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A B S T R A C T   

Treatment modalities for breast cancer, including cyclophosphamide chemotherapy, have been associated with 
the development of cognitive decline (CRCD), which is characterized by impairments in memory, concentration, 
attention, and executive functions. We and others have identified a link between inflammation and decreased 
cognitive performance in patients with breast cancer receiving chemotherapy. In order to better understand the 
inflammation-associated molecular changes within the brain related to tumor alone or in combination with 
chemotherapy, we orthotopically implanted mouse mammary tumors (E0771) into female C57BL/6 mice and 
administered clinically relevant doses of cyclophosphamide and doxorubicin intravenously at weekly intervals 
for four weeks. We measured serum cytokines and markers of neuroinflammation at 48 h and up to one month 
post-treatment and tested memory using a reward-based delayed spatial alternation paradigm. We found that 
breast tumors and chemotherapy altered systemic inflammation and neuroinflammation. We further found that 
the presence of tumor and chemotherapy led to a decline in memory over time at the longest delay, when 
memory was the most taxed, compared to shorter delay times. These findings in a clinically relevant mouse 
model shed light on possible biomarkers for CRCD and add to the growing evidence that anti-inflammatory 
strategies have the potential to mitigate cancer- or treatment-related side effects.   

1. Introduction 

Cancer-related cognitive decline (CRCD) is a significant clinical 
problem experienced by up to 75% of patients with breast cancer during 
chemotherapy, and it remains a significant problem post-treatment in up 
to 35% of survivors (Janelsins et al., 2017; Magnuson et al., 2021; Hardy 
et al., 2018). Several studies have associated chemotherapy with de-
creases in cognitive performance in memory, attention, processing 
speed, and executive function (Belcher et al., 2022; European et al., 
2022; Hardy et al., 2018; Janelsins et al., 2014; Lange et al., 2019). 
Cognitive impairments have been most severe in patients during and 
immediately after treatment, but they can persist for several years 
following treatment (Janelsins et al., 2017). Inflammation has been 
implicated as a possible mechanism for the development of CRCD, 
although the precise etiology remains unknown. 

We and others have shown that elevated pro-inflammatory cytokine 
levels post-chemotherapy are associated with a decline in cognitive 
performance in patients; however, evidence of cognitive impairment 
prior to any treatment has also been reported, and CRCD is not limited to 
patients receiving chemotherapy (Janelsins et al., 2022; Lange et al., 
2019; Wefel et al., 2004). Inflammation is a hallmark of cancer and has 
been associated with problems in memory in diverse disease settings 
including aging, infection, and neurodegenerative disorders (Alnefeesi 
et al., 2020; Hanahan and Weinberg, 2011; Sartori et al., 2012; Simen 
et al., 2011). Since most preclinical work on the impact of chemotherapy 
on neurocognitive function has been performed in healthy young ani-
mals, there is a pressing need for a clinically relevant animal model to 
assess the independent contributions of cancer and chemotherapy to the 
development of CRCD (Winocur et al., 2018). Such a model would 
provide a framework to better understand the relative effects of cancer 
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and cancer treatment, consider how different treatment schedules may 
affect progressive or long-term cognitive deficits, and develop in-
terventions that could prevent or alleviate cognitive impairment in pa-
tients with cancer. We previously reported that in mice 
cyclophosphamide chemotherapy alone causes a mild but significant 
decline in hippocampal-based spatial memory that is sustained over 
time (Janelsins et al., 2016). The present study aims to assess the 
interaction of cancer and chemotherapy over time using the same 
cognitive task. 

To that end, we orthotopically implanted mouse mammary tumors in 
female mice and treated them with either saline or a clinically relevant 
dose of chemotherapy in order to assess the impact of tumor and/or 
chemotherapy on systemic inflammation, neural precursors, neuro-
inflammation, and memory using a delayed spatial alternation para-
digm. We performed a comprehensive analysis of serum cytokine and 
chemokine expression in order investigate a potential molecular signa-
ture associated with CRCD. We further assessed the cognitive impact of 
cancer and chemotherapy using a delayed spatial alternation paradigm 
(Cory-Slechta et al., 1991), which is similar to clinical assessments of 
spatial memory that have been employed to assess cognitive status in 
patients with breast cancer (Fray and Robbins, 1996; Minton and Stone, 
2012). In this study, we hypothesized that cancer and chemotherapy 
each would independently lead to inflammation and memory impair-
ment, and that cognitive impairment would be exacerbated by the 
combination of cancer and chemotherapy. 

2. Materials and methods 

2.1. In vivo murine cancer and chemotherapy models 

Female C57BL/6 mice were purchased through Jackson labs, Bar 
Harbor, Maine, at 23–25 g at 6–10 weeks of age. Upon arrival, all mice 
were allowed to acclimate to their home cage for two to four weeks prior 
to initiation of experiments. All animal housing and procedures were 
performed in compliance with guidelines established by the University 
Committee on Animal Resources at the University of Rochester. 

In order to develop a murine model of breast cancer, 1.5 × 106 E0771 
mouse mammary adenocarcinoma cells diluted in 100ul HBSS, were 
orthotopically implanted in the fourth mammary fat pad. The day of the 
injection of E0771 cells was designated day 0. Primary tumor growth 
was measured weekly using calipers. Starting on day 10 after tumor 
implantation, 200 mg/kg cyclophosphamide and 10 mg/kg doxorubicin 
were administered intravenously (IV) at weekly intervals for four weeks. 
Mice were euthanized at ethical endpoints designated by the University 
Committee on Animal Resources at University of Rochester. The 
chemotherapeutic agents were purchased from Sigma Aldrich (St. Louis, 
MO). Cyclophosphamide (Cat # C-0768) and doxorubicin (Sigma 
#D1515) were stored according to manufacturer’s instructions until use, 
at which time they were diluted in sterile water, then brought up to the 
proper concentration using sterile saline. Dose translation calculations 
were performed as described (Reagan-Shaw et al., 2008). 

Each experiment included four groups: 1) a E0771 cancer only 
group, 2) a chemotherapy only group, 3) a cancer + chemotherapy 
group, and 4) a saline only control. For inflammation studies, n = 4 per 
group was used (N = 16 total). For immunohistochemistry, n = 4 per 
group; in order to increase the number of images for quantification, we 
replicated this cohort to include eight total per group for analyses (N =
32). For behavioral studies, detailed below, we included five mice per 
group (N = 20 total). 

2.2. Cytokine and chemokine/receptor quantification 

We measured cytokines and chemokines in mouse serum according 
to standard operating procedures per manufactor’s protocol. Serum was 
stored at − 80 ◦C, and all samples were analyzed on a Luminex Magpix 
(Luminex corp., Austin, TX) in the Cancer Control and 

Psychoneuroimmunology Lab (CCPL). A median of 50 beaded reactions 
per well was used to determine the concentration of cytokine for each 
replicate. Customized Milliplex xMAP high sensitivity cytokine and 
cytokine receptor immunoassays kits were used. All samples were run 
within the same kit batch. 

2.3. Immunohistochemistry (IHC) 

We labeled proliferating cells with Brd-U by injecting the mouse with 
a 50 mg/kg concentration of Brd-U, using a 5 mg/mL stock four times, 
once every 2 h, the day before perfusion. 

All mice were anesthetized with ketamine hydrochloride (Ketalar, 
Par Pharmaceuticals 100 mg/kg body weight) and xylazine (AnaSed, 
Akorn Animal Health; 20 mg/kg body weight) and then perfused trans- 
cardially with 10 mL of sterile saline with heparin followed by 50 mL of 
4% paraformaldehyde in 0.1 M PB. The brains were isolated, post-fixed 
overnight in 4% paraformaldehyde in 0.1 M PB and transferred to a 
solution of 30% sucrose with 0.01% sodium azide in PBS for five days 
prior to coronal sectioning at 50 μm or 30 μm on a freezing Microtome 
(Thermo Scientific Microm HM 430), and stored in cryoprotectant at 
− 20 ◦C prior to immunohistochemical analysis. Immunohistochemistry 
was performed on free-floating brain sections. BrdU staining was as 
follows: sections were washed in six changes of 0.1 M phosphate buff-
ered saline (PBS) at pH 7.4 for 10 min each to remove cryoprotectant, 
followed by permeabilization in 0.3% Triton X-100 (Sigma Aldrich, St. 
Louis, MO) in PBS for 10 min. All incubation steps were done with mild 
rotation. Tissue sections were then rinsed in 3% hydrogen peroxide 
(Sigma Aldrich, St. Louis, MO) in PBS for 30 min to quench endogenous 
peroxidases. Sections were incubated in 2 N hydrochloric acid (HCl) for 
60 min to denature DNA into single strands which allowed the BrdU 
antibody to bind. Following HCl incubation, tissue sections were rinsed 
four times for 10 min each in 0.3% PBS-Triton X-100. Tissue sections 
were incubated for 1 h at room temperature in 10% normal goat serum 
followed by overnight incubation at 4 ◦C in a primary antibody solution 
containing goat anti-BrdU (1:800, Bio Rad) in 0.3% PBS-Triton X-100 
with 1% normal goat serum. Following incubation in the primary anti-
body solution, sections were washed three times for 10 min each at room 
temperature to remove the unbound primary antibody. Sections were 
then moved to a secondary antibody solution containing biotinylated 
goat anti-rat IgG (1:1000, Vector Laboratories, Burlingame, CA) in 0.3% 
PBS-Triton X-100 and 1% normal goat serum for 1 h at room tempera-
ture. Excess secondary antibody was removed with three washes of 0.3% 
PBS-Triton X-100 for 10 min each. Sections were then incubated in an 
avidin-biotin-horseradish peroxidase solution (Vector Laboratories, 
Burlingame, CA) for 1 h at room temperature. Sections were then 
washed in three rinses of phosphate buffer (PB) for 10 min each and then 
incubated in a 3, 3′-diaminobenzidine (DAB) fast-tab solution (Sigma 
Aldrich, St. Louis, MO) for 5 min. Sections were rinsed in PB and 
mounted onto Superfrost Plus slides (VWR, West Chester, PA), dried, 
and cover slipped with Permount Mounting Medium (Toluene 55.15%, 
Beta-Pinene Polymer 44.85%; Electron Microscopy Sciences), and 
covered with VWR micro-cover glass. 

Positive cells from sections containing the hippocampus were visu-
alized on a Nikon Eclipse Ts2R (Nikon Instruments, Tokyo, Japan). 
Bright field images were captured at 10X magnification with a Spot 
Camera and Spot Advanced Software Package (Diagnostic Instruments, 
Sterling Heights, MI). The other antibodies were prepared in a similar 
manner, and their concentrations are as follows: anti TNF-a, Novus Bi-
ologicals (NBP1- 19,532), primary 1:250, secondary 1:1000 Goat anti- 
rabbit from Vector Labs, (BA-1000); Anti Iba-1, manufacturer, Wako 
Chemicals GmbH, Neuss, Germany); stock 50ug/100μl, primary 1:1500, 
secondary 1:1000, stock concentration 50 μg/100μl, primary 1:2500, 
secondary 1:500; Bromodeoxyuridine (5-bromo-2′-deoxyuridine, Brd-U) 
Bio Rad, item OBT0030, 1:800 of the stock concentration of 0.5 mg/ml, 
blocked with goat serum and the goat anti rabbit secondary antibody 
used at 1:1000. 
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2.4. Cell counting 

Cell counting was performed manually with the use of image J multi- 
points selection tool with two separate technicians blinded to condi-
tions. A total of two to four single plane confocal photomicrographs per 
area, dentate gyrus, CA1, CA2 and CA3 were acquired on a Nikon Eclipse 
Ts2R at 10x magnification. Anti-Brd-U and anti Iba-1 positive cells were 
visualized and recorded. Activated vs ramified microglial cells were 
counted. Reference images were used to determine if cells were acti-
vated or ramified (Norden et al., 2016). Briefly, activated microglia had 
an increased Iba-1 immunoreactivity and were defined as having larger 
cell bodies and thicker processes, consistent with a de-ramified 
morphology. All imaging parameters were the same for each image. 
Single plane confocal images were used, and cell numbers were manu-
ally counted in the granule cell layer of the dentate gyrus (DG) bilater-
ally using the Image J multi-points selection tool. 

2.5. Behavioral testing 

2.5.1. Delayed spatial alternation 
Behavioral testing was adapted from a standard delayed alternation 

protocol developed by Cory-Slechta et al. (1991) and described previ-
ously (Janelsins et al., 2016). All groups underwent behavioral assess-
ments (Monday – Friday), except on days they received either 
chemotherapy or tumor injections. 

Briefly, mice were placed in open field operant chambers which 
contained two levers, each below a light emitting diode, which flanked a 
pellet trough. During the auto-shaping period, food rewards were 
dispensed at variable intervals for 20 min, with any lever pressing 
producing an additional food reward; subsequent to the 20 min, rewards 

required a correct lever press. Sessions were terminated after the de-
livery of 50 food rewards. Following auto-shaping, mice were trained to 
alternate which of two levers was pressed, with the light above a lever 
illuminating the “correct” lever to be pressed after a constant delay in-
terval. Following this training, the delayed alternation program was 
applied, where no lights signaled which was the current correct lever, 
such that mice were required to remember which lever they had pressed 
previously and press the alternate lever. Memory was tested using delay 
values between lever pressing opportunities of 1.5, 3, 6.1, 12.4 and 25 s, 
with these values presented randomly over the course of 48 sessions (50 
reinforcers per session). Testing began four weeks before the initiation of 
chemotherapy and lasted through 12 weeks post-chemotherapy. Ses-
sions were 30 min in duration and carried out five days per week (M-F), 
except for days that involved chemotherapy injections or locomotor 
sessions, for a total of 48 sessions. 

2.5.2. Locomotor activity 
To assess any treatment-related motor deficits that might affect 

performance on delayed spatial alternation testing, locomotor activity 
was assessed in photobeam chambers as previously described (Sobo-
lewski et al., 2014). Briefly, spontaneous locomotor activity was 
measured in chambers equipped with 48-channel infrared photobeams 
(Med Associates Inc., St. Albans, Vermont). Photobeam breaks were 
recorded every 5 min for an hour to assess horizontal, vertical, and 
ambulatory movements. 

2.6. Statistical analysis 

SAS and Graphpad Prism was used for all statistical analyses. 

Fig. 1. Tumor implantation and chemotherapeutic treatment paradigm. A) Schematic of cancer chemotherapy regimen. Briefly, C57BL/6 mice were randomly 
divided into four treatment groups (n = 4/group): saline + saline control (S/S), saline + chemotherapy (S/C), tumor + saline (T/S), and tumor + chemotherapy (T/ 
C). The tumor-bearing mice were injected orthotopically implanted with 1.5 × 106/100 μl in HBSS of murine mammary gland tumor cell line (E0771) at the fourth 
mammary fat pad. All mice were tested on a delayed spatial alternation task to assess spatial memory before, during, and following all treatments. Locomotor testing 
was started at day 10 post tumor implantation and continued weekly for four weeks. B) Tumor size and location via ultrasound depicting blood flow (orange) and 
tumor (green) at 15 days post injection of 1.5 × 106 E0771 murine mammary gland tumor cells in the 4th mammary fat pad. C) Tumor growth was analyzed by two- 
way ANOVA with Šídák’s multiple comparisons test (*<0.05, ***<0.001, ****<0.0001). D) Mice were weighed weekly following tumor implantation and analyzed 
with mixed-effects analysis, with Tukey’s multiple comparisons test (**<0.01, S/S vs. T/C; ##<0.01, T/S vs. T/C; *<0.05, S/C vs. T/S). Unpaired T test with 
Welches correction was used to compare weights within group to starting weight (@<0.05, T/C week 1 vs. week 2; @@<0.01, T/C week 1 vs. week 3/4; <̂0.05, T/S 
week 1 vs. week 5; ̂̂<0.01, T/S week 1 vs. week 4). Data representative of two independent experiments. 
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2.6.1. Molecular analyses 
In Figs. 1–5, two-way ANOVA with ̌Sídák’s multiple comparisons test 

was used to compare groups. Welch’s t-test was used to compare within 
group weights to starting weight (Fig. 1) and to compare cytokine 
concentrations (Fig. 2) to the S/S control. The significance level was set 
at an α = 0.05. Trends are also noted as applicable. 

2.6.2. Delayed spatial alternation 
The experimental design consisted of five factors: Tumor at two 

levels (Tumor/Saline), Chemo at two levels (Chemo/Saline), Delay Time 
at five levels (1.5, 3.0, 6.10,12.40 and 25 s), weeks (11 weeks), and mice 
(five per Tumor by Saline combination for a total of 20 mice as exper-
imental units). The initial response was the average percentage of times 
the mouse responded to tasks correctly, and the average is for trials over 
three to five days. The final measure analyzed as the response was the 
natural log ratio of average percent correct for a particular week to the 
average percent correct at Baseline (Log (Ratio)). Higher levels of this 
measure correspond with better cognition performance. The data were 
plotted over time for the four treatment combinations (Tumor/Chemo 
levels) to see the trajectory. 

The Log (Ratio) measure was modeled as the response with Tumor, 
Chemo, and Delay Time treated as fixed effects and weeks and mouse as 
random effects. A square term for time (weeks) was also incorporated in 
the model to account for curvature in the data. The Restricted Maximum 
Likelihood (REML) estimation method was used with an Unstructured 
Covariance matrix. The Kenward-Roger method was used for estimation 
of the fixed effects. Verification of the modeling assumptions was also 
tested. 

2.6.3. Locomotor function 
The average velocity measure was used to assess locomotor function. 

This response measure was also modeled as a mixed effects model with 
the same estimation methods mentioned above (REML, Unstructured 
Covariance Matrix, Kenward-Roger). Tumor and Chemo were treated as 
fixed effects. A fixed variable Day corresponding to when chemotherapy 
was applied (Pre-treatment, Mid-treatment and Post-treatment) was also 
included. A time variable which consisted of 12 5-min intervals was 
included as a random variable as well as the mouse variable. 

3. Results 

3.1. Developing a clinically relevant mouse model for CRCD to study 
tumor and treatment responses 

An overview of the study paradigm is shown in Fig. 1A. In order to 
develop a clinically relevant model of CRCD, we orthotopically 
implanted E0771 tumors (or saline control) in the fourth mammary fat 
pad of C57BL/6 mice (as detailed in the methods) and treated with sa-
line alone or with a clinically relevant breast cancer chemotherapy 
regimen of weekly cyclophosphamide and doxorubicin delivered IV to 
recapitulate treatment in a neoadjuvant setting. Four treatment groups 
were used in all experiments: non-tumor bearing mice treated with sa-
line alone (S/S); E0771 tumor-bearing mice treated with saline alone (T/ 
S); non-tumor-bearing mice treated with chemotherapy (S/C); E0771- 
tumor-bearing mice treated with chemotherapy (T/C). We then 
assessed systemic serum cytokines by Luminex analysis and IHC for 
markers of inflammation in the hippocampus, a brain region associated 
with memory function. We further assessed the cognitive impact of a 
clinically relevant course of chemotherapy in mice bearing breast tu-
mors using a delayed spatial alternation task. Tumor establishment in 
the mammary fat pad was confirmed via ultrasound (Fig. 1B). We 
observed a complete regression of tumors in chemotherapy-treated mice 
by four weeks post-tumor implantation (Fig. 1C); these tumors did not 
regrow during the period of analysis. When compared to baseline, 
chemotherapy alone did not result in significant weight loss (Fig. 1D). 
However, tumor-bearing mice treated with chemotherapy showed a 
significant reduction in weight from two to four weeks after chemo-
therapy was initiated, that partially resolved by the end of treatment 
Fig. 1D). Tumor-bearing mice treated only with saline gained weight 
over the course of treatment compared to baseline and were significantly 
heavier than non-tumor-bearing mice treated with chemotherapy at five 
weeks post tumor implantation (Fig. 1D). 

3.2. Tumor and chemotherapy are associated with changes in systemic 
inflammation 

We found significant changes in the expression of six cytokines in the 
serum at various timepoints compared among groups and to the saline 
only control (S/S) (Fig. 2). Tumor alone (T/S) was associated with an 
early increase in TNFα expression (Fig. 2A, p < 0.05). We observed a 

Fig. 2. Systemic inflammation post-chemotherapy. Cohorts of mice were euthanized at 48 h, 2 weeks, and 4 weeks post-chemotherapy administration, and serum 
was analyzed by Luminex for expression of A) TNFα, B) IL-1β, C) IL-2, D) MCP-1, and E) IL-10. Data were analyzed with two-way ANOVA with Tukey’s multiple 
comparisons test (*<0.05 ***p < 0.001) as well as with Unpaired T test with Welches correction, with all groups compared to S/S control (̂p < 0.1, ̂̂p < 0.05, ̂̂̂p 
< 0.01). 
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Fig. 3. Hippocampal neuroinflammation following tumor implantation and chemotherapy. Cohorts of mice were euthanized and trans-cardially perfused. 
Fixed brains were stained with Iba-1, and A) total microglial as well as ramified (resting) and activated microglia were quantified in the hippocampus and analyzed 
with two-way ANOVA with Tukey’s multiple comparisons test (*<0.05, **<0.01, ****<0.0001) at B) 48 h, C) 2 weeks, and D) 4 weeks post-chemotherapy 
administration. E) Representative images of groups at 48 h post-chemotherapy at 4x magnification. Data are representative of two independent experiments. 
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transient increase in pro-inflammatory IL-1β by two weeks post- 
chemotherapy in tumor-bearing mice receiving chemotherapy (T/C) 
compared to tumor-bearing mice treated only with saline (T/S) (p <
0.05); this increase was no longer apparent at four weeks (Fig. 2B). 
When directly compared to the saline only control (S/S), an elevation in 
IL-1β was evident in the chemotherapy alone (S/C) and tumor alone (T/ 
S) groups (Fig. 2B, <̂0.1) at four weeks post-treatment. Increases in IL-2 
emerged later in non-tumor-bearing mice treated with chemotherapy 

(S/C) and remained significantly elevated at four weeks post- 
chemotherapy in tumor-bearing mice treated with chemotherapy (T/ 
C) (Fig. 2C, p < 0.05). When directly compared to the saline only control 
(S/S), we observed persistent elevation of IL-2 in all groups at four weeks 
post-chemotherapy (Fig. 2C, ̂̂p < 0.05). We found no changes in IL-4 or 
IL-17 during the treatment course. Interestingly we found that tumor 
implantation alone (T/S) resulted in a highly significant increase in 
monocyte chemoattractant protein-1 (MCP-1), a chemokine associated 

Fig. 4. Decreased neuronal birthing following tumor implantation and chemotherapy. Brd-U was administered 24 h prior to mice being euthanized 48 h, 2 
weeks, and 4 weeks post-chemotherapy administration and trans-cardial perfusion. Fixed brains were stained for A) Brd-U. Representative images are from the 48 h 
time point at 10X magnification. B) Quantification of Brd-U and Mixed-effects analysis with Tukey’s multiple comparison test (*p < 0.05, ***p < 0.001). Trends with 
p < 0.2 are indicated on graph. Data are representative of two independent experiments. 

Fig. 5. The presence of tumor and chemotherapy impact memory function. A) Mixed model analysis of the interaction between tumor, chemotherapy, and time 
on locomotor activity. B) Longitudinal mixed model analyses assessed the main effect and interactions of group, time (weeks from baseline), and delay time on 
percent correct (normalized to baseline) (n = 5 mice/group). C) Interaction of delay time, chemotherapy, and time in non-tumor-bearing mice. D) Interaction of 
delay time, chemotherapy, and time in E0771-bearing mice. 
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with infiltration of monocytes and macrophages (Fig. 2D, p < 0.001). 
We observed a concurrent increase in IL-10 in this group (T/S) (Fig. 2E, 
p < 0.05)). This elevation in MCP-1 persisted at the two-week timepoint 
in the chemotherapy alone (S/C) and tumor alone (T/C) groups when 
compared directly to the saline only group (S/S) (̂̂p < 0.05); however, IL- 
10 slightly decreased in the tumor alone group (T/S) by two weeks post- 
chemotherapy (Fig. 2 D-E, ̂̂p < 0.05). An increase in IL-6 was detected 
only in tumor-bearing mice treated with chemotherapy (T/C) when 
directly compared to the saline only control at 48 h post-treatment (̂̂̂p <
0.01). These data highlight the complex nature of cancer- and 
chemotherapy-induced inflammation. 

3.3. Tumor and chemotherapy increases neuroinflammation 

In addition to the assessment of systemic inflammation, we also 
investigated changes within the brain in the same groups at 48 h post- 
chemotherapy, two weeks post-chemotherapy and one month post- 
chemotherapy. Total microglia were quantified (Fig. 3A), showing a 
significant increase in the chemotherapy (SC) and tumor chemotherapy 
(TC) groups at 48 h. At the two-week timepoint, the tumor plus 
chemotherapy group (TC) had a significant increase in total microglia. 
At the four-week timepoint, all groups were equal. A distinction was 
made between the ramified Iba-1 positive (resting/quiescent microglial 
cells) and activated Iba-1 positive cells, which can be distinguished 
morphologically by the presence of an enlarged cell body, amorphous 
nucleus, and retracted dendrite processes based on reference images. 
Across all timepoints, the combination of tumor and chemotherapy (S/ 
C, T/S & T/C) increased the level of activated microglial cells in the 
hippocampus, which indicates an increased level of neuro-inflammation 
(Fig. 3). At 48 h, chemotherapy alone (S/C) increased the number of 
activated cells to the same extent as tumor + chemotherapy (T/C) 
(Fig. 3B, E). By two weeks post-chemotherapy, the tumor-bearing mice 
with and without chemotherapy (T/S & T/C) exhibited significant 
microglial activation compared to both control and chemotherapy (S/S 
& S/C), and a compensatory rebound of resting microglial cells was 
observed in groups receiving chemotherapy or in the presence of tumor 
(S/C & T/C) compared to the saline control (S/S) (Fig. 3C). Tumor- 
bearing mice with and without chemotherapy (T/S & T/C) maintained 
elevated levels of activated microglial cells at four weeks post- 
chemotherapy compared to non-tumor bearing mice treated with 
chemotherapy alone (Fig. 3D). 

3.4. New neuronal precursor growth is diminished in the presence of 
tumor and chemotherapy 

To assess the status of neuronal precursor cells in the hippocampus, 
we assayed Brd-U to evaluate proliferating cells in the dentate gyrus of 
the hippocampus as studied in other neurogenesis studies and studies 
specific to CRCD (Dietrich et al., 2015). Tumor alone (T/S) resulted in a 
persistent loss of Brd-U staining at two weeks and four weeks (Fig. 4A). 
Across the three time points, the S/S control maintained a higher level of 
Brd-U positive cells. At the 48 h and four week time points, a trend to-
wards a reduction in Brd-U in the chemotherapy alone (SC) and tumor 
plus chemotherapy (TC) groups was seen. The combination of tumor and 
chemotherapy did not appear to be additive. 

3.5. Tumor and chemotherapy impact locomotor and memory function 

We further set up four separate cohorts of mice to investigate the 
longitudinal impact of chemotherapy alone or in the presence of tumor- 
induced inflammation on locomotor function as well as cognitive func-
tion in a delayed spatial alternation memory test. Locomotor activity 
was measured in units of velocity and assessed in photobeam chambers 
pre-chemotherapy administration, mid-chemotherapy treatment, and 
post-chemotherapy to assess the development of treatment-related 
motor deficits that might also impact performance on cognitive tests. 

The predictive model showed that average velocity for the control 
group (S/S) was maintained over the testing period, with a slight decline 
over time, as expected. The predicted average velocity for the non- 
tumor-bearing mice treated with chemotherapy (S/C) slightly 
increased mid-chemotherapy and was maintained at the post- 
chemotherapy timepoint. The tumor-bearing mice treated with saline 
(T/S) showed a significant decline in their predicted average velocity 
over time (p < 0.001) (Fig. 5A), suggesting the presence of the growing 
tumor affected locomotor function. The predicted average velocity in 
tumor-bearing mice treated with chemotherapy (T/C) dropped sub-
stantially from the pre-chemotherapy to mid-chemotherapy time point 
but was maintained thereafter, suggesting that chemotherapy amelio-
rates the locomotor deficit associated with untreated tumor growth. 
Overall, our analyses revealed significant interactions between tumor, 
chemotherapy, and time (p = 0.0147) (Fig. 5, Table 1A). 

We tested memory function in mice using a reward-based delayed 
spatial alternation paradigm with delay values of 1.5, 3, 6.1, 12.4, and 
25 s presented randomly over 48 sessions (50 reinforcers per session). 
Testing took place starting at four weeks before the initiation of 
chemotherapy and ran through 12 weeks post-chemotherapy. Despite 
the locomotor deficits observed, mice from all groups received all 50 
rewards at each session (data not shown). Longitudinal mixed model 
analyses assessed the main effect and interactions of group, time (weeks 
from baseline), and delay time on percent correct (normalized to base-
line) (Fig. 5B, Table 1B). Non-tumor-bearing mice treated with saline (S/ 
S) performed consistently well at all delays, while all other treatment 
groups performed less well as memory delays increased, with a signifi-
cant delay time × group interaction (p < 0.05) (Fig. 5B, Table 1B). 

To investigate the impact of chemotherapy and tumor alone, we 
separate groups out by tumor-bearing mice and those that received 
chemotherapy or saline alone (i.e. non-tumor bearing mice). In non- 
tumor bearing mice (S/S & S/C) there is a significant delay time by 
chemotherapy interaction (p = 0.0169), suggesting chemotherapy alone 
leads to a decline in memory function as delay time increases (Fig. 5C, 
Table 1C). In tumor-bearing mice (T/S & T/C), there is a significant 
delay time × week interaction, suggesting that memory declines over 
time as delay time increases in both groups (p = 0.0073) (Fig. 5C, 
Table 1D). Taken together these results suggest that the presence of 
tumor or chemotherapy results in a decline in memory function over 
time. 

4. Discussion 

Clinical studies have suggested that longitudinally assessed patterns 
of cytokines can vary temporally in patients with cancer. We sought to 
assess changes in cytokines over time in a pre-clinical model of cancer 
and chemotherapy; we also assessed neuroinflammation and behavioral 
changes. This study is novel because it assesses neuroinflammation and 
peripheral inflammation in the same clinically relevant model, beyond 
acute timepoints, using a rigorous study design. Chemotherapy alone 
has previously been shown to induce systemic and neuroinflammation 
in mice. In one study, paclitaxel treatment (30 mg/kg) induced a short- 
term inflammatory response characterized by increased concentrations 
of circulating LBP, IL-1β, TNFα, and CXCL1, which largely resolved 72 h 
after chemotherapy administration (Loman et al., 2019). Additional 
studies have detected no such increase in inflammatory cytokines after 
paclitaxel treatment (10 mg/kg) at 2 h to 1 week post-treatment (Ray 
et al., 2011) suggesting a possible dose effect. We assessed the impact of 
a clinically relevant course of chemotherapy at both short- and 
long-term intervals up to one month post-treatment to identify changes 
in inflammatory patterns at various time points. These data provide an 
understanding of neuroinflammatory molecular changes due to cancer 
and chemotherapy and support the use of this pre-clinical model as one 
that recapitulates features of human CRCD and allows disease and 
treatment to both be considered. 
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We found that 10 mg/kg of doxorubicin plus 200 mg/kg of cyclo-
phosphamide weekly in tumor bearing mice (T/C) did not induce robust, 
long-term changes in peripheral cytokine response when compared to 
our tumor only group (T/S) at 4 weeks post chemotherapy. When 
changes in cytokines were compared across groups, increased inflam-
mation was largely observed at the earlier time points following 
chemotherapy administration. The effect of chemotherapy was more 
apparent when we compared groups individually to the saline control 
(S/S); in these instances, chemotherapy alone was associated with 
increased TNFα, IL-2, MCP-1, and IL-6 levels at various time points 
following chemotherapy administration. It is likely that these associa-
tions were muted due to the main effect of tumor in our model. 

Compared to the saline control (S/S), IL-2 remained elevated at four 
weeks post chemotherapy administration in mice with tumors or with 
chemotherapy administration alone. IL-2 has context-dependent pro- 
and anti-inflammatory capabilities, although low dose IL-2 has been 
shown to selectively activate T regulatory cells (Tregs) without acti-
vating effector T cells which can be pathologic in the brain (Klatzmann 
and Abbas, 2015). IL-2 could be acting to control chemotherapy- or 
tumor-induced inflammation, as IL-2 has been shown to stimulate reg-
ulatory T cells systemically and in the brain (Alves et al., 2017). In line 
with our finding of persistent microglial activation in the presence of 
tumor or chemotherapy, IL-2 administration has also been shown to 
activate astrocytes, although in these contexts IL-2 was associated with 
improvements in memory deficits in mouse models of Alzheimer’s Dis-
ease (Alves et al., 2017). Clinical studies of IL-2 in patients with CRCD 
have shown mixed results, although a positive association with 
increased in IL-2 and improved visual memory was reported six months 
post-chemotherapy in one study (Lyon et al., 2016). 

In our model, we found that tumor alone (T/S) resulted in transient 
increases in TNFα, MCP-1, and IL-10 at 48 h post-chemotherapy. Addi-
tionally, we observed that tumor-bearing mice treated with chemo-
therapy (T/C) displayed an increase in IL-1β at two weeks post- 
treatment that resolved by four weeks. Some trends were observed in 
non-tumor-bearing mice treated with chemotherapy (S/C), but, given 
the study design, were likely obscured by the main effect of the tumor. 

MCP-1 has been implicated in mild cognitive impairment in aging 
adults (Galimberti et al., 2006) and has been shown to increase during 
breast cancer chemotherapy, resolving slightly by 24 months 
post-treatment but remaining elevated (Lyon et al., 2016). MCP-1 me-
diates inflammation by altering the migration of monocytes and mac-
rophages (Conductier et al., 2010). It has been implicated in blood brain 
barrier (BBB) breakdown (Yao and Tsirka, 2014) and worsening of mild 
cognitive impairment in Alzheimer’s Disease (Lee et al., 2018). Previous 
studies have shown that IV injection of MCP-1 is sufficient to cause 
microglial activation (Chiu et al., 2010). The early increase in circu-
lating MCP-1 in tumor-bearing mice is associated with a sustained in-
crease in activated microglia observed in the brain from 48 h to four 
weeks. Interestingly, chemotherapy alone also increases the amount of 
activated microglia in the brain, suggesting a distinct MCP-1-indepen 
dent mechanism of microglial activation. 

We observed an impact of tumor alone and tumor plus chemotherapy 
on the presence of activated microglia in the brain at two weeks and four 
weeks post chemotherapy. There was a transient increase in resting 
microglia observed at two weeks post-chemotherapy in all groups 
compared to the saline control (S/S), that was not observed at the later 
time point. Previous studies have reported mixed results on the impact of 
chemotherapy-induced systemic inflammation on neuroinflammation 
and microglial activation. Increased microglial activation and inflam-
matory cytokine gene expression in the brain have been associated with 
cognitive impairment five days post paclitaxel treatment alone (Grant 
et al., 2023). In this setting, depletion of microglia prior to chemotherapy 
administration leads to improved memory performance in a contextual 
fear-conditioning paradigm (Grant et al., 2023). Our data shows that 
chemotherapy alone as well as in combination with tumor leads to 
increased microglial activation at 48 h post-treatment; however, at two 
weeks post-treatment we did not observe an effect of chemotherapy 
alone. Because of the nature of our experiments, separate cohorts of mice 
were euthanized at each time point, and potential cohort effects compli-
cate the interpretation of these data over time. Furthermore, we cannot 
rule out that we may have idenitifed newly recruited monocytes, versus 
activation of existing microglia, especially given our findings of increased 
systemic cytokine expression. A separate study from another group re-
ported that three days post-paclitaxel treatment there was a decrease in 
Iba-1 reactivity in the periventricular nucleus of the hypothalamus and 
the dentate gyrus of the hippocampus (Loman et al., 2019), regions where 
we observed robust increases in activated microglia by 48 h post 
chemotherapy in non-tumor-bearing and tumor-bearing mice. While 

Table 1 
Interaction tables for locomotor activity and delayed spatial alternation. A) 
Mixed model interactions for locomotor activity. B) In the second analysis we 
modeled the natural log of the ratio of percent correct in the delayed spatial 
memory test for that particular week to the percent correct at the baseline - Log 
(Ratio). The table shows a three-way interaction between delay time, tumor, and 
chemotherapy. Highlighted values indicate statistical significance. The model 
was then run by tumor type: C) no tumor and D) E0771-bearing.  

A. Type 3 Tests of Fixed Effects: Locomotor Activity 

Groups All Groups (SS, SC, TS, TC) 

Effect Num DF Den DF F Value Pr > F 

Tumor 1 15.7 1.12 0.3066 
Chemo 1 15.7 0.00 0.9865 
Tumor*Chemo 1 15.7 1.40 0.2536 
Day 2 660 10.87 <0.0001 
Tumor*Day 2 660 13.73 <0.0001 
Chemo*Day 2 660 6.06 0.0025 
Tumor*Chemo*Day 2 660 4.25 0.0147 
Time 1 24.1 100.51 <0.0001  

B. Type 3 Tests of Fixed Effects: Delayed Spatial Alternation 

Groups All Groups (SS, SC, TS, TC) 

Effect Num DF Den DF F Value Pr > F 

Tumor 1 23.8 0.10 0.7553 
Chemo 1 20 0.38 0.5461 
Delaytime 1 1013 0.01 0.9192 
Delaytime*Chemo 1 1014 0.58 0.4455 
Delaytime*Tumor*Chemo 2 907 2.95 0.053 
Week 1 333 63.72 <0.0001 
Delaytime*Week*Chemo 2 1026 5.74 0.0033 
Weeksq 1 1028 28.57 <0.0001 
Weeksq*Chemo 1 33.2 2.72 0.1087 
Delaytime*Weeksq*Tumor 2 1022 4.14 0.0162  

C. Type 3 Tests of Fixed Effects: Delayed Spatial Alternation 

Groups Saline Only (SS, SC) 

Effect Num DF Den DF F Value Pr > F 

Chemo 1 9.02 0.16 0.7001 
Delaytime 1 525 0.08 0.7769 
Delaytime*Chemo 1 525 5.75 0.0169 
Week 1 519 37.53 <0.0001 
Delaytime*Week 1 525 0.33 0.5651 
Weeksq 1 525 13.59 0.0003 
Weeksq*Chemo 1 9.26 0.78 0.4007 
Delaytime*Weeksq 1 525 0.50 0.4804  

D. Type 3 Tests of Fixed Effects: Delayed Spatial Alternation 

Groups E0771 Only (TS, TC) 

Effect Num DF Den DF F Value Pr > F 

Chemo 1 12 0.42 0.5309 
Delaytime 1 489 0.02 0.8915 
Delaytime*Chemo 1 489 1.39 0.2395 
Week 1 63 27.44 <0.0001 
Delaytime*Week 1 489 7.27 0.0073 
Weeksq 1 498 16.88 <0.0001 
Weeksq*Chemo 1 33.8 2.75 0.1064 
Delaytime*Weeksq 1 189 4.81 0.0288  
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paclitaxel and other taxanes promote cell cycle arrest leading to death by 
stabilizing microtubules, cyclophosphamide and doxorubicin mainly 
exert cytotoxic effects by crosslinking or intercalating DNA, respectively, 
inhibiting protein synthesis. Further, preclinical studies of 
tumor-associated neuroinflammation have been conducted in the context 
of inflammation and immune infiltration around metastatic foci (Andreou 
et al., 2017), which are absent in this model. These dichotomous findings 
reveal how discrepancies in timing of analyses and different chemother-
apeutic agents can complicate interpretation of results; thus, these data 
should be viewed as hypothesis generating. 

IL-10 functions primarily as an immune regulatory cytokine; it has 
been linked to immune suppression in breast cancer. Some evidence 
suggests that IL-10 can downregulate MCP-1 expression by stimulating 
monocytes/macrophages; however, the source of these cytokines, 
whether tumor- or immune cell-secreted, remains to be determined. In 
primary cultures of subventricular zone cells, IL-10 has been shown to 
help maintain neural progenitors in an undifferentiated state, upregu-
lating neural markers NESTIN, Sox1/2, Musahi, Mash1, and NICD. 
Infusion of IL-10 into the lateral ventricle leads to a reduction in NUMB 
and DCX expression, which recover two weeks after the completion of 
IL-10 treatment (Perez-Asensio et al., 2013). The role that IL-10 plays in 
cognition is also unclear. In one study, which assessed relationships 
between systemic cytokines and cognitive function over a two-year 
time-frame in women with breast cancer, IL-10 was found to be asso-
ciated with better executive functioning and cognitive flexibility, but 
negatively associated with processing speed (Lyon et al., 2016). 

We found that chemotherapy alone and in combination with tumor 
resulted in a trend towards a reduction in new birthing of neurons, as 
evidenced by Brd-U staining, acutely at 48 h and at four weeks post- 
treatment. At the two-week timepoint, we observed a significant 
reduction in Brd-U in the tumor alone group, that was also apparent at 
the four-week timepoint. Decreased hippocampal neurogenesis has been 
shown to impair learning and memory in pre-clinical models (Sekeres 
et al., 2021). Decreased hippocampal Brd-U and Ki-67 staining has been 
observed in rats treated with methotrexate, paclitaxel, and doxorubicin 
and associated with poorer performance on tasks that rely on hippo-
campal function, such as novel object learning, novel object recognition, 
Morris water maze, and discrimination learning (Sekeres et al., 2021). 
Park et al. showed that low intensity exercise could improve hippo-
campal Brd-U expression and mitochondrial function, and improve 
performance in a Morris water maze task in mice treated with doxoru-
bicin (Park et al., 2018). This work suggests that exercise could alleviate 
chemotherapy-induced cognitive dysfunction by protecting the brain 
from oxidative stress and restoring neuroplasticity. These findings 
demonstrate the complex interplay between tumor and treatment. 

We also observed that tumor alone (T/S) affects locomotor function. 
Locomotor defects could be a functional physical impairment caused by 
a growing tumor and/or fatigue, which is also a common side effect of 
cancer chemotherapy. In the study discussed above, 4T1.2 tumors, but 
not tumor-conditioned media, affected locomotor activity, supporting 
the idea that the presence of a tumor and not the resultant inflammation 
was the cause of the impairment. These data provide further insight into 
the locomotion effect associated with tumor burden observed in the 
tumor alone group (T/S). We did not observe significant weight loss in 
groups with chemotherapy alone, despite the well-known association of 
cytotoxic chemotherapy with anorexia and weight loss. Tumor-bearing 
mice treated with chemotherapy (T/C) did lose weight during treat-
ment but began to recover by the end of treatment, likely due to the 
regression of their tumor growth. Tumor-bearing mice treated only with 
saline (T/S) progressively gained weight over the course of treatment; 
the presence of a large tumor likely contributed to this observed weight 
gain. These findings again serve to underscore the context-specific ef-
fects of timing, tumor type, and chemotherapeutic regimen on evalua-
tion of preclinical models. 

There is currently no effective way to treat the cognitive impairment 
experienced by patients with cancer, and a full understanding of the role 

inflammation may play in the development or severity of CRCD is 
lacking. The delayed spatial alternation paradigm used in our model 
assesses learning and memory over progressively longer delay intervals, 
with longer intervals requiring better ‘remembering’. This method has 
been used in experimental psychology to investigate the impact of lead 
exposure and aging on memory function (Cory-Slechta et al., 1991) and 
posited as a method by which to evaluate chemotherapy-related effects 
on cognition (Weiss, 2010). The delayed spatial alternation paradigm 
can identify subtle changes in cognitive function over time and is ana-
lagous to the delayed spatial alternation used in the Cambridge Neuro-
psychological Test Automated Battery (CANTAB) and other tests used in 
clinical research to assess cognitive function in patients with cancer 
(Capuron et al., 2001). The current study showed results similar to those 
reported in our previous work on the impact of cyclophosphamide alone 
on memory performance in mice (Janelsins et al., 2016); however, a 
significant impact of tumor alone was also observed in the current study. 
Overall, we found that the interactions between tumor, chemotherapy, 
and delay time were significant, indicating that tumor and chemo-
therapy caused a memory deficit at the longest delay values, i.e., when 
memory is most challenged relative to non-treatment. Additionally, we 
found that this deficit declines significantly over time. When we eval-
uated the effects of chemotherapy on non-tumor bearing and tumor 
bearing mice separately, we found that chemotherapy alone had a sig-
nificant impact at the longest delay values within a session, similar to 
our previous findings. In tumor-bearing mice, chemotherapy resulted in 
a decline in memory performance over time. These findings bolster 
support for the use of this model in subsequent studies of CRCD using 
various treatment agents and schedules. 

This is also a viable paradigm to evaluate interventions that could 
ameliorate the effects of cancer and/or cancer treatment on cognitive 
impairment. Walker et al. investigated the impact of mammary tumor 
alone and tumor conditioned media on systemic inflammation as well as 
locomotor function and memory performance on novel object recogni-
tion tests (Walker et al., 2018). At 30 days post-tumor implantation, 
increased levels of IL-1α, IL-6, G-CSF, and MIP-1α, were measured in the 
plasma. We also observed increased IL-6 in tumor-bearing mice treated 
with chemotherapy (T/C) compared to saline control (S/S). Further, this 
group manifested an early (4–15 days post-tumor implantation) decline 
in memory function in mice bearing 4T1.2 and E0771 mouse mammary 
tumors, which recovered following treatment with an anti-inflammatory 
agent. However, the impact of the anti-inflammatory agent, aspirin, on 
the systemic cytokine levels that were increased in tumor-bearing mice 
was not reported; thus, the mechanism of how aspirin improved memory 
function remained unclear and is an area for future study. Novel object 
recognition tasks reportedly rely on hippocampal and perirhinal cortex 
function—both areas that have been associated with memory and sen-
sory processing (Broadbent et al., 2010; Kinnavane et al., 2016). Addi-
tional studies that use relevant cognitive testing to mechanistically link 
anti-inflammatory therapies with systemic cytokines and/or 
brain-region-specific alterations are warranted. Taken together, these 
results shed light on the mechanism of CRCD and the link between pe-
ripheral inflammation, neuroinflammation, and impaired memory. 

5. Conclusions 

This study adds to the existing CRCD literature by providing evi-
dence for understanding the independent and combined impact of 
cancer and chemotherapy in a clinically relevant animal model 
including multiple time-points up to 1 month post-treatment. We found 
that this model recapitulates features of CRCD in patients and that tumor 
and chemotherapy caused a memory deficit over time. 
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