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Abstract
Fatigue is the most common symptom related to cytotoxic chemotherapeutic treatment of cancer.
Peripheral inflammation associated with cytotoxic chemotherapy is likely a causal factor of
fatigue. The neural mechanisms by which cytotoxic chemotherapy associated inflammation
induces fatigue behavior are not known. This lack of knowledge hinders development of
interventions to reduce or prevent this disabling symptom. Infection induced fatigue/lethargy in
rodents is mediated by suppression of hypothalamic orexin activity. Orexin is critical for
maintaining wakefulness and motivated behavior. Though there are differences between infection
and cytotoxic chemotherapy in some symptoms, both induce peripheral inflammation and fatigue.
Based on these similarities we hypothesized that cytotoxic chemotherapy induces fatigue by
disrupting orexin neuron activity. We found that a single dose of a cytotoxic chemotherapy
cocktail (cyclophosphamide, adriamycin, 5-fluorouracil—CAF) induced fatigue/lethargy in mice
and rats as evidenced by a significant decline in voluntary locomotor activity measured by
telemetry. CAF induced inflammatory gene expression—IL-1R1 (p<0.001), IL-6 (p<0.01), TNFα
(p<0.01), and MCP-1 (p<0.05) —in the rodent hypothalamus 6 to 24 hours after treatment during
maximum fatigue/lethargy. CAF decreased orexin neuron activity as reflected by decreased
nuclear cFos localization in orexin neurons 24 hours after treatment (p<0.05) and by decreased
orexin-A in cerebrospinal fluid 16 hours after treatment (p<0.001). Most importantly, we found
that central administration of1 μg orexin-A restored activity in CAF-treated rats (p<0.05). These
results demonstrate that cytotoxic chemotherapy induces hypothalamic inflammation and that
suppression of hypothalamic orexin neuron activity has a causal role in cytotoxic chemotherapy-
induced fatigue in rodents.
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1. Introduction
Fatigue is the most common symptom with cytotoxic chemotherapeutic treatment for cancer
(Reilly et al., 2013; Shi et al., 2011). Acute fatigue usually occurs after each dose of
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chemotherapy (de Jong et al., 2004; Schwartz et al., 2000) and it frequently persists weeks,
months, or years after chemotherapy treatment is completed (Berger et al., 2012). Fatigue
negatively impacts physical and social function, return to work, and quality of life (Curt et
al., 2000; Shi et al., 2011; Spelten et al., 2003).

It is not known how cytotoxic chemotherapy causes fatigue. There is increasing evidence
that chemotherapy-induced inflammation is an underlying causal mechanism (Bower and
Lamkin, 2012; Cleeland et al., 2003; Dantzer et al., 2012; Ryan et al., 2007; Saligan and
Kim, 2012; Wood and Weymann, 2013). Cytotoxic chemotherapy induces inflammatory
cytokine production in macrophages in vitro and when administered to rodents (Elsea et al.,
2008; Sauter et al., 2011; Wong et al., 2012; Wood et al., 2006). In clinical studies, elevated
blood levels of IL-6 correlate with fatigue in cancer patients exposed to cytotoxic
chemotherapy (Liu et al., 2012; Schubert et al., 2007). In addition, treatment for malignant
melanoma with the cytokine interferon-α induces fatigue that is not responsive to
antidepressant therapy (Capuron et al., 2002). The mechanisms by which chemotherapy-
induced peripheral inflammation affects neural signaling to cause fatigue behavior are not
understood. Our laboratory recently reported that inflammation-induced fatigue from
lipopolysaccharide (LPS) administration was associated with reduced hypothalamic orexin
neuron activity (Grossberg et al., 2011). Orexin neuron signaling promotes arousal and
wakefulness (Anaclet et al., 2009; Carter et al., 2013; Kantor et al., 2013; Saper et al., 2005).
Since cytotoxic chemotherapy is similar to LPS treatment in that they both induce peripheral
inflammation and fatigue, the purpose of this study was to test our hypothesis that cytotoxic
chemotherapy induces fatigue by disrupting orexin neuron activity. Since LPS treatment
induces hypothalamic inflammatory cytokine expression, a second purpose of this study was
to determine if cytotoxic chemotherapy induces inflammatory cytokine expression in the
hypothalamus.

2. Materials and Methods
2.1. Animals

Mice and rats were used in experiments. Female C57BL/6J mice (strain #000664; 8-12
weeks of age) were purchased from Jackson Laboratories (Bar Harbor, ME). Male Sprague
Dawley rats (250-350 g) were purchased from Charles River Laboratories (Wilmington,
MA). Mice and rats show similar responses to both the absence of orexin signaling and the
administration of orexin-A (Anaclet et al., 2009; Furutani et al., 2013; Gerashchenko et al.,
2001; Gerashchenko et al., 2003). Mice were used in order to obtain voluntary wheel
running activity after cytotoxic chemotherapy treatment. Rats were used for measurement of
orexin-A in cerebrospinal fluid and to determine the effect of administration of orexin-A on
ambulatory activity. Animals were maintained in pathogen-free rooms on a normal 12 hour
light/dark period with lights on from 0600 to 1800 with ad libitum access to food (rodent
diet 5001, Purina Mills) and water. In experiments where data was collected on animals
more than 48 hours after receiving cytotoxic chemotherapy, both sham-treated and cytotoxic
chemotherapy-treated animals were given water containing 150μg/mL amoxicillin (oral
suspension, Sandoz) to reduce risk of infection secondary to neutropenia after cytotoxic
chemotherapy. Animals were weighed daily during experiments. Experiments were
conducted in accordance with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and approved by the Oregon Health & Science University
Department of Comparative Medicine Institutional Animal Use and Care Committee.

2.2. Cytotoxic Chemotherapy Administration
Animals were administered a combination of cyclophosphamide (Cytoxan), doxorubicin
(Adriamycin), and 5-fluorouracil (5-FU) (CAF) at concentrations of 167mg/kg, 4mg/kg, and
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167mg/kg respectively in mice and 75 mg/kg, 4 mg/kg, and 75 mg/kg in rats. This drug
regimen was chosen to reflect a clinically relevant adjuvant treatment regimen in breast
cancer patients. The body surface area normalization method (Reagan-Shaw et al., 2007)
was used to calculate the mouse dose in mg/kg based on the human dose of Cytoxan
(500mg/m2), Adriamycin (50mg/m2) and 5-FU (500mg/m2) (Smalley et al., 1983). The
tolerability of this dosing schema in mice has been examined extensively in our laboratory.
Mice administered 4 separate doses of CAF at 3-week intervals did not meet any criteria for
euthanasia during treatment (unpublished observations). Drug concentrations in rat were
based on the following reports: the drug combination given at 65/6.5/65 mg/kg 21 days apart
with euthanization required after the second dose when 6.5 mg/kg of adriamycin was in the
cocktail but not with 6.5 mg/kg methotraxate (Little, 2007), cyclophosphamide at 75 mg/kg
(Fardell et al., 2012), and 5-FU at 75 mg/kg in a cocktail given weekly for 4 weeks (Briones
and Woods, 2011). In preliminary work we treated rats with 75/4/75 mg/kg of CAF for 2
doses given 8 days apart. Weight and activity in treated rats returned to baseline after 8 days.
Cyclophosphamide was purchased from Baxter Healthcare Corporation. Doxorubicin-HCL
was purchased from Bedford Labs (Bedford, OH, USA), dissolved in sterile, deionized
water to attain a stock solution of 2 mg/ml, and stored at 4°C. 5-FU was purchased as a
50mg/ml solution from American Pharmaceutical Partners (Schaumburg, IL, USA).

Animals were administered the drugs in two separate intraperitoneal (ip) injections to
prevent precipitation of Adriamycin by 5-fluorouracil. Cytoxan and Adriamycin were
combined in a volume of 1 mL normal saline (NS) in mice and in 2 mL NS in rats and
injected ip. Sixty minutes later, animals were injected ip with 1 mL (mice) or 2 mL (rats) NS
containing 5-FU. Sham-treated mice were injected with the same volumes of NS without
drug. This injection volume was used to reduce localized tissue inflammation at the injection
site, to provide fluid, and to improve absorption of the drug. Animals were returned to their
home cages after injection.

2.3. Experiment 1: The effect of cytotoxic chemotherapy on brain inflammatory gene
expression

Mice housed 5 to a cage were injected with CAF or NS between 0800 and 1000 (for 3, 6, 24,
and 48 hour samples) or between 1400 and 1600 (for 16 hour samples). At 3, 6, 16, 24, and
48 hours post injection, mice were deeply sedated with ketamine-xylazine (150 mg/kg-15
mg/kg ip) then perfused with 25 mL ice cold RNase-free 0.01 molar phosphate buffered
solution (PBS). Whole brains were removed and hypothalamic blocks and brainstems
excised. Hypothalamic blocks with median eminence attached were excised by making
coronal cuts at the rostral extent of the optic chiasm caudal to the mammillary body and
saggital cuts along the optic tracts. The cortex was removed at the corpus callosum.
Brainstems were excised by cutting rostral to the cerebellum and gently removing the
cerebellum. Tissue was placed in RNAlater® (Ambion) solution on ice, and stored at 4°C up
to 48 hours prior to ribonucleic acid (RNA) extraction.

Total RNA was extracted from hypothalamic and brainstem tissue using QIAGEN RNeasy
kits (QIAGEN, Inc., Valencia, CA) and included digestion of the homogenate with
proteinase K (1% by volume) and removal of deoxyribonucleic acid (DNA) from total RNA
using ribonuclease-free deoxyribonuclease (QIAGEN). Total RNA was quantified
(Nanodrop) and stored at −80 C. Complementary DNA (cDNA) was generated using the
TaqMan Reverse Transcription Kit (Applied Biosystems, Inc., Foster City, CA). Each
cDNA synthesis reaction (10 μL) contained 100 ng RNA, 1 μL 10x RT buffer, 2 μL 25mM
MgCl2, 1.6 μL 10mM deoxynucleotide triphosphates, 0.6 μL 50μM random hexamers, 0.4
μL RNAse inhibitor, 0.6 μL Multiscribe RTase, and nuclease-free water. Reverse
transcriptase reactions were run on an Eppendorf Mastercycler (Eppendorf AG, Hamburg,
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Germany) programmed for 10 min at 25 C, 60 min at 37 C, and 5 min at 95 C. Samples were
diluted with 40 μL nuclease-free water and stored at 4 C until RT-PCR was performed.

Relative levels of interleukin-1 beta (IL-1β), IL-1 receptor type I (IL-1RI), interleukin-6
(IL-6), tumor necrosis factor alpha (TNFα), and monocyte chemoattractant protein-1
(MCP-1) mRNAs were measured in brain tissue collected from CAF and sham-treated mice
3, 6, 16, 24, and 48 hours after injection (n≥5 per treatment and time). These cytokines and
chemokine were tested because they are induced in serum in mice and in murine
macrophages after treatment with cytotoxic chemotherapeutics (Elsea et al., 2008; Sauter et
al., 2011). Quantitative RT-PCR was performed on an ABI 7300 Real-Time PCR System
using prevalidated TaqMan master mix and commercial mouse-specific primer probes (IL-1
β,#Mn01336189_m1; IL-1RI, #Mn00434237_m1; IL-6, #Mn00446190_m1; TNFα,
#Mn00443260_g1; MCP-1, #Mn00441242_m1; Applied Biosystems). Each RT-PCR
reaction contained 5 μL of 2x Master Mix, 0.5 μL primer probe, and 5 μL of 2 ng/μL of
cDNA. Reactions were run in duplicate or triplicate. Raw cycle threshold values from
Eukaryotic 18S ribosomal subunit and GAPDH endogenous controls were compared
between groups to validate that gene expression of internal controls was not affected by
experimental treatment. Gene expression is expressed as fold change relative to sham treated
group using the 2−ΔΔC

T method (Livak and Schmittgen, 2001) (ABI 7300 relative quantity
study software version 1.3). Statistical analyses were conducted on the ΔCT values for each
gene since those values have a normal distribution.

2.4. Experiment 2. The effect of cytotoxic chemotherapy on fatigue and hypothalamic
orexin neuronal activity

Voluntary wheel running was measured in 12 mice housed individually in shoe-box cages
with an activity wheel. Wheel turns were collected automatically in 15 minute bins with a
magnetic reed switch (MiniMitter) and the Vital View Data Acquisition System (Vital View,
Bend, OR). After acclimation for 10 days, baseline wheel running activity was collected for
10 days. Running activity was calculated as the percent change in voluntary wheel running
activity from baseline for each mouse.

To indirectly quantify orexin neural activity, cFos expression in orexin neurons was
examined and quantified with immunohistochemistry (IHC) as described previously
(Grossberg et al., 2011). Briefly, animals were deeply anesthetized using sodium
pentobarbital (65 mg/kg) and killed by transcardial perfusion with PBS followed by fixation
with 4% paraformaldehyde (PFA) between 1915 and 1945, 24 hours after sham or CAF
injection (6 animals per treatment). The 24 hour treatment time coincides with acute
reduction in locomotor activity after CAF injection. Animals were treated and tissue
collected on sequential nights to allow for collection of tissue for all 12 animals between the
desired times. Brains were post-fixed in PFA overnight and cryoprotected in 20% sucrose
for 24 hours and frozen. Brains were sectioned at 30μm into a 1:4 series on a freezing
microtome. Sections were blocked in 5% normal donkey serum then incubated for 72 hrs at
4C in primary antibody containing rabbit anti-cFos antibody (SC-52, Santa Cruz
Biotechnology) diluted 1:5000 and goat anti-OrexinA antibody (SC-8070, Santa Cruz
Biotechnology) diluted 1:1500. Sections were washed then incubated 2 hrs at room
temperature in donkey anti-rabbit Alexa 594 and donkey anti-goat Alexa 488 (both 1:500,
Invitrogen). Separate sections were incubated in the absence of primary antisera to ensure
specificity of secondary antibodies. Sections were mounted and cover slipped in Aqua
Polymount (Polysciences, Warrington, PA). Slides were viewed and photomicrographs
obtained under a fluorescent microscope with appropriate filters (model 4000 DM, Leica
Microsystems; or model LSM710, Carl Zeiss). Orexin-A positive neurons with and without
nuclear localization of cFos immunoreactivity (IR) were counted (group assignment
masked) using a dual red/green filter and counts confirmed with images at 488 and 594
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taken separately with no significant differences in counts. Orexin neuron subpopulation
locations in the dorsal medial hypothalamus (DMH), the perifornical hypothalamic area
(PFA), and the lateral hypothalamic area (LHA) were based on mouse brain stereotactic
measurements (Paxinos and Franklin, 2001). Images were photographed by an external
investigator with group assignment masked.

2.5. Experiment 3. The effect of cytotoxic chemotherapy on cerebral spinal fluid (CSF)
levels of orexin-A

Orexin-A neuropeptide levels were measured in CSF collected from rats at 16 hours after
drug or sham treatment (n=9 per group) as an indicator of orexin neuron activity. Rats were
used in order to obtain sufficient volume of cerebrospinal fluid. Individually housed rats
were administered CAF or NS between 1500 and 1600. At 0630-0730 the next day, rats
were anesthetized with 2% isofluorane and a needle inserted percutaneously into the cisterna
magna to collect 50 uL CSF. Animals were returned to their home cage on a warming mat
during recovery. Protease inhibitor (Roche) was added to the CSF samples according to
manufacturer's instructions. Samples were frozen on dry ice and stored at −80C. Levels of
orexin-A in each CSF sample was measured using a commercial radioimmunoassay (RIA)
kit (Phoenix Pharmaceuticals). RIA was performed in duplicate using 25 uL of CSF
according to the manufacturer's instructions. The interassay variability assessed by replicate
analysis of a 250 pg/ml standard was 0.43%.

2.6. Experiment 4: To determine if central orexin-A injection restores ambulatory activity
Voluntary home-cage ambulatory activity and body temperature were measured in rats with
telemetric transponders (MiniMitter) surgically implanted in the scapular region as
described previously (Grossberg et al., 2011). A ventricular cannula was surgically
implanted into rats (n=20) 3 to 4 days after transponder implantation as described previously
(Grossberg et al., 2011). Briefly, a 22 gauge sterile guide cannula with obturator stylet
(Plastics One, Roanoke, VA) was implanted into the lateral ventricle and fixed in place with
multiple screws and dental cement. The coordinates used were 1.5 mm lateral to midline,1.0
mm posterior to bregma, and 4.1 mm below the skull surface (Paxinos and Watson, 1998).
After 3 days of recovery, animals and the lateral ventricle cannula were handled daily for 3
days to minimize stress responses with intracerebroventricular (icv) administration of fluid.
Animals were allowed to acclimate for at least 5 days following ventricular cannulation
surgery. Placement of cannula in the lateral ventricle was confirmed with return of clear
cerebral spinal fluid prior to icv administration of orexin-A/saline or injection of 1 μL dye
and microscopic confirmation at the end of the experiment. Body temperature and
movement on the x-, y-, and z- axes was recorded in 5 minute intervals throughout the
experiment with Vital View Data Acquisition System (Vital View, Bend, OR). Baseline
ambulatory activity was collected for 3 days. Rats were injected ip with CAF or NS between
1530 and 1730 (CAF n=12; NS n=8).

Orexin neuropeptide central injection was given 24 hours after CAF or sham injections. Rats
were given 1 μL of either sterile 0.9% saline (NS) or I uL of saline with 1 μg of orexin-A
(Ox-A) (California Peptide Research) into the lateral ventricle cannula between 1720 and
1740 (ip CAF-treated rats n=6 per icv group; ip NS-treated rats n=4 per icv group). The 1 μg
dose of orexin-A was selected because it increased early dark phase activity in LPS-treated
rats but not in sham-treated rats (Grossberg et al., 2011). Activity after ip CAF or sham
treatment and after icv administration of NS or Ox-A was compared to baseline for each
animal. Inactive bouts were assigned when a 5 minute interval had a recorded movement of
5 counts or less.
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2.7. Experiment 5: Orexin neuronal activation after multiple doses of cytotoxic
chemotherapy

Voluntary wheel running activity (VWRA) was measured in mice as described in
Experiment 2 except wheel turns were summed over 60 min intervals. After establishing a
10-day baseline VWRA mice were separated into 2 groups. Mice in group 1 (n= 6) were
injected with CAF while mice in group 2 were injected with NS. Mice were injected with an
additional 3 doses of CAF or NS at 21-day intervals, mimicking a clinically relevant
treatment regimen. All mice were provided with drinking water supplemented with
antibiotics (150 μg/mL amoxicillin oral suspension, Sandoz) to prevent infection related to
neutropenia, secondary to chemotherapy-induced bone marrow suppression.

Three weeks after the fourth dose of CAF or NS treatment, while CAF-treated animals still
had fatigue, mice were terminally sedated between 1915 and 2000, perfused transcardially
with 25 mL PBS followed by 25 mL 4% PFA as described in Experiment 2. Whole brains
were removed, frozen, and sectioned for IHC as described in Experiment 2. Following IHC
staining, sections (masked for treatment) were counted for nuclear visualization of c-Fos
protein in neurons immunoreactive for orexin-A.

2.8. Statistical analysis
Data were graphed and analyzed using GraphPad Prism 5. Comparisons between two groups
at a single time point were performed using two-tailed Student's t-test. Comparisons
between two treatments at multiple time points were performed using two-way ANOVA
with post hoc Bonferonni-corrected t-test. Comparisons among 3 or more groups were
examined with a one-way ANOVA with post hoc Bonferonni-corrected t-test. Repeated
measures ANOVA was used to examine change in repeated measures of activity between
treatment groups. Differences between groups were considered significant when p<0.05.

3. Results
3.1. Cytotoxic chemotherapy induces brain inflammatory gene expression

Since previous evidence suggests behavioral change such as fatigue/lethargy is mediated by
neural signaling in the brainstem or hypothalamus, we tested if peripherally administered
cytotoxic chemotherapy induces inflammatory gene expression in those brain regions. We
examined gene expression of IL-1R1, IL-1β, IL-6, TNFα, and MCP-1 at 3, 6, 16, 24, and 48
hours after administration of NS or CAF. There was no increase in RNA expression of any
of these inflammatory genes in either brain region at 3 hours after treatment. Il-1R1 gene
expression was significantly increased in both the brainstem (1.7 fold increase±0.12, n=10)
(p<.01) and hypothalamus (1.6 fold increase±0.20, n=15) (p<.001) at 6 hours after treatment
(Fig 1A). IL-6 gene expression was also significantly increased in both the brainstem (2.5
fold increase±0.38, n=9) (p<0.001) and hypothalamus (1.9 fold increase±0.22, n=7)
(p<0.01) at 6 hours after treatment (Fig 1B and C). This increase did not approach
significance at any other time point tested (Fig 1C). TNFα gene expression was significantly
induced in the hypothalamus at both 16 (1.7 fold increase±0.14, n=10) (p<0.05) and 24
hours (1.8 fold increase±0.24, n=10) (p<0.01) after treatment (Fig 1D). Although the
average expression was elevated, it was not significantly increased in the brainstem at 24
hours after treatment likely due to variability (1.9 fold increase±0.43, n=5) (Fig. 1D).
MCP-1 expression was significantly increased in both the brainstem (2.0 fold increase±0.40,
n=5) (p<.05) and hypothalamus (1.8 fold increase±0.37, n=10) (p<0.05) at 24 hours after
treatment (Fig. 1E), but not at other time points tested. Lastly, IL-1β gene expression was
significantly increased in the brainstem, but not in the hypothalamus, at 48 hours after
treatment (2.0 fold increase±0.08, n=5) (p<0.05) (Fig. 1F). Taken together, these results
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indicate that cytotoxic chemotherapy induces inflammatory gene expression in both the
brainstem and hypothalamus within 48 hours of treatment.

3.2. Reduction in ambulatory activity after cytotoxic chemotherapy administration is
associated with decreased dark-phase orexin neuron activity

CAF administered intraperitoneally to rats 3 hours before the start of the dark phase caused a
significant reduction in ambulatory activity during the dark phase (Fig. 2A-I). CAF-
treatment caused a significant reduction in dark phase activity counts (t(18)=7.42, p<0.0001)
(Fig 2A), total minutes of activity (t(18)=4.60, p<0.001) (Fig 2B), average duration of
sustained activity between inactive bouts (t(18)=4.22, p<0.001) (Fig 2C), and average rate of
activity throughout the dark phase (t(18)=7.93, p<0.0001) (Fig 2D). CAF-treatment caused a
significant increase in average duration of inactive bouts (t(18)=2.59, p<0.05) (Fig 2E) and
total minutes of inactivity (t(18)=4.96, p<0.001) (Fig 2F) during the dark phase.

Though the maximum decrease in activity occurred 6 to 12 hours after treatment (Fig 2G),
activity was significantly decreased during the first 2 hours of darkness, 4 hours after CAF
treatment (Fig 2H). During the first 2 hours of darkness (1800-2000), activity in CAF-
treated animals was 57±3% of baseline activity (n=12) compared to sham (86±9%, n=8)
(t(18)=3.28, p<0.01) (Fig.2H). Baseline activity between the groups prior to treatment was
not significantly different at 1800-2000 (p=0.2) or throughout the dark phase, 1800-0600
(p=0.1) (Fig 2G). Locomotor activity, both ambulatory and voluntary wheel running, was
initiated at the start of darkness in both treatment groups. Total counts of dark phase
ambulatory activity in rats and voluntary wheel running activity in mice slowly returned to
baseline 8 and 10 nights, respectively, after administration of a single dose of cytotoxic
chemotherapy (Fig 2I). Irrespective of treatment, both rats and mice had limited activity
during the light phase (Fig 2C and 2G). There was no difference in the counts of activity
(p=0.6) or the average duration of bouts of activity (p=0.5) (Fig 2C) or inactivity (p=0.1)
during the light phase between CAF and sham-treated animals.

Since impaired orexin neuron activity is associated with decreased locomotor activity in
rodents, we tested if CSF levels of orexin-A was decreased at the end of the dark phase after
treatment with cytotoxic chemotherapy, during the period of acute fatigue. CAF-treated rats
had a 49% reduction in CSF levels of orexin-A compared to sham-treated rats (Figure 3A)
(mean-CAF=400 ± 27 pg/mL, n=9; mean-sham=813 ± 43 pg/mL, n=9; t(16)=8.04,
p<0.0001).

To further examine the effect of chemotherapy on orexin neurons during the period of acute
fatigue, we examined cFos IR in orexin neurons 24 hours after chemotherapy treatment.
Hypothalamic orexin neurons in mice treated with CAF had significantly reduced nuclear
cFos IR compared to sham treated controls (n=6 per group; p<0.05) (Fig. 3C and 3E).
Colocalization of cFos in orexin neurons (depicted in Fig 3D) in the dorsomedial
hypothalamus (DMH), perifornical area (PFA), and the lateral hypothalamic area (LHA)
subpopulations (Fig 3B) revealed a significant effect of treatment (F(1,30)=13.32; p=0.001)
and anatomic location (F(2,30)=18.15; p< 0.001) (Fig 3C and 3E). cFos IR in orexin
neurons was significantly different between treatment groups in the DMH (Bonferroni-
corrected t-test p<0.05) (Fig 3C). There was no difference in cFos IR in orexin neurons
between treatment groups in the PFA and the LHA. The total number of orexin IR neurons
counted was not different between treatment groups (p=0.9; data not shown).
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3.3. Intracerebroventricular administration of orexin-A restores activity in rats
administered cytotoxic chemotherapy

To determine if orexin has a role in the reduction in ambulatory activity following treatment
with cytotoxic chemotherapy, we gave intracerebroventricular (icv) orexin-A neuropeptide
or the NS diluent. We found that a1 ug bolus of orexin-A, given 30 minutes before the start
of the dark phase, restored activity in CAF-treated animals. Among the chemotherapy
treated rats, animals that received icv orexin-A had more activity (p<0.05) (Fig 4A) and a
higher rate of activity (p<0.05) (Fig 4C) in the first 2 hours of the dark phase and throughout
the 12 hour dark phase (p<.05) (Fig 4B and 4D) than animals that received icv NS. Orexin-
A replacement in CAF-treated rats also increased the duration of initial activity at the
beginning of the dark phase as compared to icv NS (Bonferroni t=2.61, p<0.05) (Fig 4E).

Dark phase total activity (Fig 4B), rate of activity (Fig 4D), and duration of activity at the
start of the dark phase (Fig 4E) in CAF-treated animals given icv orexin-A was not
significantly different than activity in sham-treated control animals given icv NS. Animals
treated with CAF that did not receive icv orexin-A showed the expected reduced activity
(57% of baseline) at the beginning of the dark phase (p<.01) (Fig 4A) and throughout the
dark phase (51% of baseline) (p<.05) (Fig 4B). Taken together, orexin administration in
CAF-treated rats restored a pattern of dark phase activity--rate, duration, and total amount--
similar to that in control animals. Activity of control animals given icv orexin-A was not
statistically different than control animals given icv NS.

3.4. Orexin neuron activity suppressed after multiple cycles of cytotoxic chemotherapy
We also examined the effect of four cycles of CAF on hypothalamic orexin neuron cFos IR
since prior work in our laboratory showed that fatigue can persist for weeks after multiple
CAF cycles. CAF-treated mice had significantly reduced cFos IR in orexin-A-expressing
neurons compared to sham treated controls (n=4 each treatment, t(6)=3.59, p=0.01) (Fig 5A
and 5B). Across all regions, 22.1% of orexin-A-expressing neurons had cFos IR in CAF-
treated mice vs 49.2% in sham. The 3 hypothalamic subpopulations of orexin neurons
showed a significant effect of treatment (F(1,12)=14.99; 53% of variation, p<0.01) and
anatomic location (F(2,12)=53.13; 20% of variation, p<0.0001). Post-hoc analysis showed a
significant decrease in cFos IR in both the DMH (t=3.98, p<.01) and PFA (t=4.61, p<.001)
orexin neurons (Fig 5B). No difference in cFos nuclear IR between treatment groups was
observed in the LHA. Rostrocaudal location had no observed effect on cFos IR in orexin
neurons. The number of orexin-A IR neurons counted across the hypothalamus and in each
region did not differ with treatment (p=0.8; data not shown).

3.5. Cytotoxic chemotherapy reduces body temperature
Though fever is often associated with infection and LPS-induced decreased activity, we
found that rats treated with cytotoxic chemotherapy had significantly reduced dark phase
body temperature (96.1% of dark phase baseline (range 34.1C to 36.8C); p<.001, n=12)
compared to sham-treated controls (99.8 % of dark phase baseline (36.7C to 37.9C), n=8).
Body temperature during the light phase was similar in both groups and did not differ from
their light phase baseline temperature. Dark phase body temperature returned to baseline
temperature the second night after cytotoxic chemotherapy treatment (data not shown), even
though activity during the second night after drug treatment remained approximately 50%
decreased from their dark phase baseline. Body temperature on the second night after sham
or drug treatment, which had returned to baseline, was not further affected by icv central
administration of the orexin-A neuropeptide or NS (data not shown).
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4. Discussion
Fatigue is a common symptom associated with infection and cancer chemotherapy
treatment. Infection induces peripheral inflammation that alters neural signaling in the brain,
resulting in sickness behavior that conserves energy and promotes acute recovery (Dantzer
et al., 2008; Kelley et al., 2003; Konsman et al., 2002). Since cytotoxic chemotherapy
induces peripheral inflammation, fatigue associated with cytotoxic chemotherapy may have
an underlying mechanism similar to infection-induced fatigue (Bower and Lamkin, 2012;
Cleeland et al., 2003; Dantzer et al., 2012; Saligan and Kim, 2012). The neural mechanisms
associated with cytotoxic chemotherapy induced fatigue are not known.

We report here three important results from this research. First, peripherally administered
cytotoxic chemotherapy induces inflammatory gene expression in both the brainstem and
hypothalamus within 48 hours after treatment. Second, cytotoxic chemotherapy suppresses
hypothalamic orexin neuron activity. We demonstrate this by reduced orexin-A
neuropeptide concentration in the cerebrospinal fluid and failure of normal physiological
activation of orexin neurons (as measured by cFos nuclear localization). Third, central
administration of the orexin-A neuropeptide restores ambulatory activity in cytotoxic
chemotherapy-treated animals. Our results are consistent with studies demonstrating
decreased orexin neuron activity in conditions involving central inflammation such as
traumatic brain injury and treatment with bacterial endotoxin (Baumann et al., 2005;
Gaykema and Goehler, 2009; Gerashchenko and Shiromani, 2004; Grossberg et al., 2011;
Willie et al., 2012). Suppression of orexin neuron activity at a time of peak fatigue after
cytotoxic chemotherapy along with restoration of activity with centrally administered
orexin-A indicate that disrupted orexin neuron function contributes to fatigue/lethargy after
cytotoxic chemotherapy. To our knowledge, this is the first report of altered neural activity
associated with cytotoxic chemotherapy-induced fatigue.

4.1. Cytotoxic chemotherapy induces brain inflammatory signaling
The cytotoxic chemotherapeutic drugs used in this study, cyclophosphamide, adriamycin,
and fluourouracil, acutely increase circulating inflammatory cytokine levels in mice (Sauter
et al., 2011; Wong et al., 2012; Wood et al., 2006). Fluourouracil increases circulating
MCP-1 levels at 5 and 15 days after multiple doses of drug (Mahoney et al., 2013). Yet it is
not known if these cytotoxic chemotherapeutics induce hypothalamic inflammation. LPS
induces peripheral and central inflammation in the hypothalamus and brainstem and
anorexia and fatigue sickness behaviors (Capuron and Miller, 2011; Gayle et al., 1998).
Chemotherapy induces similar sickness behaviors, suggesting a common mechanism with
inflammatory stimuli such as LPS. On the other hand, we observed a decrease in core body
temperature after CAF injection not followed by a febrile period. This is in contrast to the
typical body temperature response after peripheral inflammatory insults, and suggests a
different hypothalamic response may occur after cytotoxic chemotherapy.

We found that these cytotoxic chemotherapeutic drugs induce a similar pattern of
inflammatory gene expression in both the brainstem and hypothalamus. This could result
from peripheral inflammation communicated to both the brainstem and hypothalamus due to
an attenuated blood brain barrier, vagal signaling (Bluthe et al., 1994), or signaling from the
brainstem to the hypothalamus (Gaykema and Goehler, 2011). We were surprised to not
detect elevated IL-1β gene expression at or prior to 6 hours after treatment since IL-1β is
considered a key initiating cytokine for induction of inflammatory signaling. In vivo studies
indicate that adriamycin induces formation of the NLRP3 inflammasome protein complex
that cleaves pro-IL-1β to the active IL-1β (Sauter et al., 2011). This release of IL-1β could
induce IL-1R1 and IL-6 gene expression at 6 hours after treatment without increased IL-1β
gene expression. We found IL-1β gene expression was significantly induced in the
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brainstem at 48 hours after treatment, indicating a possible biphasic response. One limitation
of this study is that we did not examine gene expression beyond 48 hours after treatment. It
was not feasible to simultaneously measure the concentration of cytokines in these brain
regions, so we do not know if the active form of IL-1β was increased in the hypothalamus or
brainstem. In addition, we tested only the common intraperitoneal route of administration of
drug. It is possible that an intravenous route could result in different central effects (Bluthe
et al., 1996). We do not know how or if this central inflammation directly affects orexin
neurons. Prostaglandin and central IL-1 signaling were not required in LPS-induced fatigue/
lethargy (Grossberg et al., 2011).This area warrants additional study.

4.2. Physical activity to measure fatigue/lethargy induced by cytotoxic chemotherapy
The change in ambulatory activity in rodents after treatment with cytotoxic chemotherapy in
this study captured the salient descriptions of this fatigue in people including decreased total
activity, decreased duration of activity, slowed activity, and increased need for rest (Scott et
al., 2011). Activity during the dark phase slowly returned to baseline in the subsequent 8-10
nights after treatment, consistent with reports of decreased activity with cytotoxic
chemotherapy in rodents (Mahoney et al., 2013; Ray et al., 2011; Wood et al., 2006).

4.3. Decreased orexin neuron activity as a component of fatigue/lethargy
In nocturnal rodents, orexin neurons signal throughout the dark phase (Estabrooke et al.,
2001; Lee et al., 2005), with discharge specific to wakefulness, exploration, and motivated
behavior (Mileykovskiy et al., 2005; Takahashi et al., 2008). Orexin neurons project densely
to neurons involved in arousal and wakefulness including noradrenergic neurons in the locus
coeruleus (Carter et al., 2012) and monoaminergic, cholinergic, and histaminergic neurons
(Date et al., 1999; Peyron et al., 1998). Orexin peptide administration in orexin knockout
rodents restores locomotion and results in restored wakefulness (Anaclet et al., 2009; Kantor
et al., 2013). We found that cytotoxic chemotherapy decreased orexin neuron activity during
the dark phase.

Our results with acute and chronic administration of cytotoxic chemotherapy support a
functional division of orexin neurons described previously with the DMH and PFA orexin
subpopulations regulating arousal and stress responses (Harris and Aston-Jones, 2006;
Nollet et al., 2011; Yoshida et al., 2006). We found a significant suppression of the DMH
orexin neurons after a single dose and multiple doses of cytotoxic chemotherapy, and
suppression of the PFA orexin neurons after multiple doses of chemotherapy. Our findings
are similar, but not identical to those of Grossberg et al. (2011) who reported the PFA
subpopulation is sensitive to LPS-induced inflammation and this suppression is associated
with decreased locomotor activity.

It is not surprising that LPS and cytotoxic chemotherapy may have slightly different effects
on orexin neurons. LPS causes decreased activity in rodents for less than one day, while
cytotoxic chemotherapy reduces activity for many days following a single treatment. In our
hands, LPS induces hypothalamic IL-1β gene expression within 2 hours after treatment, a
result we did not observe with cytotoxic chemotherapy. LPS induces higher IL-6 gene
expression after treatment as compared to our results with a single dose of cytotoxic
chemotherapy (Grossberg et al., 2011). In addition, LPS often induces a febrile response,
and we found cytotoxic chemotherapy induces hypothermia, indicating different effects
between these agents on neuron populations in the hypothalamus. Differences in
inflammatory gene expression induced by these treatments could be due to cytotoxic
chemotherapy binding DNA and interfering with RNA and protein synthesis (Longley et al.,
2003; Vacchelli et al., 2012). Differences in the timing and severity of hypothalamic
inflammation could have a different impact on neurons and subsequent symptoms. In
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addition, the division of orexin neurons into three subpopulations is approximate and is
difficult to discern on some hypothalamic sections. Since identification of subpopulations is
subjective, it is important to note that we found a significant decrease in orexin neuron
activity across all regions following both acute and chronic treatment with cytotoxic
chemotherapy.

Our visual observation of decreased orexin neuron activity was confirmed with our finding
that CSF concentration of orexin-A was decreased after administration of cytotoxic
chemotherapy. Orexin peptides are released from orexin neurons throughout the active
phase, which presumably drives a diurnal fluctuation of orexin-A in CSF (Desarnaud et al.,
2004). CSF concentration of orexin-A was not measured at the nadir prior to the dark period
since it was previously shown in our laboratory that the morning peak level of orexin-A and
not the nadir level was altered in rodents given peripheral LPS (Grossberg et al., 2011).
Orexin neurons were previously found to be sensitive to chronic administration of LPS
(Gerashchenko and Shiromani, 2004). Although we did not find any difference in the
number of hypothalamic orexin neurons, similar to results with a single dose of LPS or
experimental traumatic brain injury (Grossberg et al., 2011; Willie et al., 2012), the acuity
and duration of inflammation may influence the effect on orexin neurons.

4.4. Exogenous orexin-A restores activity following cytotoxic chemotherapy
If chemotherapy induces fatigue via a decrease in orexin neuronal function, then orexin
administration should reverse this fatigue. We found central administration of orexin-A
restored ambulatory activity movement and the rate of activity in the first 2 hours of the dark
phase when healthy rodents have highest activity. Administration of orexin-A to CAF-
treated rats also increased the duration of sustained activity at the start of the dark phase.
Similar to our results, restoration of this normal pattern of arousal and sustained wakefulness
was recently reported in rodents given orexin-A producing stem cells following orexin
neuron ablation (Kantor et al., 2013). In our study, chemotherapy treated animals given icv
orexin-A showed normal patterns of grooming, had restoration of movement in the cage,
restoration of the rate of activity, and increased duration of activity upon wakening,
indicators that orexin restored functional dark phase activity rather than inducing
hyperactivity.

Centrally administered orexin-A has a limited physiological action (Kiwaki et al., 2004;
Samson et al., 2010), so we were surprised to find it stimulated activity across the 12 hour
dark phase. One explanation for this longer activity is that orexin-A stimulates orexin-A
release (Yamanaka et al., 2010). Physical activity in animals may also stimulate increased
CSF levels of orexin-A, resulting in a sustained active period (Wu et al., 2002).

We found that orexin-A administered at the start of the dark phase did not alter ambulatory
activity during the subsequent light phase. This indicates the normal rodent diurnal pattern
of light phase inactivity was not affected. We also found that administration of 1 μg orexin-
A to control rats did not significantly affect dark phase activity, consistent with earlier
reports (Anaclet et al., 2009; Grossberg et al., 2011). A dose of orexin-A four times greater
than that used in our study was found to increase dark phase activity in control animals for
two hours after orexin-A treatment (Kotz et al., 2002). Increased dose of orexin-A does
increase activity (Kiwaki et al., 2004; Nakamura et al., 2000; Samson et al., 2010) perhaps
explaining this difference in our findings. Administration of orexin-A during the light phase
has repeatedly been shown to increase activity in control rodents for up to two hours during
the normally inactive light phase (Fenzl et al., 2011; Kiwaki et al., 2004; Nakamura et al.,
2000; Novak and Levine, 2009; Samson et al., 2010). Our treatment was aimed at restoring
normal dark phase activity, not at producing a pharmacologic enhancement of activity
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during the normally quiescent light phase. The effects of exogenous orexin-A after multiple
doses of chemotherapy and in female rats was not examined in this study.

4.5. Implications
Understanding the causal mechanisms of cytotoxic chemotherapy-induced fatigue can
support development of interventions to prevent or treat this fatigue. This study supports
earlier research indicating that suppression of the central inflammatory response and
restoration of orexin signaling are both potential targets to prevent or treat cytotoxic
chemotherapy induced fatigue (Grossberg et al., 2011; Wong et al., 2012; Wood and
Weymann, 2013). We found that central administration of orexin-A neuropeptide restored
functional activity during the active phase in rats. Central replacement of orexin-A is not
clinically feasible. However, an oral agonist of the orexin receptor is in clinical trials to treat
narcolepsy (NIH RePORT #1U01NS080400-01), a disorder in which orexin signaling is
impaired (Chemelli et al., 1999; Lin et al., 1999).

Other drugs that stimulate arousal, such as methylphenidate and modafinil, have limited
success in the treatment of persistent fatigue with cancer (Bruera et al., 2013; Jean-Pierre et
al., 2010; Lower et al., 2009; Minton et al., 2011). An orexin agonist may be more suited to
increase functional arousal as compared to altering dopamine or histamine signaling
(Anaclet et al., 2009). Physical exercise is a non-pharmacologic intervention that has shown
benefit in reducing cancer-related fatigue (Kummer et al., 2013; McNeely and Courneya,
2010; Mitchell et al., 2007). But, adherence to a regular schedule of physical activity is a
barrier to this intervention (Wenzel et al., 2013). Based on results presented here and
previous studies on orexin action, we propose that treatment with an orexin agonist may
promote functional activity, daytime wakefulness, and increase success in maintaining
physical activity in people treated with cytotoxic chemotherapy.
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Research Highlight

Cancer chemotherapy-induced fatigue is associated with suppressed hypothalamic orexin
neuron activity and orexin administration reverses this fatigue.

Weymann et al. Page 17

Brain Behav Immun. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Hypothalamic (hypo) and brainstem (brst) mRNA levels of inflammatory genes at 3, 6, 16,
24, and 48 hours after ip sham or cyclophosphamide, adriamycin, and fluorouracil (CAF)
administration in mice. Significant differences in gene expression are shown and presented
as fold-change relative to sham treatment . The mean and standard error are graphed. The
number in each group is given in bars. A, IL-1R1 gene expression is significantly induced in
both brain regions 6h after ip CAF treatment. Expression after ip CAF administration does
not differ from sham at other times after treatment. B, IL-6 gene expression is significantly
induced 6 h after CAF treatment relative to sham in both brain regions. C, IL-6 gene
expression in the hypothalamus after CAF treatment is not significantly different than sham
at time points other than 6 h after treatment. D, TNFα gene expression at 16 h and 24h after
CAF treatment is significant only in the hypothalamus. E, MCP-1 gene expression is
significant in both brain regions at 24 h after treatment. F, IL-1β gene expression is
significantly induced in the brain stem at 48 h after treatment. Interleukin 1 receptor type 1
(IL-1R1), Interleukin 1β (IL-1β), Interleukin 6 (IL-6), Tumor Necrosis Factor alpha (TNFα),
Monocyte chemoattractant protein (MCP-1/CCL-2). *p<0.05, **p<0.01, ***p<0.001
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Figure 2.
Cytotoxic chemotherapy reduces dark phase locomotor activity in rats and mice. A,
Locomotor activity summed across the dark phase (1800-0600) is reduced following CAF
treatment in rats. B, Total minutes of activity during the dark phase is reduced following
CAF treatment. C, The average duration of bouts of activity are decreased during the dark
phase but not during the light phase after CAF treatment. D, The average rate of activity
(average of movement during 5 minute bins that had activity) is decreased during the dark
phase. E, CAF increases the average duration of inactive periods during the dark phase. F,
CAF treatment increases the total minutes of inactivity during the dark phase. G, Baseline
activity in the dark and light phase prior to and after CAF or sham treatment. H, CAF
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treatment decreases ambulatory activity calculated as % of baseline activity in the first 2
hours of the dark phase, 1800-2000. Rats n=8 sham, n=12 CAF. I, Voluntary wheel running
activity in mice (n=6 each treatment) slowly returns to baseline at 10 nights after treatment
with CAF. *p<0.05, **p<0.01, ***p<0.001
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Figure 3.
CAF treatment results in decreased dark phase orexin neuron activity. A, Rats treated with
CAF at 1600 had decreased level of orexin-A (Ox-A) in cerebrospinal fluid (CSF) collected
the following morning (n=9 each treatment). B, Image of the mouse hypothalamic area (near
Bregma – 1.7 mm) illustrating orexin neurons in the dorsal medial hypothalamus (DMH)
(width of 500 μm lateral from 3rd ventricle-3V), perifornical hypothalamic area (PFA)
(width of 500 μm lateral from DMH and includes the fornix (f), and lateral hypothalamic
area (LHA) (400 μm lateral from PFA to optic nerve (opt)) subpopulation areas counted. C,
Percentage of orexin neurons with cFos immunoreactivity (IR) is less following treatment
with CAF vs sham, indicating CAF treatment reduces the normal evening rise of cFos in
orexin neurons in the hypothalamus in mice. Percentage of orexin neurons with cFos
coexpression given for all orexin neurons in the hypothalamus and for separate anatomic
subpopulations (n=6 each treatment). Data given as mean ± SEM. D, Photomicrographs of
DMH orexin neurons after sham treatment showing immunoreactivity for orexin-A (green)
in top panel, immunoreactivity for cFos (red) in middle panel, and the merged image
showing 2 of the 3 orexin-A+ neurons co-stain for nuclear cFos (yellow cells), one orexin-A
+ neuron is negative for cFos (green cell), and a cell negative for orexin-A that is positive
for nuclear cFos (red nucleus). E, Hypothalamic orexin neurons subpopulations co-stained
for cFos. Open arrowhead indicates cells expressing orexin-A but not nuclear cFos; closed
arrowheads indicates cFos nuclear expression in orexin-A+ neuron. Scale bars=50 μm.
*p<0.05, ***p<0.001.
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Figure 4.
Central orexin-A administration restores ambulatory activity counts (A, B) and the average
activity rate per 5 minute bin (C, D) during the first 2 hours of the dark phase (A, C) and
throughout the dark phase (B, D) as compared to baseline. Activity is calculated as
percentage of baseline activity for each animal. E, Orexin-A administration increases
duration of the first bout of activity at the beginning of dark phase. sham/NS=ip sham and
icv NS (n-4), CAF/NS=ip CAF and icv NS (n=6), CAF/OxA= ip CAF and icv Orexin-A
(n=6). Sham/OxA (n=4) was not significantly different than sham/NS in any of the
measures.
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Figure 5.
The normal evening rise of cFos in orexin neurons in the hypothalamus is reduced in mice
after multiple cycles of CAF treatment is given in doses 21 days apart. A, Representative
photomicrographs of cFos (shown in red nuclei) in orexin neurons (shown in green) in
DMH, PFA, and LHA in sham and CAF-treated mice. B, Percentage of orexin neurons with
cFos IR following treatment with ip sham or CAF, given for all orexin neurons in the
hypothalamus and for separate anatomic subpopulations. n=4 each treatment. Scale
bar=50μM. *p<0.05, **p<0.01, ***p<0.001
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