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A B S T R A C T

Fatigue is a persistent and debilitating symptom following radiation therapy for prostate cancer. However, it is not
well-understood how radiation targeted to a small region of the body can lead to broad changes in behavior. In
this study, we used targeted pelvic irradiation of healthy male mice to test whether inflammatory signaling
mediates changes in voluntary physical activity levels. First, we tested the relationship between radiation dose,
blood cell counts, and fatigue-like behavior measured as voluntary wheel-running activity. Next, we used oral
minocycline treatments to reduce inflammation and found that minocycline reduces, but does not eliminate, the
fatigue-like behavioral changes induced by radiation. We also used a strain of mice lacking the MyD88 adaptor
protein and found that these mice also showed less fatigue-like behavior than the wild-type controls. Finally,
using serum and brain tissue samples, we determined changes in inflammatory signaling induced by irradiation in
wild-type, minocycline treated, and MyD88 knockout mice. We found that irradiation increased serum levels of
IL-6, a change that was partially reversed in mice treated with minocycline or lacking MyD88. Overall, our results
suggest that inflammation plays a causal role in radiation-induced fatigue and that IL-6 may be an important
mediator.
1. Introduction

Fatigue is a highly distressing and prevalent symptom of cancer and
cancer treatment that has a high cost to society and can significantly
worsen quality of life (Hofman et al., 2007). Fatigue is commonly re-
ported by patients with prostate cancer during and after radiotherapy,
affecting decision-making and daily physical activity (Langston et al.,
2013). It can be associated with cognitive performance deficits, despite
both the disease and the treatment being localized outside the central
nervous system (Feng et al., 2019). The mechanism by which the local-
ized tumors or treatments affect fatigue behavior is not well-understood,
although it may include combinations of anemia, inflammation, HPA
dysregulation, or bioenergetic impairments (Feng et al., 2020; Grossberg
et al., 2020; Bower, 2014; Hsiao et al., 2016). A better understanding of
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the mechanisms of cancer-related fatigue (CRF) might identify avenues
for the development of therapies to combat this distressing symptom.

Inflammation has been proposed as an important mechanism for CRF,
which is supported by multiple lines of evidence describing an associa-
tions among fatigue, inflammation, and cytokine levels (Bower, 2014;
Hsiao et al., 2016; O'Higgins et al., 2018). Fatigue symptoms are also
commonly observed in other diseases that are marked by inflammation
including rheumatoid arthritis (Louati and Berenbaum, 2015) and lupus
(Bakshi et al., 2018). Additionally, there is evidence of elevated levels of
proinflammatory cytokines in chronic fatigue syndrome (Montoya et al.,
2017; Yang et al., 2019). Fatigue can be part of the symptom cluster
known as sickness behavior, which encompasses a wide range of symp-
toms and behaviors that occur during infection and may be a behavioral
response to large elevations in brain cytokine levels (Dantzer, 2009). A
, voluntary wheel running activity; RBC, red blood cell; WBC, white blood cell;
88 protein; TLR, toll-like receptor; CCL, chemokine (CC) ligand; CD30 L, CD30
Ligand; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-
interferon; IL, interleukin; LIF, leukemia inhibitory factor; M-CSF, macrophage
ES, regulated on activation normal T cell expressed and secreted; TIMP, tissue
lial growth factor.

-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:saliganl@mail.nih.gov
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbih.2021.100264&domain=pdf
www.sciencedirect.com/science/journal/26663546
www.editorialmanager.com/bbih/default.aspx
https://doi.org/10.1016/j.bbih.2021.100264
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.bbih.2021.100264
https://doi.org/10.1016/j.bbih.2021.100264


B.S. Wolff et al. Brain, Behavior, & Immunity - Health 15 (2021) 100264
strong inflammatory response may be present in CRF, as cancer can elicit
a persistent inflammatory response and produce cytokines in the tumor
microenvironment (Dranoff, 2004; Todoric et al., 2016; Diakos et al.,
2014), and cancer treatments like radiotherapy can induce inflammation
(Schaue et al., 2015). Together, these lines of evidence point to a po-
tential role for inflammatory processes in CRF.

In this study, we used a previously established mouse model of CRF
induced by targeted peripheral radiation therapy (Wolff et al., 2017). We
targeted irradiation to the pelvic region of male mice to model radio-
therapy for prostate cancer and induce a fatigue-like behavior measured
as a decline in voluntary wheel-running activity (VWRA). The radiation
of tissues causes breaks in DNA, resulting in cell death and inflammation
predominantly in the irradiated region of the pelvis (Schaue et al., 2015).
Our main hypothesis is that the peripheral damage triggers expression of
circulating inflammatory signals that mediate the decrease in voluntary
activity, or in other words, that inflammation is causing fatigue. Our
approach was to first test the dose-dependence of irradiation on
fatigue-like behavior, and then to test whether interfering with inflam-
mation would affect both circulating cytokine levels and fatigue-like
behavior.

We used two different methods for reducing inflammatory response.
First, we added oral minocycline into the drinking water of wild-type
mice. Minocycline is a semi-synthetic tetracycline antibiotic with
microbicidal effects on both gram-negative and gram-positive bacteria
(Garrido-Mesa et al., 2013). Significantly, minocycline also displays
multiple non-antibiotic properties, including various anti-inflammatory
properties. For instance, minocycline has been found to reduce
LPS-induced cytokine release in human monocytes (Pang et al., 2012)
and inhibit the activation of microglia in the brain (Moller et al., 2016).
Second, as an additional method of reducing inflammation, we used a
genetic knockout mouse model and compared the effect of irradiation on
mice lacking the gene for MyD88 (Hou et al., 2008) to the effect on
wild-type controls. MyD88 is an adaptor protein in toll-like receptor
(TLR) and interleukin-1 receptor (IL1-R) signaling and is important in
both innate and adaptive immune responses (Deguine and Barton, 2014).

The most important result of our study was that minocycline treat-
ment or MyD88 gene deletion reversed part of the radiation-induced
decline in VWRA. We also evaluated changes in the levels of cytokines
in serum and brain tissue samples, and most notably found that post-
irradiation serum levels of IL-6 were increased in irradiated animals,
reduced in minocycline-treated mice, and in one measure were reduced
in the MyD88 knockout mice as well. Together, these results suggest that
irradiation-induced inflammation plays a causal role in the development
of fatigue-like behavior.

2. Materials and methods

2.1. Ethics

This study was approved by the National Heart Lung and Blood
Institute (NHLBI) Animal Care and Use Committee (protocol H-0288) of
the National Institutes of Health (NIH), Bethesda, Maryland, USA. All
aspects of animal care in this study were compliant with The Guide for the
Care and Use of Laboratory Animals (The Guide for the Care an, 2011).

2.2. Animals

A total of 154 mice were used in this study, and all were approxi-
mately 7-week-old male mice bred on a C57BL6 background. Ninety-six
wild-type C57BL6 mice were acquired from Charles River Laboratories
(Wilmington, MA, USA), and an additional 28 MyD88 knockout mice and
28 wild-type controls were purchased from Jackson Labs (Bar Harbor,
ME, USA). Animals were individually housed on a 12:12 h light-dark
cycle at roughly 22.2 �C and 50% humidity, and all mouse handling
and experimental procedures were conducted during the light cycle.
Mice had ad libitum access to food and water throughout the study.
2

2.3. Experimental timeline

Study 1: Fatigue and radiation dose. First, 40 mice were housed in
running wheel cages for one week of baseline recording (days �7
through�1). Next, mice received 8 Gy radiation (n¼ 12), 4 Gy radiation
(n ¼ 12), or sham (n ¼ 16) treatments for three consecutive days (days
0–2). The day after finishing irradiation (day 3), all animals had three
more days in running wheel cages (days 3–5). Animals were euthanized
in the morning of day 6; blood was taken for CBC analysis, and serum and
brain tissues were isolated for multiplex or ELISA analysis.

Study 2: Minocycline. First, 56 mice were housed in running wheel
cages for one week of baseline recording (days �14 through �8). Wheel
running continued for one subsequent week (days �7 through �1),
during which 28 mice received minocycline and 28 did not. Next, mice
received 8 Gy radiation or sham treatments for three consecutive days
(days 0–2). The day after finishing irradiation (day 3), all animals had
three more days in running wheel cages (days 3–5). A Y-maze test for
spontaneous alternation was administered on 28 mice on day 5. Animals
were euthanized in the morning of day 6, and serum and brain tissues
were isolated for multiplex or ELISA analysis.

Study 3: MyD88 knockoutmice. First, the 28MyD88 knockout mice
and 28 wild-type controls were housed in running wheel cages for one
week of baseline recording (days �7 through �1). A Y-maze test for
spontaneous alternation was administered on 14 on day �4. Next, mice
received 8 Gy radiation or sham treatments for three consecutive days
(days 0–2). The day after finishing irradiation (day 3), all animals had
three more days in running wheel cages (days 3–5). Another Y-maze test
was administered on 40mice between 13:00 and 17:00 on day 5. Animals
were euthanized in the morning of day 6, and serum and brain tissues
were isolated for multiplex or ELISA analysis.

2.4. Voluntary wheel running activity (VWRA)

Running wheels (Lafayette Neuroscience, Indiana, USA) recorded
wheel rotations in 1-min intervals, and VWRA was quantified as the
number of minutes during which the wheel rotated, as previous studies
have shown that time is a more consistent measure than distance or speed
(Wolff et al., 2018). We excluded data from wheels that did not accu-
rately count revolutions, which was verified by manually rotating the
wheel and verifying that it matched the recorded counts.

2.5. Irradiation

This method is described in detail in a previous publication (Wolff
et al., 2017). In summary, mice were divided into irradiated or sham
groups in a way that distributed bodyweight evenly across groups but did
not take any other factors into account. Each day between 9:00 and
13:00, mice were anesthetized with an intraperitoneal injection of a
mixture of 100 mg/kg ketamine (MWI Animal Health, Boise, ID, USA)
and 10 mg/kg xylazine (Akorn Animal Health, Lake Forest, IL, USA).
Mice were then placed inside a custom-built lead shielding device within
a GammaCell 40 Exactor irradiator (Best Theratronics, Ottowa, Ontario,
Canada). The lead shielding targeted a 4 or 8 Gy radiation dose at
approximately 1 Gy per minute to a region around the pelvis. Mice in the
sham groups underwent the same procedure as those in the irradiated
groups, except that they were left inside of lead shielding but outside of
the irradiator. After irradiation, mice recovered on a heated pad placed
underneath their individual home cages.

2.6. Minocycline treatment

Minocycline-treated mice (n ¼ 28) received 1 mg/ml minocycline
HCl diluted into their drinking water. Assuming 2 ml of water con-
sumption per day, this would result in a final dose ~100 mg/kg per day.
Once started, minocycline treatment continued throughout the duration
of the study. Control mice (n ¼ 28) received normal drinking water.
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2.7. Blood and tissue samples

Tissues were collected between 9:00 and 11:00 on day 6 from all
mice. Mice were anesthetized with an intraperitoneal injection of a
mixture of 100 mg/kg ketamine and 10 mg/kg xylazine, and they were
then exsanguinated via blood collection from the inferior vena cava. For
complete blood count (CBC), blood was collected into Sarstedt EDTA
microtubes and tested on an Advia 120 analyzer (Siemens Healthineers,
Forchheim, Bavaria, Germany). Serum samples were collected by
centrifuging whole blood in Sarsedt Z-Gel microtubes at 17,000�g for 15
min.

Whole brains were extracted and flash frozen in liquid nitrogen
immediately after exsanguination and decapitation. Brains were ho-
mogenized using a bead-mill homogenizer (Thermo Fischer Scientific,
Waltheim, Massachusetts, USA) in ice-cold RIPA buffer (#89901,
Thermo Fischer) with freshly added protease inhibitor cocktail (Millipore
Sigma, Burlington, Massachusetts, USA) and centrifuged at 14,000�g for
15 min at 4 �C. Protein concentrations of lysate supernatants were
determined using a Pierce BCA kit (#23227, Thermo Fischer Scientific).

2.8. Multiplex and ELISA

Serum and brain tissue samples were run on multiplex arrays for a
range of targets using one of two arrays: Bio-Plex Pro Mouse Cytokine 23-
Plex Immunoassay (Bio-Rad, Hercules, California, USA), which tested 23
targets in duplicate, or Quantibody® Mouse Inflammation Array 1 Kit
(RayBiotech, Peachtree Corners, GA, USA), which tested 40 targets in
quadruplicate. The lists of target molecules for the two arrays substan-
tially overlap but are not identical, and all targets are displayed in the
figures and supplementary material. Validation of multiplex experiments
were performed using ELISA with most samples run in duplicate except
where otherwise indicated. Mouse Quantikine ELISA kits (R&D Systems,
Minneapolis, Minnesota, USA) were used to measure eotaxin (MME00),
IL-5 (M5000), and IL-6 (M6000B) following the manufacturer's
instructions.

2.9. Pathology

Thirty-two animals were designated for pathology study before
beginning the experiment, all of which were to undergo 8 Gy irradiation.
Immediately after euthanasia, mouse tissues were fixed with 10% buff-
ered formalin and embedded in paraffin. Sternums were fixed and a
decalcification procedure was applied before paraffin embedding.
Paraffin sections were cut and stained with routine Haemotoxylin and
Eosin (H&E). All slides were digital scanned with NDP Nanozoomer
(Hamamatsu, Shizuoka, Japan) for histology evaluations. Pathology
findings were scored as 0 ¼ normal, 1 ¼ mild damage, 2 ¼ moderate
damage, 3 ¼ severe damage.

2.10. Data analysis

The nominal level of statistical significance for all tests was set at
0.05. All p-values are from two-tailed tests unless otherwise specified.

Analysis of variance (ANOVA) andmixedmodels were conducted in R
version 3.6.1. Levene's test was used to check for homogeneity of vari-
ance (“leveneTest” in car_3.0–3), and q-q plots were used to assess
normality of residuals. Linear mixed models (“lmer” in lme4_1.1–21)
were used to test repeated-measures data (VWRA or body weight) for
main effects of treatment group and time, and all mixed models used a
random intercept for each animal.

Analysis of covariance, univariate (ANCOVA) or multivariate
(MANCOVA), was used to assess the significance of effects in the CBC
data, and models were fit using SAS v 9.4, TS1M6 (SAS Institute, Cary
NC, USA). See the supplemental materials for details.

All other statistical analyses were conducted in python version 3.7.1.
All t-tests used Welch's correction for unequal variance. The statistical
3

significance of differences in multiplex data were calculated using pair-
wise t-tests, and a Holm-Sidak correction was used for multiple com-
parisons correction. More details are available in the supplemental
materials.

3. Results

3.1. Fatigue and radiation dose

As described in previous papers (JOVE), male mice received three
consecutive days of irradiation targeted to the pelvic region (Wolff et al.,
2017). To focus on the behaviors most like fatigue symptoms in humans,
we are mainly displaying VWRA as a fraction of baseline activity, rather
than as an absolute number. This metric more accurately depicts the
variability that is attributable to the irradiation procedure itself, which is
our outcome of interest, and it reduces the variability attributable to
different baseline behavioral tendencies, which are not relevant to this
study.

We found that both 4 and 8 Gy doses of radiation induced fatigue-like
behavior measured as a decline in VWRA (Fig. 1A). A linear mixed model
with a random intercept from each animal showed a statistically signif-
icant effect of irradiation (p ¼ 10�4), with significant differences be-
tween the 4 and 8 Gy groups (p < 10�8) and between the sham and 4 Gy
groups (p¼ 10�3). The dose-dependent effect did not appear to be linear;
the mean effect of 8 Gy irradiation on VWRA was more than twice that of
4 Gy. Body weight was also measured on days 0 and 2, and there was a
significant effect of irradiation on bodyweight (Fig. 1C, F1,37 ¼ 56.25, p
¼ 10�8). Pairwise comparisons did not show a statistically significant
difference between bodyweight changes in the 4 Gy and 8 Gy dose groups
(d ¼ 0.59, t22 ¼ 1.41, p ¼ 0.17).

We performed a complete blood count (CBC) on the mice in these
experiments. Compared to the sham group, both the 4 Gy and 8 Gy doses
of radiation had a statistically significant effect on all CBC measurements
(Fig. 1D). Comparing the 4 Gy to the 8 Gy dose groups, we found a sta-
tistically significant effect of irradiation on red blood cells (RBC), he-
moglobin, hematocrit, and lymphocytes; however, we did not find a
significant effect on mean corpuscular volume (MCV), total white blood
cells (WBC), platelets, neutrophils, monocytes, basophils, or eosinophils.
These findings suggest that the decreases in VWRA beyond those seen in
the 4 Gy group are more likely related to a decrease in erythropoietic
markers (e.g., RBC, hemoglobin) or lymphocytes, and less likely to be a
result of a decrease in the other cell types measured. Means and standard
deviations for raw counts are displayed in Supplementary Table S1 and
the statistical analysis in Table S2.

3.2. Fatigue and inflammation

To test whether inflammation was mediating the changes in fatigue-
like behavior, we diluted minocycline into the drinking water of half of
the animals, with the control group receiving normal drinking water. A
small increase in VWRA for the minocycline-treated group relative to the
control group was observed. To test for significance, we used a linear
mixed model of VWRA over the full seven days prior to irradiation. We
did not observe a statistically significant effect of minocycline treatment
(p ¼ 0.75) nor a significant interaction between treatment and time (p ¼
0.15).

After irradiation, there was a clear separation between minocycline-
treated and control mice (Fig. 2A). A linear mixed model showed sig-
nificant effects of treatment (p ¼ 10�3) and time (p ¼ 10�15). In the
control group with normal drinking water, the post-irradiation median
VWRA dropped to about 20% of the baseline average (Fig. 2A), similar to
the previously observed value (Fig. 1A). The minocycline-treated group
showed higher post-irradiation VWRA, with a median of about 30% of
the baseline average, which is a statistically significant difference from
the control group (Fig. 2B, d ¼ 1.06, t52 ¼ 4.58, p < 10�4).

Minocycline has many effects besides those on inflammation, most



Fig. 1. Dose-dependent effects of pelvic irradiation on VWRA. (A) Changes in VWRA over the 15-day study, with total time active on the running wheels expressed
as a percentage of the 7-day baseline average. Irradiation took place over three days (0–2), during which animals did not have access to the running wheels. (B)
Change in VWRA averaged across the entire post-irradiation period (days 3–5). (C) Bodyweight decreased from day 0 to day 2. (D) CBC results normalized to the sham
mean. **p < 0.005, ***p < 0.0005. *Significantly different from the sham group (p < 0.05). #Significantly different from both the 4 Gy and sham groups (p < 0.05).

Fig. 2. Effect of inflammatory modulation on post-irradiation VWRA. All mice underwent 8 Gy irradiation daily on days 0–2. (A) Changes in VWRA over the
course of the study. Minocycline was administered into the drinking water of mice in the “Mino” group starting on day �7. (B) Change in VWRA averaged across the
post-irradiation period (days 3–5). (C) Changes in VWRA over the course of the study for MyD88 knockout mice (“Myd88”) and wild-type controls (“Wt”). (D) Change
in VWRA averaged across the post-irradiation period (days 3–5). *p < 0.05, ***p < 0.0005.
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notably its antibiotic properties, which could affect the gut microbiome
or confer resistance to infection. The latter could be particularly impor-
tant in irradiated mice with reduced WBC counts. To reduce
4

inflammation more directly, we next tested mice with a deletion of the
MyD88 gene, which encodes an adaptor protein involved in the immune
response to bacterial infection. In contrast to minocycline-treated mice,
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these mice should be more susceptible to infection than wild-type con-
trols (Takeuchi et al., 2000; Serbina et al., 2003). The experiment design
was the same as the previous experiment, except here half of the mice
lacked the gene for MyD88 and the other half were wild-type controls.
Our results with MyD88 knockout mice were strikingly similar to those
from the minocycline-treated mice; there was a small, but statistically
significant increase in post-irradiation VWRA in the MyD88 deficient
mice relative to the wild-type controls (Fig. 2C and D). A linear mixed
model showed a significant effect of genotype on VWRA after irradiation
(p < 0.05) but not before (p ¼ 0.86).

Comparing the time active in the minocycline-treated and Myd88
knockout mice (y-axes for Fig. 2B and D) showed amarked and surprising
difference in the effects of irradiation on the wild-type control groups.
This difference is most likely due to substrain differences: the MyD88
knockout mice and their controls were bred by Jackson Labs on a C57BL/
6J (B6J) background, while all other mice in the study were C57BL/
6NCrl (B6NCrl) mice bred by Charles River Labs. Directly comparing the
untreated, wild-type groups from both substrains shows a very large and
statistically significant difference in susceptibility to irradiation-induced
fatigue (Supplementary Fig. S3B, d ¼ 1.83, t51 ¼ 17.40, p ¼ 10�20). The
effect of substrain was much larger than the effect of the minocycline or
MyD88 deletion, and slightly larger than the difference between 4 Gy and
8 Gy doses shown in Fig. 1B. There was also an effect of substrain on
weight change during irradiation, with weight loss being statistically
significant in the B6NCrl mice (d¼ 1.14, t53 ¼ 4.97, p¼ 10�5) but not in
the B6J mice (d ¼ 0.44, t53 ¼ 1.63, p ¼ 0.11).

When modeling fatigue-like behavior, it is important that the induced
changes in locomotor activity are not due to overt tissue damage. To
assess this, we did pathology studies in portions of the minocycline-
treated animals, the MyD88 knockout animals, and their respective
controls (Supplementary Fig S2, Table S3). While a previous study found
no overt tissue damage two weeks after completing three days of 8 Gy
irradiation (Renner et al., 2016), we observed that irradiated animals
showed signs of lost hematopoietic cells in bone marrow. This observa-
tion is consistent with our CBC results, which showed fewer RBCs in
irradiated mice. We also saw centered nuclei in muscle cells and very
mild signs of damage in the lungs, but we did not see any consistent signs
of damage to the heart, liver, kidney, skin, spleen, or gastrointestinal
tract. Nonetheless, it is still possible that undetectable levels of damage
influenced behavior. No differences in irradiation-induced pathology
findings were observed when comparing minocycline-treated or MyD88
knockout mice to their control groups.

3.3. Fatigue and cytokines

Since we found that the fatigue-like behavior was partially reversed
by the anti-inflammatory effects of minocycline treatment or MyD88
gene deletion, we anticipated seeing that the changes in behavior were
accompanied by changes in levels of circulating cytokines. We used
multiplex kits to test both serum samples and whole-brain homogenates
taken while the animals were still showing fatigue-like behavior. The
resulting effect sizes and significance calculations are displayed in Fig. 3,
with mean concentrations and other statistics for each cytokine listed in
Supplementary Table S4–6.

First, we compared cytokine levels in irradiated (8 Gy) or sham-
irradiated mice. In the serum samples, 10 of 32 cytokines showed sig-
nificant differences: Eotaxin, G-CSF, IL-5, IL-6, and IL-18 were signifi-
cantly higher in the irradiated mice, while IL-12(p40), IL-13, LIF, and
RANTES were significantly lower.

Next, we compared cytokine levels between experimental and control
groups for both the minocycline and MyD88 experiments. In the serum
samples, there were significantly lower concentrations of a number of
serum cytokines in minocycline-treated mice relative to control mice,
including CCL2, CCL3, CCL12, CXCL9, GM-CSF, IFN-γ, IL-1b, IL-5, and IL-
6. MyD88 deletion resulted in fewer serum differences (only CXCL5 was
significantly lower than in controls, with leptin and CCL2 significantly
5

higher) and remarkably little overlap with the difference seen in
minocycline-treated mice. In brain samples, we saw only a statistically
significant difference in ICAM-1 when comparing the minocycline-
treated group to its control group. MyD88 deletion resulted in broader
post-irradiation differences in whole brain samples, with statistically
significant decreases in Eotaxin-2, IL-4, IL-12(p70), RANTES, TNF RII,
and TNF-α.

Although multiple comparisons corrections are not appropriate for
data that we would expect to be highly correlated due to mutual feedback
and common regulatory mechanisms, it is nonetheless very likely that
many comparisons would generate false positives. To validate results, we
did separate ELISAs on several targets. Because we were only interested
in group differences that matched what was observed in the multiplex,
analysis of these results used one-tailed p values. We first tested three
targets comparing irradiation vs. sham (Eotaxin, IL-5, and IL-6). All three
reproduced the results from the multiplex, showing a significant eleva-
tion in the irradiated group (Fig. 4A, IL-6: d ¼ 0.80, t36 ¼ 2.67, p ¼
0.0060; Fig. 4B, Eotaxin: d¼ 1.39, t25¼ 4.51, p¼ 10�4; Fig. 4C, IL-5: d¼
1.43, t39 ¼ 6.28, p ¼ 10�6). Next, we conducted follow-up ELISA ex-
periments to confirm findings from minocycline treatment and MyD88
deletion. The decrease in IL-6 in minocycline-treated mice was again
significant (Fig. 4D, d¼ 0.68, t31¼ 1.97, p¼ 0.031), though the decrease
in serum IL-5 was not (Fig. 4E, d ¼ 0.43, t24 ¼ 1.08, p¼ 0.29). In MyD88
knockout mice, we did not see a replication of the multiplex results in
whole-brain IL-6 (Fig. 4F, d ¼ 0.42, t21 ¼ 0.97, p ¼ 0.17).

Multiplex data may also produce false negatives. Due to the robust-
ness of the changes in serum IL-6 seen in the irradiated mice and reversed
in minocycline-treated mice, we conducted an additional follow-up
ELISA experiment to look for differences in serum IL-6 levels between
MyD88 knockout mice and wild-type mice, even though the decrease
shown by the multiplex experiment was not significant. In this follow-up
measurement, the decrease in serum IL-6 was large and significant
(Fig. 4H, d ¼ 1.03, t24 ¼ 2.77, two-tailed p ¼ 0.015).

4. Discussion

In previous studies (Wolff et al., 2018), we used a mouse model of
radiation therapy for treatment of prostate cancer to show that pelvic
irradiation alone is sufficient to induce a profound fatigue-like behavior
that can be measured as a decline in VWRA or home cage locomotor
activity. This fatigue-like behavior is different from radiation sickness,
which is induced by total-body irradiation and can consequently trigger
local inflammatory responses across the entire organism. In this study,
we used minocycline treatments and MyD88 knockout mice to show that
inflammation is a cause of the fatigue-like behavior induced by targeted
peripheral irradiation. The two inflammatory modulations each reversed
only a small portion of the total VWRA decline from the irradiation
procedure, but it is important to note that we do not know how much of
the total inflammation is reversed by these modulations. Because of that,
it is not possible to quantitatively evaluate the relationship between
inflammation and fatigue; we can only say that the former is to some
degree causing the latter.

Whole-body irradiation is often used in research to eliminate WBCs
frommice, and in this study, our CBC results show very fewWBCs remain
even when using an irradiation procedure targeted to a pelvic region.
Only lymphocytes showed a significant difference between the 4 Gy and
8 Gy doses, which might suggest a connection between the loss of lym-
phocytes and the decline in VWRA after irradiation, though any specific
mechanism would be unclear. The decline may more likely be a conse-
quence of inflammatory cytokine signaling, as we found that many
cytokine plasma concentrations are substantially altered by the irradia-
tion procedure.

As wheel running is a voluntary behavior, the choice of whether to
use the running wheel may be influenced by circulating cytokines
signaling to the brain. Since we did not find evidence of substantial
changes in cytokine concentrations inside the brain itself, the cytokines
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Fig. 3. Serum and brain multiplex. Heatmap of results from multiplex kits on serum samples and whole-brain homogenates. Different multiplex kits were used for
comparing (A) irradiated to sham animals and for comparing (B)minocycline-treated or myd88 knockout mice to their controls. All target molecules are listed as rows,
and the treatment and sample are listed as columns. Effect size (Cohen's d) is written in the center of each cell, which compares the treatment listed on the left with its
control (irradiation treatment relative to sham, minocycline relative to plain water, and MyD88 knockout mice compared to wild-type). If a cell has no number, then
measured concentrations were outside of the range of the standards. Cells are shaded in darker blue when the effect size is more negative (i.e., when the values for the
treatment group are lower than the corresponding control group), and darker red when the effect size is more positive (i.e., the treatment group shows higher levels).
Cells are outlined with a dotted line when the difference in group means is significant (Welch's t-test, p < 0.05), and outlined with a solid line when the difference in
means is significant after a Holm-Sidak correction for multiple comparisons. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

Fig. 4. ELISA follow-up to multiplex. Target molecules selected based on significance in the multiplex, with an addition of serum IL-6 in myd88 knockout mice vs
controls. Concentrations of (A) eotaxin, (B) IL-5, and (C) IL-6 in serum samples taken from 8 Gy irradiated mice and sham-irradiated mice. Concentrations of (D) IL-5
and (E) IL-6 in serum samples taken from minocycline-treated mice compared to control mice with normal drinking water. Concentration of IL-6 in (F) whole-brain
homogenates and (G) serum samples taken from MyD88 knockouts and wild-type mice. *p < 0.05, ***p < 0.0005.
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may not signal directly inside the brain, but instead signal from the pe-
riphery. The evidence presented here has important limitations, how-
ever. First, the accuracy of the measurements could be compromised by
blood contamination in the brain samples, which were taken from ani-
mals that were not perfused. Second, cytokine signaling may be localized
to specific brain regions and therefore undetectable in our samples of the
entire brain. We used whole-brain homogenates here as a first step to-
wards understanding changes in the brain, but future studies would
benefit from a look at more specific regions. For example, there is evi-
dence that peripheral inflammatory cytokines including IL-6 can induce
sickness behaviors through vagal circuits (Schweighofer et al., 2016) and
particularly through activation of neuronal populations within the par-
aventricular nucleus of the hypothalamus (Belevych et al., 2010). These
could be potential mediators of fatigue-like declines in locomotor activity
and would be good targets for future study.

Our results point to circulating IL-6 as a likely candidate for mediating
7

irradiation-induced fatigue, as it was the only cytokine in our serum
samples that, like fatigue, was increased by irradiation and decreased by
minocycline treatment. This suggests that the peripheral irradiation may
induce both inflammatory signaling and fatigue-like behavior that is
closely related to sickness. LPS is a strong inducer of IL-6 (Bluth�e et al.,
2000) and can also induce sickness behavior, including weight loss and
decreased VWRA (Harden et al., 2006, 2011). However, studies that have
used multiplex arrays to measure cytokines in the serum of LPS-injected
mice also consistently find elevated IL-1b (Banks et al., 2015; Bobrowski
et al., 2005; Erickson and Banks, 2011; Fourrier et al., 2017; Yang et al.,
2018), which we did not see in our experiments. This suggests that there
may also be important differences between the inflammatory signals
induced by LPS and those induced by the irradiation procedure in our
mouse model. However, it is important to note that our cytokine data are
all correlational, so future experiments should specifically test whether
IL-6 or other cytokines may be causally related to the fatigue behavior.
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The absence of some commonly seen signs of sickness behavior like
elevated IL-1b could also be related to the time after irradiation, as here
we have only a single “snapshot” of serum concentrations taken four days
after completing the irradiation procedure. We chose this day as it is
shortly after the peak of fatigue-like behavior that occurs on day 4 or 5
but well before the behavior typically normalizes around day 9 (Wolff
et al., 2017, 2018). It is likely that cytokine levels all have their own
temporal expression patterns across many days after irradiation, and the
relative levels of each cytokine could vary substantially depending on the
timing of sample collection.

The CBC results suggest that in addition to inflammation, another
factor contributing to the decline in VWRA could be the loss of eryth-
ropoietic markers (RBCs and hemoglobin). This finding is consistent with
results from fatigue-like behavior induced by chemotherapeutic drugs
that also reduce RBC counts (Mahoney et al., 2013; Zombeck et al.,
2013). It is also consistent with clinical studies, where radiation treat-
ments for prostate cancer are associated with anemia that correlates with
subjective levels of fatigue (Feng et al., 2020). There is also evidence that
anemia may be a prognostic indicator of cancer treatment outcomes
(Harrison et al., 2002) and that anemia may exacerbate cancer symptoms
in patients concurrently treated with therapies that can inhibit hemato-
poiesis such as anti-androgens (Feng et al., 2020). Our experiments
suggest that in our model, the loss of oxygen transport by RBCs may be of
particular importance at higher doses of radiation, as increasing the dose
from 4 Gy to 8 Gy significantly affected both RBC counts and VWRA, but
did not significantly affect WBC counts nor bodyweight. The fatigue-like
behavior still present in minocycline-treated and MyD88 knockout mice
after irradiation is likely due at least in part to RBC loss, though there
may be other mechanisms at play as well, including changes in muscle
metabolism and mitochondrial function seen in recent studies of
radiation-induced fatigue (Feng et al., 2020; Kim et al., 2019).

The results of this study suggest that some CRF symptoms in patients
that receive radiation therapy may be caused by inflammation, although
what we can conclude from this study is limited beyond merely the use of
mice as a model organism. Most notably, our study shows the effects only
of radiation, as unlike clinical populations, the mice in our study did not
have tumors. There is evidence in humans and in mice that tumors can
cause elevated inflammatory signaling that may contribute to fatigue and
similar symptoms or behaviors (Dranoff, 2004). In cancer patients, ra-
diation also may be accompanied by other treatments like chemotherapy
or hormone therapy, and additional treatments may interact in ways that
we cannot predict from studying the effects of radiation in isolation, as
we did in this study. Additionally, in mice as in humans, it can be difficult
to attribute behavioral changes to any single causes. Fatigue is commonly
associated with other symptoms, for example pain, and the reduced
wheel running in mice we saw here may similarly have other causes, such
as pain. Nonetheless, to fully understand the effects of cancer treatments
on behavior, it will be important to have mechanistic study of cancer and
its treatments both in isolation and combined, and we believe this study
is an important early step.
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