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Background-—Sepsis patients with cardiac dysfunction have significantly higher mortality. Although several pathways are
associated with myocardial damage in sepsis, the precise cause(s) remains unclear and treatment options are limited. This study
was designed to develop a new model to investigate the early events of cardiac damage during sepsis progression.

Methods and Results-—Francisella tularensis subspecies novicida (Ft.n) is a Gram-negative intracellular pathogen causing severe
sepsis syndrome in mice. BALB/c mice (N=12) were sham treated or infected with Ft.n through the intranasal route. Serial
electrocardiograms were recorded at multiple time points until 96 hours. Hearts were then harvested for histology and gene
expression studies. Similar to septic patients, we illustrate both cardiac electrical and structural phenotypes in our murine Ft.n
infection model, including prominent R’ wave formation, prolonged QRS intervals, and significant left ventricular dysfunction.
Notably, in infected animals, we detected numerous microlesions in the myocardium, previously observed following nosocomial
Streptococcus infection and in sepsis patients. We show that Ft.n-mediated microlesions are attributed to cardiomyocyte
apoptosis, increased immune cell infiltration, and expression of inflammatory mediators (tumor necrosis factor, interleukin [IL]-1b,
IL-8, and superoxide dismutase 2). Finally, we identify increased expression of microRNA-155 and rapid degradation of heat shock
factor 1 following cardiac Ft.n infection as a primary cause of myocardial inflammation and apoptosis.

Conclusions-—We have developed and characterized an Ft.n infection model to understand the pathogenesis of cardiac
dysregulation in sepsis. Our findings illustrate novel in vivo phenotypes underlying cardiac dysfunction during Ft.n infection with
significant translational impact on our understanding of sepsis pathophysiology. ( J Am Heart Assoc. 2016;5:e003820 doi:
10.1161/JAHA.116.003820)
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S evere sepsis and septic shock are the primary causes of
death in intensive care units (ICUs), accounting for

approximately 2 million infections and 300 000 deaths

annually.1 Sepsis is a complex disease, defined as life-
threatening organ dysfunction caused by a dysregulated host
response to infection.2 The initial hyperinflammatory response
(increased production of tumor necrosis factor [TNF], inter-
leukin [IL]-1b, IL-6, and chemokines) during onset of sepsis is
followed by an anti-inflammatory immunosuppressive pheno-
type (IL-10, IL-1 receptor antagonist, soluble receptors of TNF
and IL-1, and glucocorticoids)3 that favors the growth of
microbial pathogens. Additionally, the switching time from
inflammatory to anti-inflammatory condition varies in patients,
which leads to inappropriate treatment strategies.4 Secondary
nosocomial infections (Pseudomonas spp. and Staphylococcus
spp.) in sepsis patients are common and a persistent problem
in health care today, specifically in ICUs.5,6 Although there are
standard treatment options for controlling bacterial growth
and inflammation during early onset of sepsis, these patients
frequently develop secondary complications (between 14 and
50 days) that lead to higher mortality.5,6

The heart is essential for supplying oxygen and nutrients
throughout the body, and cardiac dysfunction is an important
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component of multiorgan failure induced by severe sepsis.7–9

Critically ill patients present with greater risk for cardiac
complications during sepsis, with�90% of cardiac events, such
as infarction, arrhythmia, and heart failure, occurring within the
first 7 days and>50%occurring within 24 hours.10,11More than
60% of sepsis patients admitted to the ICU show a clinical
picture of cardiac dysfunction that has been recognized as a
serious manifestation of severe sepsis, with a mortality rate
ranging from 70 to 90%, in contrast with 20% mortality for
patients without cardiac involvement.12,13 Development of
arrhythmia and heart failure following myocardial infarction
and ischemia is closely linked with profound changes in cardiac
structure, electrical activity, and, ultimately, pump function.14–16

Clinical assessment for cardiac dysfunction during sepsis relies
mainly on electrocardiograms (ECGs)17,18 and serum troponin
levels.19 However, it is unclear whether these diagnostic
modalities from critically ill patients are attributed to the
administration of various drugs or damage created by bacterial
infection that influences treatment options for severe sepsis.

In order to advance the treatment approaches for cardiac
dysfunction during sepsis, it is necessary to develop a sepsis
model that closely mimics human sepsis and provides
sufficient time to understand the cardiac deregulation events
during the initial stages of sepsis progression. We used
Francisella tularensis subspecies novicida (Ft.n), an oppor-
tunistic intercellular pathogen, as a surrogate to study sepsis-
associated cardiac dysfunction, myocyte function, and molec-
ular phenotypes.

Here, we present novel observations with regard to a
significant change in cardiac electrophysiology, defects in
conduction (R’ wave formation), and prolonged QRS intervals
in Ft.n-infected mice, similar to those reported in damaged
hearts of culture-positive sepsis patients.18 Notably, we found
evidence of Ft.n invasion into the cardiac tissue and describe
the molecular basis for microlesion formation in the
myocardium. We also demonstrate that Ft.n-mediated
microlesions are attributed to cardiomyocyte apoptosis
caused by Ft.n infection. Our data show the increased
infiltration of leukocytes, increased expression of inflamma-
tory mediators, and modified expression in myocytes of 2
molecular signatures of cardiac function, microRNA (miR)-155
and heat shock factor 1 (HSF-1). This Ft.n infection model
provides a unique opportunity to study the early events of
cardiac dysfunction in a highly relevant model of sepsis that
arises from a pulmonary source.10,11,14,20

Methods

Animals
For all control and infection experiments, BALB/c wild-type
(WT) mice were used (aged 8 weeks). All animal studies were

conducted in accord with the American Physiological Society
Guiding Principles for Research Involving Animals and Human
Beings and approved by The Ohio State University Institutional
Animal Care and Use Committee (protocol approval number
2014 A00000054). The investigation conforms to the Guide
for the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication No. 85–23,
revised 1996).

Subsurface Electrocardiography
Subsurface ECG recordings were obtained from control and
Ft.n (50 colony forming units [CFUs]/animal)-infected mice at
baseline and at regular time intervals postinfection (0, 24, 48,
72, and 96 hours postinfection [HPI]). Anesthesia was
induced using 2% isoflurane in oxygen at a flow rate of
1.0 L/min. Mice were then placed in the prone position on a
heated pad to maintain body temperature. For the duration of
the experiment, anesthesia was maintained at 1% isoflurane at
1.0 L/min. Subcutaneous electrodes were placed in the lead
II configuration, and ECGs were recorded for 20 minutes on a
Powerlab 4/30 (ADInstruments, Houston, TX).21 ECG traces
were analyzed using LabChart 7 Pro (AD Instruments).

Echocardiography
To assess cardiac function in vivo, two-dimensional echocar-
diography (Vevo 2100; VisualSonics Inc., Toronto, Ontario,
Canada) was performed at baseline and at 96 HPI. Mice were
anesthetized in an induction chamber at 2% isoflurane in oxygen
at a flow rate of 1.0 L/min. Mice were then placed in the supine
position on a heated stage, and hair was removed from the
chest using depilatory lotion. Anesthesia was maintained at
1.5% isoflurane for the duration of the experiment. Heart rate
wasmonitored throughout to ensure proper anesthetic dosage.
Using a MS-400 transducer, proper anatomical orientation was
determined by imaging of the long axis of the heart. Once proper
orientation was achieved, the transducer was turned 90
degrees to visualize the short axis of the left ventricle. M-mode
images were recorded at the level of the papillary muscles.
Images were analyzed to assess ejection fraction, chamber
diameters, and left ventricular wall thicknesses.

Bacterial Strains
Ft.n U112 was obtained from the American Type Culture
Collection (Manassas, VA), and Francisella tularensis Schu-4
(Ft.Schu4) was generously provided by Dr Rick Lyons (Colorado
State University, Fort Collins, CO). Bacteria were cultured on
Chocolate II plates (Becton Dickinson, Sparks, MD). For some
experiments, Schu-4 was passaged through THP-1 cells. All
work with the type A Schu-4 strain was carried out in The Ohio
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State University BSL3 Select Agent facility in accord with
national and local approved BSL3 facility and safety plans.

Reagents and Antibodies
Dulbecco’s PBS with and without Ca2+ and Mg2+, RPMI 1640
medium with L-glutamine (RPMI) and Iscove’s Modified
Dulbecco’s Medium (IMDM) were purchased from GIBCO-
Invitrogen (Invitrogen Life Technologies, Carlsbad, CA). Mouse
monoclonal F. tularensis antibody (Ab) was purchased from
Abcam (Cambridge, MA), nuclear stain 4’,6-diamidino-2-
phenylindole (DAPI; Molecular Probes, Carlsbad), antiphal-
loidin CruzFlour-594 and b-actin were purchased from Santa
Cruz Biotechnology (Dallas, TX), and HSF-1 antibody from Cell
Signaling Technology (Danvers, MA). Mouse monoclonal anti-
Ft.n lipopolysaccharide (LPS) primary antibody Fn8.2-produ-
cing cell lines were purchased from Immuno-Precise Antibod-
ies Ltd. (Victoria, British Columbia, Canada). Anti-CD45
antibody was from BD Bioscience (San Jose, CA).

Isolation and Culture of Bone-Marrow–Derived
Macrophages
Bone-marrow–derived macrophages (BMDMs) were isolated
from femurs of WT BALB/c as previously described.22 Briefly,
femurs were harvested and bone marrow was flushed out
using 29-gauge needles and cultured in Iscove’s media
supplemented with 50% L-cell–conditioned media, 20% FBS,
and penicillin/streptomycin cocktail for 5 days. Differentiated
macrophages were harvested and used for our experiment.

Macrophage Infection, Lysis, and Immunoblotting
BMDMs were prepared by culturing bone marrow cells in
IMDM containing 20% FBS and 50% L-cell–conditioned
medium.22 After 5-day differentiation, cells were harvested
and plated in six-well tissue culture plates for infection. Ft.
novicida and Schu-4 were prepared as described above.
BMDM monolayers were washed with warm RPMI 1640,
replenished with IMDM, and prechilled at 4°C for 10 minutes,
bacteria were added to BMDMs, and infections were
synchronized by centrifuging at 4°C, 250g, for 10 minutes.
BMDMs were then returned to 37°C 5% CO2 and incubated for
the specified times. Cells were washed with PBS and lysed
with TN-1 lysis buffer (50 mmol/L of Tris [pH 8.0], 10 mmol/
L of EDTA, 10 mmol/L of Na4P2O7, 10 mmol/L of NaF, 1%
Triton X-100, 125 mmol/L of NaCl, 10 mmol/L of Na3VO4,
and 10 lg/mL each of aprotinin and leupeptin), incubated at
4°C for 5 minutes, and then centrifuged at 16 000g at 4°C for
10 minutes to pellet the cell debris. Protein concentrations of
the cleared cell lysates were measured using the Pierce BCA-
protein assay kit (Thermo Scientific, Rockford, IL). Samples

were subjected to separation by SDS-PAGE and analyzed by
western blot with the different Abs of interest.

Cytokine Assays
Blood from infected (96-hours post infection) and uninfected
mice was collected immediately after euthanasia and incu-
bated at 4°C for 1 hour. The blood samples were centrifuged
at 50009g for 10 minutes and the cleared supernatants were
collected and stored at �80°C. Cytokine (TNF and IL-1b)
levels in the serum (96 hours) were analyzed by ELISA (R&D
Systems, Minneapolis, MN). All assays were performed at
least 3 times and the values obtained were plotted as
mean�SD.

Cardiac Troponin Assay
Serum cardiac-specific troponin-I (cTnI) was determined by
using the high-sensitivity mouse cardiac troponin-I ELISA kit
from Life Diagnostics, Inc (West Chester, PA). Briefly, serum
was isolated from sham- and Ft.n-infected mice at different
time points (24, 48, 72, and 96 HPI), as described earlier, and
used for the assay as directed. All assays were performed
with at least 3 animals, and the values obtained were plotted
as mean�SD. Significance was P<0.005.

Isolation of Cardiomyocytes
Infected (96 HPI) and uninfected BALB/c mice were anes-
thetized with tribromoethanol (0.025 g/mL, intraperitoneally)
and hearts were excised. Using blunt dissection, the aorta is
isolated from the surrounding tissue. A cut was made inferior
to the aortic arch and a steel cannula was inserted. The heart
was perfused with Hank’s solution (Life Technologies) to clear
the cardiac vasculature (retrograde perfusion). Hearts were
then rapidly switched to a Langendorff apparatus and
modified Tyrode solution was perfused through the heart.
Modified Tyrode containing Protease (Sigma P-5147; Sigma-
Aldrich, St. Louis, MO) and Collagenase Type II (Worthington
4176; Worthington Biochemical Corp, Lakewood, NJ) were
then perfused to digest the heart and isolate single cells.
Isolated cells were filtered through a cell strainer and washed
twice to enrich for live cardiomyocytes.23

RNA Extraction From Heart Tissue and
Quantitative Reverse-Transcription Polymerase
Chain Reaction
BALB/C mice were left uninfected or infected with Ft.n
(50 CFUs) through the intranasal route; at 96 HPI, mice were
sacrificed, the heart tissue was cut into small pieces and
washed with PBS to remove the blood. Heart tissue was
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homogenized in TRIzol and total RNA was extracted, treated
with DNAse 1, and purified with RNAeasy column (Qiagen,
Hilden, Germany). RNA (100 ng) was reverse transcribed to
cDNA by reverse-transcriptase (RT) enzyme (SuperScript III;
Invitrogen), and quantitative RT polymerase chain reaction
(qRT-PCR) was performed using a mouse IL-1b, TNF, IL-8,
and superoxide dismutase 2 (SOD2) TaqMan gene expression
kit (Applied Biosystems, Foster City, CA). IL-1b, TNF, IL-8,
and SOD2 amplification was normalized to b-actin as a
housekeeping gene for relative gene expression. Triplicate
samples were analyzed in duplicate wells in each experiment
(n=3).

miRNA Extraction From Heart and
Cardiomyocytes, and qRT-PCR
BALB/C mice were left uninfected or infected with Ft.n (50
CFUs) through the intranasal route; at 96 HPI, mice were
sacrificed, heart tissue was cut into small pieces and washed
with PBS to remove the blood. Heart tissue was homoge-
nized in TRIzol, and total RNA was extracted. Cardiomyocytes
from Ft.n-infected mice (96 HPI) or uninfected mice were
isolated as described above. miR-155 cDNA was generated
from total RNA by the Taqman MicroRNA Reverse Transcrip-
tion kit (Applied Biosystems). Expression of miR-155 was
determined by qRT-PCR using Taqman MicroRNA Assays with
sno412 as housekeeping control (Applied Biosystems).
Negative controls in all qRT-PCR included no reverse
transcriptase and no template (cDNA) groups in the
reactions. Triplicate samples were analyzed in duplicate
wells in each experiment.

Pathological Methods and Immunohistochemistry
Hearts from infected (96 HPI) and uninfected BALB/c mice
were isolated and washed in cold PBS before being fixed in
10% formalin overnight at 4°C. Hearts were then switched to
20% sucrose. Hearts were then embedded in paraffin and
sectioned for analysis. Hematoxylin and Eosin (H&E) staining
was used for visualization of gross cardiac structure.
Masson’s trichrome staining was used to identify fibrotic
replacement of cardiac tissue. To examine bacterial dissem-
ination in the heart, heart sections were incubated with anti-
Ft.n LPS antibody (Fn 8.2) for 1 hour in a humidified
chamber and followed by antimouse Alexa Fluor 488
secondary Ab. Nuclei were stained with DAPI. Leukocyte
staining with CD45 was performed with formalin-fixed,
paraffin-embedded sections. Briefly, slides underwent
deparaffinization and an antigen retrieval step before they
were incubated with anti CD45 antibody for 1 hour, washed,
and further incubated with biotinylated anti-Rat antibody for
30 minutes.

TUNEL Assay
Paraffin-embedded heart sections from sham- and Ft.n-
infected hearts were deparaffinized with xylene followed by
different concentrations of ethanol. Apoptotic cells were
stained by the Click-it plus terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) assay for in situ
apoptosis detection and Alexa Fluor 488 dye from Molecular
Probes Life Technology (Thermo Scientific). Nuclei were
stained with Hoechst 33342 solution and examined under
confocal microscopy. Ten random images were taken from
each heart (n=3), and mean fluorescent intensities (MFIs)
were calculated by using ImageJ software (NIH, Bethesda,
MD). Average MFIs were calculated by multiplying the
intensities by area of each image.

Ft.n infection and survival studies

Survival studies were performed with a group of 5 BALB/c
mice per treatment (sham, Ft.n infection alone, Ft.n
infection+PBS, and Ft.n infection+gentamicin in PBS). After
4 days of infection, 1 group of mice received PBS (200 lL
of PBS) or gentamycin in PBS (10 mg/kg, 200 lL) through
the intraperitoneal route. The cardiac function was moni-
tored by echocardiography on day 4 of Ft.n infection and
on day 9 of gentamycin treatment. The survival of mice was
recorded.

Statistical Analysis

A paired 2-tailed Student t test was used to analyze the
differences between 2 groups in figures showing 1 represen-
tative figure of 3independent experiments unless specified in
figure legends. An unpaired 1-tailed Student t test was used to
analyze differences between 2 groups in figures showing
cumulative data from 3 independent experiments. Signifi-
cance was P<0.05, P<0.005, and P<0.0005.

Results

Ft.n Infection Causes Cardiac Dysfunction
We selected Ft.n to study the relationship between sepsis and
myocardial phenotypes. This bacterial infection reveals sev-
eral significant advantages over other acute sepsis infection
models: (1) Similar to humans, Ft.n-infected animals survive
over 6 days following a biologically relevant low-dose infec-
tion22,24–26; (2) Ft.n infection causes severe sepsis, and the
signs of cardiac arrhythmia are comparable to those of
culture-positive sepsis patients18; (3) disease outcomes are
similar to the hospital-acquired Streptococcus pneumoniae20;
and (4) Ft.n infection is a highly reproducible and tractable
animal model for understanding underlying mechanisms of
cardiac dysfunction.

DOI: 10.1161/JAHA.116.003820 Journal of the American Heart Association 4

Francisella Infection Alters Cardiac Electrophysiology Makara et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



Although sepsis causes multiorgan failure (including the
heart) that leads to increased mortality, the influence of
bacterial sepsis on cardiac damage is not well studied. We
examined the changes in cardiac troponin release in the serum
of infected and uninfected animals. BALB/c mice were infected
with Ft.n (25 CFUs) or received PBS through intranasal delivery.
Ninety-six HPI, we determined the bacterial load in lungs by
CFU assay andmeasured cTnI levels in the serum. We observed
more than 8 log bacteria in lungs (Figure 1A), an indicator of
severe pneumonia. The bacterial titer in the lung was increased
along with an increase in troponin-I release in serum, a clinical
marker of cardiac injury (Figure 1B). Gross pathology is shown
in Figure 1C for sham mice and one-dimensional Ft.n-infected
mice. Yellow arrows indicate pulmonary abscess caused by Ft.n
in mice. Together, these data demonstrate that Ft.n infection
causes severe pneumonia and cardiac damage, the latter
indicated by increased serum cTnI levels.

Ft.n Infection Alters Cardiac Electrical
Phenotypes

Given that Ft.n infection causes cardiac damage as indicated
by increased cTnI (Figure 1B), we next examined whether
cardiac injury was associated with altered cardiac electrical
phenotypes. We performed limb-lead ECG analysis in sham-
and Ft.n-infected animals (24, 48, 72, and 96 HPI). Interest-
ingly, all infected animals (N=12) showed an abnormal ECG
pattern, specifically the presence of prominent R’ wave
formation, indicative of bundle branch block (BBB). These ECG
abnormalities were not found in mice treated with vehicle
(Figure 2A and 2B). Interestingly, we observed R’ wave
formation as early as 48 HPI with an R’ frequency of
48�5.6%. Amplitude of R’ wave formation gradually increased
after 48 hours of infection, and R’ wave frequency achieved
100% of recorded ECGs at 72 and 96 HPI (Figure 2C),

A B

C D

Figure 1. Ft.n bacterial load correlates with cardiac damage. Wild-type BALB/C mice were infected with
Ft.n (25 CFUs) through the intranasal route, and after 96 hours of incubation, mice were euthanized and
lungs and blood were retrieved for further analysis. (A) Bacterial burden was determined by CFU assay by
serial dilution and plating of the whole-lung homogenates on chocolate blood agar plates (2 independent
experiments; N=6). (B) Serum cardiac troponin-I (cTnI) levels were determined by an ELISA assay kit
(***P<0.0005; 2 independent experiments; N=6). Images shown in (C) and (D) are lungs and hearts of
sham-treated and Ft.n-infected mice. Yellow arrows indicate bacterial colonization (lesions) in lungs of
infected animals, a representative image from 3 independent experiments (N=12). CFU(s) indicates colony
forming unit(s); ELISA, enzyme-linked immunosorbent assay.
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whereas in uninfected mice ECGs were normal (Figure 2A).
We observed an increased level of cardiac troponin in the
serum of Ft.n-infected mice over time in concert with cardiac
dysfunction (Figure 2D). Serum cardiac troponin levels
peaked at 72 HPI, indicating that Ft.n infection caused acute
cardiac damage similar to that observed in human sepsis

patients. Notably, the bacterial load in lung positively
correlated with ECG abnormalities that we observed in Ft.n-
infected mice (Figure 2E). Furthermore, we determined the
heart rate (HR), QRS intervals, and PR intervals from recorded
ECG. Ft.n-infected animals showed significantly elevated HR
compared to sham-treated mice (Figure 2F), a phenotype

A B C

D

E

F G H

Figure 2. Ft.n infection alters cardiac electrophysiology. Subsurface electrocardiogram (ECG) recordings were obtained from control and Ft.n-
infected mice at baseline and at regular time intervals postinfection (24, 48, 72, and 96 hours postinfection). (A) Representative ECG data from
sham-treated mice (N=4) and (B) are Ft.n-infected mice (N=4) at different time points (3 independent experiments). After Ft.n infection, note the
gradual appearance of an R’ wave (black arrow). (C) R’ wave frequency was determined in 3 independent experiments (total number of mice=12).
From 20 minutes of recorded ECG data, we calculated frequency of R’ wave formation at different time points. (D) Serum cardiac troponin-I levels
were determined in sham- and Ft.n-treated mice at different time points. (E) Bacterial burden in lungs was determined by CFU assay using lung
homogenates from 4 mice in each group. From 20 minutes of recorded ECG data, we calculated average heart rate (F), PR intervals (G), and QRS
intervals (H). Graphs are cumulative data from 4 mice per group and representative of 2 independent experiment (*P<0.05; **P<0.005;
***P<0.0005). BPM indicates beats per minute; CFU, colony forming unit; CTnI indicates cardiac troponin-I; HR, heart rate.
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observed in culture-positive human sepsis patients.18 Addi-
tionally, we measured PR and QRS intervals (Figure 2G and
2H) in both infected and uninfected animals and observed
significantly increased QRS duration in Ft.n-infected animals,
indicative of BBB.18 Together, these data provide strong
evidence that Ft.n infection causes severe cardiac damage,
producing significant cardiac conduction defects (BBB,
increased QRS interval).

Cardiac Dysfunction in Mice Following Ft.n
Infection
To further characterize the cardiac damage produced during
Ft.n infection, we elected to perform cardiac ultrasound of
mice 96 HPI. Consistent with our earlier findings (Figure 2A
and 2B), we observed atypical R’ wave formation (Figure 3A

and 3B) in Ft.n-infected mice by ECGs gathered during the
ultrasound procedure. Interestingly, in contrast to systolic
dysfunction witnessed in CLP and LPS-induced murine sepsis
models,27–29 Ft.n infection significantly increased ejection
fraction (Figure 3C) and fractional shortening (Figure 3D).
Further analysis revealed that Ft.n infection significantly
reduced the left ventricular internal dimension during diastole
(LVID, d; Figure 3E) and systole (LVID, s; Figure 3F). As a result
of decreased chamber dimensions, stroke volume (as defined
by stroke volume (SV)=end diastolic volume (EDV) – end
systolic volume [ESV]) was significantly diminished (Fig-
ure 3G). This decrease in SV subsequently led to significant
decreases in cardiac output in Ft.n-infected mice (Figure 3H).
We further found that posterior ventricular wall thickness
(LVPW, d and LVPW, s) was significantly increased upon
infection (Figure 3I and 3J). Interestingly, the heart weight-to-

A

C D E F

G H I J

B

Figure 3. Cardiac pump dysregulation following Ft.n infection. To assess cardiac function in vivo, two-dimensional echocardiography was
performed at baseline and at 96 hours postinfection. (A) Representative cardiac patch of uninfected mice (N=9) and (B) a cardiac patch at
96 hours post-Ft.n infection (N=9). Note the presence of a prominent R’ wave present in Ft.n-infected mice (yellow asterisks). Posterior
ventricular wall thickness (LVPW; d and LVPW; s) during (C) diastole and systole (D), left ventricular internal diameter during (E) diastole (LVID; d)
and (F) systole (LVID; s), (G) stoke volume, (H) ejection fraction, (I) % fractional shortening (FS), and (J) cardiac output were determined from
sham-treated and Ft.n-infected mice. N=3 (3 mice/group; *P<0.05; **P<0.005; ***P<0.0005).
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tibia length ratio was elevated in Ft.n.-infected mice compared
to control animals (8.93�0.74 and 7.71�0.13 mg/mm,
respectively); however, the difference was not statistically
significant (P=0.151).

Because of the significant impairment in cardiac function
after Ft.n infection, we next conducted survival analysis in
these animals. Animals were infected at day 0, as previously
described, and followed for 12 days total. By 6 days postin-
fection, 100% (5/5) of Ft.n-infected animals had suffered
mortality. In contrast, 100% of sham-treated animals survived
until day 12 of the protocol. An alternative explanation for the
aforementioned cardiac phenomena is that they arise sec-
ondary attributed to insufficient blood volume (ie, hypov-
olemia) following infection. In an effort to curtail this effect,
we elected to conduct fluid resuscitation experiments. Briefly,
Ft.n-infected animals were infected at day 0 and were
followed to day 4 (96 hours) as previously described. At this
point, mice began receiving fluid resuscitation (PBS, 10 mL/
kg, intraperitoneally) planned for the remaining 8 days.
However, PBS fluid treatment alone did not significantly delay
mortality in this cohort (5 of 5 mice died by day 7). In an effort
to extend survivability in Ft.n-infected animals, we supple-
mented our fluid replacement regimen with the antibiotic,
gentamycin (10 mg/kg intraperitoneally, volume equal to
10 mL/kg). Unlike fluid replacement alone, PBS+gentamycin
significantly prolonged the life span of Ft.n-infected animals.
Because of lower death in this study arm, we next conducted
echocardiographic analysis. As expected, Ft.n-infected mice
displayed the stereotypic increase in ejection fraction com-
pared to uninfected controls. Interestingly, after receiving
5 days of resuscitative treatment, echocardiographic param-
eters (ejection fraction [EF], LVID; d, LVID; s, wall thicknesses)
were still significantly different compared to uninfected
controls at the same time point (Figure 4A through 4F).
Together, these results suggest a unique scenario of cardiac
functional impairment following Ft.n infection in mice.
Furthermore, although overall survivability is improved, these
cardiac functional phenotypes persist in the presence of
resuscitative treatment (Figure 4G).

Evidence of Ft.n Dissemination into the Heart
Tissue
Ft.n disseminates into various organs,22,30,31 prompting us to
examine whether Ft.n directly disseminated into heart tissue.
When heart sections of infected BALB/c mice were analyzed
with anti-Ft.n LPS antibody, we observed the presence of Ft.n
in the posterior and septal regions as well as in the
pericardium (Figures 5A through 5C). To further confirm the
internalization of Ft.n by cardiomyocytes and fibroblasts, we
infected isolated primary purified myocytes with green
fluorescent protein (GFP)-expressing Ft.n (multiplicity of

infection [MOI], 10:1). After 60 minutes, cells were washed,
incubated with DAPI, and analyzed by confocal microscopy.
Interestingly, we found that Ft.n was internalized more
efficiently by cardiomyocytes than fibroblasts (6.96�0.58-
fold less bacteria; Figure 5D and 5E). The z-stack analysis of
infected mice heart showed that bacteria invaded into heart
tissue (Figure 5F). These results strongly indicate that the
cardiac damage is partly attributed to bacterial invasion and
activation of immune cells in cardiac tissue.

Presence of Cardiac Microlesions in Ft.n-Infected
Mice
Hearts from Ft.n-infected animals had more damage com-
pared with uninfected animals (Figure 6A and 6B). In order to
assess cardiac damage during bacterial infection, we stained
heart sections with Masson’s trichrome and H&E. We
observed the presence of distinct microlesions, randomly
dispersed throughout the intraventricular septum and myo-
cardium of the left and right ventricular free wall of Ft.n-
infected mice (Figure 6D and 6F). In contrast, cardiac
sections from sham-treated mice did not present with visible
microlesions (Figure 6C and 6E). H&E staining clearly showed
that no infiltrating immune cells were present within lesions
and surrounding tissue. These lesions were not present in the
pericardium, indicating that they were likely formed because
of inflammation and apoptosis by direct bacterial colonization
of the myocardium. Additionally, Masson’s trichrome staining
revealed significant cardiac fibrosis during Ft.n infection. As
shown in Figure S1, Ft.n infection enhanced cardiac interstitial
and perivascular fibrosis compared to sham-treated mice.

Ft.n Infection Induces Cardiac Inflammation
Given that Ft.n infection caused microlesions in cardiac
tissue, we next examined immune cell infiltration in hearts of
Ft.n-infected and sham mice. Examination of CD45-stained
sections revealed a substantial infiltration of hematopoietic
immune cells in the superior aspect, the left ventricle free wall
of the heart, and around the great vessels (Figure 7A, lower
panel). The number of CD45-positive cells were less in heart
sections from sham-treated animals (Figure 7A, top panel). As
shown in Figure 7B, the MFIs (MFI/lm2) of CD45 staining is
significantly increased in Ft.n-infected animals compared to
sham-treated mice. To determine whether the microlesions
were formed because of inflammation of cardiac tissue, we
examined the hearts for CD45-positive cells in the septal
region (Figure 7C and 7D). Surprisingly, we observed that the
lesions themselves were not positive for CD45 staining,
except for small numbers of positive cells juxtaposed with the
lesions (Figure 7D). Also, we observed an increased expres-
sion of IL-1b, TNF, and IL-8 genes in cardiac tissue of Ft.n-
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infected mice (Figure S2A through S2C). Concomitantly, we
observed increased IL-1b and TNF in serum of infected mice
(Figure S2E and S2F). Additionally, we observed increased
expression of SOD2 in infected cardiac tissue (Fig-
ure S2D).Together, these data suggest that the infected heart
is inflamed by immune cell infiltration, but the lesions formed
are attributed to bacterial dissemination and not attributed to
the infiltration and accumulation of inflammatory cells.

Increased Cardiac Apoptosis Following Ft.n
Infection
We next assessed whether Ft.n infection causes apoptosis in
the heart. Microlesions and cardiac scar are often attributed

to induction of apoptosis in cardiomyocytes.32 As expected,
we observed increased numbers of apoptotic cells in hearts
from Ft.n-infected mice. Furthermore, we detected abundant
apoptotic cells in the posterior region of the heart (Figure 8A).
The septal region also showed evidence of cardiomyocyte
apoptosis (Figure 8B). We observed that most of the lesions
were positive for TUNEL staining (Figure 8C; lower panel
shows a single microlesion), and, overall, the MFIs (MFI;
Figure 8D) for TUNEL staining was significantly increased in
Ft.n-infected cardiac tissue, suggesting that these lesions are
irreversible and may associate with defects in electrical
conduction. We also observed that most of the CD45-positive
regions were positive for TUNEL, indicating a correlation of
inflammation with apoptotic cell death in cardiac tissue.

A B

G

C D

E F

Figure 4. Fluid replacement does not rescue cardiac pump dysregulation during Ft.n infection. BALB/c mice were infected with Ft.n (25 CFUs)
through the intranasal route, and after 96 hours of incubation, we supplemented infected mice with fluid replacement at 10% total blood volume
(200 lL of PBS, intraperitoneally, or gentamycin [10 mg/kg] in PBS) for 5 days. On days 4 and 9, mice were anesthetized in an induction chamber
at 2% isoflurane in oxygen at a flow rate of 1.0 L/min. To assess cardiac function in vivo, two-dimensional echocardiography (Vevo 2100;
VisualSonics Inc., Toronto, Ontario, Canada) was performed at baseline and at day 4 postinfection. Left ventricular internal diameter during (A)
diastole (LVID; d) and (B) systole (LVID; s), posterior ventricular wall thickness (LVPW; d and LVPW; s) during (C) diastole and systole (D), ejection
fraction (E), and % fractional shortening (FS; F) were determined from with and without fluid resuscitation (PBS, 10 mL/kg intraperitoneally) of Ft.n-
infected mice. N=5 mice/group. (G) Survival studies were performed with a group of 5 mice per treatement (sham, Ft.n infection alone, Ft.n
infection+PBS, and Ft.n infection+gentamicin in PBS). After 96 hours of infection, 1 group of mice received PBS (200 lL of PBS, intraperitoneally)
or gentamycin in PBS (10 mg/kg intraperitoneally, volume equal to sham treatment [200 lL]); survival of mice was monitored.
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Therefore, our data indicate that Ft.n infection causes
increased apoptosis in the heart. To further confirm Ft.n-
mediated cardiomyocyte apoptosis, we infected neonatal
myocytes with GFP-expressing Ft.n, and after 6 hours of
infection, cells were analyzed for actin cytoskeleton staining.
Consistent with our in vivo data, Ft.n infection altered cardiac
myofilaments and cytoskeletal structures within 6 hours of
infection (Figure S3). These data strongly support that Ft.n
infection causes significant apoptosis, leading to irreversible
myocardial damage, which would be expected to lead to
increased mortality during severe bacterial sepsis. Together,
these data are consistent with Ft.n infection causing microle-
sions through induction of myocyte apoptosis.

miR-155 Expression Is Increased in the Heart
Following Ft.n Infection
To elucidate the molecular mechanism for cardiac inflamma-
tion and altered electrophysiology, we studied 2 known
inflammatory mediators, miR-155 and HSF-1. miR-155

expression is enhanced in lungs, spleen, and liver of Ft.n-
infected mice33 associated with robust immune cell infiltra-
tion and inflammation in hearts of infected animals. Further-
more, miR-155 regulates inflammation by targeting the
tyrosine phosphatase, SH2-containing inositol phosphatase
1.34 miR-155 expression was significantly increased in whole-
heart tissue of Ft.n-infected mice (Figure 9A), whereas in
isolated cardiomyocytes, miR-155 expression was not signif-
icantly increased (Figure 9B). Together, these data indicate
that Ft.n infection upregulates expression of miR-155 in the
heart and, potentially, in immune cells that have infiltrated
cardiac tissue.

Ft.n Infection Decreases HSF-1 Expression in
Heart
HSF-1 regulates expression of various stress response
proteins,35 and its transcriptional activity is an essential
element for protection against various pathogens by regulat-
ing expression of various inflammatory genes and preserving

A

C D E

FB

Figure 5. Ft.n disseminates into heart tissue. Cardiac sections from control and Ft.n-infected mice were stained with anti-Ft.n LPS Ab or
isotype control Ab followed by FITC 488 secondary Ab. Nuclei were stained with DAPI and examined for the presence of Ft.n by confocal
microscopy. (A) Representative images from 3 sham-treated mice. (B) Representative images from Ft.n-infected mice. (C) Isotype controls for
anti-Ft.n antibody. (D) Neonatal cardiomycytes and (E) fibroblasts were isolated from BALB/c mice and plated on coverslips. Cardiomycytes
were incubated with GFP-Ft.n (MOI, 20:1) for 60 minutes, washed 3 times with PBS, and fixed with 4% PFA. Nuclei were stained with DAPI and
examined by confocal microscopy. Representative images from 2 independent experiments. (F) Snap shot of vertical view of heart section from
the Z-stack of heart section from Ft.n-infected mice. Ab indicates antibody; DAPI, 4’,6-diamidino-2-phenylindole; DIC, differential interference
contrast; GFP, green fluorescent protein; IgG, immunoglobulin G; LPS, lipolysaccharide; MOI, multiplicity of infection.
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cardiomyocyte viability and function.36–39 Therefore, we next
determined expression of HSF-1 in Ft.n-infected animals. Ft.n
infection decreases expression of HSF-1 in the heart within
24 hours compared to sham-treated mice. Results in Fig-
ure 9C indicate that HSF-1 mRNA levels are significantly
decreased by Ft.n infection in cardiac tissue, suggesting the
dysregulation of expression of this stress response protein in
the heart. To further examine whether the decreased
expression of HSF-1 occurred in immune cells, we infected
BMDMs with Ft.n and determined the expression of HSF-1 by
immunoblot. We observed that Ft.n infection leads to rapidly
decreased expression of HSF-1 in macrophages (Figure 9D).

These data suggest that Ft.n infection promotes inflammation
and apoptosis, in part, by targeting HSF-1 expression during
infection.

Discussion
The results presented here provide evidence in support of the
hypothesis that the alteration in cardiac electrophysiology
during bacterial sepsis culminates in multiple organ failure
and increased mortality. Sepsis-mediated cardiac damage in
patients is frequently characterized by several ECG changes.
In this study, we have developed an instructive mouse model

A B

C D

E F

Figure 6. Presence of cardiac microlesions in Ft.n-infected mice. Cross-sections of hearts obtained from BALB/c mice after 96 hours of Ft.n
challenge. (A) Four-chamber view of hearts isolated from uninfected mice and (B) Ft.n-infected mice. Overall size of the heart was reduced and
showed significant tissue damage. Representative of 3 infected and uninfected hearts. The 4-chamber view sections from uninfected (C) and
Ft.n-infected (D) mice were stained with Masson’s trichrome to identify fibrotic replacement of cardiac tissue. Hematoxylin and eosin staining of
uninfected (E) and Ft.n-infected (F) heart sections and white circles show the regions of lesions by 109 magnification, and the area in the square
was enlarged to 409 magnification. Cardiac microlesions were randomly dispersed throughout the septa and myocardium (N=6). White circled
areas indicate lesion areas in the section.
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of sepsis by introducing low-dose Ft.n (�20 CFUs) through
the respiratory infection route to study the early pathophys-
iological and immunological changes in the heart during
development of sepsis. Within 48 hours after Ft.n infection,
we observed abnormalities in the ECG waveform, specifically
the development of a notable R’ wave, lengthening of the QRS
interval, and increased heart rate (Figure 2A and 2B). The
magnitude of ECG changes was further increased at 96 hours,
showing a severe defect in electrical conduction as evidenced
by an increase in QRS duration and clear R wave formation.
Similarly, Iuliano et al40 demonstrated that prolongation of
the QRS interval is an indicator of increased mortality and
sudden death in patients with heart failure. Also the increased
QRS duration observed in a surface echocardiogram is
associated with left ventricular dysfunction and causes the
conduction defect.41,42 We postulate that cardiac damage is
initiated during the early stage of infection, as early as 48 HPI,

as indicated by an abnormal ECG with mainly R’ wave and
prolonged QRS interval. Consistent with our sepsis model,
Rich et al18 reported prolonged QRS and development of a
BBB in patients with septic shock, providing further support
that our model mimics human sepsis with respect to heart
function.

Bacterial infections are often associated with abscess
formation, bacterial persistence, microlesions, and release of
inflammatory mediators.20,22,43 The data presented in this
article provide evidence for bacterial invasion and colonization
into the myocardium (Figure 5), consistent with bacterial
colonization in cardiac tissue during the early stages of sepsis
development. This may be the main cause for the changes in
electrical and structural changes in the heart given that
pathological examination of hearts from Ft.n-infected animals
showed multiple microlesions in the intraventricular septum
and left ventricular free wall. These cardiac microlesions can

A

C D

B

Figure 7. Ft.n sepsis induces inflammation that is not the cause of the microlesons. Four-chamber view sections from uninfected (A, upper
panel) and Ft.n-infected (A, lower pannel) mice were stained with CD45. CD45 staining of uninfected and infected heart sections by 109
magnification, and the area in the square was enlarged to 409 magnification. (B) Mean fluorescent intensities (MFI) of CD45 staining per lm2

indicates infiltration of immune cells in the heart. The images clearly show infiltration of immune cells in the posterior region of heart tissue.
Photomicrographs of sham-treated (C) and Ft.n-infected (D) septa region are shown with 109 and 409 magnifications. Microlesions of septa
region of Ft.n-infected mice do not show any leukocyte infiltration. Images shown are representative of 6 animals per group.
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be linked to cardiac dysfunction, physical interruption of
electrical conduction pathways, and cardiomyocyte death.
Brown et al20 observed similar microlesions in the heart of
Streptococcus pneumonia–infected mice and sepsis patients,
suggesting that this is a characteristic phenomenon of cardiac
damage during bacterial sepsis. Notably, Ft.n infection in mice
causes cardiac interstitial and perivascular fibrosis (Figure S1),
a general pathological condition associated with chronic
inflammation found in the cecal ligation and puncture (CLP)-
induced sepsis model.44 Importantly, histological analysis of
microlesions in the Ft.n-infected heart tissue reveals the

absence of immune cell infiltration. In contrast, we observed
robust infiltration of immune cells in the posterior region and
myocardium of the heart (Figure 7), suggesting that the Ft.n
infection causes cardiac inflammation and damage.

Apoptosis is a programmed cell death process and
deregulation in this process is linked with many human
diseases, including heart failure and ischemia-reperfusion
injury.45 Our TUNEL assay reveals that the microlesions are
composed of apoptotic cells without immune cells (Figure 8).
Furthermore, our in vitro studies with isolated neonatal
myocytes show a rapid degradation of myocyte cytoskeletal

A

B

C

D

Figure 8. Apoptosis of heart tissue during Ft.n infection. Heart sections from sham- and Ft.n-infected mice were deparaffinized by xylene, and
apoptotic cells were stained by the Click-it plus TUNEL assay kit with Alexa Fluor 488 dye. (A) Representative image from the posterior region of
heart sections of sham-treated mice (right panel) and Ft.n-infected mice (left panel). (B) Representative image of the septa region of Ft.n-infected
mice. (C) Representative image from the microlesion in septa region of Ft.n-infected heart sections. Lower panel shows an enlarged image of
microlesions in an Ft.n-infected heart section. Dotted circle shows a lesion caused by Ft.n infection. (D) Graph shows cumulative data of mean
florescent intensities (MFI) of apoptotic cells (AF488; N=3; 10 images/mouse; ***P<0.0005). AF488 indicates Alexa Fluor 488; DAPI, 4’,6-
diamidino-2-phenylindole; DIC, differential interference contrast; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.
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structure following Ft.n treatment. Consistent with these
results, we found an increased level of cTnI in the serum of
Ft.n-infected mice, indicative of cardiomyocyte damage.
Herein, we postulate that bacterial sepsis induces apoptosis
in cardiac tissue and causes irreversible damage, which may
be further amplified by secondary infections, thereby increas-
ing the risk for mortality in these patients.

Our novel murine model of sepsis also presents with a
distinct cardiac functional phenotype. In contrast to the
systolic dysfunction witnessed in CLP- and LPS-induced
murine models of sepsis, Ft.n infection produces a marked
increase in left ventricular EF (>75%). These mice also present
with decreased stroke volume, leading to depressed cardiac
output.46,47 The decreased stroke volume in these severely
septic mice is attributed to the reduced left ventricular
internal dimension during both systole and diastole of the

heart (Figure 3B). Furthermore, our strategy of fluid and
antibiotic resuscitation did not significantly rescue cardiac
functional parameters in Ft.n-infected animals (Figure 4).
Given our data, it is intriguing to speculate that Ft.n infection
was causing diastolic dysfunction in mice. Indeed, several
reports have linked sepsis to diastolic dysfunction, such as in
patients with S. pneumoniae septicemia48 and severe sepsis
patients with increased mortality.49 These results suggest
that these cardiac phenomena arise because of the infectious
presence of Ft.n. Alternatively, we cannot discount the
hypothesis that these dysfunctional phenotypes are caused,
in part, by blood fluid volume changes postinfection (ie,
hypovolemia). However, our current echocardiographic data
are insufficient to exclude either hypothesis and must be
noted as a major limitation of this study. Our data further
demonstrate increased LVPW diastolic and LVPW systolic

A B

C D

Figure 9. Ft.n infection enhances microRNA (miR)-155 expression in the heart. Total RNA from hearts of
Ft.n-infected (25 CFUs) or uninfected BALB/c mice (3 per group) was extracted after 96 hours. Animals
were sacrificed, hearts harvested immediately, cut into pieces to remove blood, washed 39, and
homogenized in RNA later. (A) miR-155 expression was measured using the TaqMan MicroRNA assay kit
and subsequent quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR). N=2. (B) Myocytes
from Ft.n-infected or uninfected mice were isolated and lysed in TRIzol reagent, and total RNA was
extracted. miR-155 expression was determined by using the Taqman MicroRNA assay kit and subsequent
qRT-PCR. (C) Total RNA was extracted from infected and uninfected heart tissue to measure heat shock
factor 1 (HSF-1) expression by qRT-PCR. N=3. (D) Bone-marrow–derived macrophages were infected with
Ft.n (MOI, 10:1) or left uninfected (R), and cells were lysed 24 and 48 HPI. Protein-matched cell lysates
were used to examine HSF-1 levels by western blot and reprobed with anti-b-actin antibody as a loading
control. Representative graph from 3 experiments (N=3; ***P<0.0005). CFU indicates colony forming unit;
HPI, hours postinfection; IB, immunoblot; MOI, multiplicity of infection.
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thickness in Ft.n-infected mice. Although insignificant
(P=0.151), a trend for increased heart weight/tibia length
ratio was also witnessed in Ft.n-infected animals. These
results, coupled with the histological, biochemical, and
electrocardiogram data, indicate significant cardiac dysfunc-
tion following Ft.n infection.

An increased production of inflammatory mediators and
myocardial inflammation are generally thought to be associ-
ated with cardiac death, severe arrhythmia, and heart
failure.50 Our findings of electrophysiology changes are
correlated with increased serum cytokine expression and
protein levels of TNF, IL-1b, IL-8, and SOD2 in the heart
tissue. The increased expression of TNF and IL-1b in heart
tissue suggests that cardiomyocyte death is attributed to the
TNF-mediated death pathway51 and IL-1b-mediated apopto-
sis.52 miRNAs play a significant role in the regulation of
inflammatory signaling cascades, and, notably, we observed
increased expression of miR-155 in heart tissue, suggesting a
mechanism for increased inflammation during Ft.n infection.
Additionally, cardiomyocyte apoptosis has been shown to be
regulated by heat shock protein (HSP) 70, whose expression
is regulated by the transcription factor, HSF-1.37 Notably, we
show, for the first time, that HSF-1 is downregulated during
Ft.n infection in heart tissue. Our finding suggests that HSF-1
is rapidly degraded in heart tissue during Ft.n infection, which
suggests that cardiomyocytes are undergoing the stress that
leads to increased apoptosis. Importantly, overexpression of
HSP-27 protects cardiac dysfunction mediated by ischemia
through stabilization of cardiac troponin I and T.38

To our knowledge, this is the first study demonstrating
cardiac damage, abnormal electrical conductivity, and dys-
function in a bacterial sepsis model that mimics several
aspects of human sepsis. We observed a pronounced
conduction defect, R’ wave formation, prolonged QRS, and
cardiac dysfunction in hearts of Ft.n-infected mice. The
underlying mechanisms include bacterial colonization in the
heart, increased expression of inflammatory genes, and
immune cell infiltration into cardiac tissue. Finally, we
observed increased apoptosis in cardiac tissue, which may
be attributed to increased miR-155 expression and rapid
degradation of myofilaments and HSF-1 in the heart. These
findings uncover a new sepsis model that enables the study of
early events in cardiac dysfunction, unlike current sepsis
models, and will allow us to uncover new treatment strategies
for treatment of sepsis.
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SUPPLEMENTAL MATERIAL 



Figure S1. Ft.n infection cause cardiac fibrosis. Cross sections of hearts obtained from 

BALB/c mice after 96 hours of Ft.n challenge. The four chamber view sections from uninfected 

(A) and Ft.n-infected (B &C) mice were stained with Masson’s Trichrome to identify fibrosis in 

cardiac tissue. Image shown in figure B is interstitial fibrosis and C is perivascular fibrosis from 

Ft.n infected mice hearts. The image shown in right panel is 60x magnification and 

representative of 6 animals per group.  

 

 

 



Figure S2.  Ft.n infection increases the expression of inflammatory mediators in the heart 

as well as serum cytokine levels. BALB/c mice were infected with Ft.n (25 CFUs) through the 

intranasal route and after 96 hours incubation, mice were sacrificed to harvest the heart which 

was cut into small pieces, washed with PBS and immediately homogenized with Trizol reagent. 

Total RNA were extracted and purified by using RNAeasy column, and converted into cDNA. 

Quantitative real time RT-PCR was used to determine (A) IL-1β, (B) TNF, (C) IL-8 and (D) 

SOD2 mRNA levels. Data were normalized to the β actin gene and relative gene expression was 

determined. Blood samples from Ft.n-infected or sham-treated mice were kept at 4oC for one 

hour and centrifuged at 1500g for 10 min at 4C. Serum samples were used to determine the 

levels of inflammatory cytokines by ELISA. The graph shown in (E) IL-1β and (F) TNF is a 



representative graph from three experiments (N=3; **P < 0.005, ***P < 0.0005).    

 

 

 

 

 



Figure S3.  Ft.n infection induces cardiomyocyte apoptosis.  Neonatal myocytes were isolated 

from BALB/C mice and infected with GFP-Ft.n ( MOI 10:1) and after 6 hours of incubation 

cells were washed , fixed, permeabilized and stained with AF594 conjugated phalloidin 

antibody. The myocytes were examined under confocal microscopy and the image shown is 

representative of 10 infected myocytes. 

 


