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Background-—Clinical studies suggest that acute inflammation in patients with elevated heart rate (HR) increases morbidity and
mortality. The SJL/J (SJL) inbred mouse strain is a unique genetic model that has higher HR and systemic and vascular
inflammation compared with C3HeB/FeJ (C3HeB) mice. The goal of this study was to investigate the role of stress on cardiac and
vascular complications between 2 strains.

Methods and Results-—Radiotelemetry was used for continuous recordings of HR and blood pressure in mice. Hemodynamic
differences between mouse strains were very small without stress; however, tail-cuff training generated mild stress and
significantly increased HR (�2-fold) in SJL compared with C3HeB mice. Circulating proinflammatory monocytes (CD11b+Ly6CHi)
significantly increased in SJL mice but not in C3HeB mice after stress. Presence of Ly6C+ cells in injured carotids was elevated only
in SJL mice after stress; however, a transfer of bone marrow cells from SJL/C3HeB to C3HeB/SJL chimeras had no effect on HR or
vascular inflammation following stress. Arterial inflammation (VCAM-1+) was greater in SJL inbred mice or SJL recipient chimeras,
even without stress or injury. HR variability was reduced in SJL mice compared with C3HeB mice.

Conclusions-—We found that impaired parasympathetic activity is central for stress-induced elevation of HR and systemic and
vascular inflammation; however, immune cells from stress-susceptible mice had no effect on HR or vascular inflammation in stress-
protected mice. ( J Am Heart Assoc. 2015;4:e001952 doi: 10.1161/JAHA.115.001952)
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C linical studies have established a strong link between
elevated heart rate (HR) and risks of cardiovascular

events including coronary artery disease, myocardial ischemic
injury, and arrhythmias.1,2 Individuals with elevated HR are at
risk for subclinical inflammation with higher levels of circu-
lating immune cells and future cardiovascular events.3,4

Importantly, vascular complications such as nephropathy

and retinopathy are more prevalent in type 2 diabetes
patients with elevated HR.5 Three pathogenic mechanisms for
the role of elevated HR have been proposed: (1) autonomic
neuropathy via increased sympathetic nervous system activ-
ity, (2) strong association with proinflammatory factors (eg,
obesity, high blood pressure [BP], increased proatherogenic
lipid profile), and (3) direct detrimental (mechanical) effects on
endothelial functions. The exact mechanisms responsible for
dysregulation of HR and vascular complications, however, are
not well understood.

Animal and clinical studies suggested that impaired para-
sympathetic activity is responsible for lower HR variability.6–8

An inbred mouse strain, SJL/J (SJL), recapitulates clinical
symptoms of patients with elevated HR and vascular compli-
cations. We found that SJL mice had higher HR and carotid
injury, resulting in robust remodeling and inflammation, com-
pared with C3HeB/FeJ (C3HeB) mice.9–11 In addition, SJL mice
have higher levels of circulating white blood cells compared
with C3HeB.12 Our recent study in congenic mice suggests that
greater expression of aortic vascular cell adhesion molecule 1
(VCAM-1) determines vascular inflammation in SJL mice13;
however, others14 have shown that HR values were lower in SJL
mice when measured by direct radiotelemetry methods. This
could be due to differences in behavioral responses in SJL
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mice.15 A goal of the present study was to investigate the role of
stress on cardiovascular and proinflammatory responses
between SJL and C3HeB inbred mouse strains.

Materials and Methods

Animals
Experiments were performed in male C3HeB and SJL mice
aged 6 to 8 weeks. All animals were purchased from Jackson
Laboratory (Bar Harbor, ME, USA). Mice were housed
individually under 12-hour light/dark cycles (lights on from
6 AM to 6 PM) with free access to chow and water. The
University of Rochester animal care committee approved all
procedures on animals, which were conducted according to
the guidelines of the National Institutes of Health and the
American Heart Association for the use of laboratory animals.

Experimental Design
Animals were randomly divided into experimental groups. For
direct measurements of hemodynamic parameters, mice were
surgically implanted with telemetry transmitters and allowed
10 days for recovery. For indirect measurement of hemody-
namic parameters, mice experienced 5 days of tail-cuff
plethysmography. Blood and tissues were collected on the
last day of training (at the same time as animals without tail
cuff) to assess systemic inflammation in inbred mice. In
separate experiments, mice with or without tail-cuff training
for 5 days were immediately subjected to carotid ligations.
After 7 days after the ligation surgery blood was collected for
corticosterone levels, and mice were perfusion fixed for
histological evaluation. The SJL/C3H chimeric mice were
allowed for immune cell repopulation for 6 weeks, which was
immediately followed by 5 days of tail-cuff training and
subsequent carotid ligation with perfusion fixation after
7 days following surgery.

Radiotelemetry
A telemeter catheter (HD-X11; Data Sciences International)
was placed under anesthesia (ketamine 130 mg/kg and
xylazine 8.8 mg/kg) into the left carotid artery with its
sensing region in the aortic arch in C3HeB and SJL mice. The
positive lead of the telemeter was positioned in the left caudal
rib region, and the negative lead was situated near the right
pectoral muscle. The transmitters were placed in a subcuta-
neous pocket along the left side of the animals. Mice (n=6 per
strain) were allowed to recover for 10 days before experi-
mentation. Analyses of ECG; HR; and systolic, diastolic, and
mean BP were performed using Dataquest A.R.T. 4.3 software
(Data Sciences International).

Heart Rate Variability
Stable ECG recordings taken at 3 minutes every 2 hours for
each animal were exported from Dataquest A.R.T. 4.3. We
analyzed HR variability with Kubios HRV 2.2 software.16

Powers (in square milliseconds) for low frequency and high
frequency were used for 0.15- to 1.5-Hz bands and 1.5- to
5.0-Hz bands, respectively.17 The low- and high-frequency
power and the ratio of low/high-frequency power were
calculated for the 12-hour light/dark period for each animal.

Tail-Cuff Plethysmography
Mild stress was induced by tail-cuff plethysmography (Visitech
System) for 5 consecutive days of training, as described.11 We
had to use PA-C10 transmitters (instead of the HD-X11 model;
Data Sciences International) in C3HeB and SJL mice (n=5 to 7)
for assessment of hemodynamic responses because they were
less sensitive to electromagnetic fields generated by the
platform during tail-cuff plethysmography. In each session, we
recorded baseline parameters for 15 minutes and accommo-
dated mice for 5 minutes after restraining, followed by
25 minutes of tail-cuff measurements on the platform. Mice
were returned to their cages, and telemetry recordings lasted
for an additional 60 minutes. HR and systolic BP were averaged
every 5 minutes. In addition, we calculated areas under the
curve (beats/min915 minutes or mm Hg915 minutes) for
the 30-minute restraining session to compare hemodynamic
reactivity between inbred strains that are not recorded by the
tail-cuff software (BP-2000; Visitech Systems).

Corticosterone Levels
Under light anesthesia, blood was collected in EDTA-coated
tubes from inbred mice without training or from mice after
tail-cuff training (n=5 per group). Plasma was immediately
separated and stored at �80°C until use, as described.18 The
corticosterone levels in the plasma were quantified using an
ELISA kit according to the manufacturer’s instructions (Enzo
Life Sciences).

Bone Marrow Transplant
C3HeB mice carry the CD45.2 allele that is common among
inbred mouse strains. In contrast, the SJL strain carries a rare
CD45.1 allele. We used the differences in CD45 alleles
between these inbred strains to create C3HeB/SJL chimeric
mice by bone marrow transplant (BMT), as described.19

Briefly, bone marrow (BM) cells were harvested from tibias
and femurs of age-matched C3HeB or SJL donor mice. Before
BMT, recipient C3HeB mice were lethally irradiated (9.0 Gy) to
ablate the host BM by using an RS 2000 irradiator (Rad
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Source Technologies, Inc). C3HeB recipient mice were
injected with 69106 donor BM cells via tail vein. We split
the irradiation into 2 doses on the same day (4.5 and 4.5 Gy)
and injected 89106 donor BM cells because recipient SJL
mice were highly sensitive to irradiation. The C3HeB/C3HeB
and SJL/C3HeB chimeras exhibited 60% to 70% survival,
similar to our previous BMT data in mice on C57BL/6J
background19,20; however, SJL/SJL chimeras displayed �40%
survival, and <30% of C3HeB/SJL chimeras survived (data not
shown). Mice that underwent BMT were allowed to recover for
6 weeks before further experimentation.

Flow Cytometry
Peripheral blood from C3HeB/SJL chimeras was collected by
submandibular bleed without anesthesia 6 weeks after BMT,
as reported previously.19 Engraftment of donor BM cells was
confirmed by double staining of peripheral leukocytes with a
cocktail of CD45.1-FITC and CD45.2-PE antibodies (1:500;
eBiosciences). In a separate experiment, we collected spleens
and blood from SJL and C3HeB mice with or without tail-cuff
training (n=8 per group) and processed the samples for flow
cytometry analyses, as reported.19 Briefly, mouse spleens
were minced in PBS supplemented with 3% FBS. Cells were
isolated from the suspension by centrifugation and then
resuspended in 3% FBS. Similarly, blood was incubated with
5 mL of ammonium-chloride-potassium lysis buffer for 5 min-
utes, washed, and resuspended in 3% FBS. Cell viability and
cell number were assessed in aliquoted samples (10 lL) using
trypan blue staining. Cells (19106) were incubated with a
cocktail of antibodies (eBiosciences) containing Ly6C-PE
(1:500), Ly6G-FITC (1:500), CD11c-APC (1:200), and CD11b-
PE CY7 (1:1500). For compensation controls, we used IgG
beads stained with a single-color antibody. Immunofluores-
cence was detected using an Accuri C6 flow cytometer (BD
Biosciences) and analyzed with the FlowJo software, as
described previously.20.

Carotid Artery Ligation
C3HeB and SJL mice (n=5 to 6 per group) with or without tail-
cuff training underwent ligation of the left external and
internal branches of the carotid artery, as described previ-
ously.21 The ligation procedure was performed in C3HeB/SJL
chimeras (n=3 to 6) after tail-cuff training. The mice were
housed individually under pathogen-free conditions for 7 days
after surgery.

Morphometry and Immunohistochemistry
After ligation, all animals were perfusion fixed, carotid arteries
were harvested and embedded in paraffin, and cross-sections

were prepared, as described.21 Serial cross-sections were
stained with hematoxylin and eosin (Dako) and morphometry
analyzed using MCID image software (Imaging Research Inc),
as described.21 We measured carotid lumen, intima, media,
and adventitia areas at 200-lm intervals from the carotid
bifurcation and calculated compartment volumes for
1600 lm of the carotid length. Carotid sections from
experimental animals (�1000 lm proximal to carotid bifur-
cation) were stained with Ly6C rat anti-mouse antibody
(1:100; Santa Cruz Biotechnology) or VCAM-1 rabbit anti-
mouse antibody (1:1000; Santa Cruz Biotechnology) and
counterstained with hematoxylin (Dako). We inhibited endog-
enous peroxidase activity in slides with 3% H2O2. We
performed high-temperature antigen retrieval with a Decloa-
ker buffer (pH 6.0; Biocare Medical) before staining with
VCAM-1 antibody. Primary antibodies were incubated at 4°C
overnight, followed by incubation with polymer Rat-on-Mouse
or Rabbit-on-Rodent horseradish peroxidase kits (Biocare
Medical). The peroxidase-binding sites were shown by 3,30-
diaminobenzidine (Dako). Immunostained carotid sections
were captured by SPOT Insight FireWire camera (Diagnostic
Instruments). We uniformly adjusted size and contrast of the
images to meet journal guidelines (Adobe Photoshop CS3).
We analyzed positively stained cells in 3 mice (2 to 3 sections
per mouse) using Image-Pro software (Media Cybernetics).19

Statistics
Data are presented as mean�SEM. We used JMP 5.1.2
software (SAS Institute) for evaluation of statistical signifi-
cance. Levels of significance between 2 groups were deter-
mined by the Student t test. Differences among ≥3 groups
were determined by 1-way ANOVA with post hoc comparisons
of all means by the Student t test. Hemodynamic differences
between the mouse strains of tail-cuff training over time were
analyzed by 2-way ANOVA and followed by Fisher’s post hoc
test. Inflammatory cell population numbers were analyzed by
nonparametric Wilcoxon/Kruskal–Wallis tests and followed by
each pair comparison using a Wilcoxon method. The level of
P<0.05 was regarded as significant.

Results

Hemodynamic Parameters Between Mouse
Strains Without Stress
Direct radiotelemetry recordings in SJL mice showed lower
HR14 than our data by tail-cuff method.11 Systolic, diastolic,
and mean BP and RR intervals recorded by radiotelemetry
were similar between the strains (Table 1). Circadian varia-
tions of HR and systolic BP were the same in SJL and C3HeB
mice (not shown). We also observed no differences in ECG
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intervals and peaks between the strains (not shown). These
findings indicate that baseline HR was similar between SJL
and C3HeB mice without stress.

Hemodynamic Reactivity to Stress Between
Mouse Strains
To investigate stress susceptibility of SJL mice, we used a tail-
cuff training protocol as a model of cumulative stress
(Figure 1). On the first day of tail-cuff training, SJL mice
showed significantly higher HR during 30-minute restraining,
whereas 60 minutes of recovery showed only a trend
(P=0.10) compared with C3HeB mice (Figure 1A). There
was a 2-fold increase in HR in SJL versus C3HeB mice at day
5 (Figure 1B). The systolic BP responses were similar during
5 days of training in C3HeB mice (Figure 1C and 1D);
however, systolic BP slightly increased in SJL mice compared
with C3HeB mice on day 5 of training (Figure 1D). Because
the tail-cuff software recorded measurements only between
15 and 30 minutes of restraining, we calculated areas under
the curves for HR and systolic BP during the first 15 minutes
of restraining measured by telemetry (Figure 1E and 1F).
Early HR responses to stress in SJL mice were �2-fold
greater than in C3HeB mice and significantly increased from
days 1 to 5 (Figure 1E). In contrast, early systolic BP changes
were noticeably less than changes in HR in both strains
(Figure 1F versus 1E). There were no significant differences in
early systolic BP areas across experimental groups (Fig-
ure 1F). We also tested hemodynamic reactivity of C3HeB
and SJL mice to a novel cage test. In particular, mice were
picked up by the tail for 5 seconds and returned into a new
cage with fresh bedding and nesting material. There was
significant increase in HR but not systolic BP during the first

5 minutes of the novel cage test in SJL mice compared with
C3HeB mice (not shown). Finally, plasma corticosterone
levels corroborated HR changes in inbred strains with or
without tail-cuff restraining. Corticosterone levels were sim-
ilar between the 2 inbred strains without stress (�20 ng/
mL); however, SJL mice tended to have higher corticosterone
in plasma with stress compared with C3HeB (62�32 versus
16�9 ng/mL, respectively; P=0.09). Altogether, these data
indicate that SJL mice are susceptible to mild stress, as
revealed through greater HR responses compared with
C3HeB mice.

Carotid Inflammation in Mouse Strains With or
Without Stress
Vascular complications in patients with elevated HR are well
documented.5 We previously reported that intimal cell prolif-
eration in SJL mice is associated with a dramatic increase in
leukocytes (CD45+) compared with C3HeB mice 14 days after
carotid ligation.10 Time-course experiments in mice suggested
that vascular inflammation peaked at 7 days after the surgery
and was strain dependent.21,22 We found that carotid
compartments and carotid thickening (intima-media volume)
were similar across experimental groups of inbred strains
(Table 2). Among monocyte subsets, proinflammatory Ly6C+

cells are specifically involved in early inflammation and
vascular complications.23 Immunohistochemistry showed that
Ly6C+ cells localized predominantly to the intima and
adventitia compartments in all experimental groups (Fig-
ure 2). Stress had no effect on Ly6C+ staining in C3HeB mice
(Figure 2A versus 2C). In contrast, the number of Ly6C+ cells
in the intima was significantly increased in SJL mice with
stress compared with other groups (Figure 2A through 2C
versus 2D). Quantitative analyses supported elevated vascular
inflammation in SJL mice with stress (Figure 2E). We recently
reported that SJL mice have greater aortic expression of
VCAM-1 compared with C3HeB mice.13 We found that
expression of VCAM-1 was higher in carotid arteries with or
without injury from SJL versus C3HeB mice (Figure 3A versus
3B; insets are injured arteries). Mild stress had little effect on
strain-dependent differences (Figure 3A and 3B versus 3C
and 3D); however, we noticed higher VCAM-1 immunoreac-
tivity in intima of SJL mice with stress after injury compared
with other groups (Figure 3D, inset). Collectively, we showed
that SJL mice were susceptible to stress-induced vascular
inflammation in response to injury.

Systemic Inflammation in Mouse Strains With or
Without Stress
Clinical studies have demonstrated that individuals with
elevated HR are at risk of subclinical inflammation with

Table 1. Averaged Diurnal Changes in Hemodynamic
Parameters Between Inbred Mouse Strains at Baseline

Strain Parameter

C3HeB, n=6 SJL, n=6

Lights On Lights Off Lights On Lights Off

Activity, counts 3.8�0.4 10.0�1.0* 5.1�0.6 8.9�0.6*

Heart rate,
beats/min

554�14 627�6* 557�13 621�18*

RR interval, ms 122�4 95�3* 114�5 102�5

Systolic BP,
mm Hg

106�2 116�3* 106�2 118�3*

Diastolic BP,
mm Hg

81�2 91�1* 80�3 91�4*

Mean pressure,
mm Hg

94�2 106�2* 93�2 103�2*

Parameters are shown as mean�SEM. BP indicates blood pressure.
*P<0.05 vs lights on period (Student t test).
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higher levels of circulating immune cells.3 Double-positive
cells (CD11b+ and Ly6C+), which have higher expression of
Ly6C (Ly6CHi), are proinflammatory monocytes that we
measured in C3HeB and SJL mice (Figure 4A). There were no
differences in the CD11b+Ly6CHi cells in spleen between
mouse strains without stress (Figure 4B). Both mouse
strains tended (P�0.10) to have an increased percentage
of the splenic CD11b+Ly6CHi cells after stress (Figure 4B);
however, SJL mice had a lower percentage of proinflamma-
tory monocytes in blood without stress and exhibited a
significant increase in CD11b+Ly6CHi cells in blood after
stress (Figure 4C). In contrast, C3HeB mice showed no

change in blood CD11b+Ly6CHi after stress (Figure 4C).
These findings indicate that SJL mice are susceptible not
only to stress-induced increases in HR but also to elevation
of proinflammatory monocytes in circulation compared with
C3HeB mice.

Heart Rate in SJL/C3HeB Chimeras
To determine the role of BM-derived immune cells in
cardiovascular complications, we generated SJL/C3HeB chi-
meric mice (Figures 5 through 7). Repopulation of the donor
BM cells (SJL–CD45.1+; C3HeB–CD45.2+) is shown in flow
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Figure 1. Hemodynamic responses to repeated tail-cuff measurements in mouse strains. A, Changes in HR
on day 1. B, Changes in HR on day 5. C, Changes in systolic BP on day 1. D, Changes in systolic BP on day
5. Perpendicular black lines mark the end of the 30-minute restraining period of mice on the tail-cuff platform.
E, Area under the curve for HR during the first 15 minutes of restraining (beats/min915 minutes). F, Area
under the curve for systolic BP during the first 15 minutes of restraining (mm Hg915 minutes). Values are
mean�SEM; *P<0.05 vs C3HeBmice at day 1; †P<0.05 vs SJL mice at day 1; ‡P<0.05 vs C3HeBmice at day 5
(ANOVA). BP indicates blood pressure; HR, heart rate.
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cytometry double staining of peripheral blood from chimeric
mice 6 weeks after BMT (Figure 5A). We found that SJL/SJL
chimeras had significantly higher HR than C3HeB/C3HeB and
SJL/C3HeB chimeras (Figure 5B). The C3HeB/SJL chimeras
tended to have a higher HR values (P=0.09) compared with
SJL/C3HeB chimeras (Figure 5B). Our results suggest that
BM cells derived from SJL mice are unable to increase HR in
C3HeB recipient mice.

Carotid Inflammation in SJL/C3HeB Chimeras
To investigate the effects of BM-derived monocytes on
vascular inflammation, we performed carotid ligations in SJL/
C3HeB chimeras after tail-cuff training (Figure 6). Similar to
studies in inbred mouse strains, carotid compartments were
comparable across SJL/C3HeB chimeras (Table 2); however,
Ly6C+ immunoreactivity in carotid arteries from SJL/C3HeB
chimeras was reduced compared with SJL or C3HeB mice
without irradiation (Figures 6A through 6D versus 2A
through 2D). Nevertheless, quantitative analyses showed
that SJL/SJL and C3HeB/SJL chimeras had significantly
higher Ly6C+ cells in the intima compared with SJL/C3HeB
chimeras (Figure 6B). The SJL/SJL and C3HeB/SJL chimeras
tended to have more Ly6C+ cells in the intima (P=0.09)
compared with C3HeB/C3HeB chimeras (Figure 6B). Similar
to our observations in inbred mice after stress (Figure 3),
carotid expression of VCAM-1 was higher in carotid arteries
from SJL/SJL and C3HeB/SJL chimeras (Figure 7B and 7D
versus 7A and 7C; insets are injured arteries), although we
found higher VCAM-1 immunoreactivity in media of C3HeB/
SJL chimeras after the injury compared with other chimeras
(Figure 7D, inset). Consequently, increases in vascular
inflammation in SJL mice in response to stress are indepen-
dent from BM-derived cells.

Heart Rate Variability in Mouse Strains
Cardiovascular complications are more prevalent in type 2
diabetes patients with elevated HR.5 A potential mechanism is
related to autonomic neuropathy in diabetes patients.4 We
evaluated HR variability in the frequency domain between
mouse strains during the 12-hour lights-on period (Figure 8).
The high-frequency values that represent a parasympathetic
tone were significantly lower in SJL mice compared with
C3HeB mice (Figure 8A). There was no difference in low-
frequency activity between mouse strains that reflects both
sympathetic and parasympathetic tone (Figure 8B); however,
the ratio of low/high-frequency power was significantly higher
in SJL versus C3HeB mice, suggesting an imbalance between
parasympathetic over sympathetic systems. In summary, SJL
mice exhibited impaired parasympathetic regulation that
could lead to cardiovascular complications in response to
stress.

Discussion
The major finding of this study is that impaired parasympa-
thetic regulation is critical for stress-induced cardiac and
vascular complications (Figure 9). We showed that elevation
of HR is robust in SJL versus C3HeB inbred mice in response
to mild stress. In addition, SJL mice have higher reactivity to
stress in circulating proinflammatory monocytes compared
with C3HeB mice. A combination of mild stress with vascular
injury significantly increased proinflammatory cell infiltration
to the arterial wall in SJL but not in C3HeB mice. Yet, mild
stress had few effects on our previously documented
differences in arterial expression of VCAM-1 between SJL
and C3HeB mouse strains. Repopulation of the immune cells
from SJL/C3HeB or C3HeB/SJL chimeras had no effect on

Table 2. Morphometry Analyses of Carotid Arteries Across Inbred and Chimeric Mice

Parameter Group Lumen Volume, 9106 lm3 Intima-Media Volume, 9106 lm3 Adventitia Volume, 9106 lm3 EEL Volume, 9106 lm3

Inbred strains

C3HeB, no stress, n=5 45�9 40�3 37�4 84�11

SJL, no stress, n=6 40�3 48�9 42�8 85�16

C3HeB, stress, n=6 54�8 38�3 36�2 93�8

SJL stress, n=6 35�8 35�3 33�4 70�10

Chimeras

C3HeB/C3HeB, n=6 61�8 41�9 38�3 103�14

SJL/SJL, n=5 73�8 54�7 45�6 89�7

SJL/C3HeB, n=6 54�6 35�4 37�2 90�11

C3HeB/SJL, n=3 63�11 27�1 29�2 127�14

Parameters are shown as mean�SEM. EEL indicates external elastic lamina.
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Figure 2. Infiltration of proinflammatory cells to the carotid artery after injury in mouse strains with or
without stress. Representative Ly6C+ staining of carotids. A, C3HeB mice, no stress. B, SJL mice, no stress.
C, C3HeB mice, with stress. D, SJL mice, with stress. Ly6C+ cells are stained dark brown (open arrows).
Brackets show area between internal and external elastic lamina. Magnification bar is 50 lm. E, Relative
number of Ly6C+ cells in the intima (percentage). Values are mean�SEM; *P<0.05 vs C3HeB mice, no
stress; †P<0.05 vs SJL mice, no stress (Wilcoxon); n=3 per each experimental group.
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stress-dependent HR increase or vascular inflammation.
Finally, autonomic nervous regulation was impaired in SJL
mice. Taken together, we propose that genetic susceptibility
to stress is determined by impaired parasympathetic regula-
tion leading to elevation of HR and systemic and vascular
inflammation. Stress-induced elevation in HR or vascular
inflammation, however, is independent from circulating pro-
inflammatory cells (Figure 9).

Genetic studies on HR variation are important for under-
standing this complex phenotype. Despite recent technical
advances, we can explain only a small portion (<2%) of the
genetic contribution to HR variation in humans.24 A major
challenge in large population studies is related to interindivid-
ual variability in hemodynamic parameters.25 The latter can be
overcomeby repeatedmeasurements to improve reproducibility,

as was shown in patients with heart failure.26 Experiments in
animals significantly reduce effects of the environmental and
methodological artifacts that are unavoidable in human
studies; however, the method of hemodynamic measurement
(direct or indirect) has an important impact on the results. In
particular, the stress response has a confounding factor in the
tail-cuff plethysmography (indirect) method. Previous studies
using ApoE�/� mice on 129xC57BL/6 background reported
comparablemeasurements between indirect (tail-cuff) or direct
(carotid catheter) methods.27 In contrast, experiments in CD-1
and C57BL/6J mice showed hemodynamic discrepancies
between tail-cuff and radiotelemetry methods.28 Our labora-
tory used a training procedure for each animal to reduce the
effect of the stress associated with the indirect method of
measurement.11,21 This tail-cuff training results in mild stress
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Figure 3. Carotid inflammation in mouse strains with or without stress. Representative vascular cell
adhesion molecule 1 (VCAM-1)+ staining of noninjured carotids: A, C3HeB mice, no stress. B, SJL mice, no
stress. C, C3HeB mice, with stress. D, SJL mice, with stress. Insets show VCAM-1 immunoreactivity in
carotid arteries after the injury across respective groups (A through D). VCAM-1+ cells are stained dark
brown (open arrows). Brackets show area between internal and external elastic lamina. Magnification bar is
50 lm.
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because the plasma corticosterone levels were significantly
lower compared with more severe psychological stress models
in mice.18 Of note, systolic BP was significantly less reactive to
tail-cuff training, unlike HR, in our experiments. Consequently,
it is important to use both direct and indirect methods when
evaluating hemodynamic parameters in genetically altered
mice or mice on mixed background.

A recent report5 showed that elevatedHR increased vascular
complications in type 2 diabetes patients in the ADVANCE
study; however, the relationship between elevated HR and
inflammation is not well understood. Data from ApoE�/� mice
suggest that proinflammatory Ly6C+ monocytes in circulation
play a key pathogenic role in recovery after cardiac injury.29 The
same group reported that an increase in sympathetic nervous
system is responsible for monocytopoesis in the spleen that
accelerated atherosclerosis in ApoE�/� mice after myocardial
infarction or stroke.23We and others showed that SJLmice have
greater circulating white blood cell levels comparedwith C3HeB
mice.12,13 In the current study, we discovered that the SJL

mouse strain is more reactive to stress not only for HR but also
for proinflammatory monocytes in circulation and in the artery
wall on injury. It is important to note that other subsets of
immune cells (eg, T lymphocytes) might play a role in stress-
dependent hypertension and vascular inflammation, as was
recently shown in RAG1�/� mice30; however, our BMT
experiments between SJL and C3HeB mice suggest that
systemic repopulation of immune cells alone cannot cause
elevation in HR or vascular complications after mild stress. This
is in line with our recent data in congenic mice that carry an SJL
locus on the C3HFeB background. In this study, we showed that
systemic inflammatory cells had no effect on regulating
vascular wall inflammation in response to injury.13,31

A potential caveat of BMT could be related to irradiation
resistance of some subpopulations of leukocytes in the SJL
mouse strain short term (up to 11 days after irradiation).32

Another long-term study (up to 80 days after irradiation)
showed that SJL mice developed a severe wasting syndrome
with a highermortality rate.33 The authors showed that SJLmice
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Figure 4. Systemic inflammation in mouse strains with or without stress. A, A flow cytometry gating
strategy to identify proinflammatory cells in mouse strains. A representative double staining of CD11c+ and
CD11b+ populations in blood from SJL mice after stress is shown on the left. A right-side histogram shows 2
subpopulations of Ly6C+ cells (low-Ly6CLo vs high-Ly6CHi) that are positive to CD11b+. Numbers indicate
percentages of positive cells. B, Changes in CD11b+Ly6CHi cells in spleens from mouse strains. C, Changes in
CD11b+Ly6CHi cells in blood from mouse strains. Values are mean�SEM; *P<0.05 vs CD11b+Ly6CHi to
C3HeB mice, no stress; †P<0.05 vs CD11b+Ly6CHi to SJL mice, no stress (Wilcoxon); n=8 per each
experimental group.
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died due to myeloproliferation, leukemic transformation, and
infection. Likewise, we observed higher mortality in SJL
recipient mice after a longer period of time (up to 60 days)
after the irradiation and BMT (not shown). Flow cytometry
analyses confirmed successful repopulation of the donor BM in
SJL/C3HeB chimeras, yet SJL/C3HeB chimeras had reduced
Ly6C+ immunoreactivity in carotid arteries compared with SJL
or C3HeB mice without irradiation. Taken together, our new
findings suggest that systemic manipulation with proinflam-
matory cells has no direct effect on increase in HR or vascular
inflammation in response to stress.

Many pathological conditions associated with chronic
inflammation (eg, diabetes, hyperglycemia, hyperlipidemia,

obesity) lead to autonomic dysregulation of HR.34 Impaired
parasympathetic activity, for example, is well documented in
experimental animal models of diabetes.6,7 In this study, we
demonstrated autonomic dysfunction in the SJL mouse strain
despite similar hemodynamic parameters compared with
C3HeB mice. Imbalance in autonomic regulation could be
central for stress-related susceptibility to cardiovascular
complications.35 We recently reported greater activation of
the aortic endothelium (measured by VCAM-1) in SJL mice.13

Interestingly, VCAM-1 is a key vascular inflammatory marker
that increases under more severe stress protocols in ApoE�/�

or C57BL/6 mice.36,37 The studies also suggest that stress
and an atherogenic diet increase vascular inflammation but
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have different effects on atherogenesis. In the current study,
we confirmed elevated expression of VCAM-1 in carotids from
SJL inbred mice or recipient SJL chimeras. Mild stress had
little effect on VCAM-1 immunoreactivity in SJL mice, which
might suggest a potential link between vascular activation and
impaired autoregulation in the SJL mouse strain.

We discovered that several genomic loci on mouse
chromosomes 2, 7, 11, 17, and 18 control response to
injury in a genetic cross between SJL and C3HeB inbred
mouse strains.38 Mouse chromosome 7 might contribute to
variation in HR and carotid remodeling; we identified a robust
genetic locus on chromosome 7 that controls elevated HR in
SJL mice.11 Our previous work indicated that the likely
candidate genes in the locus are 3 c-aminobutyric acid
(GABA) receptor genes, encoding receptor subunits for the
inhibitory neurotransmitter GABAA. It is well known that the

GABAergic system in the hypothalamus inhibits stress-
induced tachycardia.39 The human chromosome15q locus is
syntenic to the mouse chromosome 7 locus and is important
for HR variation40 and behavioral disorders.41–45 Future
studies are required to assess the causative link between
the GABAergic system and cardiovascular complications in
response to stress.

Conclusions
We propose that impaired parasympathetic regulation is
central for cardiac, vascular, and immune complications in
genetically susceptible subjects under stress. We showed for
the first time that mild stress increases HR and circulating
and vascular proinflammatory cells in SJL mice; however,
immune cells from stress-susceptible SJL mice had no effect
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Figure 7. Carotid inflammation in SJL/C3HeB chimeras after injury. Representative vascular cell
adhesion molecule 1 (VCAM-1)+ staining of noninjured carotids. A, C3HeB/C3HeB chimera. B, SJL/SJL
chimera. C, SJL/C3HeB chimera. D, C3HeB/SJL chimera. Insets show VCAM-1 immunoreactivity in carotid
arteries after injury across respective chimeras (A through D). VCAM-1+ cells are stained dark brown (open
arrows). Brackets show area between internal and external elastic lamina. Magnification bar is 50 lm.

DOI: 10.1161/JAHA.115.001952 Journal of the American Heart Association 11

SJL Mice Are Susceptible to Stress Batchu et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



on HR or vascular inflammation in stress-protected C3HeB
chimeras. Our results suggest that imbalance of autonomic
regulation could lead to greater stress reactivity of HR,
proinflammatory blood profiles, and vascular complications.
These clinical indications could become important diagnostic
measures of evaluation of future cardiovascular morbidity
and mortality.
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