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ABSTRACT

Breast cancer (BC) is the most common cancer among women. Fortunately, BC survival rates have increased because the
implementation of adjuvant chemotherapy leading to a growing population of survivors. However, chemotherapy-induced
cognitive impairments (CICIs) affect up to 75% of BC survivors and may be driven by inflammation and oxidative stress.
Chemotherapy-induced cognitive impairments can persist 20 years and hinder survivors’ quality of life. To identify early
effects of CMF administration in mice, we chose to evaluate adult female mice at 2-week postchemotherapy. Mice received
weekly IP administration of CMF (or saline) for 4 weeks, completed behavioral testing, and were sacrificed 2 weeks following
their final CMF injection. Behavioral results indicated long-term memory (LTM) impairments postchemotherapy, but did
not reveal short-term memory deficits. Dendritic morphology and spine data found increases in overall spine density
within CA1 basal and CA3 basal dendrites, but no changes in DG, CA1 apical, or CA3 apical dendrites. Further analysis
revealed decreases in arborization across the hippocampus (DG, CA1 apical and basal, CA3 apical and basal). These
physiological changes within the hippocampus correlate with our behavioral data indicating LTM impairments following
CMF administration in female mice 2-week postchemotherapy. Hippocampal cytokine analysis identified decreases in

IL-1q, IL-1B, IL-3, IL-10, and TNF-q levels.
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In 2013, there was an estimated 14 million cancer survivors
with nearly one-fourth representing breast cancer (BC) survi-
vors, and it is estimated there will be 70 million cancer survivors
worldwide by 2020 (Ganz and Goodwin, 2015; Weiss, 2008).
Breast cancer survival rates have been on the rise because the
implementation of adjuvant chemotherapy and death rates
have dropped 34% since 1990 (DeSantis et al., 2014; Ganz and
Goodwin, 2015). As the survivor population increases, there is a
greater urgency to further evaluate the long-term effects of che-
motherapy and its impact on patients’ quality of life.
Chemotherapy-induced cognitive impairments (CICIs), colloqui-
ally known as “chemobrain,” can be a major impediment that
survivors face postchemotherapy. Chemotherapy-induced

cognitive impairments can be transient or long-term
cognitive deficits in learning, memory, attention, processing
speed, and executive function following various chemotherapy
regimens(Dietrich et al., 2015; Jean-Pierre et al., 2014).

Recent data from our laboratory have demonstrated that ad-
ministration of cyclophosphamide (CYP) in adult female mice
results in learning and memory impairments 7-week postche-
motherapy. Mice exhibited impaired long-term memory (LTM)
as assessed by the novel object recognition behavioral task, a
task reliant on hippocampal functioning. Mice also exhibited
dysregulation of hippocampal synaptic plasticity, which is
essential for learning and memory. Our laboratory has also
identified elevated cytokine levels and compromised dendritic
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architecture following 5-fluorouracil (5-FU) administration in
aged male mice (Groves et al., 2017). Although the investigation
of individual chemotherapeutic agents offers valuable insight,
chemotherapy agents are more commonly administered as
combination therapy, including doxorubicin and cyclophospha-
mide (AC); cyclophosphamide, doxorubicin, and 5-fluorouracil
(CAF); cyclophosphamide, epirubicin, and 5-fluorouracil (CEF);
and cyclophosphamide, methotrexate, and 5-fluorouracil (CMF)
(Carlson et al., 2009).

CMF combination chemotherapy was commonly used to
treat BC and is thought to be especially damaging to the central
nervous system (CNS) in view of the ability of methotrexate
(MTX) and 5-FU to cross the blood-brain barrier (BBB) (Dukic
et al,, 2000; Sakane et al., 1999). In fact, a large clinical study
identified impairments in memory, information-processing
speed, and psychomotor speed persisting in BC survivors 20-
year post-CMF chemotherapy (Koppelmans et al., 2012). In vivo
rodent studies of CMF-induced cognitive impairments are ex-
tremely limited (Briones and Woods, 2011, 2014). In rats, CMF-
induced spatial learning and LTM impairment in water maze
testing accompanied by decreased cellular proliferation within
the hippocampus 3-week postchemotherapy (Briones and
Woods, 2011). In a follow-up study, CMF-treated mice demon-
strated persistent neuroinflammation up to 4-week postchemo-
therapy (Briones and Woods, 2014) which can be associated
with a loss in cognitive function (Plesnila, 2016;
Ramlackhansingh et al., 2011).

Cyclophosphamide, a nonphase specific cytotoxic agent, is
commonly used as an anticancer drug. It is composed of a nitro-
gen mustard group (bis-chloroethylamine) attached to an oxa-
zaphosphorine ring (Arnold et al., 1958). During World War II,
mustard gases were observed to reduce peripheral blood lym-
phocytes, thus leading to the discovery of the cytotoxic proper-
ties of nitrogen mustard derivatives (Christakis, 2011; Goodman
et al., 1946). Norbert Brock first synthesized CYP in 1958 (de
Jonge et al., 2005; Madondo et al., 2016), and in 1959, it was the
eighth cytotoxic anticancer agent approved by the FDA (Emadi
et al., 2009). Due to its cytotoxic and immunomodulatory prop-
erties, CYP has numerous uses including treatment of lym-
phoma, leukemia, retinoblastoma, neuroblastoma, and
carcinomas of the breast, ovary, endometrium, and lung (Awad
and Stuve, 2009; de Jonge et al., 2005). Cyclophosphamide can
also be used to treat rheumatoid arthritis, multiple sclerosis,
and in preparation for and following transplantations to pre-
vent graft rejection and graft versus host disease (Dollery, 1999;
Luznik et al., 2010). In general, CYP can be administered intrave-
nously or orally and has good peripheral bioavailability (de
Jonge et al., 2005). Cyclophosphamide can partially penetrate
the CNS parenchyma and BBB (Awad and Stuve, 2009; Genka
et al., 1990). Conventional chronic and single high-dose admin-
istration of CYP has been found to reduce proliferation in the
hippocampus (Janelsins et al., 2010), but several studies have
failed to find excessive CYP or metabolite presence in the CNS
(Genka et al., 1990; Yule et al., 1997).

Methotrexate, another commonly used chemotherapeutic
agent, is an antimetabolite. Antimetabolites are classified as
agents which inhibit the function of a metabolite, often by hav-
ing a similar structure to naturally occurring biochemicals. The
door to chemotherapeutic research opened following the suc-
cessful treatment of non-Hodgkin’s lymphoma with nitrogen
mustard derivative, mustine. Upon observation that folic acid
stimulated acute lymphoblastic leukemia cells, Dr Sidney
Farber synthesized a folate analog named amethopterin, known
today as MTX. Methotrexate, an antifolate, functions through
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disruption of the metabolic pathway of folic acid (Hess and
Khasawneh, 2015; Treatment of Solid Tumor Cancers with the
Chemotherapy Drug Methotrexate, 2014). Folic acid, or vitamin
B9, is a critical B vitamin that enables cellular replication and
proper brain functioning. Folic acid deficiency is associated
with high blood levels of homocysteine which is linked to in-
creased risk of arterial disease, dementia, and Alzheimer’s dis-
ease (Malouf et al., 2003).

Another commonly used chemotherapeutic drug is 5-FU. 5-
fluorouracil is also an antimetabolite, like MTX, that interrupts
nucleic acid synthesis. In 1954, pyrimidine uracil usage was
found to be elevated within rat tumors (Diasio and Harris, 1989;
Rutman et al., 1954). As uracil is essential for nucleic acid syn-
thesis, interruption of uracil function was proposed to halt tu-
mor growth. In 1957, uracil analog 5-FU was synthesized. 5-
fluorouracil is identical in structure to uracil except for a substi-
tution of the hydrogen on the 5 carbon of uracil for fluorine
(Diasio and Harris, 1989; Duschinsky et al., 1957). 5-fluorouracil
works dually by inhibiting thymidylate synthase (TS) and incor-
porating into RNA and DNA. 5-fluorouracil enters the cell
through facilitated transport, like uracil, where it is converted to
three primary active metabolites: fluorodeoxyuridine mono-
phosphate, fluorodeoxyuridine triphosphate, and fluorouridine
triphosphate (Longley et al., 2003). Though it was introduced
nearly half a century ago, 5-FU remains in use today both alone
and in combination. It is used notably for solid tumors including
breast, gastrointestinal, ovarian, head, neck and noninvasive
basal cell carcinomas (Carrillo et al., 2015; Diasio and Harris,
1989). 5-fluorouracil is known to cross the BBB through passive
diffusion and induce inflammation in peripheral tissue, the
CNS is left vulnerable to neurotoxicity following exposure
(Logan et al.,, 2008; Lyons et al.,, 2011; Mustafa et al.,, 2012;
Wigmore et al., 2010). In particular, 5-FU accumulation was high
in cerebellum leading to cerebellar deficits, such as ataxia, dys-
arthria, dysmetria, extraocular muscle abnormalities, optic
nerve neuropathy and extrapyramidal damage (Peddi et al,
2014; Riehl and Brown, 1964). The aim of this study is to deter-
mine the extent to which combined cyclophosphamide, MTX,
and 5-FU affect hippocampal-dependent behavior and neuronal
morphology.

MATERIALS AND METHODS

Animals

Six month-old female C57Bl6/] mice (N=30) were purchased
(Jackson Laboratory). The mice were group housed (n=5/cage)
under a constant 12-h light:12-h dark cycle in a climate-
controlled environment. Food and water were provided ad libi-
tum. Body weights and food intake were measured weekly. Mice
housed together were the same treatment group and allowed
one week of acclimation prior to injections. All procedures were
approved by the Institutional Animal Care and Use Committee
at the University of Arkansas for Medical Sciences (Little Rock,
Arkansas).

Chemotherapeutic Paradigm

Mice received intraperitoneal (IP) injections weekly for 4 weeks
of either saline (0.9% sodium chloride) or CMF (60, 4, and 60 mg/
kg, respectively). All mice received a total of four administra-
tions (Days 1, 8, 15, and 22). Cyclophosphamide, MTX, and 5-Fu
were all purchased from UAMS Inpatient Pharmacy. Drugs were
diluted with sterile saline and stored per the manufacturer’s
instructions. Drugs were mixed immediately prior to injections.
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Behavioral Scheme

Y-maze. Mice were handled 5days prior to the onset of behav-
ioral testing. Prior to each day of testing, mice were acclimated
to the testing room in their home cage for 1h. Mice first com-
pleted a Y-maze task to assess short-term spatial memory and
exploratory activity. They were exposed in two trials to an appa-
ratus composed of three arms: start, familiar, and novel
(Gottlieb et al., 2006). Each clear, acrylic arm (45 x15 x 30cm) of
the Y-maze contains a unique visual cue affixed at the end of
the arm. The Y-maze is based on the instinctive curiosity of
rodents to explore novel stimuli without positive or negative re-
inforcement (Dellu et al.,, 1992). In the first trial (ie, training
trial), mice were introduced in the start arm (facing the end of
the arm) and allowed to explore the start and familiar arms for
5min; the novel arm was blocked during the initial training
trial. After a 4-h intertrial interval, the mice were reintroduced
to the Y-maze for the second trial (ie, testing trial) and allowed
to explore all three arms for 5min. As rodents naturally orient
their head toward novel stimuli, this orienting response should
habituate following subsequent exposure given intact learning
and memory domains (Honey et al., 1998). Thus, cognitively in-
tact mice should preferentially explore the novel arm.
Allocation of arms was counterbalanced across trials. A CCD
video camera was located above the maze for automatic behav-
ioral analysis using EthoVision XT video tracking system
(Noldus Information Technology, Leesburg, Virginia). The arena
was cleaned with 20% ethanol between every trial.

Morris water maze. Hippocampal-dependent spatial learning and
memory were assessed via the Morris water maze (MWM). A cir-
cular pool (diameter, 140cm) was filled with temperature-
controlled (24°C) opaque water, and the mice were trained to lo-
cate a platform. Morris water maze is a 5-day task during which
the mice are required to find either a visible (days 1-2) or hidden
platform (days 3-5) on the basis of extra-maze cues (Benice
et al., 2006). For visible-platform days, the platform was moved
to a different quadrant of the pool for each session. For hidden-
platform days, the platform did not change quadrants.

Each day, there were two sessions with a 2-h intertrial inter-
val, and each session consisted of three trials with a 10-min
intertrial interval. Mice were placed into the water, facing the
edge of the pool in one of nine randomized start locations,
which was changed for each trial. Trials ended when a mouse
located the platform or after 60s. If a mouse failed to locate the
platform, it was led to the platform by the experimenter and
allowed to sit on platform for 10s. A CCD video camera was lo-
cated above the maze for recording and automatic tracking us-
ing the EthoVision XT video tracking system, which was set at 6
samples per second.

To measure spatial memory retention, probe trials were con-
ducted following the third session on days 3-5. For the probe
trial, the hidden platform was removed from the pool. Mice
were placed in the quadrant opposite the target quadrant (pre-
vious location of the hidden platform) and allowed to swim for
60s. The time spent in the target quadrant was compared with
that spent in the three nontarget quadrants. Average velocity
and distance to platform are also used as measures of perfor-
mance (Allen et al., 2014). After the final probe trial on day 5,
mice were immediately sacrificed.

Tissue Preparation

Mice were sacrificed 2 weeks following their final CMF adminis-
tration which correlated with their final day of MWM. Mice were
sacrificed 30min following the probe trial on the final day of
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MWM. All mice were cervically dislocated and brains were di-
vided longitudinally by hemisphere flash-frozen on liquid nitro-
gen, and stored at —80°C. Right hemispheres were immediately
submerged into potassium dichromate and mercuric chloride
(Solution A) from the superGolgi kit (Bioenno Tech, Santa Ana,
California) for Golgi-Cox staining.

Molecular Assays

Golgi-Cox staining. For Golgi-Cox staining, all steps were carried
out in a light-protected container. Whole brains were immedi-
ately subjected to potassium dichromate and mercuric chloride
(Solution A) from the superGolgi kit (Bioenno Tech, Santa Ana,
California). Solution A impregnated the brains for 11days at
room temperature. After impregnation, brains were incubated
in postimpregnation buffer (Solution B) for 2days at room tem-
perature. Brains were sectioned into 200-um sections in cold
PBS with a vibrating microtome and placed into 24-well plates.
Sections are rinsed with PBS-Triton X-100 (PBS-T) for 30 min at
room temperature and then stained with ammonium hydroxide
(Solution C) for 19 min at room temperature. Then sections were
incubated with poststaining buffer (Solution D) for 19min at
room temperature followed by PBS-T washes (3x for 10 min).
Sections were mounted onto 1% gelatin-coated slides and
allowed to dry overnight. Slides were dehydrated with 100% eth-
anol (3x for 5min) followed by clearing in xylene (3x for 5min).
Last, slides were cover-slipped with Permount mounting me-
dium (Fisher Scientific, SP15).

Dendritic spine density and morphology. We analyzed dendritic
spines in coded Golgi-impregnated brain sections from the dor-
sal and ventral hippocampus. Spines were examined on den-
drites of dorsal dentate gyrus (DG) granule neurons and on
apical (stratum radiatum) and basal (stratum oriens) dendrites
of the dorsal CAland CA3 pyramidal neurons. The neurons that
satisfied the following criteria were chosen for analysis in each
of the experimental groups: (1) presence of nontruncated den-
drites; (2) consistent and dark Golgi-staining along the extent of
the dendrites; and (3) relative isolation from neighboring neu-
rons to avoid interference with analysis (Titus et al., 2007). Five
dendritic segments per neuron were analyzed (each at least
20nm long), and 6-7 neurons were analyzed per brain
(Magarinos et al., 2011). Neurons that met staining criteria were
traced using a 100x oil objective, a computerized stage, and
Neurolucida software (Ver. 11, Microbrightfield, Inc.).

Spine analyses were based on the method of Margarinos
et al. (2011), Tada et al. (2000), Magarinos et al. (2011) which fo-
cuses on spines that are parallel to the plane of section.
Although the method may underestimate the total number of
spines, it facilitates a direct comparison of treatment groups
when they are analyzed in an identical manner (Tada et al,,
2000). Image]J software was used to calculate linear spine den-
sity (Spires-Jones et al., 2011). Three morphological classes of
dendritic spines were classified, with the name of each class
based on their size and shape: (1) mushroom spines, which
have complex postsynaptic densities with more glutamate
receptors than other spines (Bourne and Harris, 2008); (2) stubby
spines, which lack a stem; and (3) thin spines, which consist of
a protracted, narrow stem and a globular head (Lai and Ip, 2013).
The dendritic spine volume is used in part to define them, with
thin spines generally smaller (0.01 pm®) compared with mush-
room spines (0.8 um) (Harris, 1999; Harris and Kater, 1994).

Dendritic morphology quantification. Dendritic morphological char-
acteristics included Sholl analysis, total dendritic length,
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Figure 1. Schematic diagram showing experimental design. Four-month-old C57BL/6] Female mice received intraperitoneal injections weekly for 4 weeks of either sa-
line (0.9% sodium chloride) or CMF. Two weeks after last injections, behavioral testing was initiated.

number of branch points, ends, and dendritic complexity which
were performed using the Neuroexplorer component of the
Neurolucida program (Microbrightfield, Inc., Version 11,
Williston, Vermont). Sholl analysis represents the amount and
distribution of the dendritic arbor, assessing increasing distan-
ces (20um) from the soma of the neuron (Sholl, 1953). The
length of the dendritic branch within each progressively larger
circle is counted extending outward from the soma (Vollala
et al., 2011). Branch points, the bifurcations within the den-
drites, was also analyzed as a measure of dendritic arborization.
Dendritic complexity was determined by the following equa-
tion, Complexity =X (branch tip orders + No. branch tips) x (to-
tal dendritic length/total number of primary dendrites). In the
CA1l and CA3, we analyzed apical and basal dendrites
separately.

Cytokine and chemokine analysis. Hippocampi were homogenized
individually in 200pl PBS (Roche, Switzerland) containing
Complete Protease Inhibitor (Roche) using a Kontes cordless
pestle at 4°C. Homogenized samples were centrifuged at 500 x g
at 4°C for 10min. Supernatants were transferred to new
Eppendorf tubes on ice and centrifuged at 15,000 x g at 4°C for
5min. Supernatants were collected and shipped to Quansys
Biosciences (Logan, Utah) for analysis with Q-Plex Array kits for
mouse cytokines: IL-1o, IL-1p, IL-2, IL-3, IL-4, IL-5, IL-10, IL-
12p70, MCP-1, TNF-o; GMCSF; and RANTES (Figures 1 and 2). All
cytokine data are expressed as pg/mL protein.

Statistical Analysis

Two-way ANOVAs with Holm-Sidak’s multiple comparison
tests were used to analyze body weights and food consumption
at each week. Unpaired two-tailed t-tests with Welch’s correc-
tion were used to evaluate statistical differences between con-
trol and CMF-treated mice. One-way or two-way analysis of
variance (ANOVA) followed by Bonferroni’s post-hoc was used
when appropriate in behavioral assays. All outliers were ex-
cluded by the ROUT method (Motulsky and Brown, 2006). Data
are expressed as mean * SEM, and p <.05 was considered sig-
nificant. All statistical analyses were conducted using GraphPad
Prism 6.0 software (La Jolla, California).

RESULTS

CMF: 2-Week Postchemotherapy

A total of N=20 mice were assigned to the 2-week postchemo-
therapy group. Mice received weekly IP injections of saline
(n=10) or CMF (n=10) for 4 weeks (days 1, 8, 15, 22). Two weeks
after the last CMF injection, mice completed Y-Maze and MWM
(Figure 3).

Food Consumption and Body Weight

Food consumption and body weights were tracked during injec-
tions and 2weeks after, no significant changes in food con-
sumption were identified (Fs, ¢= 1.65, p=.27; Figure 4A). For
body weight, there were a significant differences between
treatment-by-week interaction (Fs, o9= 10.86, p<.0001;
Figure 4B), but there was no significant difference between
treatments (F(y, 1= 0.007, p=.93; Figure 4B). Additionally, post-
hoc analysis did not reveal any significant changes in body
weights.

Y-Maze

To assess short-term spatial memory and exploratory activ-
ity, mice completed Y-maze testing. Rodents will naturally
orient towards a novel stimulus, preference for the novel
arm represents normal spatial recognition. Both the saline-
treated (F(,, 26)= 17.22, p <.0001; Figure 5A) and CMF-treated
(F2, 27= 16.85, p<.0001; Figure 5B) mice significantly pre-
ferred exploration of the novel arm compared with the famil-
iar and start arms.

Morris Water Maze

Following Y-Maze, spatial learning and memory was assessed
with 5-day MWM testing. A decrease in path length (ie, dis-
tance moved) to the platform represents improvement in spa-
tial learning and memory. Repeated measures ANOVA of
distance traveled revealed no significant differences in
treatment-by-day interactions (F(, o0)= 0.11, p=.98). In addi-
tion, velocity revealed no significant differences in treatment-
by-day interactions (F, o0) = 1.48, p=.22), but did reveal a sig-
nificant treatment effect (F(y, o) = 7.37, p < .01, Figure 6A). Post-
hoc analysis revealed a significant difference on day 5 (p <.05;
Figure 6A).

For probe trial days, the platform was removed after hidden
platform training on days 3-5 to assess spatial memory reten-
tion. Intact animals are expected to demonstrate spatial mem-
ory retention by spending more time in the target quadrant
compared with the other quadrants. In our 2-week postchemo-
therapy mice, the saline-treated mice statistically spent more
time in the target quadrant compared with the right, opposite,
and left quadrants on the first probe day (day 3) (F, 32 = 7.83,
p <.001; Figure 7A). In contrast, CMF-treated mice did not spend
more time in the target quadrant compared with other quad-
rants (F(s, 36) = 2.70, p = .06; Figure 7B).

On day 4, the saline-treated mice statistically spent more
time in the target quadrant compared with the right, opposite,
and left quadrants (F(s, 32 = 11.22, p <.0001; Figure 7C). In CMF-
treated mice there was a statistical difference in the percentage
of time spent among the quadrants (F 35 = 3.42, p<.05;
Figure 7D); however, post-hoc analysis only revealed a statisti-
cal difference in time spent in one quadrant when comparing to
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form. All groups showed daily improvements in their ability to locate during the hidden-platform training (days 3-5). Mean + SEM (n = 10); *P < 0.05.

the target quadrant (p <.05; Figure 7D). CMF-treated mice did
not spend more time in the target quadrant compared all other
quadrants.

During the final probe trial (day 5), the saline-treated mice
statistically spent more time in the target quadrant compared
with the right, opposite, and left quadrants (F(s, 32 = 18.33,
p<.0001; Figure 7E). Similarly, CMF-treated mice also spent
more time in the target quadrant compared with the right, op-
posite and left quadrants (F(s, 36) = 8.15, p <.001; Figure 7F). With
continued training, CMF-treated mice were able to successfully
learn the location of the platform by day 5.

Changes in Dendritic Spine Density and Morphology

Dentate gyrus granule neurons. The quantitative analysis showed
that overall spine density in the DG after CMF treatment was
not significantly changed (t=0.47, p = .64; Table 1). Next, we an-
alyzed the density of different types of dendritic spines, finding
that the density of thin spines were not significantly modulated
(t=0.99, p =.35; Table 1). However, in the DG, we observed a sig-
nificant increase in the number of stubby spines (t=2.80, p < .05;
Table 1) and a decrease in the number of mushroom spines in
CMF-treated animals compared with controls (t=4.50, p <.01;
Table 1).
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Figure 5. Spatial memory retention during probe trials on days 3-5 of Morris water-maze testing. (a, ¢, and e) Saline probe trials; saline-treated animals spent signifi-
cantly more time in the target quadrant than other quadrants. (b) Day 3 CMF-treated mice did not discriminate between the target, right and left quadrant. (d) Day 4
CMF-treated mice were unable to distinguish target, opposition and left quadrant. (f) Day 5 CMF treated animals spent significantly more time in the target quadrant
than other quadrants. Each bar represents the mean of 10 mice; error bars are the SEM. *P < .05; *P < .001; ****P < .0001.

CA1 pyramidal neurons. Similar to what was observed in the DG
spine analysis, CMF-treatment did not significantly modulate
overall density in the CA1 apical spines (apical: t=1.59, p = .43;
Table 2). In addition, when we analyzed the density by spine
type, we did not find significant changes in thin (t=1.49, p=.18;
Table 2), stubby (t=0.95, p =.37; Table 2) or mushroom (t=1.58,
p=.15; Table 2) spine types. In CA1 basal, there was a significant
increase in spine density when CMF-treated animals were com-
pared with controls (t=1.60, p < .05; Table 2). When we analyzed
spine type we also found no significant changes in thin (t=1.00,
p=.34; Table 2), stubby (t=0.42, p=.68; Table 2) or mushroom
spines (t=2.02, p=.07; Table 2).

CA3 pyramidal neurons. In the CA3 apical pyramidal dendrites,
there were no significant changes in the overall density of spine
(apical: t=1.68, p=.13; Table 3). When we analyzed spine type
we also found no significant changes in thin (t=0.67, p=.52;
Table 3), stubby (t=0.12, p=.91; Table 3) or mushroom spines
(t=1.44, p=.18; Table 3). In the CA3 basal, there was an increase
in spine density (t=2.58, p < .05; Table 3). However similar to the
apical spines, there were no significant changes in thin (t = .60,
p=.56; Table 3), stubby (t=0.44, p=.67; Table 3) or mushroom
spines (t=0.26, p =.80; Table 3).

Changes in Dendritic Morphology in Granular Neurons of the
Dentate Gyrus

Dentate gyrus granule neurons. To further investigate the effects
of CMF-treatment on dendrite morphology we performed a seg-
mental Sholl analysis to examine the changes in dendritic
length. In the DG, there was a significant interaction between
treatment and segmental dendritic length after CMF-treatment
(F(2s, 116) = 2.88 p <.001; Figure 8A). The ANOVA also detected a
significant main effect of treatment (F(, 116) = 191.4; p <.0001)
and distance (F(2s, 116) = 118; p <.0001). Post-hoc analysis (Holm-
Sidak) revealed that CMF-treatment decreased dendritic arbori-
zation compared with the sham controls. We observed signifi-
cant decreases in the dendritic length from 100 to 190 ym from

the soma (Figure 8A). In addition, we observed significant
decreases in the number of branch points (t=4.32, p<.05;
Table 1), dendritic ends (t=4.87, p<.01; Table 1), dendritic
length (t=10.65, p<.001; Table 1), and dendritic complexity
(t=3.70, p<.05; Figure 8B) in CMF-treated animals compared
with saline-treated. These data indicate that CMF decreased
dendritic complexity in the DG region of the hippocampus.

CA1 pyramidal neurons. We performed a similar analysis on the
apical and basal region of the CA1l pyramidal neurons. There
was a significant interaction between treatment and segmental
dendritic length in the CA1 apical area (Fs, 11) = 2.08: p<.01;
Figure 9A). A two-way ANOVA also detected a significant main
effect of treatment (F(y, 11¢) = 136.7: p <.0001) and distance (Fs,
116) = 62.86; p <.0001). Post-hoc analysis (Holm-Sidak) revealed
that CMF-treatment decreased dendritic arborization compared
with the sham controls. We observed significant decreases in
dendritic length in the apical region of CA1 70 and 100-190 pm
(Figure 9A) away from the soma.

In the basal dendrites of CA1 pyramidal cells, there was a
significant interaction between treatment and sham segmental
dendritic length (F2s, 116) =1.84; p <.05; Figure 9C). The ANOVA
also detected a main effect of treatment (Fy, 116 = 24.71; p <.001)
and distance (Fps, 116y = 246.5; p<.0001). Post-hoc analysis
(Holm-Sidak) revealed that CMF decreased dendritic arboriza-
tion at 70 pm from the soma as well as at 100 pm compared with
the sham controls (Figure 9C).

In addition, we observed significant decreases in branch
points in the CA1 region of the hippocampus in CMF-treated
animals (apical: t=9.46, p <.001; basal: t=3.26, p <.05; Table 2),
ends (apical: t=11.35, p<.001) but not in the basal (t=2.45,
p=.07; Table 2), and we observed significant decreases in the
length of dendrites (apical: t=28.06, p <.001; Table 2) but not in
the basal (t=2.33, p=.08; Table 2). Dendritic complexity was
also significantly compromised by CMF treatment (apical:
t=6.59, p <.01; Figure 9B) but not in the basal (t=2.07, p <.06)
(Figure 9D).
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Figure 6. CMF- treatment significantly decreased dendritic complexity throughout the DG region of the hippocampus. a) Dendritic length measured by Sholl analysis
revealed a decrease in arborization particularly evident at distances between 100-190 um from the soma b) CMF-treatment significantly decreased complexity. (c-d)
Representative tracings of DG granule neurons superimposed over concentric rings (10 pM) used for Sholl analysis. Average + SEM (n = 5); * P < .05; + P < .001.

CA3 pyramidal neurons. There was a significant interaction be-
tween treatment and segmental dendritic length in the CA3 api-
cal areal (Fps, 75y = 11.80, p <.001; Figure 10A). Two-way ANOVA
revealed a significant main effect of CMF-treatment (Fy, 124) =
263.1, p <.001) and an effect of length (F(so, 124y = 49.06, p <.001).
Further analysis with Holm-Sidak Post-hoc analysis showed
CMF treatment decreased dendritic arborization 110-220pum
(Figure 10A) away from the soma when compared with saline
treated controls.

In the basal dendrites of CA3 pyramidal cells, there was a
significant interaction between treatment and sham segmental
dendritic length (Fo, 1249 =8.65; p<.0001; Figure 10C). The
ANOVA also detected a main effect of treatment (Fy, 104) = 224.0;
p <.0001) and distance (F(so, 124y = 104.1; p <.0001). Holm-Sidak
Post-hoc analysis revealed that chemotherapy decreased den-
dritic arborization at 80-190 pm from the soma compared with
the sham controls (Figure 10C).

Further, we observed significant changes in dendritic com-
plexity in the CA3 region of the hippocampus. Branch points
were significantly decreased in CMF-treated animals when
compared with saline controls (apical: t=3.33, p<.01; basal:
t=6.83, p<.01; Table 3). Dendrite length was compromised

(apical: t=7.02, p < .01; basal: t=4.86, p < .01; Table 3), ends (api-
cal: t=10.58, p<.001; basal: t=5.52, p<.01; Table 3) and the
dendritic complexity was significantly reduced after
CMF-treatment (apical: t=8.35, p<.01; Figure 10B: t=7.78,
p < .001; Figure 10D).

Changes in Cytokine Production

Hippocampal homogenates from CMF-treated (n=5) and saline-
treated (n=5) mice were tested to determine levels of 16 cyto-
kines and chemokines using the Q-Plex Mouse Cytokine Screen.
Cytokine levels decreased in CMF-treated animals compared
with controls: IL-1a (t=2.71, p <.05), IL-1p (t=2.44, p < .05), IL-3
(t=2.71, p<.05), IL-10 (t=2.47, p<.05), and TNF-o (t=4.19,
p <.01) (Figure 1).

DISCUSSION

CMF: 2-Week Postchemotherapy

Half of BC patients are over 65 years old (Wefel et al., 2004), use
of adult 6-month-old female mice was chosen to better repre-
sent a BC survivor. Additionally, research using female mice
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Table 1. Effects of CMF on Dendritic Morphology and Complexity in
Hippocampal DG

Cell Type and Saline CMF

Measurement DG (Mean = SEM) (Mean * SEM) p-Value
Thin spines 60.04 + 3.38 63.58 = 1.45 p=.93
Stubby spines 22.74 + 1.82 29.75 + 1.72 p<.05
Mushroom spines 14.42 + 0.32 10.26 + 0.16 p<.01
Overall density 18.20 = 0.18 18.38 = 0.34 p=0.23
Total dendritic 1219 + 73.79 1747 + 191.3 p<.001
length (um)
Total # ends 11.14 + .26 7.65 + .35 p<.01
Total # branch 10.25 + 0.50 16.35 + 2.45 p<.05
points

Values in boldface are significant.

was chosen because female cancer survivors report a much
higher incident of cognitive deficits following chemotherapy
than males (Kohli et al., 2007). Mice at 2-week postchemother-
apy exhibited no signs of deteriorating health, as food con-
sumption and body weights were comparable across the
duration of the 6-week study. This is congruent with previous
work in our laboratory following CYP administration and
unpublished data following CMF administration at other time-
points. CMF administration in rats found significant differences
between CMF and control rats, but weights of CMF-treated rats
did not significantly differ from their baseline (Briones and

Woods, 2011). However, significant weight loss has been noted
in previous work following larger chemotherapeutic doses
(Aston et al., 2017; Fremouw et al., 2012).

The prevalence of acute and long-term cognitive impair-
ments in BC survivors is well-documented, including deficits in
learning, memory, attention, processing speed, and executive
function. Deficits within the first 6 months are reported to affect
from 48% to 95% of BC survivors (Ahles and Saykin, 2002), and a
cross-sectional study totaling nearly 1500 BC survivors reported
the incidence of cognitive deficits persisting 1- to 2-year post-
chemotherapy to range from 19% to 78% (Wefel and Schagen,
2012). For example, Schagen et al. identified deficits in BC survi-
vors following adjuvant CMF treatment compared with age-
matched BC survivors who did not receive adjuvant treatment.
CMF-treated survivors had significantly poorer performance 2-
year postchemotherapy in delayed verbal memory recall and
both immediate and delayed visual memory recall (Schagen
et al.,, 1999). In rats, CMF administration was found to impair
long-term spatial memory 3-week postchemotherapy. In MWM
probe trials, CMF-treated rats spent significantly less time
swimming in the target quadrants compared with the other
quadrants (Briones and Woods, 2011). Current in vivo literature
following CMF, though limited, is congruent with our behavioral
results, as long-term spatial memory impairment was identified
in rodent models 2- to 3-week postchemotherapy. Cognitive
deficits have been observed in hippocampal dependent tasks
for animals treated with various chemotherapeutic agents. For
example, monotherapy with CYP, MTX, and 5-FU
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Table 2. Morphological Analysis of Apical and Basal Dendrites in
CAl

Cell Type and Saline CMF
Measurement (Mean = SEM)  (Mean = SEM)  p-Value
CA1 apical
Thin spines 56.50 + 3.10 62.04 + 2.07 p=.17
Stubby spines 30.07 +=3.20 26.68 + 1.58 p=.37
Mushroom spines 13.43 = 1.04 11.28 +0.88 =.15
Overall density 17.27 +0.38 18.90 = 0.68 p=.07
Total dendritic 1031 =52.76  647.7 4191 p<.001
length (um)
Total # ends 11.14 + .26 7.65 = .35 p<.001
Total # branch points 10.04 + .33 6.52 + .36 p<.001
CA1lbasal
Thin spines 60.04 *+ 3.38 63.58 + 0.94 p=.34
Stubby spines 27.17 +2.82 25.97 +0.33 p=.68
Mushroom spines 13.03 = 1.08 10.45 = 0.66 p=.08
Overall density 17.49 + 0.39 19.80 + 0.58 p<.01
Total dendritic 961.6 = 29.19 821.7 = 31.70 p=.08
length (um)
Total # ends 11.52 = 0.60 9.29 £ .52 p=.07
Total # branch points 8.80 * .56 57 =*.25 p<.05

Values in Boldface are significant.

Table 3. Morphological Analysis of Apical and Basal Dendrites in
CA3

Cell Type and Saline CMF
Measurement (Mean = SEM)  (Mean = SEM)  p-Value
CA3 apical
Thin spines 58.69 + 1.56 60.06 + 1.34 p=.52
Stubby spines 27.72 = 1.69 27.99 + 1.50 p=.90
Mushroom spines ~ 13.59 + 0.57 11.95 + 0.97 p=.18
Overall density 17.50 + 0.59 18.53 +0.11 p=.13
Total dendritic 1684+ 138.0 7483 +63.66 p<.01
length (um)
Total # ends 14.67 + .82 6.64 = .39 p<.001
Total # branch points 13.11+ .75 10.04 + .36 p<.05
CA3 basal
Thin spines 61.79 + 1.82 60.39 + 1.45 p=.56
Stubby spines 26.83 +1.33 27.88 + 1.96 p=.68
Mushroom spines 11.37 = .73 11.73 + 1.10 p=.79
Overall density 16.49 = 1.25 20.60* 0.98 p<.05
Total dendritic 1566 + 103.9 907.4 +71.04 p<.01
length (um)
Total # ends 15.18 + 0.84 9.08 = .52 p<.01
Total # branch points 12.50 + .66 8.05 + .56 p<.01

administration has also revealed learning and memory deficits
across several behavioral assays, including object recognition
and MWM (Han et al., 2008; Seigers et al., 2008; Wigmore, 2013).
Oxaliplatin administered in combination with 5-FU impaired
NOR and spatial recognition memory (Fardell et al., 2012). One
study found that rats showed impairments in conditioned aver-
sion following six days of MTX administration (Madhyastha
et al,, 2002). Methotrexate in combination with 5-FU induced
deficits in spatial (and nonspatial) learning and memory, asso-
ciative learning, and discrimination learning (Winocur et al.,
2012). Furthermore, mice that were co-administered MTX and 5-
FU identified impaired learning in spatial memory, nonmatch-
ing to sample, and novel object recognition (Winocur et al.,

2012). In contrast, some studies find no cognitive deficits post-
chemotherapy. For example, monotherapy with CYP or 5-FU did
not impair LTM in female rats at 7- or 29-week postchemother-
apy (Lee et al., 2006). Combination treatment with CYP and 5-FU
also did not result in LTM deficits in male rats 8-week postche-
motherapy (Long et al., 2011). Though both of these studies
were in rat models, which could indicate a species difference,
neither study was a triple combination. It is possible the combi-
nation of CAF or CMF renders the hippocampus more vulnera-
ble than single or double administration of CYP and/or 5-FU.

Spatial learning and memory in Y-Maze and MWM are be-
havioral tasks reliant upon hippocampal function (Morris et al.,
1982, 1990; Moser et al., 1993; Shu et al., 2015). Since we identi-
fied impaired LTM in our CMF-treated mice, we chose to evalu-
ate potential alterations in the dendritic architecture within the
hippocampal tri-synaptic network (DG, CA1, and CA3) via Golgi-
Cox staining. Dendritic architecture is intimately involved in
learning and memory; and the extent and pattern of dendritic
morphology can dictate the number of synaptic inputs (Jan and
Jan, 2010). Dendritic spines are the specialized subcellular com-
partments which receive excitatory input within the CNS.
Following calculations of overall spine density, we classified
three morphological classes of dendritic spines: (1) mushroom
spines, (2) stubby spines, and (3) thin spines. Spines are activity-
dependent, as high-frequency stimulation induces spine devel-
opment in hippocampal neurons (Maletic-Savatic et al., 1999).
Thin spines, or “learning” spines, are transient and mobile;
mushroom spines, or “memory” spines, are more stable and
persist for months (Bourne and Harris, 2007; Kasai et al., 2003).
For example, thin spines can either retract after a few days or
develop into mushroom spines. Alternatively, the mushroom
spines are relatively stable and can survive for an extended pe-
riod. The strength of neuronal connections is thought to be based
on the number of spines and/or their volume (Harris et al., 2003;
Kasai et al., 2003; Leuner and Shors, 2013). In this study, we iden-
tified an increase in overall spine density within CA1 basal and
CA3 basal dendrites, but there were no changes within the DG,
CA1 apical, or CA3 apical dendrites. Regardless, spine classifica-
tion following CMF administration in this study revealed
increases in stubby spines and decreases in mushroom spines
within the DG. These results directly mirror previous work in our
laboratory assessing 5-FU administration in aged male mice
where increases in stubby spines and decreases in mushroom
spines were identified within the DG, CA1, and CA3 (Groves et al.,
2017). Decreases in mushroom spines correlates with our founda-
tional understanding of memory storage. In fact, a significant re-
duction in mushroom spines has also been identified in an
Alzheimer’s disease mouse model (Sun et al., 2014).

To further investigate the effects of CMF chemotherapy on
neuronal morphology, a segmental Sholl analysis was per-
formed to examine changes in dendritic length as a function of
radial distance from the cell soma. Dendritic length, branch
points, ends, and dendritic complexity were significantly de-
creased in CMF-treated mice. Literature supports these findings
in that various other chemotherapeutic agents have also been
found to alter dendritic branching and spine morphology. For
example, overall loss in spine morphology and density follow-
ing CYP administration was identified in rats who also exhibited
diminished performance on hippocampal-reliant behavioral
tasks. In the study by Acharya et al., significant changes in den-
dritic length and complexity were detected 30-day posttreat-
ment. However, CYP had little impact on the number of
dendritic branch points within the CA1-3 region (Acharya et al.,
2015). Another study by Andres et al. identified low doses of
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Figure 8. Analysis of dendritic complexity in CA3 apical region of CMF-treated mice versus saline-treated animals. (a) Dendritic length measured by Sholl analysis in
CA3 apical revealed a decrease in arborization at 110-220 pm from the soma that was particularly evident after exposure to CMF. (b) CMF exposure greatly decreased
overall dendritic complexity. (c) In the CA3 basal, mice exposed to CMF showed a decrease in arborization at 80-190 um from the soma. (d) CMF exposure greatly de-
creased overall dendrite complexity in CA3 basal area. Average = SEM (h = 5); * P < .05; ™ P < .01; + P < .001.
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Figure 10. Cytokine and chemokine not significantly modulated by CMF treatment. Each data point represents the mean of 5 mice; error bars are the SEM.

Cisplatin caused a decrease in dendritic branching and com-
plexity within CA1 (Andres et al., 2014). In our laboratory, altera-
tions following 5-FU administration in aged mice also identified
loss in dendritic length, branching, and complexity in the DG
and CA1 (Groves et al., 2017).

Given the compromised hippocampal dendritic architecture
coupled with LTM deficits, we chose to assess the levels of 16
cytokines and chemokines within the hippocampus to assess
the role inflammation may play in CICIs. Dysregulation of cyto-
kines has been identified in several disease states involving cog-
nitive impairments (eg, Alzheimer’s disease, Parkinson’s
disease, multiple sclerosis, and dementia) (Janelsins et al.,
2012). Literature suggests dysregulation of cytokines in BC survi-
vors may play a role in mediating cognitive impairments
(Cheung et al., 2013; Cleeland et al., 2003). In our CMF-treated
mice, we identified decreases in IL-1a, IL-1B, IL-3, IL-10, and
TNF-o hippocampal levels.

Clinical data identified increased serum levels of IL-6, IL-8,
and MCP-1 following CYP and doxorubicin (DOX) administra-
tion, with or without 5-FU; however, decreases in IL-6 were
found following CMF (Janelsins et al., 2012). A subsequent study
of various chemotherapy regimens found increases in TNF-a
and decreases in IL-6 correlating with reduced hippocampal vol-
umes and verbal memory impairments in BC survivors (Kesler
et al.,, 2013). Other clinical data indicates increased IL-1f corre-
lates with decreased response speed and increases in both IL-1p

and IL-6 correlates to more self-perceived cognitive disturban-
ces (Cheung et al.,, 2015). Cytokines play both crucial and com-
plex roles in modulating learning and memory. For example,
increased IL-1B can promote neuronal and oligodendrocyte
death (Ramesh et al, 2013), inhibit the formation of
hippocampal-dependent memory in rats (Cunningham et al.,
1996), and cause spatial memory impairments in mice (Moore
et al., 2009). Conversely, several studies have found IL-1 critical
for learning and memory function (Donzis and Tronson, 2014).
Evidently, the role of cytokines in modulating learning and
memory are not fully realized as cytokines function through in-
tricate network interactions yet to be fully elucidated
(Boulanger et al., 2001; Pickering and O’Connor, 2007). In vivo
studies assessing cytokine levels following chemotherapy are
limited, but dysregulation of cytokines postchemotherapy has
been identified. In rats, a single administration of MTX in-
creased TNF-a in the peripheral tissue (Abdel-Raheem and
Khedr, 2014). Our lab identified compromises in hippocampal
dendritic complexity and increases in several hippocampal
cytokines, including IL-1p and IL-3, following 5-FU treatment in
aged male mice (Groves et al., 2017).

Cytokines have been traditionally be termed as pro- or anti-
inflammatory, however cytokines are ultimately multifunc-
tional proteins that work through complex networks often
performing dual functions (Cavaillon, 2001). In congruence with
our findings post-CMF, a recent collaboration within our lab
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also found decreases in hippocampal levels of IL-18, IL-6, and
IL-12 in ovariectomized mice 10-week post-CYP and DOX
administrations (Flanigan et al., 2018). A decrease in cytokines
could be due to resultant cycling, as cytokine levels vary based
on stress, fitness level, feeding state, and other individual dy-
namics (Monastero and Pentyala, 2017; Wang et al., 2010) or an
effect exerted by MTX. In fact, Janelsin et al. identified de-
creased levels of pro-inflammatory cytokines in patients receiv-
ing CMF; however, increases in IL-6, IL-8, and MCP-1 were
identified in both AC and CAF-treated patients (Janelsins et al,,
2012). Methotrexate is a known cytokine suppressor and is pre-
scribed for chronic inflammatory diseases, such as rheumatoid
arthritis and psoriasis to stabilize high levels of T lymphocytes
and cytokines (Gerards et al., 2003; Hagner and Joerger, 2010;
Methotrexate, 2017). Furthermore, Seigers et al. determined that
MTX administration in rats reduced hippocampal blood vessel
density, had no effect on hippocampal cytokine levels, and re-
duced plasma cytokine levels (2010).

In the current study we observed decreased memory reten-
tion in behavioral paradigms for CMF-treated animals compared
with controls. Data also indicates CMF compromises dendritic ar-
chitecture and morphology within the hippocampus by 2-week
postchemotherapy. In addition, we show that pro-inflammatory
and anti-inflammatory cytokines were expressed in concentra-
tions above control in mice exposed to CMF treated mice. In con-
clusion, chemotherapy-induced cognitive deficits can be
transient or enduring obstacles for BC survivors. Continued re-
search of short- and long-term chemotherapy-induced cognitive
deficits are imperative to drive our current knowledge in the
field. Measuring oxidative stress and other proposed mecha-
nisms of cognitive decline will help us understand the manner in
which this decline occurs and how it can be prevented.
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