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Bone marrow cell migration to the heart in a chimeric
mouse model of acute chagasic disease
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BACKGROUND Chagas disease is a public health problem caused by infection with the protozoan Trypanosoma cruzi. There is
currently no effective therapy for Chagas disease. Although there is some evidence for the beneficial effect of bone marrow-derived
cells in chagasic disease, the mechanisms underlying their effects in the heart are unknown. Reports have suggested that bone marrow
cells are recruited to the chagasic heart; however, studies using chimeric mouse models of chagasic cardiomyopathy are rare.

OBJECTIVES The aim of this study was to investigate the migration of bone marrow cells to the heart after 7. cruzi infection in a
model of chagasic disease in chimeric mice.

METHODS To obtain chimerical mice, wild-type (WT) C57BL6 mice were exposed to full body irradiation (7 Gy), causing bone
marrow ablation. Then, bone marrow cells from green fluorescent protein (GFP)-transgenic mice were infused into the mice.
Graft effectiveness was confirmed by flow cytometry. Experimental mice were divided into four groups: (i) infected chimeric
(iChim) mice; (ii) infected WT (iWT) mice, both of which received 3 x 10* trypomastigotes of the Brazil strain; (iii) non-infected
chimeric (Chim) mice; and (iv) non-infected WT mice.

FINDINGS At one-month post-infection, iChim and iWT mice showed first degree atrioventricular block with decreased heart
rate and treadmill exercise parameters compared to those in the non-infected groups.

MAIN CONCLUSIONS iChim mice showed an increase in parasitaemia, myocarditis, and the presence of amastigote nests in
the heart tissue compared to iWT mice. Flow cytometry analysis did not detect haematopoietic progenitor cells in the hearts of

infected mice. Furthermore, GFP+ cardiomyocytes were not detected in the tissues of chimeric mice.
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Chagas disease (CD), caused by the protozoan 7ry-
panosoma cruzi, is an important health problem in Cen-
tral and South America (Rassi Jr et al. 2010). Reports
from World Health Organization (WHO 2016) estimate
that 6-7 million people are infected worldwide. Although
a decrease in incidence has been observed in endemic
countries, CD is increasing in other places, such as the
United States of America, Canada, Japan, Australia, and
Europe due to migratory movement (Rassi Jr et al. 2010).
Heart impairment is the most severe and frequent mani-
festation of this disease. During the acute phase, infec-
tion with 7. cruzi leads to high parasitaemia and tissue
parasitism, which can result in an exacerbated immune
response in the heart (Gutierrez et al. 2009), including in-
filtration of CD4+ and CD&+ T lymphocytes and macro-
phages, with a predominance of CD&8+ T cells (Machado
et al. 2005). Depletion of lymphocytes in murine models
results in high susceptibility to 7. cruzi, showing that

doi: 10.1590/0074-02760160526

Financial support: CNPq, CAPES, FAPERJ, INCT, Ministério da Satide
+ Corresponding author: rcoeli@biof.ufrj.br

Received 7 December 2016

Accepted 14 March 2017

CD4+ and CD8+ T cells are essential for parasite control
and host survival (Tarleton et al. 1996). In the chronic
phase, parasites are rarely found in the blood. However,
small and progressive inflammatory foci continue to de-
velop for years, culminating in the destruction of cardio-
myocytes, formation of fibrosis, and the development of
dilated cardiomyopathy (Gutierrez et al. 2009) in approx-
imately 30% of infected individuals, which can progress
to congestive heart failure (Soares et al. 2004). At this
stage, heart transplantation is often the only therapeutic
option. However, cell therapy has emerged as a promis-
ing alternative treatment. Recent advances have shown
the beneficial effects of progenitor cells from bone mar-
row (BM) in different tissues (Epperly et al. 2003, Abedi
etal. 2007), including the heart (Orlic et al. 2001, Yoshio-
ka et al. 2005, Goldenberg et al. 2008, Jasmin et al. 2012,
Souza et al. 2014). In a mouse model of chronic chagasic
cardiomyopathy, mononuclear cells from BM decreased
inflammatory infiltrates and fibrosis (Soares et al. 2004)
and prevented dilatation of the right ventricle (Golden-
berg et al. 2008). In an acute model, mesenchymal stem
cells from BM also promoted a reduction of right ven-
tricular dilatation (Jasmin et al. 2012).

Although there is strong evidence for a beneficial ef-
fect of BM-derived cells in chagasic and other cardio-
myopathies, the mechanisms underlying the effects of
BM cells in the heart are still unknown. Reports have
shown that BM cells are recruited to repair the heart in
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a model of myocardial infarction (Orlic et al. 2001, Fa-
zel et al. 2006). Transplantation of BM expressing green
fluorescent protein (GFP) into irradiated mice has been
used to screen and study BM cell participation in tissue
repair in different organs, including the heart (Epperly
et al. 2003, Abedi et al. 2007, Fujita et al. 2007, Souza et
al. 2014). Chimeric mice have been used in myocardial
infarction models to show the beneficial effects of BM
CDI117+ cells (Fazel et al. 2006) and granulocyte colony-
stimulating factor (G-CSF) (Fujita et al. 2007) on cardiac
tissue. However, there are few studies of CD using chi-
meric mouse models (Soares & dos Santos 2009, Souza et
al. 2014). In this study, we investigated BM cell migration
to the heart after 7. cruzi infection in an experimental
model of acute CD in chimeric mice and compared para-
sitaemia, myocarditis, parasite nests, and cardiac func-
tion in infected wild-type (WT) and chimeric mice.

MATERIALS AND METHODS

Animals - Male and female C57Bl/6 mice and transgenic
green fluorescent protein-expressing mice [C57Bl/6-Tg(-
CAG-EGFP) C14-Y01-FM1310 (GFP mice)] were donated
by Dr Masaru Okabe (Okabe et al. 1997) and housed in
our animal facility at the Carlos Chagas Filho Biophys-
ics Institute (UFRJ, Rio de Janeiro, Brazil). The facility
is temperature controlled (23°C), with a 12-12h light-dark
cycle and free access to water and standard chow. The in-
vestigation was carried out in accordance with the Guide
for the Care and Use of Laboratory Animals [DHHS pub-
lication no. (NIH) 85-23, revised in 1996, Office of Sci-
ence and Health Reports, Bethesda, MD 20892, USA] and
all animal protocols were approved by the Ethics Commit-
tee on the Use of Animals in Scientific Experimentation
(Health Science Centre of the Federal University of Rio de
Janeiro), under protocol number 163/13.

Generation of chimeric mice - To generate chimeric
mice, 34 C57Bl/6 mice (weighing approximately 25 g)
were exposed to whole body radiation (7 Gy) in a linear
accelerator (VarianClinac 2100 CD) used for radiother-
apy, resulting in BM ablation as previously described
(Paredes et al. 2012). BM cells were harvested from
the femurs and tibiac of GFP transgenic mice at two
months of age by centrifugation (1500 x g for 3 min).
To isolate mononuclear cells, Bone Marrow Cells BMCs
were suspended in Dulbecco’s Modified Eagle’s Medi-
um (DMEM; LGC Biotecnologia) and layered on His-
topaque (Histopaque®-1083, Sigma-Aldrich). The tubes
were centrifuged at 400 x g for 30 min. The ring con-
taining the mononuclear cells was collected and washed;
the cells were counted and cell viability was determined
by Trypan blue exclusion. Mononuclear cells were di-
luted in sterile phosphate buffered saline and injected (at
2 x 10° cells/200 pL) through an intracavitary cardiac
route guided by echocardiography into irradiated WT
mice approximately 4 h after irradiation.

Engraftment evaluation - The percentage of BM
engraftment was determined in irradiated/transplanted
mice 21 days after the procedure. Blood samples from
WT C57Bl/6 and transgenic GFP+ mice were used as
negative and positive controls, respectively. Peripheral

blood (PB) samples (20 pL) collected from the tail vein
were incubated with 200 pL of erythrocyte-lysing solu-
tion (BD FACS Lysing Solution, BD Biosciences) for 15
min at room temperature, washed with PBS, centrifuged
at 300 x g for 3 min, and then suspended in PBS (300
pulL) for flow cytometry analysis (BD FACSAria Ilu).
Chimeric mice with greater than 70% engraftment of
GFP-positive cells in PB were included in the study.

Preparation of antigens (lysed parasites) - To avoid
high mortality of irradiated mice after 7. cruzi infection,
the mice were injected with lysed parasites before in-
fection. To obtain lysed parasites, a monkey fibroblast
cell line (LLC-MK2) was infected with 7. cruzi trypo-
mastigotes (Brazil strain; at a 1:1 parasite:cell ratio). The
cells were maintained in DMEM supplemented with 2%
foetal bovine serum (FBS) at 37°C with 5% CO,. From
day five to eight, parasites were harvested from the
culture supernatant, centrifuged (1200 x g for 15 min),
resuspended in 1 mL of PBS, and counted in a Neubau-
er chamber. A suspension containing 10° parasites/mL
in PBS was lysed by three freeze-thaw cycles in a wa-
ter bath at 37°C and liquid nitrogen for 5 min each. A
complete loss of viability was verified by the absence of
parasite bodies via light microscopy. The lysed parasite
suspension (200 pL) was injected by the intraperitoneal
(IP) route 22 days before 7. cruzi inoculation.

T. cruzi infection and screening - Infected groups of
mice (males and females, aged 4-5 months) were inoc-
ulated by IP injection with 3 x 10* bloodstream trypo-
mastigotes of the Brazil strain. Five days post infection
(dpi), parasitacmia was assessed by counting the number
of trypomastigotes in PB diluted in 0.85% ammonium
chloride buffer in a Neubauer chamber, three times a
week. Data are expressed as the number of trypomastig-
otes per millilitre of blood. Mortality was assessed daily.

Experimental groups - Animals were divided into
four groups: (i) the iChim group (n = 17) and (ii) the
iWT group (n = 17), which were composed of chimeric
and WT C57Bl/6 mice, respectively, that received 7. cru-
zi lysate (ip) at 52 days-post irradiation (dpir) and were
infected with 7. cruzi 22 days after lysate injection (74
dpir), and age-matched non-infected controls in the (iii)
Chim group (n = 13) and (iv) WT group (n = 14). An
experimental overview of chimera generation and infec-
tion is shown in Fig. 1.

Cardiac performance - Cardiac performance was
evaluated by electrocardiogram (ECG) and treadmill
exercise before infection and one month after infection.
ECG recordings were obtained in conscious animals, us-
ing an electrocardiographic unit (PowerLab/400; AD In-
struments), and the following parameters were analysed:
the presence of arrhythmias, PR interval, QT interval,
Bazett-corrected QT (QTc = QT/\/iRR), and heart rate
(HR = 60/iRR). Treadmill exercise was performed using
a motor-driven treadmill (EP 131; Insight Instruments,
Ribeirdo Preto, Brazil) at a 10° inclination, according
to the protocol of exhaustion adapted from Bayat et
al. (2002). Briefly, the mice were familiarised with the
treadmill by running at a speed of 0.1 m/s for 5 min be-
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Fig. 1: experimental design of chimeric generation and Trrypanosoma
cruzi infection. C57B1/6 mice were exposed to whole body radiation
(7 Gy; Day 0) in a linear accelerator (VarianClinac 2100 CD). Ap-
proximately 4 h after irradiation, irradiated mice were administered 2
x 10° bone marrow (BM) mononuclear cells through an intracavitary
cardiac route guided by echocardiography. Engraftment was evalu-
ated 21 days after irradiation by flow cytometry. Fifty-two days after
irradiation, chimeric mice received an antigen preparation (a suspen-
sion containing 10° lysed 7. cruzi parasites), and 22 days later (at 74
days after irradiation), animals were infected with 3 x 10* T. cruzi
trypomastigotes (Brazil strain) by the intraperitoneal route.

fore beginning exercise. Then, the animals were exercised
at five different velocities (0.1, 0.2, 0.3, 0.4, and 0.5 m/s)
with increasing velocity. Each mouse ran until fatigue,
defined as the point when the animal remained more for
than 10 s on the electrified grid present at the end of each
stall. Travelled distance (metres) and time (minutes) until
fatigue were used as indexes of exercise tolerance.

Histopathological and morphometric analysis -
Hearts from all groups were arrested in diastole, at an av-
erage of 35 days, washed with PBS, and sectioned trans-
versally in two segments (apex and base). Heart sections
were fixed in 4% buffered paraformaldehyde for 24-48
h, embedded in paraffin, sectioned (4 uM), and stained
with hematoxylin-eosin (H&E) to evaluate the intensity
of inflammation and presence of amastigote nests. Tissue
sections were analysed by light microscopy, and imag-
es were digitalised using a colour digital camera (Spot
Flex) attached to an epifluorescence Axiovert 100 mi-
croscope (Zeiss, Germany). For morphometric analyses,
each section (for a total of 30 microscope fields, from the
left and right ventricles) was examined for evidence of
mononuclear and polymorphonuclear cellular infiltration
and amastigote nests. Inflammation was determined by
counting the number of inflammatory foci (1 focus = sev-
en or more inflammatory cells) within a specific area (5
uM?). The presence of amastigote nests was determined
in the same way, by counting the number in 30 fields. The
images were analysed using Image-Pro Plus, version 7.0
(Media Cybernetics, Bethesda, MD, USA).

Immunophenotyping by flow cytometry - Immu-
nophenotyping of the BM and hearts of mice from the
infected [iChim (n = 3) and iWT (n = 3)] and control
[Chim (n = 3) and WT (n = 3)] groups were performed
at 40 days post-infection, using a BD FACSAria IIu (BD
Biosciences), and the data were analysed using FlowJo
software (Treestar, USA). DAPI (500 ng/mL) was used
to exclude dead cells, and isotypes (IgG2b-PE and Ig-
G2a-PE-Cy7) were used as negative controls.

BM - Total BM was harvested as described above and
incubated with Fc block (anti-CD16/CD32; BD Bioscienc-
es) for 15 min at 4°C. Then, the cells were incubated for 30

min at 4°C with conjugated primary antibodies against he-
matopoietic progenitors (anti-CD45-PE-Cy7/anti-CD117-
PE), washed in PBS, centrifuged (300 x g for 5 min), and
resuspended in PBS (200 puL) containing 0.5% BSA.

Hearts - After perfusion with PBS at a constant flow
of 1.1 mL/min for 20 min, each heart was harvested and
subjected to enzymatic digestion with collagenase type
IT (Worthington®) solution (200 U/mL). The suspension
was subjected to five cycles of digestion at 37°C for 5
min each. Cell suspensions were filtered using a 100-uM
strainer and centrifuged at 300 x g for 5 min. Pellets were
resuspended in PBS containing 0.5% BSA. Cells were
incubated with Fc block (anti-CD16/CD32; BD Biosci-
ences) for 15 minutes at 4°C and then with the following
conjugated primary antibodies as markers of hemato-
poietic progenitors (anti-CD45-PE-Cy7/anti-CD117-PE)
for 30 min at 4°C. After antibody incubation, cells were
washed in PBS (300 x g for 5 min) and resuspended in
PBS (200 pL) containing 0.5% BSA. Green fluorescence
was examined in cells having the correct size and granu-
larity for cardiomyocytes in chimeric mice.

Statistical analysis - Normal distribution and vari-
ance homogeneity were verified using Shapiro Wilk and
Bartlett tests, respectively. In cases where normality and
variance homogeneity were confirmed, parametric tests
were used and, the data are shown as the mean + stan-
dard derivation. In cases where normality and variance
homogeneity were not confirmed, nonparametric tests
were used, and the data are shown as medians. To anal-
yse parasitaemia time dependency, a general linear mod-
el was used. The parasitaemia peak and morphometric
analysis were analysed by the Mann-Whitney U test.
For electrocardiography and treadmill exercise, we used
two-way analysis of variance (ANOVA) with Bonfer-
roni’s post hoc test to correct for multiple comparisons.
For flow cytometry, the Mann-Whitney U test was used
for the Chimeric and WT groups. To evaluate survival,
Kaplan-Meier curves were used, and analysed with the
Gehan Breslow-Wilcoxon test. Results were considered
significant at P values less than 0.05. MatLab R2010a, R,
and GraphPad Prism 6 were used for statistical analyses.

RESULTS

Analyses of GFP+ cells derived from BM in PB to
confirm engraftment - To evaluate BM transplant efficacy
in chimeric mice, PB was harvested and analysed by flow
cytometry 21 days after transplantation of GFP BM cells.
Quantification of GFP+ cells is shown in Fig. 2A. Of the
36 irradiated and transplanted mice, two (5.5%) died be-
tween transplant and engraftment evaluation. PB analysis
showed that 30 out of 34 mice presented greater than 75%
engraftment, with an average of 85.50% + 5.33% CD45+/
GFP+ cells, and they were included in the study (Fig. 2B).

Course of infection: analysis of parasitaemia and sur-
vival - As shown in Fig. 3A, assessment of parasitaemia
levels beginning at 5 dpi revealed that the iChim group
exhibited significantly higher parasitaemia than the iWT
group [median (interquartile range); iChim, 61.5 x 103
(29.25-101.5) vs. iWT, 5.25 x 10° (1.13-28.25) trypomas-
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Fig. 2: engraftment evaluation of chimeric mice. (A) Dot-plot analysis of peripheral blood: Left: C57Bl/6 mice (negative control), middle: GFP+
mice (positive control), right: chimeric mice, 21 days after irradiation/bone marrow (BM) transplant showing two populations: GFP+ cells
(right) and GFP- cells (left). (B) The percentage of BM engraftment in chimeric mice as analysed by flow cytometry. Of 34 transplanted mice,
30 showed greater than 75% engraftment (black circle) and were included in the study, and four showed less than 75% engraftment (grey circle)
and were excluded. PB: peripheral blood; SSC-A: granularity; Comp-GFP-A: fluorescent intensity in FITC channel.

tigotes/mL of blood]. The graph shows that the maximum
number of circulating trypomastigotes in each animal was
time-independent. Fig. 3B shows the high variability in
the number of trypomastigotes in the iChim group. Sur-
vival analyses showed a survival rate of 58.33% for mice
in the iChim group, which was significantly different
from that of the non-infected Chim control group (100%
survival) until 40 dpi (Fig. 3C). The iWT group (Fig. 3D)
showed a 75% survival rate, with no significant difference
compared to the non-infected WT control group (100%
survival). In addition, there was no significant difference
in survival rates between the iChim and iWT groups.

Cardiac performance - Electrocardiogram - Both
groups of infected mice showed disturbances in cardi-
ac conduction by ECG, such as first degree AV block
and abnormal cardiac rhythm one month after infec-
tion when compared to the ECGs of non-infected con-
trols. As shown in Table, the iChim group exhibited a
significantly higher PR interval (iPR) and a lower heart
rate (HR) than the non-infected control Chim group.
Moreover, these parameters were significantly different
when the same animals were compared pre- and post-
infection. Similarly, the iPR of the iWT group differed
significantly when compared to that of the WT control
group, and when the HR and iPR in the same animals
were compared pre- and post-infection. For the QT in-
terval and corrected QT interval, the infected groups did
not show any significant differences (data not shown)

when compared to values for the non-infected groups.
Furthermore, there were no significant differences be-
tween the iChim and iWT groups.

Treadmill exercise - An exercise test (Fig. 4) was
used to assess cardiovascular performance in response
to physical stress. We observed that infection with 7.
cruzi impaired exercise tolerance, as evidenced by sig-
nificant decreases in time and distance travelled in the
same animals before and after infection (Chimeric mice:
before infection = 26.39 + 11.79 vs. after infection = 7.43
+ 8.23 min, WT mice: before infection =22.92 + 5.11 vs.
after infection = 8.95 £+ 5.5 min; Chimeric mice: before
infection = 327.72 + 219.97 vs. after infection = 393.84
+ 205.57 metres, WT mice: before infection = 279.23 +
89,84 vs. after infection = 71.92 + 69.05 metres). In addi-
tion, there were significant differences in treadmill exer-
cise time and distance when comparing infected groups
to non-infected groups (non-infected Chim group =
28.67 + 8.56 vs. iChim group = 7.43 + 8.23 min, non-
infected WT group =23.76 +4.18 vs. iWT group = 8.95 +
5.5 min; non-infected Chim group = 393.84 + 205.57 vs.
iChim group = 67.54 £ 94.96 metres, non-infected WT
group =301.93 + 80.40 vs. iWT group 71.92 £ 69.05 me-
tres). It is important to mention that no differences were
observed between the iChim and iWT groups.

Histopathologic and morphometric analyses of the
heart - The presence of inflammation and amastigote
nests in the heart is a common manifestation in animals
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Fig. 3: parasitaemia and survival of chimeric and wild-type (WT) C57BL/6 mice infected with Trypanosoma cruzi (Brazil strain). (A) Median of
the maximum number of circulating trypomastigotes from iChim (n= 15) and iWT (n = 17) groups. There is a significant difference between iChim
[61.5 x 10° (29.25, 101.5)] and iWT [5.25 x 10° (1.13, 28.25) trypomastigotes/mL of blood] mice. (B) Parasitaemia over time showing marked vari-
ability in the number of trypomastigotes in the iChim group. Animals #5 and #17 were excluded from parasitaemia analyses because they died or
were sacrificed at an early time point, which did not allow visualisation of peak parasitaemia; (C) Kaplan-Meier curve showing survival of infected
and non-infected chimeric mice until 40 dpi. The iChim group showed a survival rate of 58.33%; (D) Kaplan-Meier curve showing the survival rate
of infected and non-infected WT mice until 40 dpi. Mice in the iWT group showed a survival rate of 75%. None of the non-infected mice died. For
parasitaemia, values were expressed as the median and inter quartile range (first-third quartiles) *p < 0.05 calculated by the Mann-Whitney U test.

TABLE

Electrocardiographic analysis of non-infected [Chim and wild-type (WT)] and infected groups
(iChim and iWT) one month post-infection with trypomastigotes of Brazil strain

iPR (s)

HR (bpm)

After infection Before infection After infection

Groups/time Before infection
Non infected chimeric (n = 13) 0.034 + 0.002
iChim (n =9) 0.032 +0.002
Non infected WT (n = 14) 0.032 +0.002
iWT (n=10) 0.033 £ 0.003

0.034 +0.001 735.16 + 30.66 754.02 + 31.80
0.040 + 0.007+* 736.41 + 28.61 612.09 + 94.58«%
0.034 £ 0.001 744.26 £ 31.10 728.26 + 36.85
0.045 £ 0.010+* 725.14 £ 57.94 618.14 +130.11*

a: difference before and after infection; b: difference between non-infected and infected groups one month after infection. Val-
ues are expressed as mean + standard deviation (SD). a,b: p < 0.05 calculated by Two-way ANOVA with Bonferroni post-test. s:

seconds; iPR: PR interval; HR: heart rate.

infected by 7. cruzi; therefore, we compared heart sec-
tions of mice from the iChim and iWT groups during
the acute phase of infection (average, 35 dpi). Fig. 5SB-E
shows histological analyses of hearts with inflammatory
infiltrates, mainly mononuclear cells, and amastigote
nests in the infected groups (Fig. 5B-D).

No alterations were observed in the control groups
(Fig. 5A). However, we observed that the hearts of mice
in the iChim group had significantly higher numbers of
inflammatory cells than the hearts of mice in the iWT
group [iChim 11.0 (10-32) vs. iWT 6.0 (4-9), n = 5; Fig.
6A] and had higher numbers of amastigote nests than
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Fig. 4: cardiac performance evaluated by treadmill exercise testing.
(A) Time travelled (in minutes) and (B) distance travelled (in metres)
were calculated for each experimental group one month post-infec-
tion (Non-infected chimeric (Chim) group, n = 13; iChim group, n =
11; non-infected wild-type (WT) group, n = 14, and iWT group n =
13). M: metre. Values are expressed as mean + SD. *p < 0.05, calcu-
lated by two-way ANOVA with Bonferroni post-test.

mice in the iWT group [iChim 7.0 (2.25-12), Fig. 6B vs.
iWT 0 (0-0.5), Fig. 5D]. Data shown are the medians (in-
terquartile range; first-third quartiles), and in the iWT
group, the third quartile value of 0.5 indicates the pres-
ence of amastigote nests in one of the examined animals.

Analysis of cells in BM and BM-derived cells in the
hearts of infected mice - WT group - To determine if
infection altered the number of hematopoietic progenitor
cells (HPCs) in BM, we identified and quantified CD-
45low/CD117+ cells in BM (Fig. 7A-B). No difference
was observed in the number of BM HPCs between non-
infected and infected mice (Fig. 7C).

Chimeric group - The same analysis as described
above was performed for non-infected and infected chime-
ric mice. No differences were observed between infected
(iChim) and non-infected (Chim) groups regarding the
number of HPCs in BM (Fig. 7D). Although GFP+ cells
were detected in the heart (Fig. 7E), these cells were also
CD45+, suggesting that they are inflammatory cells. There
was a trend towards an increase in GFP+/CD45+ cells in
the heart; however, this difference did not reach statistical
significance (Fig. 7F) due to the low number of animals
examined. Furthermore, no GFP+ cardiomyocytes (CD45-/
GFP+) were detected by flow cytometry (Fig. 7E).

DISCUSSION

In the present study, we detected and analysed GFP+
BM cells that migrated to the heart after 7" cruzi infec-
tion in a chimeric mouse model of chagasic cardiomy-

opathy. Chimeric mice have been used to study the par-
ticipation of BM cells in the regeneration of different
tissues, such as skeletal muscle, the liver, and the heart
(Epperly et al. 2003, Fazel et al. 2006, Abedi et al. 2007,
Paredes et al. 2012, Souza et al. 2014). To develop this
model, we followed the protocol used by Paredes et al.
(2012), which had already been established in our labora-
tory, with some modifications. We used 7 Gy of radia-
tion, and 2 x 10° mononuclear cells were injected by an
intracavitary cardiac route guided by echocardiography.
The mean percentage of GFP+ cells in the PB 21 days
post transplantation was greater than 75%. In our hands,
BM GFP+ cell delivery through the intracavitary route
was more efficient than other tested routes, such as the
ocular route and through the tail. Although the engraft-
ment was successful, the radiation exposure impaired the
immune response. Park and Jo (2011) showed that irradia-
tion of C57BI1/6 mice induced poor stimulation of the Thl
response, which is related to resistance in Chagas’ disease
(Dosreis 1997). Similarly, Trischmann et al. (1982) re-
ported that irradiation altered the immune responses of
animals and consequently reduced survival. The authors
performed a reciprocal transfer of BM cells between mice
that are resistant and susceptible to 7. cruzi infection;
however, none of the chimeric mice survived infection.

To bypass the mortality of 7. cruzi infection in BM-
transplanted animals, we used parasite antigen stimu-
lation, which has been described in the literature as a
means to induce humoral and cellular immune responses
in mice (Pereira et al. 2005, Bhatia & Garg 2008). Benz-
nidazole has also been used to decrease the high mortal-
ity of chimeric mice after infection (Souza et al. 2014).

In our study, prior to infection, chimeric and WT mice
were inoculated with a lysate of 70 cruzi to stimulate the
immune response and increase animal survival. Twenty-
two days after lysate injection and 74 days after irradiation,
mice were administered 3 x 10* 7' cruzi trypomastigotes
(Brazil strain). It is important to mention that without lysate
inoculation, all animals (n = 4) infected 74 days post BM
transplantation died at 40 dpi (data not shown).

iChim mice developed higher parasitaemia and
showed larger variability in parasitaemia when com-
pared to mice in the iWT group. This variability has
been described by Sogayar et al. (1993). In addition,
Trischmann (1982) had demonstrated greater parasitae-
mia variability in chimeric animals (7.25 x 105-366 x 10°
trypomastigotes/mL of blood). As expected, the higher
parasitaemia detected in BM-transplanted animals re-
sulted in greater inflammation and a higher number of
amastigote nests in the hearts of chimeric mice. How-
ever, both infected chimeric and WT mice developed
functional alterations compatible with chagasic cardio-
myopathy at one month post-infection, as measured by
ECG and treadmill exercise experiments.

Previous studies have demonstrated alterations in
ECG and the parameters of exercise performance (Rocha
et al. 2006, Macambira et al. 2009, Eickhoff et al. 2010).
Eickhoff et al. (2010) evaluated different combinations of
mouse strains (BALB/c, C57BIl/6, and C3H) and T. cruzi
strains (Tulahuen, Brazil and Sylvio-X10/4). BALB/c mice
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Fig. 5: histological analyses of the heart during acute infection. Sections of the heart stained with H&E from non-infected (A) and Trypanosoma
cruzi (Brazil strain)-infected mice (B-E). Sections of the heart from mice in the iChim group (B-C) and infected wild-type (iWT) group (D-E)
showing inflammatory foci and amastigote nests. In the controls groups (A) no tissue alteration was observed. Amastigote nests (black arrows)
were observed in all infected groups: iChim group (4/5), WT-Lis group (1/5).
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A B

infected with the Brazil and Tulahuen strains showed a pro-
longed QT interval. Furthermore, the authors also showed
that C57Bl/6 mice infected with the Brazil strain showed no
ECG changes. In contrast to the results of the study by Eick-
hoff (2010), in which the animals were infected with 5 x 10°
trypomastigotes, in our study, infected animals (Chim and
WT) showed changes in cardiac electrical conduction, such
as prolongation of the PR interval, at one month post-infec-
tion when compared to the values for non-infected controls.
Moreover, changes in HR are common in CD and are asso-
ciated with the presence of cardiac dysautonomy (Ribeiro
etal. 2002), caused either by autonomic dysfunction or by a
direct effect of the parasites on the Sino Atrial Node SAN.
In our study, infected animals from both groups showed
significant reductions in HR when compared to those of
the control groups. Sympathetic innervation is deeply af-
fected during the acute phase of the disease (Marin-Neto
et al. 2007), thus explaining the observed reduction in HR.

As described by several authors, we observed a sig-
nificant decrease in the distance and in the time travelled
in infected mice when compared to control mice. Rocha
et al. (2006) showed a low resistance to exercise with
lower maximal oxygen uptake (VO2) in C57Bl/6 mice
infected with the Colombian strain of 7. cruzi. Using the
combination of C57Bl/6 mice and the Colombian strain,
Macambira et al. (2009) showed a significant reduction
in the distance travelled and duration in exercise testing
at 6 months after infection.

In our study, infected mice showed typical histo-
pathological changes of acute chagasic myocarditis, with
presence of amastigote nests in both ventricles as well
as the presence of a focal inflammatory process, with a
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predominance of mononuclear cells. We also observed
disorganisation of cardiac fibres and myocytolysis in
some animals. Infected chimeric mice showed a greater
number of amastigote nests and foci of inflammatory in-
filtrates when compared to those in iWT mice.

BM cells reportedly have the ability to migrate to
injured organs where they might have beneficial effects
(Orlic et al. 2001, Fazel et al. 2006). However, the mecha-
nisms underlying these potential benefits are unknown.
It has been proposed that HPCs may confer these benefi-
cial effects either directly (Orlic et al. 2001) or indirectly
(Yoshioka et al. 2005). We investigated whether 7. cruzi
infection induced changes in BM HPCs by flow cytom-
etry. The number of CD45low/CD117+ HPCs in the BM
of WT or Chim mice was not changed by infection, sug-
gesting that HPCs in the BM are not a target of the para-
site, at least during the acute phase of infection. Contrary
to what has been found in an acute myocardial infarction
model (Orlic et al. 2001), we could not detect the presence
of BM-derived CDI117+ cells in infected hearts, indicat-
ing that HPCs do not migrate to the heart during the acute
phase of infection. Although CD45+/GFP+ cells were
present in the heart, indicating the presence of inflamma-
tory cells, we could not detect CD45-/GFP+ cells in the
heart of infected chimeric mice, indicating that BM-de-
rived cells do not contribute to heart regeneration during
the acute phase of Chagas disease. In contrast, Souza et
al. (2014) showed by immunofluorescence analysis that
BM cells migrate and contribute to the formation of new
resident cells in the heart using a chimeric mouse model.
We cannot exclude rare events of CD45-/GFP+ detection
(as debris or cells) in our flow cytometry analysis; how-
ever, in contrast to immunofluorescence where single
events are valued, in flow cytometry, we examined thou-
sands of events. Therefore, we are better able to measure
the presence/absence of a cell type using this method.

In conclusion, chimeric mice presented alterations
compatible with chagasic cardiomyopathy. There was
no migration of CD45low/CD117+ cells and no CD45-/
GFP+ cells present in the cardiac tissue. The GFP+ cells
that migrated from the BM to the hearts of infected chi-
meric mice were mainly inflammatory cells.
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