident at the lower dose. These results suggest that 

TMZ-induced damage in neurons is dose-dependent, with higher doses resulting in more 

pronounced mitochondrial respiratory dysfunction, dendritic damage, and cell death.  

 

5.4. Discussion 

The cognitive impairments and mood disorders associated with glioma-directed 

treatment are of grave concern for the increasing number of survivors. As the standard of 

care treatment for glioblastoma, TMZ is widely used, yet its effects on normal brain 

structure and function are understudied. Here we identified mitochondrial damage in 

cultured NSCs and hippocampal neurons as a mechanism underlying TMZ-induced 

neurotoxicity. We examined mitochondrial morphology by TEM and found that TMZ 

induced mitochondrial degradation and vacuolization in human NSCs. TMZ exposure 

reduced amplification of a long, 13.4-kb mtDNA fragment and exerted a selective 

reduction in mtDNA amplification compared to nDNA in human NSCs. Similarly, TMZ 

resulted in a comparable decrease in cell viability and decrease in mtDNA amplification 

in rat NSCs. Acute, 4 h TMZ exposure significantly decreased ND1 and Cyt B mRNA 

transcription, two genes that encode components of complex I and complex III of the ETC 

respectively, which is indicative of damage to NSC mtDNA integrity elicited by TMZ. 
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Although less sensitive to TMZ than NSCs, neuronal mtDNA integrity was modestly 

damaged by TMZ, which resulted in impaired mitochondrial respiration after 48 h of TMZ 

exposure. Since excitatory synapses on dendritic spines mediate learning-related 

plasticity, we examined the effects of TMZ on the morphology of hippocampal neurons. 

TMZ reduced dendritic complexity and synaptic protein PSD95 puncta density in a time- 

and dose-dependent manner. These neuronal morphological changes were temporally 

concurrent with the observed mtDNA damage and respiratory dysfunction, which 

suggests hippocampal toxicity. Chronic exposure of TMZ increased oxidative stress in 

hippocampal neurons, culminating in neuronal apoptosis seven days after treatment. 

Alarmingly, NSCs (human and rat) are more sensitive to TMZ than glioma cell lines. In 

contrast, mature neurons are less vulnerable to TMZ compared to NSCs. 500 µM TMZ 

resulted in a 26.42% ± 0.79% decrease in neuronal cell viability (Figure 5.7D), compared 

to a 43.47% ± 1.8% decrease in NSC viability seven days after treatment (Figure 5.2C). 

Similar to other DNA damaging agents such as cisplatin, TMZ induces 

mitochondrial dysfunction, apoptosis of neural cells, and morphological damage in 

surviving neurons. Using the same in-vitro system, cultured rat NSCs and hippocampal 

neurons, we found that neurons were much more sensitive to cisplatin at doses lower 

than those used clinically (0.1 – 1 µM), which induced dendritic damage and apoptosis at 

earlier time-points compared to TMZ, whereas NSCs were less sensitive59. These results 

highlight the observations that some chemotherapeutic agents have higher neurotoxic 

potential than others, but also that distinct neural lineages have unique susceptibilities to 

chemotherapeutic agents10. Also, these agents may have varying acute and chronic 

effects on neural cell populations in distinct microenvironments which can result in 



130 

 

delayed neurological complications observed in patients, including cognitive dysfunction, 

white and grey matter changes, and progressive myelin disruption.  

Clinical studies have shown that TMZ contributes to anxiety, depression, and 

cognitive impairments in glioma patients as well as those with non-CNS malignancies.  A 

phase 1 dose-escalation study of TMZ for the treatment of metastatic melanoma 

(excluding patients with CNS metastasis) reported anxiety and depression in 59% and 

35% of patients, respectively224. Longitudinal MRI to assess structural brain changes in 

newly diagnosed GBM patients treated with RT plus systemic TMZ revealed significant 

and progressive decreases in whole brain volume, cortical gray matter loss, and 

ventricular dilation225. Progressive loss of white matter integrity was observed in the 

subventricular zone (SVZ), a region rich in NSCs.  As gray matter loss and ventricular 

dilation are strongly associated with the neurocognitive decline in neurodegenerative 

diseases such as Alzheimer’s disease226,227, the incidence of these structural alterations 

in patients receiving chemoradiation may be indicative of changes in neurocognitive 

function. Of note, the onset of significant morphologic brain changes coincided with the 

time of RT completion, six weeks after the combined therapy. Although it is difficult to 

parse out the individual and synergistic contributions of RT and chemotherapy in these 

studies, the changes observed followed a delayed time course, resulting in progressive 

neurodegeneration weeks after the initial exposure225. 

In addition to TMZ, glioma patients may also receive adjuvant therapies, such as 

bevacizumab, an anti-VEGF monoclonal antibody, which has been associated with 

neurotoxicity. The FDA approved bevacizumab for recurrent GBM in 2017.  In patients 

with recurrent GBM, treatment with bevacizumab has been shown to induce brain atrophy 
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compared to control group patients who received the standard of care treatment but did 

not receive bevacizumab228. Bevacizumab has also been linked to neurocognitive decline 

in newly diagnosed patients229. Investigation of the effects of bevacizumab on the 

morphology and survival of dissociated rat hippocampal cell cultures revealed that long-

term exposure to bevacizumab resulted in delayed (20-30 day post-treatment) reductions 

in dendritic length, without reducing neuronal or glial cell viability. In contrast, cortical 

neurons and glia are much more sensitive to bevacizumab, as cell viability was reduced 

30 days post-treatment. While many commonly used cancer therapies induce cognitive 

dysfunction, various cells types have distinct sensitives to chemotherapeutic agents, and 

damage to multiple neural lineages and blood vasculature may contribute to the 

neurocognitive impairments and mood changes experienced by cancer survivors. 

To our knowledge, our study is the first to identify mitochondrial damage as a 

mechanism associated with TMZ-induced neurotoxicity in NSCs and neuronal cultures. 

Other studies have examined the neurotoxic effects of TMZ on primary rat cortical 

microglia230, organotypic rat corticostriatal231, and entorhinal-hippocampal slice 

cultures232 and found that at clinically relevant doses, 10-500 µM, TMZ does not decrease 

cell viability following acute 24 h – 72 h exposure. Collectively, these studies show that in 

agreement with the present study, TMZ may have chronic delayed effects on the normal 

brain, which may augment damage provoked by RT and other anti-cancer agents used 

during cancer treatment. Additional studies examining the chronic long-term effects of 

TMZ on neurons, oligodendrocytes, NSCs, and other neural subtypes are warranted.  
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5.5. Conclusions 

In summary, we demonstrated that mitochondrial dysfunction is a mechanism 

underlying TMZ-induced neurotoxicity in cultured NSCs and hippocampal neurons. TMZ 

induced mtDNA damage in NSCs and neurons. Concomitant with the mitochondrial 

respiratory dysfunction in neurons was a loss of PSD95 puncta and decrease in dendritic 

branch length, which is indicative of morphological damage. More extended exposure to 

TMZ increased oxidative stress and reduced neuronal viability.  TMZ induced more 

pronounced decrements in NSC mtDNA integrity and viability compared to neurons, 

suggesting that NSCs are more vulnerable to TMZ than neurons. TMZ may have various 

acute and chronic effects on mitochondria that affect neural function and survival, which 

may contribute to the neurological complications experienced by GBM patients.   
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CHAPTER 6 

Conclusion and Future Directions 

 

The underlying biological basis for cisplatin-induced CRCI involves structural 

changes in the hippocampus, loss of dendritic spines, and NSC and neuronal death. Loss 

of dendritic spines indicates a loss of excitatory synapses and hippocampal cell death 

has detrimental consequences for learning and memory. The brain regions and cognitive 

functions that are affected by cisplatin and the mechanisms involved are probably 

multiple. Previous studies from our lab and others had shown that mature neurons and 

NSCs are susceptible to cisplatin, and are killed by cisplatin doses that do not effectively 

destroy cancer cells, which suggests that at doses used clinically,  cisplatin can illicit major 

damage to neural structures that contributes to CRCI10,60.  

Through the use of in-vitro (primary rat NSC and hippocampal neuronal cultures) 

and in-vivo rat models of cisplatin-induced CRCI, we have identified a strong candidate 

pathway associated with NSC and neuronal damage/death: mitochondrial dysfunction, 

causing impaired cellular respiration, depletion of the antioxidant glutathione, and 

increased ROS production. Administration of the antioxidant NAC prevented/reduced free 

radical production, reduced apoptotic cell death, dendritic spine loss, and reduced the 

cisplatin-induced cognitive impairments in young adult male Sprague Dawley rats. Given 

that cisplatin is used to treat testicular cancer, and testicular cancer is the most common 

cancer affecting young men (18-39 years) and induces long-term lower cognitive 

performance and white matter changes in testicular cancer survivors 10 years post-

treatment, our model is relevant for this patient population233,234. In our pediatric and 
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adolescent rat model of CRCI, we found that cisplatin-treated infants and adolescents 

showed poor contextual discrimination which requires hippocampal-dependent pattern 

separation skill. Unlike our cisplatin-induced CRCI model in adult male rats, we found that 

the cisplatin-treated infants and adolescents had an impaired response to cued fear 

conditioning, which engages the amygdala. The rats treated at adolescence also showed 

more global cognitive deficits. In our ovarian cancer cisplatin-induced CRCI model we 

found that NAC could be administered in a delayed manner, 10 h post-cisplatin treatment, 

without affecting cisplatin-induced tumor volume reduction nor survival, while preventing 

cisplatin-induced CRCI. Notably, we found that tumor-bearing rats that did not receive 

cisplatin or NAC also presented cognitive impairments. This finding correlates with the 

clinical evidence that cancer patients experience cognitive deficits at baseline before 

receiving treatment. Yan et al. found that tumor-bearing mice exhibited depressive 

behavior, and impaired object recognition memory, which was associated with increase 

in pro-inflammatory cytokines in the hippocampus, reduced levels of hippocampal brain-

derived neurotrophic factor (BDNF) mRNA, and decrease in hippocampal 

neurogenesis235. Future studies should examine the mechanisms involved with cancer-

induced cognitive impairments.  

Although we found that NAC prevented cisplatin-induced ROS production, 

apoptosis, and GSH depletion in cultured NSCs and hippocampal neurons (Figure 

2.6,2.7,4.2) we did not assess the effect of cisplatin and/or NAC on mitochondrial 

biogenesis. Mitochondrial biogenesis is defined as the growth and division of 

mitochondria, which increases mitochondrial mass. Changes in mitochondrial biogenesis, 

mitochondrial copy number, and mtDNA integrity are associated with mitochondrial 
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dysfunction and oxidative stress236. Quantification of mtDNA copy number by RT-PCR, 

and western blotting for proteins involved in biogenesis: peroxisomal proliferating 

activating receptor γ coactivator-1alpha (PGC-1α), mitochondrial transcription factor A 

(TFAM), nuclear respiratory factor-1 and -2 (NRF-1, NRF-2) could reveal whether 

cisplatin neurotoxicity and/or NAC neuroprotection affects mitochondrial biogenesis237. 

The effects of cisplatin-induced ROS production on mitochondrial biogenesis may depend 

on the  dose and duration of cisplatin exposure, as reports in the literature suggest that 

acute oxidative stress can induce PGC-1α and mitochondrial biogenesis as a 

compensatory mechanism, however severe and chronic oxidative stress may decrease 

mitochondrial transcription factors, including PGC-1α, NRF-1, NRF-2238. Additional 

studies should also examine GSH and GSSG levels, and enzymatic activity and protein 

levels of GSH pathway enzymes, including glutathione peroxidase, glutathione 

reductase, and glutathione-S-transferase in the hippocampus to further validate the in-

vitro data suggesting that cisplatin depletes GSH levels in NSCs and hippocampal 

neurons (Figure 4.2). 

MtDNA damage in NSCs has been shown to alter their differentiation fate towards 

astrocytic differentiation[239,240]. High ROS levels have been shown to suppress 

proliferation of neural progenitor cells, and direct their differentiation towards the astrocyte 

lineage at the expense of neuronal differentiation[241]. In contrast, NAC has been shown 

to enhance neuronal differentiation in mouse embryonic stem cells.  Acute cisplatin 

treatment (10 mg/kg) decreases the number of Sox2+ cells in the dentate gyrus (Suppl. 

Figure 2.2). Future experiments should examine whether cisplatin-induced oxidative 

stress affects the differentiation fate of hippocampal NSCs and whether NAC prevents 
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cisplatin-induced changes in NSC differentiation and proliferation. Based on the results 

of our studies indicating that cisplatin induces mtDNA damage and oxidative stress in 

NSCs, we anticipate that cisplatin may alter the differentiation fate of NSCs towards an 

astrocytic fate at the expense of neuronal differentiation. Alternatively, it is possible that 

cisplatin does not alter differentiation fate of NSCs but instead inhibits their proliferation. 

Both possibilities may explain the loss of neurogenesis induced by cisplatin. 

Since NAC is FDA approved for the treatment of acetaminophen-induced liver 

damage and its use as a mucolytic agent, the pharmacology, formulation, and potential 

toxicities of NAC are known. Conducting clinical studies to examine if NAC can be 

repurposed for the treatment of CRCI would reduce the time-frame and costs associated 

with preclinical and clinical testing of newly developed drugs242. Based on the promising 

data presented in this dissertation demonstrating the potential of NAC to ameliorate 

cisplatin-induced CRCI, we are now proposing a direct translation of our NAC approach 

for the prevention of cognitive damage caused by platinum-based therapies (PBT) in 

ovarian cancer patients. The first planned project is a novel phase I/II clinical trial which 

will determine if NAC can be used to prevent or alleviate CRCI in ovarian cancer patients 

treated with PBT. The study would evaluate the safety and tolerability of NAC, as well as 

the recommended phase 2 dose (RP2D) in ovarian cancer patients receiving PBT using 

a Phase I, dose-escalating design. Once the RP2D is established, the efficacy of NAC in 

ameliorating CRCI in this patient population can be assessed using a phase II 

randomized, double-blinded, placebo-controlled study design. Longitudinal 

neurocognitive assessments and MRI imaging to assess hippocampal volume at baseline 

and 6 months post-PBT completion may determine the effect of PBT on cognitive function 
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and hippocampal volume, and if NAC supplementation prevents PBT-induced changes 

in both measures. Additionally, this study may determine if there is a correlation between 

changes in cognitive function and hippocampal volume as has been previously described 

in this patient population243. Lastly, as in the preclinical studies, serum glutathione levels 

and the related glutathione enzyme pathway will be assayed. The results of this study 

may provide a strategy for developing a phase III trial that could benefit patients with 

multiple cancer types also treated with PBT. 

However, prior to conducting clinical studies to examine if NAC can prevent 

cisplatin-induced CRCI, NAC pharmacokinetic data in rats is needed to determine what 

are the NAC concentrations achieved in the serum of rats and does this correlate with the 

NAC concentrations achievable in humans. This will require completing a dose-response 

experiment in our preclinical model to compare if intraperitoneal NAC administration 

achieves similar concentrations of serum NAC as those following NAC oral administration 

in humans, and measuring NAC serum levels by high performance liquid chromatography 

(HPLC). In our preclinical studies, NAC (250mg/kg) is administered by intraperitoneal 

injection on five consecutive days during cisplatin treatment, and is dose delayed by 10 

h on days of cisplatin administration. As NAC is available in an oral formulation, this would 

be the preferred method of delivery in the clinical studies. If intraperitoneal NAC 

administration does not achieve similar concentrations of serum NAC as oral NAC 

administration in humans, we may need to conduct a pharmacokinetic experiment 

administering NAC by oral gavage in rats.  

To build upon the mechanism of cisplatin-induced CRCI proposed in my 

dissertation and to assess other potential targeted therapies using small molecules with 
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superior blood-brain barrier (BBB) penetration, future experiments will probe the 

downstream molecular pathways from cisplatin-generated mitochondrial dysfunction and 

free radical production. Specifically, two candidate pathways that will be examined are 

the c-Jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinase (MAPK) 

pathways (Figure 6.1).  Mitochondrial dysfunction and oxidative stress are associated 

with depletion of glutathione in models of cisplatin-induced renal toxicity167,168 and 

peripheral neuropathy169. NAC is a precursor in the production of glutathione. Mitogen-

activated protein kinases (MAPK) are downstream effectors of the glutathione system. By 

increasing glutathione, NAC has been shown to prevent JNK/p38 MAPK activation244. 

NAC has also been shown to mitigate cisplatin-induced oxidative stress in models of by 

blocking the activation of the JNK/p38 MAPK pathways167,245,246. The JNK and p38 MAPK 

pathways are activated by cellular stressors, including oxidative stress166,247. Cisplatin 

may increase the levels of phospho-p38 MAPK and phospho-JNK, thereby activating an 

intracellular signaling cascade that culminates in apoptosis of hippocampal neurons and 

NSCs. Phosphorylation profiling of MAPK pathway proteins using a MAPK pathway 

phospho antibody array and western blotting for JNK and p38 MAPK proteins can be 

used to uncover potential targets altered by cisplatin.  

If cisplatin-induced CRCI is associated with JNK and/or p38 MAPK activation, 

pharmacological inhibition of these pathways using BBB-penetrant small molecules such 

as the JNK inhibitor SP600125 and the p38 MAPK inhibitor Neflamapimod could provide 

novel therapeutic interventions for the prevention of cisplatin-induced CRCI. The p38 

MAPK inhibitor Neflamapimod and the JNK inhibitor SP600125 are small molecules, with  
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Figure 6.1. Schematic representation of the JNK/p38 MAPK pathways and potential 
therapeutic targets for cisplatin-induced CRCI. 
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great brain penetrance. The small molecule JNK inhibitor SP600125 is a potent BBB 

penetrant selective inhibitor of the JNK1,2, and 3 isoforms, it has been shown to exert 

neuroprotective properties in multiple rat models of neurodegeneration including 

Parkinson’s disease248, neuropathic pain249, and  stroke250,251. Neflamapimod (VX-745, 

EIP Pharma, LLC) is a specific BBB penetrant inhibitor of the alpha isoform of p38 MAPK 

that is currently in a phase 2b clinical trial for Alzheimer’s disease (AD) 252. Neflamapimod 

acts by targeting synaptic dysfunction and has shown to improve episodic memory in AD 

patients253. In aged rats, Neflamapimod increased hippocampal levels of PSD95, and 

improved performance in the Morris Water Maze task compared to aged controls254. 

Future studies would examine whether these inhibitors can prevent cisplatin-induced 

toxicity in cultured NSCs and hippocampal neurons in addition to our rat models, including 

the tumor-bearing model of cisplatin-induced CRCI.  

In summary, my dissertation studies suggest that mitochondrial dysfunction is a 

strong candidate mechanism for cisplatin-induced CRCI, and NAC supplementation is a 

viable therapeutic strategy for preventing cisplatin-induced CRCI. In addition, the 

development of various rat models of cisplatin-induced CRCI described in this 

dissertation: (1) young adult male Sprague Dawley rats (2) infant and adolescent male 

Sprague Dawley rats and (3) ovarian tumor-bearing female Cr:NIH-RNU rats indicate that 

various domains of cognition area affected by cisplatin and the extent of cognitive 

impairments following cisplatin chemotherapy exposure may be age- and sex-specific. 

Our results underscore the importance of developing animal models that accurately 

reflect CRCI in humans – and take into consideration the effect of age, sex, cancer, type 
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of chemotherapeutic agent, as this is crucial for developing preventive and treatment 

strategies for CRCI.  
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