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Abstract

Some cancer survivors experience marked cognitive impairment, referred to as cancer-related 

cognitive impairment (CRCI). CRCI has been linked to the genetic factor APOE4, the strongest 

genetic risk factor for Alzheimer’s disease (AD). We used APOE knock-in mice to test whether 

the relationship between APOE4 and CRCI can be demonstrated in a mouse model, to identify 

associations of chemotherapy with behavioural and structural correlates of cognition, and to test 

whether chemotherapy affects markers of AD. Twelve-month old C57BL/6J female APOE3 
(n=30) and APOE4 (n=31) knock-in mice were randomized to treatment with either doxorubicin 

(10 mg/kg) or saline. Behavioural assays at 2–21 weeks-post exposure included open field maze, 

elevated zero maze, pre-pulse inhibition, Barnes maze, and fear conditioning. Ex-vivo magnetic 

resonance imaging was used to determine regional volume differences at 31–35 weeks-post 

exposure, and tissue sections were analyzed for markers of AD pathogenesis. Minimal toxicities 

were observed in the aged mice after doxorubicin exposure. In the Barnes maze assay, APOE3 
mice did not exhibit impairment in spatial learning after doxorubicin treatment, but APOE4 mice 

demonstrated significant impairments in both the initial identification of the escape hole and the 

latency to full escape at 6 weeks post-exposure. Both APOE3 and APOE4 mice treated with 

doxorubicin showed impairment of spatial memory. Grey matter volume in the frontal cortex 
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decreased in APOE4 mice treated with doxorubicin vs. APOE3 mice. This study demonstrates 

cognitive impairments in aged APOE4 knock-in mice after doxorubicin treatment and establishes 

this system as a novel and powerful model of CRCI.
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1 Introduction

Cognitive impairment has been reported by 13–70% of cancer survivors, greatly affecting 

their quality of life [1, 2]. Cancer-related cognitive impairment (CRCI) occurs in several 

domains, including processing speed, visual memory, verbal memory, and executive 

function, and can persist over years [3, 4]. The etiology of CRCI is unknown, but may be 

influenced by age, treatment type, cognitive reserve, and genetic factors [5].

The apolipoprotein E (APOE) gene exists in humans in three common alleles (APOE2, 
APOE3, and APOE4). APOE4 constitutes the strongest genetic risk factor for late-onset 

Alzheimer’s Disease (AD) [6], with an earlier effect on AD risk in females [7]. Interestingly, 

the APOE4 allele is also the most reproducible genetic risk factor for CRCI, supported in 

five independent studies of cancer survivors [8–11]. Aging is a risk factor for cognitive 

decline in many contexts (such as AD); older age also contributes to cognitive declines after 

chemotherapy in breast cancer survivors [5]. In the largest study of cognitive impairment in 

older breast cancer survivors, APOE4-positive survivors who received chemotherapy 

exhibited greater CRCI over two years post treatment than survivors with other APOE 
alleles [8].

APOE targeted-replacement mice [12] are a preclinical model for investigating CRCI in a 

genetically susceptible context [13]. In the APOE targeted replacement, or knock-in mice, 

the human APOE3 or APOE4 alleles are under the control of the endogenous murine APOE 
promoter, generating mice homozygous for APOE3 or APOE4 [12]. In these mice, APOE 

protein levels are similar to human APOE levels in hippocampus, frontal cortex, and 

cerebellum [14]. Importantly, while APOE targeted-replacement mice do not develop overt 

AD brain pathology, the APOE4 mice do show distinct cognitive and brain structure 

differences compared to APOE3 mice [13, 15–17].

In the current study, we use aged female APOE mice to recapitulate the older breast cancer 

survivor population, in order to understand how APOE genotype affects cognition and non-

cognitive behaviours in the context of female sex and aging. The earlier experiments in this 

model found deficiencies in spatial learning and memory in five-month old female APOE4 
mice exposed to doxorubicin [13]; the current work examines more clinically relevant aged 

mice and tests other cognitive domains. This mouse model also allows testing of the 

mechanisms underlying this complex genetic-environmental interaction, particularly 

whether it is related to AD pathological changes commonly associated with APOE 
genotype.
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2 Materials and Methods

2.1 Ethics Statement

This study was conducted in accordance with ethical standards and relevant national and 

international guidelines for animal welfare, including the National Institutes of Health Guide 

for the Care and Use of Laboratory Animals. All procedures and handling of the animals 

were performed according to protocols approved by the Georgetown University Medical 

Center Institutional Animal Care and Use Committee.

2.2 Animal Population

The human APOE3 (n = 30) and APOE4 (n = 31) targeted-replacement C57BL/6J mice, 

which have either the human APOE3 or APOE4 allele in the mouse APOE gene locus 

thereby maintaining the normal expression of the APOE gene, were bred and maintained at 

Georgetown University as previously described [13]. All mice were bred as homozygous for 

their respective alleles and the APOE genotype was confirmed by DNA sequencing. Female 

mice were used for the study and all mice were housed under the same conditions and 

entered into the experiment at 12–13 months of age. APOE3 mice were chosen as 

appropriate controls for APOE4 mice as both mice have the same targeted replacement of 

the murine APOE gene, allowing comparison between behaviour of the human alleles in a 

mouse model. Research staff were not blinded to APOE genotype of mice in this study.

2.3 Chemotherapeutic drug exposure

Doxorubicin hydrochloride (Sigma) was prepared as a 10 mM solution in ultrapure DMSO 

and frozen at 4°C for a maximum of one month before use. Animals were treated with two 

intra-peritoneal (IP) injections of either 5 mg/kg doxorubicin (total dose 10 mg/kg) or 

DMSO vehicle, given in in 470 uL sterile PBS, spaced one week apart. There were a total of 

four groups: APOE3 saline control, APOE3 doxorubicin-treated, APOE4 saline control, and 

APOE4 doxorubicin-treated mice (n = 15–16/group). The total dose and dosing schedule 

were chosen based on similar in vivo experiments [18–20]. Our experiments verified that 

this dose produced limited whole-body toxicity (≤ 10% total body weight loss followed by 

full weight recovery) and limited temporary reductions in locomotive behaviour (data not 

shown). Mice were weighed prior to the initial injection and weekly thereafter.

2.4 Behavioural Assessments

Mice were behaviourally tested using a series of assessments. For each procedure, each 

mouse was habituated to the testing room for 30 minutes in its home cage and, when 

appropriate, allowed to explore the apparatus freely for five minutes. Each apparatus was 

thoroughly cleaned and wiped down with 70% ethanol prior to each test to eliminate the 

potential influence of olfactory cues. Procedures for video recording and software or blinded 

analyses of behaviours are noted for these tasks.

2.4.1 Open Field Task—The Open Field task was used as an assessment of locomotion, 

anxiety, and exploratory behaviour. The open field apparatus was a plain plexiglass field of 

43 cm square. Laser detectors tracked mouse movement and location on the apparatus and 

data was directly collected by MedAssociates activity monitor. The outermost 8 cm of the 

Demby et al. Page 3

Behav Brain Res. Author manuscript; available in PMC 2021 April 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



field were considered the “outer zone” and the remaining area considered the “inner zone”. 

Time spent in the inner zone was used as a measure of anxiety. Total distance traveled was 

used to assess locomotion. Mice were assessed one week prior to initial doxorubicin or 

saline injection, three weeks following completion of treatment, and fifteen weeks following 

completion of treatment.

2.4.2 Elevated Zero Maze.—The Elevated Zero Maze consists of a ring-shaped 

platform 600 mm in diameter, with two sections protected by walls 6” high (“closed zone”) 

and two sections lacking walls (“open zone”). Mice were placed at the edge of a closed zone 

and movement recorded by overhead camcorder and analyzed using the AnyMaze software 

suite. Percent time spent in the open zone was used as a measure of exploratory behaviour 

and as a negative measure of anxiety. Mice were assessed two weeks prior to initial 

doxorubicin or saline injection, two weeks following completion of treatment, and fifteen 

weeks following completion of treatment.

2.4.3 Pre-Pulse Inhibition (PPI).—PPI was used to assess sensorimotor gating at one 

week prior to initial treatment and three weeks after treatment was completed. Animals were 

exposed to consistent background noise (70 dB) alone for five minutes; the background 

noise was continuous throughout the session. Afterwards, five startle-inducing pulses (30 

ms) of 120 dB broadband noise generated stable baseline startle responses. Mice were 

exposed to trials either of the pulse alone or the pulse preceded by a 30 ms “pre-pulse” of 

noise 3, 6, 9 and 12 dB above background. In the prepulse+pulse trials, the onset of the 

prepulse and the onset of the pulse were separated by 130 ms. Animals were tested on a total 

of 50 trials (10 Pulse-Alone trials, 10 of each of the prepulse trials) in a pseudorandom order 

of series of pulses with or without pre-pulses of 3, 6, 9, or 12 dB above background white 

noise (PP3-PP12). An average of 15 seconds (range 5–25 seconds) separated the trials. The 

testing parameters employed produce robust PPI [21, 22].

2.4.4 Barnes Maze.—The Barnes maze (San Diego Instruments Inc., San Diego, CA) 

was used to assess spatial learning and memory six weeks following the second doxorubicin 

or saline injection [23]. The maze was in a space containing extra-maze cues, illumination of 

150 lux and 75 dB white noise; it had 19 shallow decoy containers and one escape hole 

around the edge of the disk. For each trial, the mouse was allowed to explore the maze freely 

for 180 seconds or until entering the escape hole. If the mouse did not attain the escape hole, 

the experimenter gently guided it there. The apparatus was captured by overhead video and 

analyzed using AnyMaze software. One day prior to the start of training, a habituation task 

consisted of a single trial with the escape hole placed in a location that would not be used for 

the remainder of the protocol. On the day following habituation, the training protocol was 

performed with the escape hole in the target location, which remained constant during the 

full training protocol. On each of four consecutive training days, the mice were put through 

four trials separated by an interval of 15 minutes. Seventy-two hours following the final 

training trial, each mouse underwent a single probe trial. Three APOE3 mice (two control, 

one doxorubicin-treated) were excluded from Barnes Maze testing due to barbering between 

cage-mates and related stress behaviour observed in the home cage within a week prior to 
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scheduled testing on the apparatus. One APOE3 control mouse was excluded from Barnes 

Maze testing due to a cataract observed prior to study start.

2.4.5 Fear Conditioning.—Fear conditioning was used to assess amygdala-related 

learning and memory. The conditioning chamber was 12” by 9” in the presence of 60 dB of 

white noise. Video footage was captured using an LG Phoenix 3 smartphone running 

Android software using the default camera application. After habituation, each mouse was 

exposed to a 4000 kHz cue tone of 78 dB for 30 seconds. Coinciding with the end of the 

tone, the mouse received a foot shock of 0.7 mA for one second through the floor grid 

(“delayed conditioning”). After 120 seconds, the mouse was returned to its home cage. The 

shock conditioning protocol was repeated four hours later. The following day, each mouse 

was placed in a novel black foam chamber of 10” by 6” in a different room. After 180 

seconds, the cue tone was played for 30 seconds without the conditioning shock. After 120 

more seconds, the mouse was removed to its home cage. Four hours after the cued fear 

response test, each mouse was placed in the conditioning chamber for five minutes as the 

context fear response. Videos were reviewed by a blinded observer who noted duration of 

freezing behaviour throughout. Percent time freezing was defined as no motion of the mouse 

outside of breathing.

2.5 Tissue Collection and Immunohistochemistry

At 31 to 35 weeks following treatment (20–21 months of age), the mice were euthanized by 

CO2 inhalation. Any variation in time of euthanasia was due to choosing an early euthanasia 

time for some mice due to spontaneous age-related mortality observed among some of the 

mice (in a manner unrelated to APOE genotype or doxorubicin treatment); tissue was only 

used from mice that were healthy at the time of euthanasia. Blood was collected via cardiac 

puncture and centrifuged at 4°C at 2000g for 15 minutes to isolate plasma, which was stored 

at −80°C. The mice were perfused with 5–10 mL of either ice-cold 10% neutral buffered 

formalin or ice-cold PBS, depending on the intended tissue usage. For formalin-perfused 

mice, the organ tissue (brain, heart, lung, liver, kidney, and spleen and pancreas) was placed 

in 10% neutral buffered formalin. For PBS-perfused mice, heart, liver, kidney, and spleen 

and pancreas were collected and snap-frozen. PBS-perfused brains were hemisected, with 

one hemisphere dissected into cortex, cerebellum, and hippocampus, and snap-frozen; the 

other hemisphere was placed in a 4% formalin/10% sucrose solution. Fixed brain 

hemispheres were transferred through a sucrose gradient, then washed and soaked in PBS 

and 70% ethanol prior to paraffin-embedding and slicing. Five-micron thick slices were 

processed for immunohistochemistry and stained with antibodies against Iba-1 (Ionized 

calcium binding adaptor molecule 1, Wako) for microglia, GFAP (Cell Signaling 

Technology) for astrocytes, AT8 (Phospho-Tau: Ser199, Ser202) (Invitrogen), Aβ42 

(Millipore), and activated caspase 3 (Biocare), and imaged via brightfield microscopy.

2.6 Magnetic Resonance Imaging

Formalin perfused whole brains were harvested and embedded in 3% agar in PBS for ex 

vivo MRI. High-resolution three-dimensional anatomical imaging was performed in order to 

analyze the differences in regional brain anatomy using voxel-based morphometry (VBM), 

as described previously [13]. Briefly, MRI was performed on a 7-T Bruker spectrometer 
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(Bruker Biospin, Ettlingen, Germany) run by Paravision 5.1 software, with a 32-mm mouse 

brain volume coil. The imaging sequence was a 3-D T2-weighted rapid acquisition with 

relaxation enhancement (RARE) with the following parameters: repetition time = 2500 ms, 

effective echo time = 36 ms, RARE factor = 12, flip angle = 90 degrees, field of view = 17.5 

× 17.5 × 20 mm, matrix size = 190 × 190 × 170, and spatial resolution of 92 × 92 × 118 mm.

To perform voxel-based morphometry, we extracted the raw Bruker 2dseq image datasets as 

DICOM files, and converted them to NIfTI (Neuroimaging Informatics Technology 

Initiative (NIH)) format files using MRIcron software. Images were then skull-stripped 

using MIPAV 7.1.1 (Medical Image Processing, Analysis, and Visualization) software and 

aligned to the SPMMouse mouse brain template (spmmouse.org) via affine transformation 

with 12 parameters (translations, shears, rotation, and scale factors in three dimensions) 

using FSL (FMRIB Software Library, Oxford, UK). Based on the unified segmentation 

algorithm, each image was segmented into gray matter (GM) and white matter using 

SPMMouse. The warped modulated GM maps were smoothed with a 0.5-mm FWHM (full 

width at the half maximum) Gaussian kernel. For the ROI-VMB analysis, regions of interest 

were manually drawn in the areas that had been identified through the whole brain VBM. 

Specifically, ROIs were generated in the frontal cortex of the gray matter template, followed 

by VBM as described above.

2.7 Statistical Analysis

All statistical analysis was performed in GraphPadPrism 8. For the Barnes Maze, we used 3-

way ANOVA with Tukey’s multiple comparisons test comparing genotype, treatment status, 

and test day to assess differences in learning over time. For the Open Field and Elevated 

Zero assessments, we used three-way ANOVA with Tukey’s multiple comparisons test to 

assess differences between time points followed by two-way ANOVA with Sidak’s multiple 

comparisons test to assess interactions of time point and genotype. For Fear Conditioning, 

we used a mixed-effects analysis with Tukey’s multiple comparisons test to evaluate 

freezing behaviour across tasks. For freezing in different portions of the cue test, we used a 

three-way ANOVA with Tukey’s multiple comparisons test to assess differences between 

time points followed by two-way ANOVA with Sidak’s multiple comparisons test to assess 

genotype effects. For MRI, data were used to test for group-wise differences in the GM 

maps across the whole brain with SPMMouse toolbox by performing a voxel-by-voxel two-

sample t test. Whole brain analysis was performed with a significance level of p < 0.05, 

uncorrected for multiple comparisons.

3 Results

3.1 Doxorubicin exposure

At the beginning of the experiment (with mice at 12 months of age), the two APOE 
genotype groups were similar in weight. Doxorubicin caused an average maximum weight 

loss of 6.5% in APOE3 mice and 5.2% in APOE4 mice, with no significant difference 

between genotypes. The greatest extent of weight loss was observed at three weeks post-

treatment, after which weight recovered in both APOE genotypes.
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3.2 Exploration and anxiety

Prior to treatment, APOE3 mice spent 50% more time in the exposed Inner Zone of the 

Open Field and 50% more time on the Open Zone of the Elevated Zero Maze than APOE4 
mice, indicating slightly lower baseline anxiety-like behaviour than APOE4 mice (ANOVA, 

F(2,110) = 7.041, p = 0.02 and F(2,104) = 8.858, p = 0.004 respectively) (Figure 1). Two 

weeks post-treatment, control and doxorubicin-treated mice of both APOE genotypes 

traveled the same distance in the Open Field Assessment and Elevated Zero Maze (ANOVA, 

F(2,110) = 0.1123, p = 0.05 and F(2,100) = 0.04967, p = 0.08 respectively) (Figure 1). The 

distance traveled was reduced in all groups post-treatment by 35%. After 15 weeks, control 

and doxorubicin-treated mice of both APOE genotypes also traveled the same distance in 

both apparatus (ANOVA, F(1,53) = 0.1292, p = 0.72). Time spent in the exposed zones of 

the Elevated Zero Maze was reduced at both post-treatment timepoints in all groups.

3.3 Sensorimotor gating

For pre-pulse inhibition (PPI), the pre-pulse of 3 dB above background caused about 25% of 

startle inhibition (Figure 2A) and was chosen for analyses of the effects of APOE genotype 

and doxorubicin exposure. APOE3 and APOE4 groups did not differ in their degree of PPI 

with the 3 dB pre-pulse at baseline (t-test, t(59) = 1.647, p = .10) (Figure 2A). Doxorubicin 

treatment had no significant effect on PPI at any of the post-treatment time points (ANOVA, 

F(3,54) = 0.5794, p = 0.63) (Figure 2B).

3.4 Hippocampus-related Spatial Learning and Memory

Treated and untreated APOE3 and APOE4 mice explored the Barnes maze during 

habituation at approximately the same speed (.046 − .067 meters/second), although the 

control APOE4 subgroup was significantly faster than doxorubicin-treated APOE3 subgroup 

(ANOVA, F (3, 53) = 4.495, p = 0.004) (Figure 3A). Control APOE4 mice took longer to 

escape than control APOE3 mice, particularly on training days 1 (146 vs. 74 seconds mean 

latency to escape) and 2 (118 vs. 54 seconds) (Figure 3B, ANOVA, F(1,896) = 221.6 p 

<.0001). Over training days 3 and 4, APOE4 control mice exhibited reduced total latency 

until Day 4, when total latency became comparable to APOE3 mice (F(1,896) = 6.117, p 

=0.97). Doxorubicin treatment had no effect on the response of APOE3 mice across the four 

training days (F(1,896) = 6.117, p > .99). In contrast, APOE4 mice treated with doxorubicin 

had significantly higher total latency to escape than the three other groups. Compared to 

APOE4 control mice, APOE4 mice treated with doxorubicin exhibited significantly higher 

total latency on training days 3 and 4 (mean of 120 vs. 73 seconds, ANOVA, F(1,896) = 

6.117, p = .0007 and 106 vs. 51 seconds, p = .0012 respectively). This deficit was also 

reflected in the fact that APOE4 mice treated with doxorubicin had high rates of failure to 

full escape in the 180 second task.

Next, we assessed primary latency, defined as the time for the mouse to make a first nose 

poke into the escape hole (Figure 3C). A three-way ANOVA corrected for multiple 

comparisons by Tukey’s test identified a genotype-by-treatment effect across the four 

training days (F(1,896) = 4.465). In same-day comparisons, APOE4 doxorubicin-treated 

mice had significantly higher primary latency compared to the untreated APOE3 and 

untreated APOE4 mice on training day 1 (p = .015 and p = .012 respectively) and compared 
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to the treated APOE3 mice on training day 2 (p = .025). By training day 4, APOE4 
doxorubicin-treated mice performed similarly to all other groups (p = .97).

We also examined the delay to full escape following the first approach to the hole. We found 

that APOE4 mice, regardless of treatment, had a longer delay to escape after the first correct 

nose poke during training days 1 and 2 compared to treated and untreated APOE3 mice 

(Figure 3D) (mean 95 vs. 28 seconds on day1 and 72 vs. 16 seconds on day 2, ANOVA, 

F(3,794) = 5.062, p < .0001). This delay to escape decreased in APOE4 control mice on 

training days 3 and 4 but remained significantly higher in APOE4 doxorubicin-treated mice 

(mean 76 vs. 43 seconds day 3, ANOVA, F(3,794) = 5.062p = .047 and mean 70 vs. 32 

seconds day 4, p = .003). The results of doxorubicin treatment failing to cause an observable 

deficit in spatial learning by the APOE3 mice coincides with prior experiments in wild-type 

female C57BL/6J mice: mice treated with 10 mg/kg doxorubicin performed the same as 

saline-injected control mice in the same Barnes Maze paradigm (data not shown).

Three days after training, mice were again exposed to the Barnes maze in a probe trial 

(Figure 4). Doxorubicin treatment was associated with a significant increase in the time to 

enter the target hole, in both APOE3 and APOE4 mice (F(1,49) = 15.59, p = .0003). 

Interestingly, two of the 14 doxorubicin-treated APOE3 mice (14.3%) and seven of the 15 

(46.7%) doxorubicin-treated APOE4 mice did not enter the target hole at all by the end of 

the three minute trial, indicative of strong memory deficits (Figure 4).

3.5 Amygdala-related Learning and Memory

To analyze amygdala-related learning alongside hippocampal learning, we used cued and 

contextual fear conditioning tasks 21 weeks after treatments (Figure 5). Mice in all groups 

showed similar high rates of freezing behaviour in response to the second of two 

conditioning shocks compared to the initial unconditioned shock (ANOVA, F(2.763,151.0) = 

75.92, p < .0001) (Figure 5A). In the cued fear conditioning assessment, mice in all groups 

showed similar elevated freezing, both in response to the tone cue presented in the novel 

(non-conditioned) environment and during the time-matched portion of the contextual fear 

response assessment (in the absence of the tone cue) (ANOVA, F (2.763, 151.0) = 75.92, p 

> .99) (Figure 5A). Examining the response to the cue tone in more detail, we confirmed 

mice in all groups froze in response to the tone cue presented in the novel environment but 

not to the initial presentation of the novel environment (F(1.533,84.33) = 229.7, p < .0001) 

(Figure 5B). We also found that APOE4 mice in both treatment group showed elevated 

freezing behaviour after the tone cue was complete compared to APOE3 mice F(2,114) = 

5.295, p = .001) (Figure 5B).

3.6 Structural Changes in the Brain

In order to assess the long-term effects of doxorubicin on brain structure, we performed 

VBM on three-dimensional anatomical MR images of ex-vivo brains. VBM analysis did not 

detect any persistent, long-term cerebral anatomical alterations associated with doxorubicin 

treatment in the APOE3 mice (data not shown). However, long-term effects were observed 

in the APOE4 model. Specifically, the doxorubicin-treated APOE4 mice exhibited subtle 

atrophy primarily in the grey matter of the frontal cortex, versus control APOE4 mice 
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(Figure 6A, B). In order to assess whether these genotype-based differences in brain 

anatomy persisted in older age, we compared all APOE3 (both untreated and treated) with 

all APOE4 mice (Figure 6C, D). Compared to APOE3 mice, APOE4 mice showed lower 

grey matter volumes in the cerebral cortex and the striatum, regardless of treatment. No 

differences were observed between groups in hippocampal volume. When corrected for 

multiple comparisons using FWE (family-wise error) correction, the above described 

differences are no longer statistically significant, suggesting that the FWE correction was too 

stringent for the small sample size (3–4 mouse brain/group). In order to minimize the risk of 

type 1 errors, we performed a region of interest-VBM (ROI-VBM) analysis to substantially 

decrease the number of voxels tested. The ROIs were placed on the areas of the frontal 

cortex that had shown differences by whole brain VBM. The ROI-VBM results were 

consistent with those generated in the whole brain analysis (Supplemental Figure 1); 

specifically, APOE4 mice exhibited a slight long-term decrease in gray matter areas of the 

frontal cortex in response to doxorubicin treatment and, when comparing all APOE4 mice 

versus all APOE3 mice, the anatomical effect of APOE genotype was evident.

3.7 Immunohistochemistry for AD Markers and Markers of Neurodegeneration

Postmortem tissue was immunostained for markers of Alzheimer’s disease pathogenesis: 

Aβ42, phospho-tau, glial activation (microglia: Iba-1; astrocytes: GFAP), and apoptosis 

(Figure 7). We did not detect accumulation of Aβ42 (data not shown), which was expected 

given that APOE mice are not models of amyloid accumulation. No differences in staining 

intensity of localization of Iba-1, GFAP or phospho-tau were observed based either on 

APOE genotypes or by doxorubicin treatment (Figure 7). Isolated cells showing strong 

staining for activated caspase 3, a marker of apoptosis, were observed across cortex, 

hippocampus, and cerebellum. No differences in frequency of caspase 3 positive cells were 

observed across groups (data not shown).

4 Discussion

To our knowledge, this is the first pre-clinical, controlled study that examines cancer-related 

cognitive impairment in older, genetically susceptible (APOE4) mice. We found that older 

mice could tolerate chemotherapy and we observed short-term cognitive deficits in spatial 

learning and memory in APOE4 mice after exposure to chemotherapy, which were not seen 

in exposed APOE3 mice. Despite these short-term cognitive deficits, anatomical brain 

assessment of long term effects (nine months post-treatment) showed only mild decrements 

in the frontal cortex volume, and no differences in hippocampal volume between the APOE4 
doxorubicin-exposed mice versus the other groups. These impairments were observed in the 

context of no alterations in anxiety-like and locomotive behaviour between groups, as well 

as no deficits in sensory gating or fear-conditioned memory, establishing neurological 

processes and cognitive domains that are spared by doxorubicin in this model. Finally, in 

this APOE knock-in model, there were no changes in markers associated with Alzheimer’s 

disease after doxorubicin treatment as measured by immunohistochemical staining.

Cognitive impairment has been reported among older breast cancer survivors, especially 

those with an APOE4 allele [8, 10, 11]. We now add a critical preclinical finding to support 
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these clinical data: in older female mice, APOE4 increases susceptibility to deficits in spatial 

learning after chemotherapy. Since cognitive impairment is associated with older age, and 

chemotherapy is thought to accelerate aging processes, we chose to use older mice for our 

experiments in this report. The older mice tolerated chemotherapy, showing only a small, 

transient weight loss, and successfully completed a panel of behavioural tasks. This 

demonstrates the feasibility of using older mice to study long-term effects of chemotherapy. 

This is particularly important since 75% of breast cancer survivors are ages 60 and above at 

the time of their diagnosis [24].

CRCI seen in chemotherapy-treated breast cancer survivors has most commonly affected 

processing speed, attention, and executive function [8, 10, 11]; among APOE4 carriers, 

pronounced differences are seen in these domains. We observed cognitive behavioural 

impairment in our pre-clinical model of older APOE4 mice exposed to chemotherapy in 

spatial learning and memory functions. We found impairment in the time to learn the 

location of the target hole of the Barnes Maze, and increased time to enter the hole after 

finding it. This impairment occurred in the absence of differences in locomotive and 

exploratory behaviour between groups, ruling out treatment-related fatigue as a major factor 

in primary latency and latency to escape. These findings show specific deficits of APOE4 
mice after chemotherapy in the domain of spatial learning but also in another domain, 

perhaps related to attention or motivation needed to enter the target hole. Importantly, 

attention and executive function are among the cognitive domains most often found to be 

impaired in CRCI [4, 8, 25], while learning and memory impairments, including in spatial 

domains, have also been reported (although visuospatial outcomes among cancer survivors 

are less frequently assessed [8, 25–28]). The finding of connections between APOE4 and 

CRCI in both humans and mice provides a compelling justification for determining APOE 
genotype in cancer patients considering treatment options.

This work, consistent with our work with young (5 month old) APOE mice [13], identified 

spatial learning behaviours that were affected by doxorubicin chemotherapy. In our current 

work, we tested an expanded panel of behavioural assays for other deficits: we found these 

assays were unaffected by chemotherapy, including locomotive and anxiety behaviours, PPI 

response, and cued or contextual fear conditioning. These observations establish that the 

impairments in spatial learning identified in APOE mice treated with doxorubicin occur in a 

context where multiple basic features of normal behaviour and sensory processing, as well 

as some forms of non-navigational memory, are unimpaired.

In terms of brain structure, we only observed mild brain atrophy at 21 months of age among 

APOE4 mice compared to APOE3 mice after doxorubicin exposure at 12 months of age. 

Previously, VBM revealed significant changes in cortical grey matter and hippocampal 

volume in younger APOE3 and APOE4 mice analyzed two months after exposure to 

doxorubicin [13]. Our current observation of mild alterations in frontal cortex volumes in 

APOE4 mice in the aged cohort suggests that the acute effects of doxorubicin, at least 

partially, resolve over time, albeit with some persistent residual damage in the APOE4 
model. ROI analyses within the brain areas identified in our initial analyses were consistent 

with the whole brain VBM analyses.
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In addition to increasing the risk of CRCI in older survivors, APOE4 is also the strongest 

genetic risk factor for Alzheimer’s disease [29]. This overlap suggests that cognitive 

impairment in CRCI and AD might share some mechanistic features. We examined whether 

long-term survival after chemotherapy resulted in classical histopathological signs of AD 

pathogenesis, namely the accumulation of plaques, tangles, and gliosis, and signs of 

neuronal loss such as apoptosis and hippocampal atrophy. We did not observe differences in 

cellular hallmarks of AD or other signs of neurodegeneration related to APOE genotype or 

treatment condition. Since the APOE targeted-replacement model does not develop AD 

pathology [12, 30, 31], possible effects of APOE4 genotype and doxorubicin on brain 

histopathology can be pursued in a model that includes signs of Aβ accumulation and 

neurodegeneration. The chemotherapy may induce important contributors to AD-related 

cognitive impairment outside these prominent neuropathological changes, such as specific 

inflammatory pathways [32], loss of blood brain barrier integrity [33], decreased 

neurogenesis [34] or increased glial senescence [35]. These processes are mechanistically 

related to APOE genotype [36], and could be exacerbated by exposure to cytotoxic agents.

The mechanisms by which an APOE genotype impacts the risk of AD are complex, with 

evidence for pathways dependent on Aβ accumulation and pathways independent of Aβ 
accumulation [37]. A role for APOE in risk of CRCI supports an Aβ independent pathway 

for effects on cognitive impairment. In humans, APOE4 increases the risk of impairment 

following traumatic brain injury [38] and stroke [39]. In preclinical models, APOE4 
increases susceptibility to several conditions of inflammation, including traumatic brain 

injury [40], lipopolysaccharide exposure [37, 41] and stroke [42]. Genome-wide association 

studies have identified many inflammation genes as risk factors for AD [43], further 

supporting the importance of inflammation in cognitive impairment in AD [44]. Several 

types of cancer chemotherapy induce peripheral inflammation in clinical studies [45, 46] and 

CNS inflammation in preclinical studies [47]. Inflammation is also one of the central pillars 

of aging [48, 49]. The connection of APOE4 genotype to an increased predisposition to 

inflammation may underlie some of its effects on increased risk of CRCI in older mice 

rather than through mechanisms involving only Aβ accumulation.

While we used a rigorous, controlled experiment, there are several caveats that should be 

considered in understanding the scope of our results. First, several cognitive tests were 

limited to single time points due to practice effects; doxorubicin treatment may cause 

behavioural impairments at other time points. Second, we studied female mice, given that 

the preponderance of data linking APOE4 to CRCI is in breast cancer survivors [8, 50]; links 

may also exist between APOE4 and CRCI in males [10, 51]. Third, we focused our 

experiments on two APOE genotypes: mice homozygous for APOE3 or APOE4. We did not 

assess effects in APOE3/4 heterozygotes, or investigate the possible effects of the APOE2 
allele, which is associated with up to 50% decreased risk of AD [52] and present in 12% of 

the US population [29, 53]. Fourth, research staff was not blinded to APOE genotype of 

mice in this study, though this was mitigated by use of automated tracking software or 

scoring by a blinded observer to analyze all behavioural data collected. Finally, we chose to 

initially study the effects of doxorubicin, one of the most commonly used chemotherapeutics 

[54, 55]. Doxorubicin is generally excluded by the blood-brain barrier, suggesting that at 

least some of the effects of CRCI are mediated by systemic insults [56, 57]. Different 
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chemotherapies may have different risks of CRCI or effects on different cognitive domains; 

these questions can be addressed systematically in this APOE mouse model.

The establishment of this preclinical model of genetically influenced CRCI in older mice has 

the potential to accelerate discovery. First, our model fulfills many of the priority criteria laid 

out by the International Cognition and Cancer Task Force for preclinical research in CRCI 

[1]. It is ideally suited for multilateral investigations into multiple potential mechanisms of 

CNS insult by chemotherapy, including neuroinflammation, oxidative stress, and blood-

brain barrier challenge, in the context of a genetically vulnerable population. Second, our 

model allows analysis of a complex condition in ways that are not possible in human studies 

[1, 58]. For example, there are significant impediments to comprehensive clinical studies of 

CRCI, with the most significant being the limited numbers of patients, the heterogeneity of 

patient populations and treatments, and the lack of availability of tissue specimens (e.g. 

brain biopsies) for direct study [59, 60]. Third, this model can be used to test the separate 

and combined effects of different chemotherapy and hormonal therapy regimens on CRCI in 

diverse age groups.

In summary, we have established a reliable and tractable preclinical model of the specific 

vulnerability of behavioural and anatomical measures related to CRCI in older APOE4 
carriers following doxorubicin treatment. Our model system is useful for studying the 

underlying molecular mechanisms of cognitive insult by chemotherapeutic agents in cancer 

survivors and enables the study of potential interventions and preventative approaches for 

CRCI.
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RARE rapid acquisition with relaxation enhancement
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Figure 1: Doxorubicin treatment does not alter locomotive and anxiety behaviours.
A. Timeline of doxorubicin or control exposure, behavioural assessments, and euthanasia. B-

E, Results of Open Field and Elevated Zero behavioural assessments; “pre-treatment” time 

point two weeks prior to doxorubicin or control exposure, “post 1” two weeks following 

completion of treatment, “post 2” 15 weeks following completion of treatment. B. Distance 

traveled in a 5 minute Open Field exploration task. C. Time spent in the Inner Zone of the 

Open Field. Distance traveled in a 5 minute Elevated Zero exploration task. D. Distance 

traveled in a 5 minute Elevated Zero exploration task. E. Time spent in the Open Zone of the 

Elevated Zero apparatus. Three-way ANOVA with Tukey’s multiple comparisons test to 

assess differences between time points followed by two-way ANOVA with Sidak’s multiple 

comparisons test to assess interactions of time point and genotype, * p <.05, ** p<.01.
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Figure 2: Doxorubicin treatment does not alter Pre-Pulse Inhibition (PPI).
A. Prior to treatment, percent inhibition of startle response to a short tone following a pre-

pulse of 3, 6, 9, or 12 decibels (dB) above background noise (PP3 – PP12) compared to 

startle with no pre-pulse. B. Following treatment, percent inhibition of startle response to a 

tone following a pre-pulse 3 decibels above background noise compared to startle with no 

pre-pulse. One way ANOVA with Tukey’s multiple comparisons test **** p<.0001
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Figure 3: Doxorubicin treatment impairs spatial learning in APOE4 but not APOE3 mice.
A. Average speed of locomotion on apparatus during Barnes Maze habituation task. B. 

Latency to full entry to escape hole by day, average of four trials per day for each of four 

consecutive days. C. Latency to first approach to escape hole by day, average of four trials 

per day for each of four consecutive days. D. Delay to complete escape after first approach 

to escape hole, average of four trials per day for each of four consecutive days (excludes all 

mice that did not make an approach to the escape hole during the trial). Three-way ANOVA 

with Tukey’s multiple comparisons test: &, APOE3 Ctrl vs. APOE3 Doxo; +, APOE3 Ctrl 

vs. APOE4 Ctrl; #, APOE3 Ctrl vs. APOE4 Doxo; $, APOE3 Doxo vs. APOE4 Ctrl; %, 

APOE3 Doxo vs. APOE4 Doxo; *, APOE4 Ctrl vs. APOE4 Doxo; @, All APOE3 vs. all 

APOE4. * p<.05, ** p<.01, ***p<.001, ****p<.0001.
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Figure 4: Doxorubicin impairs spatial memory.
A. Time until total escape from Barnes Maze, single trial conducted 72 hours following the 

final training trial. ROUT removal of outliers Q = 1% followed by two-way ANOVA. *** 

p<.001.
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Figure 5: Doxorubicin does not impair conditioned or cued memory in APOE3 or APOE4 mice.
A. Percent time spent freezing during the second of two training shocks, during tone cue in 

cue test, and in the conditioned environment. B. Percent time spent freezing during the five 

minute cue test, comparison of pre-tone, tone, and post-tone periods. Mixed-effects analysis 

with Tukey’s multiple comparisons test to evaluate freezing behaviour in different tasks. 

Three-way ANOVA with Tukey’s multiple comparisons test to assess differences between 

time points followed by two-way ANOVA with Sidak’s multiple comparisons test to assess 

genotype effects in cue test. ** p<.01, **** p<.0001.
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Figure 6: Long-term effects of doxorubicin on the brain structure of APOE mice are modest.
Nine months after treatment, 3-D MRI and VMB were performed on control and 

doxorubicin-treated APOE3 and APOE4 mice. A and C show maximum intensity 

projections (MIP) and the design of the matrix for the study. B and D depict color overlays 

of the t-test values on the co-registered template image and the location of significant 

clusters in this comparison. The color bar measures t test values of the statistical analyses. A 

& B. VBM analysis comparing the grey matter of untreated versus doxorubicin-treated 

APOE4 mice revealed a mild atrophy predominantly in the frontal cortex (colored areas). 

APOE3 mice did not show any long-term brain regional differences in response to 

doxorubicin (data not shown). C & D. The comparison of all (both treated and untreated) 

APOE3 mice versus all APOE4 mice, detected regions of grey matter that were significantly 

larger in APOE3 mice than in APOE4 mice, regardless of the treatment.
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Figure 7: Immunohistochemical staining for pathogenic markers of AD.
Coronal sections across the anterior/posterior brain regions were stained from 3–5 brains of 

APOE3 and APOE4 mice treated with control (con) or doxorubicin (dox). Images show 

staining of frontal cortex (ctx) and hippocampus (hip): Hematoxylin and eosin staining 

(H&E), IBA-1, GFAP, phosphorylated tau. Images were taken using brightfield microscopy 

at 20× magnification.
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