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Abstract
Caveolae are motile, membrane-bound compartments that contain a number of molecules that
participate in cell signaling. Caveolins are protein markers of caveolae and function in a variety of
biological processes. Caveolin-3 (Cav-3) is expressed in muscle cells and Cav-3 null mice display
a cardiomyopathic phenotype. Ultrastructural cytochemistry, confocal microscopy and
immunoblotting revealed a reduction in Cav-3 expression and an activation of ERK (extracellular-
signal-regulated kinase) 48 hours after Trypanosoma cruzi infection of cultured cardiac myocytes.
CD-1 mice infected with the Brazil strain of T. cruzi displayed reduced expression of Cav-3 and
activation of ERK 66 days post infection (dpi). By 180 dpi there was a normalization of these
values. These data suggest that the reduction in Cav-3 expression and the activation of ERK
during the early phase of infection may contribute to the pathogenesis of chagasic
cardiomyopathy.
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Introduction
Chagas disease is caused by the protozoan parasite Trypanosoma cruzi,1 and results in heart
disease in endemic areas of Latin America.2 Acute infection is usually associated with
intense myocardial inflammation characterized by an upregulation of cytokines and
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chemokines.3,4 The ensuing cardiovascular remodeling may result in cardiomyopathy. The
dilated cardiomyopathy is associated with congestive heart failure, arrhythmias, conduction
abnormalities and thrombo-embolic events.2,5 The mouse model of T. cruzi infection has
been intensely studied because it recapitulates many of the pathological, functional and
immunological features of the human disease. In addition, primary cultures of rodent
neonatal cardiac myocytes have been utilized as a tool to investigate the effect of T. cruzi on
the heart.6–13 For example, T. cruzi alters cardiac myocyte Ca2+ homeostasis.6–13 and gap
junctional communication.14,15 These infection-associated changes may contribute to the
arrhythmias observed in this infection.

Caveolae are motile, membrane-bound compartments containing molecules that participate
in cell signaling such as enzymes that generate messengers from substrates in the
environment, substrates that are enzymatically converted into messengers and high-affinity
binding sites that concentrate chemical signals. Caveolins are protein components of
caveolae that are important in modulating a variety of biological functions including the
modifications of signaling systems.18 Caveolae and caveolins play critical roles in calcium
homeostasis in the heart16 and are disrupted by T. cruzi infection.17

Caveolae are signaling platforms that compartmentalize and concentrate signaling molecules
such as G-protein subunits and endothelial nitric oxide synthase. Caveolins inhibit the
downstream activation and signaling of many proteins, including c-Src, H-Ras, mitogen-
activated protein (MAP) kinases, and eNOS.19,20 Caveolin-1 (Cav-1) is expressed
ubiquitously, although at different levels in different tissues; Cav-2 is tightly co-expressed
with Cav-1, whereas Cav-3 is expressed predominantly in striated muscle cells.21
Importantly, Cav-1 and Cav-3 null mice display a cardiomyopathy, with left ventricle wall
thickening, fibrosis and p42/44 MAPK (ERK 1/2) activation.22

The activation of ERK1/2 plays an important role in the pathogenesis of cardiac
hypertrophic responses and cellular proliferation in the cardiovascular system.23 In vitro
data support a role for Cav-1 and Cav-3 as negative regulators of ERK signaling.24 During
acute infection with the Tulahuen strain of T. cruzi Nagajyothi et al.17 described reduced
levels of Cav-1, -2 and -3 and increased ERK phosphorylation in hearts from infected mice.
T. cruzi infection of mice and of cultured endothelial and smooth muscle cells resulted in
activation of AP-1 which participates in cardiovascular remodeling through ERK 1/2
phosphorylation.25,26

We now report that the infection of cultured cardiac myocytes with T. cruzi resulted in a
reduction of Cav-3 expression and activation of ERK 1/2. This was also observed in infected
mice. These observations strongly suggest that infection with T. cruzi results in the reduced
expression of Cav-3 and the activation of ERK. The cardiomyopathic phenotype of Cav-3
null mice suggests that a reduction in Cav-3 expression contributes to the cardiomyopathy of
chagasic cardiomyopathy. ERK likely plays an important role in cardiac remodeling and
arrhythmogenesis that accompany chagasic cardiomyopathy.

Results
Caveolae and caveolin-3 (Cav-3) expression are reduced as a result of T. cruzi infection

Ultrastructural analysis revealed that uninfected cardiac myocytes displayed features of
differentiated myocytes such as myofibrils near mitochondria, sarcoplasmic reticulum, T-
tubules and cell-cell junctions (Fig. 1A–C). Use of the lanthanum (La) as an electron opaque
tracer for divalent ion (Ca2+) binding sites revealed numerous caveolae on the surface of
cultured cardiac myocytes and subsurface vesicles containing the tracer (Fig. 1B and C).
After 24 hours of infection, trypomastigotes were identified by the presence of basket
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shaped kinetoplasts and subpellicular microtubules (Fig. 1D). We observed intracellular
amastigotes in the cytoplasm of host cells presenting typical structures such as reservosomes
and acidocalcisomes at 48 h (Fig. 1E). Beginning at 24 hr post infection, there was both
reduced surface staining with La and a smaller number of caveolae in infected cells (Fig.
1D). These differences persisted at longer time-points, with surface La labeling virtually
absent at 72 hours post infection (Fig. 1E and F).

To quantitate alterations in caveolae and Cav-3 abundance and distribution, we performed
immunostaining and immunoblotting during the course of infection. Cultured cardiac
myocytes displayed specific reactivity to anti-Cav-3 antibody, since no staining was
detected in endothelial cells or fibroblasts (not shown). Cav-3 expression was abundant at
and beneath the surface membrane of cardiac myocytes cultured for 96 hours (Fig. 2).
However, 72 hours post infection, highly infected cells showed a striking reduction in Cav-3
immunoreactivity (Fig. 2B). Immunoblot analyses of the myocytes were consistent with
both La cytochemistry and Cav-3 immunostaining. We observed that infected cardiac
myocytes displayed Cav-3 levels similar to controls at 24 hours post infection and that there
was a significant reduction at 48 (74%) and 72 (51%) hours post infection (p < 0,05,
ANOVA) (Fig. 2C and D).

T. cruzi in vivo infection and caveolin-3 (Cav-3) expression
We further analyzed the changes in Cav-3 in infected mice 66 and 180 days post infection
(dpi). Immunoblot analysis of the heart tissue at these time points revealed that at 66 dpi
there was a 46% decrease in Cav-3 levels, which were fully restored at 180 dpi (Fig. 3).
Immunohistochemistry of the heart tissue at 66 dpi revealed that non-infected animals
displayed abundant Cav-3 amongst cardiac myocytes, with T-tubule patterns (Fig. 3 and
arrows). This pattern was altered in infected hearts, where we observed areas of tissue
damage (Fig. 3B) and areas in which cardiac myocytes displayed mostly intracellular
staining.

T. cruzi and ERK phosphorylation
Since an inverse relationship has been reported between the activation of ERK and the
reduction in Cav-3 expression24 we examined the impact of infection on ERK activation in
cardiac myocytes at various time-points post infection, from one to 72 hours. The protein
lysates were subjected to immunoblot analysis and probed with specific antibodies. We
verified that at all time points studied, the infection did not alter total ERK expression (Fig.
4A and B). However, there was a progressive activation of ERK, as evidenced by increased
phosphorylation in the cardiac myocytes; starting at 2 hours post infection (40%) and a 3-
fold increase 72 hours post infection (Fig. 4A and B). We next analyzed ERK expression
activation in hearts of infected mice at 66 and 180 dpi. While total ERK expression
remained unaltered, phosphorylated forms of ERK at 66 dpi (when Cav-3 levels were
decreased) had a 2.3-fold increase when compared to age-matched controls. At 180 dpi we
observed that phosphoERK expression was 68% decreased in infected heart tissue (Fig. 4C
and D).

Discussion
The effects of T. cruzi infection and its progression to heart disease is an ongoing interest by
our groups and of others, since chagasic cardiomyopathy is the main cause of heart disease
in Latin America. The parasite alters many of the host cell processes such as intracellular
calcium homeostasis,9,27 cell-cell communication14,15 and cytoskeleton stability.28,29
Alterations caused to host cells in the heart during acute infection where tissue parasitism is
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high and is associated with an intense inflammatory response and myonecrosis, may
determine the development of the chronic disease.

In the present study, we have focused on caveolae, which are membrane-bound signaling
complexes involved in Ca2+ homeostasis as well as other cell functions.19 We evaluated the
distribution of caveolae on infected cardiac myocytes by ultra-structural cytochemistry using
lanthanum nitrate (La). La displaces Ca2+ from its binding sites on sarcolemma and can be
used as a tracer for surface Ca2+ binding sites, abundantly found in caveolae.30,31 The La
staining permits the observation of caveolae distribution and intracellular vesicles, with
positive La staining indicating sites of transport and storage of Ca2+. In the current study we
observed that T. cruzi-infected cardiac myocytes displayed a reduction in La staining on
sarcolemma when compared with non infected cells after 48 hours of infection.32 This is in
agreement with previous results showing (a) that T. cruzi could alter cardiac myocyte
endocytotic uptake of small molecules,32 and (b) that caveolin (Cav)-1 null mice also
display impaired endocytosis. 33 We confirmed the alterations in caveolae distribution
during infection with T. cruzi by immunostaining and immunblot analysis demonstrating a
significant reduction in the expression of Cav-3 48 and 72 hours post infection. Since
caveolae are involved in Ca2+ regulation in cardiac myocytes and T. cruzi infection alters
these structures, it is possible that caveolae disruption could be involved with the changes on
Ca2+ homeostasis in cardiac myocytes. By depleting caveolae with cyclodextrin34, a dose-
dependent decrease in frequency, amplitude and spatial extent of Ca2+ sparks was observed
in smooth muscle cells and in cardiac myocytes. These observations suggest that alterations
in the molecular assembly and ultra-structure of caveolae may lead to pathophysiological
changes in Ca2+ signaling. Through disruption of Ca2+ homeostasis, alteration in caveolae
may contribute to the occurrence of arrhythmias observed in chagasic heart disease.

One major mechanism by which expression of caveolins is downregulated is activation of
the mitogen-activated protein kinase family (MAPK), including the p42/44 MAPK, also
known as extracellular signal regulated kinase (ERK 1/2).19,35 The infected myocytes
displayed activation of this protein kinase starting at two hours post infection as determined
by immunoblot analysis using phospho-specific antibodies, without any significant
alteration in total protein expression. This observation is consistent with our previous
demonstration of ERK activation in cultured endothelial and smooth muscle cells after
infection with the Tulahuen strain of T. cruzi.25

Since ERK phosphorylation is involved in cardiac remodeling, we studied Cav-3 and
phospho-ERK expression in heart lysates of infected mice 66 days and 180 days post
infection. Cav-3 levels were drastically reduced at 66 dpi as observed by
immunohistochemistry and immunoblot; and a three-fold increase in ERK phosphorylation
was observed. This in accordance with previous studies that shown reduced Cav-1, Cav-2
and Cav-3 during acute murine T. cruzi infection followed by ERK phosphorylation.3,17
Cav-1 null mice display hyperactivation of ERK in the heart and these mice also display
cardiac hypertrophy with normal substrate utilization and expression of genes involved in
energy metabolism. 36–38 In addition, Cav-3 null mice display increased expression of
phosphorylated ERK and a cardiomyopathic phenotype.22

The observations in the current report demonstrate that T. cruzi infection alters Cav-3
expression in cardiac myocytes. The ERK 1/2 activation indicates that Cav-3
downregulation an important contributor in the cardiac injury observed during chagasic
cardiomyopathy, including the hypertrophy, inflammation, fibrosis and arrhythmias, as
observed in Cav-1, Cav-3 and the double knockout mice.22,36,37 These observations also
suggest that the caveolins may provide a novel target for potential therapeutic agents.
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Material and Methods
Parasites and mice

The Brazil strain of T. cruzi was maintained in C3H/Hej (Jackson Laboratories, Bar Harbor,
ME) mice. For mouse experiments 6–8 week old male CD-1 mice were injected with 5 ×
104 trypomastigotes of the Brazil strain and parasitemia was evaluated by counting in a
hemocytometer. All experiments were approved by the Institutional Animal Care Committee
of the Albert Einstein College of Medicine. For in vitro experiments the Y strain was
utilized. These trypomastigotes were maintained in cultured cardiac myocytes as previously
described until used.39

CD-1 mice infected with the Brazil strain had a mortality of 50% by 45 days post infection
(dpi). The parasitemia peaked at 30 to 35 dpi at 7.5 × 105 trypomastigotes/ml and then
waned. There was no mortality after 45 dpi. Hearts were collected at 66 dpi and 180 dpi.
Samples were either processed for immunohistochemistry or quick frozen in liquid nitrogen,
crushed using a mortar and pestle (Humboldt, Schiller Park, IL), resuspended in lysis buffer
and sonicated for immunoblotting.

Reagents and antibodies
Trypsin was obtained from Difco Laboratories (Detroit, Michigan), Type II collagenase was
obtained from Worthington Biochemical Corporation (Lakewood, NJ). Fetal bovine serum
(FBS), L-glutamine, penicillin, streptomycin, CaCl2, Dulbecco’s Modified Eagle’s Medium
(DMEM), RPMI, glutaraldehyde, sodium cacodylate, osmium tetroxide,acetoneand bovine
serum albumin (BSA) were obtained from Sigma-Aldrich (St. Louis, MO). Lanthanum
nitrate was obtained from Merk KGaA, (Darmstadt, Germany) and Epon 812 resin from
Polysciences Inc., (Warrington, PA). Anti-caveolin-3 antibody was obtained from Affinity
Bioreagents (Golden, CO), polyclonal goat anti-rabbit Alexa Fluor 488 antibody was
obtained from Invitrogen (Carlsbad, CA), BCA Protein Assay Reagent (bicinchoninic acid)
and 4'-6-Diamidino-2-phenylindole (DAPI) from Thermo Scientific (Rockford, IL). Rabbit
polyclonal anti-phosphorylated ERK and total ERK were obtained from Cell Signaling
(Beverly, MA) and the Protease Inhibitor Cocktail was obtained from Roche Molecular
Biochemicals (Indianapolis, IN.) Goat anti-rabbit IgG and goat anti-mouse IgG HRP-labeled
antibody were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-BIP
antibodies were obtained from Affinity Bioreagents (Rockford, IL).

Experiments with cardiac myocytes
Hearts were obtained from 18 day old embryos of mice and disassociated by mechanical and
enzymatic dissociation methods using 0.05% trypsin and 0.01% collagenase in phosphate
buffered saline (PBS, pH 7.2) at 37°C, following methods previously described.5 Briefly,
ventricular heart muscle cells were plated on 0.02% gelatin-coated glass cover slips
maintained in 24-well plates for immunostaining assays or on plastic dishes for electron
microscopy and immunoblotting. The cells were maintained at 37°C in 5% CO2 atmosphere
in DMEM supplemented with 5% FBS, 1 mM CaCl2, 1 mM L-glutamine, 2% chick embryo
extract, 1,000 U/mL penicillin and streptomycin 50 µg/ml−1 (complete Eagle medium).
Cardiac myocytes were infected with the Y strain trypomastigotes at a multiplicity of
infection of 10:1.

Ultra-structural cytochemistry
Uninfected and T. cruzi-infected cardiac myocytes cultured in plastic culture dishes were
washed with PBS, fixed with 2.5% glutaraldehyde for 1 hour at 4°C, followed by washes
first with Na-cacodylate buffer and then collidine buffer. Cells were post-fixed with 1%
osmium tetroxide, 1.3% lanthanum nitrate in collidine buffer for 2 hours at 4°C. Cells were
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then dehydrated in an ascending series of acetone (30–100%) and embedded in Epon 812
resin. Ultra-thin sections were picked up with 300-mesh copper grids, stained with uranyl
acetate and lead citrate and examined using a Zeiss EM 10C transmission electron
microscope.

Immunofluorescence
Cells were washed with PBS (pH 7.2) at 72 hours post infection and fixed in 4%
paraformaldehyde for 5 minutes at 20°C. After the washes cells were permeabilized with
0.05% Triton and non-specific staining was blocked with 4% BSA. Anti-Cav-3 antibody
was incubated overnight 4°C, after which cells were washed and incubated with secondary
polyclonal goat anti-rabbit Alexa Fluor 488 antibody for 1 hour at 37°C. DNA was stained
with DAPI. For immunohistochemistry of heart tissue sections, samples were embedded in
paraffin, sectioned with a microtome and placed on slides. Paraffin was removed incubating
slides at 60°C, then with xylene and descending ethanol series. After washes with PBS,
samples were blocked with BSA and incubated with anti-caveolin-3 antibody for 72 hours at
4°C. Secondary anti-rabbit Alexa Fluor 488 antibody was incubated for 2 hours at 20°C.
Auto-fluorescence of the heart tissue was removed by incubating samples with 0.01% Evans
blue solution and DNA was stained with DAPI. All slides were mounted with DABCO and
images were acquired with a Zeiss 510 Meta Laser Scanning Confocal Microscope.

Immunoblotting
At desired times, cells were washed three times with PBS and scraped with 300 µl of lysis
buffer (2 mM PMSF, 5 mM EDTA, 1 mM Na3 VO4, 1 mM NaHCO3, 10% Roche Protease
Inhibitor Cocktail at 1, 2, 6, 24, 48 and 72 hours post infection). Hearts from infected CD1
mice and age-matched control mice were frozen in liquid nitrogen, resuspended in lysis
buffer and sonicated. Samples were frozen at −80°C until used, the lysates were sonicated
and protein concentration was measured using the BCA Protein Assay Reagent. Five to 10
µg of protein was loaded and resolved in 12% SDS-polyacrylamide gels. After resolving,
proteins were transferred to nitrocellulose membranes (Whatman) and incubated with rabbit
polyclonal anti-caveolin-3 antibody or rabbit polyclonal anti-phosphorylated ERK or total
ERK diluted in TBST with 5% skim milk overnight at 4°C. For loading controls mouse anti-
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 36 KDa) monoclonal antibody and
anti-BIP antibody were used. Membranes were washed with TBST and incubated with
secondary goat anti-rabbit IgG and secondary goat anti-mouse IgG HRP-labeled antibody
for 1 h at 25°C, followed by incubation with chemoluminescent kit ECL.

Statistical analysis
Statistical analyses were performed using the ANOVA test, with the level of significance set
at p < 0.05. The data represent average (±standard error of the mean) and a minimum of
three independent experiments.
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Figure 1.
Ultrastructural cytochemistry. The tracer Lanthanum (La) Nitrate was used to reveal Ca2+

binding sites in cardiac myocytes. (A–C) Representative uninfected cardiac myocytes
displayed longitudinal (LM) and transversal (TM) myofibrils, abundant mitochondria (M)
and T-tubules (TT). Note in (C) the cell-cell junctions are depicted by arrowheads. La
staining reveals intense electron dense staining in the plasma membrane with many caveolae
(arrows), which can be observed in more detail in the inserts. (C) Some vesicles close to the
membrane show staining with the tracer. (D) After 24 hours of infection a parasite is
observed with subpellicular microtubules and a round kinetoplast (K). (E) A representative
infected cardiac myocyte 48 hours post infection containing an intracellular amastigote with
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a reservosome (R) and an acidocalcisome (a). (N = Nucleus). (F) There was a reduction in
La staining and alterations in caveolae abundance 72 hours after infection. Trypomastigotes
(P) are observed in the cell cytoplasm and a decrease in surface staining by La. Original
magnification: (A and F) = 26,000X; (B, C and E) = 41,000X; (D) = 47,350X.
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Figure 2.
Caveolin-3 (Cav-3) expression is decreased after T. cruzi infection. Cultured cardiac
myocytes were infected for 3 days. (A) Representative confocal Laser Scanning analysis of
Cav-3 distribution in uninfected cardiac myocytes fixed and stained after 96 hours in
culture. Cells presented abundant caveosomes (arrowheads) and peripheral staining (white
arrows). The inset depicts higher magnification of the Cav-3 staining. (B) After 72 hours of
infection, Cav-3 signal was reduced among highly parasitized cardiac myocytes, present
mostly at cell periphery and with reduced presence of caveosomes. (C) Representative
immunoblot of Cav-3 (23 KDa) expression in infected and uninfected cardiac myocytes.
Anti-GAPDH (36 KDa) antibody was used as a loading control. (D) Bar graph
demonstrating quantification of Cav-3 expression as normalized by GAPDH. There was a
significant decrease of Cav-3 expression 48 (74%) and 72 (51%) hours post infection (n = 4)
**p < 0.01; *p < 0.05, ANOVA. Bars = 20 µm.
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Figure 3.
Caveolin-3 (Cav-3) in infected hearts. Hearts obtained from infected (Brazil strain) and
uninfected CD-1 mice were embedded in paraffin and processed for immunohistochemistry.
Sections were stained with anti-Cav-3 antibody (green) and DAPI (blue) and observed by
confocal microscopy. (A) Representative uninfected cardiac tissue displayed intense Cav-3
staining of cardiac myocytes, especially in pericardial area with T-tubule patterns (arrows).
The inset shows higher magnification of the Cav-3 staining. (B) This staining pattern was
altered in the hearts of infected mice at 66 days post infection (dpi) where areas of tissue
damage were evident (*). In other areas Cav-3 staining was observed mainly in the
cytoplasm of cardiac myocytes (arrowheads). Bars = 20 µm. (C) Representative immunoblot
lot analysis of Cav-3 expression in cardiac tissue. Hearts of mice 66 and 180 dpi were
harvested and protein lysates probed with anti-Cav-3 antibody. GAPDH (36 KDa) was used
as a loading control. At 66 dpi, infection induced 46% reduction in Cav-3 expression, which
was restored to control levels at 180 dpi (n = 4 for each group). (*p < 0.05, ANOVA).
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Figure 4.
Trypanosoma cruzi infection induces activation of ERK 1/2 in cultured cardiac myocytes
and in the myocardium of infected mice. (A) Cultured cardiac myocytes were infected with
T. cruzi and blots were probed against anti-total ERK and pERK. There was no change in
total ERK over a 72 hours infection. However, a progressive increase in pERK (activation)
over the same period of time was observed. GAPDH (36 KDa) was used as loading control
in myocyte samples (n = 3 for each group). (C and D) Hearts obtained from Brazil strain
infected mice (66 and 180 days post infection, dpi) were subjected to SDS-PAGE analysis
and probed with anti-phosphoERK antibody. T. cruzi infection induced a 2.3-fold increase in
pERK (activation) at 66 dpi and a 68% decrease at 180 dpi as compared with age-matched
uninfected controls. BIP (78 KDa) was used as loading control for heart tissue samples (n =
4 for each group) (*p < 0.05, ANOVA).
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