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Abstract

Background: The factors contributing to chronic Chagas’ heart disease remain unknown. High nitric oxide (NO) levels have
been shown to be associated with cardiomyopathy severity in patients. Further, NO produced via inducible nitric oxide
synthase (iINOS/NOS2) is proposed to play a role in Trypanosoma cruzi control. However, the participation of iINOS/NOS2 and
NO in T. cruzi control and heart injury has been questioned. Here, using chronically infected rhesus monkeys and iNOS/
NOS2-deficient (Nos2 ’ ) mice we explored the participation of iNOS/NOS2-derived NO in heart injury in T. cruzi infection.

Methodology: Rhesus monkeys and C57BL/6 and Nos2 ’ mice were infected with the Colombian T. cruzi strain. Parasite
DNA was detected by polymerase chain reaction, T. cruzi antigens and iNOS/NOS2" cells were immunohistochemically
detected in heart sections and NO levels in serum were determined by Griess reagent. Heart injury was assessed by
electrocardiogram (ECG), echocardiogram (ECHO), creatine kinase heart isoenzyme (CK-MB) activity levels in serum and
connexin 43 (Cx43) expression in the cardiac tissue.

Results: Chronically infected monkeys presented conduction abnormalities, cardiac inflammation and fibrosis, which
resembled the spectrum of human chronic chagasic cardiomyopathy (CCC). Impeortantly, chronic myocarditis was associated
with parasite persistence. Moreover, Cx43 loss and increased CK-MB activity levels were primarily correlated with iNOS/
NOS2" cells infiltrating the cardiac tissue and NO levels in serum. Studies in Nos2 / mice reinforced that the iINOS/NOS2-
NO pathway plays a pivotal role in T. cruzi-elicited cardiomyocyte injury and in conduction abnormalities that were
associated with Cx43 loss in the cardiac tissue.

Conclusion: T. cruzi-infected rhesus monkeys reproduce features of CCC. Moreover, our data support that in T. cruzi
infection persistent parasite-triggered iNOS/NOS2 in the cardiac tissue and NO overproduction might contribute to CCC
severity, mainly disturbing of the molecular pathway involved in electrical synchrony. These findings open a new avenue for
therapeutic tools in Chagas’ heart disease.
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has heen controlled, there are stll more than 50.000 new cases of

Introduction
Chagas disease each vear [1,2]. Despite high parasitism, which
as disease, which is caused by the protozoan parasite usually declines at immunity onset, the clinical signs are usually
Tivpanos wzi, alllicts 8-15 million individuals in endemic areas mild in the acute infection. After decades, most of the inlected
ol Latin America and several hundred thousand people in other inclividuals remain in the asymptomatic indeterminate form, and
countries as a result ol migration. Although vector transmission  30% ol the patients present arrhyvthmias and heart fadlure due to
- .
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Author Summary

Chagas disease, a neglected tropical disease caused by the
protozoan Trypanosoma cruzi, afflicts from 8 to 15 million
people in the Latin America. Chronic chagasic cardiomy-
opathy (CCC) is the most frequent manifestation of Chagas
disease. Currently, patient management only mitigates
CCC symptoms. The pathogenic factors leading to CCC
remain unknown; therefore their comprehension may
contribute to develop more efficient therapies. In patients,
high nitric oxide (NO) levels have been associated with
CCC severity. In T. cruzi-infected mice, NO, mainly
produced via inducible nitric oxide synthase (iNOS/
NOS2), is proposed to work in parasite control. However,
the participation of INOS/NOS2 and NO in T. cruzi control
and heart injury has been questioned. Here, infected
rhesus monkeys and iINOS/NOS2-deficient mice were used
to explore the participation of iINOS/NOS2-derived NO in
heart injury in T. cruzi infection. Chronically infected
monkeys presented electrical abnormalities, myocarditis
and fibrosis, resembling the spectrum of human CCC
Moreover, cardiomyocyte lesion comelated with INOS/
NOS2" cells infiltrating the cardiac tissue. Our findings
support that parasite-driven iINOS/NOS2" cells accumula-
tion in the cardiac tissue and NO overproduction contrib-
ute to cardiomyopathy severity, mainly disturbing the
pathway involved in electrical synchrony in T. cruzi
infection.

end-stage dilated chronic chagasic cardiomyopathy (CCC), which
is associated with inflammation. myocytosis and [ibrosis [2]. The

pathophysiological lactors influencing the clinical outcome of

Chagas disease remain uncear [2]. Due to the scarcity of the T,
cruzi parasite, COC has been associated  with autoimmune
recognition of heart tissue by T-cell-enriched inflammation [3].
There is a consensus, however, that parasite persistence and/or a
parasite-driven deregulated immune response operates in GOC
[4.5]. In this context, high nimic oxide (NO) levels have been
shown o be associated with the severity of CCC in chrome
chagasic patients [6]. Nitrie oxide is an important cytotoxic and
evtostatic lactor  in cellmediated  immunity w0 intracellular
pathogens [7]. Excessive NO, however, may cause host injury,
including a reduction of myocardial conwactibility [8]. Nitric
oxide is formed from Learginine by isolorms of NO  syvnthase
(NOS;: the constitntive isolorms, neuronal NOS mNOS/NOSL)
and endothelial NOS [(eNOS/NOS3), and the ovtokine-inducible
NOS INOS/NOS2) (8], In 1. wazi infection, in wlio and m oo

evidence support that NO plays a pivotal role as a lirst line of

parasite growth control [9]. Nevertheless, iINOS/NOS2-derived
NO rakes part in ventricular dilation and systolic dyslunction in 7.
cruzi-elicited acute myocarditis [ 10]. In chagasic patients, high NO
levels have been shown to be associated with the severity of COC
[6]. Further, iNOS/NOS2 has heen shown to contribute 10 7.
cruz control in acute infection [LOLLL]. This role, however, was
challenged in a study with INOS/NOS2-cefcient (Npg2!™!T
infected mice showing that INOS/NOS2 s not required lor
control of 7. wuzi growth [12]. Moreover, iNOS/NOS2 partici-
pation in pathology has been questioned by swudy ol gene
polvmorphisim at promoter region in patents [13]. Therefore.
there are doubts about the role played by iINOS/NOS2 and NO
in 7. ¢z infection. Adopting the model of nonhuman primate
rhesus monkevs (Macaea mudatta) chronically infected with 7. ez
that reproduced several clinical, parasitological and immunolog-
ical leatures of Chagas disease [14]. we descriptively investigated
the involvement ol INOS/NOSZ and NO in Chagas’ heant
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discase. Further. prompily, iNOS/NOS2-deficient mice were used
o add insights on the participation of iINOS/NOS2-derived NO
in 7. cruzi-elicited heart injury.

Materials and Methods

Ethics statement

This study was carried o in sirict accordance with the
recommendations in the Guide for the Care and Use ol Labora-
tory Animals of the Brazilian National Council of Animal Experi-
mentation  (hp:/ Awwwecobeaorgbr/) and the Federal Law
L1794 (October 8, 2008). The Institntional Committee lor
Animal Ethics of Fiocruz (CEUA/Fiocruz, Licenses 161703
and 004/09) and the Biosalety Nanonal Committee (COB/
C'TNBio. License 105/99) approved all the procedures used in this
study.

Animals and infection

Seven male rhesus monkeys (Macaca mudatta, 267+ 1.7 vears old)
chronically infected with 7. crezd (monkevs 42, F£64, 468, #£90,
95,
primate units (Double L Group Lud., USA) of the Nonhuman
Primates Breeding Service (SCPRIM), of the Laboratory of
Animals Breeding Center at Fiocruz (CECAL/ Fiocruz, Rio de

Janeiro, Brazil). The monkevs were provided with water ad fhitum

19, #£1035) were individually eaged in the nonhuman

and led a commercial chow (Nuvilab Primates 6050, Nuvital,
Brazil) that was supplemented  daily with  Truits. eggs and
vegetables. Temperature, humidity and light/dark cveles were
(#81

and 94 were analyzed as controls. Four noninfected male

standardized. Two noninfected age-matched male monkey

monkeys (LI7. L2 M31, N31) from our colony were used as
controls [or heart [unction evaluations.

Metacvelic trypomastigotes ol the Colombian 70 emzi strain
were used to infect the monkeys subcutanconsly in the arm [15].
These animals were studied during the acwte and early chronie
infection [15]. In this follow up study. the chronically infected
monkevs were analvzed at 1619 years postinfection (vpi) and
followed for 48 months. The animals did not receive etiological
reatment for 7. emz. Examinations and  procedures  were
performed under anesthesia with 10 mg/Kg ketamine chloride
(Vetaset. Fort Dodge. Towa, USA) intramusculanrly according to
the Crugde for the Care and Use of Laboratory Animals (NITH Publication
No. 85-23, revised 1996). Blood was obtained by puncture of the
femoral vein with appropriate wbes (Vacuainer, Becton &
Dickinson, US

ketamine chloride and ewthanized by exsanguination under deep

AL Prior 1o necropsy. monkevs were sedated with

plane ol sodium thiopental (Thiopentax, Cristalia. Belo Horizonte,
MG, Brazily. Samples of the heart and all major organs were taken
for histological studies and polvmerase chain reaction (PCR) for
parasite kDNA and genomic DNA detection. For the histopathol-
ogy study, heart samples taken from live inlected monkeys, which
were sacriliced at the parasitemia peak (41 davs postinfection (dpi).
monkeys #37 and #67). when parasitemia was negative [70 dpi.
monkey #£77. and 76 dpi. monkey #93) and 3 vears postinfection
(monkey #45) used in a previous work [13] were added to our
stuely.

Five- 1o seven-week-old female C37BL/6 (H-2") and iNOS-
B6.129P2-Nps2 ™ 4T mice, resulted of

sevenn backerossings ol the original AesZ-delicient lineage in

deficient  [(Nos2

CH7BL/G mice. were obtained from the anmimal [acilities of
Fiocruz and were maintained in specilic pathogen [ee conditions.
blood

The mice were inlected  intraperitoneally  with 100

trypomastigotes ol the Colombian strain [16].
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Electrocardiogram, echocardiogram and radiology

The classic 12-lead human electrocardiogram (ECG) system
was used to analyze rhesus monkeys. Tracings were made at
1CG-6,

Ecalix, Brazil) [14]. Two-dimensional and M-mode echocardio-

25 mm/s at a voltage of | mV standardized 10 | cm |

gram (ECHO) was performed on a regular basis and recorded
EUB-555.

Hitachi, Japan). The ventricular linction was assessed in the M-

with a mult-image camera (Ulirasound  Scanner

mode, by caleulating the ejection fraction, and in the bidimen-
sional mode, by semigquantitatively analvzing the global systolic
function [14]. Electocardiogram, ECHO and radiology (chest,
esophagus, colon) were performed at 12-month intervals.

Mice

20 mg/Kg). and transducers were placed under the skin for DII

were intraperitoneally  wranguilized  with  diazepam
derivation. Electrocardiogram traces were recorded during two
minutes using Power Lab 2/20 [Panlab Instruments, Spain),
analyzed with Scope Software lor Windows +3.6.10 [PanLab
Instruments, USA) [16] and independently analvzed by two

investigators.

Histopathology studies

Tissue ragments were fixed in 10% formalin, processed, and

embedded in paraflin. Tis

sue sections (5 pm) were stained with

hematoxylin and eosin (H&E) and immunohistochemically [IHS)
stained. To evaluate collagen deposits, heart sections were stained
F3B [(Chroma Gessellschalt,
saturated aqueouns solution ol picric acid and [ast green. The

with  Siriusrot Germany) in a
proportion of collagen-positive areas was evaluated with the digital
morphometric apparatus and analvzed with AnalySIS AUTO
Soltware (Solt Imaging Svstem, USA).

Immunohistochemical staining

A polvdonal anti-INOS/NO2 antibody was obtained [fom
Cayman Chemical (# 160862, USA), and an anti-connexin 43a |
[Cx43) polvclonal antibody was purchased fom Sigma (#C6219,
USA).
antigens was produced in rabbits (LBI/IOC-Fiocruz, Brazil). A

In addition. a polvcdonal antibody recognizing 7. crmei

biotinylated anti-rabbit and peroxidase-streptavidin complex was
purchased from Amersham (England). Amibodies and reagents

were utilized in compliance with the manufacturers” instructions.

Serial 5-pm sections were subjected to standardized THS [16].

infection.

iNO5S and NO in Chagas’ Heart Disease

The material was counterstained with Maver’s hematoxylin. The
T. cruzi-, INOS/NOS2- or

o 2 . o .
[12.5 mm~) per section, in 3 sections per heart, were evaluated

Cxd3-positive areas in 25 fields

with a digital morphometric apparatus. For the quantitative
studies of Cx43 expression only areas with preserved myocardial
cells were analvzed. The images were analvzed with AnalySIS

AUTO Soltware (Soft Imaging System, USA).
expressed the molecule of interest were integrated with the areas

The areas that

that did not express the molecule of interest, and the data were
presented as the percentage ol the positive area.

DNA extraction and PCR conditions

Two or three dillerent tissue samples per studied organ were
processed separately lor DNA extraction, and the purilied DNA
was PCR amplilied wsing 7.
primers [14] or analyzed by real time quantitative PCR (qPCR)
using primers directed to the nuclear satellite DNA [17]. DNA
integrity and the possible presence of PCR inhibitors were checked

cruzispecilic kDNA - minicircle

by amplification of the human b-globin sequence [14]. Samples
showing no amplification for b-globin were retested alier a new
DNA extraction. For the real time PCR assays heart and spleen

. 9. . . . . .
samples (of one to two em”) kept in liquid nitrogen were sectioned
using a crvostat in conditions to avoid DNA cross-contamination
calculated using the AnalysSIs AUTO

Software (Soft Imaging Svstem, USA). As negative and positive

and the studied area

controls, respectively, heart tissues [rom noninfected C57BLAG
mice or mice at 50 dpi with the Colombian 70 eruzi sirain were
used [16].

The qPCR experiments were performed using the ABI Prism
7500 Fast (Applied Biosystems, USA), in a final volume of 20 pL
comtaining 2 pl. DNA samples and 10 pl GoTaq qPCR Master
Mix (Promega, USA) Primers Cruzi | and Cruzi 2 were used lor
the 70 oruzi nuclear satellite target [17]. The cveling conditions
were as [ollows: 9540 for 10 minutes, ollowed by 40 cveles at
95U for 15 seconds and 58 for | minute. Alter amplification,
the specilicity of these primers was confirmed through melting
curve analysis of the generated amplicons, revealing a solely
melting temperature [Tm) lor the amplified fragment. Each
sample submitted 1o qPCR analysis was performed in wiplicates
and the results were expressed as mean values. Parasitic load
quantification was obtained by absolute quantification ol 7. ez
DNA, following normalization of the heart and spleen analyzed

Table 1. Electrocardiographic patterns detected in Trypanosoma cruzi-infected rhesus monkeys during acute and chronic

Acute phase” Chronic phase

doi:10.1371/journal.pntd.000 1644.1001
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Weeks  Heart Years Heart Years Heart Heart Years Heart
Monkeys p.i. condition p.i. condition p.i. condition Years p.i. condition p.. condition
42 8-12 AVB, RBEB! 19 AVR 20 Mormal 20 Sacrificed - -
64 20 Normal 19 AVR 20 Normal 22 Normal 23 Normal
68 4-12 AVB, REBB,LvQRS 18 Sacrificed - - - - - -
99 20 Normal 16 Normal 1 Normal 19 Normal 20 Normal
103 6-8 AVE, AVR 16 Normal 17 AVE, AVR 19 AVE 20 RBEBB
90 4-8 AVEB,LVQRS 16 Ventricular 17 Atrial extrasystoles, 19 AVR 20 LBBBAVR

extrasystoles, AVR AVR

95 4-12 AVE, AVR 16 LBEB 17 LBEB, AVR 19 LBEB 20 LBEB, AVR, RAD
*[15].

ECG patterns were evaluated using the following standard criteria: AVE - atrioventricular block, AVR - Abnormal ventricular repolarization, LBBE - Left bundle branch
block - second-degree His bundle, LvQRS - Low voltage QRS, RBBB - right bundle branch block - first-degree His bundle, RAD - right QRS axis deviation.
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Figure 1. Increased collagen deposits in the myocardium of 7. cruzi-infected rhesus monkeys. Collagen deposition was used to assess
fibrosis in the myocardium of the left ventricle of noninfected and T. cruzi-infected monkeys. (Al Noninfected monkey #94, normal slight collagen
deposits. (B) Monkey #67 (41 dpi), increased collagen deposition. (C) Monkey #45 (3 ypi), normal collagen deposits. (D) Monkey #64 (23 ypi),
increased collagen deposition. (E} Monkey #99 (20 ypi) normal slight collagen deposits. (F) Monkey #95 (20 ypi), increased interstitial matrix
deposits. G. Percentage of cardiac section area occupied by collagen deposits in the myocardium of the left ventricle of noninfected and T. cruzi-
infected monkeys. (H-K) Serial heart sections of monkey #95 (20 ypi) showing: (H) intense infiltrates of mononuclear inflammatory cells (1)
paralleling fibrosis, and (J) substitution of cardiomyocytes by mesenchymal cells in (K) an area of intense fibrosis. A-F, 1 and K, Picro-Sirius red stain.

H and J, H&E. Bar =100 pm.
doi:10.1371/journal. pntd.0001644.9001

areas. The standard curve was generated by a 1:10 serial dilution

ol DNA extracted from 7. ez Colombian epimastigotes culture
. - ~h r . .

stocks, ranging from 107 to 10 parasite equivalents.

Total IgG and IgM and specific anti-T. cruzi serology
The levels of total IgG and Igh were determined by kinetic
nephelometry (Beckman Coulter Array 360, Beckman Coulter,
USA) in accordance with the manufacturer’s instructions. Specific
anti-7. ez IgG o antbodies were measured by ELISA (EIE-
Chagas, BioManguinhos, Fiocruz, Brazil) in accordance with the

manulacturer’s instructions.

Nitric oxide quantification

Nitrate and nitrite were determined in plasma samples [fom
noninfected and infected monkeys using Griess reagent and
vanadium chloride III with a standard cwrve of 0.8-100 pM
NaNO, and NaNOy [18].

Creatine kinase detection

The activity of the CIK-MDB isoenzyme was measured in serum
with a commercial kit [(Labtest, DBrazil) according 1o the
manulacturer’s recommendations. The optical density at 340 nm
[Microplate Reader Benchmark, Bio-Rad, USA) was recorded

every 2 minutes for 15 minutes [ 16].

Statistical analysis

Data are expressed as arithmetic mean + SD. Student’s £ test
was adopted 1o analvze the statistical significance of the apparemt
differences. All statistical tests were performed with SPSS 8.0
software. Dillerences were considered statistically significant at
p=20.05.

Results

Spectrum of clinical forms of chronic Chagas disease is
reproduced in Trypanosoma cruzi-infected rhesus
monkeys

The general characteristics ol the studied monkevs are shown in
Table S1. Electrical conduction abnormalities found in acute and
chronically T eruz-infected monkeys are summarized in Table L.
Interestingly, the mild elecirical abnormalities that we detected
during the acute 7. eruzi infection disappeared at the 4 month
postinfection [15]. In this follow up study, during the chronic
infection (1823 ypi). three monkeys (#

42, 464 and F#£68) showed
transient electrical alterations, and three animals (#90, #95 and
#103) presented signilicant electrical conduction abnormalities.
The ECG patterns were normal in the 4 analyses ol one monkey
#99). In infected monkey #90, multiform ventricular extrasys-
toles were observed at 16 ypi, atrial extrasystoles were observed at
17 wpi. an incomplete left bundle branch block (LBBB) was
observed at 20 vpi, and T-wave inversion was observed in all 4
analyses. In monkey #1035, lirsi-degree awioventricular (AV)
conduction disturbance and T-wave inversion were seen at 17 vpi.
In monkey #9535, LBBB was seen in the 4 exams, and the T-wave

':@_'. www.plosntds.org
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inversion was more accentuated and right QRS axis deviation at
200 ypi. Representative ECG registers ol chronically 70 crez-
infected are shown in Figure S1. As shown in Table 52, only
monkey #9535 showed ECHO abnormality with  asynchronic

interventricular septum motility and a decreased left ventricular

24% and 53.2% ar 16 vpi and 17 wpi,
}

ejection fraction |
respectively). Altogether, monkeys #42, #64, #68 and #99 were
considered non-cardiopatic and monkeys #90, #95 and 103
were considered cardiopatic. All 70 gruzi-infected monkeys showed
normal radiological exams ol the chest, esophagus and colon at the
end-point of this study (data not shown). Therelore, monkevs #42,
A#04, #6858 and #99 presented the indeterminate form ol the
chronic Chagas disease.

Trypanosoma cruzi-infected rhesus monkeys presented
histopathological alterations compatible with chronic

chagasic cardiomyopathy
In the acute infection, intense heart parasitism was associated

with pronounced inflammatory infiltrates at 41 dpi (monkeys #37

17). This effect subsided at 76dpi (monkey #£¢

and # 31, which

coincided with parasitemia control. Inflammation was focal or
absent at 3 ypi (monkey #45) [15]. In the chronic infection, none
ol the analyzed organs showed macroscopic alterations. In
addition, no ventricular conduction system alteration was observed
in the analvzed areas ol the libers composing the bundle of His in
chronically 7. erez-infected rhesus monkeys (data not shown). The
main histopathological alterations found in the cardiac tissue are
represented in the Figure 820 In monkeys with  electrical

abnormalities (#90, #95 and #£103) and decreased left ventricular

ejection [raction [#95). histopathological alterations were hetero-
geneous with areas with normal aspect (Figure S2E), but mostly
arcas with a mild or intense multfocal myocarditis (more
pronounced in the leflt ventricle), with lvmphocytes, macrophages,
and an apparent lack ol parasites, was associated with the
disrupted spaces between cardiomyocytes and hypertrophy of the
Yigure 52D, Figure S2F). Further, monkeys

with the indeterminate form of Chagas disease presented [ocal

myocardial fiber

myocarditis (Figure S2A, Figure S2B) or complete absence of
cardiac inflammation or myocardial fiber njury (Figure 8200,
Conversely, noninfected controls (Figure S2G) consistently did not
have inflammation or myocardial liber injury.

Compared with noninfected conwrols (Figure [A, Figure 1G),
myocardial [ibrosis with collagen deposits was detected in the early
(41 dpi) acute infection (Figure 1B, Fgure 1G). Fibrosis was

residual in the early (3 vpi) chronic infection (Figure 1C, Figure 1G)

and characterized the indeterminate form ol the disease. In the

1

7

late (20 ypi) chronic infection, the monkey that had wransiem

alterations in clinical score (#64) presented  intense  lihrosis
[Figure 1D, Figure 1G), while in the monkeyv with normal clinical

score  (#99) heart histological aspects and collagen  deposits

resembling those ol noninlected controls
[n the
[Figure 1F, Figure 1G) was related to the severity of electrical

Figure 1E, Figure 1G).

cardiopatic monkeys (#90, #9535 and F#103), fibrosis

abnormalities. Collagen deposits varving from slight to severe were

May 2012 | Volume 6 | Issue 5 | e1644
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Figure 2. Persistence of 7 cruziin chronically infected rhesus monkeys. The persistence of T. quzi parasite and antigens was evaluated by
immunchistochemistry, PCR and antibody response. (A} Photomicrographs of section of myocardium of left ventricle of monkey #95 (20 ypi).
Immunohistochemistry for T. cruzi antigens (black arrows and insert} associated (dotted square) or not associated (black arrow) with focal
inflammation. Inflammatory infiltrates lacking parasite antigens (white arrow heads). B-C. PCR for T. cruzi kDNA (, 330 bp) in blood of noninfected
controls (NI} and T. cruzi-infected rhesus monkeys at (B} 16-20 ypi and (C) 20-23 ypi. (D) PCR for T. cruzi KDNA (, 330 bp) in fragments of the left
ventricle (LV) of the heart of noninfected controls and T. cruzi-infected rhesus monkeys at 20-23 ypi. Negative (—) and positive (+) controls were heart
fragments of noninfected and T. cruzi-infected C57BL/6 mice, respectively. (E) Real time gPCR for the T. cruzi satellite DNA sequences Cruzi1/Cruzi in
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heart and spleen of noninfected controls and T. cruzi-infected rhesus monkeys at 20-23 ypi. (F) Standard curve of 10-fold serial dilution of DNA of
epimastigote forms of the Colombian T. cruzi strain (10° to 10 parasites/mL} used for the absolute quantification by real time gPCR. The linear
regression curve, coefficient of determination (r*=0.995) and gPCR efficiency (E=80%) are indicated. The melting curve is also shown. (G} Serology
for IgG anti-T. cruzi in rhesus monkeys prior to infection, during the acute phase (AP), when parasitemia was positive (+) and negative (—), and during
the chronic phase (CP; at the end-point 20 ypi). Bar = 100 um; Bar =25 um in insert in (A).

doi:10.1 37 1/journal.pntd.0001644.9002

[requently associated with inllammatory foei (Figure [H-K). In

arcas ol severe inflammation (Figure 1H) ibrosis was abundant

(Figure 1, and there was substitution ol cardiomyocytes Dy
mesenchvmal cells Figure 1]} and dense hundles of interstitial
matrix that extended Irom the subepicardinm into the subjacent
myocardium (Figure 1K) Therefore, in six out of seven 7. cnezi-
inlected rhesus monkevs, elinical and histological alterations were

compatible with chronic Chagas disease. Interestungly. three of

these monkeys reproduced major aspects ol CCC in patients

[2.19].

Parasite persistence in chronically Trypanosoma cruzi-

infected monkeys

Exhaustive microscopic examinations ol paraflin heart tissue
sections lailed to detect 7. emzi pseudocysts or isolated amastigotes
i all of the chronically inlected monkevs. Immunohistochemistry
experiments were performed 1o detect 70 emzd antigens, and
extramyocytic antigens  were seen as red  amorphous  spots

(Figure 2A) in six out of seven mfected animals (the exception

was monkey 1. ez antigens were commonly surrounded
by mononuclear cell infiltrates (Figure 2A black arrows): however,
inflammatory  cells were also seen associated 10 apparently
noninfected fibers (Figure 2A0 white arrow heads). In addition,
blood samples and [ragmems ol spleen and cardiac tssue were
submitted to conventional PCR amplification targeting 7. ez
KDNA minicireles [L14]. In the 1™ analysis (16-19 ypi) of blood., all
1. vruzi-infected animals showed a PCR signal ar , 330 bp lor
KDNA. whereas the noninfected monkeys (#5831 and #94) did not
" analysis (20-23 ypi), a POR
signal at , 330 bp was detected in the blood of six infected rhesus
monkevs (Figure 200, Furthermore, 7. cinzi kKDNA was idenmtified
in the cardiac septum. lelt (Figure 2D and right ventricles. leli and

n

show a signal (Figure 2B). In the 4

right atia, and aorta of all infected monkevs except monkey #9499,
All of the infected monkevs were parasitologically positive for 7.
cruzg at 16-19 ypi [14]. Av 20 ypi. however, attempts 1o identify 70
#99 were

consistently negative (Figure 20, Figure 2D Considering that

ez kDNA in the blood and heart of monkey

low parasitism could conwribute 1o these resulis, we performed
additional studies using two or three tissue samples per analvzed
monkev. Real time qPCR for the conserved repetitive nuclear
satellite DNA sequences revealed low parasitism in heart samples
of all 7. emz-inlected rhesus monkevs except monkey #1035,
Conversely. real time gPCR revealed low parasitism in spleen
samples of all 7. cmz-inlected monkevs (Figure 25, Figure 2F).
Heart and spleen samples of noninlected controls were repeatedly
negative (Figure 2E). The b-globin sequence was detected as a
control for DNA integrity and PCR inhibiton in all analyzed
samples (data not shown). Taken together, these results suppont
(F42. #064, #68. F#99) and
90, 495, #103) chronically 7. erezi-infected rhesus

parasite persistence in indeterminate

cardiopatic

monkevs. Because antibody detection is a eriterion lor persistent
infection [20]. we analyzed the kinetics ol the ani-7. emze
antibody in a group ol infected monkeys that were cardiopatic
90, 495 and #103) and a monkey that was indeterminate
[#99) ar 20 ypi. Figure 2G shows that all monkevs were
seronegative prior to infection. The ami-7. guzd antibody was
only detected in one monkey (#105) when parasitemia was
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positive (18 dpi). When parasitemia was controlled (59 dpi) [15] all
of the infected monkevs presented anti-7. eazd antibodies. At the
end-point of our study, anti-7. ruzi antibodies were detected in

cardiopatic monkeys (#0890, #9535, #103). but not in indeterminate

monkey #9489, Importantly, there were no alterations in the levels
ol total IgM [Figure S3A) and IgG (Figure S35 in serum of 70
cruzi-infected monkeys in comparison with noninfected controls at
the end-point of this study (2023 ypi).

INOS/NOS2* cells in the cardiac tissue and high NO levels
in serum are associated with cardiomyopathy in
chronically Trypanosoma cruzi-infected monkeys

Because parasite antigens were scarce i the cardiac tissues ol

monkeys with the indeterminate and cardiac forms of Chagas
disease. we evaluated the cardiac tissue lor the expression ol
INOS/NOSZ, which s an enzvme potentally wvolved o an
important parasite control pathway [9.11]. Analysis of serial heart
t NOSZ" cells
infilurating inlected

1w sections revealed that most of the iINO

the myocardial interstitium  of animals

(Figure 3A-D) were D68 macrophages (data not shown). There
|‘}+

was a significant increase in the number ol INOS/NOS2T cells in

the myocardium of monkey #95 that presented high parasitism
detected by qPCR for genomic DNA (Figure 3A-D. Figure 3E).
INOS/NOS2' cells were scarce or absent in noninfected

animals (Figure 3E).

wheres

Inn chronic Chagas disease. severity ol COC correlated with high
NO levels in serum [6]. Because an increased number of iINOS/
NOS2* cells in the cardiac tissue of infected monkevs was related
to the severity of electrical abnormalities. we decided 10 study NO
levels in the serum of nfected monkeys. A high NO concentration

was only detected in the monkey [#95) with severe CCC
(Figure 3F). In this monkey, parasite control was achicved at 2
months postinfeeton, at which point antibodies were detected
(Figure 205}, in ahsence ol significant NCY concentration in serumn
(Figure 3G A high NO concentration was only detected after 6
months of infection, and the NO level was persistently elevated at
16 and 20 vpi (Figure 3G In the case of noninfected monkeys
#8101 and #94 the low numbers of INOS/NO2' cells in the
cardiac tissue was parallel 1o low NO levels in serum (Figure 3E.
Figure 3F). In the cardiopatic 70 cmzi-infected monkey 495 the
high number ol iINOS/NO2' cells in the cardiac tissue paralleled
the high NO concentration in serum Figure 3F.
However, there was no  signilicant  correlation  (#% = 0.5206,
p=0.105) between the number of INOS/NOZ' cells in the
cardiac tissue and NO concentration in serum ol 7. s

[Figure 35E.

-infected
rhesus monkeys.

Cardiac tissue injury is severe in Trypanosoma cruzi-
infected monkeys overexpressing iNOS/NOS2 and NO
Overexpression ol iINOS/NOS2 and NO has been shown to he
associated with heart injury in noninlections conditions [8]. To test
the possible consequences of INOS/NOS2 overexpression in the
heart tissue ol 7. cmz-infected monkevs, we
3 s the major gap junction
protein in the heart, and Cx43 s primarily responsible for the
[21]. Connexin 43

distribution  was  homogeneous in the intercalated disks ol

analyzed  the
expression of Cxd3. Connexin 4

elecrical  synchrony ol cardiomyocytes
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Figure 4. Cardiomyocyte injury in 7. cruz-infected rhesus monkeys. Cardiomyocyte damage was assessed by immunohistochemical
detection of Cx43 in the myocardium of the left ventricle and CK-MB activity levels in the serum of noninfected and chronically T. cruzi-infected
‘rhesus monkeys. (A} Photomicrograph of myocardium section of the left ventricle of the noninfected monkey #94 showing normal pattern of 43
expression in intercalated discs. (B) Photomicrograph of myocardium section of the left ventricle of the T. cruzi-infected monkey #64 (23 ypi)
showing normal aspect. (C) Photomicrograph of left ventricle section of the T. cruzi-infected monkey 499 (20 ypi) showing normal Cx43 pattern. (D)
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Photomicrograph of section of left ventricle of the T. cruzi-infected monkey +#90 (20 ypi} revealing Cx43 loss in myocardial area lacking inflammation.
(E-F). Photomicrographs of left ventricle section of the cardiopatic T. cruzi-infected monkey #95 (20 ypi) showing Cx43 loss in area with (E) intense
diffuse inflammation and (F) the substitution of cardiomyocytes by mesenchymal cells. (G) Frequency of stained Cx43 area in heart sections of
noninfected and chronically T. cruzi-infected monkeys (20-23 ypi). (H) Detection of CK-MB activity in the serum of noninfected and chronically T.
cruzi-infected monkeys (20-23 ypi). (I} Correlation between the number of INOS/NOS2" cells in heart tissue and CK-MB activity levels in serum of

rhesus monkeys. Bar =100 pm.
doi:10.1 37 1/journal pntd.0001644.g004

related 1o the [2-lead ECG ORS scoring and the severity of

Chagas™ heart disease [23]. Fibrosis, which is one of the most
important features of COC [ 1Y]. shows a progressive evolution in
1. cmze-infected mice [24]. Fibrosis is directed by inflammatory
processes that provoke chemokine-driven accumulation of mesen-
chymal cells [253]. In the present studies. collagen deposition
occurred early in the acute infection (41-76 dpi) concomitantly
and

with inflammation. Interestingly, inllammation resolution

collagen degradation can occur without specilic treatment. This

finding was seen in monkey #45. which presented the indeter-
4 ¥ 3 : |
99 did not

exhibit cardiac inflammation or {ibrosis; however, we

minate form ol Chagas disease at 3 ypi. Monkey
could not
prove whether fibrosis was established and later remodeled. The
predominance of tvpe IIL pro-IL and pro-IV collagens in the
leart tssue ol individuals with chronic 7. guezi infection [24] may
favor reversibility of fibrosis because these collagens have a high
turnover. In 7. ez infection, extracellular mawix deposition in
the cardiac tissue can be remodeled 6 inflammation subsides.
which has been observed alier etological chemotherapy with

benznidazole in the chronic infection [24] and alier modulation of

inflammation with a partial CC-chemokine receptor antagonist in

the acute and chronic infection [26.27]. These data suggest
parasites and inflammation as wiggers ol fibrogenic lactors in

GO, iz

targeting parasites and inlflammaton, possibly combined. may he

which reinforces the idea therapeutic strategies
beneficial in remodeling fibrosis and restoring heart function in
Chagas disease.

Observations of chronic myocarditis and fibrosis in the apparent
absence ol 70 euzd have suggested thar antoimmunity is a cenural
mechanism for COC pathogenesis [3]. In a classic study, however,
amastigote forms of 70 cmzi were detected inside myocardial cells
in all analvzed CCC patents [19]. Furthermore, a PCR signal for
1. rrnzi KkDNA has been observed in the hearts of GCC patients,
but it was not detected i seropositive nonCCC patients [28]. In

indeterminate and cardiopatic 7. ez

[antigen, kDNA and nudlear satellite DNA) persisted in the heant
and spleen. Although in some tissue samples parasite kDNA was

infected monkevs. parasites

not detected in repeated analyses. the study of dilferent fragments
of heart and spleen and the use of more sensitive assay resulted in

~infected

detection of parasite persistence in all chronically 7. er
rhesus monkeys. Considering the short lile span of parasite DNA
in host tissues [29]. PCR signals in the heart and spleen of infected
monkevs constitute real prool ol 7. wazi persistence. The presence
ol anti- 7. erezd antibodies in cardiopatic monkeyvs coincided with

parasite persistence in the blood, heart and spleen. In monkey

040, however, ant-T. ez antibodies were restaicted to the acute

inlection and coincided with parasite control. Detection ol a
individuals
The

L

specific immune  response in chronically  infected

reflects continuous antigenic stimulus by persistent parasite

consistent absence of detection of specilic antibodies [15].
KDNA in peripheral blood and heart in monkey #99, which had
no elecirical abnormalities, cardiac inflammation or [ihrosis ar 20

vpiin the absence of weatment, led us 1o consider the possibility of
spomtancous cure in this monkey [19]. However, the analvsis of

dilferent fragments ol spleen and heart revealed the presence of 7.
ez genomic DNAin both tissues of monkey #99. supporting the

':@_'. www.plosntds.org
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persistence ol parasite in these tssues in this monkey with the
indeterminate form ol Chagas  discase. Therelore, the low
parasitism restricted to focal arcas in dillerent organs may explain
the difliculties to reveal parasite and antibodies presence in this
monkey.

Although there was no correlation between the quantity of
antigens and the intensity of myocarditis, the detection of 7. cruzi
DNA in the cardiac tissue ol infected monkevs supports the idea
that persisting parasites trigger detrimental inflammation that can
act on cardiomyocytes. Heart inflammation is a major factor that
contributes 1o an increased risk of death in CCC compared with
other heart conditions [30]. The components of inflammatory
infiltrates contributing to this picture remain unclear. In nonin-
fectious human diseases and murine models of cardiac pathologies.
INOS/NOS2 and NO were shown to be both protective and

detrimental for heart physiology, and these eflects may

he
dependent on NO concentration [8.51]. Therelore, the increased
number of INOS/NOS2™ cells in the heart tissue of 7.

infected cardiopatic monkeys led us to search lor cardiomvocyte

Criezi=

lesion. Connexin 43 was severely depleted in cardiopatic monkey
#45. which presented a high number of INOS/NOS2Y cells
tssue. T, ez infecton of human
[27.3:
3 loss. This ellect was hampered i inlected
that

infilirating  the  cardiac

cardiomyocytes i vitvo [32] and mice in o 3] has also been

shown o canse Cx

TNFRI-delicient 7. ermzeinfected  mice. which  supports

TNF/TNFRI signaling is involved in Cx43 loss [33]. Tumor

necrosis factor, particularly associated with IFNe, s an iNOS/
NOS2 inducer that results in NO production [7.8]. In this context.

we detected IFNe in the serum of monkey #95 (150 pg/ml) and

TNF in the serum of monkey #1035 (28 peg/mly) and high [FNe

and TNF levels in PMA-stmulated peripheral blood cells of
monkeys #1053 and #95. buwt not in noninfected conrols or
infected monkeys with the indeterminate form of Chagas disease
{four unpublished data). Although consistent with the idea that the
cardiopatic monkevs #1035 and #95 overproduce inflammatory
cvtokines that may stimulate NO production. the low number of
responsive animals hampered any definitive conclusion. Thus, the
mechanism by which high iINOS/NOS?2 is induced in cardiac
tssue lollowing 7. ez infection remains unknown. The presei
study was the first to show that in CCCG the numbers of INOS/
NOS2' cells in cardiac tissue are associated with Cxd3 loss and.
more clearly, with inereased CK-MDB activity levels in serum,
markers ol cardiomvocvte injury [21.22]. Interestingly, iINOS/
NOS2 upregulation in an inflammatory milieu results in increased
NO levels in the cardiac tissue in autoimmune myocarditis [34]. In
addition. NO i induced in macrophages and cardiomyocytes Dy
1. vz and inflammatory cytokines and chemokines. which
require the INOS/L-arginine pathway [35]. The severity of CCC
is associated with high NO levels in chagasic patients [6]. Nitrie
oxide has also been shown to be involved in heart denervation in
acute 1. cmzd infection in rats [31]. Therelore, persistent T2 ez in
the cardiac tissue might sustain continuous INOS/NOS2 expres-
sion and a large supply of NO ina tissue that normally experiences
low and tghtly controlled levels of this mediator [7.36]. In
consequence, the increased expression ol INOS/NOS2 and supply
ol NO could lead 1o cardiomyvocvie lesion and heart injury. To test
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Figure 5. INOS/NOS2 and NO status influence heart parasitism and cardiomyocyte integrity in 7. cruzi-infected mice. The mice were
infected with 100 blood trypomastigotes of the Colombian T, cruzi strain and analyzed at 40 dpi. The presence of INOS/NOS2' cells, parasite nests,
inflammatory cells and Cx43 in the myocardium was immunohistochemically detected, NO concentration was evaluated by a Griess-based method
and CK-MB activity levels in the serum was biochemically determined. (A) Increased NO levels in serum of T. cruzi-infected C57BL/6 mice in
comparison with noninfected controls (NI). (B) Photomicrograph of iNOS/NOS2' cells in the cardiac tissue of infected C57BL/6 mice and
quantification of iINOS/NOS2" cells in the cardiac tissue of infected C57BL/6 mice in comparison with noninfected controls. (C) Photomicrographs and
quantification of parasite nests showing increased heart parasitism in Nos2 ™'~ compared with T. cruz-infected C57BL/6 mice. (D) Similar number of
inflammatory cells in the heart tissue of C57BL/6 and Nos2~'~ T. cruzi-infected mice. (E) CK-MB activity levels in the serum of noninfected and T. cruzi-
infected mice revealing increased CK-MB activity in T. cruzi-infected mice when compared with noninfected controls. Decreased CK-MB activity in the
serum of Nos2~'~ compared with C57BL/6 T. cruzi-infected mice. (F) Preserved expression of Cx43 in the heart tissue of Nos2 ™'~ compared with
C57BL/6 infected mice. Analysis at 40 dpi of 3-5 noninfected and 5-8 infected mice/group. * p<0.05 and ** p<<0.01. Bar =100 pm (C). Bar =50 pm
(F).

doi:10.1371/journal pntd.0001644.g005

this idea, we adopted a Nos2 7 murine model. Inidally, 7. ez in chronically infected monkevs. In additon, iNOS/NOSZ™ cells
infection of C57BLAG mice (the Nos? ¥ genetic background) led have previously been detected in the cardiac tssue ol acutely
to increased systemic NOY production and. particularly, INOS/ infected mice [9] and dogs [37]. Therelore, the present data show
NOS2¥ cells in the cardiac tissue. which reproduced our findings that independent of the host and the phase of infection. 7. oz
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Table 2. Electrocardiograph parameters of C57BL/6 and Nos2 / mice infected with the Colombian T. cruzi strain.

Experimental Heart rate’ PR interval P-wave QRS

groups (bpm}) (ms) duration (ms) duration (ms) QTc (ms) Cardiac conduction (% of mice)*
C56BL/6 NI 5304281 35.8+2.1 123+14 111404 163422 Brad (0%) AVB1 (0%) AVB2 (0%)
C57BLY6 T. cruzi 441+385" 41.1+04™ 125409 186415 322427 Brad (43%) AVBT (57%) AVB2 (43%)
MNos2 NI 400 +6381 36.5+4.0 140410 11.1£1.1 207 1.7 Brad (60%) AVB1 (20%) AVB2 (0%)
Mos2 ' T. cruzi 4234819 39.6+4.3 140423 13,94 2.4### 283+938 Brad (57%) AVBT (43%) AVB2 (28%)

These data represent two independent experiments, with 5-7 mice/group.
1 -
, p=0.05;

*, p=0.05;
* p=-0.01;

i

p=-0.05;
p=-001;

doi10.1371/journal.pntd.000 1644.1002

infection enhances NO in serum and iNOS/NOS2Z' cells in the
cardiac tissue. The present data also refute the result showing tha
INOS/NOS2 is not required for 7. ¢
previous findings that INOS/NOS?2 is essential for 7. eruzi control

issue [911]. NO
¢ infection because it depresses lymphocyte

¢ control [ 12], but support

in the cardiac Paradoxically, might be

detrimental in T, e

lunctions, which could promote parasite survival [ 7]. Although this
idea demands further experimental support, il this is the case the
detrimental effect of NO on the immune response may explain
parasite persistence in chronically infected individuals, including
patients [6] and our experimental models. Interestingly, iINOS/
NOS2? absence (in Mos2 © ) abolished NO production in 70 crazi-
inlected mice, which showed that INOS/NOS2 is essential for NO
In
showing that there is no compensation mechanism increasing
other NOS isoforms in Chagas disease [12]. Furthermore, iNOS/
NOS2 and locally produced NO are not involved in myocarditis

overproduction. addition, this result corroborated studies

formation, which suggests that the nature rather than the intensity
ol heart inflammation is determinant of the Chagas” heart discase
outcome [27]. Furthermore, 7. ez infection of NosZ mice
demonstrated a role for INOS/NOS2 in myocardial cell lesion

infected monkevs. Interestingly, recent proposal brings support for
Chagas disease to be considered a junctionopathy [38]. Therelore,
INOS/NOS2-derived NO may be a direct or indirect critical
trigger ol the molecular pathway leading to myocardial cell
connectivity loss. Further, 70 cezi may directly lead to myvocardial
cell lesion, as revealed by increased CK-MDB activity levels in

INOS/NOS2 led o signilicant decrease in CK-MDB activity levels
placing  INOS/NOS2-derived NO
myocardiotoxic agent, but did not completely abolished myocar-

in as  important

SCTUIm.

dial cell lesion that persisted in presence ol high cardiac tissue

parasitism in acutely 77 erazi-infected Nos2 mice. In chronically
infected rhesus monkeys, focal persistence ol 70 crazi (revealed by
detection of antigen® spots and of low amounts of parasitec DNA)
may contribute to maintain iNOS/NOS2 induction and local NO
production leading to myocardial cell lesion. A previous stucy
showed that INOS/NOS2-derived NO was associated with right
ventricular dilaton and svstolic dysfunction in acute murine 7.
cruzi-clicited myocarditis [9]. Although NOS/NOS2 defliciency led

infected

to bradyarrhythmia in noninfected controls, 7. en

@_ www.plosntds.org
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ECG parameters were evaluated at 40 dpi, using the following standard criteria: (i) heart rate (monitored by beats per minute (bpm), and (i) the variation of the P wave
and PR, QRS and QT intervals, all measured in milliseconds (ms); Brad, bradycardia; AVB1, first-degree atrioventricular block; AVB2, second-degree atrioventricular block.

1, p<20.01; comparison between the values for C57BL/6 and Nos2 ‘ noninfected groups of mice;
*** p=<0.001; comparison between the values for noninfected and T. cruzi-infected groups of mice;

, p=<0.001; comparison between the values for C57BL/6 and Nos2 /7. cruzi-infected mice.

Nos2

than

mice presented lower [requency o AVBL and AVBE2
1. cruz-inlected C57BLA6 mice. More importanily, the
higher QRS scores detected in COC patients [2,23], which were
reproduced  in infected monkeyvs and CH7BL/6 mice, were
signilficantly decreased in 7. ermzi-infected Nos? mice. which
implicated  INOS/NOS2 and NO in QRS score  increases
incdependent of the host. Therelore, the present data support that
the iINOS/NOS2-NO pathway participates in 7. gazi-induced
myocardial cell lesion and heart injury and suggest that this
pathway should be explored as a therapeutic target in CCC.
Considering observations in chronic Chagas disease [6], it is a

plausible proposal as the pivotal role of NO in 7. erzi control was
restricted to acute nfection [39]. Further studies are needed 1o
determine whether inhibition of iINOS/NOS2 will be therapen-
tically uselul in chronic Chagas discase, a condition ol vast

overproduction of NO.

Supporting Information

Figure 31 Representative electrocardiographic regis-
ters of chronically T. cruzi-infected rhesus monkeys.
Rhesus monkeyvs were infected with metacyelic wyvpomastigotes of
the Colombian 7. ez strain and analyzed at 20-23 vears post-
infection (vpi). (A) ECG registers of monkey # 64 (23 ypi) showing
normal pattern ol electrical activity. (B} ECG registers of monkey
#0099 (20 vpi) showing normal patern. (C) ECG registers of
monkey # 103 (20 vpi) demonstrating first degree right bundle
branch block (RBBB1, arrow). [D) ECG registers of monkey £ 90
20 ypi) showing first degree lelt bundle branch block (LBBBIL.
arrow). (E) ECG registers o monkey # 95 (20 ypi) showing second
degree right bundle branch block (RBBB2, arrow) and right QRS
axis deviation (RAD. arrow head).

[TIF)

Figure 32 Histological alterations in the myocardium of
T. cruzi-infected rhesus monkeys. Sections of the myocar-
dinm of the left ventricle ol noninfected and 7.
rhesus monkeys were stained with H&E and analvzed under light

erizi-infected

microscope. Photomicrographs of heart tissue sections showing: (A)
Monkey #42 (20 ypi), with multifocal infiltrates of mononuclear
inflammatory cells. (B) Monkey
mononuclear inflammation. [C) Monkey #99 (20 vpi), normal
aspect of the myocardium. (D) Monkey #

#6423 ypi), intense [ocal

103 (20 ypi). multifocal

May 2012 | Volume 6 | Issue 5 | e1644



(E) Monkev #90 (20
vpdl, normal aspect of the myocardium. (F) Monkey #95 (20 vpil,
ol inflammatory  cells. [G)
Noninfected monkey #94. normal aspect. H&E. Bar = 100 pm.
(TIF;

infiltrates of mononuclear inflammatory cells.

multilfocal  infilirates mononuclear

Figure 33 Total IeM and IgG levels in noninfected and
chronically T. cruzi-infected rhesus monkeys. The
total of the IeM and [eG classes were
determined by nephrolometry in the serum of noninfected and 7.

levels

ol immunoglobuling

i-infected rhesus monkeys at the end point (2023 vears post-

Total (A) IeM and B) IgG levels in the serum.

eries
infection, vpi).

(TIF)

Figure 34 Representative electrocardiographic regis-
ters of T. cruzi-infected C57BL/ 6 and Nos2 mice.
The mice were infected with 100 blood tryvpomastigotes of the
[4) ECG
registers of noninfected control G57BLAG mice showing normal
pattern ol electrical activity, (B) ECG registers of 10 cruzi-inlected
CH7BLAG mice showing lirst- and second-degree
block (AVBL, AVB2,

control Nos? mice showing presence ol sinus bradyarrhythmia.

Colombian 70 ez strain and analvzed at 40 dpi

atrioventricular

arrows). (€ ECG registers of noninfected

D) ECG registers of T eruz-infected NosZ mice showing first
degree atrioventricular block (AVB L arrows).

[TTF,

Table 81 General characterization of Trypanosoma

cruzi infection of rhesus monkeys. Rhe
infected with metacyelic trypomastigote forms ol the Colombian
The

i the present study and the

3 ]1][]]]}{[‘_\'.‘5 Were

1. eruzi strain and analyzed at 2023 vears post-infection (vpi).
original colony identification used 1
experimental number used in a previous publication that describies
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