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Abstract
Ischemic stroke is caused by obstructed cerebral blood flow, which results in neurological injury and poor outcomes. Pro-
inflammatory signaling from both residential and infiltrating immune cells potentiates cerebral injury and worsens patient 
outcomes after stroke. While the occurrence of a stroke exhibits a time-of-day-dependent pattern, it remains unclear whether 
disrupted circadian rhythms modulate post-stroke immunity. In this study, we hypothesized that stroke timing differentially 
affects immune activation in mice. Following middle cerebral artery occlusion (MCAO), circadian genes BMAL1, CLOCK, 
Cry1, and Cry2 elevated at ZT06, with a significant difference between ZT06 and ZT18. Conversely, expression of the 
negative limb circadian clock gene, Per1, decreased at ZT06 and ZT18 in stroke mice compared to sham. Paralleling these 
circadian gene expression changes, we observed a significant increase in TNF-α and a decrease in IL-10 expression at 48 
h post-MCAO, when the procedure was performed at ZT06 (MCAO-ZT6), which corresponds to a deep sleep period, as 
compared to when the stroke was induced at ZT12 (MCAO-ZT12), ZT18 (MCAO-ZT18), or ZT0 (MCAO-ZT12). Simi-
larly, increased pro-inflammatory, decreased anti-inflammatory monocytes, and increased NLRP3 were observed in blood, 
while changes in the expression of CD11b and Iba1 were noted within brain tissue at 48 h of MCAO-ZT06, as compared 
to MCAO-ZT18. Consistent with the increased immune response, infarct volume and sensorimotor deficits were greater 
in MCAO-ZT06 mice compared to MCAO-ZT18 mice at 48 h. Finally, we found reduced weight and length of the spleen 
while splenocytes showed significant time-dependent changes in Tregs, Bregs, and monocytes in MCAO-ZT06 mice. Taken 
together, this study demonstrates that circulating and splenic immune responses following ischemic stroke exhibit a circadian 
expression pattern which may contribute to time-of-day-dependent stroke outcomes.
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Introduction

Stroke is the second most common cause of disability and 
death worldwide [1, 2]. Ischemic stroke leads to brain 
injury, cell death, and debilitated functional outcomes via 
a multitude of pathological mechanisms [3]. Time of day 
correlates with stroke onset and functional outcomes [4]. 
In a study of 583 patients with anterior large-vessel occlu-
sion stroke, the patients whose onset of stroke occurred at 
night (peaking at 11 PM) had larger ischemic core volumes 
compared with patients with onset during the day [5]. Fur-
ther, patients with night-onset stroke suffered worsened 
clinical severity with heightened deterioration within the 
first 72 h following symptom onset [6]. Similarly, out-
comes in experimental animal models are worse when the 
stroke occurs during sleep and inactivity [7, 8]. Thus, there 
is a circadian variation in ischemic stroke progression and 
severity.

Neuroinflammation is a major contributing factor 
toward poor stroke outcomes [9]. Microglia, residential 
innate immune cells within the CNS, initiate the response 
to tissue damage and mediate neuroinflammation to 
influence brain injury and ischemic stroke [10, 11]. The 
M1-like microglia subtypes are pro-inflammatory, while 
the alternative M2-like microglia promote neuroprotection 
[12, 13]. M1 microglia secrete cytokines and oxidative 
metabolites such as IL-1β, TNF-α, IL-6, IL-18, and nitric 
oxide [14], causing tissue damage that further activates 
microglia and worsens brain injury. Conversely, M2 micro-
glia (anti-inflammatory) contribute to recovery after brain 
injury. Microglia communicate with neutrophils in an ani-
mal model of stroke, and microglial depletion increases 
the neutrophil population in ischemic brain tissue leading 
to brain injury [15, 16]. Neutrophils are the first blood-
derived immune cells in response to brain injury that 
invade ischemic tissue, followed by monocytes. Neutrophil 
counts increase in the peripheral blood of stroke patients, 
and increased neutrophil numbers are an early indicator of 
stroke outcomes [17–21].

As ischemic stroke is known to have a circadian rhythm 
[5, 7, 22–25] (which is complex and may vary with indi-
vidual and molecular rhythms), the cellular neuroinflam-
masome of the ischemic brain may have an essential inter-
action with the molecular components of circadian rhythm, 
the circadian clock. The circadian clock controls rhythms 
throughout the brain and body, orchestrated from the hypo-
thalamic suprachiasmatic nucleus (SCN). Driving circa-
dian rhythms are the circadian clock components that are 
transcription factors, including circadian locomotor output 
cycles kaput (CLOCK) and brain and muscle ARNT-like 
protein 1 (BMAL1). There are also repressor circadian 
clock components, including period (Per) and cytochrome 

(Cry), which together form a transcription–translation 
feedback loop that is unique in its timing of expression at 
24 h. The circadian clock genes oscillate and target other 
genes in the brain and body to control rhythm. The loss of 
this anticipatory mechanism or its miscommunication with 
its target genes can adversely affect health.

Circadian rhythms play a key reciprocal role in peripheral 
and circulatory inflammatory responses [26, 27]. Circadian 
rhythms also regulate the NOD-, LRR-, and pyrin domain-
containing protein 3 (NLRP3) immune complex [28]. The 
NLRP3-inflammasome is a protein complex that mediates 
the activation of caspase-1, interleukin-1β (IL-1β), and inter-
leukin-18 (IL-18), generating a feedback mechanism that 
perpetuates the inflammatory response [29]. IL-1β and IL-18 
have been shown to play a role in various cellular processes, 
including cell apoptosis.

In this present study, we aimed to investigate the influence 
of the circadian time of stroke on inflammatory–immune 
response and functional outcomes. We found a strong cor-
relation between the molecular oscillations of circadian 
rhythm and the immune response, functional outcomes, and 
stroke severity.

Material and Methods

Animals

Male, 6–7-month-old C57BL/6J (WT) mice underwent tran-
sient middle cerebral artery occlusion (tMCAO) to induce 
cerebral ischemia. The experimental protocol for stroke 
in mice was approved by the Augusta University Institu-
tional Animal Care and Use Committee (IACUC). All the 
mice had free to access food and water during housing and 
experimentation. Mice were housed in a temperature- and 
humidity-controlled vivarium with alternating light-cycle 
environments (23.2 °C; 12-h light/dark cycle; lights on at 6 
AM and off at 6 PM).

Middle Cerebral Artery Occlusion (MCAO)

Cerebral ischemia was induced by occlusion of the MCA 
for 60 min using 6–0 monofilament (Cat# 602112PK10Re, 
602212PK10Re, 602312PK10Re; Doccol Corporation, 
Sharon, MA). The filament was used according to the body 
weight of mice as per our previous reports [7]. The MCAO 
surgical procedure was conducted under controlled anes-
thesia at a flow rate of 1.5% isoflurane. A regulated heat-
ing pad was used to keep optimal body temperature and 
control throughout the surgery to minimize any side effects 
of hypothermia. Surgery was performed over the circadian 
cycle, with lights on at 6 AM and off at 6 PM. Surgery time/
hour is recorded in zeitgeber time (ZT). In the first set of 
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experiments, MCAO surgery was performed at ZT0, ZT06, 
ZT12, and Z18 to estimate the immune response in the 
blood. A light cycle was not reversed to conduct this stroke 
and sham surgery. For the ZT06 surgery, mice were brought 
in the evening and surgery room light was off until the sur-
gery started. During the surgery, only dim light was used to 
maintain light. Acute stroke surgery was done at ZT06 and 
ZT18 time points for the second set of experiments only to 
estimate circadian and inflammatory parameters. Relative 
cerebral blood flow (CBF) was monitored by laser speckle 
before and after MCAO to confirm the occlusion in mice. 
The monofilament’s withdrawal after 60 min of MCA occlu-
sion restored blood flow. The sham-operated mice were sub-
jected to the same anesthetic and surgical procedure except 
for the insertion of monofilament [7, 30, 31]. All surgery 
was done at actual ZT time ± 30 min. After surgery, post-
operative care was given immediately, and mice were kept 
in a temperature-controlled recovery area.

Experiment 1  A total of n = 10–12 mice at circadian time 
(zeitgeber) ZT0, ZT06, ZT12, and Z18 were subjected to 
stroke to confirm the association between circadian and 
immune responses. Blood was collected 48 h after the stroke 
for each time point for flow cytometry assay to analyze the 
immune response. Flow cytometry data group (blood sam-
ple) was blinded to the person who performed assay and 
analysis.

Experiment 2  A total of n = 86 mice (n = 24 sham and n = 46 
stroke) had stroke and sham surgery to study the immune 
response in the brain at ZT06 and ZT18. The mice were used 
for different purposes (TTC, n = 8 sham and n = 12 stroke, 
histology: n = 8 sham and 10 strokes, WB and qRT-PCR: 
n = 8 sham and n = 16 stroke). Naïve mice were used for 
WB, qRT-PCR, and flow cytometry (ZT18, n = 8 and ZT06, 
n = 8). Both experiment 1 and 2 study timelines are shown 
in supplementary Fig. 1. In this experiment setup, the per-
former was blinded to the experiment behavioral analysis, 
TTC assay and analysis, WB, qPCR, and flow cytometry.

Mortality

Mortality percentages were calculated to confirm the death 
of mice at ZT06 and ZT18 time points after acute stroke and 
are presented in the “Results” section.

Neurobehavioral Function

Mice were transferred to the behavioral room 1 h before 
testing. Behavioral assays were executed under similar 
conditions after 48 h of tMCAO surgery. All surfaces were 
cleaned with 70% ethanol between each mouse before and 
after use.

Bederson Test

The Bederson score scale assessed neurological deficits. A 
grading scale of 0–3 was used to determine global neurologi-
cal deficits after ischemic stroke. Scoring criteria include 
forelimb flexion, resistance to lateral push, and circling 
behavior. Mice scored at 24 h and 48 h after the stroke.

Beam Walk Test

Motor balance and coordination tests were performed within 
48 h of the stroke using the balance beam walk test reported 
earlier by our laboratory, with a slight modification [32]. The 
beam apparatus consists of 1.25-m beams (scale marked) 
with a flat surface of 6 mm width) resting 20 cm above the 
tabletop on two poles. A4 size black box is placed at the 
end of the beam to reach mice at finish points. Mice were 
pretested for three trials to acclimatize and familiarize them-
selves with the object and condition. A timer counts the time 
to cross the beam (100 cm). A soft bed/cloth is spread below 
the beam above the tabletop to cushion any falls. Trials in 
which the animal stopped or turned around were repeated. 
The average time of the trials was calculated in seconds.

Four‑Limb Wire Hanging Test

The mesh wire hanging test assesses motor functions and 
muscle strength in rodents and were performed after 48 h of 
stroke. Mice were hanging upside down for maximum 120-s 
limit to hang through the mesh, and latency of fall time was 
noted in seconds.

Open Field Activity Test

All the testing mice were given 1 h to acclimatize to the 
room condition. Mice were placed in a 40 × 40 × 40 cm white 
box, and activity was digitally recorded for 30 min. Each 
mouse was tested after 48 h of sham or stroke. Boxes were 
cleaned between each trial. Distance traveled, mean veloc-
ity, and time spent in the center zone were determined using 
EthoVision XT video tracking software (Noldus Information 
Technology).

TTC Staining and Infarction Volume Quantification

Infarct size was measured using 2,3,5-triphenynyltetrazo-
lium chloride (TTC) staining. At the experimental endpoint, 
mice were decapitated under deep isoflurane anesthesia. 
Brains were carefully removed, washed with PBS, and then 
coronally sectioned into 2-mm slices, which were stained 
with 2% TTC and kept at 37 °C for 5 min. The infarct area 
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(pale white) was quantified using the ImageJ free-hand 
selection tool (NIH ImageJ software) and summated to cal-
culate the final infarct volume.

Blood and Spleen Preparation

At 48 h of acute ZT0, ZT06, ZT12, and ZT18 stroke, mice 
were euthanized with 5% isoflurane, and blood was collected 
by cardiac puncture and transferred to an Eppendorf tube 
containing blood cell fixing agents for flow cytometry. Blood 
samples were stored at – 80 °C until use. For the histological 
and immunohistochemical assay, mice were transcardially 
perfused with 20 mL of ice-cold phosphate-buffered saline 
(PBS) and 20 mL of 4% paraformaldehyde (PFA). Brains 
were removed and post-fixed in 4% PFA. Brain tissue col-
lected for Western blot assay was not perfused with PFA and 
cryopreserved with frozen snap tissue using liquid nitrogen 
and stored at – 80 °C until use. We also collected spleens for 
measurements (e.g., weight, length). In a separate cohort of 
study, spleen cells were collected by macerating the spleen 
in 100-µm sieves and suspended in PBS. Later, cells were 
fixed with cell fixative agents and kept at − 80 °C for further 
analysis.

Effects of Circadian Time on Stroke‑Induced 
Monocytes, Neutrophils, IL‑10, TNFα, and NLRP3 
in Blood

Whole blood was collected using hepar inized 
microtubes, as described, with slight modifica-
tion [33]. Blood samples were incubated with phe-
notypic markers for the identification of monocytes 
(CD45+CD11b+CD68+Ly-6C+Ly-6G−CD206+/−) and neu-
trophils (CD45+CD11b+Ly-6G+Ly-6C−CD68−CD206+/−) 
for 20 min on ice in the dark. After washing, blood samples 
were fixed and permeabilized using fix/perm concentrate 
(eBioscience, USA) before incubation with antibodies for 
intracellular staining of functional markers, including TNF-α 
(for M1 macrophages and N1 neutrophils) and IL-10 (for 
M2 macrophages and N2 neutrophils) as well as NLRP3 as 
activation marker (all antibodies are purchased from Bio-
Legend unless otherwise noted). Samples were then washed 
and run through a NovoCyte Quanteon flow cytometer. Cells 
were gated based on forward and side scatter properties and 
marker combinations to select viable cells of interest. Single 
stains were used to set compensation, and isotype controls 
were used to determine the level of non-specific binding. 
Analysis was performed using FlowJo (version 11.0) ana-
lytical software. Cells expressing a specific marker were 
reported as a percentage of the number of gated events. A 
population was considered positive for a particular marker 
if the population exceeded a 2% isotypic control threshold.

Western Blot Analysis for the Inflammatory Marker 
in Ischemic Brain

Western blots were performed to quantify protein expres-
sion in the ipsilateral hemisphere of ischemic mouse brains. 
Briefly, proteins were extracted using RIPA buffer with added 
protease inhibitors. Protein concentrations were determined 
using the Pierce BCA Protein assay kit (Thermo Scientific- 
Cat#23,227). An equal amount (20–30 μg) of protein per sam-
ple was separated by SDS-PAGE using Mini-PROTEIN TGX 
Stain free gel (Bio-Rad, USA) and then transferred onto a 
PVDF membrane (Bio-Rad, Hercules, CA) by the wet transfer 
method. Non-specific binding was blocked with 3% non-fat 
dry milk in TBS-T (50 mM Tris–HCl, 150 mM NaCl, 0.1% 
Tween 20, pH 7.4) for 1 h at room temperature. Membranes 
were washed with washing buffer (pH 7.6, TBS, 0.1% Tween 
20) 3 times, 5 min each. Blots were incubated overnight at 
4 °C with the appropriate primary antibody in TBS-T solu-
tion. Antibodies were procured from Cell Signaling (cas-
pase-3 antibody-9662), Santa Cruz Biotechnology (IL-10 
(SC 8438), IL-6 (SC28343), TNF-α (SC-130349), β-actin 
(SC8432), NLRP3 (LS-B4321)) companies. The blots were 
washed with TBS-T and incubated with appropriate HRP-
conjugated secondary antibody for 1.5 h at room temperature. 
After washing with TBS-T, Super Signal West Pico Chemilu-
minescent substrate (Thermo Scientific, USA) was applied to 
the blot for protein expression, and images were captured in a 
gel documentation system (Bio-Rad ChemiDoc-MP Imaging 
system, USA). The relative optical density of protein bands 
was analyzed using NIH ImageJ software. The same mem-
branes were used to estimate β-actin, loading control for all 
the proteins of interest.

Quantitative (qRT‑PCR) Analysis for Circadian Gene 
Expression

Total RNA from brain tissues was isolated using TRI-
zol® reagent (Invitrogen, Grand Island, NY, USA) per the 
manufacturer’s protocol. The RNA’s purity and quantity 
were confirmed using NanoDrop-1000 (Thermo Scientific, 
Waltham, MA, USA). Complimentary DNA (cDNA) was 
prepared from RNA using a cDNA Synthesis Kit (iScript 
cDNA Synthesis Kit, Bio-Rad Laboratory, USA) following 
the manufacturer’s protocol. Mouse brain cDNA samples 
were amplified for the given genes by gene-specific primers 
(BMAL1, CLOCK, Per1, Per2, Cry1, Cry2, IL-18, NLRP3, 
CD11b, IBA1, 18s rRNA) and iQ SYBER Green Supermix 
(Bio-Rad Laboratory, USA) using MyiQ Real-time PCR 
system (Bio-Rad Laboratory, USA). After baseline and 
threshold adjustments, CT (cycle threshold) values were 
determined. The values were normalized to 18S rRNA 
expression levels as an endogenous control gene using the 
∆∆CT method. Fold change (2∆∆CT-value) was used for 
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the statistical analysis. A list of primers and sequences used 
for qRT-PCR is summarized in Table 1.

Cresyl Violet Stain

Cresyl Violet Staining (CV): Neuronal cell loss was assessed 
by using cresyl violet staining. Paraffin-embedded sections 
were stained using standard cresyl violet. Staining slides were 
mounted using mounting media (PROTOCOL™, Fisher Sci-
entific, USA) and were scanned using HP Scanjet G4050. 
Neuronal loss was defined as regions with hypodense cresyl 
violet staining reflecting areas of dead or dying nuclei.

Statistical Analysis

All values are expressed as mean ± SEM. Interaction 
between groups was determined by a one-way analysis of 
variance (ANOVA) test followed by an appropriate post hoc 
test. A p-value equal to or less than 0.05 was considered 
statistically significant. A Pearson correlation two-tailed test 
was used for correlation analysis.

Results

The Inflammatory Response Exhibits a Blunted 
Circadian Pattern During Rest After MCA Occlusion 
in Mice

Effects of Circadian Time on Status of Monocytes (M1 
and M2) and Neutrophil (N1 and N2) in Mouse Blood at ZT0, 
ZT06, ZT12, and ZT18 Stroke

Figure 1a shows the full two dimensions of forward scat-
ter (FSC)/side scatter (SSC) of whole blood at ZT0, ZT6, 
ZT12, and ZT18 analyzed using live gating (G1) on whole 

blood cells except RBCs and platelets (based on size). 
Figure 1b shows the functional N2 neutrophils based on 
their expression of IL-10 versus the rest of the neutro-
phils (N1) (LY-6G+CD206+IL-10) at four ZT times. In 
Fig. 1g, CD68 and CD206 phenotypic antigens were used 
to identify the monocyte cells as CD68+CD206+ double-
positive cells. Ischemic mice showed increased (p < 0.001) 
expression of N1 neutrophils at ZT06 in comparison to 
ZT18 and ZT12 of stroke as indicated by the high expres-
sion [F (3, 28) = 10.18, p < 0.0001] of IL10, CD206, and 
Ly-6G (Fig. 1d). ZT06 and ZT12 stroke also showed sig-
nificant differences (p < 0.05). However, no differences 
were observed between ZT0 and ZT06 strokes. Similarly, 
we found a significant decrease (p < 0.001) in N2 level [F 
(3, 28) = 10.81, p < 0.0001] at ZT06 when compared to 
ZT18 and ZT12 stroke (Fig. 1e). ZT0 neutrophils were 
significant from ZT12 and ZT18 stroke. Contrary to that, 
we also confirm the time-of-day-dependent changes in the 
N1 and N2 expression in blood. We measured the ratio of 
N1 to N2 at different ZT time points of stroke and found 
the higher ratio at ZT06 (midnight/sleep period) compared 
to other ZT time points (Fig. 1f). ANOVA followed by 
Tukey test analysis and multiple comparison tests was used 
to confirm M1 and M2 status in the whole blood of stroke 
mice.

Blood samples collected from mice at 48 h of stroke 
show increased (p < 0.005) expression of M1 monocytes 
[F (3, 28) = 7.856, p < 0.0006] at ZT06 in comparison to 
ZT0, ZT18, and ZT12 of stroke as confirmed by expres-
sion of IL-10, CD206, and CD68 (Fig. 1h). There was 
decreased (p < 0.005) M2 expression [F (3, 28) = 7.856, 
p < 0.0006] at ZT06 (Fig. 1j) when compared to other ZT 
stroke. We also observed the M1 and M2 ratio at differ-
ent ZT time points of stroke and found the higher ratio 
(Fig. 1k) at ZT06 (midnight/sleep period) stroke compared 
to other ZT time points of stroke.

Table 1   Prime sequence of a 
gene

Genes Forward (5–3) sequence Reverse (3–5) sequence

18S rRNA GTA​ACC​CGT​TGA​ACC​CCA​TT CCA​TCC​AAT​CGG​TAG​TAG​CG
CLOCK GGC​GTT​GTT​GAT​TGG​ACT​AGG​ GAA​TGG​AGT​CTC​CAA​CAC​CCA​
BMAL1 AAC​CTT​CCC​GCA​GCT​AAC​AG AGT​CCT​CTT TGG​GCC​ACCTT​
Cry1 AGG​AGG​ACA​GAT​CCC​AAT​GGA​ GCA​ACC​TTC​TGG​ATG​CCT​TCT​
Cry2 AGC​TGA​TGT​GTT​CCC​AAG​GCT​ CAT​AAT​GGC​TGC​ATC​CCG​TT
Per1 CCA​GAT​TGG​TGG​AGG​TTA​CTG​AGT​ GCG​AGA​GTC​TTC​TTG​GAG​CAG​TAG​
Per2 AGA​ACG​CGG​ATA​TGT​TTG​CTG​ ATC​TAA​GCC​GCT​GCA​CAC​ACT​
Rev-erbα CCC​TGG​ACT​CCA​ATA​ACA​ACACA​ GCC​ATT​GGA​GCT​GTC​ACT​GTAG​
NLRP3 GCC​CAA​GGA​GGA​AGA​AGA​AG TCC​GGT​TGG​TGC​TTA​GAC​TT
IL-18 GAC​AGC​CTG​TGT​TCG​AGG​ATATG​ TGT​TCT​TAC​AGG​AGA​GGG​TAGAC​
CD11b CCT​TGT​TCT​CTT​TGA​TGC​AG GTG​ATG​ACA​ACT​AGG​ATC​T
IBA1 CCG​AGG​AGA​CGT​TCA​GCT​AC GAC​ATC​CAC​CTC​CAA​TCA​G
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Time Dimension Effects of TNF‑α and IL‑10 Expression 
in Stroke‑Induced Mice at ZT0, ZT06, ZT12, and ZT18

Pro-inflammatory cytokine TNF-α and anti-inflammatory 
cytokine IL-10 were estimated in blood collected at 48 
h of ZT0, ZT06, ZT12, and ZT18 stroke mice (Fig. 2a). 
We found that there was comparatively higher (p < 0.05) 
TNF-α (Fig. 2d) at ZT06 stroke mice in comparison [F (3, 
28) = 5.946, p < 0.005] to other ZT time points of stroke. 
Interestingly, ZT06 stroke mice showed comparatively 
(p < 0.001) low expression [F (3, 28) = 11.86, p < 0.0001] 
of IL-10 in comparison to ZT18 stroke mice (Fig. 2c, d). 
Other time points did not show significant differences in 
IL-10 from the ZT06 stroke. The results suggest that the 
cytokine expression in stroke mice depends on the circa-
dian time and shows the time dimensional effects. ANOVA 
followed by Tukey and multiple comparison tests was used 
for TNF-α and IL-10 analysis in whole blood samples.

Worsened Pathological and Behavioral Stroke 
Outcomes in Mice Undergoing MCAO at Night

Effects of Circadian Time on Neurological Deficit 
Score, Hanging Wire Test, Motor Function, Mortality, 
and Infarction Volume

Neurological deficit was scored and no significant differ-
ence was found in NDS between ZT06 and ZT18 stroke 
groups though a significant difference was observed at 
ZT06 (p < 0.001) and ZT18 (p < 0.001) when compared 
to sham group mice after 24 h and 48 h (Fig. 3b). Motor 
function: The motor function was observed by beam 
walk test at 48 h of stroke and sham group. ANOVA 
test showed a significant [F (3, 39) = 8.476; p < 0.0005] 
difference at circadian time points for motor function in 
mice (Fig. 3c). There was a significant (p < 0.001) dif-
ference in latency time to reach the dark box at ZT06, 

Fig. 1   Circadian ZT time points affect monocytic and neutrophil 
polarization. Flow cytometric analysis of whole blood: the middle 
panel displays two dimensional dot plots based on side scatter/for-
ward scatter and gating strategy for monocytes and neutrophils. The 
right panels show identification of M2-type macrophages based on 
two phenotypic markers of CD68 and CD206 at different circadian 
ZT time points, and the histogram confirms the M2 functional fea-
tures by demonstrating IL-10 expression. The lower panels on the 
right display the quantifications and ratio of M1-type to M2-type 

macrophages. The left panels show identification of N2-type neutro-
phils, for the first time, based on two phenotypic markers of LY-6G 
and CD206, and the histogram confirms the N2 functional features 
by demonstrating IL-10 expression. The lower panels on the right 
display the quantifications and ration of N1-type to N2-type mac-
rophages. Quantifications of flow analysis represent immune response 
and their level after stroke (n = 8–10 mice/group). A value of p < 0.05 
is considered statistically significant
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though no significance was observed at ZT18 compared 
to the sham. We found that stroke at ZT06 takes a signif-
icant (p < 0.05) more extended time to reach the dark box 
than ZT18. Also, there was a higher time to reach in both 
stroke groups when compared to sham. Hanging wire 
test: Hanging wire test was performed to test the grip 
and muscular strength of the mice after stroke. ANOVA 
test showed a significant [F (3, 16) = 21.49; p < 0.0001] 
difference between circadian time points. Stroke mice 
showed reduced latency of fall from hanging wire at 
both ZT18 (p < 0.001) and ZT06 (p < 0.0001) in com-
parison to sham. However, no significant difference was 
observed between ZT06 and ZT18 stroke mice (Fig. 3d). 

Mortality: We used n = 86 mice to conduct the study for 
experiment 2. We found 9% mortality at ZT18 and 24% 
mortality in ZT06 stroke mice. However, no mortality 
was observed in the sham group (Fig. 3e). Stroke vol-
ume: Infarction volume was calculated by using NIH 
ImageJ software. There was a significant difference in 
stroke volume compared to sham at ZT18 and ZT06. 
Intrestingly, there was a significant increase in stroke 
volume in ZT06 stroke mice compared to (p < 0.005) to 
ZT18 stroke mice (Fig. 3f, g). The results of differential 
stroke volume at different ZT of stroke indicate that time 
dimension on stroke has significant effects on stroke 
outcomes.

Fig. 2   Impact of circadian 
ZT time points on cytokine 
production in peripheral 
blood. Two cytokines of TNFα 
(pro-inflammatory) and IL-10 
(anti-inflammatory) were 
measured to represent the two 
spectrums of Immunologic 
function. The histograms on the 
right demonstrate the quanti-
fied measures of cytokine 
production (p-value < 0.0029) 
and anti-inflammatory IL-10 
(p-value < 0.0001) (n = 8–10 
mice/group)
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Effects of Circadian on Open Field Activity in ZT06 and ZT18 
Stroke Mice

Open field activity test was used to assess mice’s general 
locomotor activity levels after stroke and look for circadian 
effects. A heat plot shows the activity in an open field square 
box (Fig. 4a). ANOVA test showed significant differences 
among the ZT06 and ZT18 circadian stroke for distance 
traveled [F (3, 16) = 12.71; p < 0.0005], for frequency in the 
center zone [F (3, 16) = 9.225; p < 0.0005], and for velocity 
[F (3, 16) = 12.87; p < 0.0005]. We found that there was a 
significant difference in distance traveled at ZT18 (p < 0.001) 
and ZT06 (p < 0.005) in comparison to a respective sham 
group (Fig. 4b). That indicates circadian time of the stroke 
affects the mice activity. Overall, stroke mice also tended 
to spend less time in the central zone compared to sham, 
indicating reduced exploratory behavior in stroke mice. 
When compared to sham, stroke mice spent significantly 
low time in the central zone at ZT18 (p < 0.005) and ZT06 
(p < 0.05) zone (Fig. 4c). Additionally, there was reduced 
velocity in ZT18 (p < 0.005) and ZT06 (p < 0.005) stroke 

mice in comparison to sham (Fig. 4d). However, no signifi-
cant difference was observed in ZT18 vs. ZT06 for distance 
traveled, frequency of spent time in the central zone, and 
velocity of mice.

Rhythmic Immune Cell and Circadian Signaling 
in the Spleen, Blood, and Brains of MCAO Mice

Circadian Effects on Spleen Weight, Length, and Immune 
Response

Because the spleen is a key source of a heterogeneous 
population of inflammatory cells and has also been shown 
to be important in stroke. We collected spleen from ZT06 
and ZT18 stroke mice after 48 h of stroke. We also col-
lected spleen from naïve mice at ZT18 and ZT06. Interest-
ingly, there was significantly reduced weight (p < 0.005) 
of spleen compared to naïve mice in ZT06 stroke mice 
though no significance was observed at ZT18. Additionally, 
we also found reduced spleen length (p < 0.05) at ZT18 
and at ZT06 (p < 0.05) stroke compared to naïve mice. 

Fig. 3   Neurobehavioral function and cerebral infarction. Bederson 
test in stroke mice showed no difference in NDS between ZT06 and 
ZT18 time points while there was a significant difference at ZT18 and 
ZT06 in comparison to sham (a). In the beam walk test, mice showed 
a significant change to cross bean at ZT06 in comparison to sham 
but non-significant at ZT18 (c). Additionally, no differences were 

observed in the hanging wire test in between ZT06 and ZT18 at 48 h 
of stroke (d) (n = 10–11 mice/group). Mortality showed in percentage 
at ZT18 and ZT06. The infarct volume was observed by TTC staining 
of brain slices (f). Quantitative evaluation of percent infarction vol-
ume in different cohorts of mice was observed at 48 h after MCAO 
(g) (n = 5–6 mice/group)
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Interestingly, the spleen length was also significantly dif-
ferent between ZT18 and ZT06 strokes mice (Fig. 5a–c). 
Further, we collected spleen from sham and stroke mice in 
separate experiments and analyzed the M1, M1, myeloid 
cells, T cells, and B cells. The macrophage’s M1 level was 
elevated [F = (3, 16) 20.91, p < 0.0001] in stroke mice 
splenocytes at ZT06 (p < 0.01) and ZT18 (p < 0.0001) 
compared to sham; however, M2 level in splenocytes was 
decreased [F = (3, 16) 20.91, p < 0.0001] at ZT06 (p < 0.01) 
and ZT18 stroke (p < 0.0001). There was a significant 
decrease [F = (3, 16) 26.36, p < 0.0001] in T cells at ZT06 
(p < 0.01) and ZT18 stroke (p < 0.0001). Interestingly, B 
cells were decreased [F = (3, 16) 8.58, p < 0.001] only at 
ZT18 (p < 0.005) (Fig. 5d–h).

Circadian Effects of Stroke on M1 and M2 Monocytes 
in Blood and Microglial Expression in the Brain

Macrophage responses are important for functional recov-
ery after stroke. Therefore, a whole blood flowcytometric 
assay was performed for estimation of monocytes M1 and 
M2 (Fig. 6a). We found that stroke mice showed increased 
expression of M1 (Fig. 6d) monocytes [F (3, 28) = 17.60, 
p < 0.0001] and decreased expression of M2 (Fig. 6e) mono-
cytes [F (3, 28) = 17.60, p < 0.0001] at ZT06 and ZT18 in 
comparison to sham. ANOVA followed by Tukey test analy-
sis and multiple comparison tests was used to confirm M1 
and M2 status in stroke mouse blood. Macrophage altera-
tion leads to stimulation of the mcroglial function. Thus, 

Fig. 4   Open field test: Open field activity test showed a significant difference in distance traveled (b), frequency in the center zone (c), and 
velocity (d) at both times of stroke compared to sham. A representative image of open field activity is shown by a heat map (a)
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to confirm microglial expression in stroke mouse brains 
at ZT06 and ZT18, we have estimated the mRNA expres-
sion of CD11b and IBA1. ANOVA test was performed for 
both CD11b and IBA1 and showed a significant difference 
among groups of CD11b [F = 8.54 (3, 20), p < 0.0001] and 
IBA1 [F = 12.2 (3, 20), p < 0.0001]. As expected, we found 
increased expression of CD11b at ZT06 (p < 0.05) and ZT18 
(p < 0.01) compared to sham (Fig. 6e). Similarly, increased 
IBA1 expression at ZT06 (p < 0.005) and ZT18 (p < 0.01) 
as compared to sham (Fig. 6f). We found a significant dif-
ference between ZT06 and ZT18 in mRNA expression of 
CD11b and IBA1.

Time Dimension of Stroke Affects TNFα, IL‑6, and IL‑10 
in Stroke Mice

Later, we estimated the cytokines to find out how circadian 
time of stroke affects its level. We measured the inflam-
matory markers IL-6, IL-10, and TNF-α in the ipsilat-
eral cortex of ischemic mouse brain at ZT18 and ZT06 
(Fig. 7a). There were significant differences in TNF-α 
[F (3, 16) = 89.36, p < 0.0001], IL-6 [F (3, 16) = 5.96, 

p < 0.006], IL-1β [F (3, 16) = 9.474, p < 0.0008] group, 
IL-10 [F (3, 16) = 79.16, p < 0.0001]. We found that there 
was increased expression of TNF-α (p < 0.001) (Fig. 7b), 
IL-6 (p < 0.005) (Fig. 7c), and IL-10 (p < 0.0001) (Fig. 7d) 
at ZT06 in stroke mouse brain in comparison to sham. 
There was also a significant difference between IL10 
(p < 0.05) at ZT18. However, no difference was observed in 
TNF-α, IL-6, and IL-1β. While comparing ZT18 vs. ZT06 
for inflammatory marker protein expression, we found a 
significant difference in TNF-α (p < 0.001) and IL-10 
(p < 0.0001). We also measured the TNF-α (Fig. 7e) and 
IL-10 (Fig. 7f) in blood monocytes. We found that there 
was a significant increase [F (3, 28) = 16.19, p < 0.0001] 
in TNF-α in M1 monocytes at ZT18 (p < 0.01) and ZT06 
(p < 0.0001) in comparison to sham (Fig. 7g). Interest-
ingly, TNF-α levels were also significant (p < 0.05) in 
between ZT18 and ZT06 stroke mice. A whole blood assay 
was performed to measure the IL-10 in M2 monocytes. We 
found that IL-10 level [F (3, 28) = 8.398, p = 0.0004] was 
decreased at ZT18 (p < 0.05) and ZT06 (p < 0.05) stroke 
mice in comparison to sham (Fig. 7h). Interestingly, there 
was also a significant difference in IL-10 (p < 0.05) from 

Fig. 5   Stroke affects the splenic morphology and immunologic pro-
file at different circadian ZT times. a Whole spleen was harvested and 
a size/morphologic analytic comparison was performed as shown at 
different ZT circadian times with and without stroke. b, c Spleens 
showed different weights and size at different ZT times with/without 
stroke, as demonstrated by quantifying graphs. d Immunologic anal-
ysis of the spleen was performed by using a flow cytometric assay. 
First, the heterogeneous milieu of splenocytes was prepared in single 

cell suspension followed by analytical flow cytometry assay. Spleen 
resident monocytes (macrophages), as well as lymphoid (B and T 
cells), were measured and analyzed at several ZT time points with/
without stroke. Phenotypic identifications of splenic macrophages and 
lymphocytes were followed by using IL-10 expression to analyze and 
measure the regulatory subpopulation of those cells as shown in his-
tograms at the far right (M2 macrophages, T, and Bregs). e–h Quanti-
fications of flow analysis
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ZT18 to ZT06. ANOVA followed by the Tukey test was 
used to analyze data.

Time Dimension of Stroke Affects NLRP3 Protein 
and mRNA Expression in the Brain and Blood (Neutrophils 
and Monocytes) in Mice

We next investigated the NLRP3 inflammasome within neu-
trophils and monocytes at ZT06 and ZT18. In the whole 
blood flow cytometric assay, we found significant differ-
ences in neutrophilic (p < 0.001) (Fig. 8a) and monocytic 
(p < 0.0001) (Fig. 8c) NLRP3 expression at ZT06 stroke in 
comparison to sham. No significant difference was found 
at ZT18 stroke in comparison to sham. Interestingly, both 
neutrophilic (p < 0.005) and monocytic NLRP3 (p < 0.0001) 
were significantly different between ZT06 and ZT18. Addi-
tionally, we found increased NLRP3 mRNA expression [F 
(3, 19) = 3.39, p < 0.039] (Fig. 8e) in the brain of stroke 
mice at ZT06 in comparison to sham, though no significant 
differences were observed at ZT18. Similarly, a significant 
difference [F (3, 20) = 4.99, p < 0.009] in NLRP3 protein 

expression was observed at ZT06 and ZT18 stroke, in com-
parison to sham (Fig. 8f, g).

Circadian Gene Expression at ZT06 and ZT18 Stroke Mouse 
Brain

The circadian gene BMAL1 mRNA expression was signifi-
cantly increased (p < 0.005) in mouse brains at ZT06 in com-
parison to sham. However, no significance difference was 
observed at ZT18 (Fig. 9a). A significant increase (p < 0.05) 
in BMAL1 was observed at ZT06 in comparison to ZT18. 
ANOVA test for the CLOCK gene showed significant [F (3, 
20) = 11.92, p < 0.0001] changes between groups which were 
significantly increased (p < 0.05) at ZT06, and there was an 
increase but not significant (p < 0.0899) in clock gene at 
ZT18. Interestingly, there was also a significant increase in 
CLOCK mRNA (p < 0.01) at ZT06, in comparison to ZT18 
(Fig. 9b). CLOCK (p < 0.05), Per1 (Fig. 9c), Per2 (p < 0.05) 
(Fig. 9d), Cry1 (p < 0.01) (Fig. 9e), and Cry2 (p < 0.05) 
(Fig. 9f) were highly expressed at ZT06 in comparison to 
the sham. However, no significant difference was observed 

Fig. 6   Stroke affects the peripheral monocytic polarization in a cir-
cadian ZT time-dependent fashion in blood and their comparison to 
brain tissue microglial mRNA. Whole blood (WB) analysis was ana-
lyzed at different circadian ZT time points with/without stroke using a 
flow cytometry assay. a Full two dimension of forward scatter (FSC)/
side scatter (SSC) of WB at ZT0, ZT6, ZT12, and ZT18, sham ver-
sus stroke, analyzed using live gating (G1) on WB cells except for 
RBCs and platelets (based on size). b Myeloid cells were identified 
using CD11b phenotypic antigen followed by further identification 
of myeloid cells (c) using LY-6G (for neutrophils, CD11b+LY-6G+) 

and LY-6C (for macrophages, CD11b+LY-6C+LY-6G−). d, e Quanti-
fications of flow analysis. A p-value < 0.05 is considered significant 
n = 8–10 mice/group; ANOVA followed by Tukey multiple compari-
son tests was performed for data analysis. f, g The brain tissue micro-
glia mRNA expression to compare with blood microglial expression. 
An expression of CD11b and IBA1 expression was higher at ZT06 
stroke in comparison to sham. However, no significant differences 
were observed at ZT18 stroke in comparison to sham. Interestingly, 
there was a time-dependent significant difference in CD11b and IBA1 
expression in stroke mice
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in BMAL1, Cry1, and CLOCK at ZT18 compared to sham, 
though increased expression can be seen but not significant. 
There was a significant decrease in Per1 gene expression at 
ZT18 and ZT06.

Inflammatory and Circadian Marker Status at ZT18 
and ZT06 in Naïve Mouse Brain at ZT06 and ZT18

We next assessed the circadian profile of the clock and 
inflammasome components by using naïve mice and iso-
lating cortex hemispheres at two time points that were 12 
h apart: ZT18 (awake) and ZT06 (sleep). RNA expression 
by qRT-PCR showed that there was a significant variation 
in the expression of TNF-α (p < 0.005) (Fig. 10b), NLRP3 
(p < 0.05) (Fig. 10d), and Rev-erbα (p < 0.0005) (Fig. 10e) at 
ZT18 versus ZT06. In contrast, there was no significant dif-
ference in mRNA expression of CD11b, IL-10, and BMAL1 
(Fig. 10a, c, f) expression between the time points. Western 
blot analysis of proteins also showed evidence of a signifi-
cant difference in expression in NLRP3 (p < 0.05) (Fig. 10 
h) and Rev-erbα (p < 0.001) (Fig. 10i) and protein expres-
sion in the sleep period (ZT06) in comparison to awake 

period, while no significant changes were observed in IL-10 
expression.

Correlation Analysis of NLRP3, Rev‑erbα, and Monocyte 
for Circadian Time ZT18 and ZT06

We tested the association of major factors with circadian 
and inflammation. We tested the correlation between blood 
monocytes M1 and monocytic NLRP3. We found a signifi-
cant (p < 0.0445, R2 = 0.1870) correlation in between mono-
cyte M1 and monocytic NLRP3 (Fig. 2a). Interestingly, there 
was also significant (p < 0.0491, R2 = 0.2660) correlation 
in between circadian gene Rev-erbα and inflammasome 
NLRP3 (Fig. 2b).

Time Dimension Effects on Neuronal Cells in Stroke Mouse 
Brain

To measure the neuronal cell viability, we stain the brain 
slices with cresyl violet stain. We observed that there was 
a significant number of dying cell in the cortical region at 
ZT18 (p < 0.05) and ZT06 (p < 0.005) vs sham mouse brain 
(Supplementary Fig. 3).

Fig. 7   Stroke affects cytokine production in peripheral blood in a cir-
cadian ZT time-dependent fashion and their comparison with brain 
tissue cytokine expression. a–d WB assay was performed to esti-
mate cytokine levels at ZT18 and ZT06 in ischemic mouse brains, 
and there was significantly higher expression of TNFα, IL-6, IL-10, 
and IL-1β (a–e) at ZT06 in comparison to ZT18 (n = 4 sham-6 
stroke mice/group). Additionally, in whole blood assay, TNF-α was 
increased, and IL-10 levels were decreased at ZT06 (e, f). A p-value 

of < 0.05 is considered statistically significant. f, g Whole blood was 
analyzed using a flow cytometry assay. As displayed by histographs, 
two cytokines of TNFα (pro-inflammatory) and IL-10 (anti-inflam-
matory) were measured to represent the two spectrums of immu-
nologic function. g, h Quantified measures of cytokine production 
(ANOVA: p-value < 0.0029) and anti-inflammatory IL-10 (ANOVA: 
p-value < 0.0001) cytokines as the functional manifestation of the 
immune system (n = 8–10 mice/group)
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Discussion

In the present study, we induced MCAO in mice at differ-
ent times of day such as ZT06 (inactive period) and ZT18 
(active period) and found differential effects on outcomes 
such as infarct size, neurobehavioral outcomes, circadian 
remodeling, and immune response. The brains were har-
vested at 48 h of stroke. We found larger infarct sizes at ZT6 
compared to ZT18. Mortality also trended to be higher when 
MCAO was induced at ZT6. With the exception of the beam 
walk which showed worse function at ZT6, neurobehavioral 
outcomes were not different between these time points.

As reported by [34], monocyte numbers increase in 
patients with stroke or associated severe stroke. We found 
increased level of M1 monocytes and decreased level of M2 
at ZT06 stroke compared to other time points. M1 to M2 
ratio was higher at ZT06 stroke and lower at ZT18 stroke. 
Cytokines contribute to the progression of ischemic brain 
injury [35]. There was significant increase in TNF-α level 

at ZT06 and significant decrease in IL-10 number in mono-
cytes. Neutrophils are the first immune cells in the blood to 
immediately respond after ischemic stroke brain injury [36, 
37]. We found that N1 were higher at ZT06 stroke and N2 
were lower at ZT06 stroke in comparison to other ZT times 
of stroke. And the ratio of N1 to N2 was also higher at ZT06 
and lower at ZT18. These immune responses at all four ZT 
stroke mice led us to conclude that immune responses are 
higher at ZT6, the inactive, sleep period for mice, than 
stroke at ZT18, the active periods. Circadian differences 
in immune responses at ZT06 (sleep/rest period) and ZT18 
(awake/active period) mirrored differences in neurological 
outcomes.

In the ischemic brain, microglia release inflammatory 
cytokines to orchestrate the peripheral immune response, 
which is characterized by the infiltration of macrophages, 
lymphocytes, neutrophils, and dendritic cells to the ischemic 
parenchyma (Gelderloos 2009) [38–40]. Microglia and 
infiltrating monocyte-derived macrophages (MDMs) are 

Fig. 8   Stroke affects neutrophilic and monocytic NLRP3 in a circa-
dian ZT time-dependent fashion. Whole blood was analyzed using a 
flow cytometry assay to measure NLRP3 in neutrophils (a) as well 
as macrophages (b) at different ZT circadian times. c, d Quantified 
measures of NLRP3 expression in neutrophils (c) and macrophages 
(d). qRT-PCR assay of NLRP3 was performed to see changes 
in mRNA expression (e), and we found a significantly increased 

(p < 0.05) mRNA at ZT06 time points compared to sham. However, 
we have found an increase in NLRP3 at ZT18 but it was not sig-
nificant. Additionally, we also performed WB for NLRP3 (f, g), and 
interestingly, there was a significant increase in NLRP3 at ZT06. On 
the other hand, we also found a significant (p < 0.05) decrease in Rev-
erbα mRNA level at ZT06 and ZT18 time points (h)
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activated after stroke [14, 41, 42] and secrete predomi-
nantly toxic factors, such as pro-inflammatory cytokines 
interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), 
interleukin-6 (IL-6), in the very early stage of cerebral stroke 
suggesting M1-like phenotype activation [43]. In addition, 
IL-6 is associated with poor functional outcomes after cer-
ebral ischemia [44]. In the second set of experiments (ZT06 
and ZT18 stroke), increased M1 macrophages and increased 
TNF-α were observed at ZT06, whereas M2 macrophages 
and IL-10 were reduced, as compared to ZT18. Similarly, 
the myeloid markers, CD11b and IBA1, were elevated at 
ZT06, as compared to sham. Consistent with these findings, 
elevated TNF-α, IL-1β, and IL-6 and reduced IL-10 expres-
sions were observed in the brain and blood at ZT06. As 
immune responses correlated with stroke timing and larger 
infarct volumes, circadian changes in pro-inflammatory mac-
rophages/microglia may contribute to the worse tissue injury 
of stroke at ZT6. Further, the relationship and any potential 

association between macrophage polarization and circadian 
rhythm are complex as well as bidirectional [45]. Phenotypic 
and functional alteration of macrophages during polarization 
is the result of highly regulated and complicated mecha-
nisms with local and systemic consequences. Such shift in 
the macrophages are initiated and developed through a series 
of cellular and molecular changes and could be directly con-
trolled and affected by circadian clock totally or for the most 
part. Therefore, circadian rhythm could affect the onset and 
progression of inflammatory responses, tissue remodeling, 
and homeostasis, which warrants further investigations.

Circadian rhythm dysfunction correlates with inflam-
mation in the periphery, but the role of the core clock in 
neuroinflammation remains poorly understood. At ZT06 
stroke, we found the increased expression of circadian 
genes such as BMAL1, CLOCK, and Cry1, Cry2, and these 
genes also showed time-dependent differences in expres-
sion. Since microglial and macrophages are involved in 

Fig. 9   Circadian gene expression in the brain. Brain samples were 
run to quantify the mRNA expression of various circadian genes. 
We found that BMAL1 was significantly (p < 001) increased at 
ZT06 compared to sham (a). There was also a significant differ-
ence between ZT06 and ZT18, though no significant difference 
was observed sham of ZT06 and ZT18 (a). Similarly, we observed 
increased (p < 0.001) expression of CLOCK (b) at ZT06 compared 
to sham but no significant difference at ZT18. However, a significant 
(p < 0.0001) difference between ZT06 and ZT18 was observed. Per1 
mRNA expression decreased at ZT18 and ZT06 compared to sham 

(c), though no difference was observed between sham. We also meas-
ured the Per2 mRNA, but differences were non-significant among 
group and time points. Similarly, we also measured the Cry1 and 
Cry2 mRNA levels (f), and we found that at ZT06, Cry1 (p < 0.05) 
and Cry2 (p < 0.005) were significantly higher in comparison to sham 
(e). Interestingly, their level also showed significant differences in 
Cry1 (p < 0.05) and Cry2 (p < 0.005) between ZT18 and ZT06. Cry1 
and Cry2 expressions were not significant at ZT18 compared to sham. 
ANOVA followed by Tukey multiple comparison test was used to 
analyze the circadian genes in ipsilateral ischemic mouse brains
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neuroinflammation during stroke, we studied a circadian 
gene, Rev-erbα, a nuclear receptor, and circadian clock com-
ponent, which mediates microglial/macrophage activation 
and neuroinflammation [46–49]. Rev-erbα deletion caused 
spontaneous microglial activation in the hippocampus and 
increased expression of pro-inflammatory transcripts, as 
well as secondary astrogliosis [47]. We found decreased 
Rev-erbα mRNA expression in mouse brains at ZT06 and 
ZT18 after stroke, consistent with increased neuroinflam-
mation. The NLRP3 inflammasome, a multiprotein complex 
that regulates innate immunity, was elevated in monocytes 
and neutrophils and in brain tissue at ZT06 after stroke. 
IL-18, a product of the NLRP3 inflammation that is associ-
ated with stroke severity, was elevated within the ischemic 
mouse brain at ZT06 but not ZT18 (Supplementary data 2). 
Consistent with this inflammatory response and circadian 
remodeling, infarct volume and sensorimotor deficits were 
greater in the sleep period of stroke. Neuronal cell death 
was also higher at ZT06, as evidenced by cresyl violet stain 
(Supplementary data 2). Thus, NLRP3, downstream from 
Rev-erbα, may be critical for circadian gene remodeling and 
neuroinflammation after stroke, potentially explaining the 
more severe short neurological outcome and larger infarct 
volume in mouse sleep period stroke (period of inactivity).

The spleen plays an important role in innate and adap-
tive immunity and the spleen is affected during stroke 
[50–52]. Therefore, here, we studied spleen size and sple-
nocytes to correlate the brain and blood immune system to 
spleen immune function during stroke. We found significant 
changes in M1, M2, T cells (Tregs), and B cells (Bregs) 
in a time-dependent manner in stroke splenocytes. There 
were increased M1 and T cells and reduced M2 at ZT18 and 
ZT06, whereas B cells were only reduced at ZT18. Spleen 
weight decreased at ZT06 stroke compared to naïve mice 
though no changes were found at ZT18. Spleen length was 
lower at ZT18 and ZT06 stroke compared to naïve mice and 
the lengths were also significantly different between ZT18 
and ZT06 strokes.

We found nearly 9% mortality at ZT18 stroke while 
24% mortality was observed at ZT06 stroke, paralleling 
the circadian differences in infarct area. In a combined 
analysis of 583 patients who underwent computer tomog-
raphy, perfusion showed that infarct cores were larger at 
night, with peak core infarct volume associated with an 11 
pm onset, and infarct growth was faster [5]. In addition, 
the administration of a neuroprotective drug was effective 
in rodents during ZT03–09, the sleep time for rodents, 
but was ineffective if administered at ZT15–21, during 

Fig. 10   Inflammatory and circadian status in naïve mice. WB and 
qRT-PCR assay was used to confirm the key inflammatory markers 
and circadian genes in naïve mice. There was higher mRNA expres-
sion of TNF-α (p < 0.005) (b), NLRP3 (p < 0.05) (d), and Rev-erbα 
(p < 0.05) expression (e) in nighttime (ZT06). BMAL1 (f) and IL-10 
(c) expressions showed no significant difference. Similarly, the WB 

assay showed higher protein expression of TNF-α (p < 0.005) (j), 
NLRP3 (p < 0.05) (h), and Rev-erbα (p < 0.05) (i) at ZT06 (night-
time). Again, IL-10 protein (k) expression was unchanged when com-
pared between ZT18 and ZT06. A T-test was used to analyze mouse 
brains’ circadian genes and inflammatory markers
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the active period in mice [25]. Given that most laboratory 
studies occur during the rodent sleep period, while most 
human strokes occur during the awake/active period, circa-
dian differences in the occurrence and treatment of stroke 
may explain the lack of translation of rodent preclinical 
work to the clinical arena.

In conclusion, our study suggests that infarct size, 
inflammation, neuronal injury, and short-term outcomes 
differ based on whether the stroke occurs during the sleep 
or awake period. Our study also suggests inflammation 
may aggravate stroke pathology downstream from circa-
dian gene remodeling. The timing of stroke treatments may 
impact outcomes, and our findings require independent 
replication. Nonetheless, our results may help to explain 
the inconsistent success of acute cerebroprotective drugs 
after experimental and clinical stroke.

Limitations of the Study

Limitations of our study include the use of only young 
male mice and the measurement of only short-term out-
comes (48 h). Future studies will seek to study the effects 
of long-term outcomes and if sex and age condition the 
circadian response in stroke. Also, while we investigated 
the effect of the time of day under normal conditions, we 
did not examine conditions that might mimic sleep distur-
bance, such as light cycle reversal.
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