
Article
A Role for Hypocretin/Ore
xin in Metabolic and Sleep
Abnormalities in a Mouse Model of Non-metastatic
Breast Cancer
Graphical Abstract
Highlights
d Tumors promote IL-6 driven inflammation and changes in

metabolism and sleep

d This is associated with aberrant activity of hypocretin/orexin

(HO) neurons

d Blocking HO signaling attenuated metabolic abnormalities

and enhanced sleep quality

d Reduced leptin and sensitivity to ghrelin may contribute to

altered HO activity
Borniger et al., 2018, Cell Metabolism 27, 118–129
July 3, 2018 ª 2018 Elsevier Inc.
https://doi.org/10.1016/j.cmet.2018.04.021
Authors

Jeremy C. Borniger,

William H. Walker II, Surbhi, ...,

Maryam B. Lustberg, Randy J. Nelson,

A. Courtney DeVries

Correspondence
jcbornig@stanford.edu (J.C.B.),
william.walker2@hsc.wvu.edu (W.H.W.I.)

In Brief

Cancer patients with metabolic and sleep

dysfunction have worse prognoses.

Using a mouse model of breast cancer,

Borniger, Walker II, et al. provide

evidence that tumors deregulate satiety

hormones, which likely alters the activity

of hypocretin/orexin neurons. Aberrant

activity in these cells impairs sleep and

alters glucose metabolism via the

sympathetic nervous system.

mailto:jcbornig@stanford.�edu
mailto:william.walker2@hsc.wvu.�edu
https://doi.org/10.1016/j.cmet.2018.04.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cmet.2018.04.021&domain=pdf


Cell Metabolism

Article
A Role for Hypocretin/Orexin in Metabolic
and Sleep Abnormalities in a Mouse
Model of Non-metastatic Breast Cancer
Jeremy C. Borniger,1,2,3,7,8,* William H. Walker II,1,2,3,7,* Surbhi,1,2,3 Kathryn M. Emmer,1,2,3,6 Ning Zhang,1,2,3

Abigail A. Zalenski,1,2,3 Stevie L. Muscarella,1,2,3 Julie A. Fitzgerald,1,2,3 Alexandra N. Smith,1,2,3 Cornelius J. Braam,1,2,3

Tial TinKai,1,2,3 Ulysses J. Magalang,1,2,4 Maryam B. Lustberg,5 Randy J. Nelson,1,2,3 and A. Courtney DeVries1,2,3
1Department of Neuroscience, The Ohio State University Wexner Medical Center, Columbus, OH 43210, USA
2Neuroscience Research Institute, The Ohio State University Wexner Medical Center, Columbus, OH 43210, USA
3Behavioral Neuroendocrinology Group, The Ohio State University Wexner Medical Center, Columbus, OH 43210, USA
4Department of Medicine, The Ohio State University Wexner Medical Center, Columbus, OH 43210, USA
5ComprehensiveCancer Center, Division ofMedical Oncology, TheOhio State UniversityWexnerMedical Center, Columbus, OH43210, USA
6Department of Veterinary Preventative Medicine, The Ohio State University Wexner Medical Center, Columbus, OH 43210, USA
7These authors contributed equally
8Lead Contact

*Correspondence: jcbornig@stanford.edu (J.C.B.), william.walker2@hsc.wvu.edu (W.H.W.I.)
https://doi.org/10.1016/j.cmet.2018.04.021
SUMMARY

We investigated relationships among immune,
metabolic, and sleep abnormalities in mice with non-
metastatic mammary cancer. Tumor-bearing mice
displayed interleukin-6 (IL-6)-mediated peripheral
inflammation, coincident with altered hepatic glucose
processing and sleep. Tumor-bearing mice were hy-
perphagic, had reduced serum leptin concentrations,
and enhanced sensitivity to exogenous ghrelin. We
tested whether these phenotypes were driven by
inflammation using neutralizing monoclonal anti-
bodies against IL-6; despite the reduction in IL-6
signaling, metabolic and sleep abnormalities per-
sisted. We next investigated neural populations
couplingmetabolismand sleep, andobserved altered
activity within lateral-hypothalamic hypocretin/orexin
(HO) neurons.Weused adual HO-receptor antagonist
to test whether increased HO signaling was causing
metabolic abnormalities. This approach rescued
metabolic abnormalities and enhanced sleep quality
in tumor-bearingmice. Peripheral sympathetic dener-
vation prevented tumor-induced increases in serum
glucose. Our results link metabolic and sleep abnor-
malities via the HO system, and provide evidence
that central neuromodulators contribute to tumor-
induced changes in metabolism.

INTRODUCTION

Among patients with cancer, metabolic dysfunction is a signif-

icant problem that is associated with decreased quality of life

and increased mortality (Protani et al., 2010). There is evi-

dence of increased glucose concentrations at breast cancer

diagnosis relative to values from matched controls without
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cancer (Lin et al., 2017). Elevated glucose concentrations are

linked to cancer progression (Ryu et al., 2014), and recent ro-

dent studies suggest that cancer can also alter glucose ho-

meostasis (e.g., Masri et al., 2016). A better understanding

of the relationship between breast cancer and metabolism is

critical given that elevated blood glucose among breast can-

cer survivors is associated with decreased survival indepen-

dent of comorbid type II diabetes and body mass index (Villar-

real-Garza et al., 2012; Contiero et al., 2013). Sleep problems

are also prevalent in breast cancer survivors, and poor sleep is

a strong predictor of subsequent mortality even when taking

into consideration other risk factors including age, hormone

receptor status, cortisol concentrations, depression, and

metastasis (Palesh et al., 2014). Despite the prevalence of

these problems, the underlying mechanisms mediating can-

cer-associated metabolic changes and sleep disruption are

unknown.

Cancer cells produce and secrete a number of factors,

including inflammatory molecules andmetabolic ‘‘waste,’’ which

contribute to inflammation (Grivennikov et al., 2010; Hanahan

and Weinberg, 2011). These factors are capable of altering the

function of organs locally, or at a distal site (Colegio et al.,

2014; Masri et al., 2016). Indeed, a prevalent hypothesis linking

cancer to metabolic deregulation is that tumor-induced eleva-

tions in interleukin-6 (IL-6) promote hepatic insulin resistance

via signal transducer and activator of transcription 3/suppressor

of cytokine signaling 3 (STAT3/SOCS3) signaling (Masri et al.,

2016), and a similar inflammatory mechanism has been pro-

posed to underlie changes in sleep (Bower et al., 2011). Sleep

is essential for proper metabolic regulation, as chronic sleep

disruption promotes weight gain and the development of a

chronic inflammatory state which may contribute to cancer initi-

ation or progression (Irwin et al., 2008; Lucassen et al., 2012).

Because the relationships among metabolism, sleep, and

inflammation are poorly understood in the context of cancer,

we sought to examine how these components interact during

the course of tumor development in a mouse model of non-met-

astatic breast cancer. We hypothesized that tumor-induced
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Figure 1. Non-metastatic Tumors Induce Peripheral IL-6 Signaling

(A–C) Tumor-bearingmice have increased (A) spleenmass (n = 12/group; t = 3.702, p = 0.0012), (B) high serum levels of IL-6 (n = 13 no tumor, n = 14 tumor for IL-6;

t = 2.449, p = 0.022, n = 14/group for tumor necrosis factor-a [TNF-a], t = 2.322, p = 0.028), and (C) their tumors contain high levels of IL-6 protein.

(D–L) This is associated with increased pSTAT3 activation (western blot, ZT 10) in the liver of tumor-bearing mice (Tumor) compared with non-tumor-bearing (No

Tumor) mice (only relevant lanes of thewestern blot are shown), andmarkedmacrophage (F4/80+) infiltration into tumors (D). Tumor-bearingmice have increased

expression of downstream targets of IL-6 signaling in the liver including (E) stat3 (n = 9/group for ZT 6, t = 2.937, p = 0.0097; 10/group for ZT 14, t = 2.241, p =

0.038; 9 no tumor, 10 tumor for ZT 22, t = 3.571, p = 0.0024), (F) socs3 (n = 9 and 8/group for no tumor and tumor groups ZT 6, t = 2.692, p = 0.0167; n = 9 and 10 for

ZT 10, t = 2.683, p = 0.0157), (G) il1r1 (n = 10 no tumor, 9 tumor for ZT 10, t = 2.379, p = 0.029; 8 and 10 for ZT 14, t = 3.725, p = 0.0018), (H) crp (n = 8 no tumor

10 tumor for ZT 10, t = 2.79, p = 0.013; 9 and 8 for ZT 14, t = 2.087, p = 0.054), (I) il6ra (n = 9/group for ZT 6, t = 3.237, p = 0.0052; 10 no tumor and 8 tumor for ZT

10, t = 2.144, p = 0.0478; 9 and 10 for ZT 14, t = 3.139, p = 0.00599; 10 and 9 for ZT 18, t = 2.137, p = 0.0474; and 9/group for ZT 22, t = 2.642, p = 0.0177), and (J)

ccl2 (n = 10 no tumor and 9 tumor for ZT 10, t = 2.247, p = 0.038), but not the hypothalamus (K and L). Error bars represent ± SEM; *p < 0.05, **p < 0.01, Student’s

t test.
inflammation contributes to metabolic and sleep abnormalities.

To test this, we took a multifaceted approach yielding data on

metabolic function, immune activation, and sleep throughout tu-

mor growth. We demonstrate that syngeneic non-metastatic tu-

mors (derived from 67NR cells) promote alterations in satiety

hormone signaling and hepatic glucose processing coincident

with peripheral IL-6-driven inflammation. These phenotypes

were associated with disrupted and fragmented sleep, and aber-

rant activity of wake-stabilizing hypocretin/orexin (HO) neurons.

Attenuation of HO signaling (via dual HO-receptor antagonism),

but not blockade of IL-6, rescued metabolic abnormalities and

enhanced sleep quality in tumor-bearing mice. Furthermore,

peripheral sympathetic denervation (via 6-hydroxydopamine

[6-OHDA] administration) prevented tumor-induced elevations

in blood glucose concentrations. These data suggest that central

neuromodulator systems contribute to impairments in glucose

processing in tumor-bearing mice independent of the inflamma-

tory milieu.
RESULTS

Non-metastatic Mammary Tumors Promote Peripheral
IL-6 Signaling
To assess the inflammatory profile in tumor-bearing mice, we

measured the expression (mRNA and/or protein) of several cyto-

kines in tumors, serum, spleen, liver, and brain at multiple time

points during tumor development. We observed increased

spleen masses, macrophage (F4/80+) infiltration into the tumor,

as well as high concentrations of IL-6 protein in serum and tumor

parenchyma (Figures 1A–1D). Because the liver orchestrates

acute phase responses to elevations in IL-6 (Castell et al.,

1990), we examined whether tumor-induced inflammation was

associated with altered liver function. We sampled livers from tu-

mor-bearing mice ‘‘around the clock’’ for 24 hr and observed

increased protein concentrations of the IL-6-regulated transcrip-

tion factor pSTAT3 (Figure 1D), whose phosphorylation at

tyrosine 705 is known to activate STAT3 and promote its
Cell Metabolism 27, 118–129, July 3, 2018 119



Figure 2. Non-metastatic Tumors Alter Hepatic Glucose Metabolism

(A–C) Tumor-bearing mice had impaired (A and B) glucose processing during a glucose tolerance test following an overnight fast (n = 10 no tumor, 9 tumormice at

15 min post-injection, t = 2.599, p = 0.0187; n = 10/group for area under the curve [AUC], t = 2.134, p = 0.047), as well as (C) spontaneously higher glucose during

the active phase (n = 19 no tumor, 18 tumor mice, t = 2.398, p = 0.0219).

(D and E) This was accompanied by (D) reduced expression of the insulin-dependent glucose transporter (slc2a4) (ZT 10, n = 15/group, t = 3.78, p = 0.0008),

and (E) increased food intake (N23 n = 40/group, t = 2.251, p = 0.027; N24 t = 2.497, p = 0.0146), night average intake t = 2.542, p = 0.013; total intake t = 2.359,

p = 0.021), and altered expression of gluconeogenesis and glycolysis pathway genes ‘‘around the clock.’’

(F–N) Tumor-bearing mice enhanced gluconeogenesis in response to pyruvate (n = 15/group, 30 min post-injection, t = 3.43, p = 0.0019) (F) and lactate

(n = 15/group, 30 min time point t = 2.534, p = 0.0174) challenges (G), altered gck (n = 10/group for ZT 18, t = 2.365, p = 0.029) (H), pklr (n = 10 no tumor and 11

tumor for ZT 10, t = 2.23, p = 0.038; 9/group for ZT 18, t = 2.764, p = 0.014) (I), g6pc (n = 8 no tumor and 10 tumor at ZT 2, t = 2.258, p = 0.038; and 10 and 9 at ZT 14,

t = 2.428, p = 0.0266) (J), pck1 (n = 10/group for ZT 2, t = 2.694, p = 0.015; 9/group for ZT 14, t = 2.792, p = 0.013) (K), and ldha (n = 9 no tumor and 12 tumormice for

ZT 10, t = 2.38, p = 0.028; 8/group for ZT 14, t = 5.105, p = 0.00016) (L), as well as reduced pAkt expression in the liver (M), indicating impaired insulin receptor

signaling (ZT 10) (only relevant lanes of the western blot are shown). These changes in inflammation and metabolism were not evident until after day 15 following

67NR inoculation, as expression of all genes was equivalent between groups at this time (ZT 16) (N). Error bars represent SEM; *p < 0.05, **p < 0.01, ***p < 0.001;

Student’s t test.
transcriptional activity via nuclear translocation (Darnell, 1997),

as well as increased mRNA expression of IL-6 target genes

including stat3, socs3, interleukin-1 receptor-1 (il1r1), inter-

leukin-6 receptor-alpha (il6ra), chemokine ligand 2 (ccl2), and

C-reactive protein (crp) (Figures 1E–1J). Importantly, these

changes were not detected at all circadian times, suggesting

that circadian gating of immune responses may modulate the

hepatic response to tumors at a distal site (Masri et al., 2016). In-

flammatory changes were not evident in the hypothalamus (Fig-

ures 1K and 1L), a key brain region involved in the regulation of

metabolism and sleep, or in the hippocampus or cortex (Fig-

ure S1). These data suggest that 67NR-derived tumors promote

peripheral, but not central, inflammatory responses which are

largely driven by IL-6.
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Non-metastatic Mammary Tumors Deregulate Hepatic
Glucose Metabolism
Because inflammatory signaling can disrupt liver glucose meta-

bolism (Hotamisligil, 2006), we investigated gluconeogenesis

and glycolysis pathway gene expression in the livers every 4 hr

around the clock. We observed marked deregulation of primary

enzymes responsible for glucose processing including gluco-

neogenesis enzymes: lactate dehydrogenase-A (ldha), phos-

phoenolpyruvate carboxykinase 1 (pck1), and glucose-6-phos-

phatase (g6pc); and glycolysis enzymes: glucokinase (gck) and

pyruvate kinase isozymes L/R (pklr) (Figures 2H–2L). These

changes were associated with impaired glucose tolerance after

an overnight fast and higher blood glucose when fed ad libitum

concurrent with increased food intake, particularly during the



active phase (Figures 2A–2C and 2E). We further assessed

whether insulin signaling was normal by measuring a down-

stream kinase in the insulin receptor activation pathway,

phosphorylated Akt (Ser473). We observed reduced pAkt and

the insulin-dependent glucose transporter (GLUT4; slc2a4)

expression in the livers of tumor-bearing mice (Figures 2D and

2M), suggesting that serum elevations in glucose were likely a

result of impaired insulin-dependent glucose uptake. We addi-

tionally tested functional gluconeogenesis via pyruvate and

lactate tolerance tests, and demonstrate that tumor-bearing

mice enhanced glucose production upon pyruvate and lactate

challenge (Figures 2F and 2G). Notably, metabolic abnormalities

did not become apparent until the exponential phase of tumor

growth, as no differences were observed when tumor burden

was �0.05 g, at 15 days post-injection (Figure 2N).

Altered Sleep-Wake States in Tumor-Bearing Mice
Because metabolic and immune factors contribute to changes in

sleep and wakefulness (Opp and Toth, 2003; Sakurai, 2005), we

assessed whether tumors directly altered sleep-wake cycles.

We monitored electroencephalography (EEG)/electromyography

(EMG) biopotentials via wireless telemetry throughout the course

of tumor development. Reductions in locomotor activity, indica-

tive of fatigue, as well as changes in body temperature regulation,

were detected toward the later stages (days 19–24) of tumor

development (Figure S2). This was accompanied by reduced

time spent awake, and an increase in non-rapid eye movement

(NREM) but not rapid eye movement (REM) sleep (Figures 3A–

3I). Sleep was fragmented (Figures 3M and S3), as tumor-bearing

mice did not maintain long bouts of wakefulness during their

normal active phase. However, no changes in the spectral com-

ponents (0.5–25 Hz) of sleep were detected during this time, sug-

gesting that there was no change in sleep microstructure despite

increased and fragmented sleep. Tumor-bearing mice did exhibit

altered temporal patterns of NREM delta (0.5–4 Hz) power, an in-

dex of sleep depth (Figure S4). To test whether tumors impaired

normal responses to a homeostatic sleep challenge, mice were

sleep deprived for 6 hr at the start of the normal inactive phase

(Oyanedel et al., 2015). Both tumor and non-tumor-bearing

mice showed enhancedNREMdelta power during recovery sleep

that dissipated over time as sleep pressure resolved, suggesting

an intact sleep homeostat (Figure S4). Importantly, these sleep

changes were evident at this time point without simultaneous

changes in other behaviors classically associated with disrupted

sleep, including depressive-like and anxiety-like behaviors

(Figure S5).

Altered HO Neuron Activity in Tumor-Bearing Mice
Next, we investigated whether sleep changes were associated

with the altered activity of neurons that control behavioral state

switching, namely HO and melanin-concentrating hormone

(MCH) neurons in the lateral and perifornical hypothalamus.

Because HO neurons gate arousal depending onmetabolic state

(Taylor and Samson, 2003; Yamanaka et al., 2003), we hypothe-

sized that changes in their activity would further be associated

with disrupted metabolism. We collected tissue at two time

points coincident with the peak and trough of normal HO neural

activity (ZT 7 and ZT 17) (Estabrooke et al., 2001) and co-labeled

hypothalamic sections with antibodies against hypocretin and
the immediate-early gene cFos. We observed an active-phase-

specific (ZT 17) increase in cFos+ hypocretin+ neurons in tu-

mor-bearing mice (Figures 4A and 4G), without simultaneous

changes in adjacent MCH populations (Figure 4J). This change

was observed throughout the extent of the hypocretin field, as

a greater percentage of cFos+ hypocretin+ cells were detected

in the dorsomedial, perifornical, and lateral hypothalamic areas

(Figure 4I); this was not due to a generalized activation of the hy-

pothalamus, as the total number of cFos+ cells was unchanged

between groups (Figure 4A).

IL-6 Blockade Does Not Rescue Metabolic or Sleep
Phenotypes
Because insulin receptor substrates 1 and 2 (IRS1 and -2), key

components in the insulin-signaling pathway, are targeted for

degradation via IL-6-STAT3-SOCS3 signaling (Rui et al., 2002),

and we observed elevated hepatic responses coincident with tu-

mor-derived IL-6, we predicted that blockade of IL-6 signaling

would restore normal metabolic function and sleep. To test this,

we administered a monoclonal antibody (mAb) (0.1 mg) against

IL-6 (intraperitoneal [IP]) or the immunoglobulin G1 isotype control

to mice in a full-factorial design at multiple time points throughout

tumor development; on day 15 (before hepatic abnormalities

become apparent), 19, and 23, followed by tissue collection on

day 26. We conducted a parallel experiment to test whether IL-6

blockade could rescue sleep deficits in tumor-bearing mice by

administering the mAb at day 22 post-injection, and collected tis-

sue at day 25 after measuring sleep throughout the later stages of

tumor development. We used a single antibody injection protocol

for this experiment as its efficacyat reducing IL-6was comparable

with the triple-dose administration procedure (Figure S6). Despite

successfully reducing IL-6 concentrations and pSTAT3-mediated

gene transcription (Figures 5C–5E), the metabolic alterations per-

sisted (Figures 5G–5L) and tumor-bearing mice still displayed hy-

perglycemia (Figure5A). Inaddition, IL-6blockadedidnot improve

(or alter) sleep in tumor-bearing mice, which still displayed

reducedwakefulnessand fragmentedvigilancestates (Figure5M).

Two additional doses of IL-6 mAb (0.02 and 0.5 mg) also failed to

normalize serumglucose in tumor-bearingmice relative to non-tu-

mor-bearing mice (Figure S6). Together, these data demonstrate

that IL-6 signaling is not necessary for the development of tu-

mor-induced changes in sleep and glucose metabolism.

HO Dual Receptor Antagonism Attenuates Metabolic
Abnormalities and Enhances Sleep Quality in Tumor-
Bearing Mice
Given the ability of HOneurons to regulatemetabolismand sleep,

we further hypothesized that the aberrant HO signaling we

observed in tumor-bearing mice contributed to metabolic

dysfunction. To test this, we administered (oral) the dual HO-re-

ceptor antagonist Almorexant (ALX) atmultiple timepoints during

the course of tumor development (days 15, 18, 21, and 24). We

then collected tissue during the mid-day and mid-night (ZT 6

and ZT 18, respectively) on day 25 and assessed metabolic and

immune phenotypes. ALX treatment attenuated daytime hyper-

glycemia in tumor-bearingmice (Figure 6A), and partially rescued

the expression of several genes controlling gluconeogenesis and

glycolysiswithin the liver (ldha,gck, slc2a4) (Figures 6B–6D) inde-

pendent of coincident IL-6 driven inflammation (Figures 6F–6H).
Cell Metabolism 27, 118–129, July 3, 2018 121



Figure 3. Peripheral Tumors Disrupt Sleep-Wake States in Mice

(A–M) Early during tumor development (i.e., 2–4 days post-induction, sleep is not different from non-tumor-bearing controls (A, D, and G). However, late

during tumor development (3 days prior to euthanasia at endpoint criteria), mice with tumors spend less time awake (B and C) (n = 7/group for days�3, t = 2.401,

p = 0.033, and �2, t = 2.595, p = 0.0234, and 6 no tumor and 7 tumor for �1, t = 2.984, p = 0.0124, days prior to tissue collection) and more time in NREM sleep

(E and F), n = same as in (C),�2 days t = 2.317, p = 0.039;�1 day, t = 2.925, p = 0.0138. Smaller changes are evident in REM sleep, although the total amount of

REM sleep remained similar between groups (H and I). Representative band-passed EEG/EMG signals from tumor and non-tumor-bearing mice in the (J) wake,

(K) NREM, and (L) REM sleep vigilance states. Tumor-induced sleep was fragmented, as shown in (M), which shows representative hypnograms during the

light and dark phases during final day of tumor growth. Aberrant periods of sleep during the normal active phase are marked with red arrows. Error bars

represent ± SEM; *p < 0.05, Student’s t test.
However, not all changes in gene expression were attenuated by

ALX (pck1, pklr, g6pc; data not shown), which is likely due to the

long latency (�18 hr) between drug administration and tissue

collection. Importantly, repeated administration of ALX did not

alter body or tumor masses or food intake, ruling out the idea

that improvement in metabolism was purely due to reductions

in feeding (Figure S7). Pre-treatment with ALX improved mea-

sures of glucose tolerance in a separate cohort of mice (Fig-

ure S7). These data provide evidence that central HO signaling

contributes to tumor-induced changes in glucose metabolism.

Toassesswhether ALXcould improve sleepquality, weadmin-

istered the drug (or vehicle) as above in tumor-bearing mice
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equipped with EEG/EMG biotelemeters. ALX promoted restor-

ative delta-rich (0.5–4 Hz) NREM sleep without changes to REM

sleep (Figures 6I–6K), suggesting that HO antagonism enhances

sleep quality in association with improved glucose metabolism.

Peripheral Sympathetic Denervation Attenuates
Metabolic Abnormalities in Tumor-Bearing Mice
As HO neurons can alter hepatic metabolism via the sympathetic

nervous system (SNS) (Yi et al., 2009), we tested whether periph-

eral ablation of noradrenergic signaling (i.e., sympathetic nerve

terminals) would attenuate metabolic abnormalities in tumor-

bearing mice. To accomplish this, we used peripheral 6-OHDA



Figure 4. Non-metastatic Tumors Alter Hypocretin/Orexin Neuron Activity

(A) Tumor-bearing mice showed increased cFos immunoreactivity within hypocretin neurons during the active phase (ZT 17) (n = 9 no tumor and 8 tumor mice,

t = 2.158, p = 0.047 for total cell numbers and t = 3.016, p = 0.0087 for percentage of OxA neuron co-labeling at ZT 17).

(B–G0) Representative confocal images of hypocretin/orexin (Alexa 488, green) and cFos (Alexa 594, red) immunofluorescence in the hypothalamus. (D0) and (G0 )
show zoomed in sections of (D) and (G), respectively. Double-labeled cells are denoted by arrowheads.

(H and I) Schematic of the location of hypocretin/orexin neurons in the hypothalamus (H), and quantification of double-labeling observed in each sub-region

during the active phase (ZT 17) (I) (n = 9 no tumor and 8 tumor mice, PFA t = 2.722, p = 0.016; LH t = 2.237, p = 0.041).

(J) No changes were observed in co-distributed melanin-concentrating hormone (MCH) neurons. DMH, dorsomedial hypothalamus; PFA, perifornical area; LH,

lateral hypothalamus. Error bars represent SEM; *p < 0.05, **p < 0.01, Student’s t test). Merged images (D, D0, G, and G0) are composites of (B, C, and E, F),

respectively. Scale bar, 50 mm.
administration in a protocol similar to that of Rolls and colleagues

(Ben-Shaanan et al., 2016) (Figure 7A). Systemic injection of

6-OHDA resulted in the expected decrease in norepinephrine

content in the spleen, suggesting successful SNS ablation

(Figure 7B). 6-OHDA successfully attenuated metabolic abnor-

malities in tumor-bearing mice, as mice that received this treat-

ment showed equivalent blood glucose concentrations and

normalization of several genes involved in gluconeogenesis/

glycolysis (ldha, gck, pklr) at tissue collection (ZT 6; Figures

7C–7F). These data provide evidence that SNS signaling contrib-

utes to changes in glucose metabolism in tumor-bearing mice.

Altered Satiety Hormone Signaling in Tumor-
Bearing Mice
If HO neurons contribute to tumor-induced changes in glucose

metabolism and/or sleep, what then, is the signal that alters their

activity? HO neurons are sensitive to metabolic signals from the

periphery including ghrelin, leptin, and glucose (Yamanaka et al.,

2003). We measured acyl-ghrelin in ad libitum fed mice during

the mid-day and mid-night. Both tumor- and non-tumor-bearing
mice showed the expected differences in acyl-ghrelin concentra-

tions between the day and night, but no group differences were

observed (Figure 7J). To investigate whether tumor-bearing mice

weremoresensitive to theeffectsofexogenousghrelin,weadmin-

istered ghrelin (IP; 30 mg/mouse) shortly before the active (dark)

phase to fasting mice and measured food intake for 1 hr. Tumor-

bearingmice showed enhanced feeding responses to exogenous

ghrelin (Figure 7K). In addition, we investigated leptin concentra-

tions, because leptin inhibits HO neurons (Yamanaka et al.,

2003); serum leptin was significantly reduced in tumor-bearing

mice during themid-light (ZT 7) phase (Figure 7L). Together, these

findings suggest that hormonal changes in the periphery (i.e., lep-

tin, ghrelin) couldmodulateHOneural activity to drive aberrant he-

patic metabolism and sleep in tumor-bearing mice.

DISCUSSION

Patients with breast cancer have idiopathic metabolic and sleep

problems that reduce quality of life and may contribute to

increased mortality (Palesh et al., 2014; Protani et al., 2010).
Cell Metabolism 27, 118–129, July 3, 2018 123



Figure 5. Neutralizing Antibodies against IL-6 Do Not Rescue Metabolic or Sleep Phenotypes in Tumor-Bearing Mice

(A and B) Tumor-bearing mice increased (A) blood glucose (n = 10/group, main effect of tumor, F1,36 = 11.67, p = 0.0016) and (B) serum insulin (n = 8 no tumor

immunoglobulin G [IgG], 9 no tumor anti-IL-6, 9 tumor IgG, 7 tumor anti-IL-6, main effect of tumor, F1,29 = 16.46, p = 0.0003) regardless of whether they received

anti-IL6 or the IgG1 isotype control (a total of three injections on days 15, 19, and 23).

(C–M) Despite successfully knocking down IL-6 (C) (n = 9 no tumor IgG, 7 no tumor anti-IL6, 10 tumor IgG, and tumor anti-IL6; main effect of tumor F1,32 = 5.344,

p = 0.027, main effect of antibody F1,32 = 7.016, p = 0.012, and an interaction among the two F1,32 = 4.391, p = 0.044) and IL-6-mediated socs3 expression (D)

(n = 9 no tumor IgG and anti-IL6, 10 tumor IgG and anti-IL6, main effect of tumor, F1,34 = 12.34, p = 0.0013, main effect of antibody, F1,34 = 4.431, p = 0.043), and

il1r1 (E) (n = 10/group except no tumor anti-IL6, main effect of tumor, F1,35 = 17.54, p = 0.0002), but not ifng (F), tumor-bearing mice still showed deregulated

expression of ldha (G) (n = 9 no tumor IgG and anti-IL6, 9 tumor IgG and 10 tumor anti-IL6, main effect of tumor, F1,33 = 10.3, p = 0.003), slc2a4 (J) (n = 10/group

except 9 for tumor anti-IL6, main effect of tumor, F1,35 = 11.79, p = 0.0015), and gck (K) (n = 10/group except 9 for tumor IgG, main effect of tumor, F1,35 = 11,

p = 0.0021), suggesting that IL-6 is not required for tumors to alter hepatic metabolism. In addition, Anti-IL6 mAb treatment (single injection at day 22, denoted by

‘‘mAb’’ in figure) did not alter sleep in tumor-bearing mice (M), demonstrating that IL-6 is not required for tumor-induced sleep disruption (tissue collected at ZT

16). No changes were detected in pck1, g6pc, and pklr (H, I, L). Error bars represent SEM; ythe main effect of tumor, *the main effect of antibody treatment,

different letter headings represent multiple comparisons at p < 0.05, two-way ANOVA; Tukey’s multiple comparisons test. See Figures S8 and S9.
Here, we demonstrate that non-metastatic tumors, independent

from other extraneous factors (e.g., diet, stress, age, or metas-

tasis), can deregulate hepatic glucose metabolism and sleep.

Tumor-bearing mice were hyperphagic, had reduced circulating

levels of the satiety hormone leptin, and enhanced feeding re-

sponses to exogenous ghrelin. These factors modulate HO neu-

rons, which showed aberrant neural activity in tumor-bearing

mice. Reducing HO signaling via dual receptor antagonism

attenuated the effects of tumors on serumglucose and improved

measures of sleep quality. HO neurons may be achieving these

effects via SNS signaling to the liver (Geerling et al., 2003; Yi

et al., 2009), as peripheral sympathetic denervation also rescued

serum glucose in tumor-bearing mice. Importantly, the tumor ef-

fects on glucose and sleep appear to be independent of IL-6

driven inflammation.

First, we investigated whether non-metastatic tumors in the

periphery were able to induce systemic immune activation (Fig-
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ure 1), and demonstrate that 67NR-derived tumors promote a

predominantly IL-6 driven response. IL-6 is a pleiotropic cytokine

that has modulatory actions on metabolism. Specifically, IL-6

binding its receptor results in the downstream phosphorylation

of the transcription factor STAT3. This protein regulates the

expression of hundreds of genes, including its own negative

regulator socs3 (Dauer et al., 2005). SOCS3 interacts and targets

IRS1 and -2 for ubiquitin-mediated degradation (Rui et al., 2002).

IRS1 and 2 are major components regulating insulin-dependent

glucose uptake, and their suppression results in insulin insensi-

tivity concurrent with hyperglycemia, a phenotype we observed

in the present study.

The promotion of hyperglycemia is a strategy used by tumors

to facilitate their proliferation and growth (Ryu et al., 2014), there-

fore, we examined genes involved in gluconeogenesis and

glycolysis in tumor-bearing mice. In addition, recent evidence

suggests that hyperglycemia can promote metastatic seeding



Figure 6. Dual HO-Receptor Antagonism Attenuates Tumor-Induced Impairments in Glucose Processing and Improves Sleep Quality

Without Affecting Peripheral Inflammation

(A–D) Blood glucose (ZT 6 two-way ANOVA main effect of tumor: F1,33 = 8.903, p = 0.0053; interaction: F1,33 = 4.381, p = 0.0441) (ZT 18 two-way ANOVA main

effect of tumor: F1,35 = 5.149, p = 0.03) (A), liver ldha expression (ZT 6 two-way ANOVAmain effect of tumor: F1,32 = 9.194, p = 0.0048) (B), liver gck expression (ZT

6 main effect of tumor: F1,30 = 19.25, p = 0.0001) (C), and liver slc2a4 expression (ZT 6 main effect of tumor: F1,31 = 8.089, p = 0.0078) (D) were altered by tumor

status and attenuated by administration of ALX.

(E) Experimental design for ALX administration. Changes in hepatic inflammatory gene expression were not observed in response to ALX treatment.

(F–H) Liver stat3 (ZT 6main effect of tumor: F1,32 = 24.41, p < 0.0001; ZT 18main effect of tumor: F1,33 = 22.79, p < 0.0001) (F), liver il6 (ZT 6main effect of tumor: F1,32 =

21.43, p < 0.0001) (G), and liver socs3 (ZT 6main effect of tumor: F1,30 = 17.37, p = 0.0002; ZT 18main effect of tumor: F1,34 = 17.4, p = 0.0002; main effect of ALX F1,34 =

4.778, p=0.0358; interaction F1,34= 7.874, p=0.0082) (H) showedenhancedexpression in tumor-bearingmice regardlessofALX treatment (n =8–10/group/timepoint).

(I) ALX treatment (V, vehicle; A, ALX) increased NREM sleep time during the first 6 hr following injections (day 22 ZT 14 t = 3.755, p = 0.0032; ZT 16 t = 3.126, p =

0.0096; ZT 18 t = 2.925, p = 0.014; day 25 ZT 14 t = 3.574, p = 0.0044; ZT 16 t = 3.995, p = 0.0021; ZT 18 t = 2.301, p = 0.042). This sleepwas characterized bymore

restorative delta (0.5–4 Hz) frequencies in the EEG on day 25 normalized to the same time frame (ZT14-20) on a non-treatment day (day 24) (1.5 Hz t = 3.361, p =

0.0063; 2 Hz t = 2.825, p = 0.0165, 20.5 Hz t = 2.354, p = 0.0382).

(J) ALX had negligible effects on REM sleep time (day 20 ZT 12 t = 2.234, p = 0.047, day 21 ZT 18 t = 3.464, p = 0.00529; ZT 0 t = 2.889, p = 0.015; day 22 ZT

14 t = 3.973, p = 0.0022, ZT 8 t = 3.177, p = 0.0088; day 23 ZT 18 t = 3.141, p = 0.0094; day 24 ZT 12 t = 3.095, p = 0.01; day 25 ZT 14 t = 2.685, p = 0.021). No effects

of ALX on normalized REM EEG spectra were observed.

(K) ALX treatment decreased wakefulness during the first 6 hr following injections (day 22 ZT 14 t = 4.139, p = 0.0016; ZT 16 t = 2.974, p = 0.013; ZT 18 t = 2.831,

p = 0.016; day 23 ZT 22 t = 2.213, p = 0.049; day 25 ZT 14 t = 3.625, p = 0.004; ZT 16 t = 3.828, p = 0.003; ZT 18 t = 2.421, p = 0.034). ALX decreased wakefulness

theta/alpha EEG frequencies following treatment (7.5 Hz: t = 2.298, p = 0.042; 8 Hz: t = 2.888, p = 0.015; 8.5 Hz: t = 2.799, p = 0.017; 9 Hz: t = 2.737, p = 0.019;

9.5 Hz: t = 3.335, p = 0.0067; 10Hz: t = 3.129, p = 0.0096; 10.5 Hz: t = 2.612, p = 0.024; 11Hz: t = 2.346, p = 0.039) (**p < 0.05 and 0.01). n = 6 tumor + veh, 7 tumor +

alx. Error bars represent SEM; ythe main effect of tumor, *the interaction, and xthe main effect of ALX treatment; different letter headings represent multiple

comparisons at p < 0.05, two-way ANOVA; Tukey’s multiple comparisons test.
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Figure 7. Peripheral Sympathetic Denerva-

tion RescuesMetabolic Abnormalities in Tu-

mor-Bearing Mice

(A) Experimental design.

(B) Norepinephrine content in the spleen was

reduced inmice that received 6-OHDA, suggesting

successful SNS ablation (n = 12–14/group, main

effect of 6-OHDA F1,49 = 75.61, p < 0.0001).

(C–F) 6-OHDA treatment normalized blood

glucose concentrations in tumor-bearing mice

(n = 14–15/group; main effect of tumor F1,55 =

6.923, p = 0.011; main effect of 6-OHDA F1,55 =

47.86 p < 0.0001; interaction F1,55 = 7.58,

p = 0.008) (C). 6-OHDA normalized (D) liver ldha

expression (n = 14–15/group; main effect of tumor

F1,54 = 16.73, p = 0.0001; main effect of 6-OHDA

F1,54 = 10.51, p = 0.002; interaction F1,54 = 33.48,

p < 0.0001), (E) liver gck (15/group; main effect

of tumor: F1,56 = 19.97, p < 0.0001; main effect

of 6-OHDA F1,56 = 37.54, p < 0.0001), and (F) pklr

(n = 15/group; main effect of 6-OHDA F1,56 = 11.2,

p = 0.0014).

(G–I) g6pc (no change) (G), slc2a4 (n = 14–15/

group; main effect of 6-OHDA F1,53 = 70.04,

p < 0.0001) (H), and pck1 (no change) (I) (all

6-OHDA data collected at ZT 6) (two-way

ANOVA, ythe main effect of 6-OHDA, *the main

effect of tumor, xthe interaction; different letters

indicate p < 0.05 difference with Tukey’s post-

hoc test). Data that did not meet requirements

for ANOVA were log2-transformed. In a sepa-

rate cohort, tumor-bearing mice had altered

satiety hormonal signaling.

(J and K) Serum acyl-ghrelin concentrations were

unchanged between groups (n = 18–19/group) (J);

however, tumor-bearing mice increased feeding

responses to exogenous ghrelin after a 14-hr fast

(n = 14–15/group; ZT 14 injection; main effect of

ghrelin F1,55 = 15.67, p = 0.0002; main effect of

tumor status F1,55 = 5.738, p = 0.02; ythe main effect of tumor, *the main effect of ghrelin) (K). Tumor-bearing mice showed reduced serum leptin

concentrations during the day (n = 15/group; ZT 7 t = 5.54, p < 0.0001). (L). Error bars represent SEM; ***p < 0.001.
by impairing neutrophil mobilization (Fainsod-Levi et al., 2017).

We observed impaired glucose tolerance, spontaneous hyper-

glycemia, as well as altered temporal expression patterns of

genes responsible for glucose synthesis (ldha, pck1, g6pc) and

breakdown (gck, pklr), with the former showing an increase

and the latter showing a decrease in expression, suggesting a

shift toward hepatic glucose production. Indeed, tumor-bearing

mice showed enhanced hepatic gluconeogenesis in response to

pyruvate and lactate challenges, which provide non-carbohy-

drate carbon substrates for glucose production (Figures 2F

and 2G). Tumor-driven disruption of liver function has recently

been demonstrated in metastatic mouse models of lung adeno-

carcinoma (Masri et al., 2016), transplanted colorectal cancer,

and spontaneous pancreatic ductal adenocarcinoma (Flint

et al., 2016). Importantly, our data provide the first evidence for

tumor-induced liver dysfunction in a non-metastatic mouse

model of mammary cancer, as 67NR cells fail to intravasate

and do not leave their primary site (Lou et al., 2008). In addition,

in contrast to other models, 67NR-derived tumors do not cause

behavioral deficits or cachexia (Figures S5 and S7), which may

independently contribute to metabolic and sleep changes. We

observed a similar metabolic phenotype in the livers of mice
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inoculated with metastatic sister cell lines to 67NR (i.e., 4T1

and 4T07; data not shown), suggesting that our findings are

not specific only to 67NR-generated tumors.

Given the reciprocal interactions among sleep, metabolism,

and immunity (Laposky et al., 2008), we investigated whether tu-

mors in the periphery could disrupt sleep-wake states. Tumor-

bearing mice had increased and fragmented sleep toward the

later stages of tumor development (when total tumor burden

was �3%–4% of body mass) (Figures 3 and S3). They also dis-

played altered temporal patterns of NREM delta power (Fig-

ure S4). Because cytokine signaling directly interacts with neural

circuitry controlling vigilance states (Imeri and Opp, 2009), we

initially predicted that altered sleep was driven by central inflam-

mation; however, we found no evidence of altered immune acti-

vation in the brain (Figure S1). Indeed, protein expression of in-

flammatory cytokines in the brain (hippocampus and cortex)

was not different between tumor and non-tumor-bearing mice

regardless of whether the tumor cells were situated orthotopi-

cally (within the mammary fat pad) or subcutaneously, suggest-

ing that the changes we observed were not due to the lack of

specific tumor-stromal interactions (Figure S5). Further, these

changes were not due to elevated glucocorticoids, as



corticosterone concentrations in serum were equivalent be-

tween groups at this time (Figure S7).

Given the increase in IL-6 signaling observed in the present

study, as well as previous reports indicating a causal link be-

tween this cytokine and the deregulation of hepatic metabolism

and sleep (Flint et al., 2016; Masri et al., 2016; Vgontzas et al.,

1999), we predicted that blocking IL-6 would rescue the disrup-

ted phenotypes we observed. After administrations of neutral-

izing antibodies against IL-6, we were unable to rescue either

metabolic or sleep problems in tumor-bearing mice (Figures 5

and S6). These data demonstrate that IL-6 is not necessary for

the development of glucose dysregulation and vigilance-state

disruption in response to non-metastatic tumors in the periphery.

HO neurons receive peripheral signals onmetabolic and immune

status, integrating these factors to subsequently regulate

arousal and feeding behavior (Adamantidis and de Lecea,

2009; Inutsuka et al., 2014; Willie et al., 2001). These neurons

send projections to the liver to regulate glucose production via

autonomic pathways (Yi et al., 2009). We observed increased

HO neuronal activity during the active phase (as assessed via

cFos immunofluorescence) concurrent with increased food

intake, sensitivity to ghrelin, and decreased leptin concentra-

tions (Figures 2, 4, and 7). These data suggest that disrupted

sleep may be coupled to changes in metabolism or immune

signaling in the periphery. We did not observe changes in either

total cFos+ or cFos+/MCH+ cells, which are co-distributed with

HO neurons, suggesting a specific effect of peripheral tumors on

HO neurons. These data provide evidence for a link between tu-

mor-induced changes in metabolism and alterations to the activ-

ity of neurons controlling sleep-wake states. Indeed, hypocretin

receptor antagonism is capable of lowering glucose, preventing

weight gain, and promoting sleep (Tsuneki et al., 2016). To this

end, we tested whether blockade of hypocretin signaling (using

the dual receptor antagonist ALX) could improve metabolic

and sleep parameters in tumor-bearingmice.Mice that harbored

tumors and received vehicle administrations remained hypergly-

cemic at tissue collection, while this phenotype was attenuated

in mice that received ALX. This was associated with improved

expression of hepatic genes that control glucose production

and uptake (i.e., ldha, gck, and slc2a4). As expected, ALX did

not reverse tumor-induced hypersomnia; however, ALX did

improve sleep quality (Figure 6I) (i.e., NREM delta power), which

was diminished in tumor-bearingmice (Figure S4). This is consis-

tent with previous studies involving ALX (Brisbare-Roch et al.,

2007). Because hypocretin receptor antagonists are already

approved for use in clinical populations (e.g., Suvorexant) (Mi-

chelson et al., 2014), this raises an attractive possibility that

they could be repurposed to improve metabolism and sleep in

cancer patients.

As mentioned, HO neurons signal via the SNS to influence he-

patic glucose production (Yi et al., 2009). Peripheral sympathetic

denervation (via administration of 6-OHDA) attenuated tumor-

induced changes in glucosemetabolism (Figures 7B–7I), consis-

tent with the hypothesis that aberrant activity in HO neurons al-

ters glucose concentrations via the SNS. The tumor-induced

change in HO neural activity may be driven by alterations to

satiety hormones; HO neurons are sensitive to these peripheral

signals including ghrelin, leptin, and glucose (Yamanaka et al.,

2003). Ghrelin is a gut hormone upregulated during extended pe-
riods of fasting and is a powerful modulator of feeding behavior

(Nakazato et al., 2001). It exists in two isoforms, des-acyl and

acyl-ghrelin. Ghrelin O-acyl-transferase is the enzyme that en-

ables ghrelin to bind and activate its receptor (GHS-R). HO neu-

rons express GHS-Rs, and ghrelin-induced feeding responses

can be blocked via attenuation of HO signaling (Toshinai et al.,

2003). We detected no changes in circulating acyl-ghrelin con-

centrations, but enhanced sensitivity to exogenous ghrelin in tu-

mor-bearing mice (Figures 7J and 7K). In addition, HO neurons

express leptin receptors (LepRb) (Håkansson et al., 1999), and

receive inhibitory input from LepRb-expressing GABAergic neu-

rons in the lateral hypothalamus (Bonnavion et al., 2015). Tumor-

bearing mice had reduced circulating leptin concentrations,

which may disinhibit HO neurons to promote the phenotype

we observed.

Limitations of Study
There are limitations to our study that warrant discussion. First,

we conducted our study in a single non-metastatic model of

breast cancer; although other studies have reported similar ef-

fects of lung and pancreatic tumors on hepatic glucose meta-

bolism (Masri et al., 2016; Flint et al., 2016). Future studies will

need to determine the generality of the tumor effects on HO ac-

tivity, sleep, and satiety hormones. In addition, while no changes

in gluconeogenesis/glycolysis gene expression in skeletal mus-

cle were observed, future studies should investigate muscle

metabolic processes in this model, given the gross changes in

lean body mass (Figure S7). Further, how different cancer treat-

ment regimens, such as surgery and chemotherapy, interact with

the tumor effects we observed to influence metabolic and sleep

phenotypes remains an open question. We have previously

demonstrated chemotherapy-induced changes in sleep in non-

tumor-bearing mice (Borniger et al., 2015), and others have

linked reductions in arousal to chemotherapy-induced changes

in HO signaling (e.g., Weymann et al., 2014). Our data suggest

that independent of treatment, cancer alone is capable of

altering neuromodulator systems that control arousal and meta-

bolism. An alternative mechanism may involve tumor-induced

modulation of a separate set of sleep-promoting neural popula-

tions, where HO neurons then attempt to compensate for

enhanced sleep drive. In addition, due to the marked reduction

in locomotor activity observed in tumor-bearing mice, it is

possible that simple reductions in activity contributed to the

observed phenotypes. Future studies should examine whether

normalizing activity among tumor-bearing mice prevents meta-

bolic and sleep changes from occurring. Finally, it is possible

that the cancer cell line used in the present study simply did

not induce a sufficient inflammatory response to drive IL-6-medi-

ated impairments in glucose processing or sleep abnormalities.

Future work should use more aggressive/metastatic lines and/or

transgenic cancer models to test the generalizability of our

results.

Together, our data demonstrate a novel sleep-altering effect

of non-metastatic mammary tumors, which is accompanied by

deregulated glucose metabolism. This effect is not mediated

by tumor-induced elevations in IL-6, as blocking IL-6 signaling

did not rescue the observed deficits. In contrast, timed inhibition

of HO receptor signaling improved glucose metabolism and

sleep quality in tumor-bearing mice. Peripheral sympathetic
Cell Metabolism 27, 118–129, July 3, 2018 127



denervation recapitulated the effect on metabolism. This

phenotype may be driven by reductions in serum leptin or

increased sensitivity to ghrelin. These data provide evidence

that central neuromodulator signaling contributes to tumor-

induced changes in whole-body glucose metabolism, and sug-

gest that targeting the HO system may be a novel strategy for

improving metabolic and sleep problems in patients with breast

cancer.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d CONTACT FOR REAGENT AND RESOURCE SHARING

d EXPERIMENTAL MODEL AND SUBJECT DETAILS
B Mice

B Cell Lines

d METHOD DETAILS

B Transmitter Implantation and Biopotential Recording

B Sleep Deprivation

B Behavior

B RNA Extraction and Quantitative RT-PCR

B Sympathetic Denervation

B Anti-IL-6 mAb Administration

B Ghrelin Administration

B Almorexant (ALX) Administration

B Intraperitoneal Glucose, Pyruvate, and Lactate Toler-

ance Tests (GTT/PTT/LTT)

B Assessment of Body Composition

B Cytokine Protein Quantification and Enzyme Immuno-

assays (EIAs)

B Immunohistochemistry

B Western Blotting

B Sleep Architecture and Spectral Analyses

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures and one table and can be

found with this article online at https://doi.org/10.1016/j.cmet.2018.04.021.

ACKNOWLEDGMENTS

The authors acknowledge the excellent care provided to the animals used in

these studies from the OSU Laboratory Animal Resources personnel, specif-

ically Melinda Weiss and Allison Woolum. We thank Karmanos Cancer Center

for providing themurine cells used in our experiments, and thank the OSU His-

tology/Pathology Core for completing paraffin embedding/sectioning of our

tumor samples. We thank the OSU small animal imaging core for assistance

in the use of EchoMRI. We further acknowledge Jennifer Hollyfield, Yasmine

Cisse, Monica Gaudier-Diaz, and Adam Hinzey. This research was supported

by an NIH R21 grant 1R21CA191846 to R.J.N. and Pelotonia and Presidential

Fellowship to J.C.B.

AUTHOR CONTRIBUTIONS

J.C.B. and W.H.W.II designed, completed, analyzed all the experiments and

wrote the paper. S., N.Z., A.A.Z., S.L.M., J.A.F., K.M.E., A.N.S., C.J.B., and

T.T. conducted the experiments and provided editorial comments on the pa-

per. U.J.M. and M.B.L. designed the experiments and edited the paper.
128 Cell Metabolism 27, 118–129, July 3, 2018
R.J.N. and A.C.D.V. designed the experiments and wrote and edited

the paper.
DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: August 3, 2017

Revised: January 8, 2018

Accepted: April 29, 2018

Published: May 24, 2018
REFERENCES

Adamantidis, A., and de Lecea, L. (2009). The hypocretins as sensors for meta-

bolism and arousal. J. Physiol. 587, 33–40.

Aslakson, C.J., and Miller, F.R. (1992). Selective events in the metastatic pro-

cess defined by analysis of the sequential dissemination of subpopulations of

a mouse mammary tumor. Cancer Res. 52, 1399–1405.

Bedrosian, T.A., Fonken, L.K., Walton, J.C., Haim, A., and Nelson, R.J. (2011).

Dim light at night provokes depression-like behaviors and reduces CA1 den-

dritic spine density in female hamsters. Psychoneuroendocrinology 36,

1062–1069.

Ben-Shaanan, T.L., Azulay-Debby, H., Dubovik, T., Starosvetsky, E., Korin, B.,

Schiller, M., Green, N.L., Admon, Y., Hakim, F., Shen-Orr, S.S., et al. (2016).

Activation of the reward system boosts innate and adaptive immunity. Nat.

Med. 22, 940–944.

Black, S.W., Morairty, S.R., Fisher, S.P., Chen, T.-M., Warrier, D.R., and

Kilduff, T.S. (2013). Almorexant promotes sleep and exacerbates cataplexy

in a murine model of narcolepsy. Sleep 36, 325–336.

Bonapace, L., Coissieux, M.-M., Wyckoff, J., Mertz, K.D., Varga, Z., Junt, T.,

and Bentires-Alj, M. (2014). Cessation of CCL2 inhibition accelerates breast

cancer metastasis by promoting angiogenesis. Nature 515, 130–133.

Bonnavion, P., Jackson, A.C., Carter, M.E., and de Lecea, L. (2015).

Antagonistic interplay between hypocretin and leptin in the lateral hypothala-

mus regulates stress responses. Nat. Commun. 6, 6266.

Borniger, J.C., Gaudier-Diaz, M.M., Zhang, N., Nelson, R.J., and DeVries, A.C.

(2015). Cytotoxic chemotherapy increases sleep and sleep fragmentation in

non-tumor-bearing mice. Brain Behav. Immun. 47, 218–227.

Bower, J.E., Ganz, P.A., Irwin, M.R., Kwan, L., Breen, E.C., and Cole, S.W.

(2011). Inflammation and behavioral symptoms after breast cancer treatment:

do fatigue, depression, and sleep disturbance share a common underlying

mechanism? J. Clin. Oncol. 29, 3517–3522.

Brisbare-Roch, C., Dingemanse, J., Koberstein, R., Hoever, P., Aissaoui, H.,

Flores, S., Mueller, C., Nayler, O., van Gerven, J., de Haas, S.L., and Hess,

P. (2007). Promotion of sleep by targeting the orexin system in rats, dogs

and humans. Nat. Med. 13, 150.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-cFos (sc-52) Santa Cruz RRID: AB_2106783

Goat polyclonal anti-Orexin-A (sc-8070) Santa Cruz RRID: AB_653610

Goat polyclonal anti-Pro-MCH (sc-14509) Santa Cruz RRID: AB_2237276

Rat anti-IL-6 (MAB406) R&D Systems RRID: AB_2233899

Rat IgG1 (MAB005) R&D Systems RRID: AB_357348

Rat anti-F4/80 (MCA497G) Serotec RRID: AB_872005

Donkey anti-rabbit Alexa 594 Thermo Fisher Scientific RRID: AB_2556547

Donkey anti-goat Alexa 488 Thermo Fisher Scientific RRID: AB_2534102

Mouse Total STAT3 Cell Signaling Technology Cat#9139S; RRID: AB_331757

Rabbit pSTAT3 (Tyr705) Cell Signaling Technology Cat#9145S; RRID: AB_2491009

Mouse Total Akt Cell Signaling Technology Cat#2920S; RRID: AB_1147620

Rabbit pAkt (Ser473) Cell Signaling Technology Cat#4060S; RRID: AB_2315049

Rabbit GAPDH Cell Signaling Technology Cat#5174S; RRID: AB_10622025

Donkey Anti-Rabbit IR800 CW LI-COR Cat#92632213; RRID: AB_621848

Donkey Anti-Mouse IR680 RD LI-COR Cat#92668072; RRID: AB_10953628

Chemicals, Peptides, and Recombinant Proteins

Almorexant Hydrochloride MedChem Express Cat#HY-10805A

Hydroxypropyl methyl cellulose Sigma Cat#09963-100g

Dioctyl sodium sulfosuccinate Sigma Cat#323568-100g

Methyl cellulose Sigma Cat#M0512-100g

Rat/mouse Ghrelin Anaspec Cat#AS-24159

6-OHDA Sigma Cat#H116-5mg

Roche PefaBloc SC Sigma Cat#11429868001

Sodium pyruvate Sigma Cat#80443

Sodium L-lactate Sigma Cat#PHR1113

Critical Commercial Assays

Mouse IL-6 kit V-Plex MesoScale Discovery Cat#K152QXD-1

Ultra Sensitive Mouse Insulin ELISA Kit Crystal Chemicals Cat#90080

Rat/mouse Acyl-Ghrelin ELISA Millipore Cat#EZRGRA-90K

Mouse/rat leptin Quantikine ELISA kit R&D Systems Cat#MOB00

10-Plex Cytokine Proinflammatory Panel 1 Meso-Scale Discovery (MSD) Cat#K15048G-1

Glucose Assay Bayer Contour 7151G Cat#7097C

Corticosterone EIA Arbor Assays Cat#K014-H5

PlasmoTest Kit InvivoGen Cat#Rep-pt1

Pierce BCA Protein Assay Thermo Scientific Cat#23225

Norepinephrine ELISA IBL America Cat#IB89537

Experimental Models: Cell Lines

67NR Mammary cancer cells Karmanos Cancer Institute CVCL_9723

4T07 Mammary cancer cells Karmanos Cancer Institute CVCL_B383

4T1 Mammary cancer cells Karmanos Cancer Institute CVCL_0125

Experimental Models: Organisms/Strains

Mus musculus :: BALB/cAnNCrl Charles River Laboratories Strain Code: 028

Oligonucleotides

See Table S1 Applied Biosystems N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

GraphPad Prism 6 GraphPad Software RRID: SCR_002798

Ponemah Software v.6.1 DSI International http://datasci.com

Neuroscore Software DSI International http://datasci.com

Photobeam Activity System (PAS) San Diego Instruments http://sandiegoinstruments.com

Observer XT Software v.8.0 Noldus Information Technology http://noldus.com

ImageJ Software ImageJ http://ImageJ.net

NeuroLucida Software MBF Bioscience http://www.mbfbioscience.com/neurolucida

SoftMax Pro v.6.5.1 Molecular Devices http://moleculardevices.com

Image Studio Lite Li-Cor https://www.licor.com/bio/products/software/

image_studio_lite/

SPSS Statistics v.22 IBM https://www.ibm.com/analytics/us/en/technology/spss/

MSD Discovery Workbench Software v.4.0 MesoScale Discovery http://mesoscale.com

Other

Mouse Chow Harlan Teklad (Envigo) Cat#7912

PhysioTel F20-EET biotelemetry units DSI International Cat#F-20EET

RNALater QIAGEN Cat#AM7021

NanoDrop 1 Spectrophotometer Thermo Scientific Cat#ND-ONE-W

Taqman Fast Advanced Master Mix Life Technologies Cat#4444557

Ambien TRIzol Reagent Life Technologies Cat#15596018
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to the Lead Contact Jeremy Borniger (jcbornig@stanford.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Adult (>8 wks old) female BALB/c mice (Charles River Laboratories) were group housed (4/cage) and allowed to acclimate to our

facility for 1 week on a 14:10 light/dark cycle at 22±2�C before experimental group assignment. Mice were provided food (Harlan

Teklad #7912), reverse osmosis water, and cotton nesting material ad libitum throughout the course of the experiment. BALB/c

mice were used as the 67NR tumor cell line was originally derived from a spontaneous tumor in this strain of mice, allowing for ex-

periments to be done in the context of an intact immune system. All procedures were approved by The Ohio State University Insti-

tutional Animal Care and Use Committee.

Cell Lines
Non-metastatic murine 67NR, 4T07 (metastatic), and 4T1 (metastatic) mammary cancer cells (Fred Miller, PhD, Karmanos Cancer

Institute, Detroit, MI, USA) obtained from the supplier were cultured using sterile technique in Dulbecco’s modified Eagle’s medium

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Cells were used within 3 passages upon arrival. Prior to

injections cells underwentmycoplasma testing using the PlasmoTest kit (InvivoGen, San Diego, CA, USA) andwere verified to be free

of any mycoplasma contamination. These cells (67NR), when implanted, display a breast cancer phenotype similar to the basal sub-

type (Aslakson and Miller, 1992). Cells were incubated at 37�C in a mixture of 5% carbon dioxide and 95% air. Once cells reached

�90% confluence, cell numbers and viability were determined with a 1:1 mixture of trypan blue (Life Technologies) in an automated

hemocytometer (TheCountess II, Life Technologies, Carlsbad, CA, USA). Cells were diluted in DMEM tomake a final concentration of

1 x 105 cells per 100 mL. Mice were briefly anesthetized under isoflurane, and received bilateral subcutaneous injections (100 mL

surrounding the left and right inguinal mammary fat pad) of 67NR in DMEM (hereafter referred to as ‘‘Tumor’’) or DMEM alone

(‘‘No Tumor’’). Proper injection was confirmed by observing the presence of a wheal upon injection. Mice were inspected daily for

tumor growth. Once a tumor became palpable, measures were taken daily using sliding calipers and volume was determined using

the formula Volume = (length x width2)/2 (Tomayko and Reynolds, 1989). Sleep measures were recorded continuously throughout

tumor growth, and once a tumor exceeded 1.5 cm in any dimension, or 25 days post-injection, the mouse was euthanized. Animals

showing any of the following signs were removed from the study and euthanized: (1) overall tumor volume exceeding 2000 mm3, (2)

ulcerated tumors, (3) evidence of skin irritation at the injection site, or (4) tumor interfered with normal mouse function (e.g., mobility,

eating, drinking). Only one mouse met any of these removal criteria (initial signs of an ulcerated tumor) and was euthanized at day 18
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post-67NR injection. One additional mouse, upon necropsy, had developed an intra-peritoneal tumor, and its data were excluded

from all analyses due to the atypical, extensive immune activation observed. To determine whether differences were dependent

on specific tumor and stromal interactions, an additional group received orthotopic injections of the same volume of cells (67NR)

into the 4th and 9th inguinal mammary fat pad.

METHOD DETAILS

Transmitter Implantation and Biopotential Recording
Following acclimation, mice were deeply anesthetized under isoflurane vapors (3% induction, 1.5% maintenance) and implanted

with PhysioTel F20-EET (Data Sciences International [DSI], St. Paul, MN, USA) biotelemetry units to allow acquisition of electroen-

cephalogram and electromyogram potentials as described previously (Borniger et al., 2015). Following immobilization in a stereo-

taxic apparatus, a midline incision was made extending between the caudal margin of the eyes and the midpoint of the scapulae.

The skull was exposed and cleaned, and two stainless steel screws (00-96 x 1/16; Plastics One, Roanoke VA, USA) were inserted

through the skull tomake contact with the underlying duramater. These screws served as cortical electrodes. One screwwas placed

1 mm lateral to the sagittal suture and 1 mm rostral to Bregma. The other screw was placed contralaterally 2 mm from the sagittal

suture and 2 mm caudal to Bregma. The transmitter was inserted into a subcutaneous pocket along the back of the animal. A set of

leads was attached to the cortical electrodes and secured with dental cement. Another set of leads was inserted into the trapezius

muscles for EMGmeasurement. The surgical procedures were performed using aseptic technique, and buprenorphine (0.05 mg/kg,

SC) was administered to provide post-operative analgesia along with supplemental warmth (heating pad) until the animals were mo-

bile. Following surgery, mice were singly housed and their cages were placed on top of receiver boards (RPC-1; DSI) in ventilated

cabinets. These boards relay telemetered data to a data exchange matrix (DSI) and a computer running Ponemah software (version

6.1; DSI, St. Paul, MN, USA). Mice were allowed to recover from the surgery for 2 weeks prior to beginning sleep recordings.

Sleep Deprivation
A separate cohort of mice (n=6/group) was used for analyses of the homeostatic response to sleep deprivation. Total sleep depri-

vation was accomplished via ‘gentle handling’ during the first 6 hr of the rest phase (ZT 0-6), followed by an 18 hr recovery period

(Oyanedel et al., 2015). If EEG/EMG biopotentials showed signs of sleep and the animal displayed a sleeping posture, then the

cage was gently tapped to arouse the mouse. As this method is dependent on live monitoring of EEG/EMG and sleep posture,

this method cannot eliminate all sleep, and short episodes (<10 sec) of ‘micro-sleep’ persisted.

Behavior
Sucrose Anhedonia

Mice were tested for anhedonia-like behavior on the sucrose preference test on days 22-24 post-injection. Food was removed from

the cage at ZT 14 (lights off), and two water bottles (15 mL Falcon tubes with rubber stoppers) were weighed and placed into the

hopper and the mouse could drink from these ad libitum for the next 6 hr (after which they were weighed again). One bottle contained

normal drinking water, and the other contained a 2% sucrose solution in standard drinking water. The first two nights were used to

habituatemice to the twowater bottle paradigm, and data from the final night were used to assess anhedonia-like behavior. Reduced

sucrose preference in rodents is interpreted as an anhedonic response indicative of a depressive-like state (Bedrosian et al., 2011).

Open Field

The open field chamber consisted of a 40 x 40 cm transparent acrylic box flanked by two stacked grids of intersecting infra-red beam

emitters/detectors. This allows for determination of mouse position and # of rears (an index of exploratory behavior). This test was

completed immediately prior to the forced-swim test on day 25 post-injection. Mice were allowed to explore the open field for 30min,

and the first 5 min were scored for central tendency (an index of anxiety-like behavior) and # of rears, and the entire recording period

was used to assess locomotor activity. These variables were scored automatically by Photobeam Activity System (PAS) software

(San Diego Instruments, San Diego, CA).

Forced Swim Test

Mice were tested for depressive-like behavior using a 5 min forced-swim test. Briefly, mice were placed into a clear 3000 mL con-

tainers filled with�2000 mL room temperature water (�22�C) and videotaped for the next 5 min. Following testing, mice were patted

dry and placed back into their home cage. Containers were emptied and cleaned (with 70% EtOH) between each test. The tape was

analyzed (by an uninformed observer) for time spent swimming (i.e., vigorous swimming or scratching at the container wall) and time

spent immobile (i.e., minimal movement necessary to keep head elevated above the water surface) and number of immobile andmo-

bile bouts using Observer XT Software (8.0, Noldus Information Technology, Leesburg, VA, USA).

RNA Extraction and Quantitative RT-PCR
Following euthanasia via isoflurane overdose/decapitation, brains and livers were immediately dissected and placed into RNALater

(Qiagen) on ice. RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. RNA quality and

quantity were determined using a spectrophotometer (NanoDrop), and cDNA was synthesized using M-MLV reverse transcription.

20 ng of cDNA/reaction was used in subsequent PCR. Taqman Fast advanced master mix (Life Technologies) containing AmpliTaq

Fast DNA polymerase was used in a 20 mL duplex reaction with one of the primer/probe pairs listed in Table S1 and a primer-limited
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primer/probe for the endogenous control eukaryotic 18s rRNA. The 2-step real-time PCR cycling conditions usedwere: 95�C for 20 s,

40 cycles of 95�C for 3 s, and then 60�C for 30 s. Relative gene expression was calculated using a relative standard curve of serially

diluted pooled samples, and normalized to 18s rRNA signal.

Sympathetic Denervation
To selectively ablate peripheral sympathetic nerve terminals, micewere injected (IP) with 6-hydroxydopamine (6-OHDA; 150mg/kg in

0.01%ascorbic acid; Sigma) at days 19 and 20 following tumor cell inoculation. Tissue was collected at ZT 6 on day 25 andmetabolic

parameters were assessed. To verify successful denervation, spleens were homogenized for evaluation of norepinephrine concen-

trations (IBL America, Cat#IB89537).

Anti-IL-6 mAb Administration
Three different cohorts of mice were injected bilaterally with 1 x 105 67NR cells in DMEMor DMEMalone as previously. Tumor growth

wasmonitoreddaily. In the first cohort, at 23dayspost-injection,miceweregiven a single 0.1mg intraperitoneal (IP) injection (in 200mL

sterile PBS) of a rat monoclonal antibody against mouse IL-6 (R&D Systems, MAB406), or the IgG1 isotype control (MAB005) (as in

Bonapace et al., 2014). Tissue was collected �75 hr later during the early active phase (ZT 16), and hepatic metabolic parameters

were examined via qPCR. A second cohort of mice was used to examine the effects of a singular IL-6 mAb treatment on sleep in tu-

mor-bearingmice. The final cohort was injectedwith the anti-IL-6mAb or the control IgG1 isotype control starting prior to whenmeta-

bolic and sleep abnormalities appeared, and then throughout tumor growth (days 15, 19, and 23). Tissuewas then collected onday 26.

Dose effects for the hepatic response to anti-IL-6 mAb were assessed using a negative control group (no tumor + IgG 0.5 mg), a

positive control group (tumor + IgG 0.5 mg), and 5 x escalating doses of themAb in tumor bearing mice (0.02, 0.1, and 0.5 mg) on day

23 post-injection (tissue collected on day 26).

Ghrelin Administration
To assess sensitivity to ghrelin, tumor and non-tumor bearing mice were injected (IP) with rat/mouse ghrelin (30 mg/mouse) (Anaspec

Cat# AS-24159) at day 25 post-67NR inoculation at the start of the active phase (ZT 14).Mouseweights were determined to be similar

prior to injections. Injections were done after a 14 hr fasting period. Food intake was measured during the first hour following ghrelin

administration.

Almorexant (ALX) Administration
Mice were injected with 67NR cells or the DMEM vehicle as above. On days 15, 18, 21, and 24 following injections, mice were admin-

istered (oral) 100 mg/kg Almorexant hydrochloride (ALX; MedChem Express) in H2O + 1.25% hydroxypropyl methyl cellulose /0.1%

dioctyl sodium sulfosuccinate/0.25%methyl cellulose (vehicle) or the vehicle alone (Black et al., 2013), 2 hr prior to lights off (ZT 12).

Tissue was collected at two circadian time points (ZT 6 and ZT 18) on day 25 following 67NR/DMEM injections.

For assessing the effects of ALX on sleep, mice were fitted with EEG/EMG biotelemeters as previously, and following 2 weeks re-

covery, were inoculated with 67NR cells. ALX or the vehicle was administered as above and sleep wasmonitored during baseline and

during the final 5 days of recording (as in the anti-IL-6 experiment).

A final group was administered ALX or the vehicle in a full factorial design on days 15, 18, 21, and 24. During this time, food intake

wasmonitored. Mice were fasted on the final night (night 24), and an IP GTT was conducted the following morning at ZT 1 (as below).

Intraperitoneal Glucose, Pyruvate, and Lactate Tolerance Tests (GTT/PTT/LTT)
Mice were fasted overnight for 12 hr (for GTT), or 16 hr (for PTT/LTT). Following the fast, at ZT 1, baseline blood glucose was

measured using a glucose meter (Bayer, Contour 7151G), and mice were intraperitoneally injected with 2 g kg�1 glucose, pyruvate,

or lactate in isotonic saline. Glucose levels in blood were further measured at 15, 30, 60, 90, and 120 min intervals following injection

to examine its clearance from circulation (GTT), or hepatic gluconeogenesis (PTT/LTT).

Assessment of Body Composition
To ascertain whether 67NR-generated tumors caused gross changes in body composition, we used nuclear magnetic resonance

imaging (Echo MRI mouse, Echo Medical Systems, Houston, USA) to examine fat, lean, free water, and total water mass. No anes-

thesia was used for these scans (lasting 0.5-3.2 min/mouse). Data were generated from the average of 3 scans/mouse/day. Scans

were completed at baseline, day 15, and day 25 following tumor cell implantation.

Cytokine Protein Quantification and Enzyme Immunoassays (EIAs)
To examine cytokine protein profiles in serum, tumors, cortex, and hippocampus, a 10-plex cytokine [V-Plex proinflammatory panel

1, Meso-Scale Discovery (MSD)] panel was completed according to the manufacturer’s instructions. This kit measures protein levels

of IFN-g, IL-10, IL-12p70, IL-1b, IL-2, IL-4, IL-5, IL-6, KC/GRO (CXCL1), and TNF-a. Serum corticosterone was determined using an

enzyme immunoassay kit (DetectX, K014-H5, Arbor Assays, MI, USA). Samples were diluted with dissociation reagent and assay

buffer 1:100. Plates were read on a plate reader at 450 nm and concentrations were determined using a 4-parameter logistic curve.

Serum insulin concentrations were determined using a commercially available sandwich ELISA (Ultra Sensitive Mouse Insulin ELISA

Kit, Crystal Chem, Downers Grove, IL, USA) according to the manufacturer’s instructions (wide-range protocol).
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Serum Acyl-Ghrelin concentrations were determined using a commercially available kit (Rat/Mouse Ghrelin (active) ELISA,

EZRGRA-90K, Millipore). Because acyl-ghrelin is extremely unstable, samples were processed immediately after collection

(no freeze/thaw).Whole blood sampleswere placed into tubes containing Pefabloc (1mg/ml) and allowed to clot for 30min. Following

centrifugation, serum samples were then transferred to tubes containing HCl at a final concentration of 0.05N prior to starting the

assay. Serum leptin concentrations were determined using a commercially available assay (Mouse/Rat leptin Quantikine ELISA

(MOB00), R&D Systems) in line with the manufacturer’s instructions.

Immunohistochemistry
F4/80 staining was completed to examine macrophage infiltration into 67NR-generated tumors. Tumors were post-fixed in 4%para-

formaldehyde for 2-3 days and then dehydrated in 70% ethanol prior to paraffin embedding and downstream processing. Blocks

were deparaffinized in xylene and rehydrated in distilled water. A 125�C antigen retrieval step was completed to unmask cloaked

antigens prior to staining. Each of the following steps included appropriate wash steps in between. Slides were incubated in 3%

hydrogen peroxide in methanol for 10 min followed by a serum-free protein block for 10 min, and then incubated with primary anti-

body (rat anti-F4/80 Serotec #MCA497G) (1:100 dilution) in Dako antibody diluent for 30 min. Then, sections were incubated with

biotinylated rabbit anti-rat (1:200) 2� Ab in blocking solution for 30 min, followed by incubation in Vector RTU ABC Elite complex

for 30 min. DAB was used as the chromogen for 5 min, and hematoxylin was used as a counterstain for 30 s. Sections were rinsed

with tap water and 1% ammonium hydroxide, dehydrated in EtOH, cleared in xylene, and coverslipped.

cFos and Hypocretin-1 (orexin-a) or pro-MCH co-staining were completed on free-floating 30 mm cryostat sections in a separate

cohort of animals. Following 5 x 10min washes in PBS, sections were blocked in 2.5% normal donkey serum, 0.1% Triton-X100, and

0.01MPBS. Sections were then incubated for 24 hr at room temperature in primary antibodies (1:400; Goat anti-orexin-A #sc-8070 or

goat anti-Pro-MCH (1:100) #sc-14509; rabbit anti-cfos (1:500) #sc-52) in blocking solution. Sections were washed 3 times in PBS,

then incubated in donkey anti-goat and anti-rabbit secondary antibodies (1:200; Alexa-fluor 488 and 594), washed again and then

mounted onto slides with VectaShield + DAPI mounting media (Vector Labs). Images containing hypocretin or MCH neurons were

taken through the extent of the hypothalamus and the total number of hypocretin/orexin+ (or MCH+) and cFos+ cells were counted

by a blinded observer.

Western Blotting
Livers were homogenized in RIPA lysis buffer and 50 mg of protein lysate was resolved on Tris-glycine SDS-PAGE gels. Antibodies

against Total STAT3 (1:1000), pSTAT3 (1:2000), Total AKT (1:1000), pAKT (1:2000), GAPDH (1:1000) (all from Cell Signaling) were

used for western blotting overnight at 4�C. Secondary antibodies (Donkey anti-rabbit (1:30,000) and Donkey anti-mouse

(1:20,000) (Li-Cor)) were used for 1 hr at room temperature. Membranes were scanned using Li-Cor CLx Imager.

Sleep Architecture and Spectral Analyses
Raw biopotentials were band pass filtered (0.3-25 Hz for EEG, and 25-50 Hz for EMG) and analyzed in 10 s epochs via the automated

rodent sleep scoring module in Neuroscore (DSI) as previously described (Borniger et al., 2015). Delta and theta ratio criteria, as well

as EMG threshold values (for scoring of NREM, REM, andwake, respectively) were adjusted on a per-animal basis to ensure accurate

scoring across the experimental set. The delta band was set at 0.5–4.0 Hz, and the theta band was set at 6-9 Hz. Artifact detection

thresholds were set at 0.4mV for both EMGand EEG, and if >10%of an epoch fell outside this threshold, the entire epochwas scored

as artifact. Visual inspection of the EEG was conducted on a subset of recordings (3 days/animal) to further ensure accurate scoring.

Wake was characterized by high frequency and low voltage EEG accompanied by high voltage EMG. NREM (i.e., slow wave sleep)

sleep was characterized by low frequency and high voltage EEG (predominant delta), accompanied by low voltage EMG. REM (i.e.,

paradoxical) sleep was characterized by high frequency, low voltage EEG (predominant theta) and EMG values. 10 s epochs were

collapsed into 2 hr bins for subsequent graphing and statistical analyses.

For spectral analyses, biopotentials were visually inspected, cleaned of artifacts, and subjected to Fast-Fourier transforms. Perio-

dogram data were collected in 10s epochs of scored data. 2-hr bins of NREM spectral power data were compiled, normalized to%of

total spectral power, and analyzed over the course of a day to visualize differences in diurnal variation in NREM delta power. Normal-

ized power spectra for wake, NREM, and REM sleep were generated by comparing the spectral power during the first 6 hr following

ALX treatment to the same time period on the previous (no treatment) day.

QUANTIFICATION AND STATISTICAL ANALYSIS

Outliers were removed a priori using the Grubb’s test. Group means were compared using Student’s t tests. For the IL-6 antibody,

6-OHDA, and Almorexant (ALX) experiments, groups were compared using two-way ANOVAs with tumor status and treatment as

independent variables, followed by Tukey’s multiple comparisons test. A two-tailed alpha of 0.05 was considered significant

throughout. If data failed to meet the requirements for ANOVA, they were log(2) transformed. All statistical analyses were completed

with SPSS Statistics software (version 22, IBM, Armonk, NY) or GraphPad Prism 6.0 (GraphPad Software, San Diego, CA, USA).
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Supplementary Figure 1, related to Figure 1. Peripheral non-metastatic tumors do not induce 
neuroinflammation. No changes in any of the cytokines examined were detected in (a) the cortex or (b) the 
hippocampus throughout the course of tumor development (days 5, 10, 15, 20, 25, or 30). (error bars 
represent SEM, N = 5-6 for vehicle treated mice on days 5, 10, 15, 20, and N = 14-15 for days 25 and 30; N = 
13-15 for tumor-bearing mice on all days).  

 

 

 

 

 

 

 



Supplementary Figure 2, related to Figure 3. Peripheral tumors disrupt locomotor activity rhythms and 
temperature regulation in mice. (a) schematic experimental design; (b) Mean tumor volumes throughout 
the course of the study (calculated using V = (LW2)/2, (c) tumors did not alter body mass. (d) early after 
67NR inoculation (days 2,3,4), locomotor activity was equivalent between groups, however (e,f) during the 
final days of tumor development (-3,-2,-1 days before tissue collection), tumor-bearing mice significantly 
reduced their daily activity. (N = 8/group, day -3 t = 2.676, p = 0.018, -2 t = 3.411, p = 0.004, -1 t = 4.095, p = 
0.0011) (g) body temperature was unchanged during early timepoints following 67NR injection, (h,i) 
however, towards the end of the study tumor-bearing mice showed a large range in body temperatures 
indicating impaired temperature regulation (N = 8/group, t = 2.444, p = 0.028). (error bars represent SEM; 
*p < 0.05, **p < 0.01),student’s t-test). 

 

 

 

 

 

 

 



Supplementary Figure 3, related to Figure 3. Tumor-bearing mice have increased bouts of wakefulness and 
NREM sleep during the active phase. (a) early after 67NR inoculation (days 2, 3, 4), wakefulness bout 
numbers were equivalent between groups, however during the final days of tumor development (-3,-2,-1 
days before tissue collection), tumor bearing mice increased their number of wake bouts indicating 
fragmentation of vigilance states (N = 6 no tumor, 7 tumor, day -1 t = 2.203, p = 0.049). (b) the same pattern 
was evident for NREM bouts (N = 7/group, day -2 t = 2.331, p = 0.038) but not (c) REM sleep bouts, and the 
greatest difference was observed during the dark (active phase). Tumor-bearing mice cannot maintain long 
bouts of wakefulness during the active phase. (d) early after 67NR injection, wake bout lengths were 
equivalent between groups, however during the last stages of tumor development (days -3,-2,-1 before 
tissue collection), mice with tumors were unable to maintain extended bouts of wakefulness during the 
active phase (N = 7/group, day -3 t = 2.292, p = 0.041; day -2 t = 5.342, p = 0.0002; day -1 t = 4.302, p = 
0.0013). (e) this was accompanied by an increase in the length of NREM bouts during the same time period 
(N = 7/group, day -2 t = 2.317, p = 0.039; day -1 t = 2.925, p = 0.014), without significant changes in (f) REM 
sleep bout duration (Error bars represent SEM, *p < 0.05, ***p < 0.005 student’s t-test). (Error bars 
represent SEM, *p < 0.05; student’s t-test).  



Supplementary Figure 4, related to Figure 3. The spectral components of sleep are intact in tumor-bearing 
mice, but they show altered temporal patterns of NREM delta power. (a and b) representative 3 minute 
EEG/EMG recordings from a non-tumor-bearing and a tumor-bearing mouse demonstrate normal frequency 
distributions during vigilance state transitions (outlined hatched boxes), and summed three final days of 
data recording showing the spectral power for (c) NREM sleep, (d) REM sleep, and (e) wakefulness. (f) within 
NREM sleep, the delta frequency shows reduced amplitude during the active phase (delineated by blue 
arrows), indicating lower sleep pressure due to increased sleep during this time period. (g, h) despite this 
temporal difference, the mean delta power was unchanged and range of values was similar between 
groups. (Error bars represent SEM, N =7-8/group for a-h). Tumor-bearing mice show intact responses to 
sleep deprivation. Mice were sleep deprived via gentle handling during the first 6 hours of the light phase 
(ZT 0-6) when sleep pressure is high, and allowed 18 h of recovery. Both non-tumor bearing and tumor-
bearing mice showed equivalent (i,j,k)  patterns of increased sleep and decreased wakefulness following 
sleep deprivation, and (k) normal (enhanced) NREM delta power during recovery sleep.  (Error bars 
represent SEM, N = 6/group for i-l). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Figure 5, related to Figure 1. Peripheral 67NR tumors do not promote neuroinflammation 
regardless of whether they are placed subcutaneously (Sub) or orthotopically within the mammary fat pad 
(Fat). (a) cortical and (b) hippocampus protein concentrations of inflammatory and anti-inflammatory 
cytokines at day 25 post-injection, for hippocampal IL-10 N = 14 no tumor subQ, 15 no tumor fat pad, 
14/group for tumor subQ and fat pad injections, main effect of tumor F1,53 = 4.117, p = 0.0475). (error bars 
represent SEM; † = main effect of tumor, N = 13-16/group, two-way ANOVA for a and  b). Tumor-bearing 
mice do not show behavioral deficits or alterations to genes frequently deregulated in disorders of mental 
health.  (c) tumor and non-tumor bearing mice show equivalent phenotypes in the open field arena, 
including (g) central tendency and (h) the number of rears, indexes of anxiety-like behavior. (d,e) tumor and 
non-tumor bearing mice show equivalent responses in the forced swim test, as well as (f) sucrose 
preference, measures of depressive-like behavior. (i) the transcription of many genes previously implicated 
in animal models of depression were unchanged regardless of tumor status or brain region examined. 
(Behavioral testing completed on days 24-25 post-injection; error bars represent SEM, N = 7-8 for behavioral 
tests, and 14-15 for gene expression (i)). 
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Supplementary Figure 6, related to Figure 5. A single injection of a neutralizing antibody against IL-6 at day 
22 does successfully knockdown IL-6 signaling at day 25 in tumor-bearing mice. (a) tumor bearing mice that 
received the IgG1 isotype control had elevated IL-6 serum concentrations, but treatment with anti-IL6 
normalized these values (N = 13 no tumor IgG, 14 no tumor anti-IL6, 14 tumor IgG, 13 tumor anti-IL6, main 
effect of tumor F1,50 = 27.4, p < 0.0001, main effect of antibody F1,50 = 17.25, p = 0.0001, interaction F1,50 = 
10.23, p = 0.0024). Consistent with reduced IL-6 signaling, mRNA expression of IL-6 target genes (b) socs3 (N 
= 14 no tumor IgG, 12 no tumor anti-IL6, 11/group for tumor IgG and anti-IL6, main effect of tumor F1,44 = 
11.26, p = 0.0016, main effect of antibody F1,44 = 9.409, p = 0.0037, interaction F1,44 = 4.306, p = 0.0439) and 
(c) il1r1 (N = 13 no tumor IgG and 14 no tumor anti-IL6, 13 tumor IgG and 12 tumor anti-IL6, main effect of 
tumor F1,48 = 8.888, p = 0.0045, interaction F1,44 = 4.392, p = 0.0414) and (d) protein expression of 
phosphorylated STAT3 (pSTAT3 (Tyr705)) were attenuated by antibody treatment. Despite reducing IL-6 
signaling, liver metabolic abnormalities remained, with tumor-bearing mice showing reduced (f) gck (N = 15 
no tumor IgG, 14 no tumor anti-IL6, 12/group tumor IgG and anti-IL6, main effect of tumor F1,49 = 4.814, p = 
0.033), (h) g6pc (N = 15 no tumor IgG, 13 no tumor anti-IL6, 11 tumor IgG, 12 tumor anti-IL6, main effect of 
tumor F1,47 = 6.295, p = 0.0156), and (j) slc2a4 (N = 14 no tumor IgG, 13 no tumor anti-IL6, 12/group for 
tumor IgG and anti-IL6, main effect of tumor F1,47 = 6.016, p = 0.018) expression regardless of which 
treatment (IgG1 or anti-IL6) they received. (error bars represent SEM, † = main effect of tumor, * = main 
effect of antibody treatment; multiple comparisons (different letters) denote bars that differ from one 
another at p < 0.05, two-way ANOVA, Tukey’s multiple comparisons post-hoc test for a-l). Escalating doses 
of IL-6 mAb do not attenuate tumor-induced elevations in blood glucose concentrations. (m) Serum IL-6 
concentrations were altered by antibody treatment (H = 22.45, p = 0.0002; Kruskal-Wallis test with Dunn’s 
multiple comparisons). (n) socs3 expression (F4,40 = 2.847, p = 0.0362). (o) blood glucose was not affected by 
antibody treatment regardless of dose (F4,45 = 5.083, p = 0.0018). (p) ldha expression (F4,42 = 3.217, p = 
0.0216). (q) gck was unaltered, (r) slc2a4 expression (F4,40 = 3.774, p = 0.0107). (n = 8-10/group; Error bars 
represent S.E.M., 1-way ANOVA with Tukey’s post-hoc test for m-r). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 7, related to Figures 2,6: (a) Transient changes in corticosterone concentrations 
observed in tumor-bearing mice during early tumor-development are absent towards later stages of 
tumor growth. (Day 15 n = 5 no tumor, 10 tumor, t = 2.581, p = 0.023). (n = 6 no tumor, 12 tumor day 
20; 14-15/group for days 25 and 30). (b) No change in skeletal muscle gene expression of enzymes 
involved in gluconeogenesis/glycolysis at day 25 post-injection (n = 4-5/group. Error bars represent SEM, 
*p < 0.05 student’s t-test).  Almorexant pre-treatment attenuates measures of glucose intolerance 
(assayed in fasting mice at ZT 1; drug administered 12 hours earlier) in tumor-bearing mice. (c) glucose 
tolerance test following 2 mg/kg injection of glucose, and (d) Area Under the Curve measures (*main 
effect of tumor: F1,56 = 14.66, p = 0.0003). (N = 15/group, error bars represent S.E.M., 2-way ANOVA with 
Fisher’s LSD post-hoc test for c and d). Changes in body composition assessed using EchoMRI during the 
course of tumor growth. (e) no change in body mass (corrected for tumor mass at tissue collection), (f) 
change in % body fat (day 25 t = 2.463, p = 0.039). (g) change in % lean mass (day 25 t = 3.763, p = 
0.0055), and (h) change in total water mass (day 25 t = 3.759, p = 0.00556). (n = 5/group/timepoint, 
error bars represent S.E.M., multiple student’s t-tests for e, f, g, and h). Chronic almorexant treatment 
(days 15, 18, 21, 24; ZT 12) does not alter (i) final body masses at day 25 (corrected for tumor burden), 
(j) tumor burden at tissue collection, or (k) food intake in tumor-bearing mice. (Error bars represent 
SEM; n = 19-20/group for (i) and (j) and 14-15/group for (k)).  



 

Supplementary Table 1, related to STAR Methods: Gene expression primer/probe information. 

Gene Name Assay ID Amplicon Length (bp) 

IL-1β Mm00434228_m1 90 

 IL-6 Mm00446190_m1 78 

TNFα Mm00443258_m1 81 

Socs3 Mm00545913_s1 76 

Stat3 Mm01219775_m1 75 

Il6rα Mm00439653_m1  98 

Il1r1 Mm00434237_m1 63 

Crp Mm00432680_g1 134 

Ccl2 Mm00441242_m1    74 

Ifnγ Mm01168134_m1 100 

Ido1 Mm01218006_m1 83 

bdnf Mm01334044_m1 92 

Dlg4 Mm00492193_m1 114 

Syp Mm00436850_m1 60 

Ldha Mm01612132_g1 95 

Pck1 Mm01247058_m1 61 

G6pc Mm00839363_m1 116 

Pklr Mm00443090_m1 62 

Gck Mm00439129_m1 69 

Slc2a4 Mm00436615_m1 68 

18s Hs99999901_s1  187 
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