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Abstract
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Understanding why breast cancer survivors are at an increased risk for cognitive and affective
disorders is essential for developing targeted treatment plans and improving quality of life.
Microglia priming results in chronic neuroinflammation and can contribute to neuronal
degeneration and dysfunction, thereby offering a potential mechanism for altered brain function
that persists after tumor removal. This study examined whether mammary tumors alter microglia
and augment the inflammatory profile and behavior of mice. To test this, non-metastatic mammary
tumor cells (67NR) were injected orthotopically into the mammary glands of BALB/c mice,
allowed to grow for 16 days, and then the tumors were removed via mastectomy. Following a 14day surgical recovery, the mice were challenged with lipopolysaccharide (LPS), and then central
and peripheral inflammation, anxiety, and depressive-like behavior were evaluated. Here we show
that major central and peripheral inflammatory markers were not altered by tumor growth nor
mastectomy surgery alone. However, hippocampal mRNA expression of major proinflammatory
cytokines IL-1β and TNFα was increased in tumor removal animals, persisting past surgical
recovery. Nonetheless, the immune and behavioral responses following LPS administration were
comparable among groups. In sum, these data demonstrate that the combination of tumor and
mastectomy promotes neuroinflammation; however, immune challenge did not elucidate this
inflammation as maladaptive for the host.
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Introduction
There were more than 250,000 new breast cancer diagnoses in the United States in 2017,
and among those diagnosed nearly 90% are expected to survive 5 years (Howlader et al.,
2017). Even after treating the tumors, many women experience mental health sequelae
including depression and anxiety that can persist for years (Bower et al., 2008; Maass et al.,
2015; Wang et al., 2014). The pathogenesis linking breast cancer with cognitive and
affective deficits is unclear, but previous studies have implicated neuroinflammation
triggered by the tumor itself (Norden et al., 2015; Pyter et al., 2009; Yang et al., 2014)
and/or aggressive treatment modalities such as chemotherapy (Ahles and Saykin, 2002;
Downie et al., 2006) as key players. Understanding the cause of these deficits is essential to
developing more targeted treatment plans and improving quality of life for breast cancer
survivors.
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Microglia, innate immune cells of the central nervous system (CNS), receive and propagate
inflammatory signals from peripheral tissues in addition to acting locally (Norden and
Godbout, 2013). Thus, microglia are an integral component of the immune-brain interface
and communicating peripheral immune stimuli to the brain. Microglia exhibit a ramified
phenotype with many long processes, but in response to a pathologic insult undergo a
morphologic change characterized by shorter, wider processes and increased expression of
inflammatory markers (Streit et al., 1999; Wolf et al., 2017). In general, activated microglia
and the resulting inflammation and sickness behavior are thought to protect the host through
strategic physiological and behavioral changes (Hart, 1988; Perry et al., 2007). However,
during certain processes such as aging, stress, or CNS injury “primed” microglia can arise.
Primed microglia result in a heightened and prolonged response to homeostatic disturbances,
thereby contributing to enhanced neuroinflammation and neurodegeneration (Fenn et al.,
2015; Wolf et al., 2017). Further, pro-inflammatory cytokines including interleukin-1β (IL-1
β), interleukin-6 (IL-6), and tumor necrosis factor-α (TNFα) not only induce sickness
behaviors but also can promote potentially mala-daptive behaviors, such as anxiety and
depression (Dantzer et al., 2008; Hou et al., 2017; Thomas et al., 2005; Tiemeier et al., 2003;
Tuglu et al., 2003). It is unknown whether peripheral tumors are able to prime microglia,
which could provide insight into a potential pathogenesis for the neurological disorders
reported by breast cancer survivors.
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The purpose of this study was to examine whether peripheral tumors, specifically mammary
tumors, prime microglia and augment the inflammatory profile and behavior of mice. To test
this, non-metastatic mammary tumor cells (67NR) were orthotopically injected into BALB/c
mice, allowed to grow for 16 days, and then the tumors were removed via mastectomy
surgery to model a breast cancer survivor. Following surgical recovery, the mice were
challenged with lipopolysaccharide (LPS), and subsequent central and peripheral
inflammation, anxiety, and depressive-like behavior were evaluated.
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Results
Tumor burden
Mammary tumors were resected at day 16 of growth (n = 46), at which point they comprised
a mean 0.398% ± 0.040 of body mass across experiments. Accounting for treatment groups,
tumor burden in animals that received saline injection (0.360% ± 0.065 of body mass) was
not different than in those that received LPS injection (0.425% ± 0.052 of body mass) (Fig.
1B, p > 0.05). Body weight change, deducting tumor weight, was also comparable for all
mice following their respective surgery and treatment (p > 0.05, data not shown).

2.2.

No inflammation is present at the time of mastectomy

Author Manuscript

The first study assessed the central and peripheral inflammatory profile of mice at day 16 of
mammary tumor growth, which corresponds with the time tumors are surgically removed in
subsequent experiments. Specifically, this compared inflammation existing at the time of
mastectomy surgery in tumor animals injected with 67NR cells to control animals injected
with saline (n = 15/group). There were no differences in serum inflammation when
comparing IL-1β, TNFα, IFNγ, IL-6, IL-5, IL-2, and IL-10 serum protein concentrations
between tumor and control animals (Fig. 2A, p > 0.05). However, mice with tumors had
increased serum CXCL1 (KC/GRO) concentrations relative to mice without tumors (Fig.
2A, t (26) = 4.03, p < 0.001). Likewise, there were no significant differences in hippocampal
inflammation present with respect to IL-1β, TNFα, IFNγ, and IL-6 mRNA expression
between tumor and control animals (Fig. 2C, p > 0.05). Moreover, serum corticosterone
concentrations, which have the potential to alter inflammation, did not differ between tumor
animals and control animals at the time of sampling (Fig. 2B, p > 0.05).
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2.3. Mammary tumor removal attenuates several inflammatory markers and
corticosterone in serum
For the second study, central and peripheral inflammatory markers were evaluated in mice
from the following experimental groups: (1) control (no tumor + skin incision only), (2)
mastectomy control (no tumor + mammary gland removal), and (3) tumor + mastectomy.
This measured inflammation present following 14 d recovery from mastectomy surgery in
tumor-bearing mice compared to the control and mastectomy control groups. A group
consisting of sham surgery in tumor-bearing mice was not included because the tumor sizes
would have reached removal criteria prior to completion of the study. Among the three
surgical groups, half of the mice were challenged with a single intraperitoneal injection of
0.33 mg/kg LPS and the other half received volume-matched isotonic saline. Tissues were
collected 4 h after injection (n = 20–25/group).
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Among animals that were immune challenged (received LPS injection), tumor + mastectomy
animals had lower levels of serum CXCL1, IL-2, and corticosterone than both controls and
mastectomy controls (Fig. 3E, p < 0.05; Fig. 3F, p < 0.05; Fig. 3I, p < 0.01, respectively).
When comparing animals that were not immune challenged (received saline injection), there
were no differences in serum inflammation (IL-1β, TNFα, IL-6, CXCL1, IL-2, IL-5, or
IL-10) or corticosterone between surgical groups (Fig. 3, p > 0.05), with the exception of
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IFNγ. Serum IFNγ was significantly lower in the tumor + mastectomy group than the
control group (Fig. 3C, p < 0.05).
2.4.

Mammary tumor removal increases hippocampal inflammation, but not following LPS
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Also for the second study, central inflammation was evaluated 4 h following LPS or saline
injection at the 14 day recovery time point. For mice that were not immune challenged,
hippocampal mRNA expression of proinflammatory cytokines IL-1β and TNFα, microglial
marker CD68, and anti-inflammatory cytokine receptor IL-4Rα was increased in the tumor
+ mastectomy group. Specifically, IL-1β, CD68, and IL-4Rα expression was increased in
tumor + mastectomy animals compared to control animals (Fig. 4, p < 0.05), whereas TNFα
was in-creased compared to both the control and mastectomy control animals (Fig. 4B, p <
0.01). However, when mice received LPS injection prior to tissue collection, there was no
difference in inflammatory or priming marker mRNA expression between treatment groups
(Fig. 4A–G, p > 0.05).
2.5.

Mammary tumor removal does not alter anxiety or depressive-like behavior
A third study was conducted to assess whether behavioral differences could be detected
between treatment groups (control, mastectomy control, and tumor + mastectomy animals; n
= 15–20/group). This subset of mice was sacrificed 72 h after intraperitoneal injection of
either 0.33 mg/kg LPS or volume-matched saline on day 14 of surgical recovery.

Author Manuscript

There were no group differences in total locomotor activity as measured by total number of
beam breaks and rears in the open field test (Fig. 5B, C, p > 0.05), nor anxiety-like behavior
as measured by central tendency in the open field test (Fig. 5A, p > 0.05). Similarly, no
differences in depressive-like behavior as measured by latency to float and floating duration
during forced swim testing (Fig. 5D, E, p > 0.05) nor sucrose consumption assessing
anhedonia were present between treatment groups (Fig. 5F, p > 0.05).

3.

Discussion
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These studies were conducted to determine whether mammary tumors prime microglia,
which would provide a potential pathogenesis for the anxiety and depression experienced by
breast cancer survivors. Survivors have an increased risk of developing mental health
disorders (Bower et al., 2008; Maass et al., 2015; Wang et al., 2014), despite prior treatment
to physically remove the tumor. Because most women diagnosed with breast cancer undergo
lumpectomy or mastectomy surgery as a mainstay of their treatment protocol (Fisher et al.,
2002; Veronesi et al., 2002), studying mastectomized mice serves as an appropriate model
for breast cancer survivorship (Pyter et al., 2017). Both a control (skin incision) and a
surgical control (mastectomy without tumor) group were included in these experiments to
assess surgical effects of the mastectomy procedure itself. We hypothesized mice that
underwent mastectomy tumor removal would exhibit an exaggerated neuroinflammatory
response following immune stimulation when compared to control animals. This would
support the potential for peripheral tumors, explicitly mammary tumors, to prime microglia.
Within a subset of mice, we first measured the peripheral and central inflammation present
after 16 days of 67NR mammary tumor growth. This determined the inflammatory profile of
Brain Res. Author manuscript; available in PMC 2020 March 15.
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tumor-bearing mice at the time tumors are removed in subsequent experiments. We found
that only CXCL1 (also known as KC/GRO) was increased in the serum of animals with
tumors, which is consistent with previous studies utilizing this cell line (Walker et al., 2017).
CXCL1 is an early signaling molecule which recruits support cells to promote angiogenesis,
inflammation, and tumorigenesis (Acharyya et al., 2012; DeFilippo et al., 2013). Besides
this early immune response in blood, all other inflammatory markers measured, including
major proinflammatory cytokines IL-1 β, TNFα, IFNγ, and IL-6, were comparable between
tumor-bearing and non-tumor-bearing animals in serum and hippocampal tissue. Thus, the
mastectomy procedures in these experiments were performed before the tumors caused
extensive peripheral inflammation, as observed in other studies at later time points after
tumor induction (Walker et al., 2017).
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Similar results were observed when examining the effects of mastectomy alone on
inflammation. Following a 14-day recovery from mastectomy surgery, there were no
differences in cytokine or chemokine levels in the blood or brain between control and
mastectomy control animals. Both of these groups were non-tumor-bearing, but the surgical
control mice underwent a mastectomy surgery mimicking the surgical time and invasiveness
when performed to remove tumors. Together with Experiment 1, these data indicate that
tumor growth alone nor mastectomy surgery alone significantly alter the central or
peripheral inflammatory profile of mice.
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Interestingly, there were significant changes to neuroinflammation when comparing tumor
removal mice to controls. Specifically, there was increased hippocampal mRNA expression
of IL-1 β, TNFα and CD68 in the tumor removal group after 14 days of surgical recovery.
CD68 (macrosialin) is a scavenger receptor in monocytes that functions to clear cellular
debris and induces microglial production of reactive oxygen species and inflammatory
molecules (Wong et al., 2005). CD68 expression, along with other markers including CD86,
has been used to identify active microglia (Norden and Godbout, 2013; Tanaka et al., 2013)
and therefore were examined in the present studies. However, immunohistochemistry was
not explicitly performed here, which is necessary for confirmation of microglial activation,
as there are other cellular sources of IL-1β and TNFα. CNS damage from disease, trauma,
or toxicity is associated with activation of microglia and astrocytes and the resulting
cytokine and chemokine production including IL-1β and TNF α (Block and Hong, 2005;
Sriram and O’Callaghan, 2007; Ubogu et al., 2006). We found that mammary tumor growth
and removal, but not tumor growth or surgical removal alone, increases expression of major
proinflammatory markers in brain tissue. This suggests a synergistic neuroinflammatory
effect when mammary tumor growth is followed by mastectomy surgery and indicates that
previous tumor growth may affect how the immune system reacts to surgery.
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Neuroinflammation discussed herein is defined as the increased presence of
proinflammatory cytokines within CNS tissue; accordingly, there was chronic
neuroinflammation present in this mouse model of breast cancer survivorship. Not all
neuroinflammation is functionally similar; there are varying degrees of neuroinflammation
and, depending on the situation, it may result in positive or negative consequences for the
host. For example, transient, controlled neuroinflammation is generally considered
beneficial as these cytokines and chemokines recruit leukocytes to the brain and improve
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phagocyte efficacy (DiSabato et al., 2016). This leads to enhanced tissue repair and
promotes host recovery. Furthermore, repeated subthreshold immune challenges prior to
infection (termed euflammation) is associated with reduced sickness behavior and increased
neuroprotective effects (Liu et al., 2016; Tarr et al., 2014). On the other hand, maladaptive
immune responses including chronic or uncontrolled neuroinflammation is generally
damaging to the CNS. Increased proinflammatory cytokines including IL-1β, TNFα, and
IFNγ, chemokines, reactive oxygen species, and other inflammatory mediators can cause
neuronal degeneration and cognitive deficits (Norden and Godbout, 2013). The mixed
positive and negative consequences of neuroinflammation complicate inter-pretation of its
presence, and thus each situation must be evaluated separately considering context.
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In these experiments, the tumor + mastectomy treatment group, although exhibiting
increased neuroinflammation, simultaneously had decreased serum IFNγ and displayed no
observed behavioral changes (specifically anxiety-like or depressive-like) as measured
through open field, forced swim, and sucrose anhedonia testing. Furthermore, expression of
the receptor for IL-4 (IL-4R α) was increased in the tumor removal group. IL-4 is an
antiinflammatory cytokine that reduces acute inflammation and promotes an M2 microglial
phenotype which helps switch from damage to repair during the healing process (DiSabato
et al., 2016). Upregulation of this receptor follows a normal homeostatic response to
proinflammatory cytokines, a response that can be dampened or missing with microglial
insults such as aging (Fenn et al., 2012). Taken together, these data suggest that the modest,
controlled neuroinflammation observed following mastectomy tumor removal fits with an
advantageous rather than harmful host response under these particular conditions.
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The next experiments administered lipopolysaccharide (LPS) to the treatment groups to
evaluate the response to an immune challenge. LPS is a bacterial endotoxin derived from the
cell wall of Gram negative bacteria and is commonly used as an immune stimulus with welldocumented physiologic and behavioral responses characterized as “sickness behavior”
(Banasikowski et al., 2015). Primed microglia with a reactive phenotype have an
exacerbated response to a single LPS in-jection, resulting in larger increases in central and
peripheral inflammatory markers (e.g. IL-1β and IL-6) than controls (Godbout et al., 2005).
Previous studies have examined the effects of tumor-induced inflammatory priming in
tumor-bearing animals (Pyter et al., 2014; Vichaya et al., 2017). Indeed, administration of
LPS to animals har-boring mammary tumors (Pyter et al., 2014) results in an exaggerated
inflammatory response in the hippocampus (IκBα mRNA), cortex (CD11b mRNA), and
hypothalamus (IDO1 mRNA) 4 h following LPS administration. Additionally, mice injected
with oropharyngeal epithelial cells transfected with HPV E6/E7 oncogenes and hRAS
demonstrate an exaggerated inflammatory response in the hippocampus (IL-1β and TNFα
mRNA) and cortex (IL-1β mRNA), 24 h following LPS ad-ministration (Vichaya et al.,
2017). However, in the present study, there were no exaggerated increases in the
inflammatory response 4 h following LPS injection or prolonged behavior deficits 72 h after
LPS administration observed in the tumor removal group consistent with microglial priming;
in fact, serum IL-2 and CXCL1 levels were increased to a significantly lesser degree in the
tumor removal group than both surgical control groups.
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Additionally, the increased mRNA expression of hippocampal IL-1β, TNFα, and CD68
observed in the tumor removal group without immune challenge was not apparent following
LPS injection. Moreover, no anxiety or depressive-like behavioral changes were measured
through open field, forced swim, and sucrose anhedonia testing 72 h after LPS injection. At
this later time point we would not expect to see behavioral changes from LPS injection in
the control groups but would expect to capture prolonged sickness behavior if the tumor and
its removal had in fact caused microglial priming. Ergo, because there were no group
differences in behavior, we reject the hypothesis that microglial priming was likely to have
occurred in response to the tumor and its removal. These collective data following immune
challenge further support that the neuroinflammation present after mastectomy tumor
removal may be providing more of a benefit than detriment to the host.
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In these experiments we did not find convincing evidence that mammary tumor growth
followed by mastectomy surgery primes microglia in mice. The LPS dose we used (0.33
mg/kg LPS injection) was based on previous studies, in which it was effective in
demonstrating microglial priming (Fenn et al., 2015; Godbout et al., 2005). However, it is
possible that either a different type of immune challenge or a different dose of LPS may
have yielded an exaggerated inflammatory response or behavioral changes between
treatment groups. Likewise, our analysis timing (serum and hippocampus at 4 h and
behavior at 72 h following LPS injection) was based on prior priming studies (Fenn et al.,
2015), but still provide a mere snapshot of potential priming effects. Lastly, the 67NR cell
line was chosen for these experiments because it does not metastasize or leave the primary
tumor site (Heppner et al., 2000). This was critical to eliminate confounding results such as
neuroinflammation and behavioral changes due to spread of the tumor to other parts of the
body including the CNS, rather than measuring the response to a single peripheral tumor.
While possessing this ideal characteristic, the 67NR cell line does not induce as robust of an
inflammatory response as other murine mammary tumor cell lines (Walker et al., 2017).
Performing these experiments with other cell lines may provide evidence supporting
microglial priming and observable behavioral changes.
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In summary, the present study demonstrates that mammary tumorbearing followed by
mastectomy surgery resulted in chronic neuroinflammation. Nonetheless, no exaggerated
responses to immune challenge or behavioral changes were observed to substantiate that
microglial priming arises from peripheral tumors. Instead, the resulting inflammation may
have beneficial effects for the host under these experimental conditions. Further studies are
needed to investigate the potential for microglial priming from other mammary tumor cell
lines and peripheral tumors.
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4.
4.1.

Materials and methods
Animals
Adult female BALB/cAnNCrl mice were obtained from Charles River Laboratories
(Wilmington, MA) at 8 weeks of age. Mice were individually housed in microisolation cages
(NextGen Mouse, Allentown Inc.) with 14:10 light/dark cycle and provided ad libitum
access to irradiated food (Teklad 7912, Envigo) and chlorinated reverse-osmosis water. All
mice were provided with 300 mL of ¼-inch corncob bedding (Bed-o’ Cobs, The Andersons,
Brain Res. Author manuscript; available in PMC 2020 March 15.
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Maumee, OH) and a single 5 cm × 5 cm cotton nestlet (NES3600, Ancare) for
environmental enrichment. Upon arrival, mice were acclimated for at least 7 days prior to
experimental manipulations. All studies were approved by The Ohio State University
IACUC and were conducted in AAALAC-accredited facilities.
4.2.

Cell line
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Murine mammary tumor cells (67NR cell line) were obtained from Barbara Ann Karmanos
Cancer Institute (Detroit, MI). These cells were isolated from a spontaneous mammary
tumor in a BALB/cfC3H mouse (Dexter et al., 1978). 67NR cells are highly tumorigenic,
but non-metastatic and fail to leave their primary tumor site (Heppner et al., 2000). The cells
were cultured using sterile technique in Dulbecco’s Modified Eagle Medium (Gibco 11965,
Thermo Fisher Scientific) supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin. Cells were incubated at 37 °C with 5% carbon dioxide in a hu-midified
atmosphere. Cell passage remained constant throughout the experiment and cells tested
negative for Mycoplasma contamination prior to injection (PlasmoTest kit, InvivoGen). An
automated cell counter (Cell Countess II, Life Technologies) was used to verify number and
viability of tumor cells. Cells were diluted with DMEM to a concentration of 1 × 106 cells
per 10 µL for injection.
4.3.

Tumor injections
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Under general anesthesia, 67NR cells were injected into the right abdominal mammary
gland (fourth mammary gland) using aseptic technique. Mice were induced using isoflurane
gas and maintained in a surgical plane of anesthesia via precision vaporizer. A single 0.1
mg/kg dose of buprenorphine was administered subcutaneously. The hair around the
mammary gland was removed via depilatory cream and the skin was aseptically prepared
with alternating povidone-iodine and alcohol scrubs. An approximately 3 mm skin incision
was made medial to the right abdominal nipple. Depending on study group, the mammary
fat pad was visualized and injected with 100 µL of either 1 × 105 tumor cells or DMEM
vehicle. The skin was apposed with tissue glue (Vetbond, 3 M, Maplewood, MN) and the
mice were recovered from anesthesia. Once tumors were externally palpable, measurements
were taken using a calipers every three days until removal. Mice with no visible tumor
growth were excluded from data analysis.
4.4.

Mastectomy surgery

Author Manuscript

Tumors grew for 16–17 days prior to surgical removal. Under general anesthesia, a skinsparing mastectomy was performed to remove the right abdominal mammary gland and any
visible tumor using aseptic technique. Mice were anesthetized and surgically prepared as
described above, instead administering a single 1 mg/kg dose of sustained-release
buprenorphine (Buprenorphine SR-LAB, ZooPharm, Windsor, CO) for postoperative
analgesia. An approximately 5 mm skin incision was made medial to the right abdominal
nipple. The tumor was excised using blunt dissection and electrocautery, keeping the tumor
capsule intact. Any remaining visible fat pad was also removed. The skin incision was
closed using polyglactin 910 suture (Vicryl, Ethicon Inc.) in a simple interrupted pattern.
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Mastectomy surgery was also performed as described above on a subset of animals without
tumors (“mastectomy control”). Alternatively, sham surgery animals only received a skin
incision without mammary gland removal (“control”). Mice that had tumors regrow
following mastectomy were excluded from analysis. All mice recovered from surgery for 14
days prior to LPS injection and sub-sequent tissue collection (Fig. 1A).
4.5.

LPS injections
Mice were injected with lipopolysaccharides from Escherichia coli O127:B8 (SigmaAldrich, L5668) diluted with sterile saline. Mice received a 0.33 mg/kg dose of LPS
intraperitoneally (IP) once either 4 h prior to tissue collection or 72 h prior to behavioral
analysis and tissue collection depending on the experiment. Mice appear clinically normal
after receiving this low dose of LPS.
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4.6.

Perfusion and tissue collection
Whole blood was collected from the facial vein, centrifuged at 2000×g for 25 min, and the
serum supernatant was stored at −80 °C until assayed. Following blood collection, mice
were injected with 270 mg/kg pentobarbital (Euthasol, Virbac, Fort Worth, TX) diluted with
sterile saline IP. Mice were perfused with phosphate buffered saline immediately following
loss of pedal reflex. Whole brain was collected in RNAlater Solution (Invitrogen, Fisher
Scientific) over ice and stored at −80 °C until processed.

4.7.

RNA extraction, cDNA, and PCR for inflammatory markers
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The hippocampus was isolated from each brain and total RNA was extracted using Ambion
TRIzol Reagent (Invitrogen, Thermo Fisher Scientific) according to the manufacturer’s
specifications. A spectrophotometer (NanoDrop One, Thermo Scientific) verified the quality
and quantity of RNA. M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA) was used to
synthesize cDNA. Probes for inflammatory genes of interest were obtained from Applied
Biosystems (Life Technologies, Waltham, MA): IL-1β (Mm00434228_m1), IL-6
(Mm00446190m1), TNFα (Mm00443258_m1), IFNγ (Mm01168134_m1), CD68
(Mm03047343_m1), CD86 (Mm00444543_m1), and IL-4Rα (Mm01275139_m1).
4.8.

Serum ELISA for inflammatory markers
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Serum cytokine and chemokine levels were determined using V-PLEX Proinflammatory
Panel 1 Mouse Kit (Meso Scale Discovery, Rockville, MD) according to manufacturer’s
instructions. This kit measures mouse IFN-ɣ, IL-1β, IL-2, IL-4, IL-5, IL-6, KC/GRO
(CXCL1), IL-10, IL-12p70, and TNF-α protein levels. The assay was read on a Meso
QuickPlex SQ 120 machine and the results were analyzed using MSD Discovery Workbench
4.0 software. IL-4 and IL-12p70 failed to reach a detectable range in the serum of most of
the mice, and therefore the data were not analyzed for any experiments.
4.9.

Corticosterone testing
Serum corticosterone levels were measured in duplicate using DetectX Corticosterone
Enzyme Immunoassay Kit (Arbor Assay, Ann Arbor, MI).
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Sucrose anhedonia test
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At the start of the dark cycle and immediately following LPS injection, mice were given 6 h
ad lib access to normal drinking water in one bottle and 2% sucrose solution in a second
bottle. Food was removed from the cage when the bottles were present. Access to the
sucrose and regular water bottles repeated for 2 days additional days, switching the location
of the sucrose each day to prevent positional bias. Consumption data was analyzed from the
third day for exhibition of anhedonia and depressive-like behavior.
4.11.

Open field test
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All behavior testing beginning with open field test was completed during the animal’s active
period, beginning with onset of the dark phase, and reflects previous studies (Walker et al.,
2017). 72 h post-LPS injection, mice were placed in a 36 cm × 36 cm polypropylene open
field arena with two stacked rows of infrared crossbeams. Beam breaks were recorded on
each mouse for 10 min using Photobeam Activity System software (San Diego Instruments).
Central tendency, number of rears, and locomotion activity were analyzed to assess anxietylike behavior and locomotion.
4.12.

Forced swim test
Following open field test, mice were placed in a 5000 mL glass beaker containing 3500 mL
of water at approximately 27 °C for 5 min. The mice were videotaped then analyzed using
Observer XT 8.0 software (Noldus Information Technology). Time spent swimming, time
spent floating, and number of floating vs. swimming bouts were recorded to evaluate
depressive-like behavior.
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4.13.

Statistical analysis
All data were analyzed using GraphPad Prism statistical software (Prism 7, GraphPad
Software, La Jolla, CA). Outliers were identified using Grubb’s test and excluded prior to
analyses. Student’s t-test (ex-periment 1) or standard one-way AVOVA (experiments 2 and
3) were used for statistical comparison. When appropriate, Tukey’s multiple comparisons
test provided post hoc analyses. Results are reported as treatment means ± standard error of
the mean. An alpha level of p ≤0.05 was considered significant.
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HIGHLIGHTS
•

Tumor growth and mastectomy alone did not alter inflammatory markers.

•

Tumor-bearing followed by mastectomy surgery resulted in chronic
neuroinflammation.

•

Responses to immune challenge did not suggest microglial priming.

•

The inflammation present was likely beneficial rather than maladaptive.
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(A) Experimental timeline for control, mastectomy, and tumor + mastectomy treatment
groups. (B) Tumor burden for experimental animals (percentage of relative body mass)
expressed as treatment mean ± SEM. Mean tumor burden encompassing all experiments was
comparable for LPS (n = 27) and saline (n = 19) treatment groups (p > 0.05).
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Inflammatory profile of mice at day 16 of tumor growth (n = 15/group). (A-B) Serum
protein concentrations of IL-1β, TNFα, IFNγ, IL-6, CXCL1, IL-5, IL-2, IL-10 and
corticosterone. (C) Hippocampal mRNA expression of IL-1β, TNFα, IFNγ, and IL-6
displayed as fold change from vehicle animals. Data is presented as treatment mean ± SEM,
***p < 0.001.
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Fig. 3.

Circulating inflammatory protein markers in control, mastectomy, and tumor + mastectomy
groups measured 4 h after receiving either LPS or saline injection (n = 20–25/group). (A-I)
Serum protein concentrations of IL-1β, TNFα, IFNγ, IL-6, CXCL1, IL-2, IL-5, IL-10 and
corticosterone expressed in all treatment groups. Data is presented as treatment mean ±
SEM. Graph bars that do not share a letter are statistically significantly different at p < 0.05.
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Hippocampal inflammatory gene expression in control, mastectomy, and tumor +
mastectomy groups measured 4 h after receiving either LPS or saline injection (n = 20–25/
group). (A-G saline) Hippocampal mRNA levels of IL-1β, TNFα, IFNγ, IL-6, CD68,
CD86, and IL-4R α expressed in all treatment groups 14 days after surgery. IL-1β, CD68,
IL-4R α expression was increased in mice that had mastectomy tumor removal surgery
compared to control animals (p < 0.05). TNFα expression was increased in mice following
mastectomy tumor removal compared to both the control and mastectomy control animals (p
< 0.01). (A-G LPS) When mice were injected with LPS 4 h prior to tissue collection, there
were no significant differences between surgical groups. All data is presented as treatment
mean ± SEM. Graph bars that do not share a letter are statistically significantly different at p
< 0.05.
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Fig. 5.

Behavioral testing was evaluated 72 h following LPS or saline injection for control,
mastectomy, and mastectomy + tumor animals (n = 15–20/group). (A–C) Central tendency
during first 5 min, total beam breaks, and total rears were evaluated during open field testing
and were not different between treatment groups. (D–E) Latency to float and total floating
duration were comparable between treatment groups during forced swim testing. (F) There
was also no difference in sucrose consumption after 2 days of acclimation as a measure of
anhedonia. All data is presented as treatment mean ± SEM. Graph bars that do not share a
letter are statistically significantly different at p < 0.05.

Author Manuscript
Author Manuscript
Brain Res. Author manuscript; available in PMC 2020 March 15.

