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Lasting and debilitating fatigue is among the most common 
side effects of cancer and its treatment.12,20 It has a profoundly 
negative effect on patients’ quality of life and is among the most 
distressing symptoms reported by those undergoing care.20,31,50 
Frustrating for patients and providers is the lack of approved 
treatment. One hindrance to better understanding the pathogen-
esis of cancer-related fatigue (CRF), as well as to the development 
of an effective intervention, has been the lack of an effective trans-
latable animal model of the condition.

Few models of CRF have been reported. One study62 found 
that female C57Bl/6J mice displayed significantly reduced wheel 
running activity after repeated etoposide administration. Because 
activity was examined only during the course of treatment and 
one day afterward, the observed changes may have been at least 
partly attributable to anemia. In addition, the duration of fatigue 
was not established, given the short examination period after 
treatment. In another study,49 reductions in wheel running activ-
ity lasted for as long 3 wk after 5 consecutive administrations of 
paclitaxel or nab-paclitaxel in female BALB/cJ mice; these chang-
es were independent of anemia. The ability of the model to assess 
potential interventions was not reported. Some investigators43 
reported reduced home cage activity in rats after cisplatin treat-
ment. In a follow-up study, dexamethasone, a synthetic corticos-
teroid, was found to protect against cisplatin-induced reductions 

in activity.42 Whether anemia contributed to the cisplatin-induced 
reduction in activity is unclear. In addition, fatigue was short-
lived in this model,41 lasting only 7 d, whereas CRF in patients 
is often long-lasting and can affect them months to years after 
treatment.8

The objective of the current study was to establish a murine 
model of CRF that replicates the condition in humans by using 
endpoints that are translatable to clinical trials and that discrimi-
nate the effectiveness of a pharmacologic intervention. Such an 
objective presents 2 major challenges in animal model design. 
First, whereas fatigue in humans typically is measured by self-
report and quantitative scales,35,45 in rodents the subjective state 
of the animal must be inferred from their behavior. As a fatigue 
surrogate, physical activity appears to be a good indicator.29 Vol-
untary physical activity is particularly appropriate because fa-
tigue most commonly is diagnosed by self-report, and voluntary 
activity, unlike forced treadmill running, is independent of stress-
ful stimuli that may interact with fatigue. Second, translational 
validation of a new animal model is dependent on demonstrating 
that agents that produce an efficacy signal in humans produce 
a similar response in the model. The absence of an approved 
treatment for CRF precludes this requirement to some degree. 
However, several compounds, including methylphenidate and 
modafinil, have been tested in clinical trials. Although the results 
for methylphenidate have been mixed,10,11,28,41,44,46,53 the results for 
modafinil have been more promising.6,57 In a large double-blind 
phase 3 clinical trial, modafinil was more effective than placebo 
in treating patients with severe fatigue.37 Therefore, we selected 
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was recorded automatically by using photobeams at the base of 
the rotarod. If the mouse did not fall within 3 min, it was removed 
from the dowel, and the time was recorded as 180 s. This proce-
dure was repeated for 4 consecutive trials with a 30-s intertrial 
interval.

Open field. After rotarod testing, the same mice (n = 6 per group 
for all days except days 22 and 30, when n = 5 for the doxorubicin 
group) were tested in an open-field apparatus in the afternoon 
(1300 to 1500). Open-field chambers (61 × 61 × 30 cm) were lit 
with diffuse white light. Mice were placed in the middle of the 
open field and removed 5 min later. While the mouse was in the 
open field, the distance it traveled was recorded automatically by 
using TopScan (Clever Sys, Reston, VA) video-tracking software. 
The open-field chamber was cleaned with commercial detergent 
after the testing of each mouse.

CBC count. After the open-field test on days 15, 22, and 30, 
mice were euthanized via CO2 inhalation. Cardiocentesis was 
performed, and whole blood was placed in a heparinized tube. 
WBC and RBC counts were obtained by using an automated he-
matology system (PCE-Vet90, High Technology, Walpole, MA).

Modafinil. An additional 48 female CD1 mice (age, 7 wk; n = 
12 per group) obtained from the same vendor were used to test 
the predictive validity of the fatigue model. The doxorubicin and 
wheel-running procedures were performed as described earlier. 
The saline and doxorubicin-treated groups were further allocated 
into vehicle (0.25% methylcellulose) and modafinil (50 mg/kg)-
treated groups. Both compounds were administered via oral gav-
age at 1200 once daily on days 15 through 30. The rotarod and 
open-field tests were not conducted on day 30.

Statistics. Statistical analysis was performed by using Prism 5 
(GraphPad, La Jolla, CA) and SigmaPlot 11.0 (Systat Software, 
San Jose, CA). Open field, blood count, and area under the curve 
data were all analyzed by using the Student t test. Wheel-running 
activity was binned by week and analyzed by using 2-way repeat-
ed-measures ANOVA with week and treatment as factors. Rotar-
od data were analyzed by 2-way repeated-measures ANOVA for 
each test day and with treatment and trial as factors. Modafinil 
data were analyzed by 2-way ANOVA with each treatment (doxo-
rubicin and modafinil) as factors. All post hoc comparisons were 
made by using the Holm–Sidak method.

Results
Health and weight changes. During the course of the study, 3 

mice in the doxorubicin treatment group were found moribund 
and were euthanized on study days 20, 21, and 25, respectively. 
As expected, weight loss was observed in mice treated with doxo-
rubicin compared with control mice (Figure 1) , particularly after 
the second cycle (AUC t22 = 4.1, P < 0.001).

Blood profile. CBC counts were assessed from blood samples 
taken from mice euthanized on days 15, 22, and 30. Lower RBC 
counts were observed in doxorubicin treated mice compared with 
control mice on days 15 (t10 = 2.4, P < 0.05) and 22 (t9 = 3.4, P < 
0.01), but this difference had resolved by the end of the study on 
day 30 (Figure 2 B). No differences in WBC count were observed 
between groups on any of the days examined (Figure 2 C).

Wheel-running activity. Compared with baseline levels, wheel-
running activity increased during the first week of wheel access in 
both the doxorubicin and control groups (Figure 3 A; main effect of 
week, F1,43 = 86.9, P < 0.001; post hoc comparison, P < 0.001). Activ-
ity was greater in the control group than in the doxorubicin treated 

modafinil as a positive control in the current study to assess the 
predictive validity of the model.

Several methods for assessing voluntary activity in rodents 
have been established, including wheel-running, home-cage ac-
tivity, burrowing, and open-field activity.22,51,64 In the current study, 
we used wheel-running as the primary endpoint for evaluating 
fatigue. This decision was made in part because wheel-running 
captures the entire circadian rhythm of activity, and circadian 
rhythm disruptions are a possible symptom of CRF.33 Home-cage 
activity as measured by video recording or telemetry device also 
captures circadian rhythm.49,64 However, we chose wheel-running 
activity over home-cage activity assessments because previous 
studies have suggested that wheel-running may be more sensi-
tive than is home-cage activity in detecting fatigue.49 In addition, 
baseline wheel-running activity generally is greater than is home-
cage activity,17,64 allowing for a larger window of detection to as-
sess activity reductions.

Materials and Methods
Animals. All procedures were approved by the IACUC and ad-

hered to NIH guidelines. Female Hsd-ICR (CD1) mice (n = 60; age, 
7 wk; Harlan Sprague–Dawley, Indianapolis, IN) were used. Mice 
initially were housed in groups of 3 in ventilated cages containing 
corncob bedding (Bed-O-Cob, The Andersons, Maumee, OH) and 
sunflower seeds as enrichment. Sterile commercial rodent chow 
(LabDiet 5053, Purina, St Louis, MO) and water were provided 
ad libitum throughout the course of the study. The vivarium was 
maintained at a temperature of 21 ± 2 °C with a reverse light:dark 
cycle (lights on, 1800; lights off, 0600). The vivarium was lit with 
dim red lights to allow researchers to manipulate the mice dur-
ing their active period (the dark period) to minimally disturb the 
circadian rhythm of the mice.

Chemotherapy treatment. Doxorubicin (Henry Schein, Melville, 
NY) was diluted in sterile saline (0.9%) to a concentration of 1 
mg/4 mL. Intraperitoneal injections of doxorubicin (2.5 mg/kg) 
or saline were administered on days 1 through 3 and 10 through 
12, resulting in a cumulative dose of 15 mg/kg in the doxorubi-
cin-treated group.

Wheel-running. On day 15 (day 1 was the first day of doxorubi-
cin dosing), mice were housed individually in standard shoebox-
type cages that were equipped with running wheels. Each wheel 
was 11.5-cm in diameter and was mounted in the cage top. Wheel 
rotations were monitored continuously in 15-min increments via 
magnetic reed switches that interfaced with a personal computer 
running VitalView software (Respironics, Bend, OR). Wheel rota-
tions were converted into distance by calculating the number of 
rotations multiplied by the circumference of the wheel, to facili-
tate comparisons across studies with differing wheel diameters.

Rotarod. On days on which mice were scheduled to be euth-
anized for blood testing, additional behavioral tests were con-
ducted. To determine whether changes in wheel-running were 
attributable to motor dysfunction, a subset of mice from each 
group was tested for motor coordination by using a rotarod. Ro-
tarod testing was performed under the same lighting conditions 
as in the vivarium (dim red light). During the morning (0900 to 
1100) of days 5, 15, and 22 and at study completion at day 30, mice 
(n = 6 per group for all days except days 22 and 30, when n = 5 for 
the doxorubicin group) were placed on a stationary dowel that 
then accelerated at a rate of 1 rpm/3 s until the mouse fell off the 
dowel or until 3 min had elapsed. The time until the mouse fell 
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Open field. Activity in the open field was not impaired by dox-
orubicin treatment, as evidenced by no significant difference in 
distance traveled between the doxorubicin and control groups on 
any of the test days (Figure 2 A).

Modafinil. Because the initial experiment revealed activity dif-
ferences between doxorubicin and control groups were greatest 
in the afternoon, modafinil was administered at 1200. During 
the course of the experiment, one mouse in the saline–modafinil 
treatment group was euthanized after a gavage injury. Seven mice 
were euthanized (2 in the doxorubicin-treated group and 5 in 
the doxorubicin-and-modafinil–treated group) after observations 

group (main effect of treatment, F1,43 = 4.6, P < 0.05; post hoc com-
parison, P < 0.05). This effect was greatest during the second week, 
as indicated by a significant interaction between treatment and week 
(F1,43 = 4.4, P < 0.05). Holm–Sidak post hoc comparison within weeks 
revealed greater activity in the control group as compared with the 
doxorubicin-treated group during week 2 (P < 0.05) but not week 1.

In addition to the 24-h wheel-running activity analysis, activ-
ity was examined in 15-min epochs for the purpose of assess-
ing the circadian rhythm of activity. Qualitative analysis of the 
data reveals the active phase of doxorubicin-treated mice was 
unchanged relative to that of controls; in both groups, activity 
was largely limited to the 12-h dark period. Within this time, the 
reductions in wheel-running activity were most pronounced in 
the second half of the dark period (1200 to 1800; Figure 3 B).

Rotarod. Both control and doxorubicin-treated mice learned 
the rotarod test, as indicated by a significant increase in latency 
to fall across sequential trials on each test day (day 5, F3,46 = 8.9, 
P < 0.001; day 15, F3,46 = 8.5, P < 0.001; day 22, F3,43 = 4.8, P < 0.01) 
except day 30, for which there was a trend (F3,42 = 2.7, P = 0.067). 
No significant effect of doxorubicin treatment on rotarod perfor-
mance was observed on any of the test days (Figure 4). The inter-
action of treatment and trial also was not significant.

Figure 1. Weight change. (A) Mean percentage weight change by day. 
The number of mice per group is variable across the graph due to co-
horts being sampled for behavioral and blood analyses. The lines rep-
resent each day of treatment (2.5 mg/kg doxorubicin or saline). The ar-
row indicates the day when mice were housed in cages equipped with 
running wheels. Note the approximately 5% weight loss in both groups 
after wheel access. (B) Mean area under the curve for the weight change 
in mice sampled on day 30. Overall, mice treated with doxorubicin (n = 
10) lost more weight than did saline-treated animals (n = 12). *, Signifi-
cant (P < 0.05) difference between values; error bars, SEM.

Figure 2. (A) Mean open-field activity. No differences in distance 
traveled in the open field between saline- and doxorubicin treated 
groups were noted. (B) Mean RBC count. Compared with controls, 
doxorubicin-treated mice showed significant (*, P < 0.05) decreases in 
RBC count on days 15 and 30. (C) Mean WBC count. No significant dif-
ferences in WBC count were noted on any of the sampling days. Error 
bars represent SEM (n = 6 per group except for days 22 and 30, when n 
= 5 for the doxorubicin group).
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in the afternoon.52 In addition, the finding that morning wheel-
running activity was similar between groups suggests that the 
decreased activity of doxorubicin-treated mice in the afternoon is 
due to fatigue rather than a lack of motivation to run. The open-
field data further support this idea. Open-field activity is thought 
to measure exploratory behavior and the motivation to explore a 
novel environment,19 and the distance traveled in the open field 
was equivalent between control and doxorubicin-treated mice. 
Furthermore, we performed the open field test in the afternoon, 
when the difference in activity between groups was greatest.

We selected female mice for our study because several clinical 
studies of fatigue have assessed patients with breast cancer1-3-

,5,7,9,36,58 and because fatigue may be more prevalent in women.61 
We chose doxorubicin as the test drug in light of previous inhouse 
studies and because it often is used in treating breast cancer. Fur-
thermore, activity levels, as measured by wrist actigraphy, were 
significantly lower in women receiving doxorubicin-based pro-
tocols as compared with those receiving nondoxorubicin-based 
protocols.4 A possible explanation for greater susceptibility to 
fatigue after doxorubicin is that it is known to cause cardiac tox-
icity and muscular weakness.15,48 Indeed, reports of limb ‘heavi-
ness’ and general weakness are defining features of cancer-related 
fatigue.14 In rodents, acute doxorubicin administration leads to 
decreased maximal force and increased rate of fatigue in skeletal 
muscle.27,32,56 However, in the previous studies,4, 14 doxorubicin 
was administered as a single, high dose rather than as smaller, 
multiple doses over several days, as in the current study. Whether 
the current paradigm would result in muscle impairments similar 
to those seen previously is unknown.

The circadian rhythm of activity was not disrupted in doxo-
rubicin-treated mice. Although sleep disruptions occur in can-
cer patients,5,55 data regarding circadian rhythm disturbances are 
inconsistent.47 Doxorubicin-treated mice may have experienced 
disrupted sleep that was not reflected in wheel-running activity. 
Ray and colleagues49 examined sleep patterns in C57Bl/6J and 
BALB/cJ mice after treatment with the chemotherapy agents pa-
clitaxel and nab-paclitaxel. No differences were noted in the time 
mice spent asleep, as measured by electroencephalography and 
electromyography during the course of or after treatment.

Anemia is a known side effect of several chemotherapy agents, 
including doxorubicin, and can contribute to fatigue.13,23,39 Com-
pared with controls, mice treated with doxorubicin had sig-
nificantly lower RBC counts on days 15 and 22. However, this 
difference was no longer present at study completion on day 30, 
despite a continued attenuation in wheel running behavior. Con-
sequently, anemia cannot completely account for activity differ-
ence between groups. Clinically, fatigue symptoms in humans 
often persist even after anima resolves;30 therefore, the current 
model recapitulates the clinical condition.

Cachexia is another side effect of cancer and its therapy. Ca-
chexia is characterized by a loss of weight in both adipose tissue 
and skeletal muscle; these losses are not intentional (that is, due to 
a weight loss program) and are not reversed by nutritional chang-
es such as increased caloric intake.59,60 In the current study, mice 
treated with doxorubicin lost significantly more weight than did 
control mice. The observed weight loss may be due to cachexia 
or anorexia. Examination of food and water intake may help to 
explain the causes of the weight loss associated with doxorubi-
cin treatment. Regardless, weight loss is an indicator of general 
health and may contribute to fatigue.24

of poor health (that is, moribund). Because the primary effect of 
modafinil was during the afternoon period, total activity between 
1200 and 1800 each day was analyzed (Figure 5). As before, doxo-
rubicin significantly (F1,39 = 6.4, P < 0.05) reduced wheel-running 
activity. Modafinil was equally efficacious in increasing activity 
in both saline and doxorubicin-treated mice, as evidenced by a 
significant main effect of modafinil treatment (F1,39 = 4.2, P < 0.05) 
but no significant interaction of the 2 treatments. Posthoc tests re-
vealed a significant (P < 0.05) difference between the doxorubicin-
vehicle treated group and all other groups.

Discussion
Administration of doxorubicin to mice significantly decreased 

their voluntary wheel-running activity. The reduction was not a 
result of motor ataxia, given the lack of significant differences in 
rotarod performance between doxorubicin-treated and control 
mice. The reduction in wheel running activity was greatest dur-
ing the afternoon, a finding that is consistent with clinical obser-
vations, in which patients often report fatigue to be most severe 

Figure 3. Wheel-running activity. (A) Mean distance run daily for the 
duration of the experiment. The number of mice per group varies across 
days due to sampling of cohorts for behavioral and blood analyses. In 
both groups, activity was greater from days 23 through 29 than during 
with the acclimation week (days 16 through 22). Compared with control 
mice, cumulative activity during the second week of wheel access was 
significantly (P < 0.05) lower in the doxorubicin-treated group. (B) Plots 
of the circadian rhythm of activity during 15-min intervals for day 23 
(saline group, n = 12; doxorubicin group, n = 11). The black bar at the 
top of the graph represents the dark period of the photocycle. Note that 
the separation in activity between groups was greatest in the afternoon 
period (between 1200 to 1800). Error bars represent SEM.
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running is used as a model of exercise.16 Therefore, wheel-running 
activity may have altered the true extent of measurable fatigue in 
our doxorubicin-treated mice. This hypothesis can be tested in 
additional studies by incorporating additional assays to assess 
fatigue and comparing the duration of symptoms with those after 
wheel-running.

The construct validity (whether the model displays the same 
mechanisms as the human condition) of the current model of 
chemotherapy-induced fatigue remains to be tested. Although 
a comprehensive understanding of the pathogenesis of CRF is 
not yet available, several hypotheses regarding causes of fatigue 
could be tested in an animal model of fatigue. Growing clinical 
evidence suggests that increases in proinflammatory cytokines 
may promote fatigue. IL6, IL1 receptor antagonist, TNFα, and 
neopterin have been shown to positively correlate with fatigue 
in cancer patients.25,54 Animal models have demonstrated that 
increases in cytokine expression induce sickness behavior (that 
is, listlessness, lethargy, and decreased food and water intake).21 
Additional studies might examine the role of cytokines in chemo-
therapy-induced fatigue in mice.

Modafinil administration significantly increased wheel-run-
ning activity in both saline- and doxorubicin-treated mice. This 
finding is consistent with other reports of increased activity after 
modafinil administration in rodents.34,63 Modafinil is a stimulant 
that is used to treat narcolepsy, but its precise mechanism of ac-
tion is unknown. It is differentiated in part from other stimulants 
such as amphetamine and methylphenidate, which are associated 
with different patterns of c-Fos activation in the brain than that 
of mondafinil.40 In the present study, modafinil was successful 
in ameliorating the reduction in activity after doxorubicin ad-
ministration. These findings buttress clinical studies suggest-
ing that modafinil may be efficacious in treating cancer-related 
fatigue.6,37,57 However, modafinil administration also resulted in 
increased weight loss, such that 5 mice that received both doxo-
rubicin and modafinil became moribund. Given the increased 
mortality, these results should be interpreted with caution, and 
additional supportive care to maintain body weight is recom-
mended for future studies.

Meta-analyses has indicated that exercise can be beneficial in 
treating cancer-related fatigue in humans.18,26,38 In rodents, wheel 

Figure 4. Mean latency to fall during the rotarod trials on each test day. Each day represents a separate cohort of mice (n = 6/group for all days except 
days 22 and 30, when n = 5 for the doxorubicin group). Latency to fall was significantly (P < 0.05) increased across trials in both the doxorubicin- and 
saline-treated groups on all days except day 30, suggesting that motor learning remained intact. No significant difference between doxorubicin and 
saline groups was present, suggesting that motor function was not impaired by doxorubicin treatment. Error bars represent SEM.
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Collectively, our current results demonstrate a murine model for 
the study of CRF in which mice display behaviors analogous to the 
symptoms of clinical fatigue in human patients. Specifically, vol-
untary activity in mice was reduced similarly to reports of reduced 
activity in breast cancer patients4 and modeled the physical symp-
toms of fatigue (that is, increased need to rest, diminished energy, de-
creased motivation to engage in activity, and postexertional malaise). 
Lasting fatigue8 is captured in our model, because the reduction in 
activity persisted beyond the cessation of treatment and was present 
in the absence of motor ataxia and anemia. The potential utility of 
the model in the development of an effective CRF intervention was 
suggested by the finding that modafinil administration was effica-
cious in reversing the reduction in wheel-running activity caused by 
doxorubicin treatment of our mice. Additional studies can validate 
the model by examining the mechanisms of fatigue.
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