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Abstract

Metabolism and inflammation are linked at many levels. Sickness behaviors are elicited by the 

immune system’s response to antigenic stimuli, and include changes in feeding and metabolism. 

The immune system is also regulated by the circadian (daily) clock, which generates endogenous 

rhythms, and synchronizes these rhythms to the light-dark cycle. Modern society has resulted in 

chronic misalignment or desynchronization of the circadian clock and the external environment. 

We have demonstrated that circadian desynchronization (CD) in mice alters metabolic function, 

and also affects both peripheral and central immune responses following a low-dose 

lipopolysaccharide (LPS) challenge. However, it is unclear how this altered immune response 

impacts sickness behaviors and metabolism following challenge. To test this, we housed male 

mice in circadian desynchronized (10-hours light:10-hours dark) or control (12-hours light:12-

hours dark) conditions for 5–6 weeks. We then challenged mice with LPS (i.p., 400 μg/kg) or PBS 

and measured changes in body mass, feeding, drinking and locomotion using a comprehensive 

phenotyping system. Plasma, liver, and brain were collected 36h post-inoculation (hpi) and 

inflammatory messengers were measured via multiplex cytokine/chemokine array and qPCR. We 

find that recovery of locomotion and body mass is prolonged in CD mice following LPS 

challenge. Additionally, at 36 hpi the expression of several proinflammatory cytokines differ 

depending on pre-inoculation lighting conditions. Our findings add to the growing literature which 

documents how desynchronization of circadian rhythms can lead to disrupted immune responses 

and changes in metabolic function.
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1. INTRODUCTION

Virtually all organisms on Earth exhibit oscillations in physiology and behavior over an 

approximate 24-hour day (Man et al., 2016). These 24-hour circadian rhythms in physiology 

and behavior enable organisms to anticipate and respond to the external environment driven 

by the rotation of the Earth about its axis (Man et al., 2016). Circadian rhythms are 

generated by molecular clocks in nearly every mammalian cell and tissue (Scheiermann et 

al., 2013). Under normal physiological conditions, these clocks are synchronized to each 

other by multiple pathways, including the autonomic nervous system and the hypothalamic-

pituitary-adrenal (HPA) axis, which are directly regulated by the suprachiasmatic nucleus 

(SCN) of the hypothalamus (Kalsbeek et al., 2006).

Physiological and behavioral processes that are regulated by the circadian system include the 

sleep-wake cycle, locomotor activity, cardiovascular and digestive processes, hormone 

secretion, body temperature, metabolism, and immunity (Scheiermann et al., 2018). 

Considering the wide variety of processes that are regulated by the circadian system, it is 

perhaps not surprising that the desynchronization between the SCN and peripheral clocks is 

associated with various human pathologies including obesity, diabetes, cancer, and 

cardiovascular disease (Early and Curtis, 2016). With more than 15% of the United States’ 

working population regularly working night shifts, the development of these human 

pathologies in night shift workers is a considerable concern (Early and Curtis, 2016). 

Furthermore, circadian misalignment has become commonplace as more people travel 

across time zones and engage in activities at times when the circadian system promotes 

resting (Early and Curtis, 2016). Therefore, human pathologies associated with circadian 

desynchronization (CD) are not only a concern for night shift workers but also for the 

greater population. Our previous work has demonstrated that we can induce CD by housing 

mice in a 20h long light-dark cycle of 10h light, and 10h darkness (LD10:10). Relatively 

short-term housing in this environment (4–6wks) leads to metabolic dysregulation, including 

weight gain, as well as increased plasma leptin, insulin, and triglycerides (Karatsoreos et al., 

2011). Remarkably, these effects are not associated with sleep deprivation, but instead 

changes in sleep timing and sleep quality (Phillips et al., 2015).

The immune system is regulated by the circadian clock. Some of the first experimental 

evidence that the immune system was regulated by the circadian clock was reported 60 years 

ago by Halberg et al. (1960), that revealed challenging the immune system of mice with 

bacterial lipopolysaccharide (LPS) at the end of the resting phase resulted in higher 

mortality rates than at other times of day. More recently, this phenomenon has been observed 

in non-pathogen induced inflammatory disease. For instance, there is a predictable time of 

symptom onset for immune conditions such as rheumatoid arthritis and asthma 

(Scheiermann et al., 2018). We now know that numerous immune cells contain intrinsic 

circadian clocks, including monocytes, macrophages, mast cells, neutrophils, eosinophils, 

natural killer cells, CD4+ T lymphocytes, and B lymphocytes (Scheiermann et al., 2018).

Emerging evidence supports the idea that the circadian clock prepares the mammalian 

immune system for defense against pathogens during the time that mammals are most likely 

to encounter pathogens, i.e., their active phase (Tognini et al., 2017). However, this increased 
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resistance against pathogens comes with an increased susceptibility to these same pathogens 

at the beginning of the mammal’s resting phase (Tognini et al., 2017). The present studies 

demonstrate that CD prolongs recovery of locomotion and body mass, as measured by a 

comprehensive behavioral phenotyping system, in mice challenged with LPS. It also results 

in changes in both circulating cytokines and immune mediators, and expression of immune 

factors within the brain.

2. METHODS

2.1. Animals

Adult male C57/BL6Nhsd mice (5–6 weeks, n = 64; Envigo) were used in two independent 

experiments. Upon arrival, all mice were single housed in standard shoebox cages with food 

and water available ad libitum. The light cycles were maintained at 12-h light and 12-h dark 

(LD12:12) for at least 6 days to allow for acclimatization to the new environment. Following 

the acclimatization period, half of the mice (n = 16 from each experiment) were randomly 

assigned to CD (10-h light, 10-h dark, LD10:10), while the other half (n = 16 from each 

experiment) remained in Control (LD12:12) conditions. After five-to-six weeks of CD or 

Control housing, one half of the mice in each group were transferred in their home cages to 

a metabolic and behavioral phenotyping system (Promethion, Sable Systems, Las Vegas, 

NV) for real-time metabolic and behavioral analysis in their respective light conditions 

(Experiment 1: Behavior). The remaining mice stayed in their home cage, and were 

provided the identical cage enrichment tube as Promethion mice (Experiment 2: Immune). 

Experimental procedures were approved by Washington State University Animal Care and 

Use Committee.

2.2. LPS Immune Challenge

After at least 5 days of acclimatization (either Sable System or enrichment tube), mice were 

inoculated intraperitoneally with 0.4 mg/kg of LPS (Escherichia coli 026:B6, > 3,000,000 

EU/mg, diluted in sterile PBS) (Sigma Aldrich, St. Louis, MO) or with sterile PBS. We used 

0.4 mg/kg LPS since it is a mild, sub-septic dose capable of inducing an immune response 

and behavioral changes (Fonken et al., 2013; Phillips et al., 2015). The time-of-day of 

inoculation occurred toward the end of their inactive phase at ZT9. One LPS-treated CD 

mouse from the 36 hpi experiment died following inoculation. After LPS/PBS treatment, 

mice were monitored twice per day visually by the experimenter until experiment 

completion. Mice were euthanized either 7 dpi (Experiment 1: Behavior) or 36 hpi 

(Experiment 2: Immune) via cervical dislocation. Blood was collected in EDTA coated tubes 

and centrifuged at 1300 RCF for 15 minutes at 4°C to isolate plasma. Liver and brain were 

collected and flash frozen on dry ice. Plasma and tissues were stored at −80°C until further 

testing.

2.3. Promethion Behavioral and Metabolic System

The Promethion System was used to record body mass, locomotor, feeding and drinking 

activities of each mouse. Data was recorded continuously for 5 days before and 7 days 

following inoculation. In this cohort, one LPS-treated CD mouse was removed from all body 

mass and behavioral analyses post-inoculation because it did not respond to LPS treatment 
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(likely due to a failed injection), and one PBS-treated control mouse was removed from all 

body mass and behavioral analyses where data was recorded by the Promethion System 

because it did not meet our behavioral recovery criteria (likely due to a technical issue with 

its recording cage).

2.3.1. Body mass—To determine how CD impacts changes in body mass over time 

following LPS challenge, we used body mass measurements recorded by hand (immediately 

before inoculation) and by the Promethion System. The body mass measurements recorded 

by the Promethion System occur when the mouse enters its enrichment tube. All mice had 

entered their weighing enrichment tube at least once by 48 hpi. Since 1/8 LPS-treated 

control and 3/7 LPS-treated CD mice did not return to their pre-inoculation body mass by 

study completion, we set our recovery criterion based on the mouse that was the greatest 

percentage away from returning to its pre-inoculation body mass. Thus, for survival analysis, 

the criterion was set as the time at which each mouse reached and sustained 93 percent of its 

pre-inoculation body mass for at least 2 consecutive body mass recordings.

2.3.2. Behavior—Baseline behaviors (Figure 1) were calculated as an average activity 

during the three (24-hour) days immediately prior to inoculation. Modified survival analysis 

was used to assess the effects of CD on recovery of activities related to sickness behavior 

such as locomotor, feeding, and drinking activities. First, for each activity analyzed, we 

determined the hourly rate of activity of each animal during a 24-hour period occurring 

exactly 1 day prior to inoculation and set this value as a within-animal baseline. We then set 

our recovery criteria as the point at which each animal sustained activity for at least two 

consecutive hourly bins equal to or greater than our baseline.

2.4. Plasma Multiplex Cytokine Array

A multiplex cytokine assay was undertaken using a MagPix detection system (Luminex 

Corp., Austin, TX). The plasma multiplex cytokine/chemokine panel (ProcartaPlex Mo 

Th1/Th2 & Chemokine Panel 1 20plex, Lot #: 206290020) was completed following the 

manufacturer’s instructions (ThermoFisher, Waltham, MA). Briefly, this assay uses color-

coded polystyrene beads that contain magnetite and cytokine/chemokine-specific detection 

antibodies. When the plasma sample is added, the detection antibodies on the magnetic 

beads bind to specific cytokines/chemokines present in the sample. The captured cytokines/

chemokines are then sandwiched between the magnetic bead-conjugated detection 

antibodies and added biotinylated detection antibodies. The biotinylated detection antibodies 

are then bound by phycoerythrin (PE)-conjugated streptavidin. The amount of PE detected 

via the MagPix is directly proportional to the amount of bound cytokine/chemokine. 

Samples were run in duplicate and the intraassay coefficient of variation was 6.3%. 

Standards on the standard curve that did not meet a percent recovery between 80–120 

percent were removed from the curve. The correlation coefficients (R2) of all standard 

curves were greater than 99%. Standard curves were calculated using Logistic 5P Weighted 

for all cytokines/chemokines measured except for GM-CSF and IL-18 whose standard 

curves were calculated using Logistic 4P Weighted.
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2.5. Brain and Liver Gene Expression

Brain and liver tissues were collected from mice at 36 hpi and rapidly frozen in powdered 

dry ice and then stored at −80°C. One brain from a PBS-treated CD mouse was lost during 

collection. Hippocampal, hypothalamic, and medial prefrontal cortical punches were 

collected into Trizol reagent from each brain using a coring tool (inner diameter = 0.5 mm) 

and a freezing sliding microtome. Landmarks for these regions were identified using a 

mouse brain atlas. RNA was extracted from brain punches using Direct-zol™ RNA 

MicroPrep Kit (Zymo Research; cat. # R2060). For brain punches, aqueous phase obtained 

from Trizol/chloroform fractionation was used to load on the Zymo-Spin™ Column instead 

of Trizol reagent directly. Liver samples were homogenized in DNA/RNA Shield™ Reagent 

(Zymo Research; cat. # R1100–50). Liver RNA was isolated using Quick-RNATM MiniPrep 

Kit (Zymo Research; cat. # R1054). One RNA sample isolated from the liver of PBS-treated 

control mouse was not analyzed because of RNA degradation. RNA concentrations of both 

brain punches and liver were measured spectrophotometrically using NanoDrop (Thermo 

Scientific). Liver samples were diluted to equivalent concentrations for RT reaction. For 

brain, the whole RNA prep was used for reverse transcription. cDNA was synthesized using 

the High-Capacity cDNA Reverse Transcription Kit with Rnase Inhibitor (Life 

Technologies, cat. # 4374966). Real-time qPCR was run using PerfeCTa® qPCR FastMix® 

II, Low ROXTM (QuantaBio; cat. # 97066–002) and the following off-the-shelf TaqMan 

Gene Expression Assays (Life Technologies): Rn18s (Mm04277571_s1), Casp1 

(Mm00438023_m1), Il1b (Mm00434228_m1), Il6 (Mm00446190_m1), Nfkb1 

(Mm00476361_m1), Pycard (Mm00445747_g1), and Tnf (Mm00443258_m1). Rn18s was 

used as the housekeeping gene to normalize between biological replicates. Samples were run 

in triplicate in 20 μl reaction mixture. 96-well plates were run on an Applied Biosystems 

ViiA7 RT-PCR machine. CT values were produced using ViiA 7 QuantStudioTM Real-Time 

PCR Software v1.3 (Applied Biosystems). Relative gene expression (Fold Change) was 

calculated using the comparative ΔΔCт method of relative quantification.

2.6. Statistical Analysis

Mann-Whitney U-tests were used to compare pre-inoculation locomotor activity, food 

consumption, and water consumption between control and CD mice. A one-way ANOVA 

(Type II) was used to detect group differences in pre-inoculation body mass. Survival curves 

for body mass and locomotor, feeding, and drinking activities were analyzed using a 

pairwise log-rank test with a BH correction for multiple comparisons. Two-way ANOVA 

analysis (Type II) was used to detect main effects of LPS treatment and environmental 

lighting condition and interactions on the hepatic, hypothalamic, hippocampal, and mPFC 

expression of proinflammatory genes (ΔCT), and plasma cytokines/chemokines. Post-Hoc 

Tukey HSD analysis followed the two-way ANOVA analyses for instances where 

interactions were detected. All analyses and figures were completed using R (R Core Team, 

2019).
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3. RESULTS

3.1. Baseline behavioral measures

We have previously shown that CD leads to increased body mass gain and this weight gain is 

associated with elevated plasma triglyceride, leptin and insulin levels (Karatsoreos et al., 

2011). Using the Promethion metabolic and behavioral phenotyping system, we assessed 

whether there were changes in overall total locomotion, feeding and drinking activities. We 

did not observe a statistically significant difference in daily locomotion (Mann-Whitney U-

test: p = 0.22), food consumption (Mann-Whitney U-test: p = 0.60) or water consumption 

(Mann-Whitney U-test: p = 0.09) averaged over a three-day period (Figure 1A–C).

3.2. Body mass

At time of inoculation there was no difference in average body mass between the groups 

(One-way ANOVA: p = 0.39, F1,28 = 1.03) (Figure 2A). To determine if differences existed 

in the rate of body mass recovery, we undertook survival analysis using the criterion 

described in the Methods. The recovery curves revealed no difference between PBS-treated 

control and CD mice (Log Rank, BH Correction for multiple comparisons: p = 0.95) (Figure 

2B). However, recovery curves of LPS-treated mice were significantly different from the 

recovery curves of PBS-treated mice (Log Rank, BH Correction for multiple comparisons: p 
< 0.001) (Figure 2B). The recovery curves of LPS-treated control and CD mice were also 

significantly different from each other (Log Rank, BH Correction for multiple comparisons: 

p = 0.002). The median recovery time for LPS-treated CD mice (59 hours) was greater than 

the median recovery time of LPS-treated control mice (50 hours).

3.3. Sickness Behavior

Next we aimed to determine how CD affected sickness behaviors. The time to reach our 

locomotor activity recovery criteria for CD mice was longer than the control mice. The 

recovery curve for the locomotor activity of LPS-treated CD mice was statistically different 

from LPS-treated control mice (Log Rank, BH Correction for multiple comparisons: p = 

0.036) (Figure 3A), while the recovery for food consumption (Log Rank, BH Correction for 

multiple comparisons: p = 0.19) (Figure 3B) and water consumption (Log Rank, BH 

Correction for multiple comparisons: p = 0.57) (Figure 3C) was not statistically different 

between LPS-treated CD and control mice. The median recovery of locomotor and feeding 

activity occurred at 27 hours and 36 hours, respectively, for control mice challenged with 

LPS, while median recovery time was approximately 46 hours for both locomotor and 

feeding activities for LPS-treated CD mice. The median recovery time for water , F1,27 = 

0.08) or a statistically significant interaction (Two-way ANOVA: TNFα, p = 0.93, F1,27 = 

0.008; IL-1β, p = 0.093, F1,27 = 3.02) was observed for TNFα or IL-1β.consumption was 36 

hours in LPS-treated control mice and 30 hours in LPS-treated CD mice.

3.4. Immune Measures

Plasma and tissues (liver, brain) were collected from a separate cohort of mice 36 hpi. We 

chose 36 hpi because the locomotor and feeding activities of at least half of the LPS-treated 
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control mice returned to their baseline levels of activity, while the LPS-treated CD mice still 

lagged behind.

3.4.1. Plasma Cytokine Measures—A comprehensive multiplex panel was used to 

measure the plasma concentrations of Th1-/Th2-associated cytokines and chemokines. We 

found a main effect of treatment on TNFα (Two-way ANOVA: p < 0.001, F1,27 = 85.79) and 

IL-1β (Two-way ANOVA: p < 0.001, F1,27 = 21.21) such that LPS treatment increased the 

plasma concentration of TNFα and IL-1β (Figure 4A, 4B). However, no main effect of 

lighting condition (Two-way ANOVA: TNFα p = 0.35, F1,27 = 0.91; IL-1β, p = 0.775, F1,27 

= 0.08) or a statistically significant interaction (Two-way ANOVA: TNFα, p = 0.93, F1,27 = 

0.008; IL-1β, p = 0.093, F1,27 = 3.02) was observed for TNFα or IL-1β.

We also detected a main effect of treatment on plasma IL-5 and IL-6 (Two-way ANOVA: 

IL-5, p = 0.051, F1,27 = 4.16; IL-6, p < 0.001, F1,27 = 27.58), both of which, were 

accompanied by a statistically significant interaction (Two-way ANOVA: IL-5, p = 0.057, 

F1,27 = 3.96; IL-6, p = 0.042, F1,27 = 4.56). Post-hoc analysis indicates that LPS treatment 

decreases plasma concentrations of IL-5 in control mice (Post-Hoc Tukey HSD: p = 0.039) 

but not in CD mice (Post-Hoc Tukey HSD: p = 0.99) (Figure 4C). Conversely, LPS 

treatment increases plasma concentrations of IL-6 in control mice (Post-Hoc Tukey HSD: p 
< 0.001) but not in CD mice (Post-Hoc Tukey HSD: p = 0.17) (Figure 4D). No main effect 

of lighting condition on either plasma IL-5 or IL-6 was detected (Two-way ANOVA: IL-5, p 
= 0.37, F1,27 = 0.82; IL-6, p = 0.43, F = 0.63)

A main effect of treatment was also observed for several other plasma cytokines and 

chemokines including GM-CSF, Gro-α/KC, IL-4, IL-18, IP-10, MCP-1, MCP-3, MIP-1α, 

MIP-1β, MIP-2, and RANTES (see Table 1). No main effect of lighting condition or an 

interaction was observed for any of these cytokines or chemokines (see Table 1). We also did 

not find a main effect of treatment, a main effect of lighting condition, or an interaction for 

plasma Eotaxin, IFNγ, IL-12p70, or IL-13 (see Table 1).

3.4.2. Hepatic mRNA Expression—Since the liver is a key metabolic organ, shows a 

high level of circadian regulation, and has a prominent role in immune responses, we 

quantified expression of proinflammatory genes from hepatic tissue using qPCR. As 

expected, a main effect of treatment on the hepatic expression of proinflammatory cytokine 

genes TNFα, IL-1β, and IL-6 was detected (Two-way ANOVA: TNFα, p < 0.001, F1,26 = 

99.38; IL-1β, p < 0.001, F1,26 = 55.06, IL-6, p = 0.01, F1,25 = 7.72) such that LPS treatment 

increased their expression in both control and CD mice (Figure 5A–C). However, we did not 

detect a main effect of lighting condition (Two-way ANOVA: TNFα, p = 0.42, F1,26 = 0.66; 

IL-1β, p = 0.45, F1,26 = 0.59; IL-6, p = 0.11, F1,25 = 2.75) or an interaction (Two-way 

ANOVA: TNFα, p = 0.69, F1,26 = 0.17; IL-1β, p = 0.83, F1,26 = 0.05; IL-6, p = 0.28, F1,25 = 

1.20) on the expression of these proinflammatory cytokine genes.

We also found a main effect of LPS treatment on the hepatic expression of inflammasome-

related genes Casp1 and Pycard (Two-way ANOVA: Casp1, p < 0.001, F1,26 = 22.03; 

Pycard, p < 0.001, F1,26 = 72.20) such that LPS treatment increased their expression in both 

control and CD mice (Supp. Figure 1A, 1B). However, there was no main effect of lighting 
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condition (Two-way ANOVA: Casp1, p = 0.47, F1,26 = 0.53; Pycard, p = 0.63, F1,26 = 0.24) 

or an interaction (Two-way ANOVA: Casp1, p = 0.21, F1,26 = 1.63; Pycard, p = 0.74, F1,26 = 

0.11) on these inflammasome-related genes. Additionally, we did not detect a main effect of 

LPS treatment (Two-way ANOVA: p = 0.25, F1,26 = 1.41), or a main effect of lighting 

condition (Two-way ANOVA: p = 0.92, F1,26 = 0.01), or an interaction (Two-way ANOVA: 

p = 0.26, F1,26 = 1.35) on the hepatic expression of Nf-κB (Supp. Figure 1C).

3.4.3. Hypothalamic, Hippocampal, and mPFC mRNA Expression—In the 

hypothalamus, hippocampus, and mPFC, a main effect of LPS treatment on TNFα 
expression (Two-way ANOVA: hypothalamus, p < 0.001, F1,25 = 31.63; hippocampus, p < 

0.001, F1,26 = 30.53; mPFC, p = 0.005, F1,26 = 9.40) was accompanied by a statistically 

significant interaction (Two-way ANOVA: hypothalamus, Type II: p = 0.059, F1,25 = 3.91; 

hippocampus, p = 0.048, F1,26 = 4.29; mPFC, p = 0.038, F1,26 = 4.77). For all three brain 

regions, post-hoc analysis indicates that LPS treatment increases the expression of TNFα in 

control mice (Post-Hoc Tukey HSD: hypothalamus, p < 0.001; hippocampus, p < 0.001; 

mPFC, p = 0.005) but not in CD mice (Post-Hoc Tukey HSD: hypothalamus, p = 0.08; 

hippocampus, p = 0.13; mPFC, p = 0.96) (Figure 6A).

A main effect of LPS treatment on the expression of IL-6 was detected in all three brain 

regions (Two-way ANOVA: hypothalamus, p < 0.001, F1,25 = 16.20; hippocampus, p < 

0.001, F1,26 = 18.49; mPFC, p = 0.002, F1,26 = 12.32) such that LPS treatment reduced IL-6 
expression (Figure 6B). We did not detect a main effect of lighting condition on IL-6 
expression (Two-way ANOVA: hypothalamus, p = 0.82, F1,25 = 0.05; hippocampus, p = 

0.54, F1,26 = 0.39; mPFC, p = 0.30, F1,26 = 1.12) or an interaction (Two-way ANOVA: 

hypothalamus, p = 0.57, F1,25 = 0.34; hippocampus, p = 0.28, F1,26 = 1.20; mPFC, p = 0.42, 

F1,26 = 0.67).

Similar to IL-6, we found a main effect of LPS treatment on IL-1β expression in all three 

brain regions (Two-way ANOVA: hypothalamus, p < 0.001, F1,25 = 17.61; hippocampus, p < 

0.001, F1,26 = 52.61; mPFC, p < 0.001, F1,26 = 45.67). However, unlike IL-6, LPS treatment 

increased the expression of IL-1β (Figure 6C). We did not detect a statistically significant 

main effect of lighting condition on IL-1β expression (Two-way ANOVA: hypothalamus, p 
= 0.92, F1,25 = 0.008; hippocampus, p = 0.61, F1,26 = 0.26; mPFC, p = 0.78, F1,26 = 0.08) or 

an interaction (Two-way ANOVA: IL-1β, hypothalamus, p = 0.36, F1,25 = 0.86; 

hippocampus, p = 0.31, F1,26 = 1.06; mPFC, p = 0.21, F1,26 = 1.65).

We also probed for changes in the expression of inflammasome-related genes. We detected a 

main effect of LPS treatment on the expression of Casp1 in hypothalamus and hippocampus 

(Two-way ANOVA: hypothalamus, p = 0.004, F1,25 = 9.85; hippocampus p < 0.001, F1,26 = 

19.64; mPFC, p = 0.38, F1,26 = 0.81) (Supp. Figure 2A). For Pycard there was a main effect 

of LPS treatment in all brain areas (Two-way ANOVA: hypothalamus, p < 0.001, F1,25 = 

23.44; hippocampus, p < 0.001, F1,26 = 29.90; mPFC, p < 0.001, F1,26 = 30.85) (Supp. 

Figure 2B). We did not detect a statistically significant main effect of lighting condition on 

Casp1 (Two-way ANOVA: hypothalamus, p = 0.45, F1,25 = 0.60; hippocampus p = 0.72, 

F1,26 = 0.12; mPFC, p = 0.73, F1,26 = 0.11) or Pycard (Two-way ANOVA: hypothalamus, p 
= 0.996, F1,25 = 0.00; hippocampus, p = 0.93, F1,26 = 0.01; mPFC, p = 0.62, F1,26 = 0.25) 
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expression or an interaction (Two-way ANOVA: Casp1, hypothalamus, p = 0.41, F1,25 = 

0.71; hippocampus p = 0.72, F1,26 = 0.13; mPFC, p = 0.32, F1,26 = 1.02; Pycard, 

hypothalamus, p = 0.30, F1,25 = 1.12; hippocampus, p = 0.60, F1,26 = 0.29; mPFC, p = 0.22, 

F1,26 = 1.56).

For Nf-κB expression, we detected a main effect of LPS treatment for two out of three brain 

regions (Two-way ANOVA: hypothalamus, p = 0.015, F1,25 = 6.82; hippocampus, p = 0.16, 

F1,26 = 2.12; mPFC, p = 0.006, F1,26 = 9.01) such that LPS treatment increased 

hypothalamic and mPFC expression of Nf-κB in both control and CD mice (Supp. Figure 

2C). We did not find a main effect of lighting condition on Nf-κB expression (Two-way 

ANOVA: hypothalamus, p = 0.93, F1,25 = 0.01; hippocampus, p = 0.08, F1,26 = 3.39; mPFC, 

p = 0.55, F1,26 = 0.37) or an interaction (Two-way ANOVA: Nf-κB, hypothalamus, p = 0.62, 

F1,25 = 0.25; hippocampus, p = 0.34, F1,26 = 0.94; mPFC, p = 0.26, F1,26 = 1.31).

4. DISCUSSION

Our previous results (Phillips et al., 2015) demonstrated that our CD paradigm alters the 

central and peripheral immune response to a low-dose LPS challenge 3 hpi. However, it was 

not known how this altered inflammatory response to LPS impacted physiological and 

behavioral responses. We hypothesized that this altered inflammatory response to LPS 

induced by CD would impact changes in body mass and sickness behavior following LPS 

challenge. Using survival analysis, we demonstrated that CD mice experience a prolonged 

recovery period of body mass and locomotor activity following LPS challenge compared to 

control mice. We also observed an increase in the median time required for LPS-treated CD 

mice to return to their pre-inoculation feeding activity compared to LPS-treated control 

mice.

It is well established that LPS inoculation leads to an initial loss in body mass followed by a 

recovery period (Dubos and Schaedler, 1961). We sought to determine if CD impacted the 

time required to reach recovery of body mass following LPS challenge. We detected a 

statistically significant difference in the overall rate by which each group of mice recovered 

to pre-inoculation body mass due to LPS treatment (Figure 2C), which was accompanied by 

a longer median time required for the body mass of half the CD mice to recover (59 hours) 

compared to the time required for half the control mice to recover (50 hours) following LPS 

challenge. Previous work by Fonken et al. (2013) has demonstrated that housing mice, 

which are nocturnal, in dim light during their active (night) phase, have increased anorectic 

responses following LPS (Fonken et al., 2013) but this work only focused on the first 24 hpi. 

In this study, food consumption was measured only daily, rather than the more high-

resolution temporal analysis of the present findings. Moreover, our recovery data are based 

upon within subject changes, providing yet more new information about the process not only 

of the initial sickness responses, but also recovery over time. Thus, an important contribution 

of our work in this regard is the discovery that circadian desynchronization not only affects 

initial short-term responses to immune challenge, but that the consequences of this altered 

inflammatory response can be sustained. Understanding how circadian desynchronization 

changes the underlying physiological processes that regulate energy expenditure, food 

consumption, and body mass regulation will be important next steps to further untangle 
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these relationships, and potentially mitigate such negative outcomes. Beyond the circadian 

range, interactions between environmental light-dark cycles and immune function are well 

known. In seasonally breeding vertebrates, there are clear links between photoperiod and 

immune function (Demas and Nelson, 1998; Nelson and Demas, 1996; Onishi et al., 2020; 

Stevenson and Prendergast, 2015). From wound healing (Cable et al., 2017), to immune 

stimulation (Demas and Nelson, 1998), to pathogen response (Schultz et al., 2017), 

environmental light conditions can clearly affect the immune system. It is noteworthy that 

many of these responses are also intricately linked with food availability and metabolic 

function (Drazen et al., 2001; Garcia et al., 2010).

We next wanted to probe if CD affected a subset of sickness behaviors, particularly those 

motivated behaviors that are most closely related to metabolic function. Broadly, sickness 

behaviors are a set of adaptive responses meant to rid the body of pathogens and preserve 

energy for mounting an immune and febrile response (Dantzer, 2017). In mammals, 

including rodents, sickness behavior is characterized by inactivity, sleepiness, decreased 

appetite, and social withdrawal (Dantzer, 2017). As such, sickness behaviors are thus 

strongly associated with metabolism and metabolic processes. In the present study, when 

referring to sickness behavior we are focusing on decreases in locomotor, feeding, and 

drinking activities that occur following LPS challenge. While recovery curves for locomotor 

activity were different, feeding and drinking behavior did not show statistical differences 

between LPS treated groups. However, in general, the rate by which mice recovered 

locomotor and feeding activity following LPS challenge was slower than mice that were 

treated with PBS (Figure 3A–3C). The median time required for the CD mice to recover to 

pre-inoculation locomotor (46 hours) and feeding (46 hours) activity levels was longer than 

the time required for half of the control mice to recover to their pre-inoculation activity 

levels (27 and 36 hours, respectively). Thus we posit that even a small non-statistically 

significant delay in the recovery of feeding, coupled with potential shifts in metabolic rate 

(outside the scope of the present studies) could lead to statistically significant shifts in body 

mass.

The recognition of LPS by immune cells and the subsequent immune response is adaptive, 

and its absence increases the susceptibility of organisms to bacterial infections. LPS is 

recognized by TLR-4 receptors of local immune cells, leading to the activation of Nf-κB, 

which promotes the expression and subsequent secretion of cytokines and chemokines. 

These act in an autocrine and a paracrine manner to prime the local area and signal 

circulating immune cells to migrate to the inflamed tissue. Some immune cells act as 

antigen-presenting cells (APCs), which following antigen recognition, will migrate to 

lymphoid organs and present the antigen to lymphocytes. The main classes of these cells are 

the T helper 1 (Th1) lymphocytes and T helper 2 (Th2) lymphocytes, which secrete different 

cytokines that impact how other immune cells function.

Using a Th1/Th2 multiplexed immunoassay, we found that LPS significantly altered nearly 

all measured parameters, while CD did not result in any baseline differences (Table 1). 

However, while LPS increased plasma IL-6 and decreased plasma IL-5 in control mice, 

these plasma cytokines did not statistically differ between PBS- and LPS-treated CD mice. 

Notably, we previously reported that CD mice had reduced concentrations of plasma IL-6 
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compared to CON mice at 3h following LPS challenge (Phillips et al., 2015). IL-6 plays an 

important role in the production of acute phase proteins by hepatocytes following LPS 

challenge (Rose-John et al., 2017). Additionally, IL-6 knockout mice have been 

demonstrated to be more susceptible to pathogens (Rose-John et al., 2017). Thus, it is 

plausible that consistently low circulating IL-6 observed in CD mice 3h and 36h following 

LPS challenge is implicated in a compromised host defense. IL-5 is generally considered a 

Th2 cytokine. Reduced circulating IL-5 in control mice at 36h following LPS challenge may 

be a result of normal counter-regulatory processes stemming from Th1-focused response. 

The fact that LPS treatment does not alter IL-5 in CD mice at 36 hpi may indicate a loss of 

this normal counter-regulation.

We then investigated how CD altered the response to LPS in different tissue compartments, 

namely the liver (a primary mediator of immune responses) and the brain (a key regulator of 

immune responses and sickness behaviors). In the liver, we found that at 36 hpi there were 

no differences between control and CD in any of the measured mRNA transcripts (Figure 5). 

In the brain, we examined three different regions, the prefrontal cortex, the hippocampus, 

and the hypothalamus, all regions known to show changes in local cytokine mRNA levels 

following immune challenge, and to express high levels of cytokine receptors (Dantzer, 

2009; Skelly et al., 2013). We found that LPS-treated CD mice did not show the sustained 

elevated levels of TNFα mRNA in any of the regions explored, as compared to LPS-treated 

control mice. This finding is noteworthy since our previous work at 3 hpi showed that TNFα 
mRNA was not different in CD mice in the hippocampus, but was significantly elevated in 

CD mice in the hypothalamus (Phillips et al., 2015). While a caveat in directly comparing 

these two studies is the difference in time of inoculation, this general pattern of results 

suggests that there is a difference in the dynamic response of brain TNFα mRNA in 

response to LPS following CD. It has been well documented that TNFα can induce sickness 

behaviors in rodents (Bluthé et al., 1994, 1991; Palin et al., 2008, 2007). Within the 

hypothalamus, TNFα can reduce food intake (Moraes et al., 2006) potentially contributing 

to body mass loss. In addition, central administration of TNFα decreases social interaction 

behaviors and locomotion in mice (Palin et al., 2008). We posit that the early 3 hpi increase 

in TNFα transcripts in LPS-treated CD mice (Phillips et al., 2015) might contribute to the 

reduced recovery of CD mice. While the reduced TNFα transcript level in the brain of LPS 

treated CD mice at the 36 hpi time point seems counterintuitive, a potential explanation is a 

dysregulation of the normal regulatory, and counter regulatory, processes that occur 

following challenge with a pathogen. Specifically, given the well characterized interactions 

between TNFα and IL-1β 5/11/2020 6:21:00 PM, reduced TNFα transcripts in LPS-treated 

CD mice, while IL-1β mRNA remains elevated to the same degree as in LPS-treated control 

mice, might represent a potential shift in the coordinated activation of different components 

of the immune response. It is essential to reinforce the notion that the immune response does 

not occur in isolation, many pathways are activated together and in parallel, with significant 

interplay. Moreover, responses are dynamic, changing over time and space. With regards to 

our findings with Nf-κB, which might be interpreted as suggesting Nf-κB is not involved in 

the observed responses, it is important to note that pathogen driven Nf-κB pathway function 

relies only partially on de novo generation of Nf-κB transcripts. Instead, and perhaps more 
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importantly, interacts with several other gene pathways (some of which are altered, see 

Supp.Fig.2) (Manning et al., 1995).

Our previous work demonstrated that IL-6 mRNA was elevated in the hypothalamus of CD 

mice but not control mice 3h after LPS challenge (Phillips et al., 2015). In the present study, 

at the 36h time point, we show that in all brain regions explored, IL-6 mRNA was reduced 

suggesting an anti-inflammatory targeting of IL-6. We suspect that this downregulation of 

IL-6 mRNA could be attributed to the inhibition of IL-6 trans-signaling via endogenous 

soluble gp130 (sgp130). IL-6 trans-signaling is a necessary communication pathway for 

IL-6 to signal various cells within the brain such as neurons and astrocytes (März et al., 

1997; Van Wagoner et al., 1999). Moreover, following an intraperitoneal LPS challenge, the 

inhibition of IL-6 trans-signaling via sgp130 has been shown to reduce the expression of 

IL-6 mRNA and facilitate sickness behavior recovery (Burton et al., 2011). The primary 

source of IL-6 in the inflamed brain are astrocytes (Van Wagoner et al., 1999). We’ve 

previously shown that CD increases brain GFAP mRNA (Lananna et al., 2018), indicating 

astrocyte activation and presumably astrogliosis. Primed astrocytes in the hypothalamus 

could explain why we previously observed elevated hypothalamic IL-6 mRNA at 3h 

following peripheral LPS challenge in CD mice.

The results presented in this study leads to additional evidence that desynchronization of the 

circadian clock can lead to dysregulated innate immune responses. Our data go further in 

providing evidence that CD can also contribute to impaired recovery following exposure to a 

pathogen as measured by sickness behaviors including locomotor, feeding and drinking 

activity. These differences are associated with altered patterns of plasma cytokines, and 

hepatic and brain cytokine transcripts. Together, our findings present compelling evidence 

that desynchronization of the circadian clock can have significant effects on an individual’s 

behavioral and physiological recovery following exposure to a pathogen.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Circadian desynchronization alters the metabolic and behavioral response to 

LPS.

• Sickness behaviors are prolonged in circadian desynchronized mice.

• Changes in brain and peripheral cytokines are associated with these effects.
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Fig. 1: Circadian desynchronization does not affect daily locomotor activity, food consumption, 
or water consumption.
After two days acclimatization to the behavioral phenotyping system locomotor activity, 

food consumption, and water consumption were measured. Average daily activity was 

calculated using data collected over the three (24-hour) days immediately preceding 

inoculation. No statistical differences between control (n = 15) and CD (n = 16) mice were 

detected for average locomotor activity (A), food consumption (B), and water consumption 

(C). Data are represented as mean ± SEM. Statistical analyses used Mann-Whitney U-tests.
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Fig. 2: Recovery of body mass following LPS challenge is affected by circadian 
desynchronization.
After 5 days acclimatization to the behavioral phenotyping system, control and CD mice 

were weighed (baseline body mass) and then challenged with PBS or LPS (0.4 mg/kg). 

Baseline body mass did not differ between groups (n = 8 per group) (A). Survival analysis 

was used to evaluate if lighting condition impacted recovery of body mass to baseline 

following LPS challenge. While the recovery curves of PBS-treated control (n = 7) and CD 

(n = 8) mice were not statistically different, there was a statistically significant difference 

between LPS-treated control (n = 8) and CD (n = 7) mice (B). Dashed line indicates median 

recovery times. Statistical analyses used one-way ANOVA (A) and pairwise log-rank test 

with a BH correction for multiple comparisons (B).
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Fig. 3: Circadian desynchronization prolongs recovery of locomotor activity in mice following 
LPS.
After 5 days acclimatization to the behavioral phenotyping system, control and CD mice 

were challenged with PBS or LPS (0.4 mg/kg). Behavior was recorded for a total of 7 dpi. 

Raw data of locomotor (A), feeding (B), and drinking (C) activity is depicted in the raster 

plots. The red-dashed line within the raster plots indicates time of inoculation. Survival plots 

are used to assess recovery following PBS or LPS challenge. No difference in recovery was 

observed for locomotor (A), feeding (B), or drinking (C) behavior following PBS treatment. 

However, following LPS challenge, CD mice required a longer recovery time to reach and 
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sustain baseline locomotor activity levels compared to control mice (A). Although a similar 

trend was observed for feeding activity (B), the effect of LPS on feeding activity was not 

statistically significant. Furthermore, the effect of LPS on drinking activity was not 

dependent on lighting condition (C). Dashed line indicates median recovery times. Statistical 

analyses used pairwise log-rank test with a BH correction for multiple comparisons. Number 

of mice per group: CON, PBS = 7; CON, LPS = 8; CD, PBS = 8; CD, LPS = 7.
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Fig. 4. The inflammatory response of plasma cytokines to LPS treatment is affected by circadian 
desynchronization.
Bar plots represent the plasma cytokine concentrations 36 hours post-inoculation with PBS 

or LPS (0.4 mg/kg). LPS treatment increased the plasma concentration of TNFα (A) and 

IL-1β (B) in both control and CD mice. Conversely, LPS treatment decreased and increased 

plasma concentrations of IL-5 (C) and IL-6 (D), respectively, in control mice but not in CD 

mice. Data are represented as mean ± SEM. Statistical analyses on plasma concentration 

used two-way ANOVAs followed by post-hoc Tukey HSD tests for statistically significant 

interactions. Asterisks indicate that the difference between groups are statistically significant 

(p ≤ 0.05). Number of mice per group: CON, PBS = 8; CON, LPS = 8; CD, PBS = 8; CD, 

LPS = 7.
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Fig. 5. LPS treatment increases the hepatic expression of proinflammatory cytokine genes in 
both control and CD mice.
Bar plots represent the fold-change in proinflammatory cytokine mRNA levels 36 hours 

post-inoculation with PBS or LPS (0.4 mg/kg). mRNA levels were measured by quantitative 

PCR and fold change was calculated using the ΔΔCT method of relative quantification. No 

baseline difference of proinflammatory cytokine gene expression in the liver was observed. 

LPS treatment increased the hepatic expression of TNFα (A), IL-1β (B), and IL-6 (C). No 

statistically significant interactions were observed. Data are represented as mean ± SEM. 

Statistical analyses on ΔCT data used two-way ANOVAs. Asterisks indicate that the 

difference between groups are statistically significant (p ≤ 0.05). Number of mice per group: 

CON, PBS = 7; CON, LPS = 8; CD, PBS = 8 for TNFα and IL-1β, 7 for IL-6; CD, LPS = 7
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Fig. 6. Circadian desynchronization changes brain cytokine gene expression in response to LPS 
challenge.
Bar plots represent the fold-change in proinflammatory cytokine mRNA levels 36 hours 

post-inoculation with PBS or LPS (0.4 mg/kg). mRNA levels were measured by quantitative 

PCR and fold change was calculated using the ΔΔCT method of relative quantification. No 

baseline difference of proinflammatory cytokine mRNA levels in the hypothalamus, 

hippocampus, or mPFC was observed. The effect of LPS treatment on proinflammatory 

cytokine expression was consistent across brain regions. LPS treatment increased TNFα 
expression in control mice but not in CD mice (A). LPS treatment had opposite effects on 

the expression of IL-1β and IL-6. While LPS treatment reduced the expression of IL-6 in 

both control and CD mice (B), it also increased the expression of IL-1β in both control and 

CD mice (C). Data are represented as mean ± SEM. Statistical analyses on ΔCT data used 

two-way ANOVAs followed by post-hoc Tukey HSD tests for statistically significant 

interactions. Asterisks indicate that the difference between groups are statistically significant 

(p ≤ 0.05). Number of mice per group: CON, PBS = 8 for hippocampus and mPFC, 7 for 

hypothalamus; CON, LPS = 8; CD, PBS = 7; CD, LPS = 7.
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Table 1

Plasma cytokine and chemokine levels 36 hours following peripheral LPS inoculation in control and circadian 

desynchronized mice.

Cytokine Effect of LPS Direction of effect Effect of desynchronization Direction of effect Interaction

Eotaxin p = 0.183, F = 1.87 ns p = 0.454, F = 0.58 ns p = 0.787, F = 0.07

GM-CSF p = 0.015, F = 6.79 ↑ p = 0.306, F = 1.09 ns p = 0.451, F = 0.58

Gro-α/KC p < 0.001, F = 30.91 ↑ p = 0.673, F = 0.18 ns p = 0.568, F = 0.33

IFNγ p = 0.452, F = 0.58 ns p = 0.939, F = 0.01 ns p = 0.252, F = 1.37

IL-12p70 p = 0.233, F = 1.49 ns p = 0.061, F = 3.82 ns p = 0.429, F = 0.65

IL-13 p = 0.528, F = 0.41 ns p = 0.073, F = 3.47 ns p = 0.596, F = 0.29

IL-18 p < 0.001, F = 139.21 ↑ p = 0.571, F = 0.33 ns p = 0.109, F = 2.75

IL-1β p < 0.001, F = 21.21 ↑ p = 0.775, F = 0.08 ns p = 0.094, F = 3.02

IL-2 p = 0.325, F = 1.01 ns p = 0.410, F = 0.70 ns p = 0.743, F = 0.11

IL-4 p = 0.008, F = 8.34 ↑ p = 0.704, F = 0.15 ns p = 0.728, F = 0.12

IL-5 p = 0.051, F = 4.16 ↓ p = 0.373, F = 0.82 ns p = 0.057, F = 3.96

IL-6 p < 0.001, F = 27.58 ↑ p = 0.435, F = 0.63 ns p = 0.042, F = 4.56

IP-10 p < 0.001, F = 166.85 ↑ p = 0.166, F = 2.02 ns p = 0.865, F = 0.03

MCP-1 p < 0.001, F = 61.93 ↑ p = 0.331, F = 0.98 ns p = 0.288, F = 1.18

MCP-3 p < 0.001, F = 69.35 ↑ p = 0.839, F = 0.04 ns p = 0.795, F = 0.07

MIP-1α p < 0.001, F = 51.66 ↑ p = 0.624, F = 0.25 ns p = 0.651, F = 0.21

MIP-1β p < 0.001, F = 103.78 ↑ p = 0.176, F = 1.93 ns p = 0.390, F = 0.76

MIP-2 p < 0.001, F = 26.01 ↑ p = 0.702, F = 0.15 ns p = 0.763, F = 0.09

RANTES p < 0.001, F = 117.39 ↑ p = 0.061, F = 3.82 ns p = 0.079, F = 3.34

TNFα p < 0.001, F = 85.79 ↑ p = 0.349, F = 0.91 ns p = 0.928, F = 0.01

Table presents results from plasma cytokine and chemokine multiplex array. Plasma was collected from control or circadian desynchronized mice 
36 hours post-inoculation with PBS or LPS. Reported statistics (Two-way ANOVA, with p and F values) summarize main effects of LPS treatment 
and environmental lighting condition, and the interaction. Bolding indicates a statistically significant main effect or interaction.
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