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Abstract 

Many adverse effects caused by chemotherapy are commonly known; hair loss, 

gastrointestinal distress, and fatigue, for example. Chemotherapy-related cognitive deficits 

(CRCDs) have been a rising concern in the past decades. The mechanisms by which this 

impairment takes place is still unclear and there are no approved treatments for it. With that in 

mind, this thesis will investigate the effects of chemotherapy in the cholinergic system, and the 

therapeutic use of choline supplementation in the treatment of CRCDs.  

One of the main innovations of this project is the usage of a mouse model of breast 

cancer (MMTV-PyVT). MMTV-PyVT mice will be subjected to a chemotherapy combination 

treatment of cyclophosphamide and doxorubicin (CYP+DOX), agents commonly used for the 

treatment of breast cancer. They will be assessed in different tasks to determine if they have 

normal cognitive function and if tumor development interferes with their physical capacities. In 

addition, whether supplementing diet with 2% choline can prevent CRCDs and whether choline 

affects the growth of tumors will be determined. 

We anticipate that MMTV-PyVT mice will exhibit normal cognitive function and 

perform effectively in the tasks during tumor development. We expect that 2% choline will 

prevent the manifestation of cognitive deficits on these tasks and that tumor growth rate will not 

be affected by it. This project will set grounds for a further development of therapies for CRCDs 

patients, as well as establish a novel theory that can encompass the effects of chemotherapy in 

the brain regions specifically involved in cognition. 
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Background 

Most of the adverse effects caused by chemotherapy are commonly known; the hair loss, 

gastrointestinal distress, fatigue and others. Nevertheless, cognitive impairments caused by the 

treatment, also called ‘chemo-brain’ or chemotherapy-related cognitive deficits (CRCDs), have 

been in the past decades a rising concern for patients and clinicians. The symptoms can range 

from memory loss, to impairments in visual-spatial skills, psychomotor function and verbal 

learning. The mechanism by which this impairment takes places is still unclear. There are 

different theories on how the treatment can cause these deficits, some of those include: pro-

inflammatory cytokines, levels of estrogen, DNA damage, and compromised blood-brain barrier. 

However, none of those have been fully studied.  Moreover, there is no approved treatment of 

CRCDs, apart from different trials with no success so far. These trials included medications for 

anemia (Erythropoietin), narcolepsy drugs (Modafinil) and drugs used to treat attention deficit 

disorder (Methylphenidate). None of those, however, was approved for use in CRCDs patients. 

With that in mind, this thesis will investigate the effects of chemotherapy in the cholinergic 

system and the therapeutic use of choline supplementation (+ Ch) in a mouse model of breast 

cancer. This study will set the groundwork for future investigations on how these impairments 

take place, and what effects does chemotherapy and choline cause in a tumor-mice. 

  

Chemotherapy 

 Fortunately, with the advancements of medicine in the last decades, the expected lifespan 

for someone diagnosed with cancer increased drastically. With that however, different adverse 

effects arose from the principal form of treatment – chemotherapy. One of them, colloquially 

referred to as the chemo-brain, is a rising concern. These chemotherapy-related cognitive deficits 

(CRCDs) were defined recently in the literature, even though it has been identified in the 1970s 

and early 1980s (1, 2) It is important to note the broadness of the term chemotherapy, which 

involves more than 100 types of drugs. There are five main classes of agents that can either be 

given with a curative intent or simply to palliate symptoms: 
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• Alkylating agents: being the first anticancer agents researched, these chemicals work by 

attaching an alkyl chain to DNA of cells, which kills the cell through apoptosis (3). The first 

alkylating agent researched, and firstly used as a chemical warfare agent, was Mustard Gas 

(Bis(2-chloroethyl) sulfide)(4).  Recently, cyclophosphamide (CYP) has been a wide used 

treatment for: lymphomas, different types of leukemia, multiple myeloma, blastomas; breast, 

testicular, endometrial, ovarian, and lung cancers (5). This prodrug is firstly converted into 4-

hydroxycyclophosphamide in the liver by the cytochrome P450. When in contact with sensitive 

cells, such as lymphocytes, its tautomer, aldophosphamide, undergoes a β-elimination yielding 

phospharamide mustard (fig. 1), the active compound that binds to DNA both between 

(interstrand crosslinkages) and within (intrastrand) the strands at guanine N-7 position (6). 

 
Figure	  1:	  Mechanism	  of	  Action	  of	  Cyclophosphamide,	  including	  activation	  and	  DNA	  crosslink.	  

• Cytotoxic antibiotics: although these take the name of antibiotics, in the context of 

chemotherapy they are developed for their anticancer properties. Furthermore, their precise 

mechanism of action differ widely. Among this group are the anthracyclines, a class of drugs 

derived from Streptomyces bacterium (7). It is worth noting that they have the widest spectrum of 

activity in human cancers, and only a few cancers (e.g., colon cancer) being unresponsive (8). 

The anthracycline used in this study, Doxorubicin (DOX), showed in figure 2, was in 

fact one of the first ones developed, back in the 1960s. There are a two main different theories on 

how this drug works precisely. Firstly, there are several studies in vitro showing the intercalation 

of DNA, which interferes with its biosynthesis, bringing the cell to die by apoptosis (9-11). The 

same intercalation can inhibit topoisomerase II – causing further DNA damage (12).There is also 
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evidence of radical formation, through the one-electron reduction of DOX to a semiquinone 

(mediated by oxidoreductases) (13). This provokes oxidative stress to the cell membrane and 

DNA of the cancer cells – eventually causing apoptosis (14, 15). 

 

 

 

 

 

 

 

 

 

• Antimetabolites: similar to the other classes, these drugs work by hindering the production of 

DNA and RNA. They work by substituting the building blocks of the nucleic acids, either 

nucleobases or nucleosides (bases containing sugar groups). By mimicking those groups – but 

with small molecular changes – the drugs manage to block processes essential to the synthesis 

and usage of DNA (16). That, as seen before, stops the cell cycle and thus stops the uncontrolled 

growth of cells. Drugs in this group include methotrexate (MTX), 5-fluorouacil (5-FU), and 

pemetrexed; they are mostly used to treat leukemia and cancer of breast, ovary and GI tract (17).  

• Mitotic Inhibitors: Also called anti-microtubules agents, they work by disrupting 

microtubules, which are crucial cellular structures responsible for cell division. Two main classes 

of mitotic inhibitors exist: Vinca alkaloids and taxanes (18). 

• Topoisomerase inhibitors: This class of drugs act on two specific enzymes: topoisomerase I  

and topoisomerase II. These enzymes are responsible for solving topological problems in DNA 

replication, transcription, recombination (19). By inhibiting these functions, the drugs bring the 

cell to death by the same mechanisms mentioned before. Topoisomerase I inhibitors include: 

irinotecan, topotecan, camptothecin and derivatives. Topoisomerase II inhibitors are usually 

anthracyclines (as seen with DOX), as well as epipodophyllotoxins such as etoposide and 

teniposide (20). 
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Figure	  2:	  Molecular	  structure	  for	  Doxorubicin	  (DOX) 
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Chemotherapy-Related Cognitive Deficits (CRCDs) 

	   It is hard to establish the first time that CRCDs became noticeable in the literature. As 

mentioned before, in the late 1970s and early 1980s it was mentioned as a possible side effect. 

For some time it was a difficult distinction between what was caused by the disease and what 

was caused by the treatment. With more studies examining the correlation, it became clear that 

up to 75% of cancer survivors who underwent treatment report some sort of cognitive 

impairment; including learning, memory, attention and information processing speed (21).  

CRCDs are an increasing concern, especially with the crescent number of cancer 

survivors. These deficits, as studied by Ganz and colleagues, seem to have a very negative effect 

in quality of life for breast cancer survivors, with effects present decades after the treatment was 

over (22). While the origins of these deficits are still unclear, there are a couple of different 

statistics on its prevalence. It affects women more often (23), reportedly independent of patient 

age or menopausal status (24), and as expected, dependent on the dosage given (25). 

Origins  

	   A recent review by Ahles and Saykin recently listed the most likely causes of these 

deficits (26), and while it is not a complete detailed analysis of all the theories, it gives an 

overview on what systems are being affected mostly by the chemotherapy, and how it can relate 

to a decline in cognition. Five main theories are analyzed: compromised blood brain barrier 

(BBB) integrity, genetic disposition, DNA damage, and the two most relevant for this study, 

cytokine deregulation and suppression of sex hormones. 

 One of the main problems faced when treating brain tumors, is the inability of most 

chemotherapeutic agents to cross the BBB. However, recent studies have shown that a very small 

amount of those agents (below the therapeutic dosage) is able to not only cross that barrier, but 

also cause increased cell death and decreased cell division in areas known to be important in 

cognition; such as the sub ventricular zone, the dentate gyrus of the hippocampus and the corpus 

callosum (27). Nevertheless, different types of treatments, especially for peripheral tumors, have 

almost no impact in the BBB, and do not seem to have a direct effect in the central nervous 

system (CNS) (28). 

 Another theory looks at the genetics of both neurotransmission and neuronal repair, and 

how it can be affected by chemotherapy. In the first case, a specific enzyme called catechol-O-

methyltransferase (COMT) is affected by means of polymorphism (the occurrence in the same 
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population of two or more alleles at one locus, each with appreciable frequency (29)). Since this 

enzyme catalyzes the breakdown of a class of neurotransmitters called cathecolamines – which 

includes dopamine and noradrenaline – it is been hypothesized that a genetic disposition, 

associated with the chemotherapy could produce the cognitive decline (26).There is, however, a 

lack of specific studies pointing in that direction. As for the neuron repair, the best example is a 

study, also by Ahles and Saykin that linked changes in one of the three alleles that encode for 

Apolipoprotein E (APOE) to an increase cognitive decline in cancer survivors (30). 

 On a similar note, DNA damage has been also postulated to be one of the causes for 

CRCDs. As seen in the previous section, many of the chemotherapy agents act by causing 

specific damage in the DNA of the cells, but it is also documented that peripheral damage can 

occur (31, 32). However, albeit the DNA damage caused by chemotherapy, there are no studies on 

the relation of cognitive functioning to the level of DNA damage.  

The next two theories described on the review involve this project more directly. Those 

two are: the role of pro-inflammatory cytokines in cognition, and the effects of cancer and 

chemotherapy in estrogen and testosterone levels. 

Pro-Inflammatory Cytokines  

 Cytokines are class of small proteins involved in cell-signaling, most importantly in the 

immune system. This class includes interleukins (ILs), lymphokines, tumor necrosis factors 

(TNFs) and interferon (IFNs) (33). As expected for such a broad class of signaling molecules, 

there are different studies linking disruptions in cytokines to neurotoxicity and various 

neurodegenerative disorders, including Alzheimer’s disease (AD), multiple sclerosis (MS) and 

Parkinson’s disease (PD) (34), as well as mood, anxiety, memory, and executive functions (35). 

 Certain cytokines, called pro-inflammatory, are specifically elevated peripherally by both 

cancer and chemotherapy. This elevation can cause an up regulation of different cytokines in the 

CNS by means of the vagus nerve (36). An example of this is cancer patients who receive 

immunotherapies such as IL-2 or interferon-α; they report symptoms like: depression, weakness, 

fatigue and cognitive disruption (37). Moreover, breast cancer patients with persistent fatigue were 

previously shown to have disruptions in cytokines involved with information processing speed, 

executive function, spatial ability and reaction time (those cytokines being: IL-1, IL-6 and 

TNFα) (38-41). It is also worth noting that in advanced breast cancer patients these cytokines were 

elevated even before treatment with chemotherapy (42, 43). 
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 The role of pro-inflammatory cytokines in CRCDs is not isolated; these molecules have 

an intricate relation with the sex hormones and the cholinergic system – which will be better 

detailed in the following sections. Figure 3 presents the overall hypothesis of how this study 

plans to associate these systems into one theory that explains the underlying causes of the 

deficits [A], while providing an innovative possible treatment [B] (fig. 3). 

 

 

 

 

 

 

 

  

 

 

 

 

Estrogen and Sex hormones 

	   With the majority of patients of CRCDs being women, it was expected that sex hormones 

would play a role. Recent literature suggests that CYP alone, in conjunction with DOX, and 

paclitaxel alone, were all shown to cause early menopause, and further reduction of estrogen 

levels, by ovarian suppression or ablation (44-46). These levels are known to be important for 

different forms of cognition, especially spatial memory and short-term memory. 

 Decreases in estrogen, achieved by ovariectomy, negatively affects spatial cognition (47). 

These low levels also impair the frontal cortex and hippocampus; which affects ACh synthesis, a 

neurotransmitter essential for cognition (48-50). Estrogen is also linked to anti-inflammatory 

properties, as well as antioxidant capacities and different forms of neuroprotection, such as 

maintenance of telomere lengths (51-53).  

Figure	  3:	  Relationship	  between	  pro-‐inflammatory	  cytokines,	  estrogen,	  chemotherapy	  and	  the	  cholinergic	  system.	  	  
(+)	  represents	  increased	  activity,	  (-‐)	  represents	  decreased	  activity;	  line	  thickness	  indicates	  strength	  of	  relationship;	  dashed	  line	  

represents	  loss	  of	  influence 
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 These evidences point to an involvement of estrogen and testosterone (which can be 

converted back to estrogen) in CRCDs. It is important to mention that while many of the studies 

mentioned focused on female models, and	  /or models of breast cancer, it is known that 

testosterone can also produce similar effects (54), and that hormone therapy for prostate cancer 

can also affect cognition (55). There is, however, a gap in the knowledge on the mechanisms by 

which these changes in hormones level impair cognition in chemotherapy patients. 

Treatments 

 There are currently no approved treatments for CRCDs. Different experimental 

therapeutics were previously tested with interesting results: the glycoprotein erythropoietin 

(EPO), the stimulant modafinil and the dopamine/norepinephrine reuptake-inhibitor 

methylphenidate (56-63). In the first case, EPO was tested twice. The first study by Massa et al. 

used EPO in 10 elderly patients with anemia undergoing chemotherapy. The scores in a Mini-

Mental State Examination (MMSE) were indeed improved, and there was a correlation with the 

hemoglobin levels (58). In the second study, Iconomou et al. found small but statistically 

significant improvements in cognition, as measured by the MMSE, after 12 weeks of combined 

chemotherapy and EPO (59). These studies however, suffer from different methodological flaws, 

and fail to address a larger population of patients – including non-anemic patients, who might 

have an increased risk of stroke (56, 57). 

 The next treatment, modafinil, was tested on 28 patients with advanced cancer. The drug 

was significantly superior to the placebo in tests of psychomotor speed, visual information 

processing and mental flexibility (60). Another study examined the effects of cognition in 82 

patients with breast cancer with persistent fatigue. The findings were improved speed and quality 

of episodic memory (61). Both studies however, were done in a specific population of cancer 

patients with a high fatigue and or tiredness score; hence the effects could be more linked to that 

aspect than to cognition itself. 

 Lastly, methylphenidate (MPH) was studied by two different groups. Mar Fan et al. 

administered d-MPH in population (N=57) of women who receive adjuvant chemotherapy for 

breast cancer (62). No	  significant differences between the randomized groups. On the same hand, 

Lower et al. failed to see any cognitive improvements on a population of 154 patients (63). While 

the basis for those studies was solid, they were not sufficiently powered to find any significant 

differences. 
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 Two further therapeutics were tested, but with unsettling results: Fluoxetine and 

Donepezil (57, 64-67). On the first case, while two different studies by Wigmore et al. were able to 

improve cognition in animals treated with a combination of 5-FU and MTX (64, 65), no models 

with cancer were used, and there was no account for normal side-effects of fluoxetine - excessive 

weight loss and diarrhea (57). Donepezil, on the other hand produced effects interesting for this 

study, since it acts as an acetylcholinesterase (AChE) inhibitor. Winocur et al. tested the 

medication in a mice receiving a combination of MTX and 5-FU, with promising results 

including reduction in cognitive deficits (66). Another study tried to examine the potential usage 

of donepezil in combination with vitamin E to patients with small-cell lung cancer who had 

previously received chemotherapy, but the study did not find any conclusive results (due to poor 

enrolment of patients, N=9) (67). 

 Although there is an obvious search for potential therapeutics for CRCDs, as of today 

there is a lack of an appropriate and applicable treatment. The studies with donepezil point in a 

direction similar to this study. The probable mechanism by which this medication acted in the 

mice models was by means of stimulation of the nicotinic acetylcholine receptors (nAChRs) (56). 

The next section on will close the theory behind the motivations for this study. This 

neurotransmitter has overlaps with the pro-inflammatory cytokines previously detailed, as well 

as the estrogen effects caused by chemotherapy.  

Acetylcholine  

 Acetylcholine (ACh) is a neurotransmitter involved in a wide variety of bodily functions, 

its most ubiquitous role is in the neuromuscular 

junctions, where it mediates the activation of 

muscles. In the CNS, the cholinergic pathways – 

depicted in figure 4 – regulate plasticity, 

arousal, and reward, along with other functions 

(68, 69). The projections from the basal forebrain 

nuclei, also called basal forebrain cholinergic 

system (BFCS), to the frontal cortex and 

hippocampus control attentional processing, 

learning, memory and executive function (70-72). Figure	  4:	  Cholinergic	  system	  in	  the	  CNS	  showing	  the	  
projections	  of	  ACh	  neurons	  (69). 
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Synthesis and Receptors 

 Compared to other neurotransmitters, ACh has a significantly simple synthesis (fig. 5) 

with +Ch reacting with acetyl-CoA with the help of the enzyme choline acetyltransferase 

(ChAT). An important step in the synthesis however is the uptake of +Ch by cholinergic neurons 

by HACU. It has been shown that this step is rate-limiting in the synthesis of ACh (73-75).  HACU 

has also an important relationship with estrogen as mentioned before; low levels of the hormone 

cause a decrease in this uptake, and interestingly, the administration of 17β-estradiol (E2) 

reverses the impact (48, 49). Moreover, the amount of Ch directly affects the synthesis of ACh in 

neurons; when the levels are low the synthesis is impaired, which can be reversed by +Ch 

supplementation (76, 77). Also simple, the breakdown of acetylcholine is a hydrolysis reaction 

catalyzed by AChE resulting in Ch and acetic acid (68). 

 

 

 

 

 

 

 

 

 There are two main classes of receptors for ACh, named after the chemicals that can act 

as non-selective agonists for each receptor: nicotinic and muscarinic. For the purposes of this 

project, the focus will be on nicotinic receptors (nAChRs). Those are ligand-gated ion channels, 

which means that when ACh or an agonist binds to it, Na+ and Ca+2 move inside the cell, which 

depolarizes the cell membrane (fig. 6a). Each receptor consists of five subunits (α, β, γ, δ, ε); and 

for the neuronal receptors, there are ten α subunits and four β subunits (68). One in specific, α7 

(fig. 6b), is expressed by microglia in the CNS and its activation diminishes pro-inflammatory 

responses (78), more specifically by inhibiting the production of TNFα, IL-1β, IL-6, IL-12/IL-23 

and p40 (79, 80). This again points to a relationship between ACh, cognition and cytokines. 

Figure	  5:	  Synthesis	  of	  ACh	  through	  ChAT,	  as	  well	  as	  hydrolysis	  mediated	  by	  AChE 
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Role in Cognition 

 While the α7 nAChR has shown these anti-inflammatory effects, different receptors can 

also be stimulated with agonists. This has shown a range of benefits in healthy humans, and 

patients of different neurological disorders. On two different analyses, the administration of 

nicotine was demonstrated to enhance different aspects of cognition, such as attention, motor 

abilities, episodic and working memory (81, 82). Although the self-administration of nicotine is a 

controversial topic, elucidating the mechanisms by which this occurs is important to develop 

therapies for conditions like CRCDs. 

On that note, the stimulation of those receptors in impaired subjects has also improved a 

number of functions. In two extensive reviews, Newhouse et al. showed that stimulation or 

alterations in nAChRs can have an impact in: memory and attention in AD; sensory gating and 

spatial information processing and attention in schizophrenic patients; attention and cognition in 

individuals with attention deficit-hyperactivity disorder (ADHD) and different effects in PD, 

anxiety and mood disorders (83, 84). 

Another way ACh can impact cognition is by means of inhibition of AChE – as 

mentioned before with donepezil. AChE inhibitors have been observed to increase learning 

abilities to healthy subjects (85), as well as memory in AD patients (86) and mice with spatial 

memory deficits (87). This evidence strongly suggests that the cholinergic system is crucial in 

maintaining a healthy cognition, and that its impairment can cause different types of deficiencies. 

Figure	  6:	  A)	  Example	  of	  a	  nAChR	  B)	  Depiction	  of	  the	  α7	  nAChR	  (68).	  

A
	  

B
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Choline Supplementation 

	   Easily crossing the BBB at a rate proportional to its blood concentration (88, 89), choline is 

a readily available supplement. There are three main forms of choline that can be taken: choline 

chloride, 5’-diphosphocholine (also called CDP-Choline, or Citicoline) and L-Alpha 

glycerylphosphorylcholine (alpha GPC, choline alfoscerate). All of these forms have been used 

as nootropics to enhance certain cognitive aspects in healthy subjects; including attention, 

learning and memory (90). They were also tested to reduce impairments caused by acute ischemic 

stroke (91), certain forms of dementia (92), and elderly animals with impaired memory (93). It is also 

able to reverse the effects of the ChR antagonist scopolamine (94), facilitate the retention of 

learned behaviors in animals experiencing hypoxia (95), improves learning in rat models of fetal 

alcohol syndrome (96), and protect against the development of memory deficits caused by 

impoverished environmental conditions in rats (97). 

 Not only this is extensive evidence supporting the usage of Ch supplementation as means 

to treat CRCDs, there is also a study showing that Ch is a full agonist for the α7 nAChR (98), 

which would strengthen the theory that this improvement can be in part due to anti-inflammatory 

proprietaries and effects on the pro-inflammatory cytokines extensively seen in cancer patients 

and chemotherapy models. Again, approaching the problem of CRCDs by multiple angles, i.e. 

cytokines, estrogen and choline, seems to be a more effective way to find a feasible therapeutic. 

 Furthermore, Ch is also a precursor for phosphatidylcholine (PC). This class of 

phospholipids is essential in maintaining the structure of the cell membrane, as well as its 

functions. Moreover, PC has shown to participate in certain cascades of cell signaling necessary 

for proper embryo development (99). Different studies on this class of molecules also hypothesize 

a mechanism in which the vulnerability of certain cholinergic neurons in AD could cause an 

"auto cannibal" cell behavior in which the cell tries to metabolize the PC present on its own 

membrane in order to supply Ch for the ACh synthesis and release whenever the levels of Ch are 

low – this would eventually lead to cell death (100-102). 

 Lastly, there are studies that link the insufficiencies in Ch to an elevated risk of liver 

cancer (103-105). On the other hand, high intake of Ch was related to a reduced risk of breast cancer 

(106, 107). Therefore, this type of supplementation seems to be beneficial to most individuals – in 

fact the daily intake of Ch in the US is 73% of the established adequate intake for men (550mg), 

and 64% for women (425mg) (108, 109). 
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Effects on Tumors 

While the effects on cognition are well established, there is one specific portion of 

choline metabolism that is potentially a risk to any therapeutic used in cancer patients. Malignant 

tumors, such as breast and prostate cancer, frequently have an increased +Ch metabolism, which 

serves in as a hallmark of the tumor progression (110-114). In breast cancer specifically, +Ch has 

shown an increased metabolism of approximately 5 fold. In a comprehensive review, Ronen et 

al. demonstrated how different cancer sites have different concentrations of choline metabolites 

(table 1). The levels of PCho (phosphocholine), GPC and tCho (total choline) increase 

significantly in breast cancer cells even when compared to other different types of cancer (113).  

The specific biochemical mechanism by which this happens is still unclear, but this poses 

two possible problems for this study: the supplementation can enhance the rate of tumor growth, 

and the presence of the tumors can impair the availability of +Ch in the CNS. As for the first 

possible challenge, the rates of tumor growth will be carefully measured and it is expected that 

the chemotherapy will impede metastasis. For the second one, the dosage of +Ch used (2% of Ch 

Chloride) is known to increase free Ch by 50-100%, and it can be increased by administering Ch 

in the water supply (115).    

Table	  1:	  Table	  correlating	  different	  cancer	  site	  and	  the	  concentrations	  of	  different	  Ch	  metabolites	  (113].	  
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Methods  

 The main goal of this project is to test the neurochemical effects of chemotherapy and 

choline supplementation in mice models of breast cancer. Further questions involve the role 

of choline in tumor growth, cholinergic cells and cytokines. 

Research Design  

 In order make sure a cancer model can be used as a control, the breast cancer mice 

models will be compared to another mouse model (BALBc/cJ). Previous unpublished 

experiments with BALBc already showed the presence of CRCDs following the same 

combination therapy (CYP+DOX). Day 1 of the study will be defined by the presence of a tumor 

with a diameter of approximately 5mm. The mice will then undergo a baseline of their cognitive 

functions by two different behavioral tasks: Morris Water Maze and Discrimination Learning. A 

choline supplementation will then be given to all the mice. After a reassessment of behavioral 

tasks, and an assessment of tumor sizes, half of the animals will undergo chemotherapy with the 

other one having a saline injection. Throughout the study, mice will be evaluated for clinical 

signs requiring euthanasia per institutional IACUC guidelines: cachexia (weight loss >20% of 

body weight), dehydration, anorexia, tumor ulceration and tumor mass greater than 2cm3.  

Mice Models  

 A MMTV-PyVT [B6.FV-Tg (MMTV-PyVT) 634Mul/LellJ] mouse model (The Jackson 

Laboratory) will be used. This is an innovation in these types of study since it is a model of 

human breast cancer that requires chemotherapeutic intervention (116-118). The female offspring 

produce tumors at a mean age of 92 days. The mice will be caged in a standard vivarium (tap 

water and chow containing 0.12%Ch; Teklad Global 18% Protein Rodent Diet). The mice will 

undergo weekly assessments for the presence of tumors, which will be done externally with the 

help of digital calipers. Tumor volume will be determined by the modified ellipsoidal formula: 

volume = ½ (length·width2).  

Behavioral Training and Assessment 

Behavioral assessment will be a pivotal portion of this thesis. Although a more extensive 

testing would be ideal, two main tasks: Morris Water Maze and Discrimination Learning will 

serve the purpose to examine spatial memory, and stimulus response learning. Since the two are 

done in the water, that forces the animal to find a platform. 
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Morris Water Maze (MWM) 

 The first behavioral task done will be the Morris Water Maze (MWM). This task will 

measure the mice’s spatial learning and memory (119, 120). The task is done in a circular pool 

(130cm diameter and 30cm high) filled with dyed water, maintained at 21oC and equally divided 

into 6 virtual zones (fig. 7). A video camera will be mounted above the pool, and used to record 

all the trials. For two orientation days the mice will have 5 trials to find a visible platform in the 

water. After that, a period of 6 days (5 trials/day) will follow in which the platform will be place 

a few centimeters below the water level, so it becomes hidden from the animal. The animal will 

be place in the pool in random locations, while the platform stay in the same place. In all trials, 

the animal is placed in the water facing the wall, and it has 60sec to find the platform (with all 4 

paws). On the 6th day, trials 1, 2, 4 and 5 

remain the same, with trial 3 being a probe 

trial. In this trial, the platform is removed 

completely and the animals are allowed to 

swim for the entirety of the 60sec. After day 

6, the animals will be reassessed throughout 

the study every 7 days. On this task, different 

measures will be taken, those include: latency 

to reach platform, entries in non-platform 

zones (errors), distance moved, velocity and 

immobility. All of them will be done using 

the recording, and analyzed through 

Ethovision (Noldus) software. 

 

Discrimination Learning (DL) 

	   Discrimination Learning will be the second behavioral measure done. This task measures 

stimulus response learning and is sensitive to impairments in the striatal pathway (121). In this 

task, the mice will swim in a T-maze, with a black and a white arm (fig. 8). In each trial they will 

be put in the end of the horizontal arm and allowed to swim freely. They will undergo a similar 

orientation period for 2 days, in which platforms will be present in both arms. One day after the 

orientation, half of the animals will have a platform in the white arm, and the other half on the 

Figure	  7:	  Scheme	  of	  how	  the	  MWM	  will	  be	  done.	  (68) 
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black. The training will go for 8 days (5 trials/day) and 

the position of the black and white arm will be 

randomized across trials. The assessment will be based 

on the number of errors they commit before finding the 

platform. Similar to the MWM, the mice will be 

reassessed every 7 days.  

 

 

 

 

Chemotherapy Treatment and Choline Supplementation 

 As pointed in the design, half of the mice will undergo chemotherapy along with a 

choline treatment, and half will have only chemotherapy. The chemotherapy injections will be 

done weekly, I.V. (tail vein injections). Previous studies show that the optimum dosage for the 

combination treatment is composed of 66.7mg/kg of CYP+6.7mg/kg of DOX. That takes into 

account that, even though some studies demonstrated that a dosage of 25mg/kg of 

CYP+2.5mg/kg of DOX already causes cognitive impairments, those do not relate back to 

standard dosages used in therapy (400-600mg/m2+40-60 mg/m2). Because we expect this study 

to be translational in its +Ch intervention, it is crucial to use actual therapeutic doses (122-125). The 

choline supplementation will be given in the form of choline chloride, 2% (Teklad Lab Animal 

Diets, Harlan Laboratories). This concentration was shown to increase Ch uptake and ACh 

synthesis (126). Furthermore, unpublished data from our lab demonstrates that this dosage is able 

to prevent spatial memory deficits in tumor-free mice. 

Statistical Analysis  

	   To determine the dose-related effects of CYP+DOX, analyzes will be made on the 

following measures: For MWM: latency to reach the platform, entries into the non-platform 

zone, time in the correct probe zone, and ratio of the distance moved in the correct zone to total 

distance. For DL: number of incorrect turns. For the cholinergic cell number, an omnibus 2x5 

(vehicle vs. experimental vs. brain region) multivariate ANOVA will be performed. 

For the behavioral analyses, a vehicle vs. experimental mixed factorial ANOVA with subsequent 

simple effects analyses and post hoc Bonferroni test to isolate effect will be done. 

Figure	  8:	  Example	  of	  
a	  color	  setting	  for	  
the	  T-‐Maze	  used	  in	  
Discrimination	  

Learning 
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Results 

 Overall, the results between saline and treated animals did not show any difference. For 

most of the measurements in both MWM and DL the animals behaved the same. Statistical 

analysis did not show any significance (N=2), but the preliminary data is promising. All in all the 

results work as a starting point for further evaluations. Results from a comparison between the 

two mice models are presented. While there are differences between the two animals, those were 

expected considering the BALBc mice are known to perform well in this task. 

Behavioral Results 

 For the comparison with the BALBc mice, the measurements were: total distance moved, 

velocity, latency to correct zone, correct zone entries, incorrect zone entries, distance in the 

correct zone, time in correct zone and % distance moved in the correct zone. As for the probe 

trials between experimental and controls, the following measures were taken into account: total 

distance moved, velocity, latency to the correct zone, time in the correct zone, % of entries in the 

correct zone and % distance moved in the correct zone.  For DL the measurement was the 

number of errors prior to finding the correct zone.  

 

 

  

These first two measurements compare the activity levels of the two strains. There is no 

significant difference between the two when looking at both distance moved and velocity.  

Figure	  9:	  Graph	  of	  the	  total	  distance	  moved	  comparing	  
the	  two	  strains.	  Including	  the	  probe	  trial	  measurement 

Figure	  10:	  Graph	  on	  the	  average	  velocity	  of	  the	  two	  
strains,	  also	  including	  the	  probe	  trial. 
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Figure	  12:	  Graphs	  of	  all	  the	  measurements	  made	  in	  the	  probe	  
trials. 

 

	  

Figure	  14:	  Measurements	  of	  incorrect	  zone	  entries. 

 

 

Together, these graphs show a comparison between the abilities to perform in MWM when 

comparing BALBc and MMTV mice. What stands out is the latency to reach the platform, being 

considerably shorter in BALBc mice. Apart from that, the mice had similar results in the other 

measurements. 

 

 

Figure	  11:	  Comparison	  between	  correct	  zone	  entries	  of	  
the	  two	  models.	  

Figure	  13:	  Percentage	  of	  entries	  in	  the	  correct	  zone,	  
when	  compared	  to	  the	  other	  6	  zones.	  The	  dotted	  line	  
represents	  a	  random	  chance	  
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Figure	  15:	  Graphs	  showing	  the	  different	  measures	  of	  probe	  trials	  between	  mice	  treated	  with	  saline	  and	  with	  DOC+CYP 
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When looking at the results for the experimental mice, it is possible to say that for the 

most part, they behaved the same. For the first two measures, total distance and velocity, they 

varied in the first day of testing but remained closer for the second day. As for the other results, 

they remained similar for the two days. 

 

 

 

 

 

 

 

Similarly, the results for DL did not show any particular difference between the two 

mice. Their training shows a learning curve that seems stable for both the treated and saline. 

Effects on Tumor Growth and Weight  

 

 

 

 

 

 

 

 

 

 

 There was no evident effect of choline in the mice weight or tumor volume. 

Chemotherapy had the expected effect of shrinking tumors and losing weight. 

Figure	  16:	  Results	  for	  the	  Discrimination	  Learning	  paradigm. 

Figure	  17:	  Graphs	  showing	  the	  effect	  of	  choline	  and	  chemotherapy	  in	  both	  
weight,	  and	  tumor	  volume. 
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Discussion 

 There are multiple interesting points that can be drawn from these results. As stated 

before, they serve mostly as preliminary data for further evaluations. Nevertheless, they point to 

a possible usage of choline as a therapeutic to mitigate some of the cognitive deficits present 

during chemotherapy. As usual, this data needs more statistical power to be certain, but it is 

promising even with a small sample. 

 Firstly, the comparison between BALBc and MMTV mice served to show that the breast 

cancer model shows no prior deficit when compared in different measures. Their activity level 

was not affected, as seen in terms of total distance moved and velocity. Also, their spatial 

memory remains in the same level as the BALBc, considering the similar latencies to reach the 

correct zone, and time and distance in that zone. That shows that the MMTV mouse model is a 

good control for testing our choline hypothesis. It is also important to note that the BALBc mice 

were previously shown to perform well in these tasks. Thus, even though they are not the 

wildtype for MMTV mice, they are a useful comparison. 

 When looking at the probe trials for the experimental mice, it is important to note the 

similarity across the measures between the mice treated with chemotherapy and the saline 

controls. Activity levels, i.e. total distance moved and velocity, were similar. This is important to 

analyze, since the chemotherapy had an effect in both tumor volume and weight, two aspects that 

could affect the mice’s swimming abilities. As for their spatial memory, the similarities in the 

results point to a possible usage of choline as a treatment for some of the effects of CRCDs. The 

key measures here were the percent time and distance moved in the correct zone.  

 When looking at number of errors made in the DL paradigm, it is worthy to note how the 

two groups once again performed the same. Since this a task involving a different type of 

learning, it further supports the claim that choline is a good treatment for these deficits. Like the 

MWM, there is a need for more trials with a larger number of animals to statistically validate this 

point. 

 Lastly, the effects of choline and chemotherapy in both tumor growth and weight were 

happily not surprising. As mentioned, choline metabolism is increased in breast cancer patients, 

so that was a concern for this study. As shown in the results, there was no significant increase in 

tumor volume after the introduction of choline. While more measurements need to be done, this 

demonstrates that this potential therapy might be easily translatable to humans – considering this 
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was the most concerning side-effect. It is also worth pointing the efficacy of the CYP+DOX 

treatment in shrinking the tumors. The effects on the weight, while noticeable, did not pose any 

significant difference in the mice’s abilities in the behavioral testing. 

 There were two main constraints with this study, both of which reflected in the results. 

The first one was a time constrain, both by the inherent period of time allocated to the thesis, and 

also by the delay in the MMTV mice models in developing tumors. As mentioned in the previous 

section, they were expected to have palpable tumors by 92 days of age. Nonetheless, for reasons 

still unclear, the mice used in this experiment took more 50 days to develop cancer. While it does 

not affect the findings, it hinders the ability to perform more experiments – more specifically 

biochemical studies such as pro-inflammatory cytokines and estrogen levels, and cholinergic cell 

counts. The second constraint came from a technical problem involving the company responsible 

for the breast cancer mice. There was a significant delay in sending more mice, which caused the 

total number of mice used to be less than the previously expected.  

 Overall, these results are promising yet preliminary. With more animals in each group to 

diminish statistical chances, and more time available to further examine the mid and long term 

effects of chemotherapy, this project can show significant improvements in the field. Moreover, 

the gap in the knowledge on how these CRCDs take place still needs to be investigated. By 

analyzing pro-inflammatory cytokines, estrogens levels, and examining the cholinergic system, a 

better insight on those mechanisms will likely be found. 

Conclusion and Future Directions 

  By concluding this thesis, there are two main directions to follow. The first one is the 

expansion and validation of the points made here. That means, experimenting on a larger amount 

of mice, and for a longer period of time. That would provide more consistent evidence that 

choline is a suitable treatment. With that in mind, this should not take much longer than what this 

thesis took. It would be important to maintain the same protocols and procedures, but since there 

would not be any innovation, this direction would go by quicker. 

 The second direction is more of a path with multiple directions. As one can see in the 

background section, in order to achieve a comprehensive theory, there is a need for many other 

measurements. Firstly, different behavioral paradigms could be examined to better understand 

what types of cognition are being affected. This would include acquisition of novel tasks, as well 

as reverse learning. Two paradigms that analyze ability to learn. 
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 After that, estrogen levels could be analyzed to test the hypothesis that a reduction in the 

hormone levels could affect HACU and the cholinergic system. One possible method would be 

to perform similar experiments in ovariectomized mice with an estrogen supplementation. If the 

theory is correct, there should not be any alterations in HACU – hence no impairment of the 

cholinergic system nor cognitive deficit.  

 Still in the biochemical realm, another portion of the theory would involve testing the 

effects on the α7 nAChRs. As mentioned before, this receptor plays a crucial role in cognition. A 

previously mentioned study with the AChE inhibitor galantamine (84) could be used in addition to 

a Ch supplementation to study the benefits that this combination could provide.  

 Another marker important for this theory are the pro-inflammatory cytokines. A good 

study would be comparing the cognitive deficits in cancer and cancer-free mice. This difference 

would show the effects of cancer and/or cancer with chemotherapy in neuroinflammation. With 

that, specific anti-inflammatory drugs could be tested to assess the impact if these reactions on 

CRCDs. 

 As with any translatable therapy, if the choline supplementation is to be used, there 

would be a need to expand the scope of its possible effects, i.e. testing it against different 

chemotherapy treatments and different forms of cancer. Those could include the previously 

mentioned combination of MTX+5-FU. Other types of cancer models that are suitable would 

include models such as DMBA-induced tumors. That would provide a better scope of this 

possible treatment. 

 Lastly, if completely translated to humans, there is one minor aspect of the form of 

choline used here that would need improvement. Choline chloride, as used here, produces a fishy 

body odor due to gastrointestinal metabolism. Hence, if this theory proves itself useful for 

humans, different form of choline could be explored, such as CDP-Choline and GPC. 

 All in all, this thesis is the beginning of a long research project that could improve the 

lives of many chemotherapy patients. Whereas this cognitive deficits are a minor threat to life 

when compared to cancer itself, the reduction in quality of life is real, and needs to be alleviated. 

It is hoped that a treatment as simple and yet effective as choline supplementation can mitigate 

the effects of CRCDs in humans in a near future. 
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