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Abstract

Previous studies have demonstrated loss/reduction of dystrophin in cardiomyocytes in both acute and chronic stages of experimental 7ry-
panosoma cruzi (T. cruzi) infection in mice. The mechanisms responsible for dystrophin disruption in the hearts of mice acutely infected with 7.
cruzi are not completely understood. The present in vivo and in vitro studies were undertaken to evaluate the role of inflammation in dystrophin
disruption and its correlation with the high mortality rate during acute infection. C57BL/6 mice were infected with T. cruzi and killed 14, 20 and
26 days post infection (dpi). The intensity of inflammation, cardiac expression of dystrophin, calpain-1, NF-kB, TNF-a, and sarcolemmal
permeability were evaluated. Cultured neonatal murine cardiomyocytes were incubated with serum, collected at the peak of cytokine production
and free of parasites, from 7. cruzi-infected mice and dystrophin, calpain-1, and NF-kB expression analyzed. Dystrophin disruption occurs at the
peak of mortality and inflammation and is associated with increased expression of calpain-1, TNF-a, NF-kB, and increased sarcolemmal
permeability in the heart of 7. cruzi-infected mice at 20 dpi confirmed by in vitro studies. The peak of mortality occurred only when significant
loss of dystrophin in the hearts of infected animals occurred, highlighting the correlation between inflammation, dystrophin loss and mortality.
© 2014 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Chagas disease, caused by Trypanosoma cruzi, remains an
important neglected tropical disease and a cause of significant
morbidity and mortality. The heart is severely and frequently
involved in both acute and chronic stages of the disease. The
cardiac involvement during the acute phase varies from mild to
severe. Acute myocarditis is characterized by diffuse foci of
myocytolytic necrosis and lymphomononuclear inflammatory
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infiltrate that spontaneously subsides after 2—3 months in most
of cases. Clinical signs and symptoms are absent from most
patients suffering from acute disease. In the indeterminate phase
infected individuals are clinically asymptomatic. Thirty percent
of these individuals will have clinically relevant chronic Chagas
disease associated with chronic cardiomyopathy. This stages is
associated with congestive heart failure and arrhythmias [1—5].

One of the most intriguing aspects of chronic Chagasic
cardiomyopathy is the long delay after the initial infection to
the chronic cardiac manifestations. This has been explained, in
part, by our previous study demonstrating loss/reduction of
dystrophin in mice experimentally infected with T. cruzi.
Dystrophin immunolabeling was focally reduced or completely
lost in cardiomyocytes 30 days post infection (dpi) and this
reduction was maintained at 100 dpi. At 30 dpi there was an
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intense acute myocarditis and ruptured or intact intracellular
parasite nests, whereas at 100 dpi a mild chronic fibrosing
myocarditis was detected with no parasites in the myocardium.
Ejection fraction was reduced, the right ventricle was dilated
and cardiac metabolism was altered at both time-points.
Importantly, there was no correlation between myocyte necro-
sis or myocytolysis and dystrophin loss. These findings sup-
ported the hypothesis that the initial parasitic infection-induced
myocardial reduction/loss of dystrophin significantly contrib-
utes to the delayed development of a cardiomyopathy [6].

It has been demonstrated that dystrophin loss destabilizes a
complex of proteins present at the sarcolemma causing alter-
ation in calcium homeostasis and increased membrane
permeability, which may be related to impairment of contrac-
tile force transmission [7]. In addition, dystrophin reduction
has been linked to the etiology of end-stage cardiomyopathies
and has been proposed as a common pathway for the devel-
opment of cardiomyopathy and congestive heart failure [8,9].
However, the mechanisms responsible for loss/reduction of
dystrophin in the hearts of mice acutely infected with 7. cruzi
are not completely understood.

Dystrophin and many of the cytoskeletal proteins linking
the cytoskeleton to the plasma membrane are rapidly cleaved
by calcium-activated proteases, such as calpains [10]. It has
been suggested that inflammation plays a role in the activation
of calpains [11—14]. Since proinflammatory cytokine response
is associated with the acute phase of Chagas disease [15—17],
the present studies were undertaken to evaluate the role of
inflammation in the loss/reduction of dystrophin and its as-
sociation with the high mortality rate during acute infection.

2. Material and methods
2.1. Mice

Male C57Bl/6 mice aged 8—10 weeks (23—25 g) were
maintained at a constant temperature (22 + 2 °C) and a 12:12 h
light—dark cycle. They were housed at the Animal Facility of
the Department of Pathology of School of Medicine of Ribeirao
Preto, University of Sao Paulo, and given standard mouse chow
and water offered ad libitum. Primary culture of neonatal
mouse cardiomyocytes was performed with myocytes obtained
from neonatal C57Bl/6 mice from the breeding colony of
Ribeirao Preto Medical School. All experimental procedures
were conducted in accordance with international guidelines for
the use of animals and received prior approval by the Com-
mittee on Animal Research of School of Medicine of Ribeirao
Preto, University of Sao Paulo (Processes 06.1.428.53.9 and
183/2010) and complied with the Guide for the Care and Use of
Laboratory Animals published by the National Institute of
Health (NIH Publication No 85-23, revised 1996). All efforts
were made to minimize animals suffering.

2.2. Experimental infection and blood collection

Mice were infected intraperitoneally with 1 x 107 trypo-
mastigotes of the Y strain of 7. cruzi. The Y strain of T. cruzi

was maintained by serial passage from mouse to mouse.
Parasitemia was individually checked by counting the number
of parasites/5 pl of blood obtained from the tail vein from day
5 up to 30 dpi. At 12 dpi, peak of cytokines production
[18,19], tail vein blood samples from infected and control
mice were collected, centrifuged at 3000 rpm at 4 °C for
5 min, and the serum (free of parasites) stored at —80 °C for
in vitro studies. Mortality was assessed daily and the mortality
rate calculated.

2.3. In vivo experiments

2.3.1. Histopathological analysis

Animals were sacrificed 14, 20 and 26 dpi. The hearts were
rapidly removed, rinsed in ice-cold 0.9% NaCl solution and
fixed in neutral 10% formalin for histological study or
immediately frozen in liquid nitrogen-cooled isopentane for
evaluation of the membrane permeability, immunofluores-
cence and immunoblotting studies. Both ventricles from each
heart were isolated and cut into two fragments by a mid-
ventricular coronal section.

For histopathological study, the samples were dehydrated,
clarified, embedded in paraffin, stained with hematoxylin and
eosin and examined by light microscopy (n = 6/day/group).
The tissue sections were used to evaluate the intensity of
inflammation, the presence of amastigote nests and tissue
damage.

For morphometric analysis, the number of interstitial
mononuclear cells was counted as previously demonstrated [6]
using the Leica QWin software (Leica Imaging Systems Ltd.,
Cambridge, England) in conjunction with a Leica microscope,
video-camera, and an on-line (n = 6/day/group). Measure-
ments were made by a skilled observed blinded to the groups.

2.3.2. Immunofluorescence

By immunofluorescence (IF) we evaluated dystrophin,
calpain-1, TNF-a, and NF-kB expression at 14, 20 and
26 dpi. For IF microscopy, 5 um frozen section (n = 6/day/
group) were transferred to silane-coated slides and fixed in
cold acetone for 10 min. Immunolabeling was performed
using primary antibody to dystrophin (rabbit polyclonal
antibody, Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA, dilution 1:200), anti-calpain-1 (goat polyclonal anti-
body, 1:100; Santa Cruz Biotechnology), anti-TNF-o (mouse
monoclonal antibody, 1:100; Santa Cruz Biotechnology) and
anti-NF-kB (mouse monoclonal antibody, 1:100; Santa Cruz
Biotechnology) diluted in 1% BSA and incubated overnight
at 4 °C. Secondary antibodies fluorescein-conjugated anti-
rabbit IgG, anti-goat IgG, or anti-mouse IgG, diluted 1:400
(Vector Laboratories Inc., Burlingame, CA, USA), were
used. Omission of the primary antibodies served as negative
control. F-actin filaments were stained with Alexa Fluor 594
(Invitrogen-GIBCO) for 1 h at room temperature and DNA
was stained with DAPI (Molecular Probes). The images
were analyzed with Leica DM 6000M microscope equipped
with Leica AF6000 Deconvolution System (Leica
Microsystems).
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2.3.3. Immunoblotting

To determine the amount of dystrophin, calpain-1, TNF-a,
and NF-«kB in control and infected mice (n = 5/day/group),
homogenates of the left and right ventricles were analyzed by
immunoblotting at 14, 20 and 26 dpi. Hearts frozen at —80 °C
were homogenized in extraction buffer with phosphatase and
protease inhibitors (Sigma—Aldrich). Protein extract (50 pg
protein/well) was separated on a 5% (dystrophin) or 10%
(calpain-1, TNF-a, and NF-kB) polyacrylamide gel, and
transferred to PVDF membrane (Hybond-ECL, Amersham
Pharmacia Biotech, Amersham, UK). After blocking with 5%
BSA/TBS-T for 24 h, the blots were incubated overnight at
4 °C with the antibody anti-dystrophin (rabbit polyclonal,
1:500, Santa Cruz Biotechnology Inc.), anti-calpain-1 (goat
polyclonal, 1:500; Santa Cruz Biotechnology), anti-TNF-a
(mouse monoclonal, 1:500; Santa Cruz Biotechnology), or
anti-NF-kB (mouse monoclonal, 1:500; Santa Cruz Biotech-
nology). The blots were then washed and incubated with HRP-
conjugated secondary antibodies for 40 min. The membranes
were washed, developed with the ECL (Amersham Pharmacia
Biotech) and gel documentation was made by Molecular
Imager ChemiDoc XRS System (Bio-Rad, Richmond, CA,
USA). Images were analyzed using the Image J program
(National Institutes of Health, available at http://rbs.info.nih.
gov/nih-image/), using the “gel analysis” function. Analysis
of the value for each band, which is proportional to the inte-
grated density value (IDV) of the band, corresponds to arbi-
trary units (AU). To control for lane loading, the same
membranes were probed with tubulin (1:1000; Santa Cruz
Biotechnology) or GAPDH (1:10,000, Cell Signaling, Dan-
vers, MA, USA) after being washed with stripping buffer.

2.3.4. Assessment of membrane permeability

To assess changes in sarcolemmal membrane permeability
of T. cruzi-infected mice at 20 dpi, Evans blue dye distribution
was assessed. Evans blue dye is a nontoxic dye that binds to
serum albumin when infused intravenously and allowed to
recirculate. Evans blue dye cannot cross the sarcolemma of
intact cardiomyocytes, but if the membrane is ruptured, it is
found in the intracellular space where it binds to intracellular
proteins. Intracellular staining of Evans blue dye therefore
identifies increased membrane permeability or sarcolemmal
damage [20]. Evans blue dye (Sigma—Aldrich, Inc., Saint
Louis, MO, USA) was dissolved in PBS (10 mg/ml), sterilized
through a 0.2 um pore size filter, injected into the tail vein and
kept circulating for 6 h before killing the animals. Cry-
osections were fixed in cold acetone at —20 °C for 10 min,
washed with PBS, coverslipped in Vectashield Mounting
Medium (Vector Laboratories). A double staining with Evans
blue dye and dystrophin was performed to check if the cells
that present dystrophin loss or reduction were the same cells
that present permeability alteration. All sections were
analyzed with Leica DM 6000M microscope equipped with
Leica AF6000 Deconvolution System (Leica Microsystems).
By fluorescence microscopy analysis, Evans blue dye staining
showed a bright red emission and dystrophin showed a bright
green emission.

2.4. In vitro experiments

2.4.1. Primary culture of neonatal mouse cardiomyocytes
and treatments

In order to confirm in vivo results, in vitro experiments
were performed using cultured neonatal cardiomyocytes.

Cardiomyocytes were isolated from neonatal mice hearts
as previously described [21]. Briefly, 20 neonatal mice were
killed by decapitation, the hearts were isolated and minced in
the dissociation solution containing 1.25% pancreatin
(GIBCO, Grand Island, NY, USA) and 300 mg/L bovine
serum albumin (BSA; Sigma—Aldrich, Inc., St. Louis, MO,
USA) diluted in (in g/L) 8.0 NaCl, 0.2 KCl, 0.05 Na,HPOy,,
1.0 NaHCO3;, and 2.0 dextrose. The homogenate was trans-
ferred to an Erlenmeyer flask with the dissociation solution
and placed in a water bath while continuously stirring. The
supernatant fraction from each digestion period was spun at
1200 rpm for 10 min, and the pellet re-suspended in Dul-
becco's modified Eagle's medium (DMEM) containing 10%
fetal bovine serum (FBS) (GIBCO) and 1% penicillin/
streptomycin (GIBCO). This procedure was repeated 5—7
times and then the tube with dissociated cells was placed in
the incubator (37 °C, 5% CO,). The cells were pooled and
plated in 100 mm culture dishes for 2 h. Unattached
5 x 10° cells/cm® or 5 x 10* cells/cm® highly rich in myo-
cytes were plated in 6-well cell culture plates (Corning, NY,
USA) or in Permanox Lab-Teks chamber slides (Nalgene
Nunc International, Rochester, NY, USA), respectively, and
incubated for 24 h. After this period, the medium was
replaced by DMEM supplemented with cytosine b-D-ara-
bino-furanoside (Sigma—Aldrich) and the cultures incubated
at 37 °C with 5% CO,. After 5 days of incubation, the culture
medium was removed and new medium supplemented with
serum from either 7. cruzi-infected or control mice and 10%
FBS (v/v) was immediately added and left in the incubator
for additional 24 h. Following the experimental periods, the
cardiac cells were washed and processed for immunoblotting
and IF labeling.

2.4.2. Immunofluorescence

Neonatal cardiomyocytes seeded in Lab-Teks chamber
slides were incubated for 24 h with serum obtained from
experimentally 7. cruzi-infected and control mice at 12 dpi, as
previously described. After incubation with filtered sera ob-
tained from infected mice or control sera, cells were fixed with
4% paraformaldehyde for 20 min, and then washed three times
with 4 °C cold PBS. Cells were permeabilized with 0.5%
Triton X-100 (Sigma—Aldrich) and non-specific staining was
blocked with 4% BSA. Primary antibodies to dystrophin
(rabbit polyclonal antibody, 1:200; Santa Cruz Biotech-
nology), calpain-1 (goat polyclonal antibody, 1:100; Santa
Cruz Biotechnology), NF-kB (mouse monoclonal antibody,
1:500; Santa Cruz Biotechnology) were incubated with the
cells overnight at 4 °C. The cells were then washed and
incubated with fluorescein-conjugated secondary antibodies.
F-actin filaments and DAPI were stained as described previ-
ously. Images were analyzed as described above.
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2.4.3. Immunoblotting

For measuring amounts of dystrophin and calpain-1 in
cultured cardiomyocytes 24 h after incubation with filtered
sera obtained from infected or control mice, the cells (n = 3
distinct cardiomyocytes cultures/group) were removed from
plates and lysed with protease and phosphatase inhibitor
cocktail (Sigma—Aldrich) using cell lifter. Total cell protein
(20 pg of protein/well) was resolved on a 5% (dystrophin) or
10% (calpain-1) SDS-Page gel and transferred to PVDF
membrane (Amersham Pharmacia Biotech, Amersham, UK).
The membranes were blocked with 5% BSA/TBS-T for 2 h
and incubated overnight at 4 °C with the primary antibodies
anti-dystrophin (rabbit polyclonal antibody, 1:250; Santa Cruz
Biotechnology) or anti-calpain-1 (goat polyclonal antibody,
1:250; Santa Cruz Biotechnology) followed by incubation
with HRP-conjugated secondary antibodies for 40 min at room
temperature. The loading control, documentation, and quan-
tification of membranes were performed as previously
described for in vivo studies.

2.5. Statistical analysis

In vivo and in vitro data were analyzed using a GraphPad
Prism 5 statistics program (GraphPad Software Inc., San
Diego, CA, USA). All data are presented as mean + SD.
Multiple comparisons were made using a one-way analysis of
variance (ANOVA) followed by Bonferroni (parametric data)
or Dunn's (nonparametric data) post hoc multiple-comparisons
tests. For comparison of two groups Student's 7-test was used.
The survival rates were constructed using the Kaplan—Meier
curve, and differences in mortality were compared using the
log-rank (Mantel—Cox) test. A p < 0.05 was considered sta-
tistically significant.

3. Results
3.1. In vivo experiments

3.1.1. Parasitemia and mortality

Parasitemia was followed from 5 to 30 dpi. Mice exhibited
progressively elevated parasitemia levels after 5 dpi, reaching
the peak of 1.4 x 10° trypomastigotes/ml of plasma at 9 dpi.
Twenty-six days after infection parasitemia waned. Mortality
occurred between days 18 and 22 post infection, reaching the
mortality peak of 50% at 20 dpi.

3.1.2. Histopathological analysis

Histological sections from hearts of 7. cruzi-infected mice
at 14 dpi displayed inflammatory infiltrate and rare amasti-
gotes nests were observed. Isolated foci of fibrosis were
observed. At 20 dpi, inflammatory infiltrates were more pro-
nounced and rare amastigote nests were seen. Interstitial
fibrosis was more evident. At 26 dpi, inflammation became
significantly less intense and only sparse groups of infiltrating
cells could still be observed; fibrosis was present. The quan-
tification of the number of interstitial mononuclear cells
demonstrated 41.4 + 12 cells/field at 14 dpi, 53.4 + 12 cells/
field at 20 dpi and 36.42 + 4 cells/field at 26 dpi in comparison
with the number of interstitial mononuclear cells in control
mice 22.3 + 1.9 cells/field (Fig. 1).

3.1.3. Immunofluorescence and immunoblotting

The amount of dystrophin in the hearts of infected mice
was markedly reduced at 20 dpi (0.18 + 0.05 AU), repre-
senting a reduction of 65% (p < 0.01) compared to the amount
of dystrophin in control mice (0.52 + 0.03 AU). There were no
differences in the amount of dystrophin 14 (0.45 + 0.03 AU)

80+

60+

40-

204

Number of mononuclear cells/field

Control

Days post infection

Fig. 1. Histological analysis of left ventricle. Control mice displayed normal cardiac fibers with regular interstitial space. At 14 dpi there was a diffuse myocarditis
characterized by lymphomononuclear interstitial infiltrate and enlargement of the interstitial space. At 20 dpi inflammation was even more intense. After 26 dpi, the
number of lymphomononuclear inflammatory cells decreased and no parasites were observed. Bars = 60 microns.



772 L.M. Malvestio et al. / Microbes and Infection 16 (2014) 768—777

and 26 dpi (0.29 + 0.05 AU) compared to control mice. The IF
revealed that dystrophin immunolabeling occurred in a uni-
form pattern as a continuous rim at the periphery of most
cardiomyocytes (Fig. 2, green fluorescence). However, dys-
trophin expression was focally lost in some foci of car-
diomyocytes mainly at 20 dpi (Fig. 2, head arrows). In order to
determine whether dystrophin loss was a consequence of
cardiomyocyte death, the sections were double-stained against
F-actin to detect cardiomyocyte cytoskeletal F-actin (Fig. 2,
red fluorescence). Spread blocks of cardiomyocytes lacking
dystrophin distinctly showed the red fluorescent signal for F-
actin, indicating an absence of correlation between myocyte
necrosis or myocytolysis and dystrophin loss. Moreover, some
amastigote nests were seen at 14 and 20 dpi (Fig. 2, arrows).

The amount of calpain-1 was significantly increased at 14
(0.38 £ 0.03 AU) and 20 (0.34 + 0.07 AU) dpi, representing an
increase of approx. 90% and 70% (p < 0.05), respectively,
compared to the amount of calpain-1 in control mice
(0.20 + 0.01 AU). There was no difference of calpain-1 at
26 dpi (0.24 + 0.01 AU) as compared to control animals
(Fig. 3C). The IF signal for calpain-1 progressively increased
at 14 and 20 dpi (Fig. 3B, green fluorescence), and was
associated with an increased number of inflammatory cells as
revealed by blue fluorescence of DAPI when compared with
control mice (Fig. 3A).

The NF-kB amounts were increased at 14 (0.77 + 0.13 AU)
and 20 dpi (0.76 + 0.15), representing an increase of approx.
133% and 130% (p < 0.05), respectively, when compared with
mean amounts of NF-kB in control animals (0.33 + 0.02 AU).
There was no difference of NF-kB at 26 dpi (0.58 + 0.17 AU)
as compared to control animals (Fig. 3F). The IF revealed that
NF-kB peaked at 14 and 20 dpi (Fig. 3E, green fluorescence)
and was associated with increased number of inflammatory

Control

cells as revealed by blue fluorescence of DAPI in comparison
with control mice (Fig. 3D). Similarly, the amount of TNF-a.
was significantly increased at 14 (0.38 + 0.04 AU) and 20 dpi
(0.44 + 0.08 AU), representing an increase of approximately
80% and 109%, respectively, in comparison with the amount
of TNF-a in control mice (0.21 + 0.04 AU). There was no
difference of TNF-a at 26 dpi (0.25 + 0.05 AU) as compared
to control mice (Fig. 3I). The TNF-a fluorescence peak was at
14 and 20 dpi (Fig. 3H, green fluorescence) and was almost
absent in control mice (Fig. 3G, green fluorescence). Car-
diomyocytes were stained for F-actin (red fluorescence).

3.1.4. Sarcolemmal permeability evaluated by Evans blue
dye

The assessment of sarcolemmal permeability with Evans
blue dye showed that 7. cruzi-infected mice presented with
more permeable sarcolemma. In control animals, there was no
intracellular staining with Evans blue dye. However, car-
diomyocytes from infected mice at 20 dpi presented a bright
red fluorescence in the cytoplasm of spread blocks cells,
indicating that structural perturbation of the plasma membrane
integrity was seen (Fig. 4, red fluorescence). The merge of
dystrophin and Evans blue images shows that cardiomyocytes
presenting Evans blue staining were the same as those with
dystrophin loss (Fig. 4, head arrow).

3.2. In vitro results

3.2.1. Immunofluorescence and immunoblotting

Neonatal cardiomyocytes were evaluated following a
period of 24 h after incubation with filtered sera obtained from
infected or control mice [(10% (v/v)]. The IF analysis clearly
showed decreased expression of dystrophin associated with
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Fig. 2. Representative images of IF for dystrophin in control and 7. cruzi-infected mice and immunoblotting quantification. The IF study showed that dystrophin
labeling occurred in a uniform pattern as a continuous rim at the periphery of most cardiomyocytes (green fluorescence). Dystrophin expression was focally lost in
some foci of cardiomyocytes mainly at 20 dpi (head arrows). The red fluorescence signal shows staining for F-actin. Some amastigote nests are seen at 14 and
20 dpi (arrows). Densitometric analysis of immunoblotting showed a significant reduction of dystrophin at 20 dpi. Tubulin signal was used to normalize loading

differences between lanes. Bars = 60 microns.
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Fig. 3. Representative images of IF for calpain-1, NF-kB and TNF-alpha in control and 7. cruzi-infected mice and immunoblotting quantification. The IF signal for
calpain-1 was increased peaking at 14 and 20 dpi (green fluorescence), associated with increased number of inflammatory cells revealed by blue fluorescence of
DAPI when compared with control mice. The immunoblotting quantification corroborates the IF findings. The same phenomenon was observed in the IF signal for
NF-kB (green fluorescence). The TNF-alpha IF signal (green fluorescence) was quite weak in control mice as compared to infected mice. F-actin is showed in red.
GAPDH signal was used to normalize loading differences between lanes in the WB quantification. Bars = 60 microns.

cytoplasmic vacuolization and formation of multiple blebs
dispersed in the cytoplasm of cardiomyocytes incubated with
filtered sera obtained from infected mice (Fig. 5D, green
fluorescence) as compared to that observed in cardiomyocytes
incubated with control sera (Fig. 5A). F-actin fluorescence
staining revealed disruption and rearrangement of filaments
(Fig. SE, red fluorescence), as compared to control (Fig. 5B).
The quantification of dystrophin by immunoblotting showed a
reduction of 50% (1.6 + 0.32 AU) in cultured cardiomyocytes
incubated with filtered sera obtained from infected mice in
comparison to those incubated with control sera (0.8 + 0.21
AU), corroborating the IF findings (Fig. 5).

Cultured neonatal mouse cardiomyocytes incubated with
filtered sera obtained from infected mice presented increased
fluorescence expression of calpain-1 (Fig. 6D, green fluores-
cence) in comparison with cardiomyocytes incubated with
control sera (Fig. 6A). Immunoblotting results demonstrated
that the amount of calpain-1 was increased by approx. 33%
(1.6 £ 0.04 AU) in cardiomyocytes incubated with filtered sera

obtained from infected mice in comparison with values in
control cardiomyocytes (1.2 + 0.06 AU) (Fig. 6).

Cultured cardiomyocytes incubated with filtered sera ob-
tained from infected mice displayed a marked increased
fluorescence of NF-kB (Fig. 6J) in comparison with car-
diomyocytes incubated with control sera (Fig. 6G). In addi-
tion, disruption and rearrangement of F-actin associated with
reduced size of cardiomyocytes were observed after the
addition of filtered sera obtained from infected mice (Fig. 6L)
as compared to control sera (Fig. 6H).

4. Discussion

The present study demonstrates that loss/reduction of car-
diac dystrophin occurs at the peak of mortality and inflam-
mation, increased expression of calpain-1, TNF-a, NF-kB, and
increased sarcolemmal permeability in the heart of 7. cruzi-
infected. These data were confirmed by in vitro studies where
serum of T. cruzi-infected mice, collected at the peak of
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Dystrophin
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20 dpi

Evans Blue Dye

Merge Dystrophin + EBD

Fig. 4. Representative images of IF for dystrophin (green fluorescence) and Evans blue dye uptake (red fluorescence). The assessment of sarcolemmal permeability
with Evans blue dye showed that 7. cruzi-infected mice present more permeable sarcolemma. In control animals, there was no intracellular staining with Evans blue
dye. At 20 dpi a bright red fluorescence in the cytoplasm of spread blocks of cardiomyocytes was seen. The merge of dystrophin and Evans blue images shows that
cardiomyocytes presenting Evans blue staining were the same of those with dystrophin loss (head arrow). Bars = 60 microns.

cytokine production and free of parasites, was incubated with
cultured neonatal cardiomyocytes. It is noteworthy that
although there is no difference among the expression of
calpain-1, TNF-o and NF-kB between 14 and 20 dpi, the peak
of mortality occurred only when significant loss of dystrophin
in the hearts of infected animals occurred, highlighting the
correlation between inflammation, dystrophin loss and
mortality.

Our results demonstrated a marked inflammatory infiltrate
associated with interstitial fibrosis and rare amastigote nests in

Dystrophin F-actin

- F

the hearts of mice infected with Y strain of 7. cruzi at 14 and
mainly at 20 dpi. During acute infection there is an intense
inflammatory response associated with an upregulation of pro-
inflammatory mediators [17,22]. As a result of this focal
mononuclear cell inflammation, a 2-fold increase of TNF-a
was detected by immunoblotting and IF in the hearts of mice
infected with 7. cruzi at 20 dpi. It has been proposed that in-
flammatory cytokines stimulate endoplasmic reticulum release
of Ca™?, resulting in activation of calcium-activated proteases,

that produces further intracellular changes, including
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Fig. 5. Representative images of IF for dystrophin (green fluorescence) and immunoblotting quantification in cultured newborn cardiomyocytes incubated with
control sera (A,B,C) or incubated with filtered sera obtained from infected mice (D,E,F). F-actin was stained with Alexa fluor 594 (red fluorescence) and nuclei
with DAPI (blue fluorescence). Cardiomyocytes incubated with filtered sera obtained from infected mice presented bleb formation and decreased expression of
dystrophin (D) and disruption and rearrangement of filaments (E and F) as compared to dystrophin expression in control cardiomyocytes (A). Immunoblotting
quantification demonstrated that the amount of dystrophin was markedly decreased, by ~50%, in cardiomyocytes incubated with filtered sera obtained from
infected mice compared to amounts observed in control cardiomyocytes. Tubulin was used as a protein loading control. Bars = 50 microns.



L.M. Malvestio et al. / Microbes and Infection 16 (2014) 768—777 775

F-actin

Calpain-1

NF-kB F-actin

Merge Calpain-1 + F-actin

204
$<0.0001

1

Calpain-1/GAPDH (AU)
33

o
2

Control  T.cruzi infected

Calpair-1 4
80 KDa

GAPDH |
37KDa

Merge NF-kB + F-actin

Fig. 6. Representative IF images for calpain-1 and NF-kB (green fluorescence) and immunoblotting quantification in cultured newborn cardiomyocytes incubated
with control sera (A,B,C,G,H,I) or with filtered sera obtained from infected mice (D,E,EJ,L,M). F-actin was stained with Alexa fluor 594 (red fluorescence) and
nuclei with DAPI (blue fluorescence). Cardiomyocytes incubated with filtered sera obtained from infected mice presented increased expression of calpain-1 as
compared to expression levels in control cardiomyocytes (A). In merged images, cardiomyocytes incubated with filtered sera obtained from infected mice are
orange (F, green and red mixed) while control cardiomyocytes remain red (C). Inmunoblotting quantification demonstrated that calpain-1 amount was markedly
increased, by ~33%, in cardiomyocytes incubated with filtered sera obtained from infected mice compared to amounts observed in control cardiomyocytes.
GAPDH was used as a protein loading control. The IF signal for NF-«kB is strikingly increased (J) in cardiomyocytes incubated with filtered sera obtained from
infected mice in comparison with the IF signal in control cardiomyocytes (G). A disarrangement of filaments associated with reduced size of cardiomyocytes was

evidenced by F-actin fluorescence staining (L). Bars = 50 microns.

secondary inflammation [11,12]. In addition to increased TNF-
o level, increased levels of NF-kB were observed both in vivo
and in vitro studies. NF-«B is a transcription factor that reg-
ulates expression of genes mainly involved in the inflamma-
tory response and the immune system [23]. Its activation
occurs through degradation of its inhibitory protein IkB-a and
NF-kB translocation to the nucleus [23—25]. Once activated,
NF-kB triggers an enhanced expression of cytokines, thereby
initiating a vicious cycle in a positive feedback loop [26—29].

The IF findings demonstrate an increased expression of the
calcium-activated protease calpain-1 in the hearts of mice
infected with the parasite 7. cruzi as compared to control mice.
This data was confirmed in cardiomyocytes incubated with
filtered sera obtained from infected mice as compared to

cardiomyocytes incubated with control sera. Calpains require
micromolar or millimolar Ca™ concentrations for activity.
Many of the proteins linking the cytoskeleton to the plasma
membrane are cleaved rapidly by the calpains, including
dystrophin [10]. In addition, increased calpain activity has
often been reported as an aggravating factor in cardiovascular
diseases and other pathophysiological conditions [30].

In the present study, the amount of dystrophin was markedly
reduced at 20 dpi in the hearts of 7. cruzi-infected mice as
compared to control mice. The same phenomenon was observed
in cardiomyocytes incubated with filtered sera obtained from
infected mice as compared to cardiomyocytes incubated with
control sera. These alterations were corroborated by immuno-
blotting results showing a marked decreased in dystrophin level
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in both situations. This decrease could be a direct consequence of
calcium-dependent calpain activity that cleaves dystrophin very
rapidly when calcium concentration is compatible with this
activation [10,31]. This assertion is reinforced by observation of
coincidental findings between peaks of dystrophin disruption
and calpain-1 expression in both in vivo and in vitro studies.
Absence of dystrophin results in the rupture of the physical
linkage of the subsarcolemmal cytoskeleton to the sarcolemma,
thus impairing contractile transmission and resulting in con-
tractile dysfunction. Concomitantly, this breakdown of the link
with the cytoskeleton may impair the sarcolemmal integrity and
increase fragility and permeability [17,32]. The alteration in
membrane permeability was confirmed with double staining of
dystrophin and Evans blue dye in the cardiomyocytes of infected
mice at 20 dpi. The cells that have Evans blue dye red fluores-
cence in the cytoplasm were the same cells that have lost dys-
trophin expression.

Another important finding is the cell shape change with
cytoplasmic vacuolization and bleb formation in the car-
diomyocytes incubated with filtered sera obtained from
infected mice. Studies using renal tubule cells of rabbit and
hepatocytes of rats exposed to highly toxic agents that act by
increasing cytosolic calcium levels have shown that intracel-
lular concentrations of calcium precede bleb formation. Pre-
treatment of these cells with protease inhibitor prevented bleb
formation but also decreased proteolysis rate [33—35]. The
activation of calcium-dependent proteases could be respon-
sible for the rearrangement of F-actin filaments inducing the
formation of bubbles [36]. These findings emphasize the role
of proinflammatory cytokines present in the serum of animals
experimentally infected with 7. cruzi, in the activation of
calcium-dependent proteases.

In summary, although the levels of calpain-1, TNF-a, NF-
kB were increased in the mice infected with T. cruzi as
compared to control mice at 14 and 20 dpi, only when cardiac
dystrophin expression was significantly decreased was the
peak of mortality observed. This underscores the relationship
between inflammation, dystrophin loss and mortality. In
another study, the disruption of dystrophin has been suggested
to contribute to sudden death of patients who suffered
myocardial infarction [37]. Our in vitro studies employing
cultured neonatal cardiomyocytes incubated with filtered sera
obtained from infected mice, confirmed the in vivo findings
that calpain-1 could be responsible for the dystrophin reduced
expression. Further studies are needed to shed light on this
mechanism such as the use of specific calpain inhibitors.
These studies could provide novel therapeutic targets to pre-
vent death during acute Chagas disease.
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