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Clinical studies suggest that chemotherapy is associated with long-term cognitive impairment in some
patients. A number of underlying mechanisms have been proposed, however, the etiology of chemotherapy-
related cognitive dysfunction remains relatively unknown. As part of a multifaceted approach, animal models
of chemotherapy-induced cognitive impairment are being developed. Thus far, the majority of animal studies
have utilized a rat model, however, mice may prove particularly beneficial in studying genetic risk factors
for developing chemotherapy-induced cognitive impairment. Various chemotherapy agents, including cyto-
sine arabinoside (Ara-C), have been found to impair remote spatial memory in rats in the Morris water
maze. The present study evaluated the effects of Ara-C on remote (30 d) spatial memory in mice. In addition,
the possibility that time relative to chemotherapy treatment may modulate the effect of chemotherapy on
spatial learning and/or recent (1 d) memory was explored. Male C57BL/6J mice received either Ara-C
(275 mg/kg i.p. daily for 5 days) or saline. Spatial learning and memory was assessed using the Morris water
maze. Half themice performed a remote (30 d)memory version of the task and the other half performed a recent
(1 d) memory version of the task. The experiment was designed such that the probe trial for the recent memory
version occurred on the same day relative to chemotherapy treatment as the remote memory version. Despite
significant toxic effects as assessed by weight loss, Ara-C treated mice performed as well as control mice during
acquisition, recent memory, and remote memory portions of the task. As are some humans, C57BL/6J mice may
be resistant to at least some aspects of chemotherapy induced cognitive decline.

© 2011 Elsevier Inc. All rights reserved.
1. Introduction

Adjuvant cancer chemotherapy has been linked to cognitive de-
cline in cancer survivors. The cognitive impairment seems to occur
across a diverse range of processes including working memory, atten-
tion, processing speed, concentration, and executive functions in
cancer survivors (e.g., van Dam et al., 1998 and Vardy and Tannock,
2007, although see Raffa, 2010). These cognitive deficits are often
temporary, however, for a subset of survivors, the deficits can last
for years and can have a deleterious impact on survivor quality of
life (Ahles et al., 2005; Ferguson and Ahles, 2003; Stanton, 2006;
Tannock et al., 2004). Unfortunately, the etiology of chemotherapy-
related cognitive dysfunction remains relatively unknown. Interac-
tions between genetics, epigenetics, and the environment/life history
of individuals, along with methodological and ethical issues, compli-
cate studies of the cognitive effects of chemotherapy in humans. As
a result, animal models of chemotherapy-induced cognitive dysfunc-
tion are being developed to compliment continued human research
(Seigers and Fardell, 2011; Walker, 2010).
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The majority of animal studies have examined the effects of 5-
Fluorouracil, Cyclophosphamide, Doxorubicin, and/or Methotrexate
and have shown that cognitive deficits occur in a variety of tasks
after single agent or combination treatments (ElBeltagy et al., 2010;
Fardell et al., 2010; Foley et al., 2008; Konat et al., 2008; MacLeod
et al., 2007; Mustafa et al., 2008; Seigers et al., 2008; Seigers et al.,
2009; Winocur et al., 2006; Yang et al., 2010; Yanovski et al., 1989).
A common suggestion in those studies is that chemotherapy impairs
hippocampal processing, likely because of a decline in neurogenesis
(ElBeltagy et al., 2010; Mustafa et al., 2008; Seigers et al., 2008;
Yang et al., 2010). Although the link between cognitive impairment,
chemotherapy, and hippocampal neurogenesis appears repeatedly
in the animal studies, there is growing evidence that damage to
other brain regions (Fardell et al., 2010; Li et al., 2008; Winocur et al.,
2006) or other cell types (Han et al., 2008; Seigers et al., 2009) can
lead to impaired cognition as well.

In one such study, Li et al. (2008) found that cytosine arabinoside
(Ara-C; an anti-metabolite used to treat hematological malignancies)
caused a decrease in dendritic length, spine density, and branch
points in the apical dendrites of pyramidal cells in the anterior cingu-
late cortex (ACC) of rats. In addition, Ara-C impaired remote (30 d),
but not recent (1 d) spatial memory in the Morris water maze
(MWM). Although the brain areas involved in processing memories
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of different durations remains unclear, it has been suggested that
the ACC may play an important role for remote memories (Ding
et al., 2008; Frankland et al., 2004; Restivo et al., 2009; Takehara
et al., 2003; Teixeira et al., 2006). Thus, Li et al. (2008) concluded
that Ara-C impairs long-term, but not short-term spatial memory,
and that it does so, at least in part, via dendritic retraction in the
ACC.

Various chemotherapeutic agents, including Ara-C, appear to cause
a suppression of neuronal proliferation in the dentate gyrus (DG)
(Dietrich et al., 2006; Han et al., 2008; Janelsins et al., 2010; Mignone
and Weber, 2006; Seigers et al., 2008). Although the link between
neurogenesis and memory has been controversial (Jaholkowski
et al., 2009; Leuner et al., 2006), growing evidence suggests that neu-
rogenesis plays a critical role in at least some memory functions (for
reviews see Aimone et al., 2010; Deng et al., 2010; Koehl and Abrous,
2011; Leuner et al., 2006), including long-term spatial memories
(Deng et al., 2009; Goodman et al., 2010; Trouche et al., 2009). Thus,
the long-term spatial memory impairment seen in the Ara-C treated
rats in Li et al. (2008) may have been caused, at least in part, by de-
creased neurogenesis in the DG, a possibility that Li et al. (2008)
acknowledge they cannot rule out.

In addition to long-term spatial memory, recent results suggest
hippocampal neurogenesis is also critical for spatial memory acquisi-
tion (Dupret et al., 2008; Farioli-Vecchioli et al., 2008; Zhang et al.,
2008) and for relatively short-term spatial memory (Goodman
et al., 2010) such as the 1 day memory tested in Li et al. (2008). As
new adult DG cells develop, they undergo a number of morphological
and physiological changes that allow some of them to survive and
eventually integrate into the existing hippocampal circuit (for re-
views see Aasebo et al., 2011; Duan et al., 2008; Kelsch et al., 2010;
Lledo et al., 2006; Zhao et al., 2008). Maturation is probably best
thought of as a dynamic, continuous function, however, at least 2 crit-
ical maturation time-windows have been suggested: one at ~1.5–
3 weeks and another at ~4–6 weeks (Aasebo et al., 2011; Zhao et al.,
2008). Although not fully understood yet, the maturation state of a
DG cell may play an important role in how neurogenesis affects mem-
ory (Aasebo et al., 2011; Deng et al., 2010; Kee et al., 2007). Interest-
ingly, as pointed out by Goodman et al. (2010), previous studies
reporting a link between neurogenesis and spatial acquisition in-
volved a decline in the population of DG cells that would have been
at least 4 weeks old during acquisition of the spatial task (Dupret
et al., 2008; Zhang et al., 2008). Thus, time relative to the decline in
Fig. 1. (A) Time-line for Li et al. (2008).
neural proliferation may play an important role in what type, or
even if there is memory impairment.

As shown in Fig. 1A, the rats in the short-term version of the spa-
tial memory task in Li et al. (2008) performed the memory recall test
(the probe trial) 29 days earlier relative to the Ara-C treatment than
the rats in the long-term group. Thus, an alternative interpretation
of the Li et al. (2008) result is that Ara-C causes general, but delayed
memory impairment, not impairment of just long-term spatial mem-
ory. That is, time since the chemotherapy treatment, not the duration
of the memory (1 d vs 30 d) might have been the critical variable
causing the memory impairment seen by Li et al. (2008).

To test that possibility, we modified the task used by Li et al.
(2008) so that the time between the memory recall (the probe
trial) and the Ara-C treatment was the same for both the short-term
and the long-term memory groups as shown in Fig. 1B. This design
also allowed us to explore the possibility that spatial acquisition
might be impaired during this same time window.

A number of genetic mechanisms of chemotherapy-induced cog-
nitive dysfunction have been proposed (for a review see Ahles and
Saykin, 2007), thus the development of mouse models, with their as-
sociated genetic tools, should aid in the testing of those hypotheses.
However, few such models have been tested in mice and the results
have been mixed (Foley et al., 2008; Gandal et al., 2008; Mondie
et al., 2010; Walker et al., 2011; Winocur et al., 2006; Yang et al.,
2010). Thus, an additional goal of our study was to replicate, in
mice, the original long-term memory impairment following Ara-C
treatment in rats (Li et al., 2008) to develop a mouse model of
chemotherapy-induced cognitive dysfunction.
2. Materials and methods

2.1. Animals

Sixtymale C57BL/6J mice were obtained from Jackson Laboratories
(Bar Harbor, ME) at 8 weeks of age. Mice were housed 3–4 animals
per cage with food and water provided ad libitum. A 12:12 light dark
cycle was used (light on: 7:30 am–7:30 pm). All experiments were
conducted in accordance with the “Principles of laboratory animal
care” (NIH publication No. 86–23, revised 1985) and were approved
by the Institutional Animal Care and Use Committee (IACUC) at the
University of Maine.
(B) Time-line for the present study.



Fig. 2. Mean % bodyweight (relative to pre-treatmentweight on the first day of treatment)
as a function of memory group (recent or remote) and treatment (saline or Ara-C). Ara-C
and saline treated animals were significantly different [F1, 54=55.9; pb0.001]. Error bars
represent±standard error of the mean.
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2.2. Drug treatment

Following a 10 day acclimation period, mice received five daily
intraperitoneal injections of saline (0.9% sterile saline, n=30) or cy-
tosine arabinoside (Ara-C) (275 mg/kg dissolved in saline, n=30;
Sigma-Aldrich, C1768). Because toxicity and tolerance of cancer che-
motherapy agents can vary drastically as a function of circadian
rhythm (Focan, 1995), we treated all mice at approximately the
same time: 8 h after light onset. We note that Li et al. (2008) used
400 mg/kg per day for 5 days in their rats, however, preliminary
dosing studies indicated that doses higher than 275 mg/kg resulted
in significant animal death in our C57BL/6J mice. Starting 2 days be-
fore treatment and continuing 8 days after the last drug treatment,
the mice were weighed daily. Thereafter, mice were weighed at
least every third day. Two vehicle injected mice were excluded
from the study after the injections had begun, but before behavioral
training began (they were overly aggressive toward the other 3 mice
in their cage and were therefore individually housed which would
have been a potential confound).

2.3. Morris water maze (MWM)

Our goal was 1) to compare both remote and recent memory at
the same time-point after Ara-C treatment, as measured by perfor-
mance on a probe trial in a MWM procedure and 2) to measure spa-
tial acquisition of the MWM at ~2 weeks and ~5 weeks after Ara-C
treatment. To do so, mice in each treatment group (Ara-C or Saline)
were randomly divided to perform either a recent memory (Ara-C
treated n=15 and saline treated n=14) or a remote memory
(Ara-C treated n=15 and saline treated n=14) version of the
MWM task. In the recent memory version, mice performed the
probe trial 1 day after completion of training. In the remote memory
version, mice performed the probe trial 30 days after completion of
training. Mice in the remote memory version began pre-training
6 days after the last treatment injection and mice in the recent
memory version began pre-training 35 days after the last treatment
such that the probe trial was 42 days after the last treatment injec-
tion for both groups. Fig. 1B illustrates the timeline for the two ver-
sions of the MWM procedure used here. Other than the start point
for training and the delay between completion of training and the
probe trial, the procedure was the same for both versions of the
task as described in the rest of this Section 2.3.

All mice were individually handled for 5 min a day for 3 days and
then run on a 1 day pre-training protocol to acclimate them to various
aspects of the task (e.g., swimming, finding a hidden platform, and
climbing onto the hidden platform). Pre-training consisted of 5 trials
in a semi-opaque plastic rectangular box (71 cm×46 cm×33 cm)
located in a different room than used for the MWM task. The pre-
training box was filled with water (22±1.5 °C) made opaque
with white non-toxic tempura paint. A hidden circular escape plat-
form (11 cm in diameter) sat ~1.5 cm below the water surface at
the far end of the pre-training box. On each trial, the mouse was
placed in the pre-training box and allowed to search for the escape
platform. A trial continued until the mouse climbed onto the plat-
form or 120 s had elapsed. If the mouse did not find the platform
within 120 s it was guided to the platform and stayed on the plat-
form for 10 s. At the completion of the trial, the mouse was placed
in a cage under a lamp until the next trial. A cloth towel was
draped over the cage to block the light from the lamp. Mice were
run in groups of 2–3 resulting in an inter-trial interval of between
1 and 6 min.

Two days after pre-training, mice were trained on the MWM
task. The MWM task was conducted in a blue circular pool (159 cm
in diameter and 58 cm deep). The pool was filled with water (22±
1.5 °C) to a depth of 51 cm. White non-toxic tempura paint was
added to the water to make it opaque. A circular escape platform
(15 cm in diameter) was submerged ~1.5 cm below the water surface
in the center of the NE quadrant. Multiple cues (pictures and black
geometric shapes) were attached to the walls. The room was lit
from above with fluorescent lighting that was partially dimmed by
spray-painting the light covers (130 lux). Path data was collected
via an automated tracking system (Any-Maze, Stoelting).

Training consisted of 8 trials a day broken into 2 blocks of 4 trials
(~3 h between blocks) for 5 consecutive days (a total of 40 training
trials). On each trial, the mouse was placed in the pool, with its
head facing the wall, at 1 of the 4 cardinal compass positions (N, S,
E, or W). Starting locations were chosen pseudo-randomly with the
constraint that each of the cardinal positions was used in each
block. A trial continued until the mouse climbed onto the platform
or 60 s had elapsed. If the mouse did not find the platform within
60 s it was guided to the platform. Animals remained on the platform
for 10 s at the end of each trial. At the completion of the trial, the
mouse was placed in a cage under a lamp until the next trial. A
cloth towel was draped over the cage to block the light from the
lamp. Mice were run in groups of 2 resulting in an inter-trial interval
of between 1 and 4 min. After the completion of training (40 trials), a
probe test was run to assess spatial memory. The escape platformwas
removed and the mouse was allowed to swim for 60 s.

3. Results

3.1. Effect of Ara-C on weight

As shown in Fig. 2, the Ara-C treated mice lost ~9% of their pre-
treatment weight by the 7th or 8th day after treatment began,
while the vehicle treated mice gained ~2% of their pre-treatment
weight over that same time period. The Ara-C treated mice had
gained back the majority of their weight-loss by day 12. A 3-way
repeated-measures ANOVA [Treatment (Saline or Ara-C)×Task-Version
(Recent or Remote)×Day (1–5)] confirmed that the Ara-C and saline
treated mice were significantly different than each other (main effect
of Treatment, F1, 54=55.9; pb0.001). There was also a Treatment×Day
interaction (F10, 540=29.8; pb0.001) indicative of the fact that the
Ara-C animals lost weight and then gained weight whereas the saline
animals slowly gained weight over the 12 days. There was no Treat-
ment by Task-Version interaction (F1, 54=0.04; p>0.84) indicative of
the fact that the two Ara-C groups (recent and remote) had similar
weight patterns and that the two saline groups had similar weight pat-
terns. Mean weight did not differ between the 4 groups on the first day

image of Fig.�2
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of treatment (25.9±0.3, 25.1±0.4, 25.3±0.4, and 25.4±0.4 g, for
the Saline–Remote, Saline–Recent, Ara-C–Remote, and Ara-C–Recent
groups, respectively: F3, 57=0.71; p>0.5).
3.2. Effect of Ara-C on water maze training

As shown in Fig. 3, latency to find the hidden platform decreased
over the training period and was similar for all 4 groups. A 3-way
repeated-measuresANOVA [Treatment (Saline or Ara-C)×Task-Version
(Recent or Remote)×Day (1–5)] confirmed that latency decreased over
days (main effect of Day, F4, 216=74.63; pb0.001) and confirmed that
there were no significant differences between the Ara-C treated mice
and the saline control mice in terms of latency to find the hidden plat-
form during training (no main effect of Treatment, F1, 54=0.02;
p>0.89, and p>0.54 for all interactions involving Treatment). The
pattern of results was the same for distance traveled (data not
shown) and on a finer time scale (1/2 day blocks; data not shown).
Fig. 4. Probe trial results as a function of memory group (recent or remote) and treat-
ment (saline or Ara-C). (A) Gallager's proximity measure (Gallagher et al., 1993).
(B) Mean % time spent in quadrant in which the hidden platform had been. (C) Mean
# of crossings through the location where the hidden platform had been. (D) Mean
initial heading error relative to the location where the platform had been. No signif-
icant differences were found (all ps>0.29). Error bars represent±standard error of
the mean.
3.3. Effect of Ara-C on Morris water maze recall

Either 1 day (recent memory group) or 30 days (remote memory
group) after the last training trial, spatial memory was assessed
with a probe trial. Fig. 4A shows performance during the probe trial
assessed with what has been reported to be the most sensitive
(Maei et al., 2009) of the common probe measures: Gallagher's mea-
sure of proximity (Gallagher et al., 1993). There was no significant
difference between the vehicle control group and the Ara-C treated
group for either version of the task (recent: t27=0.53, p=0.60,
remote: t27=−0.10, p=0.92).

Because we found no difference between the vehicle and Ara-C
treated group on the remote version of the task and hence failed to
replicate the remote spatial memory impairment seen by Li et al.
(2008), we examined performance during the probe trial using a
number of other commonly used probe measures.

Fig. 4B shows performance during the probe trial assessed by per-
cent time spent in the platform quadrant, the most common measure
(Maei et al., 2009) of probe performance in the water maze task and
the measure used in Li et al. (2008). There was no significant differ-
ence between the saline control group and the Ara-C treated group
for either version of the task (recent: t27=0.25, p=0.80, remote:
t27=−0.78, p=0.44).
Fig. 3. Mean latency (s) to find the hidden platform as a function of memory group
(recent or remote) and treatment (saline or Ara-C) blocked over days. Latency decreased
over days [F4, 216=74.63; pb0.001], but no differences were found involving treatment
(all ps>0.54). Error bars represent±standard error of the mean.
Fig. 4C shows performance during the probe trial assessed by
number of crossings over the location where the platform had been
during training, the second most common measure of performance
in the water maze task during the probe trial (Maei et al., 2009).
There was no significant difference between the saline control
group and the Ara-C treated group for either version of the task
(recent: t27=1.08, p=0.29, remote: t27=0.17, p=0.86).

Thus, using the 2 most common measures of performance during
the probe trial (percent time platform quadrant and platform cross-
ings) and what is thought to be the most sensitive probe measure
(proximity), we found no evidence that Ara-C treatment caused im-
pairment during the probe portion of the MWM task on either the
remote or recent version of the task. Thus, we failed to replicate
the remote spatial memory impairment following Ara-C treatment
found by Li et al. (2008).

Because we failed to replicate Li et al. (2008) we looked at one ad-
ditional measure of probe performance (initial heading; Fig. 4D)
thought to assess slightly different cognitive processing than themea-
sures used above (Vorhees et al., 2000; Vorhees and Williams, 2006).
As with the previous measures, there was no significant difference
between the saline control group and the Ara-C treated group for
either version of the task (recent: t27=−0.35, p=0.72, remote:
t27=−1.07, p=0.29).
4. Discussion

In the present study, our goal was 1) to replicate, using mice, the
Ara-C induced long-term memory deficit found by Li et al. (2008)
using rats and 2) to explore the possibility that short-term memory
and/or acquisition in the MWM might be impaired by Ara-C when
those components of the MWM occurred at the same time-point
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relative to Ara-C treatment as used by Li et al. (2008) for the 30 d
memory test. Mice injected with Ara-C lost significant weight com-
pared to controls, yet performed as well as controls on the long-
term (30 d) memory probe. Hence we were unable to replicate the
long-term spatial memory impairment found by Li et al. (2008)
(see also Fardell et al., 2010 for a remote spatial memory impairment
in rats using the MWM task following methotrexate treatment). In
addition, mice injected with Ara-C performed as well as controls in
acquiring the MWM at 2 weeks (the remote memory group) and
5 weeks post-treatment (the recent memory group). Finally, Ara-C
treated mice had unimpaired short-term (1 d) spatial memory
when training occurred later (5–6 weeks after the last treatment)
than in Li et al. (2008) (1–2 weeks after the last treatment). Thus,
we found no evidence that Ara-C treatment in mice impairs memory
in the MWM.

We believe it is important to note that with one exception, perfor-
mance by Ara-C treated mice was numerically better on all probe tri-
als (recent and remote) and for all probe measures (proximity, %
time in platform quadrant, annulus crossings, and initial heading).
In the one case for which the Ara-C treated mice were numerically
worse than controls (recent memory probe assessed via proximity),
the difference was small (1.5 cm) and a power analysis (1-β=0.85,
α=0.05, d=0.203) indicated that 435 subjects per group would
have been needed to detect a difference of that magnitude. In addi-
tion, during acquisition, the Ara-C treated animals often performed
numerically better than the control animals. In fact, on day 5, both
the remote and recent Ara-C treated groups performed numerically
slightly better than their respective control group. Thus, there were
no trends in any of our analyses towards the Ara-C animals perform-
ing worse than the control animals.

It is possible that methodological differences account for why we
failed to replicate the long-term spatial memory deficit following
Ara-C treatment seen in the Li et al. (2008) study. Perhaps the most
obvious difference is species. Li et al. (2008) used rats whereas we
used mice. Li et al. (2008) suggested that Ara-C caused a remote spa-
tial memory deficit because it damaged the ACC. It is possible that the
ACC plays a different role in remote spatial memory in mice than rats,
although previous studies suggest ACC processing plays an important
role in remote memories in both rats (Takehara et al., 2003) and mice
(Ding et al., 2008; Frankland et al., 2004; Teixeira et al., 2006). How-
ever, to our knowledge, its role specifically in remote spatial memory
has only been directly tested in mice (Teixeira et al., 2006). It is also
possible that Ara-C does not cause damage to the ACC in mice or
that it causes less damage in mice.

Our study and the Li et al. (2008) study also differed slightly in
that we employed a day of pre-training in a separate room using a
small square box to acclimate the mice to the task. It has been sug-
gested that pre-training over two days with a visible platform (we
used a hidden platform) using the same swim tank in the same
room (we used a much different and smaller tank in a different
room) can modify how neurogenesis plays a role in spatial memory
(Zhang et al., 2008, although see Dupret et al., 2008). In addition,
our training for the remote memory group occurred 1 day later rela-
tive to the last Ara-C treatment than in Li et al. (2008). Hence our
remote probe trial occurred 1 day later as well. Although we believe
it unlikely, we cannot rule out the possibility that those differences
played a role in our failure to replicate the remote memory impair-
ment seen in Li et al. (2008).

It is possible that a number of other methodological differences
played a role in our inability to replicate the long-term memory im-
pairment seen by Li et al. (2008). Our water temperature was 22 °C
and theirs was 25 °C, the diameter of our tank was 159 cm and
theirs was 210 cm, our intertrial interval was on average 3 min
compared to 5 min in their study, and the wall cues and distance
from the tank to the wall cues were probably different between
the two studies.
Dosing also differed between the studies. Li et al. (2008) used a
dose of 400 mg/kg per day for 5 consecutive days whereas we used
a dose of 275 mg/kg per day for 5 consecutive days at approximately
the same time: 8±0.5 h after light onset (Li et al., 2008 did not report
time of treatment). Theories on how to best calculate dose equivalen-
cies between species vary to some extent (Reagan-Shaw et al., 2008;
Rhomberg et al., 2007; Schneider et al., 2004), however, in general, a
mouse mg/kg equivalent dose would be expected to be higher not
lower (Freireich et al., 1966; Reagan-Shaw et al., 2008). However,
pilot dosing studies indicated that doses higher than 275 mg/kg
resulted in significant animal death in our mice (C57BL/6J). At
400 mg/kg, 66% (4/6) of the pilot animals died within 2 weeks of
treatment. At 300 mg/kg, 25% (1/4) of the pilot animals died within
2 weeks of treatment. Thus, we used the highest dose possible that
did not lead to systematic animal death. We note that Li et al.
(2008) reported that all 20 of their Ara-C treated animals survived.
In addition, our Ara-C treated mice showed significant weight loss
(~9%) compared to weight gain (~2%) in the control mice suggesting
that the treatment had a toxic effect (Stentoft, 1990). Li et al. (2008)
did not report weight loss, however, Koros et al. (2007) reported no
weight loss in rats after they administered Ara-C using the exact
same dosage as Li et al. (2008): 400 mg/kg per day for 5 consecutive
days. Given that higher doses caused systematic animal death and
that the dose we used caused significant weight loss we believe it is
unlikely that we failed to replicate Li et al. (2008) due to a low dose
issue. Nevertheless, we cannot rule out the possibility that Ara-C
would have resulted in cognitive impairment at a dose that causes
systematic animal death, or for that matter, at a dose that does not
cause weight loss. The lower tolerance to Ara-C treatment seen in
our study may be a result of both species differences and time of
treatment; toxicity and tolerance to cancer chemotherapy agents
can vary drastically as a function of circadian rhythm (Focan, 1995).
We believe it is important for time of treatment to be listed in all fu-
ture studies in this area.

Given that multiple studies have shown that neurogenesis plays a
critical role in remote spatial memory (Deng et al., 2009; Goodman
et al., 2010; Trouche et al., 2009) and that multiple studies have
shown that chemotherapy, including Ara-C, can cause a decline in
neurogenesis (e.g., Dietrich et al., 2006; ElBeltagy et al., 2010; Han
et al., 2008; Janelsins et al., 2010; Mignone and Weber, 2006; Seigers
et al., 2008), it is also possible that a decline in neurogenesis, perhaps
in combination with ACC damage, caused the deficit seen in Li et al.
(2008). On a gross level, chemotherapy seems to cause similar dam-
age in rats and mice: a decline in neurogenesis (Dietrich et al.,
2006; ElBeltagy et al., 2010; Han et al., 2008; Janelsins et al., 2010;
Mignone and Weber, 2006; Seigers et al., 2008) and white matter
damage (Han et al., 2008; Seigers et al., 2008). It is possible, however,
that there are more subtle differences, perhaps in the extent of neuro-
genesis decline or the amount of white matter damage, between
species or between strains within a species. It is interesting to note
that neurogenesis levels vary greatly between mouse strains (Clark
et al., 2011; Kempermann et al., 2006; Kempermann and Gage,
2002a,b). Under standard housing conditions, the C57BL/6J strain,
used in the present study, has a high level of neurogenesis (Clark
et al., 2011; Kempermann et al., 2006; Kempermann et al., 1997)
compared to numerous other strains. It is unclear why C57BL/6J
mice have a high baseline level of neurogenesis compared to other
strains, but one of many possibilities is that C57BL/6J mice are less
susceptible to damage at one or more stages along the maturation
path. Thus, it is possible that C57BL/6J mice are more resilient, as
assessed via changes in neurogenesis, to chemotherapy than other
strains. Interestingly, Gandal et al. (2008) found no impairment in
C57BL/6 mice treated with methotrexate and 5-fluorouracil on two
tasks for which rats have been reported to have an impairment: con-
textual fear conditioning and novel object recognition (although see
Mondie et al., 2010 for a novel object recognition impairment
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following thioTEPA in C57BL/6J mice). Strain differences in suscepti-
bility to cognitive or neuroanatomical changes following chemother-
apy might be an important avenue for future research.

Althoughwe failed to replicate the remote spatial memory impair-
ment seen by Li et al. (2008), our results are consistent with their
results in terms of recent spatial memory and spatial acquisition.
Time between Ara-C treatment and training varied between the
two studies, yet in both studies there was neither indication that
Ara-C impaired acquisition of the MWM task nor that it impaired
recent spatial memory. Although we cannot rule out the possibility
that there is some time-window during which Ara-C treatment
impairs recent spatial memory or spatial acquisition, combined,
the two studies argue against it, and are consistent with the
broader notion that chemotherapy in general does not impair re-
cent spatial memory or spatial acquisition (Fardell et al., 2010;
Lee et al., 2006; Winocur et al., 2006). An alternative interpreta-
tion of our results is that methodological differences that often
vary slightly among MWM tasks, for example, an intertrial interval
of 3 min vs 5 min, or a probe trial on day 46 rather than 47, may
play a critical role in whether Ara-C treatment causes impaired
long-term spatial memory. If so, the MWM may not be a stable
task for the development of a mouse model of chemotherapy in-
duced cognitive dysfunction.

In summary, using a mouse model, we found no evidence that
Ara-C treatment impaired acquisition, short-term memory, or long-
term memory on a MWM task at a dose that caused systemic toxicity
and was near the upper threshold of survivability. Although progress
has been made (for reviews see Seigers and Fardell, 2011 andWalker,
2010), we believe the development of animal models of chemother-
apy induced cognitive impairment will take time. Although there is
strong evidence that chemotherapy causes a decline in neurogenesis
(Dietrich et al., 2006; Han et al., 2008; Janelsins et al., 2010;
Mignone and Weber, 2006; Seigers et al., 2008), how such a decline
might affect cognition remains controversial (Jaholkowski et al.,
2009; Leuner et al., 2006) and it is unlikely that a decline in neuro-
genesis alone can account for the wide range of processes (e.g.,
working memory, attention, concentration, processing speed, and
executive functions) that appear to be affected in the human condi-
tion (e.g., van Dam et al., 1998; Vardy and Tannock, 2007). As has
been previously suggested (e.g., Seigers and Fardell, 2011), inclusion
of tasks thought to tap into executive function and attention may
prove particularly fruitful as may the exploration of chemotherapy
induced myelin damage.
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