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ABSTRACT 
 

Among children diagnosed with acute lymphoblastic leukemia (ALL) and given 

chemotherapy-only treatment, 40-70% of survivors experience neurocognitive 

impairment.  Psychostimulants such as methylphenidate are becoming popular 

medications for treating these deficits in childhood cancer survivors.  However, little is 

known about the outcome of prescribing stimulants to this population.  In the research 

reported here, a novel preclinical mouse model of ALL treatment was developed and 

used to investigate the effects of early exposure to methotrexate (MTX) and cytarabine 

(Ara-C) on learning and memory, and the outcome of treating these deficits using a 

number of different stimulants.  Mouse pups were treated on postnatal day (PND) 14, 15, 

and 16 with saline, MTX, Ara-C, or two combinations of MTX and Ara-C.  At PND 35, 

significant impairments on learning and memory as measured by autoshaping and novel 

object recognition were found.  Mild deficits were observed in a novel conditional 

discrimination task, which suggests that extensive training may ameliorate learning 

impairments.  MTX and Ara-C treated mice also exhibited sensitivity to the rewarding 

and stimulatory properties of amphetamine and methylphenidate, suggesting that typical 

psychostimulants may become more potent following early chemotherapeutic treatment.  

In contrast, no increase in drug reward following early exposure to MTX and Ara-C was 

found for an alternative treatment with possible neuroprotective effects, atomoxetine.  

These findings were further supported by converging evidence that chemotherapy-treated 

mice displayed increased novelty-seeking.  In addition, a greater percentage of MTX and 

Ara-C treated mice acquired cocaine self-administration, and maintained a higher number 

of infusions per session.  Overall, these findings highlight the usefulness of preclinical 
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models to examine the developmental effects of early exposure to chemotherapeutic 

agents on future learning, possible models of cognitive remediation, and the 

consequences of treating impairments using typical psychostimulant medications.  
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CHAPTER 1 

INTRODUCTION 

 

Neurotoxicity of Childhood Cancer Treatment 

An estimated 14,400 new cancer diagnoses are given to patients under 20 years of 

age annually in the United States (Howlader et al., 2010).  With the advancement of 

cancer treatment over the past few decades, interest has been focused on “late effects,” 

chronic and progressive conditions associated with successful completion of cancer 

therapy, which are now prevalent among long-term cancer survivors.  Such effects 

usually present three or more years post-diagnosis (Moleski, 2000).  Recent studies 

suggest that, among a multitude of increased health risks, up to 40 percent of childhood 

cancer survivors experience neurocognitive impairment (Krull et al., 2008b), leading to a 

greater likelihood of being placed in a special education program and poor academic 

outcomes (Haupt et al., 1994; Leung et al., 2000; Janzen & Spiegler, 2008; Buizer et al., 

2009).  As there are multiple methodological challenges in longitudinal cognitive 

assessment, it is suggested that the percentage of survivors experiencing neurocognitive 

deficits may rise to 70 percent, depending on the specific type of cognitive domain 

assessed (Reddick & Conklin, 2010).  As adults, childhood cancer survivors are 

significantly less likely to complete higher education after graduation (Oeffinger et al., 

2006; Mulrooney et al., 2008), are more likely to be unemployed (Robison, 2011), and 

display a higher frequency of impairment in areas of task efficiency, memory, and 

emotional regulation (Kadan-Lottick et al., 2010).  Late effects among childhood cancer 

survivors are so pervasive that the Children’s Oncology Group has issued a 
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recommendation for regular evaluation to monitor development after treatment, a 

guideline that is often difficult to follow due to the time and expense that assessments 

entail (Krull et al., 2008b). 

Leukemias represent about one-third of childhood cancers, with acute 

lymphoblastic leukemia (ALL) accounting for 75 percent of pediatric leukemia cases, 

making it the most common form of cancer in children and adolescents (Butler & Haser, 

2006).  Due to the advancement of treatment regimens, it is now expected that over 90 

percent of children diagnosed with ALL will enter into long-term remission (Pui & 

Evans, 2006).  However, the effects of chemotherapeutic drugs used during treatment 

may create long-term deficits that are problematic even after the child’s cancer has 

entered into remission.  Behavioral evidence has highlighted impairments in the areas of 

attention, working memory, and processing speed, leading to a decrease in full-scale IQ 

measurements (Mulhern & Butler, 2004).  Neurophysiological evidence for these deficits 

has implicated white matter, hippocampus, and prefrontal abnormalities. This type of 

acquired brain damage appears to result from specific chemotherapeutic agents 

commonly used during treatment, such as methotrexate and cytarabine (Gregorios et al., 

1989; Igarashi et al., 1989; Steinberg et al., 1998; Ciesielski et al., 1999; Vezmar et al., 

2003; Mulhern & Butler, 2004; Dietrich et al., 2006; Seigers et al., 2008).  Although the 

substitution of intrathecal chemotherapy for cranial irradiation has possibly reduced the 

severity of these impairments (Speigler et al., 2006; Krull et al., 2008a), the long-term 

effects of specific drugs and doses used during CNS prophylaxis are largely unknown 

(Butler & Haser, 2006), and recent evidence of long-term neurocognitive deficits in ALL 

survivors still exists (Janzen & Spiegler, 2008; Buizer et al., 2009).  Recent studies in 
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children receiving intrathecal chemotherapy in place of cranial irradiation are consistent 

with past findings that suggest girls are more susceptible to the neurotoxic effects of 

treatment, and therefore display greater cognitive deficits than boys do (Waber et al., 

1992; Jazen & Speigler, 2008; Buizer et al., 2009; Robison, 2011). 

 

Treatment of Cognitive Late Effects with Psychostimulants 

Psychostimulant medications commonly recommended for children with attention 

deficit hyperactivity disorder (ADHD) have recently been prescribed for childhood 

cancer survivors, due to the topographically similar behavioral symptoms displayed by 

children in these two populations (Conklin et al., 2007; 2010).  However, differences in 

underlying physiological mechanisms make it difficult to generalize these shared deficits, 

and make it even more difficult to generalize the effects of the psychostimulant 

methylphenidate (Ritalin) from children with ADHD to childhood cancer survivors.  

Although improvements in attention and concentration have been noted, childhood 

cancer survivors may exhibit a reduced tolerance to and a higher frequency of adverse 

side effects after psychostimulant use (Conklin et al., 2007; 2010; Krull et al., 2011).  

This may be particularly true for a subgroup of survivors, including females and 

individuals with lower IQ (Conklin et al., 2009).   

Although prescribed for cognitive enhancement, much of the existing literature on 

methylphenidate focuses on brain areas involved in drug reward.  In humans, dopamine 

increases in the ventral striatum following methylphenidate treatment for ADHD were 

associated with clinical effectiveness (Volkow et al., 2012).  Administration of 

methylphenidate to juvenile rats has been shown to increase sensitivity to reward-related 
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stimuli by disrupting gene expression within the ventral tegmental area (Warren et al., 

2011).  Additionally, sub-chronic injections of methylphenidate increased brain-derived 

neurotrophic factor (BDNF) gene expression in the nucleus accumbens and caudate 

putamen, but led to reduced BDNF expression and signaling in the prefrontal cortex 

(Fumagalli et al., 2010).  Childhood cancer survivors exhibit decreased volumes of 

normal-appearing white matter in the frontal lobe and prefrontal cortex, an area 

particularly important in attention (Ciesielski et al., 1999; Reddick et al., 2006; Carey et 

al., 2008).  Of additional concern, early exposure to methylphenidate can decrease adult 

neurogenesis in the hippocampus (Lagace et al., 2006), which may exacerbate 

neurological changes already underway due to previous chemotherapy treatment.  

 To date, preclinical studies have demonstrated that early exposure (pre-weanling 

or early adolescence) to methylphenidate alters reward system functioning, as 

demonstrated by increased sensitivity to other drugs of abuse, including morphine and 

cocaine, during adulthood (Achat-Mendes et al., 2003; Crawford et al., 2007).  

Furthermore, repeated exposure to stimulants produces behavioral sensitization, or 

enhanced drug responsiveness, which may contribute to addiction (Crawford et al., 

2007).  These studies have primarily used naïve subjects, leaving largely unanswered the 

important question of how drug reward may be altered following chemotherapeutic 

treatment.   

A pharmacological intervention for cognitive late effects among childhood cancer 

survivors should be as free as possible of increased risks for adverse effects, including 

health-risk behaviors such as substance abuse resulting from early exposure to 

psychostimulants.  Although the literature is inconsistent about whether childhood cancer 
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survivors have an increased, decreased, or similar level of substance abuse compared to 

the general population (see Rabin et al., 2011 for review), any amount of use is 

problematic due to vulnerability to the development of medical late effects and risk of 

second malignancy that can be exacerbated through high-risk behavior.  Among 

adolescent and young adult cancer survivors, poor decision-making skills has been linked 

to higher levels of substance use, particularly in survivors experiencing neurocognitive 

late effects (Hollen et al., 2007; Lee et al., 2009). 

An alternative pharmacological treatment to typical psychostimulants for the 

cognitive late effects resulting from chemotherapeutics is atomoxetine (Strattera), a 

norepinephrine reuptake inhibitor.  Originally developed to treat depression, atomoxetine 

has become a third-tier treatment for ADHD due to its beneficial therapeutic effects and 

low abuse liability (Michelson et al., 2001; Moran-Gates et al., 2005; Blondeau & Dellu-

Hagedorn, 2007).  Although atomoxetine has not yet been examined as a treatment for 

cognitive late effects in childhood cancer survivors, there may be significant advantages 

to using atomoxetine in this population over traditional psychostimulants.  For instance, 

there is evidence that antidepressants, such as fluoxetine, enhance neurogenesis in the 

hippocampus and block reduction of cell proliferation induced by chemotherapeutic 

agents 5-fluorouracil (ELBeltagy al., 2010) and methotrexate (Lyons et al., 2011) in rats.  

The antidepressant desipramine, a selective norepinephrine reuptake inhibitor, has also 

been associated with stimulating hippocampal neurogenesis in a mouse model of 

depression (Pechnick et al., 2011).  Sub-chronic injections of atomoxetine increased 

BDNF expression and signaling in the hippocampus and prefrontal cortex of 

spontaneously hypertensive rats (Fumagalli et al., 2010).  This is in line with mood 
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stabilizers and other antidepressants that promote cognition via proposed cellular 

plasticity and neuronal resilience (Calabrese et al., 2007; Molteni et al., 2009; Calabrese 

et al., 2011).  Atomoxetine also possesses cortical procholinergic and catecholaminergic 

effects in rats, where low doses increased extracellular acetylcholine levels in cortical but 

not subcortical regions (striatal and nucleus accumbens).  This correlated with improved 

learning in the radial arm maze and object recognition task (Tzavara et al., 2006).  A 

centrally-acting cholinesterase inhibitor, donepezil, has recently been shown to 

significantly reduce 5-fluorouracil and methotrexate-induced cognitive deficits in mice 

(Winocur et al., 2011).  Taken together, these findings suggest that atomoxetine may be a 

more appropriate pharmacological treatment for childhood cancer survivors experiencing 

neurocognitive impairment.  

 

Preclinical Models 

Findings from longitudinal studies on the impact of chemotherapy treatment for 

ALL often have been inconsistent, possibly because protocols often differ in many ways 

(Janzen & Speigler, 2008).  In general, treatment for ALL consists of three phases: 

induction, intensification (consolidation) therapy, and continuation (maintenance) 

treatment.  Across medical institutions, chemotherapeutic agents used vary in type and 

amount, with the most common being methotrexate, cytosine arabinoside (cytarabine), 

anthracyclines (such as doxorubicin), asparaginase, mercaptopurine, vincristine, and 

corticosteroids, presented alone or in combination (Pui & Evans, 2006).  Cranial 

irradiation, or cranial radiation therapy (CRT), once the most common form of CNS 

prophylaxis (preventing the cancer from spreading to the CNS), has largely been replaced 
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by intrathecal (in which treatment is administered directly into the cerebrospinal fluid) 

and systemic (in which treatment travels through the bloodstream to cells all over the 

body) chemotherapy. The most common regimes for CNS prophylaxis use double 

(methotrexate and cytarabine) or triple (methotrexate, cytarabine, and hydrocortisone) 

intrathecal therapy.  This change has been made in an effort to eliminate radiation-

specific damage to CNS white matter, gray matter, and spinal columns (Stehbens et al., 

1991).  Recent regimens have tested whether CRT can be eliminated completely from 

standard treatment.  To date, this has been successful, although possible alterations in 

long-term outcome remain to be assessed (Pui et al., 2009).  

It is not feasible to attempt in a human child patient population the type of 

empirically valid research study that would be needed to address the interrelated effects 

on cognitive function, of drug type, combination, and dose.  Besides the ethical 

implications of tampering with treatment regimens that have proven successful in the 

short-term, possibly placing the child at a greater health risk, it would take years post-

treatment for cognitive impairments to appear (Rubenstein et al., 1990; Brown et al., 

1992).  Additionally, it is difficult to separate drug effects from other factors, such as 

physiological consequences of cancer or of patient depression (Raffa et al, 2006).  

Information pertaining to the individual contributions of each chemotherapeutic agent to 

neurocognitive deficits is limited, for given that these agents are often combined, these 

types of evaluations are difficult to assess through clinical studies.  Another option, that 

of retrospective studies, does not take into consideration the most recent treatment 

protocols currently in use.  Furthermore, this type of evaluation does not capture the 

developmental trajectory of the drug effects in question, a particularly important factor 
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related to childhood cancer survivors, for assessment typically occurs decades after the 

original diagnosis. 

 An alternative method to study disruption of learning processes by 

chemotherapeutic agents is through the use of preclinical models.  This type of paradigm 

allows drug effects to be addressed independently of other possible contributing factors, 

and provides a rapid way to evaluate multiple drugs, in terms of both type and dosage.  In 

addition, the accelerated lifespan of rodents allows emergent effects to be studied within 

a developmental framework.  A growing literature is currently underway examining the 

effects of cancer chemotherapeutics in preclinical models of learning, memory, 

motivation, and sensory function in adult rodents (Winocur et al., 2006; Foley et al., 

2008; Seigers et al., 2008; see Walker, 2010; Seigers & Fardell, 2011 for reviews).  These 

studies have resulted in potential interventions to test in adult clinical populations (EL 

Beltagy et al., 2010; Fardell et al., 2010; 2012; Lyons et al., 2011). 

 However, the above models are not adequate for studying the role of childhood 

ALL chemotherapeutic treatment on the development of cognitive late effects in 

adolescence.  The late effects of ALL treatment are chronic and progressive, usually not 

appearing until three or more years post-diagnosis (Moleski, 2000) and occur in a brain 

undergoing maturation.  It is, therefore, important to study chemotherapeutic treatment in 

developing rodent brains, since toxins or stress during early development can have more 

severe long-term effects than they would have in the mature adult rodent brain (van Praag 

et al, 1998; Rayen et al., 2011).  To date, only a few studies have used young rodent pups 

as subjects, the majority of which have involved drug administration of a single agent 

(methotrexate) at one dose (Yadin et al., 1983; Yanovski et al., 1989; Mullenix et al., 
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1994; Stock et al., 1995; Li et al., 2010).  Findings from these types of studies will help 

physicians make informed choices about treatment options that reduce or eliminate 

chemotherapy-induced cognitive deficits, as well as about ways in which to treat these 

impairments should they arise (Walker, 2010).  Without a preclinical model that portrays 

the developing late effects following childhood chemotherapeutic treatment, 

interventions cannot be tested and translational research to help these patients cannot 

move forward.   

 

Current Aims 

 The aim of the current studies was to investigate the emergent effects of early 

neurotoxicity due to childhood chemotherapeutic treatment for ALL on cognition, 

novelty, and drug reward in adolescence.  In order to do this, a novel preclinical mouse 

model of early neurotoxicity using methotrexate and cytarabine, ALL chemotherapeutics 

commonly co-administered during CNS prophylaxis, was developed.  As rodent 

development proceeds at an exceedingly fast rate, it is important to select appropriate 

time points to represent childhood chemotherapy and likely expression of treatment 

effects (Bisen-Hersh et al., 2011).  Although it is difficult to precisely map the exact 

boundaries for periods of development in childhood and adolescents from humans to 

rodents, and females and males will differ to a degree, it is still possible to propose a 

conservative age range for treatment and testing based on neurobehavioral markers and 

developmental milestones (Spear, 2000; 2004).   

The current studies involved a novel procedure in which pre-weanling mouse 

pups were treated with chemotherapeutics from postnatal day (PND) 14-16, 
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approximating a human child age 5-7 years old.  Although little is known about scaling 

doses down from adult to pre-weanling mice, especially for chemotherapeutic agents 

(although Moskowitz et al., 1980 examined the effects of actinomycin and vincristine on 

young mouse kidney), there are some guidelines about developmental milestones such as 

measures of reflexes and locomotor behavior (Heyser, 2003).  During the period PND 14, 

15, and 16, several developmental milestones have recently taken place or are currently 

occurring: fur development (PND 11), crawling (PND 11), elevation of the head (PND 

12), eye opening (PND 13), pinnae detachment (PND 15) and walking (PND 16).  In 

addition, reflexes such as bar holding (PND 14), visual placing (PND 15), auditory startle 

(PND 15), and tactile startle (PND 15) will develop over this period.  PND 21 is 

classified as early adolescence (prepubescent) and this is when weaning typically occurs 

(Laviola et al., 2003; Michaels & Holtzman, 2008). 

Behavioral testing began in approximately the middle of the adolescent period 

(PND 28-42) at PND 35, a period considered to approximate middle or “periadolescence” 

(Spear, 2000; Laviola et al., 2003), which correlates to a likely time for expression of the 

neurocognitive late effects in childhood cancer survivors.  During this time, rodents 

exhibit adolescent-typical neurobehavioral characteristics (Spear, 2000).  

In the first and second studies, neurotoxicity using the novel model of ALL 

chemotherapeutic treatment outlined above was evaluated using behavioral assays of 

learning and memory.  This was done to model the neurocognitive late effects observed 

in a subset of childhood cancer survivors during adolescence.  The third study used this 

model of ALL treatment to investigate alterations in drug reward and drug-seeking 

behavior during adolescence.  This was done to model pharmacological treatment with 
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psychostimulants prescribed to childhood cancer survivors experiencing cognitive late 

effects as adolescence, as well as to examine health-risk behaviors that are particularly 

dangerous in this medically-vulnerable population. 
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CHAPTER 2 

EARLY EXPOSURE TO CHEMOTHERAPEUTIC AGENTS METHOTREXATE AND 

CYTARABINE IMPAIRS LEARNING AND MEMORY IN  

ADOLESCENT MICE 

 

Rationale 

Advancements in treatment for ALL, the most common form of cancer in children 

and adolescents, have led to a remission rate of more than 90 percent among patients (Pui 

& Evans, 2006; Leisenring et al., 2009).  Furthermore, the substitution of intrathecal 

chemotherapy for cranial irradiation has reduced adverse late effects resulting from 

treatment (Spiegler et al., 2006; Waber et al., 2007).  However, up to 40 percent of 

childhood cancer survivors given chemotherapy-only treatment will experience 

neurocognitive deficits years later, including impairments in attention, working memory, 

and processing speed (Krull et al., 2008b; Janzen & Spiegler, 2008; Buizer et al., 2009).    

 Preclinical models have been used to directly test the effects of chemotherapeutic 

agents on learning and memory, with mixed results (for an extensive review see Seigers 

& Fardell, 2011).  The vast majority of these studies have focused on treatment of 

adolescent or adult rodents, while a few have assessed the long-term impact of pre-

weanling treatment at PND 17 (Yadin et al., 1983; Yanovski et al., 1989; Mullenix et al., 

1994; Stock et al., 1995) or PND 15 (Li et al., 2010).  Of the chemotherapeutic agents 

used in ALL treatment, methotrexate (MTX) remains the most studied due to its known 

neurotoxic effects, which include anti-folate disruption of DNA synthesis, reduction of 

hippocampal cell proliferation and blood vessel density, as well as degeneration of white 
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matter and white matter necrosis (Gregorios et al., 1989; Vezmar et al., 2003; Seigers et 

al., 2008; Seigers et al., 2010).  Following treatment with MTX alone, behavioral 

disruptions have been noted on tasks of object placement recognition (Li et al., 2010), 

Morris water maze, novel object recognition (Seigers et al., 2008), conditioned avoidance 

(Madhyastha et al., 2002), and conditioned taste aversion (Yanovski et al., 1989). 

MTX is commonly administered with cytarabine (Ara-C) during intrathecal 

chemotherapy for ALL.  In cell culture, Ara-C alone produces death of oligodendrocytes 

and glial-restricted precursor cells (Dietrich et al., 2006).  In vivo, Ara-C alone disrupts 

cell division in mice (Dietrich et al., 2006), and induces retraction of the apical dendrites 

of the anterior cingulate cortex in rats (Li et al., 2008).  There are also reports of memory 

loss and white-matter changes in patients following treatment with Ara-C (Filley, 1999), 

and preclinical evidence in rodents for long-term impairment on the Morris water maze, a 

spatial memory task, has been found (Li et al., 2008).  Although MTX and Ara-C are 

commonly administered simultaneously or sequentially due to their synergistic effects on 

cancer cells (Akutsu et al., 2002), the impact of this combination treatment on cognitive 

impairment has not been examined.   

The present study tested male and female mice using two established assays of 

learning and memory, the autoshaping-operant procedure and novel object recognition.  

The autoshaping-operant procedure provides a rapid and objective measure of whether a 

drug affects acquisition or retention of a learned response (Vanover & Barrett, 1998; 

Barrett & Vanover, 2003).  The novel object recognition task involves the spontaneous 

exploration of objects, and is based on the notion that rodents tend to explore novel 

stimuli more than familiar ones.  This one-trial learning paradigm uses delay-dependent 
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behavior to model memory in a rodent (Dudchenko, 2004).  The aim of the current study 

was to characterize learning and memory deficits during adolescence induced by pre-

weanling treatment with either MTX or Ara-C, administered alone or in combination.    

 

Method 

Subjects 

 Swiss-Webster pregnant female mice were purchased from SAGE Animals, Inc., 

(Philadelphia, PA, USA).  Litters were individually-housed in plastic cages and were 

allowed to acclimate to the temperature-and-humidity-controlled facility until the pups 

were 14 days old.  The mice had access to food and water ad libitum during this time.  

Litters were weaned at PND 21 at which time the pups were group-housed by sex and 

treatment until behavioral testing began at PND 35 or “periadolescence” (Laviola et al., 

2003).  At PND 35, 19 days after treatment with saline, with MTX, with Ara-C, or with a 

MTX and Ara-C combination, an autoshaping-operant or novel object recognition task 

was performed.  Prior to behavioral testing at PND 35 there were no significant 

differences in body weights observed in pups injected with saline or chemotherapeutic 

agents on PND 14, 15, and 16 (Figure 1).  All mice were maintained in accordance with 

the guidelines of the Institutional Animal Care and Use Committee of Temple University 

and the “Guide for the Care and Use of Laboratory Animals” (Institute of Laboratory 

Animal Resources, National Academy Press 1996; NIH publication No. 85-23, revised 

2011). 
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Drugs 

 MTX (Hospira, Inc., Lake Forest, IL, USA) and Ara-C (Sigma-Aldrich, St. Louis, 

MO, USA) were reconstituted with saline.  In an exhaust hood, injections were 

administered to pre-weanling mouse pups in a volume of 0.1 mL/10 g, i.p. on PND 14, 15 

and 16.  Each dose of MTX (1 or 2 mg/kg), Ara-C (10 or 20 mg/kg), or MTX and Ara-C 

combination (1 mg/kg MTX and 10 mg/kg Ara-C or 2 mg/kg MTX and 20 mg/kg Ara-C) 

was administered in a separate group of mice (between-groups design).  MTX and Ara-C 

were stored and handled in accordance with guidelines set forth by the Temple University 

Department of Environmental Health and Radiation Safety. 

 

Figure 1. Effects of MTX and Ara-C on body weight in pups injected on PND 14, 15, and 
16.  No significant differences in body weights were observed at PND 35 prior to 
behavioral testing.  Values are Mean ± SEM.  Ordinate: Weight in grams.  Abscissa: 
Postnatal day. 
 

Experiment 1: Autoshaping-Operant Task 

Apparatus 

 Twelve experimental chambers (21.6 cm x 17.8 cm x 12.7 cm, Model ENV-

307W, MED Associates, St. Albans, VT, USA) were used for the autoshaping-operant 
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procedure.  Each chamber was located within a sound-attenuating enclosure and 

connected to a computer-driven interface (Model SG-502, MED Associates, St. Albans, 

VT, USA) programmed to control the experimental conditions and collect the data.  One 

wall of the chamber contained three receptacles: one large dipper hole in the center (ENV 

302W) and two smaller nose-poke holes on the left and right (ENV 313W).  The opposite 

wall featured a house light that illuminated the chamber during the session and each 

chamber was equipped with an audible tone device (Sonalert, 2,900 Hz).  Nose-pokes 

into each hole were detected by a photocell head entry detector (ENV 302HD) and 

recorded.  A dipper lever and dipper well were located behind the center dipper hole. 

 

Procedure  

 The autoshaping-operant procedure was modified from the method previously 

described for mice by Vanover and Barrett (1998) by omitting the non-contingent dipper 

presentation (Davenport, 1974).  At PND 34, mice (N=82) were separated into individual 

cages, weighed, and food-restricted for 24h prior to day 1 acquisition (PND 35).  Water 

remained available ad libitum.  On day 1 of the autoshaping-operant procedure, each 

mouse was weighed and placed inside the experimental chambers for 15 min before its 

session started.  During each session, the house light illuminated the chamber and a tone 

occurred on a variable-time schedule (mean of 45s, range 4-132s).  The tone remained on 

for 6 s or until a nose-poke response occurred.  If the mouse made a center-hole nose-

poke during the tone, a 0.01-cc dipper filled with a vanilla-flavored liquid nutritional 

drink Ensure Plus/water (50:50) solution was presented for 3s, and the tone was turned 

off.  Nose-poke responses in the absence of the tone were counted but had no 
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programmed consequences.  Each session lasted for 2h or until 20 reinforced nose-pokes 

were recorded.  Mice were fed 3 g of food and returned to their cages.  On day 2, the 

procedure was repeated.  In this between-group design, mice in each group were injected 

on PND 14, 15, and 16 and tested on the autoshaping-operant procedure day 1 and day 2 

starting at PND 35. 

 

Data and Statistical Analysis 

 Each nose-poke into the center nose-poke hole in the presence of the tone resulted 

in immediate presentation of the dipper of Ensure solution and was recorded as a 

reinforced response (up to a maximum of 20 in each 2h session).  The main measure of 

acquisition and retention of the nose-poke behavior was the mean-adjusted latency.  

Mean-adjusted latency was the elapsed time, in seconds, to the 10th reinforced response 

minus the latency to the 1st reinforcer (L10-L1).  This adjustment corrects for the unequal 

opportunity for each mouse to achieve the first reinforcer due to the variable-time 

schedule of the tone presentation (Vanover & Barrett, 1998; Barrett & Vanover, 2003).  

To calculate the rate of dipper-hole nose-poke responding, the total number of dipper 

nose-pokes made during the session – regardless of the presence or absence of the tone- 

was recorded and divided by the total session time in seconds for each mouse.  This 

dipper rate measure served as a guide to whether differences in adjusted latency were 

dependent on or independent of overall rate of responding.  Nose-pokes in the left and 

right holes were not reinforced but were counted and divided by total session time as a 

measure of response discrimination.  Data from all mice were included in acquisition 

measures from the day 1 session.  However, mice that failed to achieve at least ten 
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reinforcers on day 1 of testing were excluded from the mean latency measures on day 2.  

The rationale for this exclusion was that it was not appropriate to evaluate day 2 retention 

of a response that had been insufficiently reinforced, or not reinforced at all, on day 1 

(Vanover & Barrett, 1998; Barrett & Vanover, 2003).  

 For the autoshaping-operant procedure, the effects of saline, MTX, Ara-C, or 

MTX and Ara-C combination on day 1 mean-adjusted latency were compared using a 

one-way analysis of variance (ANOVA) followed by Dunnett’s Multiple Comparison 

post-hoc tests.  To analyze within-group differences between day 1 and day 2 on mean-

adjusted latency, dipper response rates, and non-reinforced nose-poke response rates, 

repeated measures ANOVAs were used.  To analyze sex differences within each 

treatment group on measures of mean-adjusted latency, dipper response rates, and non-

reinforced nose-poke response rates, independent t-tests were used.  Significance was set 

at p < 0.05 for all statistical tests. 

 

Experiment 2: Novel Object Recognition 

Apparatus 

For assessments of novel object recognition the testing cages were identical to 

those in which mice were housed in the animal facility.  The objects used during testing 

were Lego figures of equal size and material that differed in design.  These were 

weighted to minimize the movement of objects by mice during trials.  Trials were video 

recorded and later coded by an experimenter blind to treatment groups.   
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Procedure 

The objects to be used were first assessed to ensure that there were neither 

intrinsic preferences for nor aversions to them, and that each would be explored for 

similar durations upon initial exposures.  Exploration was defined as directing the nose to 

the object at a distance of no more than 2 cm and/or touching the object with the nose or 

mouth.  Rearing up on the object was counted only if facing toward, but not away from, 

the object (Sik et al., 2003; Mathiasen & DiCamillo, 2010). 

A separate group of mice that were naïve to behavioral testing (N=84) were 

placed in a testing cage for a 20 min acclimation period, following which they were 

returned to their home cage for 30 min.  Each was then placed in the same testing cage 

for Trial 1.  The testing cage contained two identical objects placed in the left and right 

corners at the opposite end of the cage from where the mouse entered.  A mouse was 

always placed in the testing cage facing away from the objects.  The amount of time 

spent exploring each object (defined above) was recorded over a 5 min period.  At the 

end of Trial 1, mice were placed back into the home cage for the duration of the delay 

period.  Following a 1h delay, each mouse was returned to the same testing cage for Trial 

2, which contained one of the previous objects (a familiar object) and a novel object, 

placed in the same locations as before.  The amount of time spent exploring each object 

was recorded over a 5 min period.  Familiar and novel objects, as well as locations of 

objects, were counterbalanced between subjects.  In this between-group design, each 

group of mice was injected on PND 14, 15, and 16 and tested on the novel object 

recognition task on PND 35. 
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Data and Statistical Analysis 

Only mice that explored each object for more than 10s during Trial 1 were 

included in the following analyses.  To assess variability in exploration, total exploration 

time for both familiar and novel objects was compared between groups.  To measure 

differences in exploration of a familiar versus a novel object after a 1h delay period, 

exploration time of the novel object was expressed as a percentage of the exploration 

time of a familiar object as outlined below: 

Discrimination Index (%) = [novel (sec) / familiar (sec)]*100 

In this measure, 100% indicates an equal amount of time spent exploring the familiar and 

novel objects, < 100% indicates more time spent exploring the familiar object, and > 

100%  indicates more time spent exploring the novel object (as described in Seigers et al., 

2008).   

 For the novel object recognition procedure, the effects of saline, MTX, Ara-C, or 

MTX and Ara-C combination on novel object discrimination and total exploration time 

were compared using one-way ANOVAs followed by Dunnett’s Multiple Comparison 

post-hoc tests.  To analyze sex differences in novel object discrimination within each 

treatment group, independent t-tests were used.  Significance was set at p < 0.05 for all 

statistical tests. 
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Results 

Experiment 1: Autoshaping-Operant Task 

 Group composition for the autoshaping-operant task is shown in Table 1 (N=82).  

Sex differences within each treatment group revealed a significantly higher dipper 

response rate (t(10) = 2.76, p < 0.05) on day 2 for male mice treated with saline 

compared to female mice treated with saline, although there was no effect on mean-

adjusted latency (p > 0.05).  Among mice treated with 2 mg/kg MTX, there was a 

significantly shorter mean-adjusted latency (t(10) = 2.76, p < 0.05)  and higher dipper 

response rate (t(10) = 3.02, p < 0.05) on day 2 for male mice compared to females.  In all 

other groups no significant differences were found between male and female mice on 

these measures (p > 0.05).  Given the small sample size of males and females within each 

group, data were collapsed for mice given the same saline or chemotherapy treatment. 

Table 1. Group composition for autoshaping-operant and novel 
object recognition 
 AUTOSHAPING-

OPERANT 
NOVEL OBJECT 
RECOGNITION 

 n Number Female n Number Female 

SAL 12 7 12 7 
1 MTX 11 5 12 5 
2 MTX 12 6 12 6 

10 ARA-C 12 7 12 7 
20 ARA-C 11 4 9 7 

1, 10 12 5 12 12 
2, 20 12 6 12 10 
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Figure 2. Effects of MTX and Ara-C on an autoshaping-operant task: Mean-adjusted 
latency on day 1 acquisition sessions and day 2 retention sessions.  Amount of time to 
obtain the tenth reinforcer was compared between mice treated with saline, MTX, Ara-C, 
or a MTX and Ara-C combination on day 1 (open bars) and day 2 (filled bars).  Mice 
treated with 2 MTX or a combination of MTX and Ara-C displayed a significantly slower 
acquisition on day 1, compared to saline controls.  ^p < 0.01, ^^p < 0.001.  Mice treated 
with MTX or the higher MTX and Ara-C combination showed impaired retention on day 
2.  *p < 0.05.  Values are Mean ± SEM.  Ordinate: Latency to the tenth reinforcer minus 
the latency to the first reinforcer, in seconds.  Abscissa: Saline or chemotherapy treatment 
group (dose in milligrams per kilogram, administered i.p.). 
   
 
Saline Control 

 On day 1, adolescent mice that had been treated with saline as pre-weanlings 

readily acquired the nose-poke response into the dipper in the presence of the tone.  On 

day 2, the mice were placed back into the experimental chambers and the experimental 

conditions proceeded exactly as on day 1.  As shown in Figure 2, mice treated with saline 

consistently responded in the dipper in the presence of the tone, with a mean-adjusted 

latency that was significantly shorter than on day 1 (F(1,10) = 6.71, p < 0.05), as revealed 

by a repeated measures ANOVA.  As shown in Figures 3 and 4, the dipper response rate 

was significantly increased on day 2 compared to day 1 (F(1,11) = 25.82, p < 0.001), and 

the non-reinforced response rate was significantly decreased on day 2 compared to day 1 
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(F(1,11) = 10.68, p < .01).  In summary, mice treated with saline responded with a 

significantly faster latency and dipper response rate, and directed fewer of their responses 

to the non-reinforced nose-poke holes on day 2, demonstrating that the dipper nose-poke 

response had been effectively learned on day 1 and retained on day 2. 

  

Day 1 Acquisition 

Since an analysis of particular interest was that of comparing saline controls and 

chemotherapy-treated mice with respect to their acquisition of a learned nose-poke 

response, Dunnett’s Multiple Comparison post-hoc tests were used to compare each 

treatment group to the saline group with respect to day 1 mean-adjusted latency.  

Compared to saline controls (1179 ± 176 s), mice treated with 2 mg/kg MTX (3226 ± 757 

s), 1 mg/kg MTX and 10 mg/kg Ara-C (3099 ± 639 s), or 2 mg/kg MTX and 20 mg/kg 

Ara-C (2957 ± 603 s) took significantly longer to obtain the liquid reinforcers on day 1 

(Figure 2), demonstrating an impairment in acquisition of a learned nose-poke response 

(p < .01).   

 

Day 2 Retention 

As revealed by repeated measures ANOVAs, mice treated with 10 mg/kg Ara-C 

(F(1,11) = 7.79, p < .05), with 20 mg/kg Ara-C (F(1,10) = 7.80, p < .05), or with 1 mg/kg 

MTX and 10 mg/kg Ara-C (F(1,11) = 6.76, p < .05) responded with significantly faster 

mean-adjusted latencies on day 2 compared to day 1 (Figure 2).  This demonstrates that 

the dipper nose-poke response had been effectively learned on day 1 and retained on day 

2.  However, mice treated with 1 mg/kg MTX, 2 mg/kg MTX, or 2 mg/kg MTX and 20 
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mg/kg Ara-C displayed equal latencies on both days, demonstrating impairment in 

retention of a learned nose-poke response, specifically that of responding in the dipper 

well in the presence of the tone (p > .05). 

 

Figure 3. Effects of MTX and Ara-C on an autoshaping-operant task: Dipper response 
rate on day 1 acquisition sessions and day 2 retention sessions.  Total reinforced response 
rates in the dipper nose-poke hole were compared between mice treated with saline, 
MTX, Ara-C, or a MTX and Ara-C combination on day 1 (open bars) and day 2 (filled 
bars).  All groups except for the lower MTX and ARA-C combination displayed a 
significantly increased dipper response rate on day 2 compared to day 1. *p < 0.05, **p < 
0.01, ***p < 0.001.  Values are Mean ± SEM.  Ordinate: Rate of nose-poke responses 
per second in the dipper well.  Abscissa: Saline or chemotherapy treatment group (dose in 
milligrams per kilogram, administered i.p.). 
 
 

As revealed by repeated measures ANOVAs, only mice treated with 1 mg/kg 

MTX or with 10 mg/kg Ara-C displayed equal dipper response rates on both days (p > 

0.05).  Mice treated with 1 mg/kg MTX (F(1,10) = 8.13, p < .05), with 2 mg/kg MTX 

(F(1,11) = 16.46, p < .01), with 10 mg/kg Ara-C (F(1,11) = 26.15, p < .001), with 20 

mg/kg Ara-C (F(1,10) = 13.40, p < .01), or with 2 mg/kg MTX and 20 mg/kg Ara-C 

(F(1,11) = 5.94, p < .05) displayed a significantly increased dipper response rate on day 2 

compared to day 1 (Figure 3). That is, for these mice a greater amount of time was spent 
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poking in the center hole, a response that had been reinforced during the previous session.  

In these groups it is unlikely that differences in adjusted latency were due to impairments 

in overall rate of responding.  

 

Figure 4. Effects of MTX and Ara-C on an autoshaping-operant task: Non-reinforced 
response rate on day 1 acquisition sessions and day 2 retention sessions.  Total non-
reinforced response rates in the left and right nose-poke holes were compared between 
mice treated with saline, MTX, Ara-C, or a MTX and Ara-C combination on day 1 (open 
bars) and day 2 (filled bars).  All groups displayed a significantly decreased non-
reinforced response rate on day 2 compared to day 1.  *p < 0.05, **p < 0.01, ***p < 
0.001.  Values are Mean ± SEM.  Ordinate: Rate of nose-pokes in either the left or right 
holes per second as a measure of general activity.  Abscissa: Saline or chemotherapy 
treatment group (dose in milligrams per kilogram, administered i.p.). 
   
 

As revealed by repeated measures ANOVAs, mice treated with 1 mg/kg MTX 

(F(1,10) = 14.54, p < .01), with 2 mg/kg MTX (F(1,11) = 6.64, p < .05), with 10 mg/kg 

Ara-C (F(1,11) = 14.49, p < .01), with 20 mg/kg Ara-C (F(1,10) = 50.55, p < .001), with 

1 mg/kg MTX and 10 mg/kg Ara-C (F(1,11) = 5.95, p < .05), or with 2 mg/kg MTX and 

20 mg/kg Ara-C (F(1,11) = 32.49, p < .001) displayed significantly decreased non-

reinforced response rates on day 2 compared to day 1 (Figure 4).  This demonstrates that 

all groups of mice directed fewer of their responses to the non-reinforced nose-poke holes 
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on day 2.  Therefore, it is unlikely that differences in adjusted latency were due to 

impairment in response discrimination. 

 

Experiment 2: Novel Object Recognition 

 Of the mice that completed a novel object recognition task, only those that 

explored each object for more than 10s during Trial 1 were included in discrimination 

index and total exploration time analyses (N=81).  As a result, three mice from the 20 

mg/kg Ara-C group were excluded from these analyses.  Group composition for the novel 

object recognition task is shown in Table 1.  Given the small sample sizes of males and 

females within each treatment, and the fact that no significant differences were found 

between male and female mice within any group, data were collapsed for mice that were 

given the same saline or chemotherapy treatment.     

 The discrimination index (time spent exploring the novel object/time spent 

exploring the familiar object x 100) is displayed in Figure 5.  A discrimination index of 

more than 100% indicates that the mouse spent more time exploring the novel object than 

the familiar one.  Thus, with a discrimination index of 183.34 ± 40.88, saline controls 

spent significantly more time exploring the novel object compared to the familiar one (p 

< 0.05).   

As revealed by a one-way ANOVA with Dunnett’s Multiple Comparison post-hoc 

tests, there was a main effect of pre-weanling treatment on discrimination index (F(6,69) 

= 2.82, p < 0.05, η2 = 0.20), with mice receiving the higher dose of MTX (2 mg/kg), Ara-

C (20 mg/kg), or a combination (2 mg/kg MTX and 20 mg/kg Ara-C) spending an equal 

amount of time exploring both objects and demonstrating a significantly lower 
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discrimination index compared to saline controls (p < 0.05).  No significant differences 

were found between the 2 mg/kg MTX, the 20 mg/kg Ara-C, and the 2 mg/kg MTX and 

20 mg/kg Ara-C groups (p > 0.05).  Mice receiving the lower dose of MTX (1 mg/kg), 

Ara-C (10 mg/kg), or a combination (1 mg/kg MTX and 10 mg/kg Ara-C) showed a 

lower discrimination index compared to saline as well, although these effects did not 

reach statistical significance (Figure 5). 

 

Figure 5. Effects of MTX and Ara-C on novel object recognition: Discrimination index.  
Discrimination of the novel object compared to the familiar object following a 1h delay 
was compared between mice treated with saline, MTX, Ara-C, or a MTX and Ara-C 
combination.  Mice treated with the higher dose of MTX (2 mg/kg), Ara-C (20 mg/kg), or 
MTX and Ara-C combination (2 mg/kg MTX and 20 mg/kg Ara-C) spent significantly 
less time exploring the novel object during the recognition trial, compared to saline 
controls. *p < 0.05.  Values are Mean ± SEM.  Ordinate: (Time spent exploring the novel 
object/ time spent exploring the familiar object) x 100.  Abscissa: Saline or chemotherapy 
treatment group (dose in milligrams per kilogram, administered i.p.). 
 
 

A one-way ANOVA with Dunnett’s Multiple Comparison post-hoc tests revealed 

no significant difference in average total exploration time (Figure 6) between any of the 

groups (p > 0.05).  Therefore, it is unlikely that impairment on the discrimination index is 

due to an unequal amount of time spent exploring the objects during the test trial.       
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Figure 6. Effects of MTX and Ara-C on novel object recognition: Total exploration time.  
Total exploration time of both objects during the recognition trial was compared between 
mice treated with saline, MTX, Ara-C, or a MTX and Ara-C combination.  There were no 
significant differences observed between treatment groups.  Values are Mean ± SEM.  
Ordinate: Time spent exploring the novel object + familiar object, in seconds.  Abscissa: 
Saline or chemotherapy treatment group (dose in milligrams per kilogram, administered 
i.p.). 
 

Discussion 

 In the current study, pre-weanling mice were treated on PND 14, 15, and 16 with 

saline, MTX, or Ara-C, presented alone or in combination.  Behavioral tests conducted 

19 days following treatment, including an autoshaping-operant procedure and a novel 

object recognition task, revealed impairment during the adolescence phase of 

development.  More specifically, MTX alone and in combination with Ara-C appeared to 

be the most efficacious for producing disruptions of acquisition and retention without 

altering response rates or response discrimination in the autoshaping-operant procedure.  

In the novel object recognition task, higher doses of MTX and Ara-C, as well as their 

combination, disrupted short-term recognition memory without altering total exploration 

time.  Impairment in acquisition and short-term retention are consistent with clinical 

studies suggesting that childhood cancer survivors are slower at learning new information 
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(Palmer et al., 2001) and primarily show deficits in working memory (Ashford et al., 

2010; Reddick & Conklin, 2010).  Cognitive late effects are emergent in that they usually 

present three or more years post-diagnosis (Moleski, 2000). 

 To date, there has been a lack of preclinical models to study the development of 

cognitive late effects after chemotherapeutic treatments in childhood ALL survivors 

(Bisen-Hersh et al., 2011).  Thus, a notable aspect of the current study is the use of a 

developmental framework for assessing the emergent effects of early chemotherapeutic 

treatment.  This stands in contrast to the growing literature focused on preclinical models 

in adult rodents (see Walker, 2010; Seigers & Fardell, 2011 for review).  For example, 

the autoshaping-operant procedure has been used to study cognitive deficits in adult mice 

produced by a single administration of chemotherapeutic agents 5-fluorourcil, MTX 

(Foley et al., 2008), and paclitaxel (Bisen-Hersh et al., under review).  A single 

administration of MTX in adult rats produced disruption on a novel object recognition 

task following a 1h delay (Seigers et al., 2008).  However, it is important to study 

chemotherapy treatment in developing rodent brains, since toxins or stress during early 

development can have more severe long-term effects than identical damage in the mature 

adult rodent brain (van Praag et al., 1998; Rayen et al., 2011).    

Li et al. (2010) examined the effects of both acute and chronic MTX treatment 

using a rodent model, with the chronic treatment group receiving semiweekly injections 

beginning at PND 15 for 2 weeks, followed by 6 weekly injections.  Their findings are in 

contrast to the current study in that they observed impairment on an object placement test 

but not on an object recognition task.  However, several differences separate these two 

studies, including differences of species and of dosing regimen.  Li et al. (2010) treated 
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male rats with 1 mg/kg MTX while the current study treated both male and female mice 

with either 1 or 2 mg/kg MTX, and significant deficits were only observed with the 

higher dose.  The novel object recognition procedure used by Li et al. (2010) involved a 

2h delay period between trials, whereas the current study used a 1h delay.  Pilot studies in 

our lab have demonstrated that, in control mice, the strongest discrimination occurs 

following a 1h interval and then gradually declines (Bisen-Hersh, unpublished 

observation), which is consistent with previous reports (Sik et al., 2003).  It is possible 

that a deficit was not detected in the procedure used by Li et al. (2010) because the 

discrimination ability of the control group was not at its optimal level.  In addition, while 

the current study treated mice repeatedly over 3 days and behavioral tests were conducted 

at 5 weeks of age, Li et al. (2010) administered a total of 10 injections over an 8-week 

period and tested at 12 weeks of age.  It is conceivable that the type of chemotherapy-

induced cognitive impairment is dependent on the timing and length of treatment 

delivery, which could be further impacted by strain and sex.  Additional studies using 

preclinical models of childhood chemotherapeutic treatment are sorely needed in order to 

sort through these important variables.        

 Although the current study used male and female mice, the sample size within 

each treatment group was too small to make reliable conclusions about sex differences.  

Future studies should examine sex differences in chemotherapy-induced cognitive 

deficits, for the clinical literature suggests that girls are more susceptible to the 

neurotoxic effects of treatment and therefore display greater cognitive impairment (Jazen 

& Speigler, 2008; Buizer et al., 2009).  Sex differences on appetitively motivated 

learning tasks, such as autoshaping, have previously been noted in the rodent literature 
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(van Haaren et al., 1987), but are not necessarily due to differences in food motivation 

(van Hest et al., 1988).  Previous work in our lab has demonstrated that sex-dependent 

differences in performance on the autoshaping task may be further enhanced by treatment 

with the chemotherapeutic agent paclitaxel (Bisen-Hersh et al., under review).  In the 

current study, mice treated with MTX alone or in combination with Ara-C displayed 

impairment on the autoshaping-operant task.  It is interesting to note that in the 2 mg/kg 

MTX group, females performed significantly worse on day 2 of the task compared to 

male mice given the same treatment.  Additional studies focusing on sex differences in 

chemotherapy-induced learning impairment are needed to expand this finding.  Similarly, 

sex differences in performance on the novel object recognition task have also been noted 

in rodents, with female rats performing better than male rats (Sutcliffe et al., 2007), but 

the effect of chemotherapeutic treatment on sex-dependent performance of this task has 

not yet been studied. 

 One limitation of the present study is that naïve mice were treated with 

chemotherapeutic agents, as oppose to mice bearing an ALL-related cancer.  While this is 

a logical next step, only a couple of laboratories have been able to inject xenografts from 

patients with ALL into NOD/SCID mice to attempt to model ALL with any success 

(Kato et al., 2011; Ito et al., 2012 for review of humanized mouse models).  When an 

adequate model becomes available, these mice can be tested in the autoshaping and novel 

object recognition task.  However, the validity of using healthy rodents is supported by 

the finding that tumor presence does not potentiate a MTX-induced decrease of cell 

proliferation in the hippocampus (Seigers et al., 2010). 
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 In summary, the present study demonstrates that early exposure to 

chemotherapeutic agents MTX and Ara-C, presented alone or in combination, can disrupt 

acquisition and retention of a learned response as well as short-term recognition memory 

19 days following treatment.  The preclinical model presented within a developmental 

framework is unique and its continued use is supported by clinically relevant findings.  

However, the current study also highlights the need for further expansion in the area of 

preclinical models for the emergent effects of childhood chemotherapeutic treatment. 
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CHAPTER 3 

EARLY EXPOSURE TO METHOTREXATE AND CYTARABINE CAUSES MILD 

DISRUPTION IN A NOVEL CONDITIONAL DISCRIMINATION TASK:  

  ROLE OF TRAINING   

 

Rationale 

Up to 40 percent of childhood cancer survivors experience neurocognitive 

impairment several years after successful completion of chemotherapy-only treatment 

(Krull et al., 2008b), and clinical evaluations have indicated lower than average 

performance in areas of attention, working memory, and processing speed (Janzen & 

Spiegler, 2008; Buizer et al., 2009).  However, methodological challenges in cognitive 

assessments have made it difficult to identify the exact factors contributing to these poor 

academic outcomes, leading to speculation that the incidence of cognitive late effects in 

this population may be significantly higher depending on the specific type of cognitive 

skills assessed (Reddick & Conklin, 2010). 

An alternative method to study chemotherapy-induced disruption of learning and 

memory processes is through the use of preclinical models, which have been useful in 

examining these effects in adult rodents (see Walker, 2010; Seigers & Fardell, 2011 for 

review).  Mixed findings from these types of studies have led to the suggestion that 

chemotherapy-induced damage is selective to tasks involving the frontal lobes or 

hippocampus, and that tasks involving other structures are not as impaired (Winocur et 

al., 2006).  Since models using adult rodents are not adequate for studying the emergent 

effects of childhood chemotherapeutic treatment, and the few studies using young rodent 
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pups include limited methodologies (Yadin et al., 1983; Yanovski et al., 1989; Mullenix 

et al., 1994; Stock et al., 1995; Li et al., 2010), it is unclear whether the same distinction 

can be made for pre-weanling exposure to chemotherapeutic agents.   

As described in Chapter 2, our laboratory has demonstrated that pre-weanling 

exposure to chemotherapeutic agents that are commonly used in the treatment of ALL, 

MTX and Ara-C, impairs performance on an autoshaping-operant and a novel object 

recognition task during the adolescent period.  The autoshaping task combines 

components of both Pavlovian and instrumental conditioning and requires an intact 

neuronal system, specifically the hippocampus, septum, and cortex (Vanover and Barrett, 

1998; Meneses, 2003).  The novel object recognition task was proposed by Seigers et al. 

(2008) as showing disruption of the comparator function of the hippocampus; they 

observed impaired performance correlated with decreased hippocampus cell proliferation.  

Nevertheless, the exact role of the hippocampus in one-trial object recognition continues 

to be debated (see Dere et al., 2007 for review).   

The current study, using the same novel preclinical model of childhood 

chemotherapeutic treatment as described in Chapters 1 and 2, aimed to further 

characterize by means of a novel conditional discrimination task, learning and memory 

deficits during adolescence induced by pre-weanling treatment with either MTX or Ara-

C.  Conditional discrimination involves the use of conditional information to inform goal-

directed performance (Dunn et al., 2005).  Choice of one of the simultaneously present 

stimuli is reinforced only when one of the additional, conditional stimuli is present, 

whereas choice of the other simultaneous stimulus is reinforced only when the second 

conditional stimulus is present (Schrier & Thompson, 1980).  The present procedure used 
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a conditional temporal discrimination, in which response accuracy was contingent on 

either a short or long stimulus duration.  Since this was a novel task in our laboratory, a 

control experiment was also completed using a well-known amnesic agent, scopolamine, 

in order to valid the procedure (Klinkenberg & Blokland, 2010).  Discrimination learning 

is considered to involve different structures, such as the caudate nucleus (Winocur et al., 

2006), than are involved in other assays previously used in this preclinical model of 

childhood chemotherapeutic treatment.  In addition, since early chemotherapy-induced 

deficits on autoshaping and novel object recognition both involve rapid-measure learning 

paradigms, the conditional discrimination procedure was developed to include an 

extended training component presented prior to a rapid training component.  A second 

aim of this study was to compare the effect of extensive versus rapid training on response 

accuracy, thus to examine whether practice would reduce the extent of learning 

impairment observed following childhood chemotherapeutic treatment. 

 

Method 

Subjects 

 For the scopolamine control experiment, Swiss-Webster male mice (N=12) 

weighing 20-35 g were purchased from SAGE Animals, Inc., (Philadelphia, PA, USA).  

These mice arrived group-housed in plastic cages and were allowed to acclimate to the 

temperature-and-humidity-controlled facility for 7 days before experimental sessions 

began.  For the chemotherapeutics experiment, Swiss-Webster pregnant female mice 

were also purchased from SAGE Animals, Inc., (Philadelphia, PA, USA).  These, along 

with their litters, were individually-housed in plastic cages and were allowed to acclimate 
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to the temperature-and-humidity-controlled facility until pups were 14 days old.  Litters 

were weaned at PND 21 at which time mice were group-housed by sex and treatment 

until behavioral testing began at PND 35 or “periadolescence” (Laviola et al., 2003).  The 

mice had access to food and water ad libitum prior to the start of the experiment, and all 

were maintained in accordance with the guidelines of the Institutional Animal Care and 

Use Committee of Temple University and the “Guide for the Care and Use of Laboratory 

Animals” (Institute of Laboratory Animal Resources, National Academy Press 1996; 

NIH publication No. 85-23, revised 2011). 

 

Drugs 

 Scopolamine hydrobromide (TOCRIS Bioscience, Ellsville, MD) was dissolved 

in sterile water.  MTX (Hospira, Inc., Lake Forest, IL, USA) and Ara-C (Sigma-Aldrich, 

St. Louis, MO, USA) were reconstituted with saline.  Scopolamine (3.2 or 10 mg/kg) was 

administered in a volume of 0.1 mL/10 g, i.p., 15 min prior to the Phase 7 session for the 

control experiment.  Chemotherapeutic agents were repeatedly administered to pre-

weanling mouse pups in a volume of 0.1 mL/10 g, i.p. on PND 14, 15 and 16 in an 

exhaust hood.  Each dose of MTX (1 or 2 mg/kg), Ara-C (10 or 20 mg/kg), or MTX and 

Ara-C combination (1 mg/kg MTX and 10 mg/kg Ara-C or 2 mg/kg MTX and 20 mg/kg 

Ara-C) was administered to a separate group of mice (between-groups design).  

Chemotherapeutic agents were stored and handled in accordance with guidelines set forth 

by the Temple University Department of Environmental Health and Radiation Safety. 

 

 



 

 
 

37 

Apparatus 

 Twelve experimental chambers (21.6 cm x 17.8 cm x 12.7 cm, Model ENV-

307W, MED Associates, St. Albans, VT, USA) were used for the conditional 

discrimination procedure.  Each chamber was located within a sound-attenuating 

enclosure and connected to a computer-driven interface (Model SG-502, MED 

Associates, St. Albans, VT, USA) programmed to control the experimental conditions 

and collect the data.  One wall of the chamber contained three receptacles: one large 

dipper hole in the center (ENV 302W) and two smaller nose-poke holes on the left and 

right (ENV 313W).  Each receptacle had a stimulus light above it (ENV-321M).  The 

opposite wall featured a house light that illuminated the chamber during the session and 

each chamber was equipped with an audible tone device (Sonalert, 2,900 Hz).  Nose-

pokes into each hole were detected by a photocell head entry detector (ENV 302HD) and 

recorded.  A dipper lever and dipper well were located behind the center dipper hole. 

 

Conditional Discrimination Procedure 

The conditional discrimination procedure described here used a tone/light 

compound stimulus and temporal duration, and was modified from other conditional 

discrimination tasks used in rodents (Dunn et al., 2005; Dix et al., 2010).  At PND 34, the 

mice were separated into individual cages, weighed, and food-restricted for 24h prior to 

the start of experimental testing.  Water remained available ad libitum.  On day 1 of 

training, each mouse was weighed and placed inside an experimental chamber for 15 min 

before the session started.  During each session, the house light illuminated to indicate the 

availability of a vanilla-flavored liquid nutritional drink, Ensure Plus/water (50:50) 
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solution, which would be presented in a 0.01-cc dipper.  These food deliveries were 

contingent upon correct responding, as defined separately for each phase described 

below.  Each session lasted for 1h, following which mice were fed 3 g of food and 

returned to their cages.  In this between-group design, mice in each group were injected 

on PND 14, 15, and 16 and tested on the conditional discrimination procedure starting at 

PND 35. 

The conditional discrimination procedure involved a series of 8 phases, and 

specific criteria were completed for each prior to progressing to the next phase.  

“Extensive training” was defined as completion of Phases 1-5, followed by a test in 

which a discrimination ratio was measured (Phase 6).  “Rapid training” was defined as 

Phase 7, followed by a test in which a discrimination ratio was measured (Phase 8).  

Details of each phase are outlined below. 

 

Phase 1 and 2: Left and Right Poke Training 

 During Phase 1, a nose-poke response in the left hole was reinforced on a fixed-

ratio (FR-1) schedule of reinforcement.  That is, if at any time during the session a poke 

occurred in the left hole, a 0.01-cc dipper filled with an Ensure Plus/water (50:50) 

solution was presented for 6s.  The left poke hole remained illuminated for the entire 

duration of the session.  During Phase 2, a nose-poke response in the right hole was 

reinforced on a FR-1 schedule of reinforcement.  Contingencies were as defined for 

Phase 1 but modified to reinforce right-poke responding.  For both Phase 1 and 2, criteria 

were defined as 20 reinforcer deliveries, with 75 percent of total responses occurring in 

the active nose-poke hole.  
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Phase 3 and 4: Tone/Light Stimulus Training 

 During Phase 3, an audible tone was presented along with an illuminated stimulus 

light located above the left poke hole for 2s (short duration).  The tone/light cue was 

presented on a fixed-time (FT-30) schedule.  Once the tone/light cue ended, the left poke 

hole illuminated and, if a response was made in the left nose-poke within 6s, a 0.01-cc 

dipper filled with an Ensure Plus/water (50:50) solution was presented for 6s.  During 

Phase 4, an audible tone was presented along with an illuminated stimulus light located 

above the right poke hole for 8s (long duration).  Contingencies were as defined for Phase 

3 but modified to reinforce right poke responding following stimulus duration of 8s.  For 

both Phase 3 and 4, criteria were defined as 20 reinforcer deliveries, with 75 percent 

responding in the active nose-poke hole.  

 

Phase 5: Conditional Temporal Discrimination Training 

 During Phase 5, an audible tone was presented along with an illuminated stimulus 

light on a fixed-time (FT-30) schedule.  For successive trials, the duration of the 

tone/light cue was randomly alternated between short (2s) and long (8s).  In the presence 

of a short cue, a left nose-poke response was reinforced with the presentation of a 0.01-cc 

dipper filled with an Ensure Plus/water (50:50) solution for 6s.  In the presence of a long 

cue, a right nose-poke response was reinforced with a dipper presentation.  For Phase 5, 

criteria were defined as 10 reinforcer deliveries following each cue duration, with 70 

percent correct discrimination over 2 consecutive sessions. 

 

 



 

 
 

40 

Phase 6: Extensive Training Test 

 During Phase 6, the same contingencies were presented as described for Phase 5.  

The discrimination ratio was calculated for each mouse following this session.  For Phase 

6, there were no set criteria.  This phase only lasted one session irrespective of 

performance. 

 

Phase 7: Rapid Training (Reversal) 

 During Phase 7, the contingencies described in Phase 5 were reversed.  An 

audible tone was presented along with an illuminated stimulus light on a fixed-time (FT-

30) schedule.  For each trial, the duration of the tone/light cue was alternated between 

short (2s) and long (8s).  In the presence of a short cue, a response in the right nose-poke 

was reinforced with the presentation of a 0.01-cc dipper filled with Ensure Plus/water 

(50:50) solution for 6s.  In the presence of a long cue, a response in the left nose-poke 

was reinforced with a dipper presentation.  For Phase 7, there were no set criteria.  This 

phase only lasted one session irrespective of performance. 

 

Phase 8: Rapid Training Test 

 During Phase 8, the same contingencies were presented as described for Phase 7.  

The discrimination ratio was calculated for each mouse following this session.  For Phase 

8, there were no set criteria.  This phase only lasted one session irrespective of 

performance. 
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Data and Statistical Analysis 

 Acquisition was measured by the number of sessions required to reach Phase 1 

criteria, defined as 20 reinforced responses in the active nose-poke hole, with the total 

responses including at least 75 percent active nose-poke hole responding.  To examine 

the effect of pre-weanling MTX and Ara-C treatment on acquisition, a one-way analysis 

of variance (ANOVA) was used, followed by Dunnett’s Multiple Comparison post-hoc 

tests.  The main measure of performance on the conditional discrimination task was the 

discrimination ratio (Dunn et al., 2005), defined as: [correct responding / (correct + 

incorrect responding)]*100 

The discrimination ratio was calculated for each mouse at Phase 6 and 8 to 

measure response accuracy following extensive and rapid training, respectively.  Only 

mice that reached the 70 percent criteria at Phase 5 were included in the following 

analyses.  To determine the effect of pre-weanling treatment and training (extensive or 

rapid) on correct discrimination, a repeated measures ANOVA was used.  To examine 

pre-weanling treatment effects within each training type (extensive or rapid), separate 

one-way ANOVAs with Dunnett’s Multiple Comparison post-hoc tests were used.  

Significance for all statistical tests was set at p < .05. 

 

 

 

 

 

 

Table 2. Group composition for conditional 
discrimination 
 

n 
Met 

Criteria 
Number 
Female 

SAL 11 11 4 
1 MTX 11 9 3 
2 MTX 11 8 2 

10 ARA-C 11 9 3 
20 ARA-C 12 11 6 

1, 10 12 10 7 
2, 20 11 7 3 



 

 
 

42 

Results 

Experiment 3: Scopolamine 

 In order to validate this novel conditional discrimination procedure in mice, a 

control experiment was performed to see whether pre-treatment with scopolamine (3.2 or 

10 mg/kg) prior to Phase 7 (rapid training) would disrupt response accuracy during the 

Phase 8 test session, compared to pre-treatment with saline (Figure 7).  As revealed by a 

repeated measures ANOVA, there was a significant main effect of training (F(1,8) = 

22.01, p < 0.01, partial η2 = 0.73) and a significant interaction between treatment (saline 

or scopolamine) and training (F(2,8) = 13.09, p < 0.01, partial η2 = 0.77).  There was no 

significant difference in discrimination ratio between groups following extensive training, 

as revealed by a one-way ANOVA (p > 0.05).  However, there was a significant 

difference in discrimination ratio between groups following rapid training (F(2,8) = 6.91, 

p < 0.05, η2 = 0.63), and Dunnett’s Multiple Comparison post-hoc tests revealed a 

significantly lower discrimination ratio in mice treated with 10 mg/kg scopolamine 

relative to saline controls (p < 0.05). 

 

Experiment 4: MTX and Ara-C 

Group composition for the chemotherapeutic experiment is shown in Table 2.  Of 

the mice that completed the conditional discrimination task, only mice that reached the 70 

percent criteria at Phase 5 were included in statistical analyses (N=65).  Given the small 

sample size of males and females within each treatment, and the fact that no significant 

differences were found between male and female mice within any group, data were 

collapsed for mice that were given the same saline or chemotherapy treatment. 
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Figure 7. Effects of scopolamine on conditional discrimination: Discrimination ratio 
following extensive and rapid training.  Accuracy in responding was compared between 
mice treated with saline, 3.2 mg/kg, or 10 mg/kg scopolamine following extensive (open 
bars) and rapid (filled bars) training.  There was no significant difference in 
discrimination ratio between groups following extensive training.  There was a 
significantly lower discrimination ratio in mice treated with 10 mg/kg scopolamine, 
relative to saline controls, following rapid training.  *p < 0.05.  Values are Mean ± SEM.  
Ordinate: [correct responding/ (correct + incorrect responding)]*100.  Abscissa: Saline 
or dose of scopolamine in milligrams per kilogram, administered i.p. 
 

Mice treated with saline, MTX, Ara-C, or a combination of MTX and Ara-C were 

tested 19 days following treatment at PND 35.  As shown in Figure 8, there was a 

significant effect of pre-weanling treatment on acquisition (F(6,60) = 2.98, p < 0.05, η2 = 

0.23).  Although, in general, chemotherapy-treated mice required a higher number of 

sessions to reach Phase 1 criteria compared to saline controls, this effect only reached 

significance for mice treated with 2 mg/kg MTX or 10 mg/kg Ara-C (p < 0.05). 

As revealed by a repeated measures ANOVA and displayed in Figure 9, the 

discrimination ratio was lower following rapid training relative to extensive training for 

all groups (F(1,58) = 38.13, p < 0.001, partial η2 = 0.40).  There was a significant 

interaction between pre-weanling treatment and training (F(6,58) = 3.82, p < 0.01, partial 

η2 = 0.28).  Separate one-way ANOVAs for each training type revealed no significant 
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difference in discrimination ratio between groups following extensive training (p > 0.05), 

but a significant difference in discrimination ratio between groups following rapid 

training (F(6,58) = 4.78, p < 0.001, η2 = 0.33).  Dunnett’s Multiple Comparison post-hoc 

tests revealed a significantly lower discrimination ratio only in mice treated with the 

higher combination treatment (2 mg/kg MTX and 20 mg/kg Ara-C) relative to saline 

controls (p < 0.05).  In addition, several chemotherapy-treated groups earned fewer 

reinforcer deliveries following rapid training compared to extensive training, such as 

mice treated with 2 mg/kg MTX (p < 0.05), 10 mg/kg Ara-C (p = 0.08), and 2 mg/kg 

MTX and 20 mg/kg Ara-C (p < 0.05).  Saline-treated mice earned a comparable number 

of reinforcers following both types of training (p > 0.05). 

 

Figure 8. Effects of MTX and Ara-C on conditional discrimination: Acquisition.  Number 
of sessions to reach criteria for Phase 1 of the conditional discrimination procedure was 
compared between mice treated with saline, MTX, Ara-C, or a MTX and Ara-C 
combination.  There was a significant effect of pre-weanling treatment on acquisition, 
although only mice treated with 2 mg/kg MTX or 10 mg/kg Ara-C required a 
significantly higher number of sessions to reach criteria compared to saline controls. *p < 
0.05.  Values are Mean ± SEM.  Ordinate: Number of sessions required to reach Phase 1 
criteria.  Abscissa: Saline or chemotherapy treatment group (dose in milligrams per 
kilogram, administered i.p.). 
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Figure 9. Effects of MTX and Ara-C on conditional discrimination: Discrimination ratio 
following extensive and rapid training.  Accuracy in responding was compared between 
mice treated with saline, MTX, Ara-C, or a MTX and Ara-C combination following 
extensive and rapid training.  There was no significant difference in discrimination ratio 
between groups following extensive training.  There was a significantly lower 
discrimination ratio in mice treated with the higher combination (2 mg/kg MTX and 20 
mg/kg Ara-C), relative to saline controls, following rapid training.  *p < 0.05.  Values are 
Mean ± SEM.  Ordinate: [correct responding/ (correct + incorrect responding)]*100.  
Abscissa: Training type. 
 

Discussion 

 In the current study, a novel conditional discrimination task was used to compare 

the effect of extensive (minimum of six sessions) versus rapid (one session) training on 

response accuracy.  A control experiment in which either saline or scopolamine was 

administered prior to the rapid training session was performed in order to validate 

whether response accuracy would be disrupted by a well-known amnesic agent.  In this 

experiment, discrimination accuracy, relative to saline controls, was decreased following 

a one session rapid training in which mice were pre-treated with the higher dose of 

scopolamine (10 mg/kg).  This is consistent with previous work in our lab that has shown 

that the same dose of scopolamine (10 mg/kg) can disrupt behavior measured by the 
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autoshaping-operant assay (Foley et al., 2008).  In a separate set of experiments, pre-

weanling mice were treated on PND 14, 15, and 16 with saline, MTX, or Ara-C, 

presented alone or in combination.  The conditional discrimination task was presented 19 

days following treatment, at PND 35.  Impairment in acquisition was generally found for 

the chemotherapy-treated mice relative to saline controls, with these groups requiring a 

higher number of sessions to reach the first set of criteria and move forward with training.  

Once criteria on Phase 1 were reached it was unusual for mice to display any further 

delay in progress through the remainder of the phases (data not shown).  Interestingly, the 

higher combination treatment group (2 mg/kg MTX and 20 mg/kg Ara-C) showed the 

least impairment in acquisition; however, this was the only group to display significantly 

lower response accuracy following rapid training relative to saline controls, as discussed 

below. 

 The main measure of performance on the conditional discrimination task was the 

discrimination ratio, which was calculated following both extensive and rapid training.  

There was no difference found between groups following extensive training.  This result 

is not surprising given that mice were trained to 70 percent correct discrimination prior to 

testing, demonstrating that comparable performance can be obtained between saline- and 

chemotherapy-treated mice even though, initially, it may take longer for the 

chemotherapy-treated mice to reach this level.  The original hypothesis that mice treated 

with MTX and Ara-C would display impairment following rapid training was not fully 

supported.  Overall, all groups had a lower discrimination ratio following rapid training 

compared to their discrimination ratio following extensive training, but only the 2 mg/kg 

MTX and 20 mg/kg Ara-C combination group showed a difference in response accuracy 
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compared to saline.  This combination group did not display an initial delayed 

acquisition, but later revealed impairment when the original contingencies were reversed.  

In addition, although only one group displayed significantly lower response accuracy 

compared to saline controls following rapid training, several chemotherapy-treated 

groups earned fewer reinforcer deliveries compared to the number earned following 

extensive training.  This finding suggests that chemotherapy-treated mice had a higher 

number of omitted trials during the rapid training test session compared to the saline 

group, which earned a comparable number of reinforcer deliveries following both types 

of training.         

 Although preclinical models based upon a variety of behavioral tasks have been 

useful for assessing the effects of cancer chemotherapeutics on learning, memory, 

motivation, and sensory function (see Walker, 2010; Seigers & Fardell, 2011 for review), 

their results have mostly been inconsistent and this remains true in the area of 

discrimination learning, including both Pavlovian and instrumental procedures.  In the 

small number of studies examining the effects of early MTX treatment in rat pups, 

deficits on conditioned emotional response and conditioned taste aversion tasks have 

been noted in some (Yanovski et al., 1989) but not all cases (Stock et al., 1995).  Yadin et 

al., (1983) observed deficits at 12-14 weeks old on a simultaneous discrimination task in 

rats given pre-weanling MTX treatment but only when in combination with cranial 

radiation therapy.  In contrast, Winocur et al. (2006) found no impairment in 

discrimination learning using a black-white discrimination task following treatment of 

MTX and 5-fluorouracil in adult mice, although deficits were displayed on tests of spatial 

memory, non-matching-to-sample learning, and delayed-non-matching-to-sample 
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learning.  The current findings fit into the growing literature surrounding chemotherapy-

induced cognitive deficits by adding evidence that tasks dependent on subcortical 

structures such as the caudate nucleus and related striatal structures may not be as 

affected by chemotherapy as tasks dependent on the frontal lobes or hippocampus 

(Winocur et al., 2006).  

 The occurrence of only mild deficits on the task presented in the current study has 

important clinical implications for rehabilitation of cancer survivors experiencing 

chemotherapy-induced learning deficits as well, for the present results suggest that 

impairment may be ameliorated through extensive training or practice.  This idea is 

consistent with findings from Boyette-Davis et al. (2009), where rats underwent a 

paclitaxel treatment regimen that produced mechanical sensitivity but failed to produce 

impairment on the five-choice serial reaction time task.  Similar to the novel conditional 

discrimination procedure used in the current study, this assay included an extensive 

training phase requiring rodents to reach a 70 percent criterion before beginning the 

testing phase.  Massed practice and repetition are also central components of a cognitive 

remediation program proposed for childhood cancer survivors experiencing difficulty in 

school, which includes techniques derived from brain injury rehabilitation, special 

education, and clinical psychology (Butler, 1998; Butler & Copeland, 2002; Butler et al., 

2008).  The beneficial outcome of practice effects is comparable to the concept of 

overlearning presented by Reid (1953), in which rats that received 150 overtraining trials 

past a criterion level (9 out of 10) required substantially fewer trials to reach criterion on 

a new discrimination condition compared to rats trained just to criterion on the initial 

discrimination.  This overlearning reversal effect has reliably been demonstrated both 
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between and within subjects, and helps the organism to focus on the relevant cues in a 

situation (Lovejoy, 1966; Biederman, 1968).   

Another critical component of the cognitive remediation program proposed for 

childhood cancer survivors is that of incorporating strategies to help the child master the 

given task and, if necessary, substituting a simplified version (Askins & Moore, 2008).  

This idea parallels errorless learning, which allows learning to occur with few or no 

responses to the incorrect choice (Terrace, 1963).  Pigeons trained on a conditional 

temporal discrimination using errorless training made significantly fewer errors during 

acquisition and were less disrupted by delays, compared to pigeons trained using trial and 

error (Arantes & Machado, 2011).  Errorless learning has also been effective in teaching 

academic skills to young children (Robinson & Storm, 1978).  Although the cognitive 

remediation program proposed specifically for childhood cancer survivors is both time 

and personnel intensive, improvements in attention, problem-solving, and academic skills 

have been noted in a multicenter, randomized controlled trial (Butler et al., 2008).  

 In summary, the present study assessed the effect of early treatment with MTX 

and Ara-C, presented alone or in combination, on performance of a novel conditional 

discrimination task 19 days following treatment.  Impairment on acquisition of a general 

operant discriminative response is consistent with findings from Chapter 2 using this 

model of childhood chemotherapeutic treatment.  The occurrence of decreased response 

accuracy following a one session rapid training in only one chemotherapy treatment 

group suggests that extensive training or practice may help to ameliorate learning 

impairment.  This has clinical implications to support the use of cognitive remediation 
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and similar techniques in school-aged children experiencing cognitive late effects from 

chemotherapy treatment.  
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CHAPTER 4 

EARLY EXPOSURE TO METHOTREXATE AND CYTARABINE INCREASES 

NOVELTY-SEEKING AND SENSITIVITY TO PSYCHOSTIMULANTS  

IN ADOLESCENT MICE 

 

Rationale 

 Over 90 percent of children diagnosed with ALL will enter into remission (Pui 

& Evans, 2006; Leisenring et al., 2009).  However, only a third of survivors remain free 

of chronic and progressive late effects that usually present three or more years post-

diagnosis and are associated with the cancer treatment itself (Moleski, 2000; Oeffinger et 

al., 2006).  Among adolescent and adult survivors of childhood cancer, chronic 

uncertainty related to late effects has been linked to an increase in health-risk behaviors 

(Lee et al., 2009).  Health-risk behaviors include physical inactivity, unhealthy diet, and 

substance abuse, all of which can exacerbate the development of secondary cancers and 

other chronic medical conditions (Hollen et al., 1997; Verrill et al., 2000; Robison, 2011 

for review of late effects).  Although the clinical literature remains mixed about the level 

of substance abuse among childhood cancer survivors (Rabin, 2011), any amount of use 

is highly problematic due to the medical vulnerability of this population.  Despite this 

concern, there is a lack of behavioral interventions aimed to prevent substance abuse and 

other health-risk behaviors among childhood cancer survivors throughout their lifetime.  

 Neurocognitive impairment is salient among the late effects resulting from 

common chemotherapeutic agents used in the treatment of ALL; the impairment is 

observed in 40-70 percent of childhood cancer survivors, often leading to poor academic 
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outcomes (Krull et al., 2008b; Janzen & Spiegler, 2008; Buizer et al., 2009; Reddick & 

Conklin, 2010).  Psychostimulants that are commonly recommended for children with 

attention deficit hyperactivity disorder (ADHD) are also being prescribed to treat these 

deficits due to topographically similar behavioral symptoms between the two populations 

(Conklin et al., 2007; 2010).  The two most frequently used drugs for the treatment of 

ADHD are amphetamine (AMPH) and methylphenidate (MPH).  Both of these are 

known to have rewarding properties that are likely due to rapid increases in extracellular 

dopamine (Volkow et al., 2004), although this occurs via different mechanisms for each.  

AMPH increases dopamine, norepinephrine, and serotonin by releasing each 

neurotransmitter from intracellular stores (Sulzer, et al., 2005), while MPH increases 

dopamine and norepinephrine by blocking the transporter for each (Kuczenski and Segal, 

1997; Meririnne, et al., 2001).  In addition, there is evidence that sub-chronic injections 

of MPH increase brain-derived neurotrophic factor (BDNF) in the nucleus accumbens 

and caudate putamen, areas known to be involved in drug reward (Fumagalli et al., 2010).  

Given the need to keep childhood cancer survivors from engaging in substance use as 

they grow older, this choice of psychostimulant treatment is surprising, and further study 

is needed to examine the effects of its use specifically in the childhood cancer survivor 

population.   

In both human and rodent literatures there exists an association between novelty 

preference, risk-taking behaviors, and acquisition of drug use (Hooks et al., 1991; Bevins 

et al., 1997; Zuckerman & Kuhlman, 2000, Klebaur et al., 2001; Stansfield & Kirstein, 

2007).  In particular, there is a relationship between high novelty preference and 

behavioral response to psychostimulant-induced reward and locomotor activity (Hooks et 
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al., 1991; Klebaur et al., 2001).  Therefore, using the same novel preclinical model that 

demonstrated chemotherapy-induced deficits in learning and memory in the previous 

chapters, the present set of experiments examined the effects of early exposure to MTX 

and Ara-C on novelty- and drug-seeking behavior as well as sensitivity to the rewarding 

and locomotor effects of psychostimulants.   

In addition to measuring novelty-seeking in Experiment 5, conditioned place 

preference was used to assess the rewarding effects of AMPH, MPH, and atomoxetine 

(ATX) in Experiment 6.  Originally developed to treat depression, ATX, a 

norepinephrine reuptake inhibitor, has become a third-tier treatment for ADHD due to its 

beneficial therapeutic effects and low abuse liability (Moran-Gates et al., 2005; Blondeau 

& Dellu-Hagedorn, 2007), although it has not yet been examined as a treatment for 

cognitive late effects in childhood cancer survivors.  Conditioned place preference is 

commonly used to assess the rewarding effects of drugs, for rodents typically spend more 

time in an environmental context that was previously paired with a drug of abuse, 

compared to a saline-paired context (Bardo & Bevins, 2000).  Total beam breaks within 

the conditioned place preference chambers were recorded and used to measure 

psychostimulant-induced locomotor activity.  Together, reward and activity level were 

used to assess sensitivity to AMPH, MPH, and ATX following early chemotherapeutic 

treatment.  Finally, Experiment 7 examined drug-seeking behavior through acquisition of 

self-administration of another psychostimulant, cocaine.  Food self-administration 

preceded the cocaine administration procedure to serve as a control for drug-specific 

behavior, and to reduce the possibility of differences in acquisition arising from 

impairment of a general operant response in the chemotherapy-treated mice.  The aim of 
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the studies described in the current chapter was to characterize responses to novelty, 

reward, and drugs in a preclinical mouse model of childhood chemotherapeutic treatment 

through the experiments described above.  

 

Method 

Subjects 

 Swiss-Webster pregnant female mice were purchased from SAGE Animals, Inc., 

(Philadelphia, PA, USA).  Litters were individually-housed in plastic cages and were 

allowed to acclimate to the temperature-and-humidity-controlled facility until the pups 

were 14 days old.  The mice had access to food and water ad libitum during this time.  

Litters were weaned at PND 21 at which time the mice were group-housed by sex and 

treatment until behavioral testing began at PND 35 or “periadolescence” (Laviola et al., 

2003).  At PND 35, 19 days after treatment with MTX, with Ara-C, or with a MTX and 

Ara-C combination, assessments of novelty-seeking, drug reward, or self-administration 

were conducted.  Due to concerns over statistical power, all analyses included male and 

female data collapsed for mice given the same saline or chemotherapy treatment.  All 

mice were maintained in accordance with the guidelines of the Institutional Animal Care 

and Use Committee of Temple University and the “Guide for the Care and Use of 

Laboratory Animals” (Institute of Laboratory Animal Resources, National Academy 

Press 1996; NIH publication No. 85-23, revised 2011).  
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Drugs 

 MTX (Hospira, Inc., Lake Forest, IL, USA) and Ara-C (Sigma-Aldrich, St. Louis, 

MO, USA) were reconstituted with saline.  In an exhaust hood, injections were 

administered to pre-weanling mouse pups in a volume of 0.1 mL/10 g, i.p. on PND 14, 15 

and 16.  Each dose of MTX (1 or 2 mg/kg), of Ara-C (10 or 20 mg/kg), or of MTX and 

Ara-C combination (1 mg/kg MTX and 10 mg/kg Ara-C or 2 mg/kg MTX and 20 mg/kg 

Ara-C) was administered to a separate group of mice (between-groups design).  MTX and 

Ara-C were stored and handled in accordance with guidelines set forth by the Temple 

University Department of Environmental Health and Radiation Safety. 

       

Experiment 5: Novelty-seeking  

Apparatus 

The testing cages were identical to those in which mice were housed in the animal 

facility.  The test objects were Lego figures of equal size and material that differed in 

design.  These were weighted to minimize the movement of objects by the mice during 

trials.  Trials were video recorded and later coded by an experimenter who was blind to 

the identities of treatment groups. 

 

Procedure 

The objects to be used were first assessed to ensure that there were neither 

intrinsic preferences for nor aversions to them, and that each would be explored for 

similar durations upon initial exposures.  Exploration was defined as directing the nose to 

the object at a distance of no more than 2 cm and/or touching the object with the nose or 
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mouth.  Rearing up on the object was counted only if facing toward, but not away from, 

the object (Sik et al., 2003; Mathiasen & DiCamillo, 2010). 

The mice were naïve to behavioral testing (N=84) and were placed in an empty 

testing cage for a 20 min acclimation period, following which they were returned to their 

home cages for 30 min.  Each was then returned to its testing cage, which contained two 

identical novel objects placed in the left and right corners at the opposite end of the cage 

from where the mouse entered.  A mouse was always placed in the testing cage facing 

away from the objects.  The trial was recorded over a 5 min period for initiation of object 

exploration.  

 

Data and Statistical Analysis 

Novelty-seeking was defined as the latency, in seconds, to approach the objects 

and initiate exploration (as defined above).  To compare novelty-seeking between mice 

previously treated with saline, MTX, with Ara-C, or with a combination of MTX and 

Ara-C, a one-way analysis of variance (ANOVA) with Dunnett’s Multiple Comparison 

post-hoc tests was used.  Significance was set at p < 0.05 for all statistical tests. 

 

Experiment 6: Sensitivity to AMPH, MPH, and ATX 

Drugs 

AMPH (1, 4 mg/kg), MPH (1, 3 mg/kg), and ATX (1, 2 mg/kg) (Sigma-Aldrich, 

St. Louis, MO, USA) were reconstituted with saline.  Injections were administered in a 

volume of 0.1 mL/10 g, i.p.  Doses of AMPH and MPH were selected on the bases of 

previous studies that have demonstrated a conditioned place preference using these drugs 
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(Orsini et al., 2004; Thanos et al., 2010).  Doses of ATX were selected based on 

effectiveness in a rodent model of ADHD (Moran-Gates et al., 2005; Blondeau & Dellu-

Hagedorn, 2007). 

 

Apparatus 

Six experimental chambers (Model ENV-3013, MED Associates, St. Albans, VT, 

USA) were used, each with a black (ENV-3014BD), a gray, and a white (ENV-3014WD) 

compartment containing cues such as distinct flooring and type of bedding.  Each 

chamber was located within a sound-attenuating enclosure and connected to a computer-

driven interface (Model SG-6080/D, MED Associates, St. Albans, VT, USA) that was 

programmed to control the experimental conditions and collect the data.   

 

Procedure 

Conditioned place preference.  On Day 1 (pre-conditioning) a separate group of 

mice that were naïve to behavioral testing (N=192) were given free access to the entire 

three-compartment chamber for 15 min following a 5 min acclimation period in the 

center section, and time spent in each compartment was recorded.  For each mouse, the 

non-preferred side was paired with drug and the preferred side was paired with saline.  

On Day 2, each mouse was injected (i.p.) with AMPH, MPH, or ATX and immediately 

placed in the drug-paired compartment for 30 min.  On Day 3, they were injected (i.p.) 

with saline and immediately placed in the saline-paired compartment for 30 min.  

Pairings alternated until Day 7.  On Day 8 (test day), the mice were given free access to 

the entire chamber for 15 min, and time spent in each compartment was recorded. 
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Locomotor activity.  Locomotor activity counts were recorded on Day 1 (free 

access) to compare baseline activity levels between mice previously treated with saline, 

MTX, Ara-C, or a combination of MTX and Ara-C prior to psychostimulant treatment.  

Locomotor activity counts were also recorded after each of three injections of AMPH, 

MPH, or ATX to compare sensitivity to the locomotor effects of psychostimulants 

following pre-weanling treatment with saline, MTX, Ara-C, or a combination of MTX 

and Ara-C.  Activity count was defined as total beam breaks. 

 

Data and Statistical Analysis 

Conditioned place preference.  The amounts of time spent on the drug- and 

saline- paired sides were compared.  Mice showing a preference of > 70% on pre-

conditioning day were excluded from the following analyses.  A difference score was 

calculated for each mouse on test day, which was defined as time spent on the drug-

paired side minus time spent on the saline-paired side (Cunningham et al., 2003).  

Separate one-way ANOVAs with Tukey’s Multiple Comparison post-hoc tests 

were used to examine sensitivity to the rewarding effects of AMPH, MPH, and ATX 

within each pre-weanling treatment group (saline, MTX, Ara-C, or a combination of 

MTX and Ara-C).  To examine the interaction between pre-weanling and 

psychostimulant treatment, two-way ANOVAs were used.  Significance was set at p < 

0.05 for all statistical tests. 

 

 Locomotor activity.  To compare the effects of pre-weanling exposure to saline, 

MTX, Ara-C, or a combination of MTX and Ara-C on baseline activity level prior to 
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psychostimulant treatment, a one-way ANOVA with Dunnett’s Multiple Comparison 

post-hoc tests was used.  To compare the effect of pre-weanling exposure to saline, MTX, 

Ara-C, or a combination of MTX and Ara-C on sensitivity to the stimulatory properties 

of AMPH, MPH, and ATX, repeated measures ANOVAs were performed and, if 

significant, one-way ANOVAs with Dunnett’s Multiple Comparison post-hoc tests were 

used to examine activity during each psychostimulant injection.  Within each pre-

weanling treatment group, separate repeated measures ANOVAs comparing three 

injections of AMPH, MPH, or ATX were conducted.  Significance was set at p < 0.05 for 

all statistical tests.   

     

Experiment 7: Self-administration 

Drugs 

 Cocaine hydrochloride (National Institute on Drug Abuse, Rockville, Maryland, 

USA) was dissolved in saline at a concentration of 1.8 mg/ml for intravenous 

administration.  Pump time was adjusted for each mouse so that the proper infusion was 

delivered for the administration of 1.0 mg/kg/infusion, with an average pump time of 

approximately 1s. 

 

Apparatus 

Twelve experimental chambers (21.6 cm x 17.8 cm x 12.7 cm, Model ENV-

307W, MED Associates, St. Albans, VT, USA) were used for the food self-

administration procedure.  Each chamber was located within a sound-attenuating 

enclosure and connected to a computer-driven interface (Model SG-502, MED 
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Associates, St. Albans, VT, USA) programmed to control the experimental conditions 

and collect the data.  One wall of the chamber contained three receptacles: one large 

dipper hole in the center (ENV 302W) and two smaller nose-poke holes on the left and 

right (ENV 313W).  The opposite wall featured a house light that illuminated the 

chamber during the session and each chamber was equipped with an audible tone device 

(Sonalert, 2,900 Hz).  Nose-pokes into each hole were detected by a photocell head entry 

detector (ENV 302HD) and recorded.  A dipper lever and dipper well were located 

behind the center dipper hole.  For the cocaine self-administration procedure, there was 

the addition of a stimulus light located above the center receptacle (ENV-221M).  Drug 

delivery was controlled by an electronic circuit that operated a computer-controlled 

syringe that was connected to a single-channel fluid swivel mounted on a counter-

balanced arm above the operant chamber (MED-307A-CT-B2). 

 

Procedure 

Food self-administration.  Evidence presented in Chapters 2 and 3 demonstrates 

that pre-weanling exposure to MTX and Ara-C produces deficits in acquisition.  Due to 

these findings it was a concern that using acquisition of cocaine self-administration as a 

measure of drug-seeking behavior would be confounded by chemotherapy-induced 

impairment in acquisition of a general operant response.  Therefore, all mice first 

underwent a food shaping procedure in order to train to criteria the same nose-poke 

response that, subsequently, was needed to self-administer cocaine.  

At PND 34, mice naïve to behavioral testing (N=20) were separated into 

individual cages, weighed, and food-restricted for 24h prior to the first session.  Water 
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remained available ad libitum.  On day 1 of food training, each mouse was weighed and 

placed inside the experimental chambers for 15 min before the session started.  During 

each session, the house light illuminated and the mice were trained to self-administer a 

liquid reinforcer under an FR-1 schedule of reinforcement during daily 1h sessions for 10 

days:  Each response on the active nose-poke hole resulted in the presentation of a 0.01-

cc dipper filled with a vanilla-flavored liquid nutritional drink Ensure Plus/water (50:50) 

solution for 3s.  The mice were returned to their cages and fed 3 g of food until the tenth 

session when food remained available ad libitum.   

 

 Cocaine self-administration.  Drug-seeking behavior following pre-weanling 

exposure to chemotherapeutic agents MTX and Ara-C was explored using acquisition of 

cocaine self-administration.  As described in Ward and Walker (2009), chronically 

indwelling jugular cannulae were surgically implanted into mice at PND 45 following 

completion of food self-administration.  Two days after catheter implantation, each 

mouse was trained to self-administer 1.0 mg/kg/infusion cocaine under an FR-1 schedule 

of reinforcement during daily 2h sessions for 10 days (N=13).  Each response on the 

active nose-poke hole resulted in the infusion of cocaine paired with illumination of the 

center stimulus light and a 1s tone.  Acquisition was defined as 10 reinforced responses in 

the active nose-poke hole, with the total responses including at least 75% active nose-

poke hole responding (Rocha et al., 2002).  Mice that failed to reach the acquisition 

criteria after 10 days of training were considered to have not acquired cocaine self-

administration. 
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Data and Statistical Analysis 

To examine whether early exposure to MTX and Ara-C produced a significant 

effect on food self-administration, independent t-tests between saline and chemotherapy 

groups were performed for the number of Ensure deliveries obtained during the first and 

last sessions.  To measure acquisition of food self-administration within saline and 

chemotherapy groups, paired t-tests were used to compare the number of Ensure 

deliveries obtained during the first and last sessions.   

 To compare the percentage of subjects reaching criteria for acquisition of cocaine 

self-administration between groups, a percentage was calculated: 

% Subjects Acquiring = (Number of mice reaching acquisition criteria / Total 

number of mice in group)*100    

 To analyze cocaine self-administration for all mice, a repeated measures ANOVA 

was used.  Post-hoc comparisons were performed to examine differences between 

cocaine infusions obtained during the first session compared to the last day of criteria.  

One-way ANOVAs assessed differences in cocaine infusions between saline and 

chemotherapy groups on the first session and each day of criteria.  Significance was set at 

p < 0.05 for all statistical tests. 

 

Results 

Experiment 5: Novelty-seeking 

Latency, in seconds, to approach the novel objects and initiate exploration is 

displayed in Figure 10.  Saline controls began exploring the objects an average of 12.90 ± 

3.35 s after being placed into the testing cage.  Since an analysis of particular interest was 
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comparing latency between saline controls and chemotherapy-treated mice, Dunnett’s 

Multiple Comparisons post-hoc tests were used to compare each treatment group to 

saline.   

 

Figure 10. Effects of MTX and Ara-C on novelty-seeking: Latency to reach object.  
Latency to reach the novel objects and initiate exploration was compared between mice 
treated with saline, MTX, Ara-C, or a MTX and Ara-C combination (n=12).  Compared 
to saline controls, all chemotherapy groups were faster to initiate exploration of the novel 
objects, although only mice treated with 2 mg/kg MTX or the lower combination (1 
mg/kg MTX and 10 mg/kg Ara-C) displayed a significantly shorter latency.  *p < 0.05 
compared to saline.  Values are Mean ± SEM.  Ordinate: Latency to reach the novel 
objects, in seconds.  Abscissa: Saline or chemotherapy treatment group (dose in 
milligrams per kilogram, administered i.p.). 
 

A trend was observed in that mice treated with 1 mg/kg MTX (6.39 ± 4.40 s), 2 

mg/kg MTX (3.87 ± 1.11 s), 10 mg/kg Ara-C (5.56 ± 1.5 s), 20 mg/kg Ara-C (5.68 ± 2.65 

s), 1 mg/kg MTX and 10 mg/kg Ara-C (3.89 ± 0.78 s), or 2 mg/kg MTX and 20 mg/kg 

Ara-C (6.27 ± 1.13 s) all displayed a shorter latency compared to saline controls.  

Although all chemotherapy groups were faster to approach the novel objects and initiate 

exploration after being placed into the testing cage compared to saline controls, only the 

2 mg/kg MTX as well as the 1 mg/kg MTX and 10 mg/kg Ara-C groups reached 

statistical significance (p < 0.05).  
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Experiment 6: Sensitivity to AMPH, MPH, and ATX 

Conditioned Place Preference 

 Difference scores, defined as time spent on the AMPH, MPH, or ATX-paired side 

minus time spent on the saline-paired side on test day, are displayed in Figure 11, with a 

higher difference score indicating greater preference for the drug-paired side.  

Chemotherapy treatment groups were selected for the conditioned place preference 

experiments based on findings from Chapter 2 that pre-weanling exposure to 2 mg/kg 

MTX, 20 mg/kg Ara-C, or a combination of 2 mg/kg MTX and 20 mg/kg Ara-C 

produced significant impairment in short-term recognition memory as assessed by a 

novel object recognition task.  This is important to consider since clinical use of 

psychostimulants are prescribed only to childhood cancer survivors displaying 

neurocognitive late effects. 

 

 

 

 

 

*p < 0.05, ***p < 0.001 

 

A summary of statistical analyses for the conditioned place preference of AMPH, 

MPH, and ATX is presented in Table 3.  Within each psychostimulant treatment, the 

mice previously treated with saline displayed a preference for the higher dose of AMPH 

(4 mg/kg), the lower dose of MPH (1 mg/kg), and the lower dose of ATX (1 mg/kg).  

However, a one-way ANOVA revealed no significant differences between any of the 

Table 3. Summary of statistical analyses for conditioned place 
preference of AMPH, MPH, and ATX 

Pre-Weanling Treatment F (df) η2 

SAL n.s. -- 

2 MTX 3.12 (5,46)* 0.25 

20 Ara-C 6.94 (5,42)*** 0.45 

2, 20 6.20 (5,38)*** 0.45 
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AMPH, MPH, or ATX treatment groups (p > 0.05).  Mice previously treated with 2 

mg/kg MTX displayed a preference for both doses of AMPH, compared to either dose of 

MPH or ATX.  There was a significant main effect of psychostimulant treatment, and 

post-hoc tests revealed a difference between the lower dose of AMPH (1 mg/kg) and the 

lower dose of MPH (1 mg/kg) that approached significance (p = 0.06). 

The effect of psychostimulant treatment on conditioned place preference was 

larger in mice previously treated with 20 mg/kg Ara-C or the 2 mg/kg MTX and 20 

mg/kg Ara-C combination (Table 3).  The mice previously treated with 20 mg/kg Ara-C 

displayed a preference for both doses of AMPH and MPH compared to either dose of 

ATX.  Along with a significant main effect of psychostimulant treatment, post-hoc tests 

revealed a significantly higher preference for 1 mg/kg AMPH compared to 1 mg/kg ATX 

(p < 0.05), 4 mg/kg AMPH compared to 1 and 2 mg/kg ATX (p < 0.01), and 3 mg/kg 

MPH compared to 1 and 2 mg/kg ATX (p < 0.05).  Similarly, the mice previously treated 

with 2 mg/kg MTX and 20 mg/kg Ara-C displayed a preference for the lower dose of 

AMPH (1 mg/kg) and the higher dose of MPH (3 mg/kg) compared to either dose of 

ATX.  Post-hoc tests revealed a significantly higher preference for 1 mg/kg AMPH and 3 

mg/kg MPH compared to 1 mg/kg ATX (p < 0.001). 
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Figure 11. Effects of (A) saline, (B) 2 mg/kg MTX, (C) 20 mg/kg Ara-C, and (D) 2 
mg/kg MTX and 20 mg/kg Ara-C combination on conditioned place preference for 
amphetamine, methylphenidate, and atomoxetine.  A) Among mice treated with saline, 
no significant differences were found among psychostimulants.  B) Among mice treated 
with MTX, a significant main effect of psychostimulants was found.  C) Among mice 
treated with Ara-C, there was a significantly higher preference for AMPH (1 and 4 
mg/kg) and MPH (3 mg/kg) compared to ATX.  D) Among mice treated with a MTX and 
Ara-C combination, there was a significantly higher preference for AMPH (1 mg/kg) and 
MPH (3 mg/kg) compared to ATX.  Values are Mean ± SEM (n = 7-8).  *p < 0.05 
compared to 1 mg/kg ATX, **p < 0.01 compared to 1 mg/kg ATX, ***p < 0.001 
compared to 1 mg/kg ATX, ^p < 0.05 compared to 2 mg/kg ATX, ^^p <0.01 compared to 
2 mg/kg ATX.  Ordinate: Time spent on the drug-paired side minus time spent on the 
saline-paired side on test day, in seconds.  Abscissa: Dose of AMPH, MPH, or ATX in 
milligrams per kilogram, administered i.p.).   
 

The mice previously treated with MTX and Ara-C, presented alone or in 

combination, displayed greater preference for AMPH at a lower dose compared to mice 

previously treated with saline.  As revealed by a two-way ANOVA, there was a main 

effect of pre-weanling treatment (F(3,63) = 5.44, p < .01, η2 = 0.26) and a significant 

interaction between pre-weanling treatment and AMPH dose (F(3,63) = 5.85, p < 0.01, 
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η2 = 0.28).  At the lower dose of AMPH (1 mg/kg), posttests revealed a significantly 

higher difference score for the 2 mg/kg MTX (p < 0.001), 20 mg/kg Ara-C (p < 0.05), 

and combination group (p < 0.001) compared to saline.  At the higher dose of AMPH (4 

mg/kg), posttests revealed a significantly higher difference score for the 20 mg/kg Ara-C 

group compared to saline (p < 0.05).  No significant interaction was found between pre-

weanling treatment and MPH or ATX dose.   

In summary, the magnitude of effect of psychostimulant treatment on conditioned 

place preference, a measure of drug reward, was largest in mice previously exposed to 

Ara-C administered alone or in combination with MTX, compared to mice previously 

exposed to MTX alone or saline.  Among AMPH, MPH, and ATX treatment, 

significantly higher preference was found for the typical psychostimulants compared to 

either dose of ATX for mice treated with chemotherapy as pre-weanlings.  Compared to 

mice previously treated with saline, all chemotherapy-treated mice displayed significantly 

higher preference for AMPH at a lower dose, suggesting that the dose-response curve for 

AMPH may shift following early exposure to MTX and Ara-C.  However, this effect was 

not observed for MPH or ATX compared to saline controls.  

 

Locomotor Activity 

 Baseline locomotor activity for saline, 2 mg/kg MTX, 20 mg/kg Ara-C, and the 2 

mg/kg MTX and 20 mg/kg Ara-C combination group is displayed (Figure 12).  As 

revealed by a one-way ANOVA with Dunnett’s Multiple Comparison post-hoc tests, 

there was a main effects of treatment (F(3,90) = 4.75, p < 0.01, η2 = 0.14) with the 2 
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mg/kg MTX and 20 mg/kg Ara-C combination group exhibiting a significantly higher 

baseline activity level compared to saline (p < 0.05).  

 

Figure 12. Effects of MTX and Ara-C on baseline locomotor activity.  Total activity 
counts were compared between mice treated with saline, 2 mg/kg MTX, 20 mg/kg Ara-C, 
or a 2 mg/kg MTX and 20 mg/kg Ara-C combination (n = 28-32).  The combination 
treatment group displayed a significantly higher baseline activity level compared to saline 
controls.  *p < 0.05.  Values are Mean ± SEM.  Ordinate: Total number of beam breaks.  
Abscissa: Saline or chemotherapy treatment group (dose in milligrams per kilogram, 
administered i.p.).   
 

A summary of statistical analyses for locomotor activity following repeated 

injections of AMPH, MPH, or ATX is presented in Table 4.  Following a significant 

interaction between psychostimulant and pre-weanling treatment, separate one-way 

ANOVAs and Dunnett’s Multiple Comparisons post-hoc tests were used to compare 

activity counts between saline controls and chemotherapy-treated mice after each of three 

AMPH, MPH, or ATX injections. 
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Table 4. Summary of statistical analyses for locomotor activity following repeated injections 
of AMPH, MPH, or ATX 

 Repeated Measures One-way ANOVAs 
 Interaction Injection 1 Injection 2 Injection 3 

 F (df) 
Partial 
η2 F (df) η2 F (df) η2 F (df) η2 

AMPH         

1 2.84 
(6,60)* 

0.22 n.s. -- 
4.25 

(3,30)* 
0.30 

6.96 
(3,30)*** 

0.41 

4 n.s. -- -- -- -- -- -- -- 
MPH         

1 2.42 
(6,56)* 0.21 n.s. -- 

3.30 
(3,28)* 0.26 n.s. -- 

3 n.s. -- -- -- -- -- -- -- 
ATX         

1 n.s. -- -- -- -- -- -- -- 
2 n.s. -- -- -- -- -- -- -- 

*p < 0.05, ***p < 0.001 
 

Locomotor activity levels following three injections of 1 or 4 mg/kg AMPH are 

shown in Figure 13.  Compared to saline, 2 mg/kg MTX treated mice displayed 

significantly higher activity counts following the first, second, and third 1 mg/kg AMPH 

injection (p < 0.05).  Compared to saline, 20 mg/kg Ara-C treated mice displayed 

significantly higher activity counts following the second (p < 0.05) and third (p < 0.01) 1 

mg/kg AMPH injection.  Only the 20 mg/kg Ara-C group displayed significantly 

increased activity counts following the third 1 mg/kg AMPH injection compared to the 

first (p < 0.05).  There was no significant interaction between 4 mg/kg AMPH injection 

and pre-weanling treatment (p > 0.05). 
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Figure 13. Effects of MTX and Ara-C on locomotor activity following (A) 1 and (B) 4 
mg/kg amphetamine.  Total activity counts were compared between mice treated with 
saline, 2 mg/kg MTX, 20 mg/kg Ara-C, or a 2 mg/kg MTX and 20 mg/kg Ara-C 
combination (n = 7-8).  Mice treated with 2 mg/kg MTX or 20 mg/kg Ara-C displayed 
significantly higher activity counts following 1 mg/kg AMPH injections.  *p < 0.05, **p 
< 0.01 compared to saline.  Mice treated with 20 mg/kg Ara-C displayed significantly 
increased activity counts following the third 1 mg/kg AMPH injection compared to the 
first.  #p < 0.05 compared to own group Inj 1.  No significant differences were found 
following injections of 4 mg/kg AMPH.  Values are Mean ± SEM.  Ordinate: Total 
number of beam breaks.  Abscissa: Three injections of AMPH (i.p.).   
 
 

Locomotor activity levels following three injections of 1 or 3 mg/kg MPH are 

shown in Figure 14.  Compared to saline, the 2 mg/kg MTX and 20 mg/kg Ara-C treated 

mice displayed significantly higher activity counts following the second 1 mg/kg MPH 

injection (p < 0.05).  Mice treated with 2 mg/kg MTX, 20 mg/kg Ara-C, or 2 mg/kg MTX 

and 20 mg/kg Ara-C all displayed significantly decreased activity counts following the 

third 1 mg/kg MPH injection compared to the first (p < 0.01), whereas saline treated mice 

displayed similar levels of activity (p > 0.05).  There was no significant interaction 

between 3 mg/kg MPH injection and pre-weanling treatment (p > 0.05).  Separate 

repeated measures ANOVAs performed within each pre-weanling treatment group 

revealed that mice treated with saline or 2 mg/kg MTX and 20 mg/kg Ara-C displayed 
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significantly decreased activity counts following the third 3 mg/kg MPH injection 

compared to the first (p < 0.05). 

 

Figure 14. Effects of MTX and Ara-C on locomotor activity following (A) 1 and (B) 3 
mg/kg methylphenidate.  Total activity counts were compared between mice treated with 
saline, 2 mg/kg MTX, 20 mg/kg Ara-C, or a 2 mg/kg MTX and 20 mg/kg Ara-C 
combination (n = 7-8).  Mice treated with the combination displayed significantly higher 
activity counts following the second injection of 1 mg/kg MPH.  *p < 0.05 compared to 
saline.  Several groups displayed significantly decreased activity counts following the 
third 1 or 3 mg/kg MPH injection compared to the first.  #p < 0.05, ##p < 0.01 compared 
to own group Inj 1.  Values are Mean ± SEM.  Ordinate: Total number of beam breaks.  
Abscissa: Three injections of MPH (i.p.). 
 

Locomotor activity levels following three injections of 1 or 2 mg/kg ATX are 

shown in Figure 15.  There were no significant interactions between 1 or 2 mg/kg ATX 

injections and pre-weanling treatment (p > 0.05).  In summary, the greatest difference in 

locomotor activity level between mice previously treated with saline and chemotherapy 

occurred following the low dose of AMPH, with MTX and Ara-C groups displaying 

significantly higher activity counts when administered alone but not in combination.  The 

mice previously treated with a MTX and Ara-C combination displayed significantly 

higher activity counts, compared to saline, following the low dose of MPH.  However, no 

significant differences in activity level between groups were observed following 

injections of ATX. 
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Figure 15. Effects of MTX and Ara-C on locomotor activity following (A) 1 and (B) 2 
mg/kg atomoxetine.  Total activity counts were compared between mice treated with 
saline, 2 mg/kg MTX, 20 mg/kg Ara-C, or a 2 mg/kg MTX and 20 mg/kg Ara-C 
combination (n = 7-8).  No significant differences were found following injections of 1 or 
2 mg/kg ATX.  Values are Mean ± SEM.  Ordinate: Total number of beam breaks.  
Abscissa: Three injections of ATX (i.p.). 
 
 

 

Figure 16. Effects of a 1 mg/kg MTX and 10 mg/kg Ara-C combination on self-
administration of a food reinforcer.  Average number of Ensure deliveries was compared 
between mice treated with saline (open bars) or a combination of 1 mg/kg MTX and 10 
mg/kg Ara-C (filled bars).  Both saline and chemotherapy groups obtained significantly 
more reinforcer deliveries during the last session compared to the first session of food 
self-administration, and no difference in the number of reinforcers was found between 
groups (n=10).  #p < 0.05 compared to first session.  Values are Mean ± SEM.  Ordinate: 
Number of food reinforcers.  Abscissa: Session. 
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Experiment 7: Self-administration 

Food Self-administration 

 Acquisition of self-administration of a vanilla-flavored liquid reinforcer is 

displayed (Figure 16) for saline and chemotherapy groups.  A combination dose of 1 

mg/kg MTX and 10 mg/kg Ara-C was selected as the chemotherapy group for the self-

administration experiments because mice exposed to this treatment demonstrated 

significantly increased novelty-seeking behavior compared to saline in Experiment 5.  

Although the 1 mg/kg MTX and 10 mg/kg Ara-C group earned fewer reinforcer 

deliveries (9.7 ± 4.33) compared to saline (25.3 ± 7.29) during the first session, this effect 

did not reach statistical significance (p > 0.05).  There was no difference between groups 

in the number of reinforcer deliveries earned during the last session (p > 0.05), with both 

saline (t(9) = 4.78, p < 0.001) and chemotherapy (t(9) = 5.39, p < 0.001) groups obtaining 

significantly more reinforcer deliveries compared to the first session, demonstrating 

acquisition of food self-administration. 

 

Cocaine Self-administration 

The percentage of subjects acquiring cocaine self-administration is displayed 

(Figure 17).  In the 1 mg/kg MTX and 10 mg/kg Ara-C group 67 percent of mice met the 

criteria for acquisition of cocaine self-administration, while only 29 percent of saline-

treated mice acquired cocaine self-administration.   
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Figure 17. Effects of a 1 mg/kg MTX and 10 mg/kg Ara-C combination on percentage of 
subjects acquiring cocaine self-administration.  The percentage of subjects acquiring 
cocaine self-administration was compared between mice treated with saline (n=7) or a 
combination of 1 mg/kg MTX and 10 mg/kg Ara-C (n=6).  29% of saline-treated mice 
acquired cocaine self-administration, compared to 67% of chemotherapy-treated mice.  
Acquisition was defined as at least 10 infusions with 75% correct responding in the active 
nose-poke, over 3 consecutive days.  Values are a percentage.  Ordinate: (Number of 
subjects meeting criteria/ Total number of subjects)*100.  Abscissa: Saline or 
chemotherapy treatment group (dose in milligrams per kilogram, administered i.p.). 
 

Figure 18 displays the average number of infusions for saline and chemotherapy-

treated mice that reached acquisition criteria.  Overall, the number of infusions during 

day 3 of criteria was significantly higher than during the first session for both groups (p < 

0.05), but chemotherapy-treated mice earned a significantly higher number of cocaine 

infusions compared to saline-treated mice, as revealed by a repeated measures ANOVA 

(F(1,4)= 26.22, p < 0.01, partial η2 = 0.87).  As revealed by a one-way ANOVA, this 

difference between groups reached significance on day 2 of criteria (F(1,4)= 7.77, p < 

0.05, η2 = 0.66).  
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Figure 18. Effects of a 1 mg/kg MTX and 10 mg/kg Ara-C combination on self-
administration of 1 mg/kg/infusion cocaine.  Number of cocaine infusions over days of 
criteria was compared between mice treated with saline (n=2, filled triangles) or a 
combination of 1 mg/kg MTX and 10 mg/kg Ara-C (n=4, open squares).  The number of 
infusions on day 3 of criteria was significantly higher than on the first session for both 
groups, but overall chemotherapy-treated mice earned significantly more cocaine 
infusions compared to saline-treated mice.  *p < 0.05 compared to saline on day 2 of 
criteria.  Values are Mean ± SEM.  Ordinate: Number of cocaine infusions per session.  
Abscissa: Days of criteria. 
 

Discussion 

 In the current study, converging evidence supports the implication that pre-

weanling mice exposed to chemotherapeutic agents MTX and Ara-C display increased 

novelty- and drug-seeking behavior, as well as an augmented response to the rewarding 

effects of psychostimulants during adolescence and young adulthood.  The preclinical 

assessment of drug reward and drug-seeking behavior using a model of childhood 

chemotherapeutic treatment is both clinically relevant and unique.  To our knowledge this 

is the first study to undertake this endeavor, and several important implications have 

arisen from its results.   
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 Novelty-seeking behavior was assessed by measuring reactivity toward a pair of 

identical objects to which there was no prior exposure.  Findings indicate increased 

novelty-seeking in MTX and Ara-C treated mice, relative to saline controls, suggesting 

that childhood chemotherapy can enhance the novelty-induced arousal characteristic of 

adolescent rodents (Spear & Brake, 1983; Adriani & Laviola, 2000; Laviola et al, 2003).  

This expands previous reports of alterations in novelty-seeking behavior indicating that, 

in rats, stress or drug exposure during adolescence increases novelty-seeking in late 

adolescence and adulthood (Stansfield & Kirstein, 2007; Toledo-Rodriguez & Sandi, 

2011).  Novelty-seeking behavior was of interest since it is correlated with risk-taking 

behaviors and illicit drug use in humans, as the same neural substrates may underlie both 

incentive response to novelty and reward (Zuckerman & Kuhlman, 2000; Laviola et al, 

2003).  Of particular relevance to the current study is the relationship between high 

novelty preference and increased self-administration of AMPH (Klebaur et al., 2001) or 

response to cocaine (Hooks et al., 1991) in rodents.  

 Psychostimulant medications typically recommended for children with ADHD, 

such as MPH, have become a pharmacological treatment for the cognitive late effects 

experienced by childhood cancer survivors.  Due to the high abuse liability of these 

substances it is crucial to explore whether typical psychostimulants are a suitable 

treatment option for this population.  The present study expands the existing literature 

that demonstrates a conditioned place preference for psychostimulants in rodents 

(Belzung & Barreau, 2000; Meririnne, et al., 2001; Thanos et al., 2010).  Sensitivity to 

the rewarding and locomotor effects of AMPH and MPH in the saline-treated group is 

consistent in magnitude to previous reports of similar doses (Thanos et al., 2010).  
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However, AMPH appeared to be more efficacious at a lower dose in mice treated with 

MTX, Ara-C, or a combination of MTX and Ara-C, relative to saline controls.  

Augmented responses to the locomotor effects at this dose of AMPH (1 mg/kg) were also 

found in mice treated with MTX or Ara-C alone.  While, overall, chemotherapy-treated 

mice did not display a significantly higher preference for MPH compared to saline 

controls, a trend was observed in that a conditioned place preference for MPH was 

demonstrated in mice treated with Ara-C alone or in combination with MTX, but not in 

those treated with MTX alone.  Locomotor activity generally remained stable or 

decreased for all groups after repeated MPH administration.  Importantly, the fact that 

saline-treated mice displayed normal conditioned place preference and locomotor 

responses to these psychostimulants suggests that the changes observed in the 

chemotherapy-treated mice are not due to the effects of pre-weanling handling, injection, 

or stress, and are instead due to the drug treatment.  It should be noted that the 

chemotherapy treatments selected for these experiments were groups that revealed 

deficits in short-term recognition memory in Chapter 2 and, therefore, model the subset 

of childhood cancer survivors experiencing neurocognitive impairment during a time 

point when psychostimulant treatment would be most likely. 

 Although ATX presumably has a low abuse liability, to our knowledge this is the 

first preclinical assessment of the potential rewarding effects of that drug.  Somewhat 

unexpectedly, ATX produced a conditioned place preference in saline-treated mice but 

only at the lower dose (1 mg/kg).  The magnitude of this preference was comparable to 

the preferred doses of AMPH (4 mg/kg) and MPH (1 mg/kg) in this group.  Previous 

literature supports that a dose of 1 mg/kg ATX increases extracellular levels of 
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norepinephrine and dopamine in the prefrontal cortex in adolescent mice (Koda et al., 

2010) and rats (Ruocco et al., 2010).  The potential rewarding properties of ATX may 

discourage its use for treating attentional difficulties in the general adolescent population.  

However, as also demonstrated by the current findings, neither dose of ATX produced a 

conditioned place preference in any of the chemotherapy-treated mice.  This was 

particularly apparent when Ara-C was presented alone or in combination with MTX, as 

these groups displayed significantly lower preferences for ATX relative to doses of 

AMPH and MPH.  No change in locomotor activity was observed in any group across 

repeated ATX injections.  These findings have important clinical implications for using 

ATX as a pharmacological intervention for treating cognitive late effects in childhood 

cancer survivors in place of typical psychostimulants such as AMPH and MPH.  It is 

important to note that higher doses of ATX may be needed to produce a conditioned 

place preference in mice.  A more complete dose-response curve would strengthen the 

current findings. 

The lack of drug reward displayed by the chemotherapy-treated mice following 

ATX administration adds to existing evidence that supports its use in the childhood 

cancer survivor population, who exhibit decreased cell proliferation and lower volumes 

of normal-appearing white matter in areas such as the prefrontal cortex and hippocampus 

(Dietrich et al., 2006, Reddick et al., 2006; Carey et al., 2008).  There are indications that 

ATX increases BDNF expression and signaling in these brain areas (Fumagalli et al., 

2010).  Furthermore, there is evidence that antidepressants enhance neurogenesis in the 

hippocampus and block reduction of cell proliferation induced by chemotherapeutic 

agents such as MTX (Lyons et al., 2011) and 5-fluorouracil (ELBeltagy al., 2010).  ATX 
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also possesses cortical procholinergic and catecholaminergic effects in rats (Tzavara et 

al., 2006), effects generally observed to promote learning and memory (Micheau & 

Marighetto, 2011), and a centrally-acting cholinesterase inhibitor, donepezil, has recently 

been shown to significantly reduce 5-fluorouracil and MTX-induced cognitive deficits in 

mice (Winocur et al., 2011). 

Despite the inconsistency surrounding the literature about whether childhood 

cancer survivors have an increased, decreased, or similar level of substance use compared 

to the general population (see Rabin, 2011 for review), any amount of use is problematic 

due to vulnerability to the development of medical late effects and second malignancy 

that can be exacerbated through high-risk behavior.  This is especially relevant to those 

experiencing neurocognitive late effects, since poor decision-making skills have been 

linked to higher levels of substance use in this subset of survivors (Hollen et al., 2007; 

Lee et al., 2009).  Of additional concern is that childhood cancer survivors experiencing 

cognitive impairment are being prescribed psychostimulants with high abuse liability.  

Preclinical studies have demonstrated that exposure to AMPH or MPH alters reward 

system functioning, as demonstrated by increased sensitivity to other drugs of abuse, 

including morphine and cocaine (Achat-Mendes et al., 2003; Crawford et al., 2007; Yap 

& Miczek, 2007).  This is particularly troublesome given findings from the current study 

demonstrating that chemotherapy-treated mice had a higher rate of acquisition of cocaine 

self-administration and maintained a higher number of cocaine infusions across sessions, 

relative to saline controls.  This effect was specific to cocaine responding, since food self-

administration was similar for both groups.   
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Saline-treated mice displayed rates of cocaine infusions that are consistent with 

other self-administration studies using Swiss-Webster mice and 1 mg/kg/infusion of 

cocaine (Rocha et al., 2002; Yap & Miczek, 2007).  This augmented response to cocaine 

self-administration by the chemotherapy-treated mice is consistent with the sensitivity to 

the rewarding effects of AMPH and MPH observed in the conditioned place preference 

procedure.  Yap and Miczek (2007) found that AMPH pre-treatment significantly 

enhanced cocaine self-administration in Swiss-Webster mice.  This effect may be further 

amplified in our model of early chemotherapeutic treatment and should be pursued in 

future studies.   

 In summary, this study presents converging evidence from novelty-seeking, drug 

reward, and self-administration procedures that pre-weanling mice exposed to 

chemotherapeutic agents MTX and Ara-C, presented alone or in combination, can 

produce long-lasting changes that manifest later as increased sensitivity to novelty, 

reward, and drugs of abuse.  In addition, these findings discourage the use of typical 

psychostimulants to treat chemotherapy-induced cognitive deficits, and instead support 

alternative pharmacological options such as ATX.  The need for intervention programs to 

prevent substance use among childhood cancer survivors is also highlighted.     
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CHAPTER 5 

CONCLUSION 

 

Major Findings 

 The studies described herein present evidence collected through use of a novel 

preclinical mouse model of childhood chemotherapeutic treatment.  Although there is a 

growing literature examining the effects of cancer chemotherapeutics in preclinical 

models of learning and memory in adult rodents, those models are not adequate for 

assessing emergent effects of this type of treatment during childhood.  A notable aspect 

of the current model is that effects of early exposure to chemotherapeutic agents were 

measured within a developmental framework, which permitted assessment at a time point 

when late effects typically appear in the childhood cancer survivor population.  

Importantly, it does not appear that this protocol produces a detectable degree of stress or 

long-term weight loss in adolescence, when testing occurred.  Saline-treated groups 

displayed normal performance on each task relative to the literature and other previous 

experiments conducted in our laboratory, suggesting that the changes observed in the 

chemotherapy-treated mice were not due to the effects of pre-weanling handling, 

injection, or stress, and instead can be attributed to the drug treatment.  By means of this 

model the neurotoxic effects of two chemotherapeutics commonly used in the treatment 

of childhood leukemia, MTX and Ara-C, were assessed on measures of learning and 

memory, novelty-seeking, and drug reward.   
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Table 5. Summary of findings 
  1  

MTX 
2  

MTX 
10  

Ara-C 
20  

Ara-C 1, 10 2, 20 
Mean-adjusted 
latency, day 1  - ↓ - - ↓ ↓ 
Mean-adjusted 
latency, day 2 ↓ ↓ - - - ↓ 

Dipper response rate - - - - ↓ - 

Autoshaping- 
operant 

Non-reinforced 
response rate - - - - - - 

Discrimination 
index - ↓ - ↓ - ↓ Novel Object 

Recognition Total exploration 
time - - - - - - 

Acquisition - ↓ ↓ - - - 
Discrimination ratio: 
Extensive Training - - - - - - Conditional 

Discrimination 
Discrimination ratio: 

Rapid Training - - - - - ↓ 
Novelty-
seeking 

Latency to reach 
objects - ↑ - - ↑ - 

AMPH  ↑  ↑  ↑ 

MPH  -  ↑  ↑ 
Conditioned 

Place 
Preference 

ATX  -  -  - 

AMPH  ↑  ↑  - 

MPH  -  -  ↑ Locomotor 
Activity 

ATX  -  -  - 
Number of food 

reinforcers     -  

% Subjects 
acquiring (cocaine)      ↑  Self-

administration 

Number of infusions 
(cocaine)     ↑  

“↑” or “↓” indicates a significant increase or decrease after chemotherapy treatment, p < 0.05 
 “-” indicates no significant effect of chemotherapy treatment 
Blank spaces indicate treatment group was not tested 
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The experiments presented in Chapters 2 and 3 expand the preclinical literature 

addressed to chemotherapy-induced learning and memory deficits using young rodents, 

which previously has been limited mainly to acute administrations of single agents and to 

very few behavioral tasks (Yadin et al., 1983; Yanovski, et al., 1989; Mullenix, et al., 

1994; Stock et al, 1995; Li et al., 2010).  The experiments presented in Chapter 4 expand 

this literature by including, to our knowledge, the first preclinical assessment of novelty- 

and drug-seeking behavior, as well as sensitivity to a variety of psychostimulant 

treatments.  

A summary of the findings from all of the completed experiments involving early 

exposure to chemotherapeutics is presented in Table 5.  Overall, MTX appeared to be 

more efficacious for producing disruptions on learning tasks, whereas Ara-C (alone or in 

combination with MTX) produced greater increases on tasks related to drug reward.  

Although MTX and Ara-C combination groups often displayed significant decreases 

(learning tasks) or increases (novelty and drug reward tasks) compared to saline controls, 

the effect of combination treatment was not significantly different compared to groups 

receiving a single treatment of either MTX or Ara-C.  An exception to this was observed 

in the conditional discrimination procedure, where only the highest combination group 

showed deficits following rapid training.     

Several major important and clinically relevant implications have arisen from the 

results of this project.  The first major finding was the demonstration that pre-weanling 

treatment with MTX or Ara-C, presented alone or in combination, produced impairment 

in acquisition and retention of new repertoires during subsequent adolescence.  Across 

studies, chemotherapy-treated mice, relative to saline controls, displayed deficits in 
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acquisition of a learned operant response, including day 1 of the autoshaping-operant 

procedure (Chapter 2), Phase 1 of the conditional discrimination procedure (Chapter 3), 

and the first session of food self-administration (Chapter 4, although this last effect did 

not reach statistical significance).  Additionally, chemotherapy-treated mice displayed 

impairment in retention over both short (1h) and long (24h) intervals, as demonstrated in 

the Chapter 2 novel object recognition and autoshaping tasks, respectively.  These results 

are consistent with clinical studies suggesting that childhood cancer survivors are slower 

at learning new information (Palmer et al., 2001) and, throughout adolescence and 

adulthood, primarily show deficits in memory (Ashford et al., 2010; Kadan-Lottick et al., 

2010; Reddick & Conklin, 2010). 

 A second major finding was the demonstration that pre-weanling treatment with 

MTX or Ara-C, presented alone or in combination, produced only mild deficits on the 

conditional discrimination task in Chapter 3.  This suggests that extensive training or 

practice may help to reduce learning impairment.  Following a delayed acquisition, no 

differences in response accuracy were found between groups during the extensive 

training test session, demonstrating that comparable performance can be obtained 

between saline- and chemotherapy-treated mice even though, initially, it may take longer 

for the chemotherapy-treated mice to reach this level.  This supports the use of cognitive 

remediation and similar techniques in school-aged children who experience 

neurocognitive late effects from chemotherapy treatment.  At a preclinical level, results 

from Chapter 3 suggest that the adverse effects of MTX and Ara-C may not extend to all 

areas of the brain, but instead mainly impair tasks that are dependent on the frontal lobes 

or hippocampus.  Identification of these brain areas is consistent with the clinical 
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literature suggesting that childhood cancer survivors display lower volumes of normal-

appearing white matter in the frontal lobe and prefrontal cortex (Ciesielski et al., 1999; 

Reddick et al., 2006; Carey et al., 2008).  Both MTX and Ara-C administration have been 

linked to white matter changes, of which the frontal lobe may be particularly vulnerable 

(Gregorios et al., 1989; Filley, 1999; Moleksi, 2000), as well as to decreased cell 

proliferation, of which the hippocampus may be particularly vulnerable (Dietrich et al., 

2006; Seigers et al., 2010). 

 A third major finding was the demonstration that pre-weanling treatment with 

MTX or Ara-C, presented alone or in combination, can produce long-lasting changes that 

manifest later as increased sensitivity to novelty, to reward, and to drugs of abuse.  As 

shown in Chapter 4, chemotherapy-treated mice displayed, during adolescence, increased 

novelty- and drug-seeking behavior, as well as augmented responses to the rewarding 

effects of the psychostimulant AMPH.  AMPH appeared to be more potent in mice 

treated with MTX or Ara-C, administered alone or in combination, compared to mice 

treated with saline as pre-weanlings.  Although MPH produced a conditioned place 

preference in mice treated with Ara-C alone or in combination with MTX, this effect was 

not significantly different compared to mice previously treated with saline.  In contrast, 

ATX did not produce a conditioned place preference in any of the chemotherapy-treated 

groups, but the possibility that higher doses of ATX may produce this effect in mice 

cannot be dismissed.  This has important implications for the treatment of neurocognitive 

late effects in childhood cancer survivors, suggesting that use of typical psychostimulants 

should be discouraged in favor of alternative pharmacological treatments such as ATX 

which, as discussed in Chapter 4, is also supported by evidence that ATX may provide 
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neuroprotective effects in this population (Tzavara et al., 2006; Fumagalli et al., 2010; 

Lyons et al., 2011).  Nevertheless, more complete dose-response curves for AMPH, 

MPH, and ATX are needed to strengthen the current findings, and to allow stronger 

conclusions to be made regarding the impact of early treatment with chemotherapeutics 

on the rewarding effects of these types of medications.  Furthermore, findings support the 

need for intervention programs to prevent substance use among childhood cancer 

survivors.  This is particularly true for the subset of survivors who experience 

neurocognitive late effects and thus poor decision-making skills, which have been linked 

to higher levels of substance use (Hollen et al., 2007; Lee et al., 2009).  Given the unique 

challenges faced by this population, including chronic uncertainty (Lee et al., 2009), 

vulnerability to medical late effects (Robison, 2011), and impaired emotional regulation 

(Kadan-Lottick et al., 2010), adolescent and adult childhood cancer survivors should 

continually be monitored to prevent any substance abuse. 

 

Limitations 

 A major limitation of the preclinical model of childhood chemotherapeutic 

treatment developed for this project is that treatment and behavioral testing were 

conduced at only one time point.  The adolescence phase was selected for testing since, in 

a subset of survivors, neurocognitive late effects may emerge several years following 

completion of treatment.  Additional time points should be examined in future studies to 

assess whether the chemotherapy-induced deficits found in the present set of experiments 

persist into adulthood.  Chronic treatment over a 3-day period at PND 14, 15 and 16 was 

selected based on previous studies, guidelines about developmental milestones in mouse 
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pups, and pilot testing.  Since an ALL patient aged one to nine years (displaying either of 

the two favorable genetic abnormalities characteristic of this age group) is considered 

standard-risk, this model aimed to approximate a human child age 5-7 years old receiving 

the average two years of treatment (Pui & Evans, 2006).  In future studies, allometric 

techniques should be used to convert human dosing schedules to comparable mouse 

schedules.  This would allow the temporal comparisons for repeated dosing to be made 

with pharmacokinetic equations that take into account maximum lifespan potential, body 

and brain weight (Boxenbaum, 1982; Tang & Mayersohn, 2005) and the fact that growth 

between PND 14-16 is exponentially compressed.  Although the present set of 

experiments are limited by these factors, multiple doses of two chemotherapeutics were 

tested within a developmental framework, thereby setting the stage for expansion in 

future investigations.  

 Another challenge with this project arose in the self-administration experiments 

presented in Chapter 4.  Although the findings with cocaine self-administration were 

consistent with evidence from the novelty-seeking and conditioned place preference 

studies, conclusions are limited when this study is considered on its own.  Difficulties 

emerged from use of the mouse strain that had been chosen in order to keep consistency 

with all other experiments (Swiss-Webster) in the present projects.  In contrast, the 

majority of self-administration experiments reported in the literature have been 

accomplished with C57Bl/6 mice placed on a reverse light/dark cycle (Thomsen & Caine, 

2006; Caine et al., 2007; Ward & Walker, 2009; Ward et al., 2011).  The saline-treated 

Swiss-Webster mice in the experiment presented here displayed a low rate of acquiring 

cocaine self-administration and, when acquisition was successful, earned about half as 
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many cocaine infusions compared to results reported for C57Bl/6 mice (Thomsen & 

Caine, 2006; Caine et al., 2007; Ward et al., 2011).  However, it should be noted that 

rates of cocaine infusions were consistent with the few other self-administration studies 

using Swiss-Webster mice at what has been proposed as the optimal training dose for this 

strain, 1 mg/kg (Rocha et al., 2002; Yap & Miczek, 2007).  Due to these difficulties, we 

were able to test only one MTX and Ara-C combination, and sample size remained small, 

particularly in the saline-treated group. 

 An additional limitation of the studies presented here is that sample sizes were 

small for males and females within each treatment group for all experiments and, as a 

result, it was not possible to make reliable conclusions about sex differences.  This is an 

important factor to consider, however, for the clinical literature suggests that girls are 

more susceptible to the neurotoxic effects of treatment, and therefore display greater 

cognitive impairment (Jazen & Speigler, 2008; Buizer et al., 2009).  Future preclinical 

studies focusing on sex differences in chemotherapy-induced learning deficits are needed 

in this area.    

 

Future Directions 

 In addition to sex differences, additional chemotherapeutics used in the treatment 

of childhood cancer besides MTX and Ara-C, such as cyclophosphamide, 6-

mercaptopurine, and vincristine, should be assessed using this preclinical model.  This 

could isolate individual contributions of these agents to neurocognitive deficits, which 

remain elusive due to the complex treatment regimens included in clinical studies (see 

Bisen-Hersh et al., 2011 for review).  In addition, to further strengthen this model, 
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pharmacokinetic studies should be conducted to capture the complete pharmacokinetic 

profile of each chemotherapeutic agent and determine drug levels in the brain and 

plasma, which would allow doses to be accurately scaled from human to pre-weanling 

mouse (Argikar et al., 2010; Sharan and Nagar, 2010). 

As preclinical models of chemotherapy-induced learning and memory deficits of 

adults have already resulted in potential interventions to test in the clinical population, 

including pharmacological treatment and physical exercise (EL Beltagy et al., 2010; 

Fardell, et al., 2010; 2012; Lyons et al., 2011), the current model should be used to 

investigate these as well as develop new possible interventions for childhood cancer 

survivors.  Finally, all of the studies presented herein were conducted in naïve mice 

treated with chemotherapeutics, as oppose to mice bearing an ALL-related cancer.  While 

it would be a logical next step to use a rodent ALL cancer model once it becomes more 

widely available (Ito et al., 2012) the validity of using healthy rodents is supported by the 

finding that tumor presence does not potentiate a MTX-induced decreased of cell 

proliferation in the hippocampus (Seigers et al., 2010).      

 In summary, the findings presented here provide clinically relevant evidence that 

expands the literature concerning neurocognitive late effects that result from childhood 

chemotherapy treatment.  Through the translational philosophy of joining research on 

chemotherapy-induced late effects from the preclinical and clinical literatures, hopefully 

a child’s fight with cancer will one day end with remission. 
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