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Reports of insufficient sleep have steadily increased over the past decade. Sleep 

fragmentation (SF) promotes hypocretin-dependent myelopoiesis and atherogenesis.1 While 

these studies identified a neuro-immune link between sleep and atherosclerosis, it is 

unknown whether SF may affect plaque stability. Therefore, we tested the effects of SF 

on plaque stability and its underlying pathological mechanisms.

A motorized slow-moving bar sweeping across the cage floor every 2 minutes was used 

during the light period to achieve sleep fragmentation (SF)2 and during the dark period to 

control for forced activity and stress associated with the motorized bar (AC-activity control). 

We included a group of home cage (HC) Apoe−/− female mice.

12 weeks of SF promoted atherogenesis, resulting in increased brachiocephalic arterial 

lesions (Grade 2–3) in a high fat diet (HFD) fed Apoe−/− female mice when compared with 

AC- or HC-Apoe−/− mice (Fig.[A]). Sleep disturbances are associated with increased CVD 

mortality due to myocardial infarction or stroke. Within advanced plaques, necrotic core size 

is a key determinant of plaque vulnerability.3 SF promoted enlargement of necrotic cores, a 
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reduction in total collagen and thick collagen fibers, and increased the thin fibers in aortic 

valves, suggesting that SF is associated with vulnerable plaques (Fig.[B]). The plaques from 

SF-Apoe−/− compared to AC- or HC-Apoe−/− females also demonstrated a reduced cap to 

core ratio, reflecting an attenuated fibrous cap thickness, a characteristic of an unstable 

plaque (Fig.[B]). Overall, SF promoted plaque growth characterized by increased necrotic 

areas and attenuated formation of collagen fibers and fibrotic cap.

Neutrophils accumulate in atherosclerotic plaques and are associated with rupture-prone 

lesions.3 We therefore evaluated how SF affects neutrophil numbers and functions in SF-

Apoe−/− mice. We corroborated findings of McAlpine and colleagues1 by demonstrating SF 

increased the leukocyte numbers due to augmented hematopoiesis (Fig.[C]). Interestingly, 

GMP+ and LSK+ populations were unchanged in AC-Apoe−/− mice, indicating that forced 

activity and/or stress associated with a moving bar during the dark period, does not affect 

myelopoiesis (Fig.[C]).

We next assessed the effects of SF on neutrophil phenotypes. Peripheral blood neutrophils 

from SF- vs. AC- and HC-Apoe−/− mice exhibited increased levels of CD63 (Fig.[C]), 

CD40, CD1d, and CD11b, (not shown), reflecting an activation phenotype. No differences 

in CD62L or CXCR2, were found (not shown). Functionally, SF-Apoe−/− neutrophils 

showed elevated basal levels of reactive oxygen specifies (ROS) vs AC- and HC-Apoe−/− 

groups (Fig.[C]). Interestingly, higher levels of dsDNA were also detected in the blood 

of SF-Apoe−/− mice, suggesting either an ongoing release of dsDNA as a consequence of 

cell death or active NETosis (Fig.[C]). HFD feeding and SF can independently alter gut 

immunity, resulting in the leaking of LPS into the circulation. In concert with neutrophil 

activation, we detected increased LPS levels in the blood of SF- vs AC- and HC-Apoe−/− 

controls (Fig.[B]).

NETosis plays a crucial role in innate immunity but also supports chronic inflammation. 

SF induced NETosis with a higher Similarity Score/higher colocalization of DAPI+/DNA/

MPO+, a feature of suicidal NETosis4 (Fig.[C]). We also detected signs of “vital” NETosis 

(condensed nuclei/elongated cell shape/polarized bleb) in HC- and AC-, but not in SF-

Apoe−/− neutrophils. Based on the morphology/circularity parameters of cells, we analyzed 

4 neutrophil groups (Fig.[C]). While lobulated nuclei were decreased, DNA release and 

DNA decondensation were elevated in SF-Apoe−/− neutrophils, suggesting that these cells 

were undergoing active NETosis.

Increased neutrophil numbers are found within plaques.3 Due to the functionally activated 

SF-Apoe−/− neutrophils, we next questioned how SF affects neutrophil content in the aorta. 

We found increased numbers of activated aortic CD63+Ly6G+ neutrophils in SF- vs. AC- 

and HC-groups (Fig.[D]). To test whether SF-activated leukocytes can be recruited into 

the aorta, we performed competitive homing experiments with leukocytes from SF-, AC-, 

and HC-Apoe−/− donor mice into aged Apoe−/− recipients (Fig.[D]). Neutrophils from SF 

Apoe−/− mice exhibited a preferential homing into aortas of Apoe−/− recipients.

Vascular smooth muscle cells (VSMCs) play a key role in neutrophil activation and 

induction of NETs, supporting neutrophil-dependent plaque rupture/erosion.3 We next 
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sought to determine how SF supports the unstable plaque phenotype via promotion of 

NETosis, induced by activated VSMCs. Neutrophils from SF-Apoe−/− mice co-cultured with 

supernatant from PDGF-activated VSMCs were more responsive to a VSMCs-dependent 

activation and showed increased levels of NETosis compared to HC-Apoe−/− neutrophils 

(Fig.[E]).

Next, we depleted neutrophils5 in SF HFD-fed Apoe−/− mice for last 4 weeks of 12 wks 

of SF regimen (Fig.F). Neutrophil depletion resulted in reduced plaque formation in BCA 

and an improved plaque phenotype reflected by increased total collagen content, a smaller 

necrotic core, and thicker collagen fibers (2.34±0.63 vs 0.96±0.19, p<0.01) in neutrophil-

depleted vs isotype control SF-Apoe−/− mice. These data suggests that neutrophils play a 

key role in driving vulnerable plaque phenotype upon SF.

The present study demonstrates a crucial role of SF in promoting atherosclerosis and 

particularly plaque destabilization. Importantly, our results indicate that SF supports 

neutrophil functions such as ROS and NET production. We detected increased circulating 

levels of LPS that might serve as a neutrophil activator during SF. Competitive homing 

experiments clearly demonstrate that SF directs neutrophil recruitment into the aorta. 

Importantly, neutrophil depletion improves plaque phenotype of SF mice. Thus, our findings 

support a model in which SF induces atherosclerosis with unstable plaque phenotype via a 

neutrophil-dependent mechanism. Our data are consistent with clinical data, which largely 

implicate SF as a risk factor in promoting CVD with increased mortality.
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Sleep fragmentation increases neutrophil activation and promotes atherosclerosis and plaque 
necrosis
SF accelerated atherogenesis with increased plaque formation in a vulnerable area. 
8–10 weeks-old Apoe−/− females were placed either in sleep fragmented (SF) or activity 

control (AC) or regular home cages (HC) and fed a High Fat Diet (Envigo, TD.88137) for 12 

weeks. Histological images underwent double-blind analysis, followed by data processing 

and the selection of representative images reflecting the main conclusion. Representative 

images and lesion quantification of Oil Red O-stained aortas (n=7–21/per group, One-Way 

ANOVA-Turkey) and aortic arches with lesion grading (from Grade 0 – as no lesions; 

(n=17–21 per group). Here and below, each data point represents an animal in a figure. 
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Normality of data was assessed using the Shapiro-Wilk test and visual inspection using a 

QQ plot in GraphPad Prism.

Picrosirius Red-stained aortic roots were quantified for necrotic core (n=5–10/per group), 

fibrotic cap (cap-to-core ratio, n=3–5/per group, One-Way ANOVA), collagen fibers (n=8–

14/per group, One-Way ANOVA or Brown-Forsythe ANOVA). Peripheral blood dsDNA and 

LPS levels were analyzed using PicoGreen and ELISA (n=4–8/per group, Kruskal-Wallis 

test).

SF primes neutrophils towards a hyperactivated phenotype. Bone marrow 

Lin−Sca1−Kit+ cells (n=8–11/per group); WBC Count (n=8–11/per group), CD63+Ly6G+ 

and DCFDA+ROS+ neutrophils (n=4–7/per group) in peripheral blood of Apoe−/− mice; 

Brown-Forsyth-ANOVA. Representative images of blood neutrophils: BF: bright-field. IS 

Similarity Score quantifying the degree of nuclear translocation of MPO (~100cells/mouse, 

n=3–4/per group; One-way ANOVA-Fisher’s LSD). Gated neutrophils are analyzed for 

nuclear vs cell circularity. The images were obtained from events in each quadrant. Some 

neutrophils were stimulated with LPS.

Activated neutrophils traffic to the aorta following SF. Enzymatically-digested aortas 

were analyzed for CD63+Ly6G+CD45+ neutrophils by FACS. Competitive homing: 10×106 

of fluorescent dye-labeled Leukocytes from SF-, AC-, and HC-Apoe−/− mice were injected 

IV/tail vein into aged Apoe−/− recipients (n=4–5/per group; Kruskal-Wallis test). 14 hrs 

later, aortas were analyzed for Dye+CD45+Ly6G+ neutrophils. Data were normalized to the 

start population of injected cells.

Activated VMSCs trigger NETosis in SF neutrophils. Collected supernatants from 

VSMCs treated with PDGF-BB (10 ng/mL/6 hrs) were incubated with neutrophils from SF- 

or HC- Apoe−/− mice - and stained with SytoxGreen/Ly6G (n=5/per group). Representative 

images and averages are shown.

Neutrophil depletion improves plaque phenotype of SF Apoe−/− mice. Scheme of 

neutrophil depletion, representative images of aortic arches with lesion grading (from Grade 

0– as no lesions). Picrosirius Red-stained aortic roots were quantified for necrotic core and 

collagen fibers (n=4/per group; Matt-Whitney test).
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