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Abstract: The immune system is regulated by circadian clocks within the 

brain and immune cells. Environmental circadian disruption (ECD), consisting 

of a 6-h phase advance of the light:dark cycle once a week for 4 weeks, 

elevates the inflammatory response to lipopolysaccharide (LPS) both in vivo 

and in vitro. This indicates that circadian disruption adversely affects immune 

function; however, it remains unclear how the circadian system regulates this 

response under ECD conditions. Here, we develop an assay using ex vivo 

whole-blood LPS challenge to investigate the circadian regulation of immune 

responses in mice and to determine the effects of ECD on these rhythms. 

LPS-induced IL-6 release in whole blood was regulated in a circadian manner, 

peaking during subjective day under both entrained and free-running 

conditions. This LPS-induced IL-6 release rhythm was associated with daily 

variation in both white blood cell counts and immune cell responsiveness. ECD 

increased the overall level of LPS-induced IL-6 release by increasing immune 

cell responsiveness and not by affecting immune cell number or the circadian 

regulation of this rhythm. This indicates that ECD produces pathological 

immune responses by increasing the proinflammatory responses of immune 

cells. Also, this newly developed whole blood assay can provide a noninvasive 

longitudinal method to quantify potential health consequences of circadian 

disruption in humans. 

Keywords: environmental circadian disruption, lipopolysaccharide, IL-6, 

whole blood 

The immune system and its responses are regulated by 

circadian clocks within the brain and immune cells (Haus and 

Smolensky, 1999; Scheiermann et al., 2013). At the molecular level, 

circadian rhythms are generated by interlocking 

transcriptional/translational feedback loops involving a family of clock 

genes (e.g., Period1-3, Cryptochrome 1-2, Bmal1, Clock) that regulate 

cellular functions across the day (Ko and Takahashi, 2006). At the 

whole animal level, immune responses are regulated in a circadian 

manner, with daily rhythms in immune cell counts and cytokine levels 

evident in rodents and humans (Abo et al., 1981; Arjona and Sarkar, 

2006; Born et al., 1997; Gibbs et al., 2012).Isolated macrophages 

exhibit rhythms in clock gene expression, phagocytic activity, and 

response to the bacterial endotoxin lipopolysaccharide (LPS) (Gibbs et 

al., 2012; Keller et al., 2009). Importantly, responses to specific 

antigens (Fortier et al., 2011; Shackelford and Feigin, 1973) and 

nonspecific bacterial products (Halberg et al., 1960) are under diurnal 

regulation. Thus, recent work indicates that circadian and immune 

functions are highly interconnected; however, the consequences of a 
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disrupted circadian environment for proper immune functions remain 

unclear. 

Environmental lighting conditions that produce circadian 

disruption lead to pathological immune responses (Golombek et al., 

2013). Using an environmental circadian disruption (ECD) paradigm 

involving 4 weekly 6-h phase advances of the light:dark cycle, we 

have demonstrated that ECD elevates LPS-induced inflammatory 

responses in mice in vivo and in isolated macrophages ex vivo 

(Castanon-Cervantes et al., 2010). Furthermore, clock gene rhythms 

were disrupted in peritoneal macrophages of ECD mice, with changes 

in both Bmal1 and Per2 rhythms (Castanon-Cervantes et al., 2010). 

This suggests that pathological immune responses are associated with 

altered circadian functions in immune cells; however, it remains 

unclear whether LPS-induced cytokine release is clock controlled and 

how ECD affects this response. 

Here, we develop an ex vivo whole-blood LPS challenge to 

investigate the circadian regulation of immune responses and the 

effects of ECD. LPS-induced IL-6 release in whole blood was robust 

and rhythmic under both entrained and free-running conditions. 

Circadian variation in this immune response was associated with daily 

variation in both white blood cell counts and immune cell 

responsiveness. ECD did not abolish this immune response rhythm but 

instead elevated overall LPS-induced IL-6 release by increasing 

immune cell responsiveness and not immune cell number. 

Materials and Methods 

Male C57BL/6J mice (N = 144; age = 4-5 mo) (Jackson 

Laboratories, Bar Harbor, ME) were entrained for at least 10 days to a 

12-h light:12-h dark cycle (LD12:12, lights-off at 1800 h EST) with 

light provided by fluorescent bulbs (200-400 lux at cage level). Mice 

were housed singly in polypropylene cages without a running wheel 

inside light-tight boxes with ad libitum access to water and food 

(rodent chow #5001, Purina, St. Louis, MO). Mice were either 

maintained on this schedule (LD control, n = 48), released from 

LD12:12 into constant darkness for 2 days (DD, n = 48), or exposed 

to the ECD schedule (ECD, n = 48) as previously described (Castanon-

Cervantes et al., 2010). Briefly, mice were exposed once a week to a 
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6-h phase advance of the light:dark cycle for 4 weeks. For blood and 

cell assays, mice were euthanized with CO2, and ECD mice were 

euthanized on the seventh day after the last shift. Within text and 

figures, ZT/CT refers to the time of sacrifice and blood collection. All 

procedures and protocols were approved by the Morehouse School of 

Medicine's Institutional Animal Care and Use Committee. 

Whole-Blood LPS Challenge 

Trunk blood was collected into EDTA-coated tubes once every 3 

h (n = 6 mice/time point/group). Blood (270 μL) was incubated for 4 h 

at 37 °C with 30 μL of LPS in RPMI-1640 medium supplemented with 

L-glutamine and 2 mM HEPES (final LPS concentration = 50 μg/mL). 

Following centrifugation (1000 g, 5 min), plasma was collected and 

frozen at –20 °C. 

Blood Cell Counts 

Blood was collected either 4 h after lights-on (i.e., ZT4; ECD, n 

= 10; LD controls, n = 10) or 4 h after lights-off (i.e., ZT16; LD 

controls, n =10). Small-volume complete blood count differential assay 

was performed by Charles River (Wilmington, MA). 

LPS Stimulation in Isolated PBMCs 

Undifferentiated peripheral-blood mononuclear cells (PBMCs) 

were separated from trunk blood at ZT4 using HISTOPAQUE 1083 

(Sigma-Aldrich, St. Louis, MO). After mononuclear cell layer 

separation, cells were suspended in RPMI-1640 with 10% FBS, and 

approximately 2 × 106 cells were seeded before overnight incubation 

at 37 °C (5% CO2). Cells were then washed with PBS and provided LPS 

(1 μg/mL) in fresh RPMI-1640 with 10% FBS before being returned to 

the incubator. Medium (100 μL) was extracted from each dish after 6 

h, 24 h, and 48 h of LPS stimulation and then frozen at –20 °C. 

Macrophage Isolation and Stimulation 

Peritoneal exudate cells (PECs) were collected at ZT4 and ZT16 

as described previously (Castanon-Cervantes et al., 2010). After 
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extraction and washing, approximately 1 × 106 cells were seeded in 

RPMI-1640 with 10% FBS. PECs were incubated overnight at 37 °C 

(5% CO2) before PBS wash and provision of LPS (1 μg/mL) in RPMI-

1640 and 10% FBS. Supernatant (100 μL) was collected 24 h after 

stimulation and frozen at –20 °C. 

ELISA 

The proinflammatory cytokine IL-6 was selected as the primary 

immune response measure because it is an important mediator of the 

acute immune response that is associated with inflammatory diseases 

such as rheumatoid arthritis, autoimmunity, and multiple myeloma 

(Kishimoto, 2006), and ECD-induced changes in IL-6 are 

representative of changes in other proinflammatory cytokines 

(Castanon-Cervantes et al., 2010). IL-6 release was quantified with 

ELISA (product no. 550950, BD OptEIA, San Diego, CA) according to 

the manufacturer's protocol. Levels of IL-6 in plasma and supernatants 

were analyzed at 1:2 (plasma), 1:1 (PBMCs), and 1:10 (PECs) 

dilutions. 

Statistics 

Most statistical tests were conducted with JMP software (JMP 8, 

SAS Institute Inc., Cary, NC). LPS-induced IL-6 response rhythms 

were analyzed with CircWave software (Roelof A. Hut, University of 

Groningen), with group comparisons conducted using full factorial 

ANOVA and post hoc least squares mean (LSM) contrasts with 

Bonferroni correction for multiple comparisons. PBMC data were 

assessed using repeated-measures ANOVA followed post hoc by full 

factorial ANOVA and LSM contrasts. Immune cell count and PEC data 

were assessed using the Student t test. Group differences were 

considered significant at p ≤ 0.05. 

Results and Discussion 

Blood collected from LD control mice exhibited a robust diurnal 

rhythm in LPS-induced IL-6 release (CircWave: F2,44 = 24.8, p < 

0.0001) (Fig. 1A). The rhythm peaked during the day (center of 

gravity: ZT4.9 ± 2.8), which is similar to the phase of highest 
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mortality after LPS challenge in vivo (Halberg et al., 1960; Marpegan 

et al., 2009). The LPS-induced IL-6 response rhythm in whole blood 

persisted after release into DD (CircWave: F2,45 = 44.8, p < 0.0001) 

(Fig. 1A), indicating that this rhythm is under circa-dian control. 

Similar to LD controls, the DD peak time occurred during subjective 

day (center of gravity: CT2.9 ± 2.5), but LPS-induced IL-6 values 

were higher at most time points in DD than LD controls (group: F1,79 = 

44.7, p < 0.0001; group × time: F7,79 = 3.9, p < 0.005; LSM 

contrasts, p < 0.001) (Fig. 1A). This result is consistent with previous 

reports that indicate cytokine levels and inflammatory responses are 

increased under DD (Carlson and Chiu, 2008; Hansson et al., 1990; 

Monje et al., 2011). While Marpegan and colleagues (2009) did not 

observe persistence of the LPS-induced mortality rhythm in DD, this 

may reflect that DD mice had higher mortality responses than LD mice 

at each of the 2 time points investigated. The increase in immune 

responses under DD may indicate that daily light exposure under 

entrained conditions suppresses inflammatory responses; however, it 

remains to be determined whether this is an acute response to DD 

release and if it is associated with increased severity of LPS responses 

in vivo. 

http://dx.doi.org/10.1177/0748730413494561
http://epublications.marquette.edu/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4097096/#R9
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4097096/#R15
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4097096/#R15
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4097096/figure/F1/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4097096/figure/F1/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4097096/#R4
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4097096/#R10
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4097096/#R16
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4097096/#R15


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Journal of Biological Rhythms, Vol. 28, No. 4 (August 2013): pg. 272-277. DOI. This article is © SAGE Publications and 
permission has been granted for this version to appear in e-Publications@Marquette. SAGE Publications does not grant 
permission for this article to be further copied/distributed or hosted elsewhere without the express permission from 
SAGE Publications. 

7 

 

 

Figure 1 (A) Mean LPS-induced IL-6 response (±SEM) of whole blood in LD control 

and DD groups (*p < 0.006; †p < 0.05; n = 6 per time point). (B) Mean LPS-induced 

IL-6 response (±SEM) of whole blood in LD control and ECD groups. 

LPS-induced IL-6 responses were also rhythmic after ECD 

(CircWave: F2,45 = 6.5, p < 0.005) (Fig. 1B), with a daytime peak 

(center of gravity: ZT4.8 ± 3.1). Relative to LD controls, stimulated 

IL-6 release responses were elevated by ECD (group: F1,79 = 27.0, p < 
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0.0001; group × time: F7,79 = 0.6, p = 0.78; LSM contrasts, p < 

0.0001) (Fig. 1B), consistent with the effect of ECD previously 

observed after LPS challenge at ZT4 for mice in vivo and for 

macrophages in vitro (Castanon-Cervantes et al., 2010). By 

constructing the LPS-induced IL-6 response rhythm, we find that this 

effect extends to other times of the day and that circadian regulation 

is not abolished as predicted based on the blunting of clock gene 

rhythms in macrophages (Castanon-Cervantes et al., 2010). Based on 

the time course of IL-6 release for cultured cells incubated with LPS 

(Castanon-Cervantes et al., 2010) (Fig. 3A), it is likely that a longer 

LPS incubation would have magnified the difference between LD 

control and ECD groups. 

 

Figure 3 (A) Mean LPS-induced IL-6 response (±SEM) of cultured PBMCs from LD 

control and ECD mice (***p < 0.0001). (B) Mean LPS-induced IL-6 response (±SEM) 

of diurnal PECs from LD control and ECD mice (*p < 0.01). 
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We next determined whether daily and ECD-induced changes 

were due to increased immune cell numbers and/or immune cell 

responsiveness. First, we collected blood at ZT4 and ZT16 for a 

complete blood count with differentials. Lymphocytes and monocytes, 

the cells most likely to be mounting the LPS response in our whole 

blood assay (Sabroe et al., 2002), were more prevalent in the blood at 

ZT4 than at ZT16 (lymphocyte: t18 = –7.7, p < 0.0001; monocyte: t18 

= –4.2, p = 0.0005)(Fig. 2A), which may account for the daytime 

increase in immune response. In contrast, LD control and ECD groups 

did not differ in immune cell count at ZT4 (lymphocyte: t18 = –1.7, p = 

0.1; monocyte: t18 = –1.2, p = 0.26) (Fig. 2B), which indicates that 

the ECD-induced elevation of the IL-6 response at ZT4 is not due to 

increased cell numbers. Next, to determine if ECD increases immune 

cell responsiveness, we isolated and cultured PBMCs from ECD and LD 

control mice before LPS challenge in vitro. Consistent with previous 

results using macrophages (Castanon-Cervantes et al., 2010), ECD 

increased the level of LPS-induced IL-6 release from PBMC cultures 

(LSM contrast, p < 0.01) (Fig. 3A). Last, we tested if PECs exhibited 

an LPS-induced IL-6 release rhythm that could account for the LPS 

sensitivity rhythm in vitro (Fig. 1A and 1B) and in vivo (Halberg et al., 

1960; Marpegan et al., 2009). IL-6 release was significantly higher at 

ZT4 than at ZT16 (LSM contrast, p < 0.0001) (Fig. 3B), and ECD 

history augmented this response at both time points (LSM contrast, p 

< 0.005) (Fig. 3B), similar to results using whole-blood LPS challenge 

(Fig. 1B). Since immune cell number was controlled when testing for 

PEC responses, this further indicates that differences in cell numbers 

alone cannot account for time-of-day or ECD-induced changes in IL-6 

release following LPS challenge. 
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Figure 2 (A) Mean lymphocyte and monocyte cell counts (±SEM) of LD control 

mice at ZT4 and ZT16 (***p < 0.0001; *p < 0.005). (B) Mean lymphocyte and 

monocyte cell counts (±SEM) of LD control and ECD mice at ZT4. 

After ECD, LPS-induced IL-6 responses remain rhythmic in both 

whole blood and PECs, which was an unexpected result given our 

previous observations indicating that ECD diminishes clock gene 

rhythmicity in macrophages (Castanon-Cervantes et al., 2010). While 

rhythmicity was not abolished, the overall level of the LPS-induced IL-

6 response was elevated by ECD in whole blood, PBMCs, and PECs. 

Since macrophages can remain in the peritoneum for long periods of 

time, it is likely that the PEC cells tested here in vitro were exposed to 

ECD while in vivo. Conversely, PBMCs are only in circulation for a few 

days before migration and differentiation. Therefore, these newly 

derived cells were not exposed to ECD but yet, like PECs, display an 

ECD-induced increase in LPS responsiveness. Mechanisms for this 

ECD-induced increase in IL-6 response in these newly derived cells 

may include a systemic signal in circulation or epigenetic modifications 

to hematopoietic parent cells that are passed to daughter cells during 

replication and act on LPS-activated proinflammatory and/or anti-

inflammatory pathways. 

http://dx.doi.org/10.1177/0748730413494561
http://epublications.marquette.edu/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4097096/figure/F2/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4097096/#R5


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Journal of Biological Rhythms, Vol. 28, No. 4 (August 2013): pg. 272-277. DOI. This article is © SAGE Publications and 
permission has been granted for this version to appear in e-Publications@Marquette. SAGE Publications does not grant 
permission for this article to be further copied/distributed or hosted elsewhere without the express permission from 
SAGE Publications. 

11 

 

In summary, the circadian rhythm in the inflammatory response 

to LPS is related to both diurnal variation in immune cell number and 

responsiveness. ECD elevates the LPS-induced IL-6 release response 

without abolishing this immune rhythm. ECD-induced elevation of IL-6 

release is associated with increased immune cell responsiveness rather 

than cell number. It remains to be determined whether the LPS-

induced IL-6 release rhythm is altered during ECD but recovers when 

resynchronization is complete, which was the focus of this 

investigation. Also, it remains unknown whether humans exhibit 

pathological immune responses after circa-dian disruption. The whole 

blood assay developed here may provide a noninvasive longitudinal 

means to quantify inflammatory responses in human subjects across 

the circadian day and following laboratory- or real life–induced 

circadian disruption. 
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