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Inflammation has been proposed to play a causal role in chemobrain which—if true—
would represent an opportunity to repurpose existing anti-inflammatory drugs for the
prevention and treatment of chemobrain. Here, we show that the chemoagent paclitaxel
induces memory impairment and anhedonia in mice within 24 h of treatment cessation,
but inflammation is not present until 2 weeks after treatment. We find no evidence of brain
inflammation as measured by cytokine analysis at any time point. Furthermore, treating
with aspirin to block inflammation did not affect paclitaxel-induced memory impairment.
These findings suggest that inflammation may not be responsible for memory impairment
induced by paclitaxel. These results contrast with recent findings of a causal role for
inflammation in cancer-induced memory deficits in mice that were prevented by treatment
with oral aspirin, suggesting that cognitive impairment in cancer patients undergoing
treatment may arise from multiple convergent mechanisms.

Keywords: cancer, cognitive impairment, memory, inflammation, anti-inflammatory drugs (NSAIDs)
INTRODUCTION

Cognitive impairment and mood disturbance are widespread in cancer patients and survivors who
have received chemotherapy. Colloquially called “chemobrain”, up to 70% of cancer patients report
noticeable deficits in learning, memory, executive function and concentration after chemotherapy,
and up to 40% have measurable cognitive decline (1–4). Roughly 20% of cancer patients experience
mood-related disturbances including anxiety and depression (5). In many survivors these symptoms
are sustained for months or years after cessation of treatment (6, 7). While the clinical phenomenon
of chemotherapy-associated cognitive impairment and mood disorders has been widely
characterized across a number of chemotherapies and different cancer populations, the biological
mechanisms responsible for these symptoms remain elusive. A primary hypothesis proposed to
account for sustained cognitive impairment and mood-related disorders is that chemotherapy
drives peripheral inflammation that is propagated to the brain to induce neuroinflammation,
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thereby driving changes in cognition and mood. This
“inflammation hypothesis” has been supported by findings of
cognitive and mood symptoms in cancer patients and survivors
that correlate with increases in proinflammatory cytokines
and neutrophil-to-lymphocyte ratios during and after
chemotherapy (6, 8). However, other studies have failed to find
any association (3, 9). Such a hypothesis is plausible given
the known relationship between peripheral inflammation,
brain inflammation and disturbances in cognitive function,
mood and behavior in non-cancer contexts (10–16). Given that
numerous studies have identified an increase in proinflammatory
cytokines in response to chemotherapy, it is not surprising that
inflammation would be considered a candidate mechanism
(17–19).

If inflammation is causal in chemotherapy-induced cognitive
impairment and mood disorders, then prophylactic and
sustained treatment with anti-inflammatory drugs would be a
potential intervention strategy to prevent these symptoms in
cancer patients. We have previously reported that the anti-
inflammatory drug aspirin prevents tumor-induced cognitive
impairment in a mouse model of metastatic breast cancer (11),
suggesting its potential to be given to patients prior to
chemotherapy to reduce cognitive impairment induced by the
cancer. To date, no one has tested the utility for aspirin to combat
chemotherapy-induced cognitive impairment. Here we
determine if aspirin may also serve to alleviate chemotherapy-
induced cognitive impairment. We test the immediate and
sustained impact of a commonly employed chemotherapeutic
agent, paclitaxel, on memory performance and depression-like
behavior in non-tumor bearing mice, and examine the
inflammatory profile of these 24 h after the last dose of
paclitaxel and 2 weeks later. Paclitaxel is a commonly-used
treatment for multiple cancer types including breast, ovarian,
lung, bladder, and prostate cancer that has been associated with
symptoms of cognitive impairment and mood disorders in
cancer patients (20, 21). Paclitaxel has also been shown to alter
plasma inflammatory cytokines in patients (22). Consistent with
those clinical observations, we show evidence of peripheral
inflammation, as indicated by increased plasma cytokines 2
weeks after paclitaxel treatment, but no evidence of elevated
cytokines in the brain at any time point. The findings suggest that
inflammation may not be responsible for either the immediate or
late effects of paclitaxel on cognition, and confirm that aspirin is
an unlikely intervention strategy to prevent or treat paclitaxel-
induced chemobrain.
MATERIALS AND METHODS

Animals
Experiments used BALB/c male (n = 52) mice aged 13–14 weeks
(Monash University, Australia). Mice were individually housed
in standard shoebox cages in a temperature and humidity-
controlled environment with a 12/12-h modified dark-light
cycle (lights on at 1900 h). Food and water were available ad
libitum. Mice were handled daily for 2 weeks prior to the start of
Frontiers in Oncology | www.frontiersin.org 2
the experiment. Mice were euthanized with CO2 either 24 h after
cessation of paclitaxel treatment or 2 weeks later to examine
biological markers corresponding to early vs. late effects of
chemotherapy. Blood was collected by cardiac puncture and
tissues were removed after perfusion with sterile PBS and snap
frozen in liquid nitrogen. All procedures involving mice were
carried out under protocols approved by the Monash Institute of
Pharmaceutical Sciences Animal Ethics Committee and in
accordance with National Health and Medical Research
Council animal ethics guidelines. All experiments were
conducted Monash Institute of Pharmaceutical Sciences except
for assessment of brain cytokine gene expression, which was
conducted at Neuroscience Research Australia.

Treatments
Paclitaxel Treatment
Mice were injected intraperitoneally with 10 mg/kg paclitaxel
(Assay Matrix) solubilized in vehicle (Cremorphor EL:ethanol:
saline, 1:1:10) or an equivolume of vehicle every second day for
2 weeks.

Anti-Inflammatory Treatment
BALB/c mice were treated with either aspirin in drinking water
(Aspro, Bayer Australia Ltd) (0.125 μg/ml) or water (control)
starting 24 h prior to the first injection of paclitaxel and continuing
until the end of the experiment. Water was changed daily and
liquid consumption quantified. Mice were pre-determined to
drink an average of 4 ml/day of aspirin-treated and non-aspirin-
treated water resulting in an estimated dose of 25 mg/kg/day for
mice treated with aspirin. This dose produces a similar
pharmacodynamic effect on COX-1 inhibition as a dose of 100
mg/day in humans, which is considered a low dose (23).

Behavioral Assays
Sickness behavior, memory and depression-like behavior were
assessed in response to treatment with paclitaxel. To ensure mice
received adequate access to aspirin throughout the entire
experiment, only sickness and memory was assessed in
response to aspirin in drinking water.

Sickness
The effect of paclitaxel on sickness and inactivity was assessed by
measuring body weight changes, daily burrowing, and locomotor
activity. The burrowing test was performed daily at 0900 as
described previously (11). A PVC tube filled with 200 ± 1 g of
standard mouse chow pellets was placed into the home cage for
30 min. The food pellets remaining in the tube after 30 min were
weighed and used to calculate the burrowing activity as a
percentage using the formula:

200g − amount   of   food   pellet   left   (g)
200g

� 100

Mice were trained to burrow at least 80% of the pellets (160 g)
prior to the start of paclitaxel treatment.

Locomotor activity was assessed by placing mice in a 40 cm ×
40 cm × 40 cm testing arena and recorded for 5 min in complete
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darkness under infrared lighting. Distance travelled was analyzed
using Viewer III software (Biobserve GmbH, Bonn, Germany).

Cognition and Mood Testing
Episodic memory was assessed using the novel object/novel place
recognition test. Novel object/novel place recognition was
conducted under low lighting, as previously described (11). The
novel object/novel place recognition test was performed in a testing
arena (40 cm × 40 cm × 40 cm) 24 h after the termination of
paclitaxel treatment and 13 days later. This test comprises of 3
different phases—acquisition, retention, and the test phase. During
the acquisition phase, mice were allowed to explore two identical
objects for 5 min. Mice were then removed from the arena and
placed back into their home cage for 5 min (retention phase).
During the test phase, mice were returned to the arena with one of
the original now-familiar objects replaced with a novel object (with
similar dimensions), placed in a novel location in the arena.
BALB/c mice have been shown to perform poorly on the novel
object recognition test compared to other strains. BALB/c were
chosen to align with previous studies demonstrating cancer-
induced memory impairment for which inflammation was
shown to be causal and preventable with aspirin (11). Pilot
studies indicated that a retention phase of 5 min provides
optimal novel object/novel place preference in BALB/c mice
while allowing deficits in memory from chemotherapy to be
reliably observed. Mouse exploratory behavior, including time
spent exploring both old and novel objects and distance
travelled, were recorded and analyzed using Viewer III software
(Biobserve GmbH, Bonn, Germany). Novel object recognition was
calculated by determining the percentage of time spent with the
novel object divided by the total time spent exploring all the objects
in the arena. Mice were excluded if they spent less than 20 s
exploring the familiar objects in the acquisition phase. As the same
cohort of mice were used in the test at both time points (24 h and
13 days after paclitaxel), different objects were used between these
tests to ensure novelty of the objects to mice.

Working memory was assessed using the Y-Maze
spontaneous alternation test and was conducted 24 h after
novel object/novel place recognition testing (i.e. 48 h after
paclitaxel and 11–13 days thereafter) under dim lighting. Mice
were placed in the middle of a three-arm Y-Maze (20.5 cm × 11.5
cm × 32 cm; h × w × l) and were allowed to explore all three arms
freely for 5 min. The experiment was recorded by camera and the
number and sequence of arm entries were scored manually. Arm
entries were only scored when all four limbs of the mice entered
the arm. The percentage of correct alternations was calculated
using the following formula:

Number   of   correct   alternations   consecutive   entries   into   three   different   armsð Þ
total   possible   correct   alternations   i : e :,   total   arm   entries − 2ð Þ � 100

All mice achieved >60% alternation at baseline.
Depression-like behavior was assessed using the sucrose

preference and forced swim tests. Sucrose preference was
assessed by providing mice with access to two water bottles
overnight on a daily basis throughout the experiment. One
bottle contained drinking water and the other bottle contained
1.5% (w/v) sucrose in drinking water. The percentage of sucrose
Frontiers in Oncology | www.frontiersin.org 3
solution over the total liquid consumed was calculated. The
amount of plain water and sucrose solution consumed was
weighed daily. Prior to the start of paclitaxel, mice were trained
to achieve 80% or higher of daily sucrose consumption. Behavioral
testing for memory, where mice were removed from their home
cage, interfered with liquid consumption and sucrose preference
testing, making the data unreliable. As such we excluded sucrose
preference data during the days of behavioral testing for memory
and locomotor activity that required removal from the home cage.

The forced swim test was conducted 1 h after the completion of
the novel object/place recognition test. Mice were placed
individually in a plastic bucket (20 cm diameter) filled to a depth
of 15 cm with water (24 ± 1°C) for 6 min. After the testing period,
mice were removed and dried with paper towel before being
returned to their home cage. The test was performed in complete
darkness and recorded under infrared light. The total swimming
distance was tracked and measured using Viewer III (Biobserve
GmbH, Bonn, Germany) software. Immobility time was scored
manually by an observer blinded to treatment condition.

Gene Expression Analyses
Total RNA was isolated from frozen tongue, whole brain, and liver
tissue using NucleoSpin® Plus (Nucleospin, Germany). Real time
reverse transcriptase polymerase chain reaction (qRT-PCR) was
used to quantify gene expression in 100 ng of total RNA using
Taqman probes (Applied Biosystems, USA) targeting mouse
genes of interest: Tas1r1 Mm00473433_m1, Tas1r2 Mm
00499716_m1, Tas1r3 Mm00473459_g1, Il-1b Mm01336189_m1,
Tnfa Mm00443258_m1, Il-6 Mm00446190_m1, Ifng
Mm01168134_m1, Ido1 Mm00492590_m1, Actb Mm00
607939_s1), and an iScript One-Step RT-PCR kit (Biorad, USA),
with 40 PCR amplification cycles of 15 s of strand separation at
95°C, and 30 s of annealing and extension at 60°C. Relative
quantitative measurement of target gene levels was performed
using the DDCt method, where Ct is the threshold concentration.
Actb was used as the endogenous housekeeping control gene for
livers, brain and tongue.

Quantification of Tongue Papillae
Fresh tongue tissue was harvested from mice immediately after
CO2 euthanasia. The dorsal surface of the tongue was immediately
stained with India ink to enhance visualization of tongue papillae.
Images of tongue tissues were captured using a dissecting
microscope with camera attachment. A defined and consistent
virtual circular region was drawn around the anterior part of the
tongue in each image and the number of papillae within the
region was scored by an observer blinded to treatment condition.

Plasma and Brain Cytokine Protein
Analysis
Blood samples were centrifuged at 5000 g for 10min at 4°C.
Plasma was isolated and stored at -80°C until assayed. Plasma
samples were analyzed undiluted. Frozen whole brains were first
pulverized using sterilized steel tissue crushers, which were
placed in liquid nitrogen prior to use to ensure tissue
temperature did not rise. The powder was thoroughly mixed to
ensure equal representation of brain regions throughout the
December 2020 | Volume 10 | Article 564965
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powder. Protein was then extracted from 20 mg of the frozen
brain tissue sample by sonicating samples in 200 μl extraction
solvent (PBS containing 1xPhosSTOP, Roche). Samples were
centrifuged at 15,500 g for 15 min at 4°C and supernatant was
collected. Protein content was measured using Bradford assays
and standardized to 2 mg/ml A panel of 23 cytokines was
measured, using a Bioplex Pro Mouse Cytokine 23-plex Assay
kit (Bio-Rad, Gladesville, Australia), according to the
manufacturer’s protocol. The plate was read using a Bio-Rad
BioPlex200 machine. Median fluorescence data was collected by
the instrument and the Bio-Plex Manager software calculated
cytokine concentrations as pg/ml based on the standard curve
per cytokine using a 5-parameter logistic (5-PL) method.

Plasma and Brain Paclitaxel Concentration
Analysis
Paclitaxel concentration in the brain and plasma ofmice (n = 4) was
determined by LC-MS using a Waters Micromass Quattro Premier
coupled to a Waters Acuity UPLC. Gradient chromatography was
achieved with an acetonitrile-water/0.05% formic acid mobile phase
and a Supelco Ascentic Express RP C18 (50 x 2.1 mm, 2.7 μm)
column. Each whole brain was homogenized in aqueous buffer (3-
fold mass/volume ratio), and the resulting homogenates were then
protein-precipitated with acetonitrile (3-fold volume/volume ratio).
Plasma samples were protein-precipitated with acetonitrile (2-fold
volume/volume ratio). Quantitation was performed relative to
spiked calibration standards prepared in blank mouse plasma
(paclitaxel range: 1–10,000 ng/ml) and brain homogenate
(paclitaxel range: 5-10,000 ng/g tissue).

Statistical Analysis
One-way or two-way repeated measures analyses of variance
(ANOVA) (paclitaxel vs vehicle) (aspirin vs placebo) were used
to analyze longitudinal data assessing memory, depression-like
behavior, and sickness responses and behavior. Single time-point
data (cytokines, tongue papillae, and taste receptors) were
assessed using unpaired t-tests. Planned comparisons were
performed to assess change from the control group, and were
determined using Newman-Keuls multiple comparisons tests
adjusted for the number of comparisons to control for family-
wise error. Association between plasma cytokines at day 26 and
memory performance on the novel object/place recognition test
at day 22 of the experiment was examined using the Pearson
correlation test. Outliers were considered if they were 2 or more
standard deviations from the mean. Experiments were conducted
in duplicate or triplicate. The data underlying this study are
available upon request to the corresponding author.
RESULTS

Paclitaxel Causes Sustained Deficits in
Novel Object/Novel Place Recognition and
Reductions in Sucrose Preference
To explore the effect of chemotherapy on memory, we treated
mice with paclitaxel and used the novel object/novel place
recognition and Y-Maze spontaneous alternation tests (Figures
Frontiers in Oncology | www.frontiersin.org 4
1A–C). The novel object/novel place recognition test assesses
memory by capitalizing on the innate preference of mice to
explore novelty. It requires mice to remember an object they saw,
and its position, in a previous period of exploration. Paclitaxel
caused immediate and sustained impairment (within 24 h of
stopping treatment, i.e. on day 13 of the experiment) on the
novel object/novel place recognition test, indicated by reduced
time spent exploring the novel object compared to vehicle-
treated controls. Cognitive impairment was sustained 10 days
after cessation of chemotherapy (day 22 of the experiment;
F(1,24) = 15.48, p = 0.01) (Figure 1B). The Y-Maze
spontaneous alternation test assesses spatial reference memory
and working memory (24). No difference in working and spatial
reference memory was observed at either time point based on
performance on the Y-Maze spontaneous alternation test (p >
0.05) (Figure 1C).

Depression-like behavior was assessed using the sucrose
preference and forced swim tests. Both tests are sensitive and
well-validated methods, where depression-like behavior in
rodents is indicated by reduced consumption of sucrose
solution or increased immobility during the forced swim test
(25, 26). Paclitaxel reduced sucrose preference, which reached
significance based on multiple comparisons on days 17-19
(F(19,540) = 3.17, p < 0.0001) (Figure 1D) but did not change
forced swim test immobility (Figure 1E) (p > 0.05). Reduced
sucrose preference could indicate depression-like behavior, or
may be attributable to chemotherapy-induced changes in taste
perception, which would not impact behavior in the forced swim
test. To investigate this, we quantified the effect of chemotherapy
treatment on taste bud density and taste receptor expression.
Patients report a loss of taste perception after chemotherapy (27,
28), which has been attributed to loss of taste buds and the
receptors that signal flavor perception (29, 30). Perception of
sweet flavors are determined by receptors encoded by Tas1r2 and
Tas1r3 genes, whereas umami flavors involve Tas1r1 and Tas1r3
genes. Paclitaxel had no effect on the quantity of tongue papillae
(Figure 2A), but reduced expression of Tas1r1 mRNA [t(12) =
5.12, p < 0.01] without affecting either Tas1r2 or Tas1r3 gene
expression, indicating a possible impairment in umami flavor
perception but not for perception of sweet flavors such as sucrose
solution (Figure 2B). Considered together, these data suggest
that the observed reduction in sucrose preference reflects
paclitaxel-induced anhedonia and not an inability to recognize
the sweet sucrose solution.

Paclitaxel-Induced Memory Impairment
and Anhedonia Are Independent of
Paclitaxel-Induced Sickness
Cancer patients receiving chemotherapy typically report symptoms
of sickness such as nausea, weight loss, and fatigue that are
attributed to both the cancer and to chemotherapy treatment
(31, 32). To investigate if paclitaxel-induced memory impairment
and anhedonia (Figures 1B, D) were due to treatment-induced
inactivity and/or sickness, we assessed the effect of paclitaxel on
body weight, liquid consumption, and burrowing activity.
Paclitaxel did not affect body weight (Figure 3A) or burrowing
activity (Figure 3B), and did not alter distance travelled in either
December 2020 | Volume 10 | Article 564965
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A

B

D E

C

FIGURE 1 | Paclitaxel induces memory impairment and anhedonia. (A) Experimental design to evaluate the immediate and late effects of paclitaxel on memory and
depression-like behavior for mice treated with paclitaxel vs. vehicle. Mice were treated every second day with 10 mg/kg paclitaxel vs. vehicle for 14 days and
memory was assessed at 24–48 h and 10–11 days after the final dose of paclitaxel (days 13–14 and 22–23 of the experiment). (B–C) Memory assessed in the test
phase of the novel object/novel place recognition test or in the Y-Maze alternation test. (D) Depression-like behavior was assessed by sucrose preference throughout
and after treatment with paclitaxel. (E) Immobility was assessed in the forced swim test at 24 h and 10 days after paclitaxel treatment (days 13 and 22 of the
experiment). Data are presented as mean + SE; n = 6–16/group. *p < 0.05; **p < 0.01 from repeated two-way ANOVA (B—main effect of paclitaxel) or repeated
one-way ANOVA followed by Sidak’s multiple comparison test (D).
A B

FIGURE 2 | Paclitaxel does not impair sweetened taste perception. (A) Tongue papillae number (mean + SE) of mice treated with paclitaxel vs. vehicle. (B) Taste
receptor mRNA expression of mice treated with paclitaxel vs. vehicle. Data are presented as mean + SE; n = 7–8/group. **p < 0.001 from two-tailed unpaired
Student’s t-test.
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the learning or testing phase in the novel object/novel place
recognition (Figures 3C, D) or in the locomotor activity test
(Figure 3E). These findings indicate that poor performance on
the behavioral tasks was not due to inactivity or loss of motivation.
Furthermore, no difference in liquid consumption was observed
between paclitaxel and vehicle-treated mice in sucrose preference
test (Figure 3F) (p > 0.05). Together, these data suggest that the
observed memory impairment and anhedonia (Figures 1B, D) are
unlikely due to paclitaxel-induced sickness behaviors.

Paclitaxel Induces Delayed Peripheral
Inflammation
Clinical studies have reported elevations in pro-inflammatory
cytokines in patients and survivors treated with chemotherapy
(32–34). We first determined whether our model of paclitaxel-
induced memory impairment recapitulated cytokine changes
found in those clinical studies by quantifying cytokine gene
Frontiers in Oncology | www.frontiersin.org 6
expression and protein levels 24 h and 2 weeks after stopping
chemotherapy treatment. Hepatic cytokines were assayed as a
source of peripheral inflammatory cytokines and did not change
24 h after the last dose of paclitaxel as measured by qRT-PCR (p >
0.05) (Figure 4A). Plasma protein levels confirmed no evidence of
inflammation in paclitaxel-treated mice at this time-point,
although IFNg and CCL5 were significantly reduced (p < 0.05)
(Figure 4B). However, paclitaxel significantly elevated expression
of hepatic Il1b, Tnfa and Ifng 2 weeks after treatment (all p < 0.05)
(Figure 4A). Inflammation at 2 weeks after cessation of paclitaxel
treatment was confirmed with increases in IL17, IFNg, GMCSF,
CXCL1, and CCL5 plasma protein (all p < 0.05) (Figure 4C).
Correlation analyses confirmed that peripheral cytokines were not
associated with memory performance (Supplementary Table 1).
These findings show that immediate deficits in memory and mood
(within 24 h of stopping paclitaxel) were independent of
peripheral inflammation. In contrast, sustained memory
A B

D

E F

C

FIGURE 3 | Paclitaxel does not induce sickness or inactivity. (A) Body weight change from baseline for mice treated with paclitaxel vs vehicle throughout the
experiment. (B) Burrowing activity change from baseline for mice treated with paclitaxel vs. vehicle throughout the experiment. (C–D) Distance travelled in the novel
object/novel place recognition test during learning and testing phases for mice treated with paclitaxel vs vehicle. (E) Spontaneous locomotor activity for mice treated
with paclitaxel vs. vehicle. (F) Total liquid intake (g) for mice treated with paclitaxel vs. vehicle throughout the experiment. Data are presented as mean + SE; n = 6–
16 mice/group.
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impairment and anhedonia (2 weeks after treatment cessation)
was accompanied by peripheral inflammation.

Paclitaxel Does Not Induce
Neuroinflammation
Despite seeing no evidence of peripheral inflammation at 24 h after
paclitaxel treatment, it was possible that paclitaxel may be entering
the brain and inducing compartmentalized neuroinflammation at
this earlier time. While significantly lower in concentration than in
the plasma, we still confirmed that paclitaxel crossed the blood
brain barrier and was present in the brain parenchyma (Figure
5A). We then assessed brain cytokine levels at 24 h and 2 weeks
after stopping chemotherapy. Paclitaxel did not increase cytokine
or chemokine concentrations at 24 h, but rather decreased several
cytokines and chemokines compared to vehicle controls (Figure
5B). Paclitaxel treatment had no effect on cytokine gene expression
at 2 weeks (p > 0.05) (Figure 5C), which was confirmed by protein
analysis of a wider array of cytokines and chemokines (Figure 5D).
These data indicate that the paclitaxel-induced peripheral
inflammatory signature may not be reflected in the brain, and
that there is no association between neuroinflammation and
paclitaxel-induced memory impairment.

Inflammation Is Not Causal in Paclitaxel-
Induced Cognitive Impairment
To experimentally confirm that inflammation does not play a
role in paclitaxel-induced memory impairment, we treated mice
Frontiers in Oncology | www.frontiersin.org 7
orally with the anti-inflammatory drug aspirin in drinking water
at a dose we previously showed to be effective in preventing
tumor-induced memory impairment using the novel object/
novel place recognition test (11). Mice commenced oral aspirin
24 h prior to the first injection of paclitaxel and were maintained
on aspirin until the end of the experiment. To avoid confounds
caused by aspirin delivered in drinking water, we did not conduct
sucrose preference testing in these mice. Consistent with our
previous findings, paclitaxel induced impairment on the novel
object/novel place recognition test 24 h after cessation of
paclitaxel (day 13 of the experiment), and this was sustained
10 days later (day 23 of the experiment) [F(1,52) = 9.07, p < 0.01].
Aspirin did not affect memory performance on this task at any
time point (Figure 6). These findings support the contention that
inflammation is not responsible for either the immediate or
sustained effects of paclitaxel on memory or affective behavior in
this model.
DISCUSSION

The role of inflammation in chemotherapy-induced
cognitive impairment and affective symptoms is controversial.
While multiple clinical studies have reported associations
between peripheral inflammatory markers and reduced mood
and cognitive impairment in cancer patients receiving
A

B C

FIGURE 4 | Paclitaxel induces delayed peripheral inflammation. (A) Hepatic cytokine mRNA expression of mice 24 h and 2 weeks after paclitaxel treatment (mean +
SE). Fold change relative to vehicle-treated mice. (B–C) Plasma cytokine concentrations 24 h and 2 weeks after paclitaxel treatment (mean + SE). Fold change
relative to vehicle-treated mice. The dotted line at 1 represents vehicle-treated control levels. Data are presented as mean + SE; n = 4–12/group. *p < 0.05 from
two-tailed unpaired Student’s t-test.
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chemotherapy, this correlation could plausibly be explained by
effects of the chemotherapy or the cancer itself (11). By using
animal models, the current study eliminated the potential
confound of cancer-induced inflammation on memory and
mood-related behaviors and revealed the role of paclitaxel
Frontiers in Oncology | www.frontiersin.org 8
chemotherapy on behavior and inflammation in the body and
the brain. In doing so, this study replicated clinical studies that
demonstrate peripheral inflammatory markers occur alongside
mood and cognition changes in patients that receive
chemotherapy (32–34), suggesting that paclitaxel alone may
A B

DC

FIGURE 5 | Paclitaxel does not induce brain inflammation. (A) Concentration of paclitaxel in brain and plasma 24 h after the final dose of paclitaxel. (B) Brain
cytokine protein concentrations 24 h after paclitaxel treatment. Fold change relative to vehicle-treated mice. (C) Brain cytokine mRNA expression of mice 2 weeks
after paclitaxel treatment. Fold change relative to vehicle-treated mice. (D) Brain cytokine protein concentrations 2 weeks after paclitaxel treatment. Fold change
relative to vehicle-treated mice. Dotted lines at 1 represent vehicle-treated control levels. Data are presented as mean + SE; n = 4–12/group. N.D. = not detectable.
FIGURE 6 | Aspirin does not improve paclitaxel-induced memory impairment. Memory was assessed at 24 h and 10 days after the final dose of paclitaxel or vehicle
(days 13 and 23 of the experiment) in the test phase of the novel object/novel place recognition test in aspirin vs. placebo treated mice (n > 11/group). Data are
presented as mean + SE; n = 11–16/group. **p < 0.01 from repeated two-way ANOVA (main effect of paclitaxel).
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contribute to the increase of these inflammatory markers.
However, the findings of this study support the contention that
pro-inflammatory cytokines are associated with, but not
responsible for, chemobrain.

Not all cognitive and depression-like domains were impaired
by paclitaxel. The novel object/novel place recognition test
involves aspects of both episodic and spatial memory, whereas
the spontaneous Y-Maze alternation test measures working and
spatial memory. Paclitaxel-induced impairment in the novel
object/novel place test suggests that hippocampal-dependent
episodic memory is vulnerable to paclitaxel whereas heavily-
utilized working memory and spatial memory may be more
resilient to the impact of paclitaxel. This contention is supported
by studies showing that the hippocampus is sensitive to
impairment in neurogenesis by paclitaxel (35, 36). Similarly,
while paclitaxel induced anhedonia, it did not cause other
depression-like phenotypes such as learned helplessness in the
forced swim test, suggesting certain domains of depression may
be more susceptible to the impact of chemotherapy than others.
Future studies should explore the possibility that the changes in
sucrose preference reflect anhedonia specifically and not
paclitaxel-induced changes to the interoceptive state of the
mice, which are partially refuted by the examination of tongue
papillae and taste receptor gene expression in this study. These
findings confirm clinical studies that report differential effects of
chemotherapy on numerous cognitive processes and across time
(37, 38). Future evaluation of specific brain regions, as well as
affective and cognitive processes, are required to better
understand the impact of chemotherapy on cognition.

Clinical studies have reported elevations in pro-inflammatory
cytokines in the blood of patients and survivors treated with
chemotherapy (32–34). This has led to the assumption that
neuroinflammation is induced by chemotherapy-induced
peripheral inflammation, which propagates inflammation to the
brain. Consistent with clinical findings, paclitaxel caused
immediate and long-lasting impairment in memory and
anhedonia in mice, but peripheral inflammation only became
apparent 2 weeks after paclitaxel treatment. Regardless, peripheral
cytokines measured 2 weeks after paclitaxel did not propagate
inflammation to the brain (Figure 5D), which disputes the
assumption made in patients that chemotherapy-induced
inflammation in the body is always reflected in the brain. There
was also no evidence of inflammation in the brain at 24 h after
paclitaxel treatment despite evidence of memory impairment and
anhedonia, and paclitaxel having crossed the blood-brain barrier.
These findings are discordant with the contention that transit of
paclitaxel into the brain induces compartmentalized
neuroinflammation, leading to memory loss and affective
symptoms in cancer patients who receive chemotherapy.

The absence of inflammation after chemotherapy reported
here is supported by other preclinical studies (39, 40).
Nonetheless, some studies have shown that chemotherapy
increases inflammatory cytokines in blood and brain tissue (18,
19, 41–43). As each of these animal studies used different
chemotherapeutic agents, doses, or treatment regimens, it is
possible the role of inflammation on chemobrain may be
specific to chemotherapy type or magnitude of exposure.
Frontiers in Oncology | www.frontiersin.org 9
The fact that increases in cytokines were not observed in
plasma until 2 weeks after paclitaxel treatment despite immediate
effects on memory and anhedonia is supported by clinical data.
In breast cancer patients no significant changes in plasma
inflammatory cytokines were observed until 3 weeks after
cessation of the entire chemotherapy regimen, despite
impairment in perceived cognitive function being reported
during chemotherapy treatment (8). Together these findings
suggest a temporal dissociation between chemotherapy-
induced cytokine production and symptoms of chemobrain,
and supports the contention that alternative mechanisms are
responsible for the induction of at least some symptoms
of chemobrain.

While the results do not support a role for cytokines in
chemobrain, it is possible that other inflammatory mediators
such as prostaglandins contribute to chemobrain. Paclitaxel has
been shown to affect macrophages to induce the expression of
cyclooxygenase-2—the enzyme that converts arachidonic acids
to prostaglandins (44)—and increase the production of
prostaglandin E2 (45). As prostaglandins have been implicated
in the progression of several neurodegenerative diseases (46), it is
possible that paclitaxel may similarly increase production of
prostaglandins in mice, contributing to memory impairment.
However, administration of aspirin, a non-selective anti-
inflammatory drug that blocks cyclooxygenase-2, had no effect
on paclitaxel-induced memory impairment in the current study,
supporting the contention that inflammation may not contribute
to paclitaxel-induced memory impairment. These findings also
indicate that while aspirin may have therapeutic utility for the
prevention of tumor-induced cognitive impairment (11), aspirin
is unlikely to show benefit in targeting paclitaxel-induced
chemobrain. It will be important to determine the potential
use of aspirin to target chemobrain symptoms induced by other
chemotherapeutic agents and dosing schedules that have been
shown to increase inflammatory cytokines (19, 41–43).

Study limitations may have influenced the capacity to observe
noticeable changes in cytokine levels in paclitaxel-treated mice.
Firstly, we assessed cytokines in whole brains, which may mask
the effects of chemotherapy on cytokines in specific brain regions
(41). Secondly, it is possible that the method of euthanasia
influenced cytokine levels, which has been previously reported
(47). However, all mice were euthanized using the same method.

The current findings offer important insights into correlative
evidence that cognitive impairment and mood-related symptoms
are associated with elevated inflammatory markers in clinical (6,
34) and preclinical studies of cancer treatment (19, 48). This
study confirms recent findings that paclitaxel is able to cross the
blood brain barrier in the absence of cancer (35), raising the
possibility of direct cytotoxic effects of paclitaxel on cells of
the brain. Recent studies support this assertion with evidence
that chemotherapy drugs induce apoptosis in neurons, reduce
neurogenesis and synaptic integrity, and cause mitochondrial
dysfunction (19, 40, 42, 48, 49). Additionally, the downregulation
of vesicular zinc in the hippocampus has also been shown to
mediate the effect of paclitaxel on hippocampal neurogenesis
(36). Moreover, the presence of cancer could enhance “leakiness”
of the blood-brain barrier (50), thereby potentiating the
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penetration of paclitaxel to the brain and the magnitude of
neurotoxicity. However, as chemotherapy could reduce cancer
burden, chemotherapy may equally reduce the effect of cancer-
induced cognitive impairment (11). Emerging studies examining
the effects of both chemotherapy and cancer on cognitive
impairment will be able to provide more insights into the
complex interaction between chemotherapy, cancer and the
brain (40).
CONCLUSION

Our findings question the role of inflammation in paclitaxel-
induced chemobrain. The findings show aspirin is unlikely to be
effective in preventing or treating chemotherapy-induced
cognitive impairment, in contrast to recent findings that
aspirin may be effectively repurposed to combat cancer-
induced cognitive impairment (11). This distinction is critical
to inform clinical trial design for evaluation of anti-inflammatory
drugs to treat cognitive impairment, before, during, and after
cancer treatment.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The animal study was reviewed and approved by Monash
Institute of Pharmaceutical Sciences Animal Ethics Committee.
Frontiers in Oncology | www.frontiersin.org 10
AUTHOR CONTRIBUTIONS

AC contributed to conception, design, data acquisition, analysis,
interpretation, and manuscript preparation. NC contributed to
data acquisition, analysis, interpretation, and manuscript
preparation. AL contributed to data acquisition, analysis, and
manuscript preparation. AZ was involved in data acquisition and
analysis of plasma cytokines. DS was involved in data acquisition
and analysis of brain and plasma paclitaxel concentrations, and
manuscript preparation. ES was involved in design, data analysis,
interpretation, and manuscript preparation. AW was involved in
all aspects of this study including conception, design, data
acquisition, analysis, and interpretation and preparation of the
manuscript. All authors contributed to the article and approved
the submitted version.
FUNDING

This work was supported by the National Breast Cancer
Foundation, Australia [PF-15-014] and the National Health
and Medical Research Counci l [1147498], and the
Schizophrenia Research Institute and Neuroscience Research
Australia (NeuRA).
SUPPLEMENTARY MATERIALS

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2020.
564965/full#supplementary-material.

SUPPLEMENTARY TABLE 1 | Correlation between plasma cytokines and
memory performance on the novel object/novel place recognition test ~ 2 weeks
after paclitaxel.
REFERENCES

1. Koppelmans V, Breteler MM, Boogerd W, Seynaeve C, Gundy C, Schagen SB.
Neuropsychological performance in survivors of breast cancer more than 20
years after adjuvant chemotherapy. J Clin Oncol (2012) 30(10):1080–6. doi:
10.1200/JCO.2011.37.0189

2. Olin JJ. Cognitive function after systemic therapy for breast cancer. Oncol
(Williston Park) (2001) 15(5):613–8; discussion 8, 21-4.

3. Vardy JL, Dhillon HM, Pond GR, Rourke SB, Bekele T, Renton C, et al.
Cognitive Function in Patients With Colorectal Cancer Who Do and Do Not
Receive Chemotherapy: A Prospective, Longitudinal, Controlled Study. J Clin
Oncol (2015) 33(34):4085–92. doi: 10.1200/JCO.2015.63.0905

4. Cerulla Torrente N, Navarro Pastor JB, de la Osa Chaparro N. Systematic
review of cognitive sequelae of non-central nervous system cancer and cancer
therapy. J Cancer Survivorship Res Pract (2020) 14(4):464–82. doi: 10.1007/
s11764-020-00870-2

5. Krebber AM, Buffart LM, Kleijn G, Riepma IC, de Bree R, Leemans CR, et al.
Prevalence of depression in cancer patients: a meta-analysis of diagnostic
interviews and self-report instruments. Psycho-oncology (2014) 23(2):121–30.
doi: 10.1002/pon.3409

6. van der Willik KD, Koppelmans V, Hauptmann M, Compter A, Ikram MA,
Schagen SB. Inflammation markers and cognitive performance in breast
cancer survivors 20 years after completion of chemotherapy: a cohort study.
Breast Cancer Res BCR (2018) 20(1):135. doi: 10.1186/s13058-018-1062-3
7. Kesler S, Janelsins M, Koovakkattu D, Palesh O, Mustian K, Morrow G, et al.
Reduced hippocampal volume and verbal memory performance associated
with interleukin-6 and tumor necrosis factor-alpha levels in chemotherapy-
treated breast cancer survivors. Brain Behav Immunity (2013) 30:S109–S16.
doi: 10.1016/j.bbi.2012.05.017

8. Cheung YT, Ng T, Shwe M, Ho HK, Foo KM, Cham MT, et al. Association of
proinflammatory cytokines and chemotherapy-associated cognitive
impairment in breast cancer patients: a multi-centered, prospective, cohort
study. Ann Oncol (2015) 26(7):1446–51. doi: 10.1093/annonc/mdv206

9. Gan HK, Bernstein LJ, Brown J, Ringash J, Vakilha M, Wang L, et al.
Cognitive functioning after radiotherapy or chemoradiotherapy for head-
and-neck cancer. Int J Radiat Oncol Biol Physics (2011) 81(1):126–34. doi:
10.1016/j.ijrobp.2010.05.004

10. Walker AK, Budac DP, Bisulco S, Lee AW, Smith RA, Beenders B, et al.
NMDA receptor blockade by ketamine abrogates lipopolysaccharide-induced
depressive-like behavior in C57BL/6J mice. Neuropsychopharmacology (2013)
38(9):1609–16. doi: 10.1038/npp.2013.71

11. Walker AK, Chang A, Ziegler AI, Dhillon HM, Vardy JL, Sloan EK. Low dose
aspirin blocks breast cancer-induced cognitive impairment in mice. PloS One
(2018) 13(12):e0208593. doi: 10.1371/journal.pone.0208593

12. Walker AK, Wing EE, Banks WA, Dantzer R. Leucine competes with
kynurenine for blood-to-brain transport and prevents lipopolysaccharide-
induced depression-like behavior in mice.Mol Psychiatry (2019) 24(10):1523–
32. doi: 10.1038/s41380-018-0076-7
December 2020 | Volume 10 | Article 564965

https://www.frontiersin.org/articles/10.3389/fonc.2020.564965/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2020.564965/full#supplementary-material
https://doi.org/10.1200/JCO.2011.37.0189
https://doi.org/10.1200/JCO.2015.63.0905
https://doi.org/10.1007/s11764-020-00870-2
https://doi.org/10.1007/s11764-020-00870-2
https://doi.org/10.1002/pon.3409
https://doi.org/10.1186/s13058-018-1062-3
https://doi.org/10.1016/j.bbi.2012.05.017
https://doi.org/10.1093/annonc/mdv206
https://doi.org/10.1016/j.ijrobp.2010.05.004
https://doi.org/10.1038/npp.2013.71
https://doi.org/10.1371/journal.pone.0208593
https://doi.org/10.1038/s41380-018-0076-7
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Chang et al. Chemobrain and Neuroinflammation
13. Bettcher BM, Neuhaus J, Wynn MJ, Elahi FM, Casaletto KB, Saloner R, et al.
Increases in a Pro-inflammatory Chemokine, MCP-1, Are Related to
Decreases in Memory Over Time. Front Aging Neurosci (2019) 11:25. doi:
10.3389/fnagi.2019.00025

14. Kline R, Wong E, Haile M, Didehvar S, Farber S, Sacks A, et al. Peri-Operative
Inflammatory Cytokines in Plasma of the Elderly Correlate in Prospective
Study with Postoperative Changes in Cognitive Test Scores. Int J anesthesiol
Res (2016) 4(8):313–21. doi: 10.19070/2332-2780-1600065

15. Lin T, Liu GA, Perez E, Rainer RD, Febo M, Cruz-Almeida Y, et al. Systemic
Inflammation Mediates Age-Related Cognitive Deficits. Front Aging Neurosci
(2018) 10:236–. doi: 10.3389/fnagi.2018.00236

16. Slavich GM, Irwin MR. From stress to inflammation and major depressive
disorder: a social signal transduction theory of depression. Psychol Bull (2014)
140(3):774–815. doi: 10.1037/a0035302

17. Vyas D, Laput G, Vyas AK. Chemotherapy-enhanced inflammation may lead
to the failure of therapy and metastasis. OncoTargets Ther (2014) 7:1015–23.
doi: 10.2147/OTT.S60114

18. Shi DD, Huang YH, Lai CSW, Dong CM, Ho LC, Wu EX, et al.
Chemotherapy-Induced Cognitive Impairment Is Associated with Cytokine
Dysregulation and Disruptions in Neuroplasticity. Mol Neurobiol (2019) 56
(3):2234–43. doi: 10.1007/s12035-018-1224-4

19. Li Z, Zhao S, Zhang H-L, Liu P, Liu F-F, Guo Y-X, et al. Proinflammatory
Factors Mediate Paclitaxel-Induced Impairment of Learning and Memory.
J Mediators Inflamm (2018) 2018:9. doi: 10.1155/2018/3941840

20. Mandilaras V, Wan-Chow-Wah D, Monette J, Gaba F, Monette M, Alfonso L.
The impact of cancer therapy on cognition in the elderly. Front Pharmacol
(2013) 4:48–. doi: 10.3389/fphar.2013.00048

21. Thornton LM, Carson WE,3, Shapiro CL, Farrar WB, Andersen BL. Delayed
emotional recovery after taxane-based chemotherapy. Cancer (2008) 113
(3):638–47. doi: 10.1002/cncr.23589

22. Pusztai L, Mendoza TR, Reuben JM, Martinez MM, Willey JS, Lara J, et al.
Changes in plasma levels of inflammatory cytokines in response to paclitaxel
chemotherapy. Cytokine (2004) 25(3):94–102. doi: 10.1016/j.cyto.2003.10.004

23. Rohwer N, Kuehl A, Zopf D, McDonald FM, Weylandt K-H. Abstract 5244:
Effects of chronic low dose aspirin treatment in the mouse AOM/DSS model
of colon carcinogenesis. Cancer Res (2016) 76(14 Supplement):5244–. doi:
10.1158/1538-7445.AM2016-5244

24. Kraeuter AK, Guest PC, Sarnyai Z. The Y-Maze for Assessment of Spatial
Working and Reference Memory in Mice. Methods Mol Biol (Clifton NJ)
(2019) 1916:105–11. doi: 10.1007/978-1-4939-8994-2_10

25. Scheggi S, De Montis MG, Gambarana C. Making Sense of Rodent Models of
Anhedonia. Int J Neuropsychopharmacol (2018) 21(11):1049–65. doi: 10.1093/
ijnp/pyy083

26. Yankelevitch-Yahav R, Franko M, Huly A, Doron R. The forced swim test as a
model of depressive-like behavior. J Vis Exp (2015), 52587. doi: 10.3791/52587

27. Campagna S, Gonella S, Sperlinga R, Giuliano PL, Marchese R, Pedersini R,
et al. Prevalence, Severity, and Self-Reported Characteristics of Taste
Alterations in Patients Receiving Chemotherapy. Oncol Nurs forum (2018)
45(3):342–53. doi: 10.1188/18.ONF.342-353

28. Epstein JB, de Andrade ESSM, Epstein GL, Leal JHS, Barasch A, Smutzer G.
Taste disorders following cancer treatment: report of a case series. Supportive
Care Cancer Off J Multinational Assoc Supportive Care Cancer (2019) 27
(12):4587–95. doi: 10.1007/s00520-019-04758-5

29. Delay ER, Socia SH, Girardin JL, Jewkes BC, King JH, Delay RJ.
Cyclophosphamide and the taste system: Effects of dose fractionation and
amifostine on taste cell renewal. PloS One (2019) 14(4):e0214890. doi:
10.1371/journal.pone.0214890

30. Tsutsumi R, Goda M, Fujimoto C, Kanno K, Nobe M, Kitamura Y, et al.
Effects of chemotherapy on gene expression of lingual taste receptors in
patients with head and neck cancer. Laryngoscope (2016) 126(3):E103–9. doi:
10.1002/lary.25679

31. Beisecker AE, Cook MR, Ashworth J, Hayes J, Brecheisen M, Helmig L, et al.
Side Effects of Adjuvant Chemotherapy: Perceptions of Node-Negative Breast
Cancer Patients. Psycho-Oncology (1997) 6(2):85–93. doi: 10.1002/(SICI)
1099-1611(199706)6:2<85::AID-PON247>3.0.CO;2-T

32. Kim S, Miller BJ, Stefanek ME, Miller AH. Inflammation-induced activation
of the indoleamine 2,3-dioxygenase pathway: Relevance to cancer-related
fatigue. Cancer (2015) 121(13):2129–36. doi: 10.1002/cncr.29302
Frontiers in Oncology | www.frontiersin.org 11
33. Muscatell KA, Eisenberger NI, Dutcher JM, Cole SW, Bower JE. Links
between inflammation, amygdala reactivity, and social support in breast
cancer survivors. Brain Behav Immun (2016) 53:34–8. doi: 10.1016/
j.bbi.2015.09.008

34. Pomykala KL, Ganz PA, Bower JE, Kwan L, Castellon SA, Mallam S, et al. The
association between pro-inflammatory cytokines, regional cerebral
metabolism, and cognitive complaints following adjuvant chemotherapy for
breast cancer. Brain Imaging Behav (2013) 7(4):511–23. doi: 10.1007/s11682-
013-9243-2

35. Huehnchen P, Boehmerle W, Springer A, Freyer D, Endres M. A novel
preventive therapy for paclitaxel-induced cognitive deficits: preclinical
evidence from C57BL/6 mice. Trans Psychiatry (2017) 7(8):e1185. doi:
10.1038/tp.2017.149

36. Lee BE, Choi BY, Hong DK, Kim JH, Lee SH, Kho AR, et al. The cancer
chemotherapeutic agent paclitaxel (Taxol) reduces hippocampal neurogenesis
via down-regulation of vesicular zinc. Sci Rep (2017) 7(1):11667. doi: 10.1038/
s41598-017-12054-7

37. Cerulla N, Arcusa A, Navarro JB, de la Osa N, Garolera M, Enero C, et al.
Cognitive impairment following chemotherapy for breast cancer: The impact
of practice effect on results. J Clin Exp Neuropsychol (2019) 41(3):290–9. doi:
10.1080/13803395.2018.1546381

38. Ahles TA, Saykin AJ, Furstenberg CT, Cole B, Mott LA, Skalla K, et al.
Neuropsychologic impact of standard-dose systemic chemotherapy in long-
term survivors of breast cancer and lymphoma. J Clin Oncol (2002) 20(2):485–
93. doi: 10.1200/JCO.2002.20.2.485

39. Ray MA, Trammell RA, Verhulst S, Ran S, Toth LA. Development of a mouse
model for assessing fatigue during chemotherapy. Comp Med (2011) 61
(2):119–30.

40. Winocur G, Berman H, Nguyen M, Binns MA, Henkelman M, van Eede M,
et al. Neurobiological Mechanisms of Chemotherapy-induced Cognitive
Impairment in a Transgenic Model of Breast Cancer. Neuroscience (2018)
369:51–65. doi: 10.1016/j.neuroscience.2017.10.048

41. Loman BR, Jordan KR, Haynes B, Bailey MT, Pyter LM. Chemotherapy-
induced neuroinflammation is associated with disrupted colonic and bacterial
homeostasis in female mice. Sci Rep (2019) 9(1):16490–. doi: 10.1038/s41598-
019-52893-0

42. Chiu GS, Maj MA, Rizvi S, Dantzer R, Vichaya EG, Laumet G, et al.
Pifithrin-m Prevents Cisplatin-Induced Chemobrain by Preserving Neuronal
Mitochondrial Function. Cancer Res (2017) 77(3):742–52. doi: 10.1158/0008-
5472.CAN-16-1817

43. Bagnall-Moreau C, Chaudhry S, Salas-Ramirez K, Ahles T, Hubbard K.
Chemotherapy-Induced Cognitive Impairment Is Associated with Increased
Inflammation and Oxidative Damage in the Hippocampus. Mol Neurobiol
(2019) 56(10):7159–72. doi: 10.1007/s12035-019-1589-z

44. Cassidy PB, Moos PJ, Kelly RC, Fitzpatrick FA. Cyclooxygenase-2 induction
by paclitaxel, docetaxel, and taxane analogues in human monocytes and
murine macrophages: structure-activity relationships and their implications.
Clin Cancer Res an Off J Am Assoc Cancer Res (2002) 8(3):846–55.

45. Moos PJ, Muskardin DT, Fitzpatrick FA. Effect of Taxol and Taxotere on
Gene Expression in Macrophages: Induction of the Prostaglandin H Synthase-
2 Isoenzyme. J Immunol (1999) 162(1):467–73.

46. Lima I, Bastos LFS, Limborço-Filho M, Fiebich BL, de Oliveira ACP. Role of
Prostaglandins in Neuroinflammatory and Neurodegenerative Diseases.
Mediators Inflamm (2012) 2012:946813. doi: 10.1155/2012/946813

47. Lawrance CC, Lucas EA, Clarke SL, Smith BJ, Kuvibidila S. Differential effects
of isoflurane and CO 2 inhalation on plasma levels of inflammatory
markers associated with collagen-induced arthritis in DBA mice. Int
Immunopharmacol (2009) 9(7-8):807–9. doi: 10.1016/j.intimp.2009.03.017

48. El-Agamy SE, Abdel-Aziz AK, Wahdan S, Esmat A, Azab SSJMN.
Astaxanthin Ameliorates Doxorubicin-Induced Cognitive Impairment
(Chemobrain) in Experimental Rat Model: Impact on Oxidative,
Inflammatory, and Apoptotic Machineries. Mol Neurobiol (2018) 55
(7):5727–40. doi: 10.1007/s12035-017-0797-7

49. Huo X, Reyes TM, Heijnen CJ, Kavelaars A. Cisplatin treatment induces
attention deficits and impairs synaptic integrity in the prefrontal cortex in
mice. Sci Rep (2018) 8(1):17400. doi: 10.1038/s41598-018-35919-x

50. Stemmler HJ, Schmitt M, Willems A, Bernhard H, Harbeck N, Heinemann V.
Ratio of trastuzumab levels in serum and cerebrospinal fluid is altered in
December 2020 | Volume 10 | Article 564965

https://doi.org/10.3389/fnagi.2019.00025
https://doi.org/10.19070/2332-2780-1600065
https://doi.org/10.3389/fnagi.2018.00236
https://doi.org/10.1037/a0035302
https://doi.org/10.2147/OTT.S60114
https://doi.org/10.1007/s12035-018-1224-4
https://doi.org/10.1155/2018/3941840
https://doi.org/10.3389/fphar.2013.00048
https://doi.org/10.1002/cncr.23589
https://doi.org/10.1016/j.cyto.2003.10.004
https://doi.org/10.1158/1538-7445.AM2016-5244
https://doi.org/10.1007/978-1-4939-8994-2_10
https://doi.org/10.1093/ijnp/pyy083
https://doi.org/10.1093/ijnp/pyy083
https://doi.org/10.3791/52587
https://doi.org/10.1188/18.ONF.342-353
https://doi.org/10.1007/s00520-019-04758-5
https://doi.org/10.1371/journal.pone.0214890
https://doi.org/10.1002/lary.25679
https://doi.org/10.1002/(SICI)1099-1611(199706)6:23.0.CO;2-T
https://doi.org/10.1002/(SICI)1099-1611(199706)6:23.0.CO;2-T
https://doi.org/10.1002/cncr.29302
https://doi.org/10.1016/j.bbi.2015.09.008
https://doi.org/10.1016/j.bbi.2015.09.008
https://doi.org/10.1007/s11682-013-9243-2
https://doi.org/10.1007/s11682-013-9243-2
https://doi.org/10.1038/tp.2017.149
https://doi.org/10.1038/s41598-017-12054-7
https://doi.org/10.1038/s41598-017-12054-7
https://doi.org/10.1080/13803395.2018.1546381
https://doi.org/10.1200/JCO.2002.20.2.485
https://doi.org/10.1016/j.neuroscience.2017.10.048
https://doi.org/10.1038/s41598-019-52893-0
https://doi.org/10.1038/s41598-019-52893-0
https://doi.org/10.1158/0008-5472.CAN-16-1817
https://doi.org/10.1158/0008-5472.CAN-16-1817
https://doi.org/10.1007/s12035-019-1589-z
https://doi.org/10.1155/2012/946813
https://doi.org/10.1016/j.intimp.2009.03.017
https://doi.org/10.1007/s12035-017-0797-7
https://doi.org/10.1038/s41598-018-35919-x
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Chang et al. Chemobrain and Neuroinflammation
HER2-positive breast cancer patients with brain metastases and impairment
of blood-brain barrier. Anti-cancer Drugs (2007) 18(1):23–8. doi: 10.1097/
01.cad.0000236313.50833.ee

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Frontiers in Oncology | www.frontiersin.org 12
Copyright © 2020 Chang, Chung, Lawther, Ziegler, Shackleford, Sloan and Walker.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
December 2020 | Volume 10 | Article 564965

https://doi.org/10.1097/01.cad.0000236313.50833.ee
https://doi.org/10.1097/01.cad.0000236313.50833.ee
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	The Anti-Inflammatory Drug Aspirin Does Not Protect Against Chemotherapy-Induced Memory Impairment by Paclitaxel in Mice
	Introduction
	Materials and Methods
	Animals
	Treatments
	Paclitaxel Treatment
	Anti-Inflammatory Treatment

	Behavioral Assays
	Sickness
	Cognition and Mood Testing

	Gene Expression Analyses
	Quantification of Tongue Papillae
	Plasma and Brain Cytokine Protein Analysis
	Plasma and Brain Paclitaxel Concentration Analysis
	Statistical Analysis

	Results
	Paclitaxel Causes Sustained Deficits in Novel Object/Novel Place Recognition and Reductions in Sucrose Preference
	Paclitaxel-Induced Memory Impairment and Anhedonia Are Independent of Paclitaxel-Induced Sickness
	Paclitaxel Induces Delayed Peripheral Inflammation
	Paclitaxel Does Not Induce Neuroinflammation
	Inflammation Is Not Causal in Paclitaxel-Induced Cognitive Impairment

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Materials
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


