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Chagas disease (CD), caused by the protozoan parasite Trypanosoma
cruzi, has become a global health problem due to the massive migration
flow from Latin America to other parts of the globe, including Europe
[1,2]. The disease is the most common infective cause of cardiomyo-
pathy and it is observed in 11–19% of patients in Europe [3]. The time
course of the disease is complex and 20–30% of patients with
10–30 years after infection will develop heart failure and/or ar-
rhythmias. Despite its importance, there is scarce information about the
molecular physiopathology of the heart in CD. It is known that in-
ducible nitric oxide synthase (iNOS) plays an important role in the
macrophage-driven control of parasitic infection, through the formation
of peroxynitrite [4–6]. However, nitric oxide (NO) is an important
modulator of cell machinery and its unbalanced production aggravates
electrical disturbances during experimental CD [7–10]. We hypothe-
sized that activation of iNOS plays an important role on the electrical
remodeling of cardiomyocytes in the acute phase of experimental CD.
Thus, we evaluated if iNOS takes part in electrical remodeling of iso-
lated cardiomyocyte in the time course of the acute phase of experi-
mental CD.

Eight-week-old male/female C57BL/6 and iNOS−/− mice were in-
fected intraperitoneally with 50 bloodstream trypomastigote form of
colombian strain of T. cruzi. Mouse Inflammation Kit from BDTM was
used to detect serum cytokine levels. The animals were kindly provided
by Professor Dr. Ricardo T. Gazzinelli.

Left ventricular cardiomyocytes were obtained using an enzymatic
dissociation method with collagenase type II, as previously described
[11–13]. Only calcium-tolerant, quiescent, rod-shaped myocytes
showing clear cross striations were studied. Isolated cardiomyocytes
from non-infected and infected mice were studied at 15 and 30 days
post-infection (dpi).

Patch-clamp recordings were obtained using an EPC-9.2 patch-
clamp amplifier. To measure action potentials (AP) and outward K+

currents (IK) the pipette solution had (in mM): 130 K-aspartate, 20 KCl,
10 HEPES, 2 MgCl2, 5 NaCl, 5 EGTA, pH set to 7.2 with KOH. We used
Tyrode's as bath solution (in mM) 140 NaCl, 5.4 KCl, 1 MgCl2, 1.8
CaCl2, 10 HEPES, 10 glucose (pH set at 7.4). To record total outward IK
cardiac myocytes were bathed with recording solution containing
100 μM of Cd2+ to block L-type Ca2+ currents. Total IK was measured
by depolarization steps from −40 to 50 mV (3 s duration) from a
holding potential of −80 mV every 15 s. For measurements of L type
Ca2+ current (ICaL), recording pipettes were filled with internal solution
containing (in mM): 120 CsCl, 20 TEACl, 5 NaCl, 10 HEPES, 5 EGTA,
pH set to 7.2 with CsOH. ICaL was measured using 1.8 mM of Ca2+ in
extracellular solution. Membrane potential was first stepped from a
holding potential of −80 mV to −40 mV for 50 ms and then stepped to
different membrane voltages from −40 to 50 mV (300 ms duration).
Junction potential was not corrected. The complete patch-clamp
methodology is described in [12].

Data are expressed as mean ± standard error (SE) and the number
of samples is shown as n. Statistical significance of parametric data
between multiple groups was determined by one-way or two-way
ANOVA, followed by Tukey's post-test. For patch-clamp experiments
cardiomyocytes were obtained from at least three animals for each
measurement. Survival rate was analyzed using Kaplan-Meier plot.
Comparisons were considered to be statistically significant when
p < 0.05. During the acute phase of experimental CD excessive NO
production contributes to the impairment of electrical properties in
cardiomyocytes [12]. Thus, we hypothesized that the deletion of iNOS,
which is highly activated through IFN-γ activation pathway during the
course of the disease, would attenuate the electrical remodeling of
cardiomyocytes. Parasitemia were similar for both groups at 15 dpi.
However, it was higher in iNOS−/− mice at 30 dpi (Fig. 1A). Higher
parasitism was associated with increased, yet not significant, mortality
rate in knockout (KO) mice (Fig. 1B) between 20 and 40 dpi, however,
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at initial stages of the disease (15 dpi) no mice died in both groups.
Additionally, both infected groups had the same serum levels of IFNγ,
MCP-1, IL-10, IL-6, IL-12p70, and TNF at 15 dpi (p > 0.05, n = 3/each
group, data not shown). Fig. 1C and E show representative super-
imposed traces of AP measured in WT and iNOS−/− before infection
and at 15 and 30 dpi, respectively. It is clear that infection caused

lengthening of AP duration in cardiomyocytes at 15 dpi in WT which
was still observed at 30 dpi. However, iNOS−/− at 15 dpi did not show
significant changes in AP duration, although at 30 dpi AP duration was
increased. Summarized data for AP duration at 10, 50, and 90% of
repolarization is shown in Fig. 1D and F.

The proper control of AP waveform in cardiomyocytes is the result

Fig. 1. (A) Parasitemia curves were taken from WT (n = 5) and iNOS (n = 5) mice. (B) Mortality curves were created using 9 animals/group. (C) Representative
superimposed action potentials measured in WT (black line), WT 15 days post-infection (dpi) (blue line) and 30 dpi (red line). (D) Time to action potential
repolarization at different repolarization levels in non-infected, 15 dpi and 30 dpi mice. (E) Representative superimposed action potentials measured in iNOS−/−

(orange line), iNOS−/− 15 dpi (magenta line) and 30 dpi (green line). Scale bar is the same for (C) and (E). (F) Time required to reach 10%, 50% and 90% of action
potential repolarization in non-infected, 15 dpi and 30 dpi iNOS−/− mice. *p < 0.05. Mortality curves were analyzed using Kaplan-Meier estimator; Two-way
ANOVA for analysis of parasite levels @ comparing WT and iNOS−/− mice; one-way ANOVA for analysis of action potential repolarization (*before infection versus
30 dpi, # before infection versus 15 dpi; $ 15 versus 30 dpi).
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of steady-state ion currents found in the sarcolemma, with major con-
tributors of IK and ICaL. Thus, we decided to investigate if changes in
these currents could explain the observed phenotype in the AP wave-
form. As shown in Fig. 2A and C, which are representative traces of IK
and ICaL, T. cruzi infection led to a significant attenuation of both cur-
rents at 15 and 30 dpi from WT mice. However, when these currents
were studied in cardiomyocytes from iNOS−/− it is evident that IK was
not attenuated and reduction of ICaL was not as severe as for WT at
15 dpi. Nonetheless, both groups showed similar results in studied
cardiomyocytes at 30 dpi. Composite data for tested membrane po-
tentials are show in Fig. 2B (IK) and Fig. 2D (ICaL).

In this study, we showed that T. cruzi infection: (i) induced higher
parasite levels that correlated with an increase mortality rate in iNOS−/

− mice; (ii) caused marked AP prolongation and reduced IK and ICaL
current densities in cardiomyocytes from WT and iNOS −/− mice; and
(iii) the electrical remodeling was attenuated in cardiomyocytes from
iNOS−/− mice at 15 dpi and reached WT levels at 30 dpi. In the acute
phase, macrophages-dependent production of NO plays a beneficial role
as a trypanocidal agent through the IFN-γ-iNOS axis [5]. Conversely,
NO overproduction via iNOS/NOS2 activity has been implicated in
heart injury in T. cruzi-infected monkeys and mice (4–7). In this regard,
excessive iNOS expression has long been associated with worst

prognostic of heart failure in humans [14]. However, despite major
importance of iNOS for the outcome of CD there was no information on
its role in the electrical remodeling of cardiomyocytes in CD.

The main observation of this study is that early in the acute phase
the absence of iNOS and consequently iNOS-dependent NO (iNO) pro-
duction does not interfere with parasite burn or mice mortality but
prevented cardiomyocytes electrical remodeling. Cytokine levels were
similar in WT and iNOS−/− mice at this stage. This allowed us to
conclude that NO plays a stage-dependent role, becoming protective
against parasite proliferation but only late in the acute infection. This is
in accordance with previous reports of NO as an important mediator
produced by phagocytes that constitute the first line of microbial de-
fense, sensing the presence of different types of infectious agents [15].
This explain the differences in parasitemia curve observed between
both groups.

In a previous study from our group, we reported that NO was a
significant determinant of ICaL remodeling in cardiomyocytes from WT
at 30 dpi. Importantly, iNOS deletion did not prevent the reduction of
ICaL [12], which was confirmed in our present study since iNOS−/−

displayed attenuation of ICaL at 30 dpi. However, it is still not clear if
remodeling of cardiomyocytes at 30 dpi is dependent on the increased
parasitemia and possibly heart parasitism in iNOS−/− mice.

Fig. 2. (A) Representative outward potassium current (IK) traces for WT (left) and iNOS−/− (right) at zero, 15 and 30 days post-infection (dpi). Scale bar for IK is
equal for all traces. (B) Current density-voltage relationships for tested membrane potentials. (C) Representative calcium current (ICa,L) traces for WT (left) and
iNOS−/− mice (right) non-infected and 15 and 30 dpi. Scale bar for ICa,L is equal for all traces. (D) Current density-voltage relationships for tested membrane
potentials. Continuous lines (B) and D) are the best fit using the Boltzmann function. p < 0.05 using one-way ANOVA. (* before infection versus 30 dpi, # before
infection versus 15 dpi; $ 15 versus 30 dpi).
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Furthermore, cardiomyocytes also have the presence of constitutive
isoforms of nitric oxidase synthase, the neuronal (nNOS) and en-
dothelial (eNOS). Importantly, both of them have a major role in the
control of excitability in cardiomyocytes [16]. Thus, we may not dis-
regard the participation of nNOS and eNOS in the electrical remodeling
of cardiomyocytes in our experimental animal model. Additional stu-
dies are necessary to uncover these aspects. Nevertheless, evidence
provided in our present study indicates that at in early stages of ex-
perimental CD, iNOS plays an important role in the electrical re-
modeling of cardiomyocytes. Selectively targeting it, in the heart tissue,
might delay the onset of electrical remodeling during T. cruzi infection,
while still controlling parasite burn.
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