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ABSTRACT

Cancer-related cognitive impairment (CRCI) occurs in 15-35% of breast cancer survivors and represents a
major quality of life concern. CRCI has been linked to the APOE4 genotype, the strongest genetic risk factor
for Alzheimer’s disease. In this project, I used APOE targeted (APOE-TR) mice to test whether the
relationship between APOE4 and CRCI can be demonstrated in a mouse model, to identify associations of
chemotherapy with behavioral correlates of cognition, and to characterize mechanisms of damage to the
central nervous system (CNS) by chemotherapy. To assess cognitive function, 12-month-old female
APOE3 and APOE4 mice were exposed to either doxorubicin (10 mg/kg) or saline. In the Barnes maze
assay conducted six weeks post-exposure, APOE3 mice did not exhibit impairment in spatial learning after
doxorubicin treatment, but APOE4 mice demonstrated significant impairments in both the initial
identification of the escape hole and the latency to full escape. To directly study how doxorubicin exposure
affects the brain to cause cognitive impairment in APOE4 mice, I conducted an acute time course of
doxorubicin using six-month-old female APOE3 and APOE4 mice exposed to doxorubicin and euthanized
one, three, seven, or 21 days after treatment, or saline control. A neuroinflammation gene expression panel
with RT-qPCR validation identified transcriptional upregulation of senescence genes Cdkn1a, Egr1, and
Gadd45α at 21 days post-doxorubicin exposure in APOE4 but not APOE3 mice. This finding represents the
first direct evidence of senescence as a mechanism underlying CRCI in the vulnerable APOE4 genotype
context. Overall, this project demonstrates cognitive impairments in aged APOE4 mice after doxorubicin
treatment, identifies a senescence-related transcriptional signature induced in APOE4 mice after
doxorubicin, and establishes this system as a novel and powerful model to study mechanisms of and
interventions for CRCI.
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CHAPTER I: INTRODUCTION

1. History and Principles of Cancer Chemotherapy and Cognitive Effects
Cancer, a disease category of invasive neoplasms, is characterized across tissue types by unrestrained
cell growth, replicative immortality, and invasion and metastasis [1]. Cancer is the second leading cause of
death in the United States, with over 1.8 million estimated new cases and 600,000 estimated deaths in
2020. The overall cancer mortality rate in the United States has declined in both sexes since 1991 due to
a combination of factors including reduced smoking rates, advances in cancer screening and earlier cancer
detection, and improvements in cancer treatment, with an estimated reduction in cancer deaths of 2.9
million since that time [2]. Cancer survivors have increased risk of secondary morbidities including
psychological disability, limitations of activities of daily living, and limitations of physical function, as well as
increased rates of chronic illness [3-5]. These morbidities may be related to late effects of cancer, sequelae
of cancer treatment received, and/or shared underlying risk factors between cancer and other pathologies.
With high rates of lifetime cancer incidence (40.1% for males and 38.7% for females) and elevated rates of
health issues among survivors, cancer represents an enormous burden of mortality and morbidity for
society at large [2].
Until the middle of the twentieth century, effective treatments for cancer were generally limited to
surgery and radiation therapy. By the end of World War II, however, the first forms of what became known
as cancer chemotherapy were identified and used in the clinic, with nitrogen mustard developed based on
studies of mustard gases during World War II, followed by antifolate drugs aminopterin and then
amethopterin in the 1950s [6]. These and many chemotherapies developed in successive decades are
commonly described as cytotoxic, characteristically damaging and killing primarily rapidly dividing cells [7].
Many chemotherapeutics also have cytostatic functions that contribute to cell cycle disruption, suppressed
tumor cell proliferation, and damage to cells during cell division [8]. The methods of action of cytotoxic
chemotherapies vary and include interference in one or more of a number of cellular processes important
in successful cellular replication, including DNA replication, RNA synthesis, and nucleotide biosynthesis.
All these processes lead to dysfunction and cell death during cellular replication, placing a pronounced
cytotoxic burden on rapidly dividing cells. As cancer treatments, cytotoxic chemotherapeutics lead to
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reductions in cancer growth, tumor regression, and remission in many types of cancer [9]. By the 1960s,
use of chemotherapeutics was extended to adjuvant treatment after radiation and/or surgical resection of
local cancer to target micro-metastases and reduce recurrence [6].
Healthy tissues founded on rapidly dividing cells are the most susceptible to off-target effects of
chemotherapy treatment. Common side effects of drugs in this class include alopecia, suppression of bone
marrow, oral lesions, damage to GI mucosa and nausea, vomiting, and diarrhea [7]. Due to the prevalence
and severity of nonspecific effects of cytotoxic chemotherapy treatment, the therapeutic window of doses
in which a patient can experience effective tumor treatment with limited toxicity due to damage to healthy
proliferating cells is narrow [7]. Combination chemotherapy treatment is typically more effective than singledrug treatment [10] and relies on known principles of cytotoxic chemotherapy: utilizing agents primarily with
nonoverlapping mechanisms of action and minimally overlapping toxicities to achieve greater therapeutic
response [11].
By the 1970s, over two dozen chemotherapeutic drugs were in common use for primary or adjuvant
treatment of cancer, at which point it was first clearly recognized that neurologic dysfunction in cancer
patients could be caused by neurotoxicity of active chemotherapeutic treatment [12]. It was not until the
1980s, however, that cognitive impairments related to physiological effects of cancer and cancer treatment
began to be clearly distinguished from depression and other psychological factors also common to cancer
patients [13], opening the question to systematic research. One of the earliest studies on the subject found
that objective and subjective cognitive complaints were common even among cancer patients who did not
have an obvious route to brain damage via cancer or cancer therapy, such as primary or metastatic cancer
of the central nervous system (CNS) or chemotherapy administered to the brain. In fact, patients treated
with a diverse range of chemotherapeutic agents, including drugs known to be excluded by the blood-brain
barrier (BBB) presented with cognitive impairments. However, the researchers noted that the cognitive
deficits they observed were often subtle and liable to be easily missed during routine medical assessments
[14]. These observations would lay the groundwork for future approaches to studying cognitive impairments
in cancer patients and survivors.
Ultimately, cytotoxic chemotherapy drugs represent a major contribution to the improvements in overall
survival and cure rates of cancers. Cytotoxic therapies are now widespread and multi-drug regimens have
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become the standard of care for many cancer types. Adverse effects and long-term impairments associated
with chemotherapy treatment for cancer, including cognitive impairments, have in turn become a major
concern for clinicians, cancer patients, and cancer survivors.
2. Cancer-related Cognitive Impairment
Cancer related cognitive impairment (CRCI) refers to all forms of cognitive impairment experienced
following cancer diagnosis and treatment. Evaluations of breast cancer patients and survivors are by far
the best represented in the literature, however, similar patterns of cognitive complaints have been observed
and studied in other cancer types, especially prostate, colon, and hematological cancers [15]. Acute
alterations in cognitive function during or in the immediate aftermath of cancer treatment are common,
occurring in up to 75% of breast cancer patients , and commonly resolve alongside other treatment side
effects, albeit gradually, with recovery taking up to two years [16]. Long-term CRCI occurs in a smaller
subset of patients, with 15-30% of breast cancer patients estimated to have enduring cognitive impairment,
with evidence of reduced cognitive function up to 20 years following treatment [17]. Clinical presentation of
CRCI is typically subtle in comparison to dementias or other syndromes of cognitive impairment [18]. CRCI
appears to affect one or more cognitive domains: impairment is observed primarily in working memory,
executive function, processing speed, and attention, with some evidence of decline in spatial and verbal
memory processes [19]. Age and diminished cognitive reserve, the innate and developed cognitive
capacities, represent major contributing factors to CRCI development [20].
Clinical Identification and Characterization of CRCI
Clinical approaches to studying the prevalence and characteristics of CRCI have taken two basic
approaches, which may be used singly or in tandem: evaluation of subjective cognitive complaints and
neuropsychological testing of function in various cognitive domainsStudies of self-reported cognitive
function use questionnaires, such as the Functional Assessment of Cancer Therapy - Cognitive Function
(FACT-COG), to assess an individual’s perceived cognitive function [21]. Subjective cognitive decline is
commonly reported, and is more prevalent in chemotherapy-exposed survivors than non-exposed
survivors, but shows limited correspondence to objective measures of cognitive function, instead
associating strongly with other patient reported outcomes, especially fatigue and symptoms of anxiety and
depression [22]. Cognitive symptoms driving subjective CRCI may reflect psychological distress, objectively
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measurable cognitive impairments, and cognitive impairments either too subtle to be captured by objective
measurements or susceptible to compensation during neuropsychological testing.
Objective assessment with neuropsychological tests is considered the gold standard for detecting
cognitive impairment in cancer survivors in the clinic. The International Cancer and Cognition Task Force
recommend a core battery of tests covering cognitive domains of learning and memory, processing speed,
and attention (Hopkins Verbal Learning Test-Revised (HVLT-R), Trail Making Test (TMT), and the
Controlled Oral Word Association (COWA) of the Multilingual Aphasia Examination) for clinical research
[23]. A meta-analysis of 72 cross-sectional and longitudinal studies including objective cognitive
assessments identified impairments in breast cancer survivors. These included deficits among those with
a history of chemotherapy treatment in memory recall and executive function compared to healthy controls,
and in executive function and attention compared to non-chemotherapy-exposed survivors [24]. The
Thinking and Living With Cancer (TLC) prospective study of older (age ≥60) breast cancer survivors and
matched healthy controls found that chemotherapy-exposed survivors had reduced performance over time
in the attention, processing speed, and executive function composite domain, while healthy controls and
survivors exposed to hormonal therapy only improved performance over time (attributable to known practice
effects in certain cognitive evaluations included in the assessment) [25]. These neuropsychological
assessments confirmed objective effects of chemotherapy on cognition in older cancer survivors and
highlights cognitive domains including attention and executive function as vulnerable to decline.
Brain imaging approaches have also proven valuable in identifying and characterizing alterations
in brain regional volume and connectivity in cancer survivors. In functional magnetic resonance imaging
(fMRI) and positron emission tomography (PET) studies of regional brain activation during cognitive tasks,
differences are seen between chemotherapy-exposed breast cancer patients and noncancer controls [26],
breast cancer patients without chemotherapy exposure [27], or both [28] across multiple brain regions.
Posterior hypoactivation is observed during memory encoding and anterior hyperactivation during memory
retrieval, which may reflect impairments in encoding and increased effort necessary for retrieval, though
the relationship between these imaging results and functional impairments are incompletely characterized
[29]. Overall, functional imaging studies have identified alterations in brain activation patterns in cancer
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survivors both before and after chemotherapy related to attention, processing speed, and executive function
domains, although interpretation of differences as dysfunctional or compensatory can be challenging [30].
Volumetric MRI studies find reductions in grey matter volumes between chemotherapy-exposed
breast cancer survivors and non-exposed cancer survivors in frontal, hippocampal and cerebellar regions
from one month post-chemotherapy to one year post-chemotherapy, indicating specific changes in brain
structure after chemotherapy treatment [31-33]. Lastly, multiple studies using magnetic resonance diffusion
tensor imaging have identified reductions in white matter integrity in chemotherapy-exposed breast cancer
patients compared to healthy controls [34], non-chemotherapy exposed survivors [35], or both [36].
Structural imaging approaches have revealed specific volume reductions and structural deficits in grey and
white matter in multiple brain regions corresponding to affected cognitive domains and pinpointed changes
specific to chemotherapy exposure.
Etiology of CRCI
While CRCI is commonly reported in cancer patients and survivors, its causes are unclear and
multiple etiologies have been suggested and investigated [37]. Several clinical studies have identified
cognitive impairments in cancer patients following diagnosis but prior to treatment [38, 39], indicating
potential contributions from cancer-related factors other than treatment itself.
Cancer
Studies of CRCI have found evidence of cognitive impairments in cancer patients prior to systemic
treatment, including high rates of cognitive impairment prior to systemic treatment (1.5 SD below published
norms on two or more tests) [40, 41] as well as decreased cognitive performance in direct comparison to
healthy controls [42] Two main routes have been proposed as contributors to cognitive impairment causes
by the cancer itself prior to chemotherapy exposure: 1) non-CNS cancer may directly contribute to CNS
insult via soluble tumor factors such as inflammatory cytokines [43], and 2) genetic risk factors may be
shared between cancer and cognitive impairment, such that cancer patients are also more likely to be
predisposed to cognitive impairment [37]. Patients with these genetic risk factors are hypothesized to be
overrepresented in those presenting with pretreatment cognitive dysfunction as well as most vulnerable to
effects of treatment on cognition.
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Psychological Distress and Fatigue
Cancer patients and survivors are at elevated risk not only for cognitive impairments, but for cooccurring fatigue and emotional or psychological distress, which may be considered a symptom cluster
related to cancer and cancer treatment [44]. In breast cancer, 41% of newly-diagnosed patients report
clinically significant levels of psychological distress, including major depression and post-traumatic stress
disorder (PTSD) [45], which have been proposed as stressors contributing to CRCI development [46].
PTSD symptoms have been shown to mediate objective and subjective cognitive impairments before [47]
and after [48, 49] chemotherapy treatment. Psychological distress conditions including depression, anxiety,
worry, mental fatigue, and stress are associated with CRCI and CRCI progression, though associations
with self-reported cognitive complaints are stronger than objective impairments [50]. Breast cancer
survivors who received chemotherapy and reported subjective cognitive impairment have elevated fatigue
and anxiety/depression compared to other groups [51], and in older (≥60 years) breast cancer survivors,
symptom burden of depression, fatigue, and subjective cognitive impairment was elevated in chemotherapy
treated survivors [52]. Fatigue alone and objective cognitive performance are strongly associated over time
up to two years post-chemotherapy [53]. Psychological distress can contribute to cognitive impairments
prior to treatment, and in chemotherapy treatment, subjective and objective cognitive impairment correlate
strongly with comorbid distress and fatigue, which may share underlying mechanisms with CRCI [44].
Non-pharmacological Cancer Treatments
Chemotherapy is often used in treatment regimens that also include radiation and/or surgery.
Multiple studies using neuropsychological measures of cognitive function have identified cognitive deficits
after radiotherapy treatment for breast cancer between three and 36 months after completion of treatment
[54-57]. Studies have found no difference between healthy controls and those who underwent surgical
treatment without systemic adjuvant treatments [58]. One study found that while the majority of subjects
experienced cognitive improvement over baseline after oncological surgery, a subgroup experienced
decline, with advanced age (≥75) and major surgery being risk factors [59].
Hormonal Therapy
Approximately 70% of invasive breast cancer is positive for estrogen receptor (ER) expression
(defined as ER expression in 1% or more of tumor cells); ER is activated by estrogen to stimulate oncogenic
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signaling in ER-positive breast cancer [60]. In addition to surgical resection of the tumor with or without
postoperative radiation therapy, nonmetastatic ER+ cancer is typically treated with endocrine therapy,
sometimes with the addition of chemotherapy. Endocrine therapy includes two main categories: aromatase
inhibitors, which inhibit conversion of androgens to estrogen and thereby reduce estrogen levels, and
selective estrogen receptor modulators (SERMs) such as tamoxifen, which exert ER agonist and antagonist
activities depending on tissue context [61]. For nonmetastatic breast cancer, endocrine therapy is often
used in an extended course of adjuvant treatment, with a five-year course of endocrine therapy expected
to reduce the risk of five-year disease recurrence by approximately 50% from the patient’s individual risk
baseline. [60] However, estrogen also plays an important role in neurocognitive health and function. A metaanalysis of clinical studies of the effects of endocrine therapy on cognitive function indicated that breast
cancer patients treated with endocrine therapy were impaired in verbal learning and memory compared to
non-cancer controls and breast cancer patients not receiving endocrine therapy [62]. Tamoxifen appears
to be more strongly associated with cognitive impairments in cancer survivors than aromatase inhibitors in
randomized clinical trials [63]. This is a surprising finding because tamoxifen is only a partial estrogen
receptor antagonist, while aromatase inhibitors ablate estrogen levels very effectively. It is possible that
effects of tamoxifen outside its partial estrogen-receptor antagonism contribute to cognitive deficits in breast
cancer survivors. Further study will be necessary to fully elucidate the differential effects of endocrine
therapies on cognition in cancer survivors.
Relationship of CRCI and Aging
Cognitive decline is characteristic of aging [64], and cancer incidence increases with age across most
cancer types [65]. Frailty during aging is associated with increased risk of developing age-related cognitive
disorders, including AD. Candidate mechanisms for chemotherapy-induced CRCI, particularly BBB
dysfunction, inflammation, and DNA damage, described below, are largely shared with biological processes
of aging [66]. Cognitive reserve, a measure of innate and developed cognitive capacity, is related to risk of
CRCI during aging, as older (age 60-70) breast cancer survivors with low cognitive reserve who received
chemotherapy treatment exhibited declines in processing speed measures compared to other groups [20].
This suggests that developed cognitive capacity can aid older cancer survivors in maintaining cognitive
function during stressors such as cancer and chemotherapy treatment that can adversely impact cognition.
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Chemotherapy and cancer may shift cognitive aging to a decline parallel to normal aging (phase-shift
hypothesis) or trigger a steeper age-related decline (accelerated aging hypothesis) with low cognitive
further predisposing to accelerated decline [67]. The TLC study of breast cancer survivors and matched
healthy controls age ≥60 found that age and frailty were independent predictors of low baseline attention,
processing speed, and executive function composite domain scores and low baseline self-reported
cognition. This indicates presence of a subset of older cancer survivors potentially more vulnerable to
cognitive decline following cancer diagnosis and treatment [25]. Further longitudinal studies are necessary
to clarify how normal aging, cancer, and chemotherapy treatment interact to affect cognition and risk of
decline or development of AD.
3. Mechanisms of Cancer-related Cognitive Impairment from Chemotherapy
The alterations in cognition observed in cancer patients and survivors are established; however, the
mechanisms underlying cognitive impairment in these contexts are as yet unclear. Multiple candidate
biological processes have been proposed as contributors to CNS insult in CRCI. Broadly speaking, insult
to the CNS from traditional cytotoxic chemotherapy drug exposure may occur via two non-mutually
exclusive routes: 1) direct damage of a chemotherapeutic or its metabolites to the brain, or 2) eliciting
peripheral stress or damage which leads to transport of endogenous damage mediators to the brain. Some
common breast cancer chemotherapeutic agents, such as methotrexate, cyclophosphamide, and 5fluorouracil, are also known to penetrate the BBB. Paclitaxel and cisplatin have been observed to infiltrate
the CNS at very low concentrations. Finally, agents such as doxorubicin (also known as adriamycin), an
anthracycline, are wholly excluded by the BBB [68].
Oxidative Stress and Mitochondrial Dysfunction
Many chemotherapeutic agents trigger production of reactive oxygen species (ROS) in the
periphery and in the brain, contributing to an environment of excess oxidative stress, in which free radicals
can cause damage to DNA, proteins, and lipids. In the brain, an organ highly susceptible to damage by
ROS, oxidative damage can trigger mitochondrial dysfunction, neuronal dysfunction, and neuronal death
via apoptosis. Rodent modeling has demonstrated increased markers of oxidative stress in the brain by
several chemotherapeutic agents, including cyclophosphamide [69] [70], methotrexate [71], and
doxorubicin [72-74]. Doxorubicin causes characteristic peripheral oxidative stress which triggers TNF-α
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production; in turn, peripheral TNF-α can cross the BBB and trigger oxidative damage. Doxorubicinexposed mice exhibit a TNF-α dependent increase in plasma markers of oxidative stress alongside
corresponding reduction in levels of glutathione, an antioxidant protein, increased levels of protein
carbonylation in the brain, and reduction in brain mitochondrial respiratory function [75-77]. When peripheral
oxidative damage is blocked by administration of 2-mercaptoethane sulfonate sodium, oxidative damage
in the brain and cognitive impairments are rescued [78]. In a clinical study of breast cancer patients prior to
adjuvant chemotherapy, SNPs in genes related to oxidative stress response were found to be associated
with performance on cognitive evaluation, suggesting that oxidative effects of cancer alone may contribute
to cognitive impairments in cancer survivors [79].
Mitochondria, organelles which produce ATP via oxidative phosphorylation, are integral to meeting
high brain energy supply needs and produce free radicals during normal function, but are vulnerable to
dysfunction when redox balance in the brain is challenged [80]. Mitochondrial dysfunction is commonly
implicated as a downstream effect of oxidative stress in the brain that contributes to metabolic dysregulation
and apoptotic induction in conditions of neurodegeneration. A study of mitochondrial DNA (mtDNA) as a
peripheral biomarker found that reduction in blood mtDNA after initiation of chemotherapy in breast cancer
patients correlated with worse cancer-related fatigue but not with subjective or objective cognitive function
[81]. In cultured rat hippocampal neurons and neural stem/progenitor cells, cisplatin induced mitochondrial
degradation, mitochondrial DNA breakage, and mitochondrial respiratory dysfunction [82]. Cisplatin
administration in a mouse model also lead to cognitive impairments in memory tasks, impaired
mitochondrial function, and increased ROS levels in mitochondria [83]. In context of extensive evidence of
oxidative stress in the brain caused by various cytotoxic chemotherapeutics, mitochondrial dysfunction
appears to play an important role in CNS damage in CRCI.
Inflammation
Inflammatory processes are implicated in many conditions of neurodegeneration. Alterations in
inflammation processes are characteristic of cancer itself, and many different cytostatic chemotherapeutics
with varying primary modes of action have also been implicated in inducing inflammation. Peripheral
inflammatory mediators induced by chemotherapeutics may be important contributors to CNS insult. In the
case of drugs that cannot readily penetrate the BBB, cytokines from the periphery could cross the BBB and
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there initiate inflammatory processes in the brain. Studies have found elevated pro-inflammatory cytokines
in chemotherapy-treated compared to non-chemotherapy cancer patients after treatment, with elevated
cytokines including sTNF-RII [84, 85], IL-1ra, and CRP [85]. In a study of early stage breast cancer patients
those receiving doxorubicin-based chemotherapy regimens (doxorubicin with cyclophosphamide with or
without fluorouracil), but not those receiving a cyclophosphamide, methotrexate, and fluorouracil regimen
exhibited elevations in plasma levels of inflammatory cytokines IL-6, IL-8, and MCP-1 [86], suggesting
differences among cancer patients in inflammation by treatment type.
Inflammation among cancer patients receiving chemotherapy has been linked to cognitive
impairments. Studies comparing non-cancer controls to cancer survivors who had received chemotherapy
treatment found increases in TNF-α and IL-6 in survivors an average of 4.8 years post-treatment, whichwere
associated with reductions in verbal memory performance and left hippocampal volume [87]. Another study
found elevated indications of inflammation by hematologic components (granulocyte, lymphocyte, and
platelet ratios) an average of 20 years post-chemotherapy treatment, which were associated with reduced
performance on a battery of neuropsychological assessments [88]. In a longitudinal study of breast cancer
patients receiving chemotherapy, plasma IL-1β correlated with reduced response speed performance and
anti-inflammatory IL-4 with improved response speed performance [89], and among breast cancer patients
during chemotherapy treatment, increased levels of sTNFRI were associated with declines in short-term
visual memory [90]. Overall, clinical evidence supports elevation in peripheral inflammation in cancer
survivors receiving chemotherapy treatments and indicates that those who experience elevation in a group
of inflammatory cytokines experience reduced cognitive performance.
Studies in animal models of CRCI have further connected inflammation after chemotherapy
exposure to CNS insult. Doxorubicin is excluded by the BBB, though it can directly affect the peripheral
nervous system as well as infiltrate the circumventricular organs of the brain, which are characterized by
permeable vasculature, and when introduced via ventricular injection, bypassing the BBB, it can be
transported to glia and neurons in privileged brain regions [91-93].However, doxorubicin has been shown
to induce TNF-α in plasma and in the brain after administration I.P., increasing TNF-α expression in neurons
in both cortex and hippocampus [75]. Observed reductions in mitochondrial respiration and increases in
apoptotic proteins after doxorubicin exposure were rescued by anti-TNF-α antibody administration,
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confirming a direct mediating effect of TNF-α [75]. Mice exposed to a combination chemotherapy exposure
of docetaxel, adriamycin, and cyclophosphamide I.P. exhibited increases in pro-inflammatory TNF-α and
IL-6 and decreases in anti-inflammatory IL-10 and IL-4 in both plasma and whole brain extracts compared
to saline-injection controls [94]. These increases in inflammation coincided with impaired performance on
the Morris Water Maze, an assessment of spatial learning and memory, reduced hippocampal activity in
manganese-enhanced MRI brain imaging, and decreased dendritic spine density, confirming deleterious
effects of chemotherapy on cognition and brain function [94]. Several studies have observed alterations in
morphology, activation, and/or proliferation of astrocytes and microglia, primary cellular mediators of
neuroinflammation response, in rodent models after chemotherapy exposure, and consistently associated
with impaired performance on various cognitive assessments [95-99]. Animal models of CRCI consistently
associate chemotherapy exposure with neuroinflammation and cognitive impairment, and implicate
inflammatory cytokines as mediators of various forms of CNS damage.
Blood-brain Barrier Dysfunction
The endothelial BBB is composed of brain microvascular endothelial cells, which rely on several
features in order to restrict passage of ions, molecules, and cells from the blood into the brain parenchyma.
These features include tight junctions, lack of fenestrae, and a complement of efflux proteins. Other
components of the neurovascular unit include the basement membrane, pericytes, and astrocytes, which
are necessary for BBB maintenance and function. Many, but not all, systemic chemotherapeutic agents do
not penetrate the BBB, and are presumed to cause peripheral damage that can impact the BBB and permit
influx of drug metabolites and/or peripheral mediators of toxicity into the brain [100]. In a demonstration of
direct effect of a chemotherapeutic on BBB function, oxaliplatin was found to alter tight junction proteins
zonula occludens-1 (ZO-1) and F-actin in an in vitro rat brain endothelial model, alongside elevations in
ROS and endoplasmic reticulum stress [101]. Inflammation and oxidative stress, processes whose effects
by chemotherapy is discussed above, have been shown to impair BBB function. TNF-α released from
activated microglia has been shown to increase BBB permeability in an in vitro mouse brain capillary
endothelial cell model [102], and to increase BBB permeability by inducing expression of matrix
metalloproteinases (MMPs) [103] including MMP-9 and MMP-3 [104]. Reactive oxygen species are a
primary mechanism of BBB disruption common to various conditions of neuropathology [105] and can
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cause damage to several components of the neurovascular unit downstream of protein tyrosine kinase
activation, including phosphorylation of tight junction proteins, MMP activation, and degradation of
basement membrane [106]. BBB disruption is thus closely linked to major mechanisms of damage by
chemotherapeutics. Additionally, the ability of systemic chemotherapy exposure to cause BBB damage
suggests that while a subset of chemotherapy agents including doxorubicin are generally characterized as
excluded by the BBB, they might achieve some degree of BBB penetration in some cancer treatment
contexts. If this is true, BBB disruption may secondarily permit direct effects of these drugs on regions of
the brain protected by the BBB.
DNA Damage
Cytotoxic chemotherapy agents commonly exert their anti-tumorigenic effects via disruption of DNA
replication and/or cellular division in rapidly proliferating cells, causing DNA damage to both cancerous and
healthy proliferating cells. Oxidative stress occurring in contexts of chemotherapy treatment, described
above, also notably trigger DNA damage. In clinical studies, oxidative DNA damage in peripheral
lymphocytes is elevated in breast cancer survivors compared to healthy controls, associating with reduced
memory function and increased subjective cognitive impairments [107], and in a cross-sectional study of
breast cancer survivors, increased DNA damage in peripheral leukocytes was associated with worse
executive function [108]. While peripheral measurements of DNA damage do not directly indicate presence
or extent of DNA damage in the CNS itself, oxidative DNA damage in peripheral leukocytes is observed in
Parkinson’s Disease [109] and Alzheimer’s Disease (AD) and mild cognitive impairment [110], giving reason
to believe it is a relevant marker for neurodegeneration. Animal models identify elevations in direct markers
of DNA damage in brain cells after chemotherapy exposure (doxorubicin plus cyclophosphamide or 5fluorouracil) [111, 112] and associations of elevated brain DNA damage with impaired memory acquisition
and retention [112]. Because of the relationship of DNA damage with other processes implicated in
neurodegeneration, primarily oxidative stress and inflammation, as well as due to its importance in cellular
and organismal aging and neurodegeneration, DNA damage represents another significant candidate
contributing mechanism to CRCI.
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Impaired Neurogenesis
In adult humans, capability for self-renewal of neurons is retained uniquely in the subgranular zone of
the dentate gyrus of the hippocampus and the subventricular zone; adult neurogenesis in these regions is
important in hippocampal functions, including spatial memory processes. Inhibition of neurogenesis may
be caused by chemotherapeutics which penetrate the BBB via their primary mechanisms of action, and/or
by neuroinflammation and oxidative stress secondary to chemotherapy exposure [113]. Animal models
have been important in pinpointing the effects of chemotherapeutics on neurogenesis, commonly using
doublecortin as a marker of newly produced immature neurons, and reductions in adult neurogenesis are
observed in response to various cytostatic agents. Mice and rats exposed to cyclophosphamide I.P. exhibit
acute, transient reduction in doublecortin-stained neurons in the hippocampus, coinciding with impairments
in hippocampal-dependent memory tasks, though with some indication that reductions in adult hippocampal
neurogenesis may be transient and memory impairments dose-dependent or otherwise not observed in all
contexts [114-116]. In rodent studies of antimetabolite drugs methotrexate [117] and 5-fluorouracil [118,
119], and in studies of mixed chemotherapeutic regimens (doxorubicin, cyclophosphamide, 5-fluorouracil
[120]; and methotrexate, cyclophosphamide, and 5-fluorouracil [121]) similar findings of reduced
neurogenesis and impaired hippocampal-dependent cognition are reported. Head-to-head comparison
between cyclophosphamide, which readily penetrates the BBB, and doxorubicin exposure in a mouse
model found similar impairments in hippocampal-dependent memory function and reduction in
neurogenesis and neuronal maturation between drugs, indicating that effects of chemotherapy on adult
neurogenesis can occur

in both BBB-permissive and -impermissive contexts [98]. Diverse

chemotherapeutic agents can cause impairment of neurogenesis, which may be an important mediator of
damage particularly to the hippocampus, contributing to disruption of hippocampal-dependent memory
function.
4. Genetic Risk Factors for Cancer-related Cognitive Impairment
Another important approach to understanding which cancer patients are vulnerable to CRCI is study of
possible genetic risk factors, which may help explain why only a subset of cancer survivors appear to
develop CRCI. Because CRCI is characterized by cognitive impairments and has been hypothesized to be
related to processes of neurological aging, DNA and oxidative damage, and inflammation, genes involved
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in these processes have been the focus of clinical research to this end [66]. Several genes related to
cognitive aging that have been studied as potential risk factors for CRCI in clinical populations; the most
prominent and well-studied of these are APOE, which encodes Apolipoprotein E, BDNF, which encodes
brain-derived neurotrophic factor, and COMT, which encodes catechol-O-methyltransferase. The ε4 allele
of APOE (APOE4) is a major risk factor for sporadic AD and cognitive impairment in aging, and is discussed
at length below. BDNF is a major neurotrophin involved in neuronal repair. The BDNF Val66Met genetic
polymorphism has been shown to have protective effects on self-reported and objective measurements of
cognition in breast cancer patients who received chemotherapy treatment [122-124] while presence of
BDNF polymorphism rs6265 was not found to affect cognition in breast cancer survivors [125]. COMT is
involved in neurotransmitter regulation and prefrontal dopamine ability. The COMT Val158Met
polymorphism reduces dopamine availability and potentially contributes to risk of developing cognitive
impairment [126]. Two studies of COMT genotype in breast cancer patients with chemotherapy treatment
found an association between COMTVal and poor cognitive outcome compared to COMTMet [125, 127].
APOE4 is the best studied putative genetic risk factor for CRCI. Several studies indicate
susceptibility of APOE4 carriers to cognitive impairment in context of chemotherapy [128-131]; however,
multiple other studies fail to observe this effect, suggesting that further studies are necessary to clarify in
what contexts and to what extent APOE4 genotype impacts CRCI [126]. The TLC study report of objective
measures of cognition in breast cancer patients ≥65 years of age observed reductions in cognitive function
scores in the attention, processing speed, and attention composite domain at 12 and 24 months following
study initiation in APOE4 carriers who received chemotherapy treatment with or without hormonal
treatment, an effect not observed in APOE4 carriers who received only hormonal therapy or were healthy
controls, or in any group of noncarriers, indicating an effect of APOE genotype on longitudinal CRCI
trajectory in a context of aging [25].
APOE Genotype, Alzheimer’s Disease, and Neurodegeneration
Apolipoprotein E (APOE), is best known as the strongest genetic risk factor for sporadic, late-onset (as
opposed to familial, early-onset) AD [132]. AD is a debilitating dementia syndrome whose characteristic
symptom is progressive memory loss. AD neuropathology is defined by the presence of extracellular
amyloid β-peptide (Aβ) aggregates, or plaques, and intracellular neurofibrillary tangles composed of
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hyperphosphorylated tau protein. Plaques and tangles contribute to neuronal dysfunction and death and
shrinkage of brain regions, such as the hippocampus, important in memory processes [133]. A prominent
hypothesis for AD onset and progression, the amyloid cascade hypothesis, suggests that accumulation of
Aβ and subsequent plaque formation, due to overproduction of Aβ peptide and/or insufficient clearance,
precipitates a neuroinflammatory response, oxidative stress burden in the CNS, tau phosphorylation, and
ultimately the full AD pathology and syndrome [134]. In this context, evidence of reduced amyloid clearance
by APOE4 protein compared to other APOE isoforms is important in explaining the elevated AD risk in
APOE4 carriers [135]. However, there is evidence of a role for APOE4 in AD risk and pathology through
non-amyloid mechanisms, including general susceptibility to neuroinflammation and oxidative stress [136]
and BBB dysfunction [137].
In addition to greatly increased AD risk, APOE4 carriers are at risk for poor outcomes in other contexts
of neurodegeneration, including traumatic brain injury [138] and stroke [139], [140]. The role of APOE4 as
a risk factor for cognitive decline in aging suggests it may function through age-related pathways in cancer
survivors exposed to chemotherapy, whose cognition may undergo premature aging [66]. In addition,
characteristic deficits in APOE4 brain, including elevated susceptibility to neuroinflammation, oxidative
stress, BBB dysfunction, and impaired neurogenesis are shared with well-studied mechanisms of CRCI
[141]. Taken together, CRCI may represent another condition of neurodegeneration in which APOE4
genotype confers increased risk.
5. Animal Models of Cancer-related Cognitive Impairment
Despite the robust clinical evidence of CRCI as a prevalent syndrome among cancer survivors, clinical
research approaches have proven limited in their ability to answer key questions about how CRCI develops
and why some cancer survivors develop cognitive impairments while others do not. Pre-treatment
neuropsychological testing is not routinely included in patient care, making longitudinal monitoring of
cognition difficult. Even within one category of cancer type – breast cancer, for example – tumors have
different molecular subtype and driver mutations, conferring different growth trajectories and pathological
courses. Patient care is not uniform; breast cancer may be treated with one or more of surgery, radiation,
hormonal, or cytotoxic chemotherapy treatments, and among those receiving chemotherapy, treatment with
a multi-drug regimen, varying from patient to patient, is typical. Together, this makes it challenging to utilize
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clinical data to understand exactly how cancer and/or chemotherapy contribute to the range of cognitive
outcomes observed in cancer survivors.
Preclinical animal model studies address many of these limitations and provide a basis for experimental
study of CRCI. Animal models of CRCI, can be used in direct experimental studies, where a functionally
identical group of organisms can be split into control and treatment groups, eliminating variability of patient
background, cancer type, and treatment regimen. Animal studies of CRCI may be designed to study the
effects of a single chemotherapeutic or a multi-drug combination, and may study the effects of cancer on
cognition in the presence or absence of chemotherapy exposure. Animal models also allow for direct study
of brain tissue in control and treated animals, allowing for identification of molecular pathways and cellular
changes involved in the pathogenesis of CRCI.
Understanding and utility of animal models of CRCI is limited by pervasive heterogeneity in study design
and experimental procedures, including variability in animal strains, sexes, and ages used, chemotherapy
dose and treatment schedule within studies using the same drug or drug combination, choice of behavioral
assessments and exact protocol of assessment [142]. These make it difficult to derive overall conclusions
regarding which chemotherapeutics most and least impact cognition, which domains are most consistently
impaired, and pattern of cognitive change over time. While animal models have potential to improve our
understanding of CRCI by utilizing direct experimental strategies and assessment of brain tissue, and while
many individual studies have been executed well and shed light on the subject, a robust body of directly
comparable animal model studies of CRCI is yet to be achieved.
The International Cancer and Cognition Task Force published a series of recommendations for
harmonizing preclinical research in CRCI in 2018, with the intent of advancing the field by recommending
standardized experimental approaches as well as emphasizing the priority of utilizing approaches that could
meaningfully inform the most pressing concerns identified in clinical research. Their recommendations
include tests of hippocampus-sensitive memory as well as frontal-lobe dependent executive function. Noncognitive behavioral responses related to chemotherapy, such as stress, emotional reactivity, fatigue, and
depression-like behaviors were recommended to be tested in addition to cognition-dependent behaviors,
to better understand symptoms co-occurring with CRCI and how they interact with cognition. Other
recommendations for improvement of animal model studies of CRCI include development of better animal
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models, especially tumor-bearing models, to further understand the interactions between cancer, cancer
treatment, and cognition, as well as prioritization of studies aimed at identifying genetic risk factors for CRCI
as well as development of preventative or treatment approaches to limit cognitive impairment in those
receiving cancer treatment [143].
6. Overall Significance and Aims
This thesis will develop a novel approach to animal model studies of CRCI. Utilizing aged APOE3 and
APOE4 targeted-replacement mice, I will address the following questions: 1) Do APOE4-TR mice
recapitulate observed cognitive vulnerability of APOE4 carriers in aged breast cancer survivors exposed to
chemotherapy; and 2) How does chemotherapy exposure affect the brain in the acute time period after
chemotherapy exposure, and does APOE genotype modulate effects?
The APOE-TR mouse model represents an attractive target for development of a model of APOE
genotype and chemotherapy effects on cognition, which would represent the first animal model of a putative
genetic risk factor for CRCI. Characterization of APOE effects on cognition after chemotherapy exposure
can provide a platform for direct mechanistic studies to determine how CNS insult underlying CRCI
develops and how APOE genotype and age influence the response to chemotherapy in the brain.
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CHAPTER II: BACKGROUND, PRELIMINARY STUDIES, AND MATERIALS AND METHODS

1. Background and Preliminary Studies
A few studies provide the substantial basis for the studies described in this thesis. The first is work
lead by Dr. Patrick Sullivan at Duke University generating the APOE mouse model used in the the
experiments included in this dissertation (1). The second is work by Andrew P. Speidell in the Rebeck Lab
identifying cognitive vulnerability in APOE4-TR mice after doxorubicin administration. That work provided
the rationale for the development of a well-characterized mouse model of APOE genotype and behavior
after chemotherapy exposure in older mice (2). The third was unpublished work I performed to determine
a dose regimen of doxorubicin of limited whole-body toxicity and weight loss, appropriate to use in older (810 month old) female mice and conducive to effective behavioral assessment in that context (3). Details of
these enabling studies are summarized below.
The APOE Targeted Replacement Mouse Model
In the APOE targeted replacement mouse (APOE-TR), the human APOE3 or APOE4 alleles are
expressed under the control of the endogenous murine APOE promoter, generating mice homozygous for
human APOE3 or APOE4 [144]. In these mice, APOE protein levels are similar to human APOE levels in
the hippocampus, frontal cortex, and cerebellum [145]. Importantly, while APOE targeted-replacement mice
do not develop overt AD brain pathology, the APOE4 mice do show distinct cognitive and brain structure
differences compared to APOE3 mice [146-149]. This makes the APOE-TR model an attractive option for
study of the influence of APOE genotype on brain and behavioral phenotypes in a pre- or non-AD context.
A Study of Chemotherapy-related Cognitive Impairment in Young Female APOE Mice
A previous study conducted in the Rebeck Lab by Andrew P. Speidell utilized five-month-old female
APOE targeted-replacement mice to investigate the impact of APOE genotype on cognitive behavior after
chemotherapy treatment. Control (an equal volume saline injection) APOE4 mice had worse performance
during training and probe trails compared to control APOE3 mice, as expected based on previous studies
in this model. Doxorubicin-exposed APOE3 mice had similar patterns of learning and memory performance
compared to unexposed APOE3 mice. However, doxorubicin-exposed APOE4 mice had greater latency to
escape compared to unexposed APOE4 controls. The APOE-TR system is a preclinical model for
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investigating CRCI in a genetically susceptible context [149]. During this study, I performed and analyzed
data for an Open Field Test to assess locomotive and anxiety-like behaviors in these mice. This work
provided the first evidence in a preclinical experimental model of the contribution of APOE4 to cognitive
vulnerability to chemotherapy exposure, and established the utility of the APOE-TR model to study the
interaction of APOE genotype and chemotherapy exposure on cognition in aged animals.
Determination of Doxorubicin Dose and Administration
A first step in designing an expanded, robust study of cognitive sequelae of doxorubicin exposure
in aged mice was to determine an appropriate dose and exposure regimen that was comparable to human
regimens, would avoid excessive whole-body toxicity and be feasible for administration. I designed and
performed an experiment comparing changes in body weight after three different total doses of doxorubicin:
5, 15, or 40 mg/kg bodyweight in male APOE3 mice three to four months of age (n=5-6/group). Doxorubicin
was prepared in DMSO and diluted in sterile PBS and administered via intraperitoneal injections. While the
previous study utilized a tail-vein injection approach, I wanted to evaluate feasibility of I.P. injections due to
increased ease of administration and decreased discomfort and stress in animal subjects. In addition, since
chemotherapy is given in a course of multiple cycles, I needed to determine whether administration of the
total doxorubicin dose over different numbers of injections was feasible and whether it produced differences
in whole-body toxicity. For each dose, the group was split into half receiving three injections over a oneweek span and half receiving six injections over a two-week span. For the purposes of future studies, weight
loss of ≥15% would require euthanasia. For this reason, I determined that the preferred dose and treatment
regimen should reliably produce an average weight loss of less than 10%, to minimize the chance that a
given individual mouse would exceed the 15% body weight loss limit and require removal from the study.
Weight loss was most rapid among mice given 40 mg/kg doxorubicin split into three injections over
a one week period, with one mortality and surviving mice reaching an average body weight loss of 29%
within one week after injections were completed. Among mice receiving 40 mg/kg split into six injections
over a two week period, the average body weight loss observed at 12 days after injections were completed
was 18%. All mice in these groups were euthanized save the single mortality. Peak plasma concentration
of doxorubicin is the main determinant of toxicity effects including cardiotoxicity, nausea, and vomiting in
cancer treatment with doxorubicin, so this difference is not unexpected [150]. All mice receiving 40 mg/kg
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lost >15% total body weight within two weeks of treatment. Out of six mice receiving 15 mg/kg doxorubicin,
three experienced total weight loss >10% including one experiencing weight loss >15%. Mice who received
15 mg/kg doxorubicin showed comparable maximum average weight loss at four weeks following treatment
(10% in the three-injection regimen and 11% in the six-injection regimen). Mice who received 5 mg/kg
showed a maximum average weight loss of approximately 5% regardless of injection schedule. (Figure 1).
For the purposes of future studies, I ruled out total doxorubicin doses of 15 mg/kg or more over a two-week
span as liable to cause excess whole body toxicity and weight loss. I also determined that at total doses of
15 mg/kg or below, response did not differ when the total dose was spread over three versus over six total
injections. Because an increased number of injections would increase the chances of experimenter error,
but would not appreciably alter whole-body toxicity response at the doses that would be feasible, I
determined a preference for a lower number of injections for future experiments. For future studies of
doxorubicin effect on behavior in mice, I chose a 10 mg/kg total dose split into two injections of 5 mg/kg,
spaced one week apart.
A Study of Chemotherapy and Cognition in Older Wild-type Female Mice
To evaluate the feasibility of administering behavioral tests to aged mice exposed to a dose of
doxorubicin expected to cause whole-body toxicity (e.g. weight loss) I exposed wild-type female C57B6/J
mice 8-10 months of age to our selected dose regimen of doxorubicin. Mice were separated into two groups
tested using the Barnes Maze one and six weeks post-exposure respectively to determine to what degree
doxorubicin affected mouse body weight, sickness behavior, and navigation. By five weeks following the
second of two injections, weight differences between control and doxorubicin-exposed mice resolved
(Figure 2A). Doxorubicin exposure did not alter latency to full entry into the escape hole (total latency) on
the Barnes Maze (Figure 2B-C). Mice exposed to doxorubicin or saline control one week post-injection
showed a modest (18%) though statistically significant (p=.031) increase in average primary latency to
escape on the first training day compared to those whose final injection was six weeks prior to testing
(Figure 2D). This indicated a small effect of stress related to injections and handling when mice began
testing within one week of the second of two injections received and supported a choice for future
experiments of testing on the Barnes Maze five to six weeks after dosing was complete.
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Based on these results, I concluded that the chosen doxorubicin exposure regimen was feasible for
future behavioral studies of 12-month-old APOE-TR mice. I determined that weight loss could be expected
to be limited to less than 10% of starting body weight and to rebound starting approximately three weeks
following final exposure. Mice so exposed could locomote and navigate the Barnes Maze successfully, and
deferring testing until approximately six weeks post-exposure would limit the effects of weight loss and
injection stress on task performance. Lastly, I observed that in the absence of APOE genetic context, 10
mg/kg doxorubicin exposure did not produce observable spatial learning or memory defects using the
Barnes Maze assessment.
2. APOE-Targeted Replacement Cancer-related Cognitive Impairment Modeling Studies –
Materials and Methods
Overview
Building on my feasibility studies, this thesis comprises two studies: one a study primarily of
behavior in aged (12-month-old) female APOE-TR mice after doxorubicin exposure, detailed in Chapter III;
the second, a time-course study of doxorubicin toxicity to the brains of six-month-old female APOE-TR mice
after doxorubicin exposure, detailed in Chapter IV. Female mice were selected for both studies to ensure
that results were relevant to the breast cancer population of interest. The main goal of the behavioral study
was to determine effects of doxorubicin exposure on cognition and non-cognitive behaviors in aged female
APOE3 and APOE4 mice. Informed by the results of the behavioral study, the main goal of the time course
study was to identify mechanisms of CNS damage in the immediate aftermath of doxorubicin exposure in
female APOE3 and APOE4 mice. The main timeline of chemotherapy exposures, behavioral assessments
(in the first study only) and euthanasia for each study is shown in Figure 3.
Materials and Methods
Mice: Human APOE3 and APOE4 targeted-replacement C57BL/6J mice were bred and maintained at
Georgetown University according to standard procedures, including appropriate group caging and access
to water and normal chow ad lib. Female mice were used for both studies.
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i.

Aged Behavior Study

APOE3 (n=31) and APOE4 (n=30) mice were entered into the experiment at 12-13 months of age.
This provided for an appropriate group size (n=14-15) for well-powered behavioral assessments,
the primary study goal.
ii.

Time course Study

APOE3 (n=36) and APOE4 (n=32) mice were entered into the experiment at 6.5-7.5 months of age.
With 10 total groups, this provided for an appropriate group size (n=6-8) for well-powered
biochemistry assessments, the primary study goal.
Chemotherapeutic Drug Exposure: Doxorubicin hydrochloride (Abcam, ab120629) was prepared as a 10
mM solution in ultrapure DMSO and frozen at 4°C for a maximum of one month before use. Doxorubicin
was administered in sterile PBS in a 500 uL total volume via intraperitoneal (I.P.) injection. Saline controls
consisted of an equal volume of ultrapure DMSO in sterile PBS administered in the same course as treated
mice. The volume of 10 mM doxorubicin or DMSO vehicle control did not exceed 10% of the total injection
volume.
i.

Aged Behavior Study

Animals were treated with two injections of 5 mg/kg doxorubicin for a total dose 10 mg/kg or control
injections, spaced one week apart. There were a total of four exposure groups: APOE3 control,
APOE3 doxorubicin-treated, APOE4 control, and APOE4 doxorubicin-treated mice (n=1516/group). Mice were weighed prior to the initial injection and weekly thereafter.
ii.

Time-course Study

Animals were treated with a single injection of 10 mg/kg doxorubicin or control. A single dose
approach was chosen to capture initial effects of doxorubicin exposure. There were a total of four
exposure groups: APOE3 control (n=8), APOE3 doxorubicin-treated (n=28), APOE4 control (n=7),
and APOE4 doxorubicin-treated mice (n=25). For the doxorubicin-treated mice, each genotype was
divided into four groups (n=7-8/group) with different euthanasia times: one, three, seven, or 21
days post-doxorubicin exposure (described in full below under heading “Tissue Collection and
Immunohistochemistry”), giving a comparable group size between control groups and each postdoxorubicin exposure time point group.
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Aged Behavior Study – Behavioral Assessments: Mice were behaviorally tested using a series of
assessments. For each procedure, each mouse was habituated to the testing room for 30 minutes in its
home cage and, when appropriate, allowed to explore the apparatus freely for five minutes. Each apparatus
was thoroughly cleaned and wiped down with 70% ethanol prior to each test to eliminate the potential
influence of olfactory cues.
i.

Open Field Task

The Open Field task was used as an assessment of locomotion, anxiety, and exploratory behavior.
The open field apparatus was a plain plexiglass field of 43 cm square. Laser detectors tracked
mouse movement and location on the apparatus and data was directly collected by MedAssociates
activity monitor. The outermost 8 cm of the field were considered the “outer zone” and the remaining
area considered the “inner zone”. Time spent in the inner zone was used as a measure of anxiety.
Total distance traveled was used to assess locomotion. This task was performed at three time
points: two weeks prior to doxorubicin exposure, one week following the second doxorubicin
injection, and 14 weeks following the second doxorubicin injection. The two post-exposure
assessments were intended to measure locomotive and anxiety-related behavior changes due to
doxorubicin exposure at an acute and distal time point to understand changes over time.
ii.

Elevated Zero Maze

The Elevated Zero Maze consists of a ring-shaped platform 600 mm in diameter, with two sections
protected by walls 6” high (“closed zone”) and two sections lacking walls (“open zone”). Mice were
placed at the edge of a closed zone and movement recorded by overhead camcorder and analyzed
using the AnyMaze software suite. Percent time spent in the open zone was used as a measure of
exploratory behavior and as a negative measure of anxiety. This task was performed at three time
points: two weeks prior to doxorubicin exposure, one week following the second doxorubicin
injection, and 14 weeks following the second doxorubicin injection.
iii.

Pre-Pulse Inhibition (PPI)

PPI was used to assess sensorimotor gating. Animals were exposed to consistent background
noise (70 dB) alone for five minutes; the background noise was continuous throughout the session.
Afterwards, five startle-inducing pulses (30 ms) of 120 dB broadband noise generated stable
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baseline startle responses. Mice were exposed to trials either of the pulse alone or the pulse
preceded by a 30 ms “pre-pulse” of noise 3, 6, 9 and 12 dB above background. In the
prepulse+pulse trials, the onset of the prepulse and the onset of the pulse were separated by 130
ms. Animals were tested on a total of 50 trials (10 Pulse-Alone trials, 10 of each of the prepulse
trials) in a pseudorandom order of series of pulses with or without pre-pulses of 3, 6, 9, or 12 dB
above background white noise (PP3-PP12). An average of 15 seconds (range 5–25 seconds)
separated the trials. The testing parameters employed produce robust PPI [151, 152]. This task
was performed at two time points: one week prior to doxorubicin exposure and two to three weeks
following the second doxorubicin injection. These time points were selected to accommodate other
behavioral tests before and after doxorubicin exposure and minimize animal stress during the
testing period.
iv.

Barnes Maze

The Barnes maze (San Diego Instruments Inc., San Diego, CA) was used to assess spatial learning
and memory (Rosenfeld and Ferguson 2014). The maze was in an area with extra-maze cues,
illumination of 150 lux and 75 dB white noise, and had 19 shallow decoy containers and one escape
hole around the edge of the disk. For each trial, the mouse was allowed to explore the maze freely
for 180 seconds or until entering the escape hole. If the mouse did not attain the escape hole, the
experimenter gently guided it there. The apparatus was captured by overhead video and analyzed
using AnyMaze software. One day prior to the start of training, a habituation task consisted of a
single trial with the escape hole placed in a location that would not be used for the remainder of the
protocol. On the day following habituation, the training protocol was performed with the escape
hole in the target location, which remained constant during the full training protocol. On each of
four consecutive training days, the mice were put though four trials separated by an interval of 15
minutes. Seventy-two hours following the final training trial, each mouse underwent a single probe
trial. Three APOE3 mice (two control, one doxorubicin-treated) were excluded from Barnes Maze
testing due to barbering between cage-mates and related stress behavior observed within a week
prior to testing on the apparatus. This task was performed five weeks following the second
doxorubicin injection.
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v.

Fear Conditioning

Fear conditioning was used to assess amygdala-related learning and memory. The conditioning
chamber was 12” by 9” in the presence of 60 dB of white noise. Video footage was captured using
an LG Phoenix 3 smartphone running Android software using the default camera application. After
habituation, each mouse was exposed to a 4000 kHz cue tone of 78 dB for 30 seconds. Coinciding
with the end of the tone, the mouse received a foot shock of 0.7 mA for one second through the
floor grid (“delayed conditioning”). After 120 seconds, the mouse was returned to its home cage.
The shock conditioning protocol was repeated four hours later. The following day, each mouse was
placed in a novel black foam chamber of 10” by 6” in a different room. After 180 seconds, the cue
tone was played for 30 seconds without the conditioning shock. After 120 more seconds, the mouse
was removed to its home cage. Four hours after the cued fear response test, each mouse was
placed in the conditioning chamber for five minutes as the context fear response. Videos were
reviewed by a blinded observer who noted duration of freezing behavior throughout. Percent time
freezing was defined as no motion of the mouse outside of breathing. Fear conditioning was
performed at 20 weeks following the second doxorubicin injection as the final behavioral
assessment to prevent negative effects of the aversive stimulus task affecting results of the other
assessments.
Tissue Collection and Immunohistochemistry
i.

Aged Behavior Study

At 31 to 35 weeks following treatment (20-21 months of age), the mice were euthanized by CO 2
inhalation. The variation in time of euthanasia was due to choosing an early euthanasia time for
some mice due to spontaneous age-related mortality that was observed among some of the mice
(in a manner unrelated to APOE genotype or doxorubicin treatment). Blood was collected via
cardiac puncture and centrifuged at 4°C at 2000g for 15 minutes to isolate plasma, which was
stored at -80°C. The mice were perfused with 5-10 mL of either ice-cold 10% neutral buffered
formalin or ice-cold PBS, depending on the intended tissue usage. For formalin-perfused mice, the
organ tissue (brain, heart, lung, liver, kidney, and spleen and pancreas) was placed in 10% neutral
buffered formalin. For PBS-perfused mice, heart, liver, kidney, and spleen and pancreas were
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collected and snap-frozen. PBS-perfused brains were hemisected, with one hemisphere dissected
into cortex, cerebellum, and hippocampus, and snap-frozen; the other hemisphere was placed in a
4% formalin/10% sucrose solution. Fixed brain hemispheres were transferred through a sucrose
gradient, then washed and soaked in PBS and 70% ethanol prior to paraffin-embedding and slicing.
Five-micron thick slices were processed for immunohistochemistry and stained with antibodies
against Iba-1 (Ionized calcium binding adaptor molecule 1, Wako) for microglia, GFAP (Cell
Signaling Technology) for astrocytes, AT8 (Phospho-Tau: Ser199, Ser202) (Invitrogen), and Aβ42
(Millipore) and imaged via brightfield microscopy. Tissue staining was optimized and performed by
the Histopathology and Tissue Shared Resource at Lombardi Comprehensive Cancer Center,
Georgetown University. Tissue staining was assessed qualitatively due to limited number of
samples reserved for immunohistochemistry (n=3-4 mice/group).
a. Structural Imaging
Formalin perfused whole brains (n=5 mice/group) were harvested and embedded in 3%
agar in PBS for ex vivo MRI, performed at the Preclinical Imaging Research Laboratory by
Dr. Christopher Albanese, Dr. Olga Rodriguez, and Dr. Yichien Lee. High-resolution threedimensional anatomical imaging was performed in order to analyze the differences in
regional brain anatomy using voxel-based morphometry (VBM), as described previously
[149]. Briefly, MRI was performed on a 7-T Bruker spectrometer (Bruker Biospin, Ettlingen,
Germany) run by Paravision 5.1 software, with a 32-mm mouse brain volume coil. The
imaging sequence was a 3-D T2-weighted rapid acquisition with relaxation enhancement
(RARE) with the following parameters: repetition time = 2500 ms, effective echo
time = 36 ms,

RARE

factor = 12,

flip

angle = 90

degrees,

field

of

view = 17.5 × 17.5 × 20 mm, matrix size = 190 × 190 × 170, and spatial resolution of
92 × 92 × 118 mm.
To perform voxel-based morphometry, raw Bruker 2dseq image datasets were extracted
as DICOM files and converted to NIfTI (Neuroimaging Informatics Technology Initiative
(NIH)) format files using MRIcron software. Images were then skull-stripped using MIPAV
7.1.1 (Medical Image Processing, Analysis, and Visualization) software and aligned to the
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SPMMouse mouse brain template (spmmouse.org) via affine transformation with 12
parameters (translations, shears, rotation, and scale factors in three dimensions) using
FSL (FMRIB Software Library, Oxford, UK). Based on the unified segmentation algorithm,
each image was segmented into gray matter (GM) and white matter using SPMMouse. The
warped modulated GM maps were smoothed with a 0.5-mm FWHM (full width at the half
maximum) Gaussian kernel.
ii.

Time-course Study

Mice in the saline control groups were euthanized three days following the injection; mice exposed
to doxorubicin were euthanized one, three, seven, or 21 days following the injection to capture a
time course of acute effects of doxorubicin. Blood was collected via cardiac puncture and
centrifuged at 4°C at 2000g for 15 minutes to isolate plasma, which was stored at -80°C. The mice
were perfused with 5-10 mL of ice-cold PBS. Heart, liver, kidney, and spleen and pancreas were
collected and snap-frozen. PBS-perfused brains were hemisected, with one hemisphere dissected
into cortex, cerebellum, and hippocampus, and snap-frozen; the other hemisphere was placed in a
4% formalin/10% sucrose solution.
Frozen brain cortices samples were divided for further preparation: 30-60 mg by weight was used
for RNA isolation using the Direct-zol RNA Miniprep Kit (Zymo Research). RNA quantity and quality
were confirmed using Nanodrop spectroscopy measurement.
The nCounter® Mouse Neuroinflammation Panel was performed by the Genomics & Epigenomics
Shared Resource at Georgetown University Medical Center using four pooled RNA samples for
each of eight groups: APOE3 control, 3 day post-doxorubicin exposure, 7 day post-doxorubicin
exposure, and 21 day post-doxorubicin exposure; and APOE4 control, 3 day post-doxorubicin
exposure, 7 day post-doxorubicin exposure, and 21 day post-doxorubicin exposure.
For cDNA preparation from isolated RNA samples, the High Capacity cDNA Reverse Transcription
Kit (Applied Biostsytems) was used with 600-1000 ng total RNA and cDNA synthesis performed at
37° for 120 minutes using a PTC-200 thermocycler (MJ Research). For quantitative analysis, RTqPCR was performed using cDNA samples diluted either 1:25 or 1:30 and normalized to GAPDH
for each plate run. Samples were run in triplicate. Hippocampus samples were homogenized in
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RIPA buffer, sonicated, and centrifuged to remove sediment and ELISA was used to assess levels
of TNF-α (abcam ab100747), IL-6 (abcam ab100713), and APOE proteins (abcam ab108813),
performed by Dr. Maria Fe Lanfranco. Cortex samples were similarly prepared and ELISA was
used to assess levels of TNF-α, IL-6, and APOE proteins.
3. Statistical Analysis
Aged Behavior Study
For analysis of behavioral assessments, I used Prism 8. For the Barnes Maze, I used 3-way ANOVA
with Tukey’s multiple comparisons test comparing genotype, treatment status, and test day to assess
differences in learning over time. For the Open Field and Elevated Zero assessments, I used three-way
ANOVA with Tukey’s multiple comparisons test to assess differences between time points followed by twoway ANOVA with Sidak’s multiple comparisons test to assess interactions of time point and genotype. For
Fear Conditioning, I used a mixed-effects analysis with Tukey’s multiple comparisons test to evaluate
freezing behavior across tasks. For freezing in different portions of the cue test, I used a three-way ANOVA
with Tukey’s multiple comparisons test to assess differences between time points followed by two-way
ANOVA with Sidak’s multiple comparisons test to assess genotype effects. In each case, multiple
comparison testing was chosen based on GraphPad Prism recommended test for the given analysis. For
all ANOVA, significance is reported including F test for variance in the form F(X, Y) = N, where X is the
degrees of freedom numerator and Y is the degrees of freedom denominator reported by Prism based.
For MRI, statistical analysis was performed by Dr. Christopher Albanese, Dr. Olga Rodriguez, and
Dr. Yichien Lee. Group-wise differences in the GM maps across the whole brain with SPMMouse toolbox
were tested for by performing a voxel-by-voxel two-sample t test. Whole brain analysis was performed with
a significance level of p < 0.05, uncorrected for multiple comparisons.
Time-course Study
For NanoString nCounter® Mouse Neuroinflammation Panel, data normalization was performed by
Lu Jin to generate normalized absolute transcript counts for all panel genes based on housekeeping genes
included in the panel for this purpose.
For RT-qPCR, I used GraphPad Prism 8 to perform two-way ANOVA with recommended multiple
comparisons test based on program recommendations for group comparisons (Tukey’s, Sidak’s, or
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Dunnett’s multiple comparisons tests used, based on multiple comparison correction test recommendation
by GraphPad Prism for each analysis.

Figure 1: Weight change after doxorubicin exposure.
Mice were weighed prior to doxorubicin exposure and weighed twice weekly during and after doxorubicin
exposure.
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Figure 2: Response to doxorubicin exposure in eight-to-ten-month old wild-type mice.
A. Weight change after doxorubicin exposure (injections following weighing in weeks 0 and 1). B. Latency
to full escape on the Barnes Maze during four consecutive training days, four tests per mouse per day. C.
Latency to full escape on the Barnes Maze during four consecutive training days, consolidated groups of
mice with final injection (doxorubicin and saline groups combined) one versus six weeks prior to testing. D.
Total latency to escape during probe trial 72 hours following final training day tests.
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Figure 3: Summary timelines.
Timelines of doxorubicin or control exposure, behavioral assessments, and euthanasia. A. Behavioral study
of aged female mice exposed to doxorubicin or saline control (Chapter III). B. Acute doxorubicin brain
toxicity time course study (Chapter IV).
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Chapter III: A BEHAVIORAL STUDY OF DOXORUBICIN EFFECTS IN AGED FEMALE APOE3 AND
APOE4 MICE

1. Overview and Rationale
The aim of this study was to determine cognitive outcomes and evaluate brain pathology in the APOE3
versus APOE4 context in a pre-clinical animal model of CRCI. We studied doxorubicin response in twelvemonth-old female APOE3 and APOE4 mice to emulate the older breast cancer survivor population and
understand how APOE genotype affects cognition in the context of chemotherapy treatment. Feasibility
studies in this model described in Chapter II found deficiencies in spatial learning and memory in fivemonth-old female APOE4 mice exposed to doxorubicin [149]. This study adds to the field by examining a
more clinically relevant age group to mice in terms of older breast cancer survivors and tests several
additional cognitive domains. This study serves as a useful preclinical model of CRCI in terms of clinical
translational implications. This chapter of the dissertation summarizes the study; the results were also
recently published [153]. Understanding the cognitive response to doxorubicin exposure in this mouse
model established the basis for future direct testing of the mechanisms underlying this complex geneticenvironmental interaction in the time course study presented in Chapter IV, particularly whether cognitive
deficits related to neurological alterations commonly associated with APOE genotype in the AD and preAD contexts.
2. Results
Weight Loss
At the outset of the experiment, the two APOE genotype groups were similar in weight. Doxorubicin
caused an average maximum weight loss of 6.5% in APOE3 mice and 5.2% in APOE4 mice, with no
significant difference between genotypes (Figure 4). The greatest extent of weight loss was observed at
three weeks post-treatment, after which weight recovered in both APOE genotypes; by week 6 (five weeks
following second injection), weight differences between doxorubicin-exposed and control groups resolves.
Exploration and Anxiety
Prior to treatment, APOE3 mice spent 50% more time in the exposed Inner Zone of the Open Field
and 50% more time on the exposed Open Zone of the Elevated Zero Maze than APOE4 mice, indicating
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slightly lower baseline anxiety-like behavior than APOE4 mice (Figure 5 B and D). Two weeks posttreatment, control and doxorubicin-treated mice of both APOE genotypes traveled the same distance in the
Open Field Assessment and Elevated Zero Maze (Figure 5 A and C). The distance traveled was reduced
in all groups post-treatment by 35%. After 15 weeks, control and doxorubicin-treated mice of both APOE
genotypes also traveled the same distance in both apparatuses. Time spent in the exposed zones of the
Elevated Zero Maze was reduced at both post-treatment timepoints in all groups. We observe that APOE4
mice have higher baseline anxiety-like behavior. Doxorubicin does not appear to affect locomotive behavior
or anxiety-like behavior in either genotype. However, reduced locomotion in all groups at both posttreatment time points indicates a strong habituation effect of the initial (pre-treatment) exposure to the
apparatus for both assessments.
Sensorimotor Gating
For pre-pulse inhibition (PPI), the pre-pulse of three dB above background caused about 25% of
startle inhibition (Figure 6A) and was chosen for analyses of the effects of APOE genotype and doxorubicin
exposure. APOE3 and APOE4 groups did not differ in their degree of PPI with the 3 dB pre-pulse at baseline
(Figure 2A). Doxorubicin treatment had no significant effect on PPI at any of the post-treatment time points
in either genotype group (Figure 6B).
Hippocampus-related Spatial Learning and Memory
Using the Barnes maze, we assessed locomotion during an apparatus habituation trial and latency
to total escape (full entry into the escape hole) during four consecutive training days of four tests per mouse
per day, as a measure of spatial learning. Treated and untreated APOE3 and APOE4 mice explored the
Barnes maze during habituation at approximately the same speed (.046 - .067 meters/second), although
the control APOE4 subgroup was significantly faster than doxorubicin-treated APOE3 subgroup (Figure
7A). Control APOE4 mice took longer to escape than control APOE3 mice, particularly on training days 1
(146 vs. 74 seconds mean latency to escape) and 2 (118 vs. 54 seconds) (Figure 7B). Over training days
3 and 4, APOE4 control mice exhibited reduced total latency until Day 4, when total latency became
comparable to APOE3 mice. Doxorubicin treatment had no effect on the response of APOE3 mice across
the four training days. In contrast, APOE4 mice treated with doxorubicin had significantly higher total latency
to escape than the three other groups. Compared to APOE4 control mice, APOE4 mice treated with
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doxorubicin exhibited significantly higher total latency on training days 3 and 4 (mean of 120 vs. 73
seconds). This deficit was also reflected in the fact that APOE4 mice treated with doxorubicin had high
rates of failure to full escape in the 180 second task. Overall, APOE4 mice had deficits in total latency on
Days 1 and 2 compared to APOE3 mice, and while APOE4 control mice improved over time to attain
comparable total latency to APOE3 mice on Days 3 and 4, APOE4 doxorubicin-exposed mice failed to do
so.
To fully understand whether deficits in total latency resulted from impaired spatial learning function,
we assessed primary latency on the Barnes maze during the four training days, defined as the time for the
mouse to make a first nose poke into the escape hole (Figure 7C). In contrast to full escape, which requires
both successful navigation (using spatial learning functions) and escape hole entry behavior, primary
latency to the first nose poke into the escape hole requires only successful navigation to the escape hole.
For this reason we considered primary latency a more specific measure of spatial learning. In same-day
comparisons, APOE4 doxorubicin-treated mice had significantly higher primary latency compared to the
untreated APOE3 and untreated APOE4 mice on training day 1 and compared to the treated APOE3 mice
on training day 2. By training day 4, APOE4 doxorubicin-treated mice performed similarly to all other groups.
These data confirm that primary latency makes a distinct contribution to deficits in total latency in APOE4
doxorubicin-exposed mice, indicating specific deficits in spatial learning in this group. The results of
doxorubicin treatment failing to cause an observable deficit in spatial learning by the APOE3 mice are
concordant with prior experiments in wild-type female C57BL/6J mice: mice treated with 10 mg/kg
doxorubicin performed the same as saline-injected control mice in the same Barnes Maze paradigm,
described in Chapter II.
To understand whether behavior following first approach to the escape hole contributes to
differences in total latency, we also examined the delay to full escape following primary latency. We found
that APOE4 mice, regardless of treatment, had a longer delay to escape after the first correct nose poke
during training days 1 and 2 compared to treated and untreated APOE3 mice (mean 95 vs. 28 seconds on
Day 1 and 72 vs. 16 seconds on Day 2 (Figure 7D). This delay to escape decreased in APOE4 control mice
on training days 3 and 4 but remained significantly higher in APOE4 doxorubicin-treated mice (mean 76 vs.
43 seconds Day 3, and mean 70 vs. 32 seconds day 4). APOE4 mice treated with doxorubicin exhibited
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distinct alterations in escape behavior compared to other groups, with increased delay to full entry into the
escape hole after primary latency.
Three days after training on the Barnes Maze was completed, mice were exposed to the maze in
a final probe trial (Figure 8). Doxorubicin treatment was associated with a significant increase in the time to
enter the target hole, in both APOE3 and APOE4 mice. Interestingly, two of the 14 doxorubicin-treated
APOE3 mice (14.3%) and seven of the 15 (46.7%) doxorubicin-treated APOE4 mice did not enter the target
hole at all by the end of the three minute trial, indicative of strong memory deficits (Figure 8). However,
limited learning in doxorubicin-exposed APOE4 mice during training days makes it difficult to confirm
relative contributions of memory deficits, as this group failed to attain a total escape latency comparable to
other groups.
Amygdala-related Learning and Memory
To analyze amygdala-related learning alongside hippocampal learning, we used cued and
contextual fear conditioning tasks 21 weeks after treatments, at approximately 16-17 months of age (Figure
9). Mice in all groups showed similarly high rates of freezing behavior in response to the second of two
conditioning shocks compared to the initial unconditioned shock (Figure 5A). In the cued fear conditioning
assessment, mice in all groups showed similar elevated freezing, both in response to the tone cue
presented in the novel (non-conditioned) environment and during the time-matched portion of the contextual
fear response assessment (in the absence of the tone cue) (Figure 9A). Examining the response to the cue
tone in more detail, we confirmed mice in all groups froze in response to the tone cue presented in the
novel environment but not to the initial presentation of the novel environment (Figure 9B). We also found
that APOE4 mice in both treatment groups showed elevated freezing behavior after the tone cue was
complete compared to APOE3 mice (Figure 9B). Overall, mice responded appropriately to cued and
contextual fear conditions, with no differences observed due to doxorubicin exposure; APOE4 mice appear
to have stronger fear behavior in cued fear conditioning after the cue tone.
Structural Changes in the Brain
In order to assess the long-term effects of doxorubicin on brain structure, we performed VBM on
three-dimensional anatomical MR images of ex-vivo brains. VBM analysis did not detect any persistent,
long-term cerebral anatomical alterations associated with doxorubicin treatment in the APOE3 mice. Across
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whole-brain analysis, differences between groups were not statistically significant, but suggested regionspecific trends. Specifically, the doxorubicin-treated APOE4 mice exhibited subtle atrophy primarily in the
grey matter of the frontal cortex, versus control APOE4 mice (Figure 10A, B). Compared to all (treated and
untreated) APOE3 mice, all (treated and untreated) APOE4 mice showed lower grey matter volumes in the
cerebral cortex and the striatum, regardless of treatment (Figure 10C, D). Hippocampal volume did not
differ between groups by genotype or treatment. We considered that the FWE correction used might be too
stringent for the small sample size (3-4 mouse brain/group), potentially leading to a type 1 error. To address
this, we performed a region of interest-VBM (ROI-VBM) analysis, which substantially decreased the number
of voxels tested. The ROIs were placed on the areas of the frontal cortex that had shown different trends
by whole brain VBM. The ROIs were placed on the areas of the frontal cortex that had shown differences
by whole brain VBM. Results were consistent with the initial VBM analysis: APOE4 mice exhibited a slight
long-term decrease in grey matter areas of the frontal cortex in response to doxorubicin treatment and,
when comparing all APOE4 mice versus all APOE3 mice, the anatomical effect of APOE genotype was
evident.
Immunohistochemistry for AD Markers and Markers of Neurodegeneration
Postmortem tissue was immunostained for markers of Alzheimer’s disease pathogenesis: Aβ42,
phospho-tau, glial activation (microglia: Iba-1; astrocytes: GFAP), and apoptosis (Figure 11). We did not
detect accumulation of Aβ42, which was expected given that APOE mice are not models of amyloid
accumulation. No differences in staining intensity of localization of Iba-1, GFAP or phospho-tau were
observed based either on APOE genotypes or by doxorubicin treatment (Figure 11). Isolated cells showing
strong staining for activated caspase 3, a marker of apoptosis, were observed across cortex, hippocampus,
and cerebellum. No differences in frequency of caspase 3 positive cells were observed across groups.
3. Discussion
This study represents the first pre-clinical, controlled study that examines CRCI in older, genetically
susceptible (APOE4-TR) mice. We found that older mice could tolerate doxorubicin treatment of 10 mg/kg
and we observed short-term cognitive deficits in spatial learning and memory in APOE4 mice after exposure
to chemotherapy, which were not seen in exposed APOE3 mice. Anatomical brain assessment of longterm effects, however, showed only mild decrements in the frontal cortex volume, and no differences in
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hippocampal volume between the APOE4 doxorubicin-exposed mice versus the other groups. These
impairments were observed in absence of alterations in anxiety-like and locomotive behavior between
groups, as well as absence of deficits in sensory gating or fear-conditioned memory, establishing
neurological processes and cognitive domains that are spared by doxorubicin in this model. Finally, in this
APOE-TR model, there were no changes in markers associated with AD (Aβ42 and phospho-tau) after
doxorubicin treatment as measured by immunohistochemical staining.
Cognitive impairment has been reported among older breast cancer survivors with a history of
chemotherapy exposure, especially carriers of the APOE4 allele [25, 128, 131]. We now add a critical
preclinical finding to support these clinical data: in older female mice, APOE4 increases susceptibility to
deficits in spatial learning after chemotherapy. Since cognitive impairment is associated with older age, and
chemotherapy is thought to accelerate aging processes, we chose to use older mice for our experiments in
this study. The aged mice tolerated chemotherapy, showing only moderate, transient weight loss, and
successfully completed a panel of behavioral tasks. This demonstrates the feasibility of using older mice to
study long-term effects of chemotherapy. This is particularly important since 75% of breast cancer survivors
are ages 60 and above at the time of their diagnosis [154].
We observed cognitive behavioral impairment in our pre-clinical model of older APOE4 mice
exposed to chemotherapy in spatial learning and memory functions. We found impairment in the time to
learn the location of the target hole of the Barnes Maze, and increased time to enter the hole after finding
it. These impairments occurred in the absence of differences in locomotive and exploratory behavior
between groups, ruling out treatment-related fatigue as a major factor in primary latency and latency to
escape. Our findings show specific deficits of APOE4 mice after chemotherapy in the domain of spatial
learning but also in another domain, perhaps related to memory, learning, attention or motivation needed
to enter the target hole after reaching it. Importantly, attention and executive function are among the
cognitive domains most often found to be impaired in CRCI in clinical studies [19, 24, 25], while learning
and memory impairments, including in spatial domains, have also been reported (although visuospatial
outcomes among cancer survivors are less frequently assessed [24, 25, 155-157]). The finding of
connections between APOE4 and CRCI in both humans and mice suggests that determining APOE
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genotype in cancer patients where chemotherapy treatment is equivocal, or in cancer survivors, could help
inform care.
This work, consistent with previous studies of young (5-month-old) APOE mice [149], identified
spatial learning behaviors that were affected by doxorubicin chemotherapy. In our current work, we tested
an expanded panel of behavioral assays for other deficits: we found these assays were unaffected by
chemotherapy, including locomotive and anxiety behaviors, PPI response, and cued or contextual fear
conditioning. These observations establish that the impairments in spatial learning identified in APOE4 mice
treated with doxorubicin occur in a context where multiple basic features of normal behavior and sensory
processing, as well as some forms of non-navigational memory, are unimpaired. We also suggest that one
or more domains related to executive function and/or attention may be impaired in APOE4 mice, leading to
alterations in behavior after first approach to the escape hole on the Barnes maze. Future work may identify
a reliable behavioral measure of this deficit.
In terms of brain structure, we only observed mild brain atrophy at 21 months of age among APOE4
mice compared to APOE3 mice after doxorubicin exposure at 12 months of age. Previously, VBM revealed
significant changes in cortical grey matter and hippocampal volume in younger APOE3 and APOE4 mice
analyzed two months after exposure to doxorubicin [149]. Our observation of mild alterations in frontal
cortex volumes in APOE4 mice in the aged cohort suggests that the acute effects of doxorubicin, at least
partially, resolve over time, albeit with some persistent residual damage in the APOE4 model. Alternatively,
age-related atrophy in our aged mice could make changes between groups in this study difficult to detect.
ROI analyses within the brain areas identified in our initial analyses were consistent with the whole brain
VBM analyses.
In addition to increasing the risk of CRCI in older survivors, APOE4 is also the strongest genetic
risk factor for Alzheimer’s disease [158], suggesting that cognitive impairment in CRCI and AD might share
some mechanistic features. We examined whether long-term survival after chemotherapy resulted in
classical histopathological signs of AD pathogenesis, namely the accumulation of plaques, tangles, and
gliosis, and signs of neuronal loss such as apoptosis and hippocampal atrophy. As expected in this model,
we did not observe differences in cellular hallmarks of AD; we also observed no other signs of
neurodegeneration related to APOE genotype or treatment condition. Since the APOE targeted-
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replacement model does not develop AD pathology [144, 159, 160], possible effects of APOE4 genotype
and doxorubicin on brain histopathology can be pursued in a model that includes signs of Aβaccumulation
and neurodegeneration. The chemotherapy may induce important contributors to AD-related cognitive
impairment outside these prominent neuropathological changes, such as specific inflammatory pathways
[161], loss of blood brain barrier integrity [162], decreased neurogenesis [163] or increased glial
senescence [164]. These processes are mechanistically related to APOE genotype [165], and could be
exacerbated by exposure to cytotoxic agents.
While we used a rigorous, controlled experiment, there are several caveats that should be
considered in understanding the scope of these results. First, several cognitive tests were limited to single
time points due to practice effects. Doxorubicin treatment may cause behavioral impairments at other time
points, and deficits observed in this study may resolve over time. Second, while we studied female mice,
given that the preponderance of data linking APOE4 to CRCI is in breast cancer survivors [25, 166],links
may also exist between APOE4 and CRCI in males, and future studies in this model should address the
relationship between sex and CRCI in APOE4 carriers [130, 131]. Third, we focused our experiments on
two APOE genotypes: mice homozygous for APOE3 or APOE4. We did not assess effects in APOE3/4
heterozygotes, or investigate the possible effects of the APOE2 allele, which is associated with up to 50%
decreased risk of AD [167] and present in 12% of the US population [158, 168]. A recent result reported
from the TLC Study indicates that APOE2 genotype is protective of cognition in aged breast cancer
survivors who received chemotherapy treatment [169].Fourth, research staff was not blinded to APOE
genotype of mice in this study, though this was mitigated by use of automated tracking software or scoring
by a blinded observer to analyze all behavioral data collected. Finally, we chose to initially study the effects
of doxorubicin, one of the most commonly used chemotherapeutics [170, 171]. Doxorubicin is generally
excluded by the blood-brain barrier, suggesting that at least some of the effects of CRCI are mediated by
systemic insults [91, 92]. Different chemotherapies may have different risks of CRCI or effects on different
cognitive domains, and for breast cancer treatment, chemotherapeutics are typically administered in
multimodal treatment regimens. Questions of how different chemotherapy drugs, including those which are
known to infiltrate the blood-brain barrier, and regimens, including multimodal drug exposures, affect
cognition, can be addressed systematically in future experiments in this APOE-TR mouse model.
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The establishment of this preclinical model of genetically influenced CRCI in older mice has the
potential to accelerate discovery. First, our model fulfills many of the priority criteria laid out by the
International Cognition and Cancer Task Force for preclinical research in CRCI [143]. It is ideally suited for
multilateral investigations into multiple potential mechanisms of CNS insult by chemotherapy, including
neuroinflammation, oxidative stress, and blood-brain barrier challenge, in the context of a genetically
vulnerable population. Second, our model allows analysis of a complex condition in ways that are not
possible in human studies [143, 172]. For example, there are significant impediments to comprehensive
clinical studies of CRCI, with the most significant being the limited numbers of patients, the heterogeneity
of patient populations and treatments, and the lack of availability of tissue specimens (e.g. brain biopsies)
for direct study [173, 174]. Third, this model can be used to test the separate and combined effects of
different chemotherapy and hormonal therapy regimens on CRCI in diverse age groups.
In summary, we have established a reliable and tractable preclinical model of the specific
vulnerability of behavioral and anatomical measures related to CRCI in older APOE4 carriers following
doxorubicin treatment. Our model system is useful for studying the underlying molecular mechanisms of
cognitive insult by chemotherapeutic agents in cancer survivors and enables the study of potential
interventions and preventative approaches for CRCI.

Figure 4: Weight change in aged APOE3 and APOE4 mice after doxorubicin exposure.
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A total dose of 10 mg/kg was given in two injections (weeks 0 and 1). (Mixed-effects model, Šídák's multiple
comparisons test Genotype differences p = .032, APOE3 vs. APOE4 week 1, p = 0.0427; treatment
differences p = .023, Ctrl vs. Doxorubicin week 2 p = .019, week 3 p = .026, week 4 p = .002, week 5 p =
.017). APOE3 Ctrl, n=15; APOE3 Doxo, n=15; APOE4 Ctrl, n=16, APOE4 Doxo, n=15.

Figure 5: Doxorubicin treatment does not alter locomotive and anxiety behaviors.
A-D, Results of Open Field and Elevated Zero behavioral assessments; “pre-treatment” time point two
weeks prior to doxorubicin or control exposure, “post 1” two weeks following completion of treatment, “post
2” 15 weeks following completion of treatment. A. Distance traveled in a 5 minute Open Field exploration
task (post 1, APOE3 vs. APOE4, ANOVA, F(1, 53) = .129, p=.72). B. Time spent in the Inner Zone of the
Open Field (pre-treatment APOE3 VS. APOE4 by time point ANOVA, F(2, 106) = 6.68, p = 0.02). C.
Distance traveled in a 5 minute Elevated Zero exploration task (APOE3 vs. APOE4by time point, F(2, 96)
= .1, p=.91; by treatment, F(1, 48) = .59, p=.45)). D. Time spent in the Open Zone in the Elevated Zero
exploration task (pre-treatment APOE3 vs. APOE4, F(2,100) = 8.63, p = 0.004). Three-way ANOVA with
Tukey’s multiple comparisons test to assess differences between time points followed by two-way ANOVA
with Sidak’s multiple comparisons test to assess interactions of time point and genotype, * p <.05, ** p<.01.
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Figure 6: Doxorubicin treatment does not alter pre-pulse inhibition (PPI).
A. Prior to treatment, percent inhibition of startle response to a short tone following a pre-pulse of 3, 6, 9,
or 12 decibels (dB) above background noise (PP3 – PP12) compared to startle with no pre-pulse. (APOE3
vs. APOE4 PP3, t-test, t(59) = 1.647, p = 0.10) B. Following treatment, percent inhibition of startle response
to a tone following a pre-pulse 3 decibels above background noise compared to startle with no pre-pulse.
(No group differences, (ANOVA, F(3,54) = 0.58, p = 0.63). One way ANOVA with Tukey’s multiple
comparisons test.

42

Figure 7: Doxorubicin treatment impairs spatial learning in APOE4 but not APOE3 mice.
A. Average speed of locomotion on apparatus during Barnes Maze habituation task. (ANOVA, F (3, 53) =
4.5, p = 0.004). B. Latency to full entry to escape hole by day, average of four trials per day for each of four
consecutive days. (APOE3 vs. APOE4 groups Day 1 and Day 2, ANOVA, F(1,896) = 221.6, p <.0001)
(APOE3 groups vs. APOE4 ctrl group, ANOVA, F(1,896) = 6.12, p =0.97) (APOE3 ctrl vs. APOE3
doxorubicin groups (p > .99) (APOE4 ctrl vs. APOE4 doxorubicin groups Day3 and Day 4, p = .0007 and
106 vs. 51 seconds, p = .0012 respectively). C. Latency to first approach to escape hole by day, average
of four trials per day for each of four consecutive days. (Genotype-by-treatment effect across the four
training days (F(1,896) = 4.47), p = .035), Day 1 APOE4 doxorubicin vs. APOE3 ctrl p = .015, vs. APOE4
ctrl p = .012; Day 2 APOE4 doxorubicin vs. APOE3 doxorubicin p = .025). D. Delay to complete escape
after first approach to escape hole, average of four trials per day for each of four consecutive days (excludes
all mice that did not make an approach to the escape hole during the trial). (ANOVA, F(3,794) = 5.06;
APOE3 vs. APOE4 groups Day 1 and Day 2 p < .0001. APOE4 doxorubicin vs. APOE4 ctrl Day 3, p =
.047; Day 4, p = .003).Three-way ANOVA with Tukey’s multiple comparisons test: &, APOE3 Ctrl vs. APOE3
Doxo; +, APOE3 Ctrl vs. APOE4 Ctrl; #, APOE3 Ctrl vs. APOE4 Doxo; $, APOE3 Doxo vs. APOE4 Ctrl; %,
APOE3 Doxo vs. APOE4 Doxo; *, APOE4 Ctrl vs. APOE4 Doxo; @, All APOE3 vs. all APOE4. * p<.05, **
p<.01, ***p<.001, ****p<.0001.
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Figure 8: Doxorubicin impairs spatial memory.
A. Time until total escape from Barnes Maze, single trial conducted 72 hours following the final training trial.
(ANOVA, F(1,49) = 15.59, Doxorubicin vs. control groups, p = .0003). ROUT removal of outliers Q = 1%
followed by two-way ANOVA. *** p<.001.

Figure 9: Doxorubicin does not impair conditioned or cued memory in APOE3 or APOE4 mice.
A. Percent time spent freezing during the second of two training shocks, during tone cue in cue test, and in
the conditioned environment(ANOVA, F(3,92) = 49.05, Geisser-Greenhouse epsilon = .9, all groups
difference between shock one and following shock conditions, p < .0001). B. Percent time spent freezing
during the five minute cue test, comparison of pre-tone, tone, and post-tone periods. (ANOVA, F(2, 100) =
229.7, Geisser-Greenhouse epsilon = .77, pre-tone vs. tone p<.0001) (test period by genotype differences,
ANOVA, F(2,114)=5.3, p<.01, post tone APOE3 vs. APOE4, p=.002). Mixed-effects analysis with Tukey’s
multiple comparisons test to evaluate freezing behavior in different tasks. Three-way ANOVA with Tukey’s
multiple comparisons test to assess differences between time points followed by two-way ANOVA with
Sidak’s multiple comparisons test to assess genotype effects in cue test. ** p<.01, **** p<.0001.
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Figure 10: Long-term effects of doxorubicin on the brain structure of APOE mice are modest.
Nine months after treatment, 3-D MRI and VMB were performed on control and doxorubicin-treated APOE3
and APOE4 mice. A and C show maximum intensity projections (MIP) and the design of the matrix for the
study. B and D depict color overlays of the t-test values on the co-registered template image and the location
of significant clusters in this comparison. The color bar measures t test values of the statistical analyses. A
& B. VBM analysis comparing the grey matter of untreated versus doxorubicin-treated APOE4 mice
revealed a mild atrophy predominantly in the frontal cortex (colored areas). APOE3 mice did not show any
long-term brain regional differences in response to doxorubicin (data not shown). C & D. The comparison
of all (both treated and untreated) APOE3 mice versus all APOE4 mice, detected regions of grey matter
that were significantly larger in APOE3 mice than in APOE4 mice, regardless of the treatment.

45

Figure 11: Immunohistochemical staining for pathogenic markers of AD.
Coronal sections across the anterior/posterior brain regions were stained from 3-5 brains of APOE3 and
APOE4 mice treated with control (con) or doxorubicin (dox). Images show staining of frontal cortex (ctx)
and hippocampus (hip): Hematoxylin and eosin staining (H&E), IBA-1, GFAP, phosphorylated tau. Images
were taken using brightfield microscopy at 20x magnification.
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CHAPTER IV: A TIME COURSE OF DOXORUBICIN EFFECTS IN THE CENTRAL NERVOUS SYSTEM
IN FEMALE APOE3 AND APOE4 MICE

1. Overview and Rationale
In our previous study, we demonstrated that year-old female APOE4, but not APOE3 mice have specific
vulnerability to cognitive impairment after doxorubicin exposure. We observed impaired latency to full
escape and impaired non-navigational, non-locomotive escape-related behaviors using the Barnes Maze
apparatus in an assessment six weeks following final drug exposure. These results are in concordance with
prior observations in studies of five-month-old female mice, demonstrating that APOE4 genotype confers
vulnerability to cognitive deficits via doxorubicin treatment assessed five weeks following final drug
exposure. The aforementioned studies indicate that initial damage done to the CNS by doxorubicin occurs
within five weeks of drug treatment. Examination of postmortem brain tissue collected seven to nine months
post-exposure using immunohistochemistry, however, did not reveal overt differences by genotype or
treatment group in staining for microglia or astrocyte prevalence or morphology, or phospho-tau expression,
in hippocampus and cortex. The mechanism of damage during the acute post-exposure period leading to
cognitive impairment after doxorubicin in APOE4 mice has not yet been studied in this model.
The aims of our current study were to determine which pathways of CNS damage and, if present,
damage resolution, were responsive in the immediate aftermath of doxorubicin treatment, and, specifically,
which of these differed in response between APOE3 and APOE4 mice. We hypothesized that doxorubicin
exposure could activate neuroinflammation pathways in the CNS to cause damage leading to observed
cognitive impairments. Neuroinflammation includes a range of immune response pathways activated in the
brain in response to pathogens, injury, and other stress conditions [175], and has long been considered a
primary candidate mechanism for cognitive impairments in chemotherapy-exposed cancer survivors [37].
Previous studies have observed that a single injection of 20 mg/kg doxorubicin leads to elevation in serum
and CNS TNF-α [75], a major pro-inflammatory cytokine, and established TNF-α-dependent oxidative
stress damage in plasma and brain in the form of carbonylated proteins [77]. APOE modulates the
inflammation response of astrocytes and microglia in an isoform-dependent manner [176-179] and APOE4
has been implicated in elevated inflammation and oxidative stress burden in Alzheimer’s Disease [180,
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181]. In order to investigate the role of neuroinflammation and related processes in CRCI by doxorubicin
in the APOE4 context, we used female APOE-TR mice in an acute time course of doxorubicin exposure.
2. Results
Chemotherapy Exposure and Tissue Collection
Female APOE3 (n=36) and APOE4 (n=32) mice age 6-7 months were injected with a single dose
of 10 mg/kg doxorubicin I.P. or an equal volume of DMSO carrier in saline. Doxorubicin-exposed mice were
euthanized one, three, seven, or 21 days post-doxorubicin exposure; saline control mice were euthanized
three days after injection; exact numbers of mice assigned to each of the ten groups is given below.
APOE3

APOE4

Saline control

n=7

n=7

1 day post-exposure

n=8

n=7

3 days post-exposure

n=7

n=6

7 days post-exposure

n=7

n=6

21 days post-exposure

n=7

n=6

For tissue analysis, mice were perfused with PBS immediately following euthanasia. Brains were
dissected and hemisected; for each brain, one hemisphere was processed for fixed-frozen tissue slices and
one hemisphere dissected to collect cortex and hippocampus, which were immediately snap-frozen.
Inflammation
In order to assess induction of inflammation in the brain, we analyzed protein expression of APOE
and TNF-α in hippocampus and cortex at all time points. For APOE, we found overall 9% lower expression
in APOE4 mice in cortex compared to APOE3. We observed no differences in APOE expression due to
doxorubicin exposure (Figure 12, A-B). In the hippocampus, there were no differences in APOE expression
in any groups.
For TNF-α, we found no differences in expression in cortex in any groups. Hippocampal TNF-α
expression was 12% lower in APOE4 than APOE3 mice overall, but no differences were found based on
doxorubicin exposure (Figure 12, C-D).
Neuroinflammatory Gene Expression
For

neuroinflammatory

gene

expression

analysis,

we

chose

a

Nanostring

nCounter®

Neuroinflammation Panel, which uses nCounter barcoding to directly quantify transcripts for 770
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neuroinflammation-related genes. Due to limited kit reaction availability, we chose to run eight total
samples, and included control, three day post-doxorubicin, seven day post-doxorubicin, and 21 day postdoxorubicin groups for both APOE3 and APOE4. Thus, the one day post-doxorubicin time point for each
genotype was excluded from the gene expression panel. For each of the eight included samples, we pooled
validated RNA purification samples from each of four mice in the group, matching total RNA from each
sample included in each pool. Our goal was to identify specific genes whose expression changed over time
after doxorubicin exposure in either APOE3 or APOE4 mice, or in both genotypes. Expression levels of
genes of interest identified in the panel would then be validated using RT-qPCR using individual RNA
samples from all 10 groups in the study, including the one day post-doxorubicin time point for both
genotypes. Our final analysis of validated data with individual samples therefore includes all time points
from this study.
Single-transcript gene expression data of neuroinflammatory process related genes was normalized.
Genes of interest were selected by making pairwise comparisons of gene expression between APOE3
control group and each of the three included post-doxorubicin time point groups between APOE4 control
group and the three included post-doxorubicin time point groups (three, seven, and 21 days post in both
genotypes). Genes with ≥1.5 fold difference between control or any post-doxorubicin time point in one or
both genotypes were considered for validation. Genes with <100 total transcript count in any one grouped
sample were excluded to minimize inclusion of genes with unclear levels of variance in the RNA transcript
measures.
Genes of interest identified using the Nanostring nCounter® included Arc, Cdkn1a, Egr1, Eomes, fos,
Sall1, Slc17a6, and Ttr (Table 1). These genes are annotated in the panel as related to multiple different
processes and signaling pathways involved in neuroinflammation (Table 2). In addition to these genes, we
selected Gadd45α and Trp53 for quantification using RT-qPCR due to similarity of annotation with Cdkn1a
(in particular, annotations for Cell Cycle and DNA Damage), as well as Cdkn2a, not included in the panel,
due to its established role in these processes [182, 183].
Gene expression of genes of interest was validated using RT-qPCR (n=4-8/group, 10 groups total).
Expression of Arc, Eomes, and Sall1 was not different between groups (Figure 13, B-D). Individual sample
analysis of expression of Eomes, and Sall1 indicated high within-group variability which was invisible in the
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pooled-sample Nanostring nCounter® data. Expression of Ttr was also highly variable across individuals;
however, we observed a difference between APOE3 and APOE4 overall. One or more APOE3 individuals
expressed high Ttr levels (fold change >4) in all groups, while only a single APOE4 mouse, in the
unexposed control group, expressing high Ttr levels (Figure 13A). Expression of fos differed by genotype
but was not affected by doxorubicin exposure (Figure 13E). Expression of Slc17a6 (VGLUT2) varied over
time in a genotype-independent manner, with higher expression at 7 days post-doxorubicin exposure than
21 days post-exposure (Figure 13F) in both APOE3 and APOE4 mice.
We validated gene expression of Cdkn1a and Egr1, two genes with established roles in cellular
senescence identified in the neuroinflammation panel. Cdkn1a encodes p21, a cell cycle inhibitor and major
driver of cellular senescence in conditions of aging and DNA damage [184-187]. Egr1 is an upstream
regulator of p53-mediated senescence [188] and Cdkn1a mRNA expression [189]. APOE4 mice had higher
expression of Cdkn1a than APOE3 mice 21 days post-exposure. Within genotypes, APOE3 mice had
higher expression of Cdkn1a at seven days post-doxorubicin exposure compared to control, three days
post-exposure, or 21 days post exposure; APOE4 mice had higher expression of Cdkn1a at 21 days postdoxorubicin exposure compared to control or three days post-exposure (Figure 14A). APOE4 mice had
lower Egr1 expression compared to APOE3 mice at three days post-doxorubicin exposure but higher
expression compared to APOE3 mice 21 days post-exposure. Within genotypes, Egr1 expression was
higher in APOE3 mice at three days post-exposure compared to one or 21 days post exposure and higher
in APOE4 mice 21 days post-exposure compared one day post-exposure (Figure 14B). For both Cdkn1a
and Egr1, expression above baseline was observed at 21 days post-doxorubicin in APOE4 mice but not in
APOE3 mice.
In order to study effects of doxorubicin on gene expression related to senescence and DNA damage
pathways in the brain, we chose to include Trp53, Cdkn2a, and Gadd45α, in RT-qPCR gene expression
analysis. The Cdkn2a primers selected were specific for p16Ink4a and do not capture the long variant p19Arf
transcript. Expression of Trp53 and Cdkn1a did not change in either genotype after doxorubicin exposure
(Figure 14C-D). Gene expression of Gadd45α varied between groups based on an interaction between
APOE genotype and time from doxorubicin exposure with a difference observed between APOE3 control
unexposed and APOE4 21 days post-doxorubicin exposure (Figure 14E). Overall expression of Gadd45α,
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Egr1, and Cdkn1a in individual mice between saline control and 21 days post-doxorubicin exposure is
elevated 64% in APOE4 mice but doesn’t change in APOE3 mice (Figure 14F).
3. Interpretation and Discussion
This study is the first direct experimental analysis of neuroinflammation-related CNS insult in a validated
animal model of a genetic risk factor for cognitive impairment after chemotherapy. Neuroinflammation has
long been considered a major candidate family of mechanisms underlying cognitive impairments observed
in cancer survivors with a history of chemotherapy exposure [37, 190]. We used a single dose
administration of doxorubicin in a dose previously shown to induce deficits in spatial learning six weeks
after exposure in APOE4 but not APOE3 mice. To observe acute effects of doxorubicin on the brain
contributing to these cognitive effects, we analyzed markers of neuroinflammation and related processes
in the brains of female APOE3 and APOE4 mice at one, three, seven, and 21 days post-doxorubicin
exposure and saline control-exposed mice. TNF-α and APOE protein expression in cortex and
hippocampus did not change in either genotype after doxorubicin administration in either genotype. TNF-α
is a major pro-inflammatory cytokine in the brain, and an absence of TNF-α induction by doxorubicin
exposure suggests that a major neuroinflammatory challenge is not ongoing in this model. APOE protein
expression also does not appear to be upregulated in response to doxorubicin, though lower APOE levels
in hippocampus are concordant with reports of lower CNS levels of APOE protein [191] and may contribute
to deficits in APOE4 mice.
Of neuroinflammation process related gene expression in the cortex, we identified alterations of
gene expression over time and between genotypes. Slc17a6, GADD45α, Egr1, and Cdkn1a. Ttr shows
differences between APOE3 and APOE4 mice, with one or more high-expressing individuals among all
APOE3 groups, but only a single high-expressing individual in APOE4 control mice. Ttr encodes
transthyretin, a carrier protein for thyroxine in cerebral spinal fluid which is synthesized in the choroid plexus
[192]. Mutations in Ttr lead to familial amyloidosis syndromes [193], and there is some evidence that wildtype Ttr can complex with Aβ and contribute to its clearance from the brain, possibly playing a protective
role in the AD context [194, 195]. APOE3 mice in this study maintained a consistent minority of high-Ttr
individuals, while this was not observed among APOE4 mice. Because a single, unexposed APOE4 mouse
exhibited high Ttr expression, it is possible that APOE4 mice are specifically vulnerable to a loss of
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capability for elevated Ttr expression in the acute period after doxorubicin exposure. However, the high
variability between individuals and the fact that the cortex portion samples in which gene expression was
analyzed may not have included uniform proportions of choroid plexus, the region in which Ttr is exclusively
transcribed and synthesized in the brain [196], indicates that further data will be required to evaluate this
hypothesis. Slc17a6, encoding the VGLUT2 glutamate transporter, shows the same expression pattern in
APOE3 and APOE4 mice, with elevated expression seven days post-doxorubicin exposure falling at 21
days post-exposure. This represents a gene expression response to doxorubicin unaffected by APOE
genotype. A previous study measured glutamate dynamics in the brain using glutamate-selective
microelectrode arrays and demonstrated reduced glutamate uptake in medial frontal cortex and slower
glutamate clearance in dentate gyrus in mice 24 hours after doxorubicin exposure, [197]. Here we provide
further evidence suggesting a role for glutamate signaling alterations in response to doxorubicin exposure,
and note effects at a later time point. Induction of Slc17a6 after doxorubicin exposure resolves by the 21
day time point in both genotypes studied here; however, it remains possible that downstream consequences
of temporary induction of Slc17a6 may play out differently between APOE3 and APOE4 mice and contribute
to transcriptional effects and behavioral deficits in APOE4 mice observed at later time points.
Gadd45α, Egr1, and Cdkn1a all showed gene expression changes based on interaction between
time since doxorubicin exposure and APOE genotype, with Egr1 and Cdkn1a having elevated expression
at 21 days post-exposure in APOE4 compared to APOE3 mice. Gadd45α, Egr1, and p21 (encoded by
Cdkn1a) are all major components of the p53-controlled DNA damage and senescence induction response
pathway. In senescent cells, p53 is not transcriptionally upregulated, but it is preferentially recruited at the
Cdkn1a and Gadd45α promoters, leading to increased transcription of these genes [185]. Therefore the
absence of p53 gene upregulation is compatible with a p53-controlled transcriptional induction of Cdkn1a
and Gadd45α senescence response. P21 affects cell cycle arrest in G1 and G2 [198, 199] and Gadd45α
affects cell cycle arrest in G2/M [200], contributing to cellular senescence. Gadd45α can also act as an
upstream regulator of p53 via p53 stabilization during DNA damage [201]. Transcription factor Egr1 is an
upstream regulator of p53-controlled replicative senescence [188] and also acts as a direct transcriptional
regulator of Cdkn1a [189, 202] and Gadd45α [203, 204] in a p53-independent manner. Here, we observe
differences in gene expression over time in these genes in APOE3 compared to APOE4 mice, with the
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most striking differences observed at 21 days post-doxorubicin exposure. These gene expression
differences indicate differences in doxorubicin response in APOE4 genotype in senescence at the end of
the acute time scope of this study. DNA damage and related senescence are recognized as contributors to
brain aging and cognitive decline [205, 206]. For all three of these senescence pathway genes, upregulation
appears to occur at earlier time points in APOE3 mice and resolve before the 21 day time point, suggesting
that similar damage triggers are resolved sooner in APOE3 mice, leading to preserved cognition, while in
APOE4 mice senescence processes are prolonged and fail to resolve during the acute time frame, leading
to measurable cognitive deficits six weeks post exposure, as in our previous study (Chapter III).
Several limitations of this study should be noted. First, in the nCounter® Mouse Neuroinflammation
Panel, we excluded genes with absolute transcript counts <100 in any sample to reduce susceptibility to
noise, a particular consideration in a pooled-sample panel intended to generate targets for validation using
individual samples. Some genes with low absolute expression may indeed exhibit real and meaningful
differences in expression, which the approach used in this study cannot detect. Protein expression analyses
of p53, p21, Gadd45α, and Egr1 in cortex and hippocampus have not yet been performed, limiting our
understanding of how transcriptional upregulation of these genes affects senescence induction and whether
the pathways of transcriptional upregulation in this context are p53-dependent, independent, or both.
Analysis of posttranscriptional modifications to p53 could also shed light on its role in senescence
processes after doxorubicin exposure. It is not clear which cell types in the CNS exhibit the transcriptional
markers of cellular senescence detected in this study. Senescence and related processes have been
characterized in multiple CNS cell types. In astrocytes [205, 207, 208] and microglia [209, 210], aging and
senescence have been characterized, and these processes are implicated in AD and conditions of
neurodegeneration [211-213]. Post-mitotic neurons can respond to DNA damage by transitioning to a
senescence-like phenotype including the characteristic secretory profile [214]. Future co-localization
immunofluorescence work with tissue collected from this study could shed light on whether astrocytes,
microglia, and/or neurons are affected in this context. Lastly, this study focused only on an acute time
period of one through 21 days following doxorubicin exposure. These time points were chosen in
accordance with the goal of characterizing initiation and resolution of neuroinflammation and related
processes after doxorubicin exposure, assuming that an initial damage cascade could be identified during
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this time period. Unexpectedly, the strongest effects we observed were differences in senescence-related
transcription in APOE4 mice at 21 days post-exposure. The study design leaves open the question of further
damage or differences in resolution of senescence between 21 days and six weeks, the time point at which
cognitive effects have been measured and observed in APOE4 mice. Furthermore, long-term outcomes of
senescence pathway activation in APOE4 mice remain unclear. Future studies in this model can utilize
longer-term assessments over several months after doxorubicin exposure to understand how markers of
senescence change over time after the acute response period and whether this senescence trigger alters
brain aging trajectories.
Due to limited tissue quantity available, hippocampus tissue was not processed for RNA analysis,
so it remains uncertain whether the senescence upregulation transcriptional signature observed in cortex
of APOE4 mice at 21 days post-doxorubicin exposure occurs in the hippocampus as well. Future work can
evaluate senescence gene expression in hippocampus as well to further understand how the hippocampus
responds to doxorubicin exposure, which is especially important given that the strongest measure of
cognitive impairment in exposed APOE4 mice is spatial navigation, which is a process dependent on
hippocampal integrity.
A major goal of this study was to identify a mechanism of CNS damage in APOE4 mice by
peripheral exposure to doxorubicin, a drug excluded by the BBB [91, 92]. Here we demonstrate direct
evidence of senescence gene expression in the cortex 21 days post-doxorubicin exposure specific to
APOE4 mice. Studies of doxorubicin exposure in animal models indicate that peripheral inflammatory and
oxidative stress response contribute to a pro-inflammatory state in the brain, but that the pro-inflammatory
signature does not include TNF-α in all contexts [75, 97, 215]. We hypothesize that other pro-inflammatory
cytokines and/or oxidative damage mediators infiltrate through the BBB and proceed to trigger a stress
challenge in the CNS, including oxidative damage to proteins and lipids in the brain, mitochondrial
dysfunction, and possibly DNA damage [76-78].These processes resolve in APOE3 brains, while in APOE4
mice, failure to resolve ROS and sustained DNA damage in the brain leads to transcriptional upregulation
of Egr1, Cdkn1a, and Gadd45α observable 21 days post-exposure, which likely contribute to induction of
cellular senescence and long-term processes of brain aging and inflammation. In future work, we aim to
experimentally test these aspects of the proposed mechanism by analyzing markers of oxidative stress
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(such as protein carbonylation) in plasma and brain alongside markers of DNA damage in brain and DNA
damage (such as γH2A.X) during the one through 21 day time period following doxorubicin exposure. We
also would like to more thoroughly assess cytokine levels in the periphery and the brain following
doxorubicin exposure. While we did not identify transcriptional upregulation of cytokines in the brain using
the nCounter® Mouse Neuroinflammation Panel, some cytokines may have differences in gene expression
levels that were not identified here due to our thresholding approach. Furthermore, cytokine infiltration from
the periphery could directly affect the brain without transcriptional induction of cytokine genes in the brain.
Cancer and chemotherapy treatment for cancer are both strongly associated with aging. Processes
of aging, including telomere shortening, inflammation, oxidative stress and cellular senescence, have long
been considered candidate mechanisms underlying CRCI [37, 66]. Clinical work has shown that
chemotherapy treatment can cause telomere shortening in peripheral blood mononuclear cells[216] and
has found associations between telomere length in whole genomic DNA isolated from blood and cognitive
outcomes after chemotherapy treatment [217]. To what extent chemotherapy treatment, especially with
agents excluded by the BBB, can cause cellular senescence in the CNS has not been answerable in clinical
studies of CRCI to date. Evidence in this study shows that doxorubicin, commonly characterized as
excluded by the BBB, causes senescence in APOE4 animals previously established as susceptible to
develop cognitive impairments after chemotherapy exposure (though it should be noted that we did not
evaluate brains for doxorubicin infiltration in this study). This direct link between chemotherapy exposure
and markers of senescence in the brain is a novel contribution to our understanding of how chemotherapy
affects cognition through alterations in brain aging processes, and links this vulnerability to APOE4
genotype, strongly associated with AD, a major disease of cognitive impairment in aging.
In sum, we find an induction of a senescence pathway gene signature in APOE4 but not APOE3
mice 21 days after doxorubicin exposure. Our results implicate senescence as a pathological difference in
APOE4 mice triggered at a time point prior to onset of previously measured spatial learning impairments.
This work represents the first mechanistic study of CNS response to doxorubicin in an animal model of a
genetic risk factor for CRCI and a novel proof of aging biology as a contributor to cognitive impairments in
chemotherapy-exposed patients. Future work using this model will test senescence-targeted treatment or
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preventative approaches to preserve and/or restore cognitive function in APOE4 mice (discussed in detail
in Chapter V.)
Table 1: Genes identified using nCounter® Mouse Neuroinflammation Panel.

Arc

E3: Ctrl vs.
3 day
1.10

E3: Ctrl vs.
7 day
1.26

E3: Ctrl vs.
21 day
-1.50

E4: Ctrl vs.
3 day
-1.13

E4: Ctrl vs.
7 day
-1.08

E4: Ctrl vs.
21 day
1.39

Cdkn1a

-1.12

2.24

-1.30

1.03

1.75

2.28

Egr1

1.27

1.09

-1.55

-1.16

-1.16

1.27

Eomes

1.08

22.92

1.75

-1.00

2.42

9.17

fos

-1.27

1.09

-1.66

-1.05

-1.20

1.34

Gadd45α

-0.95

-0.87

-0.99

-1.38

-1.20

-0.74

Sall1

-1.14

1.90

1.02

1.13

-1.00

1.26

Slc17a6

1.35

2.02

1.10

-1.24

-1.17

-1.96

Trp53

-1.03

-0.78

-0.93

-0.91

-1.21

-0.91

Ttr

3.56

1.18

2.31

7.27

-4.62

-2.15

Genes of interest were identified based on fold-change differences of ≥1.5 between control and one or
more doxorubicin-exposed time points in either or both APOE3 and APOE4 genotypes.
Table 2: Functional and cell type annotation of genes identified using nCounter® Mouse
Neuroinflammation Panel.
Gadd45α Sall1

Arc

Cdkn1a

Egr1

Eomes

fos

Slc17a6 Trp53

Ttr

Cell Type

-

-

-

-

-

-

Neurons

-

-

Adaptive Immune
Response
Apoptosis

-

✓

-

Exhausted
CD8
-

✓

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

✓
-

-

-

✓

-

-

-

✓

-

Cell Cycle

-

✓

-

-

-

Cellular Stress

-

✓

-

-

DNA Damage

-

-

-

-

-

-

-

✓

-

✓
-

-

-

✓
-

-

Epigenetic
Regulation
Growth Factor
Signaling
Inflammatory
Signaling
Innate Immune
Response
Matrix Remodeling

✓
-

✓
-

-

✓

-

-

✓

✓

-

-

✓

-

-

-

✓

-

-

-

-

-

-

-

-

-

-

-

✓

-

-

-

-

-

-

-

-

-

-

-

-

-

Neurons and
Neurotransmission

✓

-

✓

-

✓

-

-

✓

✓
-

✓
-

-

Annotations of function, pathway, and cell type for genes of interest based on material from panel
information.
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Figure 12: Doxorubicin exposure does not alter expression of APOE or TNF-α.
A-D: Quantitiative ELISA measurements of APOE (A-B) and TNF-α (C-D) expression in cortex and
hippocampus, normalized to average of APOE3 control group (cortex APOE, (ANOVA, F(1, 51) = 5.83, p
= .019). hippocampus TNF-α APOE3 vs. APOE4 ANOVA, F(1, 45) = 4.16, p = .047). Two-way ANOVA
with Šídák's multiple comparisons test. * p<.05, ** p<.01, ***p<.001, ****p<.0001.

Figure 13: Transcriptional expression of candidate genes.
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A-F: RT-qPCR was used to quantify gene expression, ΔΔct using GAPDH housekeeping gene and average
Δct for APOE3 control group for each gene (Ttr, outliers identified using ROUT, Q=1%, all APOE3 and all
APOE4 followed by ANOVA, APOE3 vs. APOE4 F(1, 41) = 5.64, p=.22; fos APOE3 vs. APOE4 , (ANOVA,
F(1, 49) = 4.23, p = .045; Slc17a6 difference by time point, ANOVA, F (4, 49) = 2.67, p = .043; 7 vs. 21
difference, p = .035). Two-way ANOVA with Tukey’s multiple comparisons test or Šídák's multiple
comparisons test as appropriate. * p<.05, ** p<.01, ***p<.001, ****p<.0001.

Figure 14: Transcriptional expression of senescence-related genes.
A-E: RT-qPCR was used to quantify gene expression, ΔΔct using GAPDH housekeeping gene and average
Δct for APOE3 control group for each gene. Cdkn1a ANOVA, difference by time F (4, 48) = 5.21, p =.001;
difference by time*genotype interaction F (4, 48) = 2.95, p = .03; APOE3 vs. APOE4 21 day difference, p =
.004. Egr1 ANOVA, difference by time F (4, 49) = 2.93, p =.03; interaction F (4, 49) = 4.99, p = .002; APOE3
vs. APOE4 3 day difference, p = .033, 21 day difference, p = .007; APOE3 ctrl vs. 3 day difference, p =
.004, 3 day vs. 21 day difference, p = .009; APOE4 1 vs. 21 day difference, p = .05). Gadd45α ANOVA,
difference by time*genotype interaction F (4, 49) = 2.59, p = .048; APOE3 ctrl vs. APOE4 21 day, p = .028.
Two-way ANOVA with Tukey’s multiple comparisons test, Šídák's multiple comparisons test, or Dunnett's
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multiple comparisons test as appropriate. F: gene expression comparison showing individual data points
for APOE3 and APOE4 control and 21 day post-doxorubicin exposure, ANOVA, F (3, 59) = 13.41, p<.0001;
APOE3 ctrl vs. 21 day, p = .963; APOE4 ctrl vs. 21 day, p<.01. * p<.05, ** p<.01, ***p<.001, ****p<.0001.
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CHAPTER V: CONCLUSIONS AND DISCUSSION

1. Conclusions
While cognitive impairments in cancer survivors have been studied for decades, genetic risk factors for
CRCI and the mechanisms underlying cognitive deficits in cancer survivors with a history of chemotherapy
treatment are not well understood. Multiple longitudinal studies of cognition in cancer survivors have shown
vulnerability of APOE4 carriers in varied cognitive domains, including visual learning and memory, verbal
learning and memory, processing speed, and executive function, making APOE4 the best studied putative
genetic risk factor for CRCI. In the TLC Study dataset of older (age 60+) breast cancer patients and matched
healthy controls, APOE4 carriers who received chemotherapy treatment had lower scores on attention,
processing speed, and executive function domains compared to APOE4 carriers who received only
hormonal therapy or were healthy controls, as well as to all non-carrier groups [25]. In this thesis research,
I report that APOE4 expressing mice are vulnerable to cognitive impairments following treatment with
doxorubicin, a common chemotherapeutic for breast cancer and other solid tumors. This represents a
validated animal model of a genetic vulnerability to CRCI identified in clinical populations. I show that older
(age 12 month) APOE4 female mice exhibit impaired performance on the Barnes Maze assessment of
hippocampal-dependent spatial learning after a two-dose exposure to doxorubicin, while APOE3 mice are
unaffected. In an acute time-course of doxorubicin exposure, APOE4 mice have elevated cortical
expression of senescence-related genes p21 and Egr1 at 21 days post-exposure, while APOE3 mice do
not. Taken together, this work establishes the first robust and fully characterized animal model of a genetic
risk factor for CRCI in mice and humans and provides direct evidence of a role for cellular senescence in
CRCI development in APOE4 carriers.
2. A Robust Model of APOE Genotype and Chemotherapy Effects on Cognition
An important goal of this thesis work was development and validation of APOE-TR mice as a robust
and replicable animal model of CRCI. To accomplish this, I utilized several behavioral assessments to
comprehensively characterize cognitive and behavioral processes in APOE3 and APOE4 mice over three
months post-exposure. I showed that a two-dose regimen of total 10 mg/kg doxorubicin is tolerated by 12month-old female mice, causing limited, transient weight loss and reduced locomotive behavior over three
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to four weeks following final exposure. I identified several behavioral assessments which the aged mice
could complete successfully and establish a clear non-impaired baseline performance. In the course of
these assessments, I observed clear, biologically relevant impairments to full escape of the Barnes Maze.
I found that this increased latency reflects two components: a spatial learning component and a non-spatial
component that may reflect alterations in attention, motivation, and/or operational learning and memory,
cognitive domains also implicated in CRCI. Behavioral and neurological processes that were unaffected by
doxorubicin exposure in this model include locomotive behavior, anxiety-like behavior, sensory gating
processing, and amygdala-dependent memory processes. These results are broadly concordant with data
from a previous study in our lab in which five-month-old female APOE4 mice treated with doxorubicin had
impaired latency to escape on the Barnes Maze compared to untreated, while APOE3 mice treated with
doxorubicin did not exhibit impairments [149]. A related preliminary study I performed in wild-type mice
using the same doxorubicin treatment regimen showed that in the absence of a genetic risk factor,
doxorubicin does not alter mouse performance on the Barnes Maze. These tests provide a robust platform
to study APOE genotype as a modulating factor for CRCI, with the Barnes Maze providing a replicable test
capable of identifying cognitive impairment in APOE4 mice treated with a dose of doxorubicin sufficient to
cause only limited systemic toxicity response.
An important goal of our preclinical studies of CRCI is better understanding how chemotherapy
exposure and APOE genotype influence cognitive processes during aging. One major limitation of this
model is that it provides no repeatable test of behavior to assess how cognition changes over time after
chemotherapy exposure. The Barnes Maze assessment is sensitive to practice effects and may not be
suitable to direct comparison of spatial learning and memory over time, as mice typically retain procedural
memory for performance on the apparatus if acquired in youth, obscuring declines in spatial cognition [218].
Multiple approaches could be developed to bridge this gap. Multiple cohorts of mice each tested a single
time after chemotherapy exposure could form the basis of a cross-sectional understanding of the impact
on spatial cognition over time. Alternatively, serial testing of mice across their lifespan using different
assessments at different time points (e.g. Barnes Maze at an initial time point and Morris Water Maze, a
similar assessment of spatial learning and memory where mice swim to a hidden platform in a water pool
environment) could be used to understand how hippocampal-dependent cognition changes over time in
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individual animals, albeit comparisons between different protocols must be correlational. Reversal learning
protocols for the Barnes Maze, in which after the initial acquisition protocol the escape hole location is
moved and animals must learn to navigate to the new escape location, is used as a measure of cognitive
flexibility in mice that have acquired the spatial learning procedure, and represents a potential repeatable
assessment of nonspatial cognition over time [219]. Such an approach could also illuminate how delay to
enter the escape hole after first approach, identified as a non-spatial behavioral deficit on the Barnes Maze
in APOE4 mice exposed to doxorubicin, may change during aging.
Finally, this model identifies subtle persistent reduction in frontal cortex volumes in APOE4 mice but
not APOE3 mice in VBM analysis of MRI imaging performed nine months post-doxorubicin exposure, with
mice 21 months of age. In a previous study in the Rebeck lab of younger APOE-TR mice (aged 21-25
weeks, seven weeks post-treatment in doxorubicin-exposed mice), both APOE3 and APOE4 mice exhibited
alterations in grey matter volume in frontal cortex and hippocampus, with changes of greater magnitude in
APOE4 mice [149]. These results suggest that doxorubicin exposure causes reductions in grey matter
volume that resolve over time, with incomplete resolution in APOE4 mice; however, directly comparable
longitudinal studies of brain volume imaging have not yet been carried out. Characterizing changes in
regional grey matter volume over time could complement longitudinal studies of behavior using this model,
illuminating how brain volume and cognition change during aging after chemotherapy exposure in APOE3
versus APOE4 carriers, potentially identifying different trajectories of cognitive aging. Another brain imaging
approach relevant to further characterize this model of APOE genotype and CRCI is magnetic resonance
spectroscopy (MRS) to assess metabolites in the brain in vivo, which can feasibly be performed in a
repeated manner even in aged mice [220]. Further developing longitudinal brain imaging in this model could
complement behavioral assessments by providing parallel longitudinal measures that can serve as
biomarkers of CRCI-related CNS damage.
3. Future Directions: Considerations for Extending the Model to Reflect Clinical Conditions
The model of APOE genotype and CRCI described in this work has the major and novel advantage of
reflecting a genetic risk factor for poor cognitive outcome after doxorubicin monotherapy, with a replicable
measure of cognitive impairment. The simple two-factor model of doxorubicin exposure and APOE3 versus
APOE4 genotype in aged female mice is sufficient to demonstrate the interactive effect in a patient
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population of interest, but does not reflect important aspects of the more complicated clinical context of
cognition in the cancer survivor population as a whole. This model’s simplicity leaves room for adaptability
to study other factors contributing to cognitive outcomes in cancer survivors in a controlled, pre-clinical
context, including important considerations described below.
Multimodal Chemotherapy Treatment
Multi-drug regimens are standard of care for breast cancer requiring chemotherapy treatment. The
multimodal nature of breast cancer chemotherapy is a major contributor to the heterogeneity of the clinical
population available for human studies of CRCI prevalence, with the vast majority of clinical studies
including survivors who received varied chemotherapy treatment protocols, often without sufficient data to
distinguish effects of different therapeutics [221]. While some evidence suggests that chemotherapy
regimens including anthracyclines such as doxorubicin lead to worse cognitive outcomes in breast cancer
survivors compared to non-anthracycline containing regimens [222], the individual and combined effects of
chemotherapeutics with different modalities of action are challenging to elucidate. The model described
here establishes a consistent effect of single-drug doxorubicin chemotherapy exposure on cognition in an
APOE genotype-dependent manner, but provides a tractable platform for comparison studies of different
single and combination drug exposures. Comparison studies of spatial learning performance in different
chemotherapies or combination treatments to doxorubicin alone as a known inducer of CRCI in APOE4TR mice may indicate chemotherapeutics or combinations that similarly induce CRCI, cause worse
cognitive deficits, or, conversely, spare cognition relative to doxorubicin in the vulnerable APOE4 context.
In addition, hormonal therapies used for breast cancer have been reported to cause cognitive deficits in
cancer survivors [223], and this model may also be adapted to understand the role of APOE genotype on
cognitive outcomes in these survivors.
Effects of Cancer Alone and in Combination with Chemotherapy
My studies in this model establish the effects of doxorubicin exposure on healthy APOE-TR mice;
however, CRCI always occurs in the context of cancer as well as cancer treatment history, and cancer
alone has been shown to cause deficits in cognition in some contexts [43]. Extending this model to tumorbearing mice can be used to determine independent and combined effects of cancer and chemotherapy
treatment on cognition. Considerations include selection of a tumor-bearing mouse model appropriate to
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behavioral assessments and relevant to immune responses during cancer and cancer treatment. Tumorbearing mouse models in which cognitive effects have been studied include syngeneic models in which
mouse mammary cancer cell lines derived from spontaneous tumors are introduced orthotopically [224,
225] and transgenic mouse models of spontaneous mammary tumorigenesis [226]. The syngeneic
approach may be especially attractive for adaptation to the APOE-TR model because it would not
necessitate new cross-breeding of mouse lines, because the timing and extent of tumor introduction and
removal can be directly controlled, and because different syngeneic tumor lines could be used to study
effects in metastatic and non-metastatic disease [227]. As several studies of tumor-bearing mouse models
have reported elevated pro-inflammatory cytokines in plasma [224, 226] and brain [225, 228], adaptation
of the APOE-TR model of CRCI to include tumor-bearing animals could improve our understanding of
peripheral inflammation and neuroinflammation in cancer in the vulnerable APOE4 carrier population.
Influence of Sex and Sex Hormones on CRCI
In the studies described in this work, I have focused exclusively on modeling the effects of
chemotherapy in female animals, facilitating comparisons to the population of breast cancer survivors at
risk for CRCI. However, my model is limited with respect to recapitulation of the hormonal status of these
women. The aged breast cancer population studied in the TLC Study is entirely post-menopausal. In my
study of aged female APOE-TR mice, I assessed behavior in mice aged 12 months, at which point only
about 40% of C57BL6/J mice would be expected to have reached a post-cyclic state (in which the estrus
cycle has ceased and mice are hormonally post-reproductive) [229]. Therefore it is possible that doxorubicin
exposure also contributes to hormonal changes that can influence cognition in animals which have not yet
reached reproductive senescence. Future studies in this model can assess circulating levels of estrogen
and progesterone after doxorubicin exposure to better understand how chemotherapy affects these
hormones in this model and to what extent any such hormonal changes influence cognition in cyclic or
acyclic aged animals.
Furthermore, while the TLC Study showed CRCI vulnerability in APOE4 carriers among older
breast cancer survivors, evidence exists that the vulnerability of APOE4 carriers to cognitive impairments
after chemotherapy treatment is also present in female and male survivors of lymphoma [131] and male
survivors of testicular cancer [130]. APOE genotype effects in other contexts, such as behavioral and
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metabolic response to high-fat diet, have been shown in studies in the Rebeck lab to vary by sex [230].
Future studies comparing doxorubicin response in male and female APOE-TR mice could illuminate
similarities and differences in cognition and CNS response to chemotherapy between male and female
contexts and clarify whether male cancer survivors who are APOE4 carriers face similar risk of cognitive
impairments after chemotherapy treatment.
Relationship between CRCI and AD pathology
Cancer and cancer treatment can lead to cognitive deficits, which appear to share features with
cognitive aging. While cognitive impairments observed in CRCI are typically mild, some proportion of older
cancer survivors will go on to develop AD or other age-related dementias, and it is not yet known how
chemotherapy treatment affects AD risk or development of AD pathology. Data in this work support APOE4
genotype as a risk factor for CRCI in addition to AD. The APOE-TR mouse used in these studies has no
genetic predisposition to development of characteristic AD pathology (extracellular Aβ plaques and/or tau
hyperphosphorylation and neurofibrillary tangles) and serves as a model of APOE-related risk prior to or in
the absence of AD development. Future work can expand on these results by utilizing a mouse model that
incorporates both APOE genotype and AD pathology. The EFAD mouse model is a cross of APOE-TR and
5xFAD, a transgenic mouse model of AD with five familial AD mutations giving rise to early plaque
accumulation and cognitive impairments [231]. E4FAD mice have higher levels of Aβ accumulation, plaque
deposition, neuroinflammation, and tau phosphorylation compared to E3FAD mice, and E4FAD mice also
have worse cognitive performance compared to E3FAD mice [232]. Studies in the Rebeck lab lead by
Christi Anne Ng of cognition and AD pathology in E3FAD and E4FAD mice will help clarify how
chemotherapy exposure and APOE genotype affect cognition and AD development in a susceptible animal
model. Comparisons between APOE-TR and EFAD mouse models with and without chemotherapy can
also identify shared and non-shared mechanisms of neurodegeneration between AD and CRCI.
4. Doxorubicin Induces a Delayed Cortical Senescence Response in APOE4 Mice
In a time course study of neuroinflammation-related gene expression one through 21 days following
doxorubicin exposure, multiple genes involved in DNA damage response and senescence were elevated
at 21 days post-exposure in APOE4-TR but not APOE3-TR mouse cortices. Cellular senescence, a
characteristic phenomenon of aging, is an irreversible cell cycle arrest, and can be triggered by multiple
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types of damage or stress signals including telomere shortening and DNA damage [233]. Senescent cells
are characterized by high expression of cell-cycle inhibitors, altered cell morphology, and secretion of a
variety of inflammatory cytokines, chemokines, and extracellular matrix proteinases, known as the
senescence-associated secretory phenotype (SASP) [233-235]. While senescent cells can no longer
divide, they remain metabolically active and affect non-senescent cells via the SASP, which is regulated by
p38MAPK, which activates NF‐κB to transcriptionally induce SASP components [236]. Senescence limits
healthy tissue regeneration and promotes an inflammatory environment as an organism ages; it also
functions as a brake on cellular division that prevents aged and potentially precancerous cells from dividing
and forming malignant neoplasms. Cancer cells typically have mutations that allow them to escape from
programmed senescence and continue to proliferate [237].
Multiple genes involved in p53-regulated DNA damage and replicative senescence pathways are found
to have elevated expression at 21 days post-doxorubicin exposure in APOE4-TR mice identified in this
study, including p21 (CDKN1A) [185, 238] and Egr1 [188], with similar trends observed in GADD45α [185]
and p16 (CDKN2A), the latter having roles in both p53-dependent and independent senescence pathways
[238-240]. Neurons in the mature CNS are typically regarded as terminally differentiated and permanently
post-mitotic cells that, with limited exceptions, do not proliferate and are not replaced over time.
Nevertheless, DNA damage response can in a p21-dependent manner trigger a pro-oxidative and proinflammatory senescence-like state in postmitotic neurons [214]. Glial cells in the brain retain replicative
competence throughout life and are susceptible to senescence during aging or other damage conditions.
Evidence of astrocyte senescence has been observed in vitro [241] and in vivo [205] and has been
implicated as a contributing factor of AD pathology [182, 205]. Aged microglia exhibit pronounced dystrophy
[209] and increased expression of p16 [242] in vivo but may not exhibit all major hallmarks of replicative
senescence. Therefore, damage response in one or more CNS cell types may be responsible for observed
transcriptional induction of senescence genes in APOE4 mouse cortex.
Multiple approaches will be necessary to robustly characterize senescence pathway induction after
doxorubicin exposure in APOE4-TR mice. Analyzing protein expression levels of pathways components
including p53, p21, p16, and Gadd45α would help confirm involvement of senescence processes. While
p53 transcription levels were unaltered by doxorubicin exposure or APOE genotype in this time course
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study, p53 is primarily regulated post-translationally by altering protein stability [243], meaning that p53
protein expression levels may still vary after doxorubicin exposure and elevated p53 expression could
contribute to senescence induction. Immunofluorescence colocalization approaches could be used to
identify CNS cell types in which senescence-pathway proteins are expressed.
Because senescence is so closely tied with aging, identification of this process in CRCI in the APOE4
context represents a novel opportunity to understand how brain aging is altered after chemotherapy
exposure. While expression of senescence-related genes is identified in APOE4 mice at 21 days postdoxorubicin exposure, we do not yet know whether the induction of this pathway is long-lasting or how
SASP affects the CNS milieu over time. Transcriptional induction of SASP is primarily controlled by
transcription factors NF-κB (via p38MAPK) and C/EBPβ [244], therefore, it would be particularly interesting
to assess activation of these factors and downstream SASP pathway components over a longer time course
up to six or even twelve months, alongside glial morphology. This would sketch a fuller picture of the longterm impact of doxorubicin-triggered senescence mediators and their impact on brain aging.
5. Mechanisms of Doxorubicin-Induced Cancer-related Cognitive Impairment: Bridging a
Temporal Gap
In my time course study of doxorubicin exposure, I did not observe widespread changes in expression
of inflammation genes (though some may have been excluded due to the thresholding strategy employed
with my expression panel data). While prior studies have found elevations in brain TNF-α in brains of wildtype mice exposed to doxorubicin [75], I did not observe elevations in TNF-α in APOE-TR mouse
hippocampus or cortex. Further investigation will be necessary in order to clarify whether CNS inflammation
occurs in this model. If post-doxorubicin CNS inflammation is in fact identified in future work, it will be
important to characterize its relationship to senescence gene expression and cognitive deficits in APOE4
mice after doxorubicin exposure. With regard to differences in TNF-α induction in the brain, protocol
differences could help explain divergent observations between studies. While I established the 10 mg/kg
I.P. dose used in the time-course study is sufficient to induce substantial cognitive deficits in APOE4 mice
at five weeks post-exposure, previous studies identifying elevations in brain TNF-α used a higher 20 mg/kg
total dose I.P., which could contribute to a stronger TNF-α response in the brain. Additionally, the previous
study euthanized mice and collected brains for analysis three hours post-exposure (and plasma at multiple
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time points three through 24 hours post-exposure), while the shortest time point in the time-course study
described here was 24 hours post-exposure. In a study of male Wistar rats receiving 2.5 mg/kg doxorubicin
weekly for four weeks (total dose 10 mg/kg), elevations in IL-6, but not TNF-α, were observed in serum and
brain seven days following final doxorubicin exposure [97]. Thus it appears plausible that elevation in TNFα and IL-6 levels after doxorubicin exposure may be of variable extent and duration depending on dose and
context. If this is the case, acute inflammatory cytokine induction in the brain after doxorubicin may generally
be short-lived but give rise to lasting CNS damage and observed cognitive deficits.
We identified transcriptional elevation of multiple transcripts involved in DNA damage response and
senescence pathways in cortex samples of APOE4, but not APOE3 mice, 21 days following doxorubicin
exposure, the latest time point included in the time-course study, suggesting these processes are involved
in long-term damage response processes, perhaps initiated in the brain after inflammation at the acute time
point (<24 hours post-exposure), contributing in time to alterations in cognitive performance measurable
even later (five weeks post exposure). However, these results do not clarify what processes, possibly
initiated by immediate inflammation via TNF-α expression in the brain, contribute to induction of
senescence-pathway transcripts at the later time point. One prominent candidate mechanism bridging
these two time points is oxidative stress burden. Oxidative damage to proteins and lipids in the periphery
and the brain, as well as dysfunction of brain mitochondria, has been observed at time points 72 hours [77]
and seven days [97] following doxorubicin exposure, and TNF-α mediates this oxidative stress response
specifically in the brain [77]. Further study of oxidative stress and damage markers after doxorubicin
exposure in APOE-TR mice could help determine whether oxidative stress burden differs between APOE3
and APOE4 mice and characterize the extent to which oxidative damage acts as the primary trigger for
DNA damage and senescence pathway activation in the brain after doxorubicin exposure.
BBB dysfunction is another candidate mechanism of CRCI. Peripheral inflammatory mediators can
trigger BBB impairments [245], and a leaky BBB could permit increased infiltration of cytokines and/or drug
metabolites into the CNS, where they could trigger damage pathways [100]. APOE4 genotype has been
shown to lead to pericyte loss, BBB dysfunction, and cognitive impairment independent of AD [137, 246].
Additional comparison studies in the APOE-TR mouse model could shed light on the role of the BBB in

68

senescence pathway induction and cognitive impairments in APOE4 mice after doxorubicin exposure by
characterizing BBB function in APOE3 compared to APOE4 mice before and after doxorubicin exposure.
6. Future Directions: Preclinical Studies of Interventions for Cancer-related Cognitive Impairment
The APOE-TR mouse model of APOE genotype and CRCI presents a novel platform to test therapeutic
interventions to prevent or alleviate cognitive dysfunction. Candidate therapies targeted to pathways
involved in damage and dysfunction in the brain can be selected for study, and their effects on cognitive
outcomes in the vulnerable APOE4 carrier population can be evaluated using the consistent readout of
performance on the Barnes Maze, providing a tractable preclinical pipeline for streamlined screening of
promising interventions. Described below are two relevant candidate intervention approaches based on
mechanistic results from the short-term doxorubicin time course study (Chapter IV) and known
characteristics of inflammation and aging characteristic of neurodegenerative diseases and cancer.
APOE4-TR mice exhibit a senescence gene-expression signature 21 days post-doxorubicin exposure,
suggesting that doxorubicin triggers cellular senescence and long-term damage via the SASP. This model
could be used to test specific treatment approaches targeting senescence cells in the brain to alleviate
CRCI. Clearance of senescent cells in animal models can be achieved in two ways: use of the genetically
engineered INK-ATTAC model, in which AP20187 administration can trigger selective apoptosis of cells
expressing senescence marker p16 (also known as p16 Ink4a) , or administration of senolytic drugs,
particularly the combination of dasatinib and quercetin, a plant flavonoid naturally occurring in many fruits
and vegetables (D+Q) [247]. In mouse models of AD pathology [213, 248], obesity [249], and normal aging
[250] these approaches have been shown to clear senescent cells, reduce neurodegeneration, and improve
cognition. Senolytic therapies are currently being studied in clinical trials for several senescence-related
pathologies [251] and many new therapeutics targeting senescent cells and/or the SASP [252]; to date, two
clinical trials have reported promising preliminary results of D+Q treatment for idiopathic pulmonary fibrosis
[253] and diabetic kidney disease [254]. Future studies in this model could determine if clearance of
senescent cells ameliorates cognitive deficits after chemotherapy exposure in APOE4-TR mice and if it
reduces induction of the senescence gene expression signature in the brain.
The receptor for advanced glycation end products (RAGE) is another pathway involved in brain
inflammation and aging. RAGE triggers inflammatory signaling after activation by its ligands, which include
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advanced glycation end products (AGEs), the s100 protein family, HMGB1 (high mobility group 1) and βamyloid [255]. AGEs are a heterogenous group of proteins, lipids, and DNA modified by nonenzymatic
reactions with reducing sugars which accumulate in tissues over time and activate RAGE [256]. RAGE
signaling activates several intracellular signaling mediators with substantial overlap with senescence and
SASP signaling networks, including p38 MAPK, nf-κB, and Egr1 [257]. RAGE signaling is elevated in
conditions of inflammation and aging including diabetes [258], cardiovascular disease [259], AD [260] and
other conditions of neurodegeneration [261], and cancer [262]. Recent studies indicate that among healthy
(nondiabetic, nondementia) APOE4 carriers have an increased burden of AGEs, which may contribute to
elevated AD risk [263, 264]. Inhibition of RAGE signaling via RAGE antagonist FPS-ZP1 has been shown
to inhibit tumor growth and metastasis in an in vivo breast cancer model [265]. Taken together, RAGE
signaling is a major candidate as a mediator of aging and neuroinflammatory processes contributing to
cognitive impairments in APOE4 carriers after chemotherapy and presents an attractive synergy as an
intervention for CRCI with complementary anti-tumor effects. Pilot studies with collaborators in the Lippman
lab at the Lombardi Comprehensive Cancer Center, Georgetown University, of FPS-ZP1 as a therapeutic
intervention to rescue cognitive deficits in APOE4-TR mice exposed to doxorubicin are ongoing. I performed
a brief study of APOE3 and APOE4 mice exposed to doxorubicin and either saline or FPS-ZP1, or
saline/saline control (n=7-8/group). I found that APOE4 mice had consistent learning deficits on the Barnes
maze and that FPS-ZP1 ameliorated these effects. However, in this study, differences between doxorubicin
and control APOE4 mice in spatial learning were less pronounced than in previous studies and these groups
not clearly different from one another. Continued work in this collaboration using groups of comparable size
to my previous studies (n=15) can shed light on how RAGE antagonism affects learning in APOE4 mice
with or without doxorubicin exposure.
7. Preclinical Insights in APOE Genotype Effects Inform Clinical Populations in Cancer-related
Cognitive Impairment and Alzheimer’s Disease
The animal model described in this thesis work is the product of interdisciplinary approaches bridging
neuroscience and oncology. Efforts to identify genetic correlates of risk for CRCI in older breast cancer
patients determined a role for APOE4 genotype, with carriers who received chemotherapy treatment
exhibiting cognitive impairments. The APOE-TR model, previously used primarily to study AD risk, is here
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developed as a tractable model of cognitive impairments after chemotherapy, the first animal model meeting
ICCTF recommendations to prioritize preclinical study of risk factors for CRCI. Using this model we
identified alterations in cortical senescence gene expression in an acute three-week time course after
doxorubicin exposure in APOE4 animals. Our data directly link cognitive deficits in chemotherapy exposed
APOE4 mice to senescence processes involved in brain aging and associated cognitive decline. Future
work in this model has the potential to experimentally characterize CRCI mechanisms and treatment
approaches in genetically susceptible aged cancer survivors. If a specific mechanism of CRCI is identified
in this model (e.g. senescence) we can follow up with intervention studies to determine if a targeted
therapeutic approach (e.g. senolytic drug therapy) can restore cognitive function in APOE4 mice exposed
to chemotherapy. Robust preclinical data could then accelerate clinical trials of promising interventions for
CRCI and ultimately benefit cancer survivors at risk for CRCI.
The mechanisms by which APOE genotype impacts the risk of AD are complex, with evidence for
pathways dependent on Aβ accumulation and pathways independent of Aβ accumulation [21]. A role for
APOE in risk of CRCI supports an Aβ independent pathway contributing effects on cognitive impairment.
In humans, APOE4 increases the risk and severity of Lewy body dementia independent of AD pathology
[266], rate of cognitive decline in Parkinson’s disease [267] following traumatic brain injury [138] and stroke
[140]. In preclinical models, APOE4 increases susceptibility to several conditions of inflammation, including
traumatic brain injury [268], lipopolysaccharide exposure [176, 269] and stroke [139]. Here we provide
further evidence of APOE4 genotype as a shared risk factor between AD and CRCI. Our model uses
chemotherapy exposure as an acute stress trigger that leads to cognitive impairment in the APOE4 context,
and we identify senescence-related gene expression in APOE4 but not APOE3 mice following doxorubicin
treatment. This and any other mechanisms underlying CRCI identified in this model in future studies can
shed light on mechanisms of AD and other contexts of neurodegeneration. Therapeutic interventions tested
in this model could also prove useful in addressing AD.
Ultimately, the preclinical model described in this work is a novel and important contribution to the
field of animal modeling for CRCI, by providing a proved platform ideal for experimental identification of
specific risk factors for CRCI, determination of mechanisms underlying CNS damage in cancer survivors,
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and development of effective therapeutic interventions to alleviate cognitive impairments in CRCI, with
additional potential to contribute to understanding and treatment of AD.
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