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Abstract

Cancer, in addition to many other chronic diseases, is associated with serious and problematic
behavioral symptoms, including cognitive impairments. In humans, various factors likely contribute
to cancer-associated cognitive deficits including disease awareness and chemotherapy; however, the
endogenous biological factors arising from tumor development may also play a causal role. In the
present study, rats with mammary tumors exhibited impaired spatial reference memory on a radial
arm maze and amnesia for familiar objects in an object recognition memory test. In contrast, their
performance in the Morris water maze and in fear conditioning tests was comparable to that of
controls. These select cognitive impairments were accompanied by elevations in hippocampal
interleukin-1 mRNA expression, but were not associated with decreases in hippocampal brain-
derived neurotrophic factor gene expression. Together the results indicate that peripheral tumors
alone are sufficient to induce increases in hippocampal cytokine expression and select deficits in
hippocampal-dependent memory tasks.
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Introduction

Cancer patients commonly experience emotional distress and cognitive impairments (Wefel
et al., 2008), which reduce their quality of life and negatively impact treatment compliance
and survival (Brown et al., 2003). Cognitive impairments associated with cancer include
deficits in memory, attention, concentration, and problem solving skills (Wefel et al., 2008).
Prior research has emphasized deleterious effects of chemotherapy on cognition (Miller et al.,
2008); however, mechanisms by which tumors alone affect cognition remain largely
unexamined.

Peripheral tumors are sufficient to induce a negative emotional state and trigger parallel
changes in the immune and endocrine systems. Rats with mammary tumors exhibit elevated
hippocampal proinflammatory cytokines (including interleukin-1p [IL-1 B]), decreased
glucocorticoid production, and increased hippocampal glucocorticoid receptor gene expression
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(Pyter etal., 2009). In light of the potent negative effects of proinflammatory cytokines (Banks
etal., 2002), and modulatory effects of glucocorticoids (Wolf, 2003), on cognition, the present
work considered whether tumors alone are likewise sufficient to disrupt learning and memory.

To examine this, we assessed several modalities of learning and memory in tumor-bearing and
tumor-free rats. We also examined hippocampal proinflammatory cytokine production and
growth factor gene expression as possible mediators of tumor-induced changes in
hippocampal-dependent memory processes.

Female, nulliparous Wistar rats (Harlan, Indianapolis, IN) were used in these experiments.
Siblings were pseudo-randomly distributed among treatments and housed 2-3/cage in
polypropylene cages (25.9 x 47.6 x 20.9 cm) at temperature and humidity of 22 + 1 °C and 50
+ 5%, respectively, and ad libitum access to food (Harlan 2018) and filtered tap water. Rats
were housed in 16 h light/day (lights on: 20:00 CST) and all behavioral tests were performed
between 7.00-13.00 h CST. Two treatment-balanced cohorts of rats were tested using the
Morris water maze and fear conditioning paradigms (n=14 tumors; n=12 saline). Separate
cohorts were used for radial arm maze (n=4 tumors; n=5 saline), novel object recognition test/
BDNF gene expression (n=20 tumors; n=13 saline), and hippocampal IL-1/ gene expression
(n=3 tumors; n=3 saline).

Tumor induction

Between 30-42 d of age (week 0), rats received an injection (i.p., 50 mg/kg) of the carcinogen
(N-nitroso-N-methylurea [NMU]; Sigma, St. Louis, MO) or saline according to the methods
described elsewhere (Pyter et al., 2009). All cagemates received the same treatment. NMU
administered at this age induces consistent (>90%) malignant mammary tumors (ductal
carcinomas) in rats (>5 weeks post-treatment); comparable to the most common adult human
breast tumor (Thompson et al., 2000). Mammary gland palpation performed by an experienced
researcher began at week 4; only tumors >3mm in diameter detected by week 10 were included
in this study. At week 7, all rats were housed 1/cage.

Morris water maze

Long-term, spatial learning and memory was assessed according to the methods described
previously (Morris, 1984). Under dim light, video was obtained from above the maze (1.75m
diameter x 58 cm height; 27 °C opaque water) and analyzed using Ethovision software (Noldus,
Wageningen, NL). On day 1, rats were allowed to swim freely for 60 s to acclimate. During
training (days 2-5), a platform (18 cm diameter) was placed 1.5 cm below the water surface in
one quadrant. Rats were given 2 trial blocks/day consisting of three 60-s trials (15-s ITI). Rats
remained on the platform for 10 s following each trial. On day 6, the platform was removed
and a 60-s probe trial examined retention. On days 7 and 8, reversal learning was evaluated in
3 trial blocks followed by a probe trial on day 9. On day 10, a 60-s visible (1 cm above the
surface) platform trial was run.

Fear conditioning

Fear responses to contextual and auditory stimuli were measured according to established
procedures (LeDoux et al., 1990). Four days after the Morris water maze, rats were placed
individually in stainless steel/glass modular conditioning chambers with metal grid floors (25
x 31 x 25 cm, ENV-008, Med Associates, St. Albans, VT) enclosed in a sound-dampening box
with an overhead camera. On day 1, rats habituated to the chamber for 3 min. On day 2, rats
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received 3 conditioning trials, each trial consisting of the presentation of a tone (20 s, 5 kHz,
75 dB, 60- or 120-s ITI) accompanied by an electric shock (1 s, 1.0 mA) delivered through the
floor during the last 1 s of the tone. On day 3, context conditioning was assessed by measuring
freezing behavior during 3-min exposure to the conditioning chamber in the absence of tones/
shocks Cued conditioning was assessed 2.5 h after context conditioning by placing rats in a
novel chamber (i.e., different color, shape, material, and odor) for 3 min of acclimatization,
followed by 3 tone-only (20 s, 5 kHz, 75 dB) trials. Conditioning was assessed by measuring
freezing behavior throughout each 20-s tone and for 10 s afterwards. A researcher blind to
treatments scored behavioral videos using Etholog software (Sao Paul, Brazil).

Radial arm maze

Spatial working and reference memory was measured according to protocols described
elsewhere (Wenk, 2004) using an 8-arm (68.5 x 11 cm each) plexiglass maze. Within 1 week
of tumor detection, rats were subjected to food restriction to maintain 80% of ad lib body
weight. Rats were progressively acclimated to the maze over 6 days with all arms available
and baited (45 mg sugar pellet; Bio-Serv, Frenchtown, NJ) as detailed in Davis et al. (2005).
Following acclimation and pre-training, rats received 8 days of training under dim light, which
required locating a reward in the cup at the end of a single arm (the goal arm, which did not
change) from starting positions on the distal end of one of the other 7 arms (start position) in
blocks of 10 trials/day. Trials were scored live by two researchers blind to experimental
treatments. Reference memory errors were defined as entries into a non-goal arm. Working
memory errors were defined as entries into a previously visited arm within a trial.

Delayed novel object recognition

Rats were allowed to investigate 2 identical objects (7.5 cm diameter plastic pipe caps) for 10
min in a novel cage, after which they were returned to their home-cage. Three hours later, one
familiar object was replaced with a novel object (7.5 cm steel pipe) and investigation behavior
was scored for 5 min. All objects were rinsed with 70% ethanol between trials. Videos were
scored using Etholog. Investigation was defined as object-directed behavior with the nose 1
cm from an object and vibrissae moving. A discrimination index (DI) was calculated as
described in (Ruby et al., 2008)

Brain-derived neurotrophic factor (BDNF) gene expression

Within 2 min of novel object recognition testing, rats were rapidly decapitated and hippocampal
tissue was collected, frozen at -70 °C, and later processed for BDNF gene expression as
described below.

IL-18 gene expression

gPCR

Hippocampal tissue was collected in rats without prior behavioral testing experience, frozen
at -70 °C following rapid decapitation, and processed for IL-1/ gene expression as described
below.

Total RNA was extracted (RNeasy Mini Kit, Qiagen, Valencia, CA), verified by A260/A280
ratios, and reverse transcribed. TagMan primer and probe sets for BDNF (Rn02531967_s1),

IL-18 (Rn00676333_g1), and 18S ribosomal RNA (labeled with VVIC) were purchased (Applied
Biosystems). Amplification was performed using an ABI-7900HT at the Functional Genomics
Center. The universal two-step RT-PCR cycling conditions used were: 50° C (2 min), 95° C
(10 min), 40 cycles of 95° C (15 s) and 60° C (1 min). Relative gene expression of individual
samples run in duplicate was calculated by the relative standard curve method consisting of
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serial dilutions of pooled rat hippocampal cDNA (1:1, 1:10, 1:100, 1:1000, 1:10,000) followed
by normalization to 18S rRNA gene expression.

Statistical Analyses

Statistics were performed using StatView 5.0 (SAS, Cary, NC). Differences between groups

over time were assessed using repeated-measures ANOVA and t-tests where warranted by a

significant omnibus F-statistic. One-sample t-tests were used to determine if DIs differed from
0. Differences were considered significant if P <0.05.

Results

Morris water maze

Latencies to reach the hidden platform decreased (p<0.05) over time equally (p>0.9) in tumor-
bearing and control rats in both the original (Figure 1A) and reversal (data not shown) learning
trials. Additionally, the time spent in the quadrant of the pool in which the platform had been
removed for the memory probe tests was comparable between groups (p>0.1 for both; Figure
1A) as was the latency to reach the platform in the visible platform trial (p>0.4; data not shown).

Fear conditioning

Tumor-bearing rats tended to spend less time freezing following presentation of the auditory
cue alone (Fq 46=3.44, p=0.08; Figure 1B). Freezing behavior in the contextual fear
conditioning trial was comparable in both groups (p>0.2; Figure 1B).

Radial arm maze

The percentage of reference memory errors decreased over blocks of trials in all rats
(F7,49=21.7, p<0.0001), but this decrease occurred significantly slower in tumor-bearing
relative to control rats (F7 49=2.7, p=0.02; Figure 1C). The percentage of working memory
errors likewise decreased over time (F7 49 = 10.5, p<0.0001); however, there were no
differences between groups in this measure (p>0.4; data not shown).

Novel object recognition

Control rats readily discriminated the novel object from the familiar object after a 3-h delay
and spent significantly more time investigating the novel object (p<0.05; Figure 1D). In
contrast, tumor-bearing rats spent comparable amounts of time investigating both objects
(p>0.9).

IL-18 gene expression

Hippocampal IL-1/ gene expression was elevated 3-4-fold in tumor-bearing relative to control
rats (p<0.05; Figure 2A).

BDNF gene expression
Hippocampal BDNF gene expression did not differ between groups (p>0.3; Figure 2B).

Discussion

Previous work indicated that mammary tumors alone are sufficient to induce depressive-like
behaviors, increase hippocampal cytokine production, and reduce glucocorticoid responses to
astressor (Pyter etal., 2009). In light of the effects of hippocampal glucocorticoid and cytokine
signaling on learning and memory (Banks et al., 2002), we examined whether tumors also
impair cognitive function. To our knowledge, this is the first study to report significant
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cognitive deficits in tumor-bearing rats. Modest impairments were evident in spatial reference
memory using the radial arm maze and marked memory impairment was evident in a novel
object recognition test in rats with tumors. In contrast, neither fear conditioning nor long-term
spatial memory performance was affected by tumor formation. Elevated IL-1/ gene expression
was detected in the hippocampus of tumor-bearing rats, but post-behavior hippocampal
BDNF gene expression, which has been reported to facilitate learning and memory (Tyler et
al., 2002), remained comparable to controls. The present data suggest that tumors provoke
select cognitive deficiencies. These changes in cognition are associated with elevations in
hippocampal IL-15 gene expression, but not with changes in hippocampal BDNF gene
expression.

Drugs commonly used as chemotherapeutic agents in clinical settings impair learning in rodent
models (Konat et al., 2008). However, studies examining the effects of tumors alone on
cognitive function are not evident. In the present study, two tests measuring spatial learning
and memory were used, but reference memory deficits were detected in tumor-bearing rats
only in a radial arm maze, not in the Morris water maze. Differences in the motivational
demands of the tests (appetitive versus aversive learning) may contribute to the differences in
performance (Dudchenko et al., 1997). If so, the outcomes suggest that changes in cognition
caused by tumor development are modest and only evident when motivation is reward-based.
Inferences made regarding the selective basis of reference versus working memory impairment
from the radial arm maze data are preliminary, however, because of the low sample sizes in
the present work.

Of the four tests of learning and memory examined, only the cued test of fear conditioning is
hippocampal-independent (Rudy et al., 2004). The absence of significant differences in both
context and cued fear conditioning do not permit clear inferences about the relative effects of
tumors on hippocampal-dependent versus -independent systems. However, potential
contextual conditioning differences between tumor-bearing and control rats may have been
masked given the relatively low freezing responses. Potential differences in cued conditioning
may be further delineated using a continuous tone rather than the intermittent tone presentation
used in the present paradigm (i.e., Barrientos et al., 2009). In contrast, the robust impairment
in novel object recognition in the tumor-bearing rats corroborates the effects on spatial
reference memory in the radial arm maze, and suggests that the hippocampus may be a target
of tumor-derived factors. Further investigation of the effects of tumors on cognitive processes
(e.g., attention, impulsivity) is relevant to performance in these tasks, and might bear clinical
relevance as well.

The increase in IL-1/ gene expression in the hippocampus of tumor-bearing rats supports
earlier findings of increased hippocampal IL-1p protein expression (Pyter et al., 2009). Both
humoral and neural routes remain viable candidate mechanisms by which tumors induce brain
IL-1p production (Dantzer et al., 2000). Previous studies comparing cued (hippocampus-
independent) versus context (hippocampus-dependent) learning have demonstrated that
learning deficits due to elevated IL-1f3 are confined to hippocampal-based learning (Pugh et
al., 2001). No such clear distinctions can be made from the present results, therefore, IL-1 is
unlikely to be the sole mediator of cancer-associated cognitive deficits. Indeed, more complex
interactions among elevated hippocampal cytokines and diminished glucocorticoid signaling
in tumor-bearing rats may underlie these behavioral changes.

Among its many functions, BDNF regulates neuronal factors linked to learning including
neuronal survival, dendritic structure, and neuronal function in the adult hippocampus (Binder
and Scharfman, 2004). Decreased hippocampal BDNF is often associated with impaired
learning or memory consolidation (Heldt et al., 2007), whereas increased hippocampal BDNF
reported in response to a central immune challenge may be neuroprotective (de Pablos et al.,
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2006). These conflicting roles for BDNF could, in part, explain the absence of changes in
BDNF mRNA levels following a novel object recognition test in tumor-bearing rats. Changes
in BDNF also occur in a regionally-specific manner during learning (e.g., Bilbo et al., 2008)
and the present approach, using a whole hippocampal analysis, may have failed to identify
such sub-region-specific changes. In current form, these results do not indicate that changes
in BDNF gene expression mediate tumor-induced cognitive deficits, although interpretation of
these data compared with behaviorally-naive controls may be more informative.

Taken together, the data suggest that tumors alone are sufficient to impair some aspects of
declarative memory and to elevate hippocampal IL-15 mRNA in the absence of changes in
whole hippocampal BDNF gene expression. These experiments extend previous findings that
tumors induce a negative emotional state and thereby identify a broader role for the biological
consequences of chronic disease on brain function. Although other potential causes likely
contribute to cognitive deficits associated with cancer, these data indicate that physiological
consequences of the disease itself may contribute to the comorbidity between chronic,
peripheral disease and altered brain function.
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