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Abstract
Purpose—Chemotherapeutic agents are known to produce persistent cognitive deficits in cancer
patients. However, little progress has been made in developing animal models to explore underlying
mechanisms and potential therapeutic interventions. We report an electrophysiological model of
chemotherapy-induced cognitive deficits using a sensory gating paradigm, to correspond with
performance in two behavioral tasks.

Experimental Design—Mice received four weekly injections of methotrexate and 5-fluorouracil.
Whole-brain event-related potentials (ERPs) were recorded throughout using a paired-click
paradigm. Mice underwent contextual fear conditioning (CFC) and novel-object recognition testing
(NOR).

Results—Chemotherapy treated animals showed significantly impaired gating five weeks after
drug treatments began, as measured by the ratio of P1-N1 between first and second auditory stimuli.
There was no effect of drug on the amplitude of P1-N1 or latency of P1. The drug treated animals
also showed significantly increased freezing during fear conditioning and increased exploration
without memory impairment during novel object recognition.

Conclusions—Chemotherapy causes decreased ability to gate incoming auditory stimuli, which
may underlie associated cognitive impairments. These gating deficits were associated with a
hyperactive response to fear conditioning and reduced adaptation to novel objects, suggesting an
additional component of emotional dysregulation. However, amplitudes and latencies of ERP
components were unaffected, as was NOR performance, highlighting the subtle nature of these
deficits.
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Recent data suggest that there may be a greater degree of neurotoxicity and cognitive decline
following treatment of non-CNS tumors with systemic chemotherapy than was previously
recognized. Over the last decade, several longitudinal clinical studies have established a strong
connection between cancer chemotherapy and cognitive deficits, even when controlling for
differences in gender, cancer diagnosis, drug treatment regimen, dosage administered, and
related psychological comorbidities such as depression or anxiety (Schagen et al., 1999,
Dietrich et al., 2006). These findings, colloquially referred to as ‘chemo-brain’, have received
much concern of late, with recent reviews and a 2003 conference (Tannock et al., 2004, Ahles
and Saykin, 2007) stressing the need to develop an appropriate animal model, to create a
sensitive neuropsychological paradigm to detect these deficits, and to probe involved neural
circuitry with neuroimaging.

We addressed these gaps in the literature by investigating the effects of chemotherapy on
sensory information processing and cognitive-behavioral functioning in a mouse model. We
employed a sensory gating paradigm using auditory event-related potentials (ERPs) in which
whole-brain electrical activity is recorded while animals are presented with pairs of identical
auditory stimuli (termed S1 and S2). Neural responses are correlated with the onset of each
stimulus such that extraneous electrical activity is averaged out and the remaining waveform
reflects coordinated activity of the neural generators in the auditory information processing
pathway. Previously, we developed and utilized mouse models for measuring auditory event
related potentials following either pharmacological or genetic manipulations that are relevant
to psychiatric conditions (Connolly et al., 2003, Siegel et al., 2003, Maxwell et al., 2006a,
Maxwell et al., 2006b, Metzger et al., 2006). In humans, early ERPs (1–8ms) represent
activation of brainstem structures such as the cochlear nucleus; mid-latency ERPs (8–40ms)
indicate forebrain activity including thalamus and hippocampus and long-latency ERPs (50–
300ms) represent processing at the level of the cortex, involving primary and association
cortices (Picton et al., 1974, Reite et al., 1988). Early, middle, and long-latency ERPs recorded
from mice resemble corresponding human components in topography and response properties
(Connolly et al., 2003, Umbricht et al., 2004). Rodents share many similarities with humans
for specific portions of the ERP, including the mouse P1, N1, P2 and P3 which share stimulus
and pharmacologic response properties with the human P50, N100, P200 and P300 respectively
(Figure 1) (Siegel et al., 2003, Connolly et al., 2004). The latencies of ERP peaks from mice
have been shown to be consistently 40% of those recorded from human subjects (Umbricht et
al., 2004). Thus, ERPs are an especially attractive means of evaluating sensory processing in
animals as there are direct human correlates for these measures.

We specifically focused on sensory gating of ERPs, in which the amplitude of the neural
response to S2 is normally diminished compared to that of S1, reflecting basic sensory
habituation. Sensory gating is a fundamental aspect of pre-attentional processing characterized
by habituation of brain responses to a repetitive sensory stimulus, which provides individuals
with the ability to filter out irrelevant or redundant information from the environment and to
attend to more salient stimuli. Abnormalities in sensory gating have become an attractive target
for animal models of impaired cognitive function, linked to disorders such as schizophrenia,
in which gating deficits are largely accepted as an endophenotypic marker of the disease (Adler
et al., 1993). This has facilitated the development of animal models which have led to an
enhanced mechanistic understanding of the neural circuitry involved and identification of new
targets for therapeutic interventions (Braff and Light, 2004, Ellenbroek, 2004).
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In the present study, we administered a combination of methotrexate (MTX) and 5-fluorouracil
(5-FU) to adult mice, which is a standard clinical regimen for treatment of human breast
cancers. We employed a dosing strategy that has already been shown to produce mild cognitive-
behavioral impairments in mice (Winocur et al., 2006) in order to elicit electrophysiological
correlates of those deficits. In addition, we extend previous animal behavioral studies by
employing novel object recognition and contextual fear conditioning tasks, which are sensitive
to various stages of cognitive and emotional processing that may be altered with chemotherapy.
Novel object recognition (NOR) is a recognition memory task that has been shown to require
both the hippocampus and the cortex (Carpenter and Grossberg, 1993), while contextual fear
conditioning (CFC) is also hippocampally-dependent as well as sensitive to modulation by the
amygdala (Phillips and LeDoux, 1992). These tasks are especially relevant in light of recently
published data which demonstrate that chemotherapeutic agents disrupt hippocampal
neurogenesis and that these cellular changes may underlie the observed cognitive impairments
(Seigers et al., 2008).

The significance of this work is that it furthers the development of a much-needed animal model
and, for the first time, probes involved neural-circuitry with electrophysiological recording.
Any observed ERP changes can be easily corroborated in the clinical populations using
analogous scalp EEG techniques. Finally, ERP animal models are ideally suited for
investigation into relevant genetic and pharmacological manipulations to develop an adjuvant
therapy and could prove to be a pre-clinical screening technique for new chemotherapeutic
agents to evaluate their neurotoxic potential.

Experimental Procedures
2.1 Animals

Twenty-four male C57BL/6Hsd (B6) mice were obtained at 7-8 weeks of age from Harlan
(Indianapolis, IN). All testing was conducted between 10 and 18 weeks of age. Mice acclimated
to the Animal Facility for seven days before experimentation began. Mice were housed 4-5 per
cage until surgeries, after which they were single-housed for the remainder of the study. They
were maintained in a standard 12-h light-dark cycle with free access to food and water.
Experiments were performed during the light phase between 9:00 AM and 4:00 PM. All
protocols were conducted in accordance with University Laboratory Animal Resources
(ULAR) guidelines and were approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Pennsylvania.

2.2 Surgery
Animals underwent stereotaxic implantation of tripolar electrode assemblies (PlasticsOne Inc.,
Roanoke, VA) for non-anesthetized recording of ERPs, as previously described (Connolly et
al., 2003, Siegel et al., 2003, Connolly et al., 2004, Maxwell et al., 2004a, Maxwell et al.,
2004b). Animals were anesthetized with isoflurane and recording electrodes were placed
unilaterally in CA3 of the hippocampus (1.4 mm posterior, 2.65 mm lateral, and 2.75 mm deep
relative to bregma) and referenced to the ipsilateral frontal sinus to reflect whole brain electrical
activity. ERPs recorded from this electrode configuration are characteristically similar to
human recordings from the Cz scalp location as described previously (Siegel et al., 2003). The
electrode pedestal was secured to the skull using dental cement and super glue. Electrode
placement has been verified to be in the target region using the Perl’s iron reaction (Labossiere
and Glickstein, 1976).

2.3 Drugs
One week after electrode placement, mice were randomly assigned to high-dose drug (n=8),
low-dose drug (n=8), and control (n=8) groups. Mice in each group received one i.p. injection
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each week for four consecutive weeks. The high-dose group received a combination of
Methotrexate (37.5 mg/kg, MP Biomedicals, Solon, OH, USA) and 5-Fluorouracil (75 mg/kg,
MP Biomedicals, Solon, OH, USA) dissolved in DMSO such that each animal received an
injection of approximately 0.1 mL of solution. The low-dose groups received drug at a 1:2
dilution at the same injection volume of 0.1 mL. Control animals received equal volumes of
DMSO. Drug treatments were always given three days before ERP testing such that animals
had time to recover from any acute toxicity. Weight, appearance, and locomotor activity were
assessed every 3 days during the drug treatment phase to monitor for signs of toxicity. No
animals died during the study.

2.4 EEG Recordings
Recoding of brain activity for gating of evoked potentials occurred at weeks 1, 3, and 5 after
implantation of electrodes. Mice concurrently received chemotherapy up to the 4th week after
electrode placement. EEGs were recorded during the presentation of a paired-click task. All
raw EEG was inline bandpass filtered between 1 and 500 Hz during collection. Stimuli were
generated by Micro1401 hardware and Spike2 version 6 software (Cambridge Electronic
Design, Cambridge UK) and were delivered through speakers attached to the cage top. All
recordings were performed in the home cage environment, which was placed in a Faraday
electrical isolation cage 15 minutes before stimulus onset. A series of 150 pairs of white noise
clicks (10 ms in duration) were presented with a 500 ms interstimulus interval and a 9 second
intertrial interval at 85 dB compared with background white noise of 63 dB. Waveforms were
baseline corrected at stimulus onset and individual sweeps were rejected for movement artifact
based on a criterion of 2 times the root mean square (RMS) amplitude per mouse. Average
waves were created from 50 ms pre-stimulus to 500 ms post stimulus.

2.5 Auditory Gating Analysis
The amplitude and latency of P1 (defined as the most positive deflection between 10 and 30
ms) and N1 (defined as most negative deflection between 25 and 60 ms) components were
analyzed. The amplitude from the peak of the P1 to the trough of the N1 was then calculated,
as it is reported to be a more stable measure than either component alone and to facilitate
comparison with previous studies (Stevens et al., 1996). The amplitudes of response to the first
(S1) and second stimuli (S2) as calculated above were named A1 and A2, respectively. The
ratio of response following the second tone to the first (A2/A1) was calculated as this has been
used as a measure of sensory gating in multiple previous studies (Stevens et al., 1996, de Bruin
et al., 1999, Connolly et al., 2003). The latency of P1 following the first stimulus was also
assessed. Data were analyzed using repeated measures ANOVAs (rmANOVA), with drug
condition as the independent variable and week of recording as the repeated measure. These
were used to assess the main effect of drug [F(2,16)] as well as the interaction between drug
and week of recording [F(4,32)]. Significant interactions were followed with Fisher LSD post-
hoc analyses.

2.6 Contextual Fear Conditioning Task
Assessment of performance in the contextual fear conditioning paradigm began at week 7 of
the experiment. The apparatus for contextual fear conditioning was a chamber (10×10×15 in.)
that delivers an inescapable electrical shock through a 24-bar grid on the floor. The walls of
the chamber were transparent so that freezing responses could be recorded. One mouse was
brought into testing room at a time and the apparatus was cleaned with 70% ethanol after each
trial to remove odorant cues. Before training, animals were individually habituated for two
minutes to the experimenter and the testing room for two consecutive days. During training,
mice were placed into the conditioning chamber for a total of 3 min, receiving a 2-sec 1.5 mA
scrambled footshock at 2 min and 2.5 min after placement. During testing, mice received a 5-
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min exposure to the same conditioned context in the absence of shock. Mice were tested on
two separate occasions, the first at 24 hours after training and the second 14 days later.

Throughout the procedures, freezing responses were recorded with a 5-s interval sampling.
Freezing was judged as complete immobility of any part of the body except for respiratory
movements. Freezing response during the 2 min before any shock was recorded as baseline,
while freezing response during the 30 sec after each shock was recorded as the post-shock
training response. All freezing responses during testing and training sessions were assessed
manually by a single blinded experimenter. The percent freezing for each mouse was calculated
by dividing the amount of time frozen by the total time in each session (time frozen/total time
× 100 = % freezing). Repeated measures ANOVAs and post-hoc Fisher LSD tests were used
to determine statistical significance.

2.7 Novel Object Recognition Task
Novel object recognition was assessed during week 6 of the experiment. The apparatus for this
task consisted of a white open rectangular field box (60×50×26 cm). Mice were individually
handled for 2 min by the experimenter in the testing room for three consecutive days before
training. The day before training, mice were allowed to explore the experimental apparatus for
5 min in the absence of objects. During the training phase, mice were placed in the experimental
apparatus for 15 min with two identical objects positioned in specific locations. After a
retention interval of 24 hours, mice were placed back into the rectangular environment in which
one of the familiar objects was replaced with a novel one. Mice were allowed to freely explore
the environment and the objects for 15 min. Animal behavior during testing and training
sessions was manually scored by a single, blinded experimenter. A mouse was scored as
exploring an object whenever it was within 1 cm of the object and facing it. Measurement of
the time spent exploring each object was recorded and expressed as the percent time spent
exploring the novel object relative to the total time spent exploring both of the objects. Total
exploration time of both objects was also calculated. The identity of the objects and the spatial
location in which the novel and familiar objects were located were counterbalanced between
subjects. Objects were cleaned with 70% ethanol between each animal. Repeated measures
ANOVAs were used to determine statistical significance. Animals that did not explore the
objects for more than 5 seconds over the course of the 15 min training and testing sessions
were excluded from analysis.

2.8 Correlation Analysis
Pearson’s r correlations were performed to explore potential relationships between sensory
gating ratios, total exploration time in NOR, and freezing response in CFC. Sensory gating
ratios were used from week 5 and were calculated as described previously. Total exploration
time for NOR was calculated as described previously. Exploration time for each animal was
divided by the mean of the exploration times from control group from the same session. These
ratios were averaged over testing and training days yielding a single total exploration time ratio
for each animal. Similarly, freezing response was expressed as a ratio to the mean of the control
group’s response during the same session, which was then averaged over all testing sessions
to yield a single number for each animal.

Results
3.1 Chemotherapy Toxicity

Animals were carefully monitored throughout for signs of acute toxicity, which were largely
absent. A rmANOVA showed no main effect (F(2,17) = 0.387, p=0.685) of drug on animal
weight and no interaction of drug and day (F(16,136)=1.411, p=0.145) (Figure 5). In addition,
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no animals died during treatment and there were no other signs of acute toxicity, such as altered
physical appearance or grossly reduced locomotor activity.

3.2 ERP Auditory Gating
Average ERP waveforms at week 5 are shown in Figure 2. Statistical analyses showed no main
effect of drug on sensory gating ratios (F(2,16)=0.225, p=0.801). However, there was a
significant interaction between drug condition and week (F(4, 32) = 4.99, p = 0.003) (Figure
3). Post-hoc analyses revealed significantly increased gating ratios at week 5 between high
dose and control groups (p=0.036) and between low dose and control groups (p = 0.022),
suggesting that chemotherapy impairs sensory habituation. An ANOVA run on data only from
week 5 revealed a main effect of drug (F(2,17)=8.143, p=0.003), with impaired gating in both
high dose (p=0.004) and low dose (p=0.002) groups compared to control on post-hoc.

3.3 ERP Amplitude
We assessed the ability of the mice to generate a coordinated neural response to auditory stimuli
by analyzing ERP peak amplitude. A rmANOVA on the A1 amplitude (defined as P1-N1 for
S1) showed no main effect of drug (F(2,16)=1.325, p=0.293) and no significant interaction
across week (F(4,32)=2.237, p=0.087) (Figure 3).

There is previous data to suggest that chemotherapy may affect peak latency in ERP paradigms,
which could correspond to deficits in processing speed. However, rmANOVA of P1 latencies
showed no main effect of drug (F(2,16)=0.282, p=0.758) and no significant interaction across
week (F(4,32)=1.29, p=0.294), arguing against differences in pre-attentive processing speed.

3.4 Contextual Fear Conditioning
A rmANOVA of percentage freezing during baseline, training, testing day 1, and testing day
14 sessions revealed significantly increased freezing in chemotherapy treated animals (F(3,
42) = 0.913, p = 0.045) which was present at all time-points during the behavioral paradigm
(Figure 4). CFC was assessed in high dose and control group animals. There was no interaction
between drug treatment and session (F(3,42) = 0.913, p=0.442). These results demonstrate that
the chemotherapy treated mice are more reactive to the acute footshock stress but are not
impaired in their ability to associate aversive stimuli with a complex spatial environment.

3.5 Novel Object Recognition Paradigm
A rmANOVA was performed to assess novel object preference in high dose and control groups
(Figure 6). Results showed no main effect of chemotherapy on object preference (F(1,12) =
2.353, p = 0.151) and no significant interaction of GROUP × SESSION (F(1,12) = 0.209, p =
0.656). However, a rmANOVA of total exploration time indicated a main effect of drug (F
(1,14)=8.621, p=0.011) with the chemotherapy treated animals showing longer total
exploration over both training and testing sessions.

3.6 Correlation between Sensory Gating, NOR, and CFC
We employed a within-animal analysis to assess if any significant correlations exist between
sensory gating ratios at week 5 and performance in novel object and contextual fear
conditioning paradigms. We calculated single values for total NOR exploration and CFC
freezing time for each animal. Results showed no significant correlation between week 5 gating
ratios and average NOR exploration time ratios (p = 0.326, r = 0.296). Likewise, there was no
significant correlation between week 5 gating ratios and average CFC freezing time ratios (p
= 0.476, r = 0.168). However, there was a significant positive correlation between NOR
exploration time ratios and CFC freezing time ratios (p = 0.021, r = 0.571). These results
demonstrate that performance in the novel object and contextual fear conditioning paradigms
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may be linked, such that animals which show increased freezing response to footshock also
exhibit increased total exploration in novel environments.

Discussion
To our knowledge, this study marks the first attempt to characterize event-related potential
changes with chronic chemotherapy administration in an animal model, as well as the first time
that sensory gating has been assessed as a potential marker of chemotherapy-induced cognitive
decline in humans or animals. Male mice were given four, weekly injections of a combination
of MTX and 5-FU, common components of the CMF regimen frequently used to treat human
cancers. ERPs were recorded to paired-click stimuli during the study. Behavioral testing began
two weeks after chemotherapy treatment was finished and continued for an additional two
weeks. Drug-treated animals experienced mild weight loss for 2-3 days after each injection,
but overall weight change was not significantly different between groups (Figure 5). No
animals died during the experiment and there were no other signs of overt drug toxicity.
Therefore, we propose that doses used have good face validity for clinically relevant exposures.

Results demonstrate lasting alterations in sensory encoding of auditory stimuli, indicating that
anti-neoplastic agents are capable of inducing long-term changes in CNS function. Chronic
effects were characterized by decreased ability to filter auditory stimuli, as measured by gating
ratios of the P1-N1 component (Figures 2, 3). No alterations were found in the amplitude of
the P1-N1 component or the latency of P1, further suggesting that the chemotherapy-induced
defects in information processing are subtle and involve disruption of inhibitory processes
rather than generators of the ERP. Gating deficits seen at week 5 occurred seven days after the
last dose of drug, indicating that the deficits were lasting, since the half-life of i.p. MTX in
mice is about 30 minutes (Lobo and Balthasar, 2003) and the half-life of i.p. 5-FU in mice is
about 25 min (Kamm et al., 2003). In the auditory gating paradigm, it is generally accepted
that there is an 80% decrement in the amplitude of the response to the second stimulus,
representing activation of an inhibitory neural cascade by the first stimulus (Braff and Light,
2004). Here we report that the control animals gate their response to S2 by an average of 77%,
whereas the chemotherapy-treated animals do so by only about 60%.

Gating deficits reported above were only present at week 5 of the experiment and were not
evident during the earlier ERP recording sessions during weeks 1 and 3. There are several
possible reasons why the ERPs recorded during the earlier weeks did not show similar deficits
in sensory gating. First, during the earlier sessions, animals were being exposed to
chemotherapy acutely which could cause multiple acute and chronic effects, confounding the
results. Second, because the doses of drug were set low enough to induce only minimal or no
signs of acute toxicity, it is possible that the gating deficits seen at week 5 were a result of the
additive effects of repeated low doses of chemotherapy. This cumulative effect is consistent
with the clinical observation that repeated sub-lethal doses are needed for efficacy.

Deficits in sensory gating have been explored in a number of conditions with associated
cognitive impairments, most notably in schizophrenia, in which patients and approximately
half of their first-degree relatives show P1, N1 non-suppression phenotypes (Siegel et al.,
1984). Gating abnormalities have also been linked to cognitive changes in patients with post-
traumatic stress disorder (PTSD) (Karl et al., 2006), traumatic brain injury (TBI) (Arciniegas
and Topkoff, 2004), Alzheimer’s disease (Jessen et al., 2001), Parkinson’s disease (Teo et al.,
1997), and in cocaine abusers (Fein et al., 1996), among others. Each tends to show a distinct,
characteristic pattern of alterations in P1 and/or N1 latency, amplitude, and habituation (gating)
suggesting that they are not all caused by the same underlying neurobiological substrates. For
example, PTSD has been linked to a number of ERP changes, including an impairment in P1
gating as well as alterations in the slope of P2 and a decreased amplitude of P3 (Gillette et al.,

Gandal et al. Page 7

Neuroscience. Author manuscript; available in PMC 2009 November 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1997). The level of sensory gating deficit has been correlated with the intensity of symptomatic
reoccurrence in patients with PTSD, suggesting a connection between gating deficits and
hyperarousal symptoms, both of which have been linked to central noradrenergic hyperactivity
(Southwick et al., 1993, Fein et al., 1996).

There is some debate regarding the generators of P1 and the network which mediates its sensory
habituation. Candidates include the hippocampus, Heschel’s gyrus, prefrontal cortex, and
superior temporal gyrus (Potter et al., 2006). Likewise, several neurotransmitter systems have
been implicated in sensory gating. Evidence from the schizophrenia literature suggests that
gating is at least in part mediated by cholinergic afferents to inhibitory neurons in the
hippocampus and reticular activating system (RAS), as nicotinic agonists affecting those
regions are thought to play a role in normalizing gating in schizophrenic patients (Adler et al.,
1993, Braff and Light, 2004, Potter et al., 2006). Dopaminergic and noradrenergic systems are
also important modulators (Fein et al., 1996, Gillette et al., 1997, Potter et al., 2006). In
particular, noradrenergic hyperactivity has been posited as the underlying etiology of the gating
deficits seen in patients with PTSD (Gillette et al., 1997).

In the present situation, gating deficits may underlie the qualitative observations of
neurocognitive dysfunction reported in the clinical literature. An inability to filter out
extraneous sensory stimuli in the pre-attentive stages of sensory processing could overwhelm
an individual with a flood of incoming stimuli and interfere with the ability to mount a selective
attentive response to the most salient information. Evidence from multiple investigators using
complimentary approaches indicates that the inability to interpret complex stimuli may begin
with abnormalities in early detection and encoding of stimulus characteristics. Disruption of
early neural processes likely degrades the building blocks of sensory interpretation and is
consistent with abnormalities in cognitive domains that require qualitative assessment of
stimulus parameters on which to base decisions. If a signal is misallocated with respect to its
relevance, its encoding in memory will be altered and decisions will be based on distorted
information.

Clinical studies have shown that various forms of cancer, including breast cancer and acute
lymphoblastic leukemia (ALL), as well as chemotherapy and other cancer therapies can alter
cognitive performance and physiological measures including ERPs (Parageorgiou et al.,
2000, Schagen et al., 2001, Kreukels et al., 2005). For example, Kreukels et al. retrospectively
correlated Cyclophosphamide-Methotrexate-5-Fluorouracil therapy with reduced P300
amplitude and latency during information processing and reaction-time tasks in breast-cancer
patients, at an average of 5-years post-treatment. The study compared ERP responses in a cohort
of breast cancer patients who had received surgery, radiotherapy, and systemic chemotherapy
with another cohort of patients who received surgery and radiotherapy alone (Kreukels et al.,
2005). Most clinical studies that employed ERPs focused on the P300 and reported significant,
but sometimes contradictory results, perhaps due to differences in patient populations,
treatment modalities, or the complexity of the ERP task. Our results bypass these
inconsistencies by controlling population differences with a standardized animal model and
by assessing the earlier, more robust components of information processing with a sensory
gating task. Using an animal model helps overcome several limitations in the clinical studies,
including small sample sizes, different drug treatment regimens and doses, variable patient
populations, additional health and psychiatric problems, direct effects from the cancer, and
non-standardized cognitive assessments.

In addition to ERPs, we explored the effects of chemotherapy on animal performance in NOR
and CFC paradigms. Surprisingly, there have only been a few published studies investigating
cognitive-behavioral changes associated with chemotherapy drugs in adult animals. Winocur
et al. found mild deficits in spatial memory and conditional learning in mice treated with a
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combination regimen of i.p. MTX and 5-FU, but no alterations in cued memory or
discrimination learning, suggesting that susceptibility to the neurotoxic effects of
chemotherapy is prominent in the hippocampus and frontal lobe structures (Winocur et al.,
2006). Lee et al. investigated electrophysiological changes in hippocampal slices from rats
treated chronically with i.p. cyclophosphamide, reporting deficits in long-term potentiation
(LTP) in animals undergoing concurrent drug treatment but remarkably LTP enhancement in
rats who had sufficiently recovered from the chemotherapy (Lee et al., 2006). In addition, they
reported no chronic deficits in spatial learning and memory. Seigers et al. administered a single
i.v. dose of MTX to rats and found lasting impairments in spatial memory and novel object
recognition memory, as well as a dose-dependent decrease in hippocampal neurogenesis
(Seigers et al., 2008).

We demonstrate that chemotherapy affects performance in contextual fear conditioning (Figure
4) which is sensitive to hippocampal and amygdalar function (Phillips and LeDoux, 1992).
Animals treated with high dose MTX + 5-FU showed an increase in freezing to a footshock
paired with a context. The drug-treated mice continued to respond with increased freezing
when placed in the context two weeks later, arguing against overt impairments in learning or
memory of the context. This indicates that the memory deficits reported in the previous animal
models (including spatial, recognition, and conditional memory) do not reflect global
disruption in hippocampal function. The increase in immediate freezing to shock suggests that
the chemotherapy treated mice have some degree of emotional dysregulation. Increasing the
intensity of the shock causes exaggerated freezing responses (Siegmund and Wotjak, 2007)
and so it is possible that the chemotherapy treated animals have heightened sensitivity to
sensory input or a decreased nociceptive threshold. However, direct measurement of neural
responses to auditory stimuli noted above (as reflected by ERP amplitudes) indicates no change
in sensory registration, which argues against an increased overall neural response to the
nociceptive inputs. Another possibility is that modulation of the neural response to emotionally
arousing stimuli is disrupted by chemotherapy. Extensive work has established that the stress-
related neurotransmitter norepinephrine (NE) plays a key role in the formation of aversive
memories and is also integrally involved in the behavioral response to fearful stimuli (Davies
et al., 2003,Mueller et al., 2008). Blockade of central noradrenergic beta-receptor signaling
inhibits formation of fear conditioned memories (Davies et al., 2003). Enhanced noradrenergic
release facilitates formation of aversive memories, also through beta-receptor signaling
(Mueller et al., 2008). Of note, increased NE release during the training phase of fear
conditioning leads to a heightened freezing response as well as enhanced sensitivity to the
learning paradigm, suggesting memory augmentation (Davies et al., 2003). Thus, our results
could be explained by underlying noradrenergic hyperactivity, which has also been shown to
cause gating deficits in PTSD. On a broader level, these findings demonstrate that cancer
patients may be more vulnerable to noxious stimuli that would otherwise bother them less.
This is conceptually consistent with the gating results which demonstrate an impaired ability
to filter out sensory information and decreased inhibitory control in the brain’s ability to
modulate its response to incoming stimuli.

We also assessed the effects of chemotherapy on performance in novel object recognition
(Figure 6), which is sensitive to cortico-hippocampal functioning (Carpenter and Grossberg,
1993). There were no significant differences between groups as assessed by percentage
preference for the novel object, although the chemotherapy-treated mice trended toward having
a deficit in this area. The drug-treated mice did show significantly more total object exploration
time, during both training and testing sessions. Since all animals were habituated to the novel
object apparatus (without objects) prior to the training and testing sessions, it is possible that
memory of this phase of the experiment was impaired in the drug-treated mice, which caused
them to react to the apparatus with more novelty. A second hypothesis is that the drug-treated
mice are hyperaroused by the novel environment and thus it takes them longer to habituate to
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their surroundings, an idea that has been previously suggested (Okuda et al., 2004). This
hyperarousal could be consistent with the increased freezing seen on fear conditioning and
could be explained by a basic deficiency in habituation and sensory inhibitory control as
indicated by the gating deficits. Our NOR results differ from those of a recently published
study which showed impairment in novel-object preference in rats treated with a single dose
of MTX but no difference in total exploration time (Seigers et al., 2008). The two studies do
differ in several ways — including animal species, drug dose, and single drug vs combination
regimen— which could explain the inconsistent findings. It is also possible that our study was
underpowered (n=8 in each group) to pick up a significant group differences, as our data does
qualitatively trend in the same direction. This possibility is inconsistent with the observation
that we had sufficient power to detect increased exploration, increased freezing, and decreased
gating of ERPs. Thus, we conclude that if there are deficits in hippocampally mediated learning
and memory of the novel object, these deficits are subtle, in accordance with the clinical
literature.

We present evidence that the behavioral and cognitive deficits associated with chemotherapy
treatment could be linked to an underlying state of hyperarousal. This furthers the connection
between the cognitive deficits affecting cancer survivors and those of patients with PTSD,
suggesting similar mechanisms may be at work in both patient populations (Metzger et al.,
1997, Karl et al., 2006). In addition to the ERP similarities reported in this study, reports have
demonstrated that patients with PTSD have smaller P3 amplitudes and increased reaction times
on auditory discrimination tasks (McFarlane et al., 1993, Metzger et al., 1997) which
correspond to the findings from Kreukels et al. in a population of breast cancer survivors
(Kreukels et al., 2005). In accordance with our behavioral data, physiological studies in patients
with PTSD have demonstrated an increased responsiveness to neutral or stressful stimuli, as
well as a hypersensitive startle response, which corresponds with the enhanced freezing
response to the acute footshock stressor in our fear conditioning paradigm (Skinner et al.,
1999).

Chemotherapy treatment and cancer diagnosis have long been epidemiologically associated
with PTSD. Recent studies have reported that between 3-18% of breast-cancer survivors go
on to develop full-blown PSTD, while as many as 41% experience symptoms of PTSD
(Hakamata et al., 2007). One study reported significantly increased prevalence of PTSD
symptoms, especially hyperarousal, in breast-cancer patients who had been disease free for at
least three-years (Amir and Ramati, 2002). Taken together, our data would seem to argue that
this increase in PTSD symptomatology in cancer-survivors may be as attributable to the
neurotoxic potential of chemotherapeutic agents as it is to the psychological trauma caused by
battling cancer. In addition, this study would suggest that the cognitive impairments associated
with both PTSD and chemotherapy administration may be linked to similar neurobiological
substrates, such as hyperactive noradrenergic tone and/or potentiated limbic circuitry.
Importantly, in the PTSD literature, appropriate treatment with medication has been shown to
reverse ERP abnormalities and possibly cognitive deficits, suggesting that this may be possible
in cancer survivors as well (Metzger et al., 1997). An advantage of our animal ERP model is
that further studies could easily be performed to assess the therapeutic potential of beta-
blockers and selective-serotonin reuptake inhibitors (SSRIs), in addition to any other classes
of drugs, in reversing the sensory gating and behavioral abnormalities associated with
chemotherapy exposures.

There are a number of limitations to this study that must be addressed before proceeding in the
direction implicated by our findings. First, the ERP results presented here must be replicated
in human subjects using analogous techniques to assess predictive validity for the clinical
syndrome. Also, while ERPs and cognitive behavioral paradigms are useful measures, neither
is diagnostically specific to disease populations. While the connections between chemotherapy
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and PTSD like symptoms implied by our data are a promising direction for understanding the
lasting effects of cancer treatment, further analysis must be performed to solidify these links.

Future studies should employ this animal model to probe underlying mechanisms of
chemotherapy induced cognitive impairments. While definitive mechanisms for these
cognitive changes have yet to be established, there are several potential hypotheses. Leading
candidates include disruption of the blood brain barrier, cytokine upregulation and
neuroinflammation, DNA damage, oxidative stress, and dysfunction of the neurohormonal axis
(Ahles and Saykin, 2007). Using the model described in this study, we hope to probe each of
these putative areas in the future with relevant pharmacologic and genetic manipulations to
further elucidate neurological mechanisms underlying these cognitive deficits.
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LTP, long-term potentiation
MTX, methotrexate
NE, norepinephrine
NOR, novel-object recognition testing
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Figure 1.
Correspondence between auditory evoked potentials recorded from humans in the Cz
configuration (panel A) and mice (panel B). Morphology of the waveforms is largely
homologous between species with the main peaks labeled P1, N1, and P2. The latencies of
ERP peaks from mice are approximately 40% of those recorded from humans. The amplitudes
are smaller in humans reflecting the use of scalp EEG rather than depth electrodes in mice.

Gandal et al. Page 15

Neuroscience. Author manuscript; available in PMC 2009 November 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Grand average auditory event-related potentials recorded to paired click stimuli at week 5 of
the experiment, one week after chemotherapy injections had been completed. Responses to the
first stimuli (S1) and second (S2) are shown, with P1 and N1 peaks labeled. Across all groups,
responses to S2 are significantly dimished compared to S1 reflecting sensory gating. See Figure
3 for analysis of ERP gating, peaks, and latencies.
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Figure 3.
Results from ERP experiments across week of recording for chemotherapy treated and control
mice. A. Average gating ratios (+/- SEM) defined as S2/S1 B. Mean amplitude (+/- SEM) of
response (in μV) to the first stimulus (A1, defined as P1-N1) C. Average latency (+/- SEM, in
ms) of the P1 following S1. For gating ratios (A), there was a significant interaction between
drug condition and week (p=0.003) with higher ratios (suppressed auditory gating) in low
(p=0.022) and high-dose (p=0.036) groups compared to control at week 5. There was no effect
of drug on the mean amplitude of P1-N1 or latency of P1.
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Figure 4.
Results from the contextual fear conditioning paradigm for chemotherapy treated and control
mice. Average percentage freezing responses (+/- SEM) are shown during baseline, training,
and testing phases. Testing was conducted at 1 day and 14 days after training. There was a
main effect of drug on CFC (p=0.045) with chemotherapy exposure leading to increased fearful
freezing.
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Figure 5.
Animals were weighed throughout to assess acute toxicity. Average weights (+/- SEM) are
shown for high dose, low dose, and control groups. Drug injection and ERP recording days
are indicated. There was no significant effect of drug on animal weight.
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Figure 6.
Results from the novel object recognition paradigm. A. Average total exploration time (+/-
SEM) in seconds. B. Average percentage preference for the novel object (+/- SEM). There was
a main effect of drug on total exploration time (p=0.011) during NOR but not on novel object
preference (p = 0.151), with chemotherapy treated mice showing increased exploratory
behavior.
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