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Aims Mental stress substantially contributes to the initiation and progression of human disease, including cardiovascular
conditions. We aim to investigate the underlying mechanisms of these contributions since they remain largely unclear.

Methods and Here, we show in humans and mice that leucocytes deplete rapidly from the blood after a single episode of acute

results mental stress. Using cell-tracking experiments in animal models of acute mental stress, we found that stress exposure
leads to prompt uptake of infllammatory leucocytes from the blood to distinct tissues including heart, lung, skin, and,
if present, atherosclerotic plaques. Mechanistically, we found that acute stress enhances leucocyte influx into mouse
atherosclerotic plaques by modulating endothelial cells. Specifically, acute stress increases adhesion molecule expres-
sion and chemokine release through locally derived norepinephrine. Either chemical or surgical disruption of norepin-
ephrine signalling diminished stress-induced leucocyte migration into mouse atherosclerotic plaques.
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Conclusion

Our data show that acute mental stress rapidly amplifies inflammatory leucocyte expansion inside mouse athero-

sclerotic lesions and promotes plaque vulnerability.
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This study provides novel mechanistic insights into how acute mental stress fuels vascular inflammation and promotes plaque rupture. EC, endothelial cells;
HPA, hypothalamic-pituitary-adrenal axis; MACS, macrophages; SAM, sympathetic-adrenal-medullary axis.
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Introduction

Mental or psychological stress is a well-established contributor to
human morbidity and mortality." The term stress describes the body’s
response to environmental challenges that exceed an individual’s ability
to cope." Stress is comprised of a stimulus (stressor) that precipitates
a reaction in the brain (stress perception). This, in turn, activates
physiologic ‘fight-or-flight’ systems in the body (stress response).?
Experiencing a stressful situation, as perceived by the cerebral cortex,
stimulates the hypothalamic-pituitary-adrenal axis." The pituitary gland
liberates adrenocorticotropic hormone, triggering the systemic release
of glucocorticoid hormones from the adrenal cortex.”® Additionally,
the sympathetic-adrenal-medullary axis activates when the adrenal me-
dulla releases catecholamines systemically (predominantly epineph-
rine).1 Stress can also activate local sympathetic neurons in end organs,
leading to the local release of the neurotransmitter norepinephrine.®
Clinical and experimental studies have associated mental stressors
with the development of diseases and infections."* Specifically, social
stressors increase the incidence of cardiovascular diseases, including
atherosclerosis, myocardial infarction (M), and stroke>' Stress at
work and in private life associates with a 40-50% increase in coronary
artery disease, as observed in prospective studies.’ Mental stressors
can be chronic or acute, depending on the length and severity of the ex-
posure. Chronic mental stress (such as job stress, marital unhappiness,
burden of caregiving, or perceptions of being treated unfairly) refers to
long-term, repetitive stress exposure.’” We showed that chronic vari-
able stressors promote leucocyte production through increased haem-
atopoietic stem cell proliferation.™® In contrast, acute mental stress is

Acute mental stress o Atherosclerosis ® Vascular inflammation e Leucocyte recruitment e Sympathetic

short-term exposure to severe stressors.'* Acute mental stress (for in-
stance, anger or emotional upset) is more common and associates with
an even greater incidence of cardiovascular events than chronic stress.”
Indeed, the incidence of sudden deaths from cardiac causes acutely
quintupled after an earthquake struck the Los Angeles area in 1994."
Likewise, the day of the first missile strikes during the Gulf War in 1990
witnessed a steep increase in mortality due to Ml and sudden cardiac
death in Israel.'® More moderate stressors, including the type we rou-
tinely face in daily life, also raise the incidence of cardiovascular events.
When, for instance, the German soccer team played during the 2006
World Cup, monitored sites in Germany reported 2.7 more cardiac
emergencies than when other teams played.17 The majority of these
events happened during the first 2 h after the game started. Moreover,
MI patients reported that anger or emotional upset was common in the
hour before the onset of Ml symptoms.'®'?

Despite its huge impact on human health, precisely how acute
mental stress precipitates disease remains unclear. Here, we report
that acute mental stress exposure activates endothelial cells via the
local release of norepinephrine, leading to increased blood inflamma-
tory leucocyte influx into tissues, including atherosclerotic plaques.

Results

Acute mental stress exposure promotes

leucocyte trafficking into tissues
Since the psyche is closely linked to the immune system, we first
explored the immune response in humans who were exposed to
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acute mental stress. A previous study showed that watching exciting
soccer matches raises cardiovascular events acutely and transiently.'”
Hence, we performed an experiment in which 35 soccer fans
watched a thrilling key soccer match. Study participants were emo-
tionally involved because their national team played. Accordingly,
when we assessed stress levels 24 h before and immediately after the
game ended, we found that watching the match augmented stress
perception, as measured by the visual analogue scale (Figure 1A, ex-
perimental design is outlined in Supplementary material online, Figure
S1A). Further, we obtained two blood samples to analyse the num-
bers of blood leucocytes, the effector cells of the immune system. A
first sample was collected 24 h before the game ended and a second
sample immediately after the game, so that the samples were taken at
the same time of day. Using flow cytometry, we found that total leuco-
cyte—and specifically inflammatory monocyte—numbers decreased
rapidly after stress (Figure 1B and C). Further, lymphocyte numbers
also declined upon stress, while neutrophil numbers remained un-
changed (Supplementary material online, Figure S1B and C). Of note,
systolic and diastolic blood pressure did not change and only a slight
increase in heart rate followed acute mental stress exposure
(Supplementary material online, Figure S1D).

To follow-up on the observed drop in leucocyte numbers, we sub-
jected mice to acute mental stress by restraint/immobilization, the
most widely used procedure in rodents to evoke acute mental
stress.”® Flow cytometry showed lower blood leucocyte levels, specif-
ically for inflammatory monocytes, immediately after a single 3 h epi-
sode of mental stress, a result that agrees with our human data
(Figure 1D and E). Similarly, lymphocyte numbers dropped after stress,
while neutrophil numbers were not altered at this distinct time point
(Figure 1E and Supplementary material online, Figure STE and F). Kinetic
experiments revealed that blood leucocyte levels started to drop just
15 min after stress initiation and rebounded rapidly once stress ended
(Supplementary material online, Figure S1G-l). Cell-tracking experi-
ments using adoptive transfer explored the fate of these vanishing leu-
cocytes. We retrieved GFPY myeloid cells (monocytes admixed with
neutrophils) from naive transgenic Ubc-GFP mice (all leucocytes ex-
press green fluorescent protein, GFP), injected the cells intravenously

into wild-type mice (all cells are GFP"&*™®

), and began stressing them
for 3 h immediately thereafter. A control cohort also underwent adop-
tive cell transfer but was not exposed to stress. We harvested several
tissues and tracked the GFP™" myeloid cells in tissues using flow
cytometry 21h after we stopped stressing the mice (Supplementary
material online, Figure S2A). While GFP™® myeloid cell numbers
decreased in the blood, we found more numerous GFp"eh myeloid
cells in the skin, heart, and lung of stressed mice than in those of un-
stressed controls, indicating that acute mental stress promotes leuco-
cyte migration to these tissues (Figure 1F and G and Supplementary
material online, Figure S2B-D). To exclude the possibility that stress
simply enhances leucocyte adhesion to endothelial cells without subse-
quent transmigration into tissues (i.e. marginalization), we labelled the
blood pool using an intravenously injected, fluorescently tagged anti-
CDA45 (pan-leucocyte marker) antibody 5 min before we harvested tis-
sues, as described previously.”" Blood pool labelling was highly efficient
(Supplementary material online, Figure S2E) and we used this technique
in every flow cytometry experiment to exclude blood cell contamin-
ation. Taken together, our data indicate that mental stress exposure

promotes the rapid recruitment of inflammatory blood leucocytes
into distinct tissues.

Acute stress promotes atherosclerotic
plaque inflammation through increased
leucocyte influx

Since observational studies show that acute stress preferentially asso-
ciates with cardiovascular disease and its complications, such as acute

coronary syndromes,>*>"3

we tested the hypothesis that acute men-
tal stress exposure promotes plaque progression and destabilization
via enhanced vascular inflammation triggered by inflammatory leuco-
cyte recruitment. We adoptively transferred GFP"8" myeloid cells
into atherosclerosis-prone mice (ApoE~'~ mice fed a high-
cholesterol diet for 8weeks) and applied mental stress for 3h
(Supplementary material online, Figure S3A). In accordance with the
data obtained in other tissues (Figure 1F and G), recruited GFP"e"
myeloid cell numbers rose inside atherosclerotic aortas in stressed com-

pared with non-stressed ApoE '~

mice (Figure 2A and B). Consequently,
acute stress rapidly expanded inflammatory aortic leucocyte numbers
(Figure 2C and D). Moreover, intravital microscopy of the carotid artery
in atherosclerotic mice revealed that myeloid cell adhesion to carotid
endothelial cells increased after 1h of stress (Figure 2E and F).
Immunohistochemical observations corroborated our findings from
flow cytometry and intravital microscopy experiments and confirmed a
surge in intimal myeloid cell—but not lymphocyte—levels after stress
exposure (Figure 2G and H and Supplementary material online, Figure
S3B—G). Of note, enhanced recruitment of myeloid cells did not occur in
non-atherosclerotic aortas (Figure 2/ and ).

Next, we assessed how this rapid stress-induced leucocyte expan-
sion affects the plaque character. Assessment of aortic mRNA using
gPCR showed more matrix metalloproteinase and fewer procollagen
transcripts, indicating that stress quickly shifts plaque functions to-
wards extracellular matrix breakdown (Supplementary material on-
line, Figure S3H), features associated with thinning of the fibrous
cap.22 High leucocyte content in plaques combined with shrinking fi-
brous caps increase the risk of plaque rupture.”> Thus, we tested
whether stress-induced alterations of the plaque character lead to
plague destabilization. Since plaque rupture does not often occur
spontaneously at the early stages of atherosclerosis in mice, we used
a plaque rupture model in which ApoE ™~ mice were subjected to
partial carotid ligation followed by cuff placement around the carotid
artery (Supplementary material online, Figure S3/).2* Here, we found
that intimal myeloid cell numbers increased, while smooth muscle
cell and collagen content decreased (Supplementary material online,
Figure S3/-0). Consequently, plaque rupture, as assessed by histology,
occurred more often after acute stress exposure (Figure 2K and L).

Importantly, our findings were not limited to restraint/immobiliza-
tion stress and could be replicated using predator-prey stress as an al-
ternative stress model. We distributed fox odour using
trimethylthiazoline (a component of fox faeces/urine) in mouse cages
for 3 h. Acute predator-prey stress had similar effects on leucocyte
numbers in blood and atherosclerotic aortas as restraint stress
(Supplementary material online, Figure S3P). Of note, acute stress ex-
posure did not alter the lipid profile in atherosclerotic mice
(Supplementary material online, Figure S3Q). Taken together, our
data indicate that acute stress exposure promotes vascular
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Figure | Acute mental stress exposure promotes inflammatory blood leucocyte uptake into tissues. (A) Visual analogue scales for stress intensity
in soccer spectators either 24 h before or immediately after watching a key soccer match (n =35 healthy individuals, aged 26.1 + 1.3, 46% female,
Wilcoxon matched-pairs test). (B, C) Gating and quantification of human blood leucocytes and subsets in soccer spectators (paired t-test). (D, E)
Gating and quantification of murine blood leucocytes and subsets in non-stressed vs. stressed wild-type mice (immediately after a single 3 h episode of

restraint stress, n =12 per group, Mann—-Whitney U-test). (F, G) Gating and quantification of green fluorescent protein (GFP)

P&" myeloid cells in vari-

ous organs after adoptive transfer of GFP"" monocytes and neutrophils into non-stressed vs. stressed wild-type mice (21 h after a single 3 h episode
of restraint stress, n = 11-18 per group, Student’s t-test for lung, bone marrow, and blood; Mann—Whitney U-test for skin, heart, spleen, liver, kidney,
and lymph node). Numbers next to gates indicate frequencies (%). Data are presented as mean + SD.

inflammation and hence plaque destabilization by enhancing inflam-
matory blood leucocyte uptake into atherosclerotic aortas.

Stress-induced modulation of endothelial

cells depends on norepinephrine

Leucocyte recruitment is a process in which circulating blood leuco-
cytes and endothelial cells act jointly to mediate rolling, adhesion, and
transmigration.>*¢ Thus, we next explored mechanistically how
stress promotes leucocyte recruitment into tissues. We first tested
whether stress activates endothelial cells and consequently promotes
leucocyte influx. We applied acute mental stress to wild-type mice
for 30 min, excised aortas to identify aortic endothelial cells using
flow cytometry, and assessed classical cell adhesion molecule levels
on the endothelial cell surfaces (Supplementary material online,

Figure S4A). Protein levels of ICAM1 and VCAM1 rose after 30 min of
acute mental stress (Figure 3A). To better understand the changes
endothelial cells undergo in response to acute stress, we isolated by
FACS (fluorescence-activated cell sorting) aortic endothelial cells
from stressed vs. non-stressed mice for RNA sequencing. Out of
15 054 detectable transcripts, 533 genes were expressed differential-
ly, of which 335 (63%) rose and 198 (37%) fell (log, fold change >
+0.58, adj. P<0.05, Supplementary material online, Figure S4B). A
gene set enrichment analysis found that up-regulated genes were
preferentially enriched in pathways related to cell ‘movement’, ‘loco-
, ‘localization’, ‘motility’, and ‘migration’ (Figure 3B
and Supplementary material online, Figure $4C and Tables ST and S2),

)

motion’, ‘adhesion

all critical to leucocyte recruitment. Apart from expressing cell adhe-
sion molecules, endothelial cells—among other cells that reside in-
side plaques—can also release cytokines/chemokines that function as
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Figure 2 Acute mental stress exposure aggravates inflammatory blood leucocyte migration into atherosclerotic plaques. (A, B) Gating and quantifi-
cation of GFP"8" myeloid cells in atherosclerotic aortas after adoptive transfer of GFP"8" monocytes and neutrophils into non-stressed vs. stressed
ApoE~'~ mice (21 h after a single 3 h episode of restraint stress, n=>5 per group, Student’s t-test). (C, D) Gating and quantification of aortic myeloid
cells from non-stressed vs. stressed ApoE '~ mice (n=6 per group, Mann-Whitney U-test for Ly6C"8" monocytes, Student’s t-test for neutrophils
and macrophages). (E, F) Representative images (myeloid cells, CD11b"8") and quantification of adherent myeloid cells in non-stressed vs. stressed
ApoE '~ mice using intravital microscopy on carotid arteries (immediately after a single 1 h episode of restraint stress, n = 710 per group, Student’s t-
test, Mann—Whitney U-test for neutrophils). Scale bars represent 100 um. (G, H) Representative immunohistochemical staining of aortic roots from
non-stressed vs. stressed ApoE '~ mice (after three episodes of 3 h restraint stress once daily) for myeloid cells (CD11b). Scale bars represent
200 um. Bar graphs show the percentage of positive area per plaque area (n = 8 per group, Student’s t-test). (I) Quantification of GFP"&" myeloid cells
in aortas after adoptive transfer of GFP"®" monocytes and neutrophils into non-stressed vs. stressed non-atherosclerotic wild-type mice (21 h after a
single 3 h episode of restraint stress, n = 12 per group, Mann—Whitney U-test). (/) Quantification of aortic myeloid cells from non-stressed vs. stressed
non-atherosclerotic wild-type mice (n = 10-12 per group, Student’s t-test). (K, L) Representative images and quantification of plaque rupture in carotid
arteries from non-stressed vs. stressed ApoE’/ ~ mice (after three episodes of 3 h restraint stress once daily; N, necrotic core; F, fibrous cap; L, arterial
lumen; T, thrombus). Thrombus formation is considered an indicator for plaque rupture. Scale bars represent 50 pm. Bar graphs show the incidence
of plaque rupture (n = 18-20 per group, Fisher’s exact test). Numbers next to gates indicate frequencies (%). Data are presented as mean + SD.

chemoattractants for circulating leucocytes.”” Thus, we used a prote- - CXCL1 [chemokine (C-X-C motif) ligand 1] and CCL7 [chemokine
ome profiler to screen plasma from non-stressed and stressed wild-  :  (C-C motif) ligand 7] were differentially regulated upon stress indicat-
type mice for 36 cytokines and chemokines. We found that only : ing a rather specific response (Supplementary material online, Figure
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$4D). We confirmed these results using ELISA and further found that
CXCL1 levels expanded as early as 30 min after stress, while CCL7
levels increased after 90 min of stress (Figure 3C). Other classical che-
mokines such as CCL2 were not affected (Supplementary material
online, Figure S4E). To determine the cellular source of CXCL1 and
CCL7, we first FACS-isolated endothelial cells, monocytes/macro-
phages, neutrophils, and fibroblasts from atherosclerotic aortas
(Supplementary material online, Figure S4F). Using qPCR, we found
that all cell fractions express CXCL1 and CCL7 in reasonable
amounts (Supplementary material online, Figure S4G and H). In line,
cultured endothelial cells, macrophages, vascular smooth muscle
cells, and fibroblasts release substantial amounts of CXCL1 and
CCL7 (Supplementary material online, Figure S4/).

Next, we investigated how acute stress activates endothelial cells.
It is known that stress exposure leads to release of stress hormones
(norepinephrine, epinephrine, and corticosterone), followed by ele-
vated blood pressure and heart rate.” Norepinephrine levels rose lo-
cally inside vessel walls, where it is released from sympathetic fibres
and acts as their neurotransmitter, but not systemically (i.e. in
plasma). Moreover, when we assessed the tunica intima separately,
we detected a substantial amount of norepinephrine in human intima
samples obtained surgically during coronary (2.32 £ 0.4 pg/mg tissue,
n=3, all male, age 69+ 14.2, mean + SD) and carotid endarterec-
tomy (0.78 £ 0.9 pg/mg tissue, n =12, 75% male, age 72 £ 8.4, mean +
SD). In contrast, levels of corticosterone (the murine analogue of
human cortisol) and epinephrine rose systemically, as they are mainly
released into the circulation from the adrenal gland (Figure 3D). We
also found that acute stress leads to aortic tyrosine hydroxylase
phosphorylation that activates this rate-limiting enzyme in norepin-
ephrine synthesis (Supplementary material online, Figure $4J). In line
with this stress-induced hormone release, we found that blood pres-
sure and heart rate surged transiently during stress, as assessed by
continuous invasive measurements (Supplementary material online,
Figure S4K). In conclusion, our findings indicate that acute stress pro-
motes leucocyte recruitment to tissues through the modulation of
endothelial cells.

Next, we explored whether norepinephrine, epinephrine, or cor-
ticosterone directly activate endothelial cells, independently of sec-
ondary haemodynamic changes. We cultured primary murine aortic
endothelial cells under elevated flow conditions (30 dyn/cm?, mimick-
ing increased blood pressure) and incubated them with either nor-
epinephrine, epinephrine, or corticosterone (Supplementary
material online, Figure S5A and B). In contrast to epinephrine and cor-
ticosterone, norepinephrine increased protein levels of ICAMT1,
VCAM1, E-, and P-Selectin, indicating that norepinephrine directly
stimulates endothelial cells (Figure 3E-G). We also tested the func-
tional correlates of the altered adhesion molecules by monitoring
leucocyte adherence to either norepinephrine-, epinephrine-, or
corticosterone-exposed endothelial cells. For this purpose, we
repeated the experiment described above and added naive neutro-
phils/monocytes retrieved from wild-type mice and fluorescently
labelled ex vivo (Supplementary material online, Figure S5C). We
detected more neutrophil/monocyte  adherence to the
norepinephrine-primed endothelial cell layer, but not in epinephrine-
or corticosterone-primed endothelial cells (Figure 3H-M). Further
experiments revealed that this norepinephrine effect is dose-depend-
ent (Supplementary material online, Figure S5D). Similar to our

murine data, we found more adherent monocytes when human
endothelial cells were primed with norepinephrine (Supplementary
material online, Figure S5E and F). Next, we wondered whether adhe-
sion can increase further when not only endothelial cells but also
neutrophils/monocytes are primed with norepinephrine. To address
this, we repeated the experiments described above and added neu-
trophils/monocytes while norepinephrine was still present in the cul-
ture medium (Supplementary material online, Figure S5G). Exposing
neutrophils/monocytes to norepinephrine did not further boost ad-
herence (Supplementary material online, Figure S5H). Next, we
probed via which adrenoreceptor norepinephrine exerts its actions
on endothelial cells. Treatment with phentolamine, a pan alpha-
blocker, but not with propranolol, a pan beta-blocker, reduced
leucocyte adherence to a norepinephrine-stimulated endothelial cell
layer (Supplementary material online, Figure S5/ and J). Taken to-
gether, these results indicate that norepinephrine, but not epineph-
rine or corticosterone, increases adhesion molecule levels on
endothelial cells and thereby promotes neutrophil and monocyte ad-
herence. Unlike epinephrine and corticosterone, norepinephrine led
to a similar endothelial cell activation pattern under both low and
high shear stress conditions, suggesting this effect occurs independ-
ently of altered haemodynamic/shear forces (Figure 3E-M and
Supplementary material online, Figure S5K-P). Next, we explored
whether norepinephrine also elevates the release of CXCL1 and
CCL7 and found in cell culture experiments that only endothelial
cells and macrophages secrete surplus CXCL1 and CCL7 upon nor-
epinephrine stimulation (Supplementary material online, Figure S4).
In line, neutralizing endothelial cell secreted CCL7 dampened leuco-
cyte adhesion after norepinephrine stimulation in cell culture experi-
ments (Supplementary material online, Figure S5Q and R).

Although our experiments suggest a direct effect of norepineph-
rine on endothelial cells in terms of adhesion molecule levels and
chemokine release (Figure 3E, H, and | and Supplementary material
online, Figures S41 and S5R), indirect effects may also occur. Other
adrenoreceptor carrying cells inside plaques, such as plaque macro-
phages, vascular smooth muscle cells, and fibroblasts may also re-
spond to norepinephrine and secrete pro-inflammatory cytokines
such as tumour necrosis factor-alpha, interleukin-1 beta (IL-18), and
interleukin-6 (IL-6). These cytokines may then signal to endothelial
cells and further fuel their activation. We were indeed able to detect
a rise in IL-1B and IL-6 levels in the supernatant of norepinephrine-
stimulated macrophages and vascular smooth muscle cells
(Supplementary material online, Figure S55-U).

Taken together, our findings demonstrate that norepinephrine
activates endothelial cells directly. However, norepinephrine may
also indirectly affect endothelial cell phenotypes: macrophages and
vascular smooth muscle cells release more pro-inflammatory cyto-
kines upon norepinephrine stimulation that may signal to endothelial
cells and promote further activation.

Disrupting norepinephrine signalling
dampens stress-induced leucocyte
recruitment

Based on our findings, we sought to determine in vivo whether stress-
induced leucocyte recruitment relies on norepinephrine. Hence, we
disrupted norepinephrine signalling in atherosclerotic mice by
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Figure 3 Acute mental stress exposure promotes leucocyte recruitment by modulating endothelial cells. (A) Protein levels as mean fluorescent
intensities of adhesion molecules expressed by aortic endothelial cells from non-stressed vs. stressed wild-type mice (immediately after 30 min of re-
straint stress, n=9-10 per group, Student’s t-test). (B) Pathway analysis of up-regulated genes as assessed by RNA sequencing from fluorescence-

activated cell sorting-isolated aortic endothelial cells from non-stressed vs. stressed ApoE '~

mice (after three episodes of 3 h restraint stress once

daily, n=3 per group). Percentage of up-regulated genes per respective pathway and g-values as assessed by Benjamini-Hochberg correction are
shown for the top 10 pathways as defined by P-values. (C) Quantification of plasma chemokine levels measured by ELISA in non-stressed vs. stressed
wild-type mice (before, during, and immediately after 3 h of restraint stress, n = 6—18 per group, one-way ANOVA for CCL7, Kruskal-Wallis test for
CXCLA, only P-values for comparisons with a control group are annotated). (D) Quantification of stress hormones measured by ELISA in plasma and
aortic arches from non-stressed vs. stressed ApoE '~ mice (immediately after a single 3 h episode of restraint stress, n= 6~14 per group, Student’s t-
test, Mann—Whitney U-test for corticosterone). (E-G) Protein levels as mean fluorescent intensities of adhesion molecules expressed by primary
murine aortic endothelial cells cultured under high flow conditions (high shear stress, 30 dyn/cm?) incubated with either a stress hormone or respect-
ive vehicle [n = 5-8 per group, paired t-test, Wilcoxon test for ICAM1 (all hormones), VCAM1 (corticosterone) and P-selectin (norepinephrine and
corticosterone)]. (H-M) Representative images and quantification of monocyte and neutrophil adherence to primary murine aortic endothelial cells
cultured under high flow conditions (high shear stress, 30 dyn/cm?) and primed with either a stress hormone or respective vehicle (n =4 per group,

paired t-test). Scale bars represent 100 pm. Data are presented as mean £ SD.
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Figure 4 Depleting norepinephrine signalling reverts stress-induced endothelial cell activation. (A) Quantification of GFP"€" myeloid cells in athero-
sclerotic aortas after adoptive transfer of GFP"€" monocytes and neutrophils into stressed ApoE '~ mice with or without prior chemical norepineph-
rine depletion (21 h after a single 3 h episode of restraint stress, n = 10-11 per group, Mann—Whitney U-test). 6-OHDA, 6-Hydroxydopamine. (B)
Quantification of GFP"8" myeloid cells in atherosclerotic aortas after adoptive transfer of GFP"8" monocytes and neutrophils into stressed ApoE '~
mice with or without prior surgical norepinephrine depletion (21 h after a single 3 h episode of restraint stress, n = 5 per group, Student’s t-test). (C,
D) Representative immunohistochemical staining and quantification of aortic roots from stressed ApoE '~ mice with or without prior surgical nor-
epinephrine depletion (after three episodes of 3 h restraint stress once daily) for myeloid cells (CD11b). Scale bars represent 200 um. Bar graphs
show the percentage of positive area per plaque area (n = 5-6 per group, Students t-test). (E) Experimental setup for panels F—H. (F, G) Gating and
quantification of GFP"&" myeloid cells in atherosclerotic aortas after adoptive transfer of GFP"&" monocytes and neutrophils into non-stressed and
stressed ApoE™ mice treated with either vehicle or anti-CXCL1 and anti-CCL7 antibodies (21 h after a single 3 h episode of restraint stress, n = 13-16
per group, one-way ANOVA, only P-values from planned comparisons are annotated). (H) Quantification of aortic myeloid cells from non-stressed
and stressed ApoE '~ mice treated with either vehicle or anti-CXCL1 and anti-CCL7 antibodies (21 h after a single 3 h episode of restraint stress, n =
14-21 per group, one-way ANOVA, only P-values from planned comparisons are annotated). Numbers next to gates indicate frequencies (%). Data
are presented as mean £ SD.

administering 6-hydroxydopamine (6-OHDA), a neurotoxin that
ablates peripheral sympathetic nerves.?® Four days thereafter, we
adoptively transferred GFphieh neutrophils and monocytes retrieved
from naive Ubc-GFP mice and stressed the recipients immediately
after the transfer (Supplementary material online, Figure S6A). We
found that leucocyte recruitment was dampened in stressed mice
with prior 6-OHDA treatment (Figure 4A). In line, levels of CXCL1
and CCL7 did not rise in stressed mice that were pre-treated with 6-
OHDA (Supplementary material online, Figure S6B). In addition to

this chemical depletion approach, we disrupted norepinephrine sig-
nalling by subjecting atherosclerotic mice to surgical bilateral re-
moval of the superior cervical ganglion (Supplementary material
online, Figure S6C). The superior cervical ganglion is part of the
sympathetic nervous system and provides sympathetic innerv-
ation to the aortic arch/cardiac plexus.”” " As a proof of con-
cept, surgical treatment lowered the amount of norepinephrine
locally (inside the vessel wall), but not systemically (in plasma)
(Supplementary material online, Figure S6D). Four weeks after
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either surgical superior cervical ganglion removal or sham sur-
gery, we adoptively transferred GFP"&" neutrophils and mono-
cytes retrieved from naive Ubc-GFP mice and stressed the
recipients immediately after the transfer (Supplementary material
online, Figure S6C). In accordance with the data produced by
chemical norepinephrine depletion, surgical norepinephrine de-
pletion lowered uptake and expansion of myeloid cells in athero-
sclerotic aortas (Figure 4B—D). Next, we lowered the systemic
supply of stress hormones using bilateral adrenalectomy and
found that endothelial leucocyte adhesion molecules and blood
leucocyte levels were unchanged in stressed adrenalectomized
mice in comparison to stressed sham-operated mice
(Supplementary material online, Figure S6E and F). These experi-
ments indicate that locally rather than systemically sourced nor-
plaque leucocyte
recruitment. Since acute stress leads to a surplus release of

epinephrine  promotes stress-induced
CXCL1 and CCL7, we conducted an intervention experiment in
which we neutralized these chemokines using anti-CXCL1 and -
CCL7 antibodies (Figure 4E). Anti-CXCL1 and -CCL7 treatment
curtailed plaque GFP"'&" cell recruitment compared with controls
(Figure 4F and G) and hence lowered aortic myeloid cell numbers
(Figure 4H). In summary, after exposure to acute mental stress,
norepinephrine acts on endothelial cells and macrophages, lead-
ing to increased expression of endothelial adhesion molecules
and augmented release of the chemokines CXCL1 and CCL7. As
a consequence, monocyte and neutrophil recruitment occurs in
susceptible tissues, particularly atherosclerotic aortas. These
data provide new insights into how acute mental stress elevates
vascular inflammation and promotes plaque rupture (Graphical
abstract).

Discussion

Observational studies identified mental stress as a risk and prognostic
factor for several diseases. Specifically, mental stress associates with
cardiovascular disease, diabetes mellitus, and mental health disor-
ders? In the INTERHEART study, the authors report that mental
stress is as strongly associated with the occurrence of Ml (odds ratio
2.67) than other classical risk factors, such as diabetes (odds ratio
2.37) or hypertension (odds ratio 1.91).* However, this association
may specifically affect stress-susceptible individuals.'” Taken together,
these studies indicate that mental stress is a potentially modifiable
risk factor that substantially contributes to cardiovascular mortality
and morbidity. However, we do not fully understand the mechanisms
by which stress exacerbates cardiovascular disease, and current
state-of-the-art treatment does not address this risk. Our study pro-
vides evidence that acute stress exposure promotes the rapid expan-
sion of inflammatory leucocytes in hearts, lungs, skin, and, if present,
atherosclerotic plaques. Expansion occurs through a stress-induced
increase in blood leucocyte recruitment. Mechanistically, stress pro-
motes leucocyte recruitment through norepinephrine-mediated
modulation of endothelial cells. Our observations propose a possible
mechanism through which people with acute stress exposure (for in-
stance soccer spectators) experience cardiovascular events such as
acute coronary syndrome, including MI. Further, we provide evidence

that acute stress-induced leucocyte recruitment can be therapeutic-
ally targeted.

Neuroimmune interactions upon acute
mental stress

Stress-induced activation of endothelial cells

Stress activates the neuroendocrine axis, which typically leads to
systemic release of epinephrine and glucocorticoids from the ad-
renal gland and local release of norepinephrine from direct sym-
pathetic tissue innervation.” In cell culture experiments, we
addressed which of these three stress hormones predominantly
modulated endothelial cell phenotypes. Our data suggest that
norepinephrine contributes more to stress-induced endothelial
activation than epinephrine or corticosterone and aligns with
other previous reports.'**3

Norepinephrine which is typically released locally from sympa-
thetic nervous fibres may reach endothelial cells either by diffu-
sion from adjacent layers/compartments or by direct wiring of
the tunica intima.>*3> In that light, we detected substantial
amounts of norepinephrine in the intima in human endarterec-
tomy samples. We next examined how endothelial cells sense in-
coming norepinephrine. Since endothelial cells are known to
express both alpha- and beta-adrenoreceptors, we incubated
endothelial cells with different adrenoreceptor blockers before
stimulating them with norepinephrine. Our findings indicate that
norepinephrine exerts its actions on endothelial cells via alpha-
and not beta-adrenoreceptors.

Norepinephrine typically signals to smooth muscle cells of the
tunica media and can induce vasoconstriction resulting in elevated
blood pressure. Since luminal endothelial cells are particularly
sensitive to varying haemodynamics with alterations in shear
stress, we addressed whether norepinephrine-induced endothe-
lial cell activation is shear stress-dependent. Comparing high vs.
low shear forces using a flow chamber, we found that norepineph-
rine increased levels of cell adhesion molecules and adherence of
leucocytes in both conditions equally. Taken together, our data in-
dicate that locally released norepinephrine activated endothelial
cells via alpha-adrenoreceptors. This activation is direct and inde-
pendent of altered haemodynamics (vasoconstriction with altered
shear stress).

Stress-induced migration of inflammatory leucocytes to
tissues

Endothelial cells respond to norepinephrine stimulation with an in-
crease in cell adhesion molecule levels and chemokine release. Both
groups of molecules are critically involved in the process of leucocyte
recruitment and mediate leucocyte attraction and adhesion.?” Since
differences between non-stress and stress were more pronounced in
chemokines, our data may indicate that stress-induced leucocyte re-
cruitment may predominately be driven by chemokines rather than
adhesion molecules. In addition to endothelial cells, macrophages
also respond to norepinephrine and increase the release of CXCL1
and CCL7. Of note, another study also identified CXCL1 to be signifi-
cantly altered by stress.*® Our study rather focused on endothelial
cells, but the effect of acute stress/norepinephrine on leucocyte re-
cruitment is most likely multifactorial affecting circulating
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leucocytes®” and resident endothelial cells and macrophages at the
same time. Our blood leucocyte subset kinetics reveal that stress-
induced leucocyte recruitment may involve neutrophils and mono-
cytes serially and not in parallel. Blood neutrophil numbers seem to
decrease earlier in the blood and may hence be earlier recruited to
plaques than blood Ly6C"" monocytes. This is in line with our find-
ing that CXCL1—a strong chemoattractant for neutrophils—rises
early in response to stress.

Moreover, our adoptive transfer experiments suggest that blood
Ly6C"&" monocyte (the murine equivalent to human inflammatory
monocytes) numbers decline because they are taken up by suscep-
tible tissues. Since classical monocytes also decreased in humans after
stress exposure, we believe that a similar mechanism (recruitment to
susceptible tissues) also occurs in humans, but cannot exclude other
potential causes for the observed decline, like altered conversion
from classical to intermediate or non-classical monocyte subsets.*®>”
Further studies are needed to fully explore the fate of the non-
classical monocyte subset in mice and humans upon stress.

Further, our findings indicate that uptake of neutrophils and mono-
cytes does not occur equally among several tissues but rather seems
to be restricted to lungs, heart, skin, and, if present, atherosclerotic
plagues. Our results in the skin agree with a previous study in which
researchers stressed mice once for 2.5 h (restraint stress) immediate-
ly before subcutaneously implanting a saline-treated gelatine
sponge.*® They explanted the sponge 6, 24, 48, or 72h later and
assessed the leucocyte content. The authors found that leucocyte
numbers in the sponge peaked 24 h after stress, indicating that acute
stress exposure promoted influx into this subcutaneously implanted
foreign body.

Furthermore, we provide evidence that stress-induced leucocyte
recruitment can be pharmacologically modulated. Data from our
intervention experiments suggest that targeting the stress-induced
release of CXCL1 and CCL7 may represent a novel therapeutic
strategy to reduce cardiovascular complications of stress.

Stress-induced destabilization of atherosclerotic plaques
Vulnerable, rupture-prone plaques typically show a high content of
inflammatory leucocytes, large necrotic cores, and thin fibrous
caps.23 Our data reveal that acute stress rapidly rendered plaques
more vulnerable as documented by an expansion of plaque inflamma-
tory leucocytes, a decrease in intimal smooth muscle cell numbers,
and a shift towards increased extracellular matrix breakdown.
Consequently, plaque rupture occurred more often than in non-
stressed counterparts. This finding aligns with a study where expos-
ure to mental stress also led to acute myocardial ischaemia in athero-
sclerotic mice.*"

Our experiments show an association of acute stress with a higher
incidence of plaque rupture, but whether plaque rupture is caused by
the involvement of local stress-induced norepinephrine signalling
remains to be clarified. Future experiments are needed to fully deter-
mine the link of norepinephrine/endothelial cell interactions and
plaque rupture. Among soccer spectators, the incidence of ST-
elevation myocardial infarction (STEMI) rose transiently during
key games."” STEMI is typically caused by obstructive coronary ar-
tery disease with plaque rupture/erosion. These observations
align with our findings that stress triggers plaque rupture and may

hence lead to coronary obstruction resulting in MI. However,
stress may trigger myocardial ischaemia also in the absence of pla-
que rupture and obstructive coronary arteries (MINOCA, myo-
cardial infarction with non-obstructive coronary arteries). Stress
leads to a transient catecholamine excess which may, for instance,
cause coronary artery spasm, microvascular dysfunction,
Takotsubo cardiomyopathy, and a supply/demand mismatch (ele-
vated blood pressure and heart rate).

Biological basis of stress-induced

leucocyte recruitment

One may speculate about the purpose of enhanced leucocyte re-
cruitment in a ‘fight-or-flight’ situation. In general, this ‘fight-or-flight’
stress response likely evolved to bolster survival.*? In hunter-
gatherers thousands of years ago, stress-induced leucocyte recruit-
ment to lungs, heart, and skin may have rapidly and beneficially sup-
ported the cardio-pulmonary system, since enhanced physical activity
demands increased oxygen supply from the lungs and higher cardiac
output from the heart, while the skin is likely the first organ that could
be injured in a ‘fight-or-flight’ situation. Maybe the body prepares dis-
tinct tissues to face challenges even before a wound or infection
occurs to enhance function or regeneration after injury. In modern
times, we more often acquire diseases that were not relevant for our
ancestors. One example is atherosclerosis, which is now the leading
cause of death worldwide. When concomitant atherosclerosis exists,
stress-induced leucocyte recruitment also occurs in atherosclerotic
plagues, where these inflammatory cells drive disease progression
resulting in plaque destabilization with subsequent erosion/rupture,
as documented here and described in humans."” Thus, mental stress
seems to be acutely harmful if atherosclerotic plaques are present.
Further, contemporary humans do not exercise after stress exposure
like our hunter-gatherer ancestors did and hence we do not counter-
balance the stress reaction via physical activity. In addition to being
beneficial in cardiovascular disease,* physical activity may be a valu-
able outlet for stress.

Acute mental stress vs. other non-

classical risk factors
Our study reveals that mental stressor type (intense vs. mild) and
exposure time (acute vs. chronic exposure) contribute differen-
tially to disease progression. Chronic mild stress (6 weeks of re-
petitive exposure to mild stressors) activates haematopoietic
stem cells in the bone marrow, leading to increased leucocyte
production, and consequently resulting in blood leukocytosis.'
Since leucocyte supply was higher, increased leucocyte numbers
accumulated inside plaques. In contrast, acute stress (short-term
exposure to an intense stressor) decreases blood leucocyte lev-
els, promotes leucocyte recruitment, and thus results in inflamma-
tory cell accumulation inside tissues.

Moreover, our study has to be interpreted in the context of other
studies, which mechanistically link non-classical risk factors, such as
sleep deprivation, sedentary lifestyle, air pollution, and environmental

noise to cardiovascular disease. ¢
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Limitations

Because our human study is associative by nature, interpretation of
our findings merits consideration of confounding factors that may
have influenced the results. Further, an additional control group is
lacking. This could have been, for instance (i) the same study group
watching a soccer game in which they are not emotionally involved
or (i) a group of matched individuals with no interest in soccer
watching the match side by side with the soccer fans. Moreover, un-
like the mice we used (pre-existing atherosclerotic plaques), our
study population was healthy and did not show any comorbidities.
Consequently, it was not possible to address recruitment to human
plaques. In addition, we did not account for instrumental variability
and cannot exclude an effect of chance due to a small sample size.
Also, since blood pressure and heart rate were measured twice and
not continuously, we may have missed a transient elevation during
the game. Nevertheless, we chose to perform this experiment be-
cause observational studies strongly linked watching exciting soccer
games to cardiovascular event occurence."” In our pre-clinical experi-
ments, restraint stress may represent a rather severe form of stress
and may therefore generate a strong stress response. Thus, our find-
ings may indicate one extreme form of stress-induced responses.
Yet, the finding that blood leucocyte levels also decreased after stress
exposure in humans possibly suggests the operation of similar mech-
anisms, even if the humans have less pronounced differences.

Summary and clinical perspective

In summary, stress is a crucial risk factor for atherosclerosis and sub-
stantially contributes to cardiovascular morbidity and mortality.
Here, we show that acute stress enhances leucocyte recruitment to
tissues, including atherosclerotic plaques, through norepinephrine-
dependent modulation of endothelial cells and macrophages. As a
consequence, stress promotes the accumulation of inflammatory pla-
que leucocytes, known drivers of vascular inflammation and plaque
progression. From a clinical perspective, our findings indicate that (i)
acute mental stress exposure may trigger plaque rupture/erosion by
promoting vascular inflammation, (i) particularly stress-susceptible
patients with pre-existing atherosclerosis are at risk and should be
identified early, and (iii) targeting stress-induced uptake of inflamma-
tory cells may present a novel therapeutic avenue to prevent stress-
related cardiovascular complications.

Supplementary material
Supplementary material is available at European Heart Journal online.
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Translational perspective

Mental stress is comparably associated with the occurrence of myocardial infarction, a major contributor to worldwide mortality, as
other classical risk factors, such as diabetes or hypertension. Despite this huge impact on public health, we do not yet fully understand
the mechanisms nor does state-of-the-art treatment reduce stress-related risk.

Our study addresses this gap in mechanistic knowledge and reveals that after exposure to acute mental stress, norepinephrine acts
on endothelial cells and macrophages, leading to increased expression of adhesion molecules and augmented release of the chemokines
CXCL1 and CCL7. As a consequence, monocyte and neutrophil recruitment occurs in susceptible tissues, particularly atherosclerotic
plaques. We further provide evidence that these pre-clinical findings may be translated to humans with stress exposure and that specific
therapeutic targeting of the stress response can beneficially alter the course of cardiovascular disease. In summary, our data provide
new insights into how acute mental stress elevates vascular inflammation and may promote acute coronary syndromes.




