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Abstract

Cancer survivors diagnosed during infancy and adolescence may be at risk for chemotherapy-
related cognitive impairments (CRCI), however the effects of pediatric chemotherapy treatment on
adulthood cognitive function are not well understood. Impairments in memory, attention and
executive function affect 15-50% of childhood leukemia survivors related to methotrexate
exposure. Systemic cisplatin is used to treat a variety of childhood and adult cancers, yet the risk
and extent of cognitive impairment due to platinum-based chemotherapy in pediatric patients is
unknown. Systemic cisplatin penetrates the CNS, induces hippocampal synaptic damage, and
leads to neuronal and neural stem/progenitor cell (NSC) loss. Survivors of non-leukemic cancers
may be at risk for significant cognitive impairment related to cisplatin-driven neurotoxicity. We
sought to examine the long-term effects of systemic cisplatin administration on cognitive function
when administered during infancy and adolescence in a rat model.

We performed cognitive testing in adult rats exposed to systemic cisplatin during either infancy or
adolescence. Rats treated as adolescents showed significantly poor retrieval of a novel object as
compared to controls. Further, cisplatin-treated infants and adolescents showed poor contextual
discrimination as compared to controls, and an impaired response to cued fear conditioning.
Ultimately, systemic cisplatin exposure resulted in more profound impairments in cognitive
function in rats treated during adolescence than in those treated during infancy. Further, exposure
to cisplatin during adolescence affected both hippocampus and amygdala dependent cognitive
function, suggesting a more global cognitive dysfunction at this age.
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1. Introduction

Cognitive impairment is a well-described consequence of cancer treatment, with 17-75% of
cancer survivors reporting persistent memory problems years after completion of therapy
[1,2]. Cognitive abnormalities observed in cancer survivors typically include impairments in
memory, attention, processing speed and executive function [3-6]. A variety of causes
including direct chemotherapy neurotoxicity as well as indirect toxicity related to hormonal
abnormalities, oxidative stress, treatment-associated metabolic changes, inflammatory
activation, cancer-related symptoms (pain, fatigue) and medical co-morbidities (anemia,
renal dysfunction, cardiotoxicity) have been implicated in the pathogenesis of cancer-related
cognitive impairment [7,8]. CNS-penetrating chemotherapy, particularly high doses of
systemic and intrathecal methotrexate used in pediatric acute lymphoblastic leukemia
treatment regimens, can cause chronic leukoencephalopathy and have been most strongly
implicated in chemotherapy-related cognitive impairment (CRCI) [9-11]. The clinical
impact of other non-antimetabolite chemotherapeutic agents on cognition in children and
adolescents is not known [12-14].

Cisplatin is a CNS penetrating chemotherapeutic agent used to treat a number of
malignancies including common pediatric and young adult cancers such as neuroblastoma,
hepatoblastoma, germ cell tumors and primary central nervous system neoplasms [15,16].
Recent National Cancer Institute Surveillance, Epidemiology, and End Results (SEER) data
confirm that the peak incidences of the above mentioned cancers occur during infancy
and/or adolescence, thereby making these patient populations at particular risk of developing
side effects attributable to cisplatin [17].

To examine, the effects of early-life cisplatin exposure on cognition function in young
adulthood, we developed an infant and adolescent rodent model of CRCI. Rats have a brief
and accelerated childhood compared to humans [18]. The most common method to assess
infancy in rats is based on weaning age. Rat pups are weaned at post-natal day 21 (P21) and
the average weaning age for humans is approximately 6 months. Rats reach peak
adolescence at approximately 38 days (P38), and transition into adulthood at approximately
P63. In contrast, humans reach adolescence at approximately 11.5 years, and enter
adulthood at 18 years of age. Based on these developmental stages, we administered
cisplatin (2 mg/kg/day) to Sprague Dawley rats at P25-P29 or P35-P39, and examined
cognitive function in young adulthood (P65). These rat developmental stages correlate with
human infancy (0-2 years) and adolescence (11-18 years), respectively [18,19].

The neurotoxic effects of a variety of chemotherapeutic agents (cisplatin, methotrexate,
cyclophosphamide, carmustine, 5-florouracil, cytarabine) have been examined in the pre-
clinical setting and are associated with neurotoxicity and cognitive impairment [3,4,20-23].
Specifically, we have previously reported that low-dose /n-vitro cisplatin exposure induces
apoptosis in cultured rat hippocampal neurons and neural stem/progenitor cells (NSC) [22].
Further, we showed that acute /n-vivo cisplatin (6 mg/kg, 10 mg/kg) exposure causes a time-
dependent loss of hippocampal dendritic branching and dendritic spine density in adult rats
[22]. When treated with a chronic cisplatin regimen (5 mg/kg/week for 4 consecutive
weeks), adult male rats exhibited significant impairments in three cognitive tasks [24].
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Additional behavioral studies in the adult rodent population have yielded data showing the
development of hippocampal-dependent cognitive impairment. One reported pre-clinical
model has explored the development of cognitive deficits in pre-weanling rodents exposed to
chemotherapy (methotrexate and cytarabine mimicking childhood acute lymphoblastic
leukemia treatment); however, a paucity of models exploring the late cognitive effects of
non-antimetabolite chemotherapy, specifically with a pediatric focus during infancy and
adolescence, exists [25]. Given the common use of cisplatin to treat a variety of pediatric
cancers and the known effect of cisplatin on neural structures, we sought to develop a pre-
clinical pediatric model examining the long-term cognitive function of infant and adolescent
rodents treated with cisplatin.

2. Methods

2.1. Animals

Animal studies were performed in accordance with the guidelines established by the
Institutional Animal Care and Use Committee (IACUC) of the University of California,
Irvine. All experiments were approved by the IACUC and conformed to National Institutes
of Health standards.

2.2. Chemotherapy application in-vivo

Thirty-nine male Sprague-Dawley rats (Charles River, San Diego, CA, USA) were obtained
weaned from their mother at post-natal day 21 (P21). Treated rats received intraperitoneal
cisplatin dissolved in 0.9% saline (Fresenius Kabi USA, LLC) dosed at 2 mg/kg/day for 5
consecutive days beginning at post-natal day 25 (P25, infancy) or post-natal day 35 (P35,
adolescence). Age-matched controls received 0.9% saline of a similar volume. Mannitol
(APP Pharmaceuticals, 125 mg/kg, intraperitoneal) was administered 1 h prior to CDDP, to
minimize renal toxicity and increase diuresis. Additional intraperitoneal injections of 0.9%
saline were given as needed for supportive care.

2.3. Behavioral testing

Cogpnitive testing was completed during adulthood (post-natal day >65) including a novel
object recognition task (NOR), context object discrimination (COD) task, and fear
conditioning (FC) (Fig. 1) [26-30]. Each cognitive task was performed in different rooms
and arenas, and the objects used for NOR were distinct from those used for COD. A pilot
experiment included 3 rats in each group (n = 9) treated as above and tested via the NOR
task at post-natal day 65—70. A second experiment included 5 rats per treatment group (n =
15). Three rats in the adolescent group (CDDP-P35) died of complications of chemotherapy
exposure (renal toxicity). The remainder of the rats completed the NOR task at post-natal
days 65-68 (P65—P68), COD task at post-natal days 75-78 (P75-P78) and FC task at post-
natal day 93-94 (P93-P94). A third experimental group was added to this study, including 5
control, 5 infant and 8 adolescent rats treated and tested using the same conditions as the
second cohort. Three control rats were excluded from the FC analysis due to lack of
response to conditioning; they failed to freeze in response to the foot-shocks administered
during training, and as a result did not exhibit to freeing behavior during the post-training
session, context test, nor cue-test.
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2.3.1. Novel object recognition (NOR)—First, rats were tested for recognition of a
novel object [29,30]. Rats were individually placed in a quiet room in an open Plexiglas
square arena (60 cm x 60 cm x 60 cm) lined with black cardboard. After habituation to the
arena, each rat was given 5 min per day on 2 consecutive days to explore 2 identical objects
in the arena. The test trial was performed 24 h later such that each rat was presented with
one familiar object paired with a novel object for 5 min.

2.3.2. Context object discrimination (COD)—Individual rats were exposed to 2
different environmental arenas (Arena A and Arena B) located in adjacent rooms. Each rat
was given 5 min in each arena per day on 2 consecutive days to freely explore. Between
training sessions each rat was returned to the home cage for a 20 min interval [28]. Each
environment had 2 identical objects unique to the environment. The order of context
presentation was counterbalanced between subjects and across days. On day three each rat
was tested for 5 min in a modified environment (Arena A’) where one of the objects from
Arena B replaced one of the objects from Arena A. The total time each rat explored each
object was recorded.

2.3.3. Fear conditioning (FC)—The fear conditioning task was administered at post-
natal day 93-94 (P93-P94). Two similar but distinct chambers, each housed within a sound-
attenuating chamber, were used for fear conditioning [31]. The floor of the conditioning
chamber consisted of 18 steel rods wired to a shock generator (Coulborn Instruments) for
foot-shock delivery. The fear-conditioning paradigm used was based on previous studies on
chemotherapy-treated rodents [26,27]. Specifically, the fear-conditioning task consisted of
three distinct phases: a training phase, a context test phase and a cue test phase. During fear
conditioning rats were individually placed in a chamber for 5 min (baseline), exposed to 5
tone pairings (90 db, 2000 Hz-shock, [1 mA, 1 s]) for 5 min and then left in the conditioning
chamber for an additional 5 min (post-training). The following day the rats were returned to
the conditioning chamber for 5 min to assess conditioned freezing to the context (context
test). No tone or shock was administered during the context test. When memory for the
context-shock conditioned association is intact rats spend a significant portion of the context
test freezing. The cue test was then administered 1 h after the context test. For cue testing,
rats were placed in a novel context for 1 min (pre-cue test) followed by a 3- min tone
presentation (cue test) and an additional 1-min (post-cue test). Freezing behavior was
defined as complete immobility with the exception of breathing movements and scored as a
percent of the overall time for each phase.

3. Statistical analysis

Graphs and statistical analyses were prepared using GraphPad Prism 5.0 Software
(GraphPad Software, La Jolla, CA, USA). Results are expressed as mean + SEM.
Comparisons between treatment groups were made by unpaired Student’s #test or two-way
ANOVA. Fear conditioning analysis was performed using two-way RM ANOVA. Statistical
significance levels were set at 0.05. Post hioc analysis was made by Bonferroni correction.
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4. Results

4.1. Cisplatin treatment during adolescence causes impaired novel object recognition

The NOR task utilizes the natural tendency of animals to explore novel objects relative to
familiar objects [32]. During NOR testing, all groups showed similar total object exploration
times indicating similar engagement and activity level (Fig. 2A). Controls and rats exposed
to cisplatin during infancy spent significantly more time exploring the novel object
compared to the familiar object (p= 0.0015 and o = 0.0141); however, rats exposed to
cisplatin during adolescence displayed no preference in exploring either object (p= 0.4341).
A two-way ANOVA revealed a significant difference in object exploration (/1 72 = 5.574, p
=0.0209), but no significant difference between treatment groups (/2,72 = 0.9079, p=
0.4079), nor a difference in interaction between treatment groups and object exploration
(F,72) = 2.718, p=0.0728) (Fig. 2B). Cisplatin treatment during adolescence, but not
infancy, impaired the ability to recognize a novel object from a previously experienced
familiar object. Together these data suggest that cisplatin treatment may have an age-
dependent effect on cognitive function.

4.2. Cisplatin treatment during infancy and adolescence causes diminished contextual
discrimination

The COD task tests for context discrimination, which requires hippocampal-dependent
pattern separation skill [30]. During the COD testing all groups showed similar total object
exploration times (Fig. 3A). The control group explored the out-of-context object more than
the in-context object (p = 0.0009); however, rats exposed to cisplatin during infancy and
adolescence showed no bias between objects (infants: p=0.7142, adolescents: p = 0.6867).
A two-way ANOVA revealed a significant difference between treatment groups (A1 54) =
8.822, p=0.0044), but no significant difference between object exploration (A2 s4) =
0.1681, p=0.8457), nor a difference in interaction between treatment group and object
exploration (A2 s4) = 2.004, p=0.1447) (Fig. 3B). Cisplatin treatment diminished the ability
to distinguish a previously experienced object placed in a different context. This effect was
most prominent in the subjects treated during adolescence.

4.3. Cisplatin treatment during infancy and adolescence causes decreased response to a
conditioned cued stimulus

Fear conditioning assesses the ability of rodents to learn and remember an association
between environmental cues and aversive experiences via evaluation of freezing behavior in
response to a conditioned context or cue [33]. After being tested on novel object recognition
and contextobject discrimination, the animals were tested on the fear conditioning task (Fig.
4A). While contextual fear conditioning requires an intact hippocampus, cued fear
conditioning relies on the amygdala [34,35]. A two-way RM ANOVA revealed a main effect
of testing phase (£ 120y = 74.61, p< 0.0001), treatment group (A2,120) = 6.120, p=
0.0071), and treatment group by phase interaction (~10,120) = 4.678, p < 0.0001) for the
percent time spent freezing during the fear conditioning task. During the context-test phase,
cisplatin-treated infant and adolescence rats spent decreased percentages of time freezing
compared with the control animals, although not significant (infants: p= 0.1405;
adolescents: p=0.1737). Surprisingly, cisplatin treatment affected cued-memory such that
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both cisplatin-treated infants and adolescents spent significantly decreased percentages of
time freezing in response to 5 tone-shock pairings, as compared to the control subjects
(infants: p=0.0003; adolescents: p=0.0412). The groups did not differ significantly in the
freezing behavior across baseline, post-training, context-test, and pre-cue, suggesting that
the deficits may be selective to the amygdala-dependent cue memory phase of the task - the
tone to which the foot-shock was paired.

5. Discussion

As most of the current pre-clinical studies on CRCI have been performed on adult rodents,
we recognized a need to develop a model exploring the effects of chemotherapy on the
developing brain. We have previously shown that when administered chronically to adult
male Sprague Dawley rats, cisplatin (20 mg/kg) impaired performance in novel object
recognition, context object discrimination, and contextual but not cued fear conditioning
[24]. In the adult population, ovarian cancer patients treated with cisplatin consistently
develop CRCI during and after platinum-based chemotherapy [36]. A study that examined
advanced ovarian cancer patients in detailed neuro-cognitive tests detected impairments in
two or more cognitive domains in 40% of cisplatin chemotherapy recipients [37]. However,
studies examining the effects of platinum-chemotherapy in pediatric rodent models and in
the adolescent and young adult (AYA) cancer survivor population are lacking.

Childhood and adolescence are distinct yet similarly robust periods of brain development
and maturation of cognitive skills, which are vulnerable to harmful environmental influences
such as illicit drug exposure [38]. Similarly, the developing rodent brain has been shown to
be more vulnerable to toxins or stress as compared to the matured rodent brain [39]. These
differences in vulnerability obviate the need for the development of pediatric pre-clinical
models of CRCI to parallel those for adults. Here we developed a model of CRCI for
examining cisplatin-induced cognitive impairments in an infant (P25) and adolescent (P35)
rat model. Our current data shows that cisplatin, when administered during infancy and
adolescence, causes long-term cognitive impairment; however, the degree and type of
impairment appears to differ with age at time of cisplatin exposure. Understanding the age-
dependent and agent-specific differences in CRCI will be important in developing effective
supportive and preventative strategies to preserve cognitive function in growing cancer
survivor populations.

Given that cisplatin exposure reduces dendritic branching and spine density and induces
apoptosis of neurons and NSC within the hippocampal formation [24,40], it follows that
cognitive tasks that require the hippocampus would be highly susceptible to cisplatin, and
the effects of cisplatin on cognitive function should be explored. The hippocampus is
required for spatial and contextual memory [33]. Specifically in rodents, the hippocampus
participates in the recollection of where and in what context an object is encountered [33].
Further, the hippocampus is crucial for forming an association between an aversive
experience (foot-shock) and the context in which it occured [34]. COD and context fear
conditioning tasks evaluate for intact hippocampus function. In addition to hippocampal
specific behavior testing, we utilized other tasks involving cortical brain regions and the
amygdala to evaluate cognition function more globally (Table 1). The amygdala participates
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in memory processing and emotional reaction and plays a critical role in the formation of an
association between an unconditioned stimulus and a cued stimulus [34,35]. Contextual fear
conditioning requires an intact hippocampus; however, the cued fear conditioning
component of the task requires intact amygdala function. The NOR task differs from all
previous tests in that it assesses general memory function, which requires an intact temporal
lobe including hippocampus as well as adjacent cortical structures [32].

6. Conclusions

Our data indicates that rats exposed to systemic cisplatin during infancy and adolescence
experience impairment of cognitive function. The degree and type of cognitive dysfunction
may depend on age at time of cisplatin exposure. Rodents treated during adolescence may
develop greater impairment in cognitive tasks than those treated during infancy, as evidenced
by impaired performance on the NOR and COD; however, neither group showed significant
impairment on the contextual FC (Table 2). A more strongly powered follow-up study may
help confirm these conclusions and define the subtle cognitive changes caused by cisplatin
exposure at various ages. While cisplatin-associated cognitive impairment may involve the
hippocampus, rats treated with cisplatin during adolescence appear to experience more
global cognitive deficits. Amygdala functions are diminished after cisplatin exposure in
infancy and adolescence. Previous data has shown that activation of neural circuitry
pathways involving the nucleus of the amygdala contribute to cisplatin-induced malaise and
energy balance dysregulation [41]. Changes in pathway activation or direct neural toxicity in
the amygdala may explain the impairment in amygdala-dependent cognitive tasks in the
pediatric rodents. Further, adolescent rats showed significant lack of discrimination of a
novel object in the NOR testing indicating more global disruption of neural circuitry
involving cortical brain regions. This was not seen in the population exposed during infancy
that exhibited comparable discrimination for a novel object to controls.

The differences in cognitive performance between the subjects exposed to cisplatin during
infancy and adolescence may be attributed to neurodevelopmental changes that occur at
these distinct stages [42]. Infancy is a critical period of robust neurodevelopment. Key
developmental processes that occur in infancy in humans as well as rodents include: brain
reaches 90-95% of adult weight [43] peak in synaptic density [44] and myelination rate, and
neurotransmitter and receptor changes. In rodents, the critical period of synaptogenesis
occurs during the first three post-natal weeks of life, peaking by P25. In addition, NMDA
subunit expression peaks by P20 in the rat hippocampus and cortex [45]. During
adolescence, there is specialization and strengthening of neural networks, reduced synaptic
density which reaches adult levels, and refinement of cognitive-dependent circuitry [46]. The
robust neurodevelopment that occurs during infancy may facilitate the recovery of cognitive
function following chemotherapy treatment, whereas during adolescence, chemotherapy
treatment may result in cognitive impairments, which persist long into adulthood.

In our evaluation of young rats exposed to cisplatin we were able to detect an effect of
cisplatin on long-term cognitive function after rats entered adulthood. In addition to
detection of hippocampal-dependent changes, we also detected a potentially more global
effect of cisplatin on cognition, which may be age-dependent and include the amygdala and
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cortical circuitry. Further exploration of CRCI, specifically regarding the effect of cisplatin
exposure on the developing brain, is imperative not only in developing a more
comprehensive understanding of CRCI, but also in devising targetable mechanisms for
treatment and prevention.
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HIGHLIGHTS

. A pediatric rodent model for chronic cisplatin-related cognitive impairment is
proposed.

. Extent of cognitive impairment in the chemotherapy exposed pediatric rodent
population appears to vary based on age of exposure and neurodevelopmental
stage.

. Rats exposed to cisplatin during infancy show hippocampal-dependent
cognitive impairment.

. Rats exposed to cisplatin during adolescence show more global cognitive

deficits.
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Fig. 1. Experimental Design
Rats received CDDP (2 mg/kg/day) for five consecutive days at P25-P29 (infancy) or P35—

P39 (adolescence). Age-matched controls received 0.9% saline of similar volume. Cognitive
testing was completed during adulthood, including novel object recognition (NOR) at P65—
P70, context object discrimination (COD) at P75-P78, and fear conditioning (FC) at P93-
P94,
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Fig. 2. Novel Object Recognition
During NOR testing all groups showed similar total exploration times (A). As expected,

control (n = 13) and CDDP-P25 (n = 13) rats explored a novel object (NO) significantly
more than a familiar object **p < 0.005 and *p < 0.02; however, exploration between
objects for the CDDP-P35 (n = 13) rats was not different (B). Error bars are SEM.
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Fig. 3. Context Object Discrimination
During COD testing all groups showed similar total exploration times (A). As expected,

control (n = 10) rats explored an out-of-context object significantly more than a familiar
object; (***p = 0.001); however, exploration between objects for the CDDP-P25 (n = 10)
and CDDP-P35 (n = 10) rats was not different (B). Error bars are SEM.
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Fig. 4. Fear Conditioning
Schematic of Fear Conditioning paradigm (A). During context and cued fear conditioning

both CDDP-P25 (n = 10) and CDDP-P35 (n = 10) rats showed a trend toward decreasing
freezing response during the context test (p = 0.14 and p = 0.17) as compared to controls (n
= 7). During the Cue and post-Cue Test, CDDP-P25 rats showed significant decrease in
freezing (***p < 0.001). During the Cue Test, CDDP-P35 rats showed significant decreased
freezing response (*p < 0.05) which persisted to a lesser degree in the Post—Cue Test (p =
0.06) (B). Error bars are SEM.
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Table 1
Neural systems involved in behavioral tasks.
Novel Object Context Object Fear Conditioning
Recognition Discrimination
. Hippocampus . Hippocampus . Hippocampus
. Frontal Cortex . Amygdala
. Perirhinal, entorhinal, and inferior . Frontal/Ventromedial/Cingulate Cortex

temporal cortices
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Table 2

Summary of cognitive testing results.

Group NOR COD FC

Context-Test  Cue-Test

Control + + + +
CDDP-P25  + - + -
CDDP-P35 - - + -

+Indicates intact discrimination of objects (NOR, COD), or intact freezing behavior in FC. — Indicates impaired discrimination of object (NOR,
COD), or poor freezing behavior in FC.
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