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BRIEF REPORT

Diurnal Differences in Immune Response in Brain, 
Blood and Spleen After Focal Cerebral Ischemia 
in Mice
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BACKGROUND: The immune response to acute cerebral ischemia is a major factor in stroke pathobiology. Circadian biology 
modulates some aspects of immune response. The goal of this study is to compare key parameters of immune response 
during the active/awake phase versus inactive/sleep phase in a mouse model of transient focal cerebral ischemia.

METHODS: Mice were housed in normal or reversed light cycle rooms for 3 weeks, and then they were blindly subjected to 
transient focal cerebral ischemia. Flow cytometry was used to examine immune responses in blood, spleen, and brain at 3 
days after ischemic onset.

RESULTS: In blood, there were higher levels of circulating T cells in mice subjected to focal ischemia during zeitgeber time 
(ZT)1–3 (inactive or sleep phase) versus ZT13–15 mice (active or awake phase). In the spleen, organ weight and immune 
cell numbers were lower in ZT1–3 versus ZT13–15 mice. Consistent with these results, there was an increased infiltration 
of activated T cells into brain at ZT1–3 compared with ZT13–15.

CONCLUSIONS: This proof-of-concept study indicates that there are significant diurnal effects on the immune response after 
focal cerebral ischemia in mice. Hence, therapeutic strategies focused on immune targets should be reassessed to account 
for the effects of diurnal rhythms and circadian biology in nocturnal rodent models of stroke.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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C ircadian biology modulates all aspects of mam-
malian physiology and disease.1 Recently, it was 
hypothesized that these diurnal or daily rhythms 

may affect stroke mechanisms and neuroprotection in 
rodent models of cerebral ischemia.2 Because rodents 
are nocturnal, preclinical stroke studies that are per-
formed in the daytime correspond to their inactive or 
sleep phase. In contrast, humans are diurnal, and so the 
daytime corresponds to their active or awake phase.3 
Hence, it is possible that there is a circadian mismatch 
between mechanisms and targets defined in preclinical 

rodent models versus the majority of active-phase 
human strokes.4,5

Immune responses and inflammation play a major role 
in the pathophysiology of stroke.6 The immune system is 
modulated by diurnal and circadian rhythms.7 Diurnal and 
circadian effects on immunity have been shown to con-
tribute to outcomes after cardiac ischemia.8 Therefore, 
it is likely that the immune reactions in stroke may also 
be influenced by the time-of-day of stroke onset. In this 
proof-of-concept study, we compare immune response 
in mice subjected to focal cerebral ischemia during the 
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beginning of their inactive/sleep phase (zeitgeber time 
[ZT]1–3) versus the beginning of their active/awake 
phase (ZT13–15).

METHODS
The authors confirm that the data supporting the findings of 
this study are available within the article and its Supplemental 
Material.

Focal Cerebral Ischemia
Male (C57BL/6J, 27-30g; Jackson, Bar Harbor, ME) mice 
were housed in normal or reversed light cycle rooms for 3 
weeks, and then all experiments were blindly performed during 
the daytime to correspond to either inactive (ZT1–3) or active 
(ZT13–15) phases.2 Experiments were in accordance with the 
National Institutes of Health’s Guide for the Care and Use of 
Laboratory Animals, following Animals in Research: Reporting 
In Vivo Experiments guidelines. Transient 60 min focal ischemia 
was induced introducing a 6-0 surgical monofilament nylon 
suture (Doccol). Infarction volumes based on 2,3,5-triphenyl-
tetrazolium chloride staining were blindly quantified using the 
indirect method with Image J software.

Flow Cytometry
Single-cell suspensions prepared from blood, spleen, or brain 
tissues were stained with fluorochrome-conjugated antibodies. 
Antibodies were directly labeled with one of the following fluo-
rescent tags: fluorescein isothiocyanate (FITC), PE (phycoery-
thrin), APC (allophycocyanin), PerCP-Cy5.5, PE-Cy7, or pacific 
blue. Cell phenotypes were performed on a FACS FORTESSA 
flow cytometer (BD Bioscience, Franklin Lakes, NJ). Data were 
blindly analyzed with Flow Jo software version 7.6.1 (Flow 
J, LLC, Ashland, OR). Group differences were analyzed with 
2-tailed unpaired t test or 2-way ANOVA with P<0.05 as the 
threshold for significance. Please see Supplemental Material 
for detailed procedures, analysis, and numerical values for indi-
vidual cell types.

RESULTS
To assess immune response poststroke, we collected 
circulating blood samples from all mice at 3 days post-
ischemia. Flow cytometry analysis (Figure 1A) showed 
that there were relatively large variances in B cells, natu-
ral killer cells, neutrophils, and monocytes, and there 
were no statistically significant differences in response 
in ZT1–3 versus ZT13–15 mouse models (Figure 1B 
and 1C). However, circulating levels of T cells, especially 

activated CD8-positive T cells, were significantly higher 
in the inactive/sleep phase (ZT1–3) versus active/awake 
phase (ZT13–15; Figure 1D; n=10–12 per group).

Reductions in spleen size are known to occur after 
stroke. At 3 days after focal cerebral ischemia, spleen 
weight and total cell numbers were smaller in mouse 
models performed during ZT1–3 compared to ZT13–15 
(Figure 2A; n=10–12 per group). By flow cytometry (Fig-
ure 2b), there were no detectable differences in spleen 
populations of B cells, neutrophils, and macrophages 
(Figure 2C through 2E). However, the numbers of nat-
ural killer cells and total T cells were lower in spleens 
obtained from ZT1–3 versus ZT13–15 mouse models. 
The differences in T cells appeared to be mostly driven 
by differences in activated CD8-positive T cells (Fig-
ure 2F; n=9–14 per group).

Next, we asked whether these systemic differences in 
immune response might also be accompanied by differ-
ences in brain infiltration of immune cells after cerebral 
ischemia. Flow cytometry of brain tissue at 3 days after 
focal ischemia (Figure 3A) showed that the total num-
bers of macrophages and microglia were comparable in 
ZT1–3 and ZT13–15 models. There were no differences 
in B cells, natural killer cells, and neutrophils (Figure 3B, 
Supplemental Material, n=5–6 per group). However, the 
number of infiltrating T cells were higher in mice sub-
jected to ischemia during ZT1–3 compared with mice 
subjected to ischemia during ZT13–15 (Figure 3C). To 
further assess these findings, we performed a replica-
tion experiment (n=4–6 per group). Although there were 
overall differences in the magnitude of ischemic immune 
response between these 2 independent experiments 
performed almost 1 year apart, 2-way ANOVA analysis 
confirmed that activated T cells in brain were indeed 
higher in mouse models of focal cerebral ischemia dur-
ing the inactive/sleep phase (ZT1–3) compared with the 
active/awake phase (ZT13–15; Figure 3D).

Finally, we asked whether these differences in 
immune response were accompanied by differences in 
brain infarction. Tetrazolium staining showed that 3-day 
infarct volumes were larger when focal cerebral ischemia 
was induced in mice during the inactive/sleep phase 
(ZT1–3) compared to the active/awake phase (ZT13–
15; Figure 3E; n=10 per group). There was a correla-
tion between infarct volume and blood levels of T cells 
in mice subjected to focal cerebral ischemia during their 
inactive/sleep phase ZT1–3 (R2=0.99, P=0.003) but not 
their active/awake phase ZT13–15 (R2=0.04, P=0.798; 
Figure 3F; n=4).

DISCUSSION
At 3 days after focal cerebral ischemia in mice, T cell lev-
els in blood and recruitment into brain are higher for inac-
tive phase ZT1–3 models compared with active-phase 
ZT13–15 models. In the spleen, an opposite pattern was 

Nonstandard Abbreviations and Acronyms

APC allophycocyanin
PE phycoerythrin
ZT zeitgeber time
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observed, with a lower tissue mass and reduced num-
ber of resident T cells in inactive phase ZT1–3 models 
compared with active-phase ZT13–15 models. Rodent 
spleens are known to decrease in size after focal cere-
bral ischemia, and there is a negative correlation between 

spleen size and infarct volume.9 Hence, these data alto-
gether suggest that during inactive phase strokes, there 
may be greater recruitment of immune cells to move out 
from the spleen into the circulation and home towards 
ischemic brain at the time studied. There was a correlation 

Figure 1. Effects of diurnal rhythm in blood.
A, Gating strategy. B, Counts of CD19+ B cells (CD19+), natural killer (NK) cells (CD3-NK1.1+), neutrophils (CD11bhighLy-6c+). C, Ly6c+ 
monocytes (CD11b+Ly-6c+) or Ly6c- monocytes (CD11b+Ly-6c-). D, Numbers of total T cells (CD3+), CD4+ T cells (CD3+CD4+) and CD8+ 
T cells (CD3+CD8+). n=10–13. All values are mean±SD; comparisons via 2-tailed t test. ZT indicates zeitgeber time.

Figure 2. Effects of diurnal rhythm in spleen.
A, Spleen weight, total cell numbers, and their correlation (n=10-12). B, Gating strategy. C–E, Counts of B cells (CD19+), neutrophils 
(CD11b+Ly-6G+) and macrophages (CD11b+ F4/80+). F, Numbers of total T cells (CD3+), CD4+ T cells (CD3+CD4+), CD8+ T cells 
(CD3+CD8+) and natural killer (NK) cells (CD3-NK1.1+). (n=9-14). All values are mean±SD; comparisons via 2-tailed t test. ZT indicates 
zeitgeber time.
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between blood levels of T cells and infarct volumes for 
mice subjected to ischemia during their inactive/sleep 
phase, consistent with the hypothesis of immune cells 
participating in secondary brain injury after stroke. How-
ever, there was no correlation during their active/awake 
phase. Therefore, the differences in immune response 
observed here may not just be indirectly due to larger or 
smaller infarcts in ZT1–3 versus ZT13–15 mouse models. 
Furthermore, the diurnal differences in immune response 
at 72 hours did not extend across all cell types, and no 
significant differences were noted in macrophages, neu-
trophils, and B cells. Within the limits of our relatively small 
group numbers and time windows, we did not detect sta-
tistically significant differences in nonischemic immune 
baselines between ZT1–3 versus ZT13–15 blood and 
spleen samples (Supplemental Material; n=6 per group), 
suggesting that the differences observed after our stroke 
model might be due to a response to ischemia. Neverthe-
less, it is known that some subsets of immune cells show 
a diurnal cycle.7 Therefore, the question of causal mecha-
nisms will be especially important, ie, whether diurnal dif-
ferences in systemic immune cells lead to differences 
in brain injury or whether diurnal differences in other 
mechanisms underlying ischemic brain injury induce sub-
sequent differences in immune response, or both. Future 
studies are warranted to dissect the mechanisms underly-
ing the interaction between diurnal rhythms and immune 
response after stroke.

Taken together, our results suggest that immune 
responses in mouse models of focal cerebral ischemia 
are indeed different depending on the time-of-day of 
stroke onset. However, several caveats must be kept in 
mind. First, although our flow cytometry analyses covered 
major immune cell categories, detailed responses and 
potential involvement of smaller subsets remain to be 
mapped. It may be useful to use high-resolution cytom-
etry by time-of-flight–based techniques10 to fully charac-
terize the diurnal modulation of stroke-induced immune 
response. Second, we only measured immune cells at 3 
days, therefore, we may have missed differences at other 
time points. For example, neutrophil infiltration can occur 
by 24 hours and regulatory T cells can continue to accu-
mulate for up to a week. Future studies should analyze 
daily rhythms across the full time-course of immune reac-
tions poststroke.6 Third, diurnal and circadian rhythms are 
affected by stroke itself.11 The regulation of feed-forward 
and feed-back signals between stroke and daily rhythms 
in various aspects of physiology should be examined. 
Finally, we only tested young male mice. Both diurnal 
rhythms and immune biology are affected by age and 
sex.12 How these pathways may differ in older or female 
mouse models remain to be determined.

In conclusion, this proof-of-concept study suggests that 
there are differences in immune response in strokes that 
occur during day versus night. From a translational per-
spective, further studies are warranted to examine how 

Figure 3. Effects of diurnal rhythm in brain.
A, Gating strategy. B, Numbers of macrophage (CD45highCD11b+F4/80+), microglia (CD45intCD11b+), B cells (CD45highCD19+), natural 
killer (NK) cells (CD3-NK1.1+) and neutrophils (CD11b+CD45highLy-6G; n=5–6). C, Counts of T cells (CD45highCD3+; n=5–6). D, Counts 
of CD69 expressing T cells (CD45highCD3+ CD69) from experiment 1 and experiment 2 (n=5–6 for each exp). E, Ischemic volume (n=10). F, 
Correlation between ischemic volume and T cells (n=4). All values are mean±SD; comparisons via 2-tailed t test or 2-way ANOVA. ZT indicates 
zeitgeber time.
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immune mechanisms and targets currently defined for 
inactive/sleep phase models in nocturnal rodents are mod-
ified when reexamined in active/awake phase models that 
should better match the majority of human daytime strokes.
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