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There is a growing consensus that the balance between the persistence of infection and the host immune response is crucial for chronification of Chagas heart disease. Extrapolation for chagasic megacolon is hampered because research in humans and animal models that reproduce intestinal pathology is lacking. The parasite-host relationship and its consequence to the disease are not well-known. Our model describes the temporal changes in the mice intestine wall throughout the infection, parasitism, and the development of megacolon. It also presents the consequence of the infection of primary myenteric neurons in culture with Trypanosoma cruzi (T. cruzi). Oxidative neuronal damage, involving reactive nitrogen species induced by parasite infection and cytokine production, results in the denervation of the myenteric ganglia in the acute phase. The long-term inflammation induced by the parasite's DNA causes intramuscular axonal damage, smooth muscle hypertrophy, and inconsistent innervation, affecting contractility. Acute phase neuronal loss may be irreversible. However, the dynamics of the damages revealed herein indicate that neuroprotection interventions in acute and chronic phases may help to eradicate the parasite and control the inflammatory-induced increase of the intestinal wall thickness and axonal loss. Our model is a powerful approach to integrate the acute and chronic events triggered by T. cruzi, leading to megacolon.
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INTRODUCTION

Chagas' disease (CD) is a zoonotic long-term human infectious disease caused by the protozoan Trypanosoma cruzi, which is naturally transmitted to animals and people by triatomine insects found only in the Americas. This neglected disease is transmitted through blood transfusion, organ transplantation, consumption of parasite-contaminated food, and vertically from mother to child. It affects eight million people worldwide, mostly in Latin America, leads to high morbidity, and to a potentially life-threatening pathology of the heart and gastrointestinal tract (WHO, 2018).

The disease is divided into two phases. The acute phase is defined by high parasitemia, which usually lasts up to 3 months and involves mild non-specific symptoms. The next phase, the chronic undetermined phase, in which infected individuals are initially asymptomatic lasts for decades. After this period, patients may develop clinical symptoms of the infection, characterized by the cardiac (30–50%), digestive (4.5–15%), or cardio-digestive (2–10%) forms of CD (Rassi et al., 2012; Pérez-Molina and Molina, 2018).

The mechanisms by which some patients develop anatomic-pathological alterations of megacolon remain unclear (De Oliveira et al., 1998; Teixeira et al., 2011), and much less investigated than chronic Chagas' heart disease (Brener et al., 2000; Tarleton, 2001; Bonney and Engman, 2008; Burgos et al., 2010; Teixeira et al., 2011; Machado et al., 2012; Dutra et al., 2014). Several descriptive studies of human megacolon samples have been published (Jabari et al., 2011, 2012, 2014). However, these approaches did not allow the proposition of a pathogenic mechanism linking the acute to the chronic phase of the disease throughout the natural history of digestive Chagas' disease, which is one of the objectives of the current work.

In humans, the megacolon alterations include hypertrophy of the circular muscular layer, focal inflammatory reactions in the vicinity of the myenteric plexus and the muscular layer, and fibrosis of the myenteric plexus (Koberle and de Alcantara, 1960; Koberle, 1968). The intestinal symptoms include dysphagia, regurgitation, severe constipation, and alterations in barium enema (De Oliveira et al., 1998).

Few studies aimed to investigate how and when the denervation of myenteric plexus happens and its consequences to the contraction and peristalsis of the gut. In the acute phase of the disease, organ damage occurs as a direct consequence of the parasite's host cell invasion, followed by the inflammatory response generated by the activation of the innate immune response, as well as by Th1 pro-inflammatory cytokines, such as IL-12, tumor necrosis factor α and interferon γ (Laranja et al., 1956; Shikanai-Yasuda and Carvalho, 2012). These cytokines activate the production of inducible nitric oxide synthase (iNOS) and nitric oxide (NO) by macrophages, which may contribute to the neurotoxic effects observed (Gazzinelli et al., 1992; Aliberti et al., 1999; Garcia et al., 1999; Pinto et al., 2002; Arantes et al., 2004).

Knowledge about the chronic digestive disease is less clear. The acute death of enteric neurons (ganglionic denervation), both in vivo and in vitro (Arantes et al., 2004; Almeida-Leite et al., 2007), results from the interaction of the parasite and neuronal host cells that contribute to the development of the chronic digestive disease. Although neuronal cell death was reported in human megavisceras previously (Koberle and de Alcantara, 1960; González Cappa et al., 1987; DeFaria et al., 1988; Adad et al., 2001, 2013; da Silveira et al., 2005; Nascimento et al., 2010), studies of the mechanisms of neuronal death in vivo and in vitro are scarce (Tanowitz et al., 1992; Almeida-Leite et al., 2007).

Production of reactive oxygen species (ROS) and other oxidative stress-related pathways have been described in cardiomyocytes (Dias et al., 2017; Estrada et al., 2018) and may have a role in cardiac CD (Gupta et al., 2009; Lopez et al., 2018). It remains unknown if these mechanisms operate in enteric neurons and how the neuronal anti-oxidant mechanism contributes to the susceptibility, or the selective vulnerability of enteric neurons to oxidative stress-induced damage (Bubenheimer et al., 2016).

Importantly, discrimination between the experimental acute and chronic phases of the disease have not been appropriately investigated (Guillén-Pernía et al., 2001; Cruz et al., 2016), since most studies did not focus on disease progression and avoid specific age correlation between mice and humans (Dutta and Sengupta, 2016). This is even more important when considering human CD's chronic manifestations as they depend on the long-term infection (decades), usually occurring at patients' midlife or later, which would correspond to around 15 months of age for mice (Flurkey et al., 2007). Several studies investigated up to 3 months post-infection and, therefore, their conclusions are only applicable to the acute or subacute phases of the human disease, when the anatomical pathological findings are still not present (Guillén-Pernía et al., 2001; Moreira et al., 2011; Gupta and Garg, 2013; Massocatto et al., 2017).

Factors such as the extremely long evolution in human patients, the gut length, the anatomic and functional complexity of the intestinal wall, and the scarce opportunities for accessing representative megavisceras samples have hampered research investigating the pathogenesis of the intestinal disease. Therefore, the current work explores the causes of megacolon in an experimental model previously described (Campos et al., 2016), while reproducing aspects of the human megacolon. These research questions are extremely important, since very little is known about this form of Chagas disease. Indeed, the intramural intestinal nervous system modifications and the consequences to the dynamics of neuromuscular plasticity, triggered by the inflammatory response elicited by T. cruzi infection, still need to be systematically studied in this long-term experimental model.

To elucidate the mechanisms underlying the intestinal structural progressive changes that lead to the megavisceras, we evaluated diverse intestinal histological and molecular aspects during the evolution of the infection in mice at several time intervals between the acute (11 days post-infection–d.p.i.) and chronic phases (3, 7, 12, and 15 months post-infection–m.p.i.). We also infected primary cultures of enteric neurons and smooth muscle cells with T. cruzi to evaluate its effects on neuronal damage.

Since oxidative stress and mitochondrial damage have been implicated in neurodegenerative diseases (Cenini et al., 2020), we investigated their role in myenteric neuronal damage. The translational approach and the description of the timeline of the anatomic pathological substrate brings light to the pathogenesis of this neglected disease and may help future development of tissue-damaging markers, effective eradicating drugs, as well as preventive and early interventions in infected and vulnerable individuals.



MATERIALS AND METHODS

This study was carried out in strict accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of the Brazilian National Council of Animal Experimentation (http://www.cobea.org.br/) and Federal Law 11.794 (October 8, 2008). The animal study was reviewed and approved by The Institutional Committee for Animal Ethics of Federal University of Minas Gerais (CEUA/UFMG–Licenses 262/2016 and 25/2018).


Experimental Chagasic Megacolon Induced in Mice by Chronic T. cruzi Infection


Mice

We used 4-week old Swiss female mice, supplied by the Bioterium of the Institute of Biological Sciences of UFMG, and kept in the Bioterium of the Federal University of Ouro Preto (UFOP) in plastic cages, in a room with controlled dry temperature (24°C) under a light / dark cycle of 14/10 h, and access to water and to conventional mouse food (Nuvilab® Nuvital, Brazil).



Experimental Design

Our model induced the chronic phase in mice infected with Y T. cruzi strain by administering a single oral dose of benznidazole (500 mg/kg) at 11 d.p.i. This treatment scheme is unable to cure Y strain infected mice, but prevents the acute death of around 30% of animals and guarantees that the circulating parasites can reach the intestinal wall and trigger the local pathology (Campos et al., 2016).

The infected animals were randomly divided into two subgroups: (1) infected mice euthanized on the 11th day post-infection (d.p.i.), which we called infected acute phase (IAP) group. Euthanasia occurred 2 days after the peak of parasitemia, according to the model previously described by our laboratory (Campos et al., 2016); (2) mice which infected on the same day as the previous group and treated orally with a single dose of 500 mg/kg body weight of benznidazole (Lafepe, Brazil). These mice were maintained up to 15 months post-infection (m.p.i.) and composed the infected chronic phase (ICP) group. Animals were euthanized at 3, 7, 12, and 15 m.p.i. (ICP3, ICP7, ICP12, and ICP15 groups, respectively) so that the analysis of several parameters of megacolon development could be performed.

The uninfected age-matched control groups were maintained in the same conditions and euthanized as: control of acute phase (CAP) or acute phase (AP); and control of chronic phase (CCP) or chronic phase (CP) at the appropriate months indicated as CCP3, CCP7, CCP12, CCP15 and ICP3, ICP7, ICP12, ICP15.

In a parallel experiment, 10 infected and benznidazole-untreated animals were checked daily for parasites in their blood until the parasitemia ceased completely (see Figure 1A), thus allowing us to determine the exact time of treatment (11 d.p.i.). All animals infected and benznidazole-treated were examined daily and checked for blood parasites at 3, 7, 12, and 15 m.p.i. The benznidazole-treated animals did not show signs of sickness, pain distress, suffering or moribund conditions.
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FIGURE 1. Mortality curve, infection parameters, and characterization of the inflammation associated with parasitism throughout the infection. Swiss female mice were infected with 50,000 T. cruzi strain Y trypomastigotes. (A) Survival curve: The mice in the control group and those treated with benznidazole (BZ) were followed throughout the time of infection. Control animals (no treatment) showed 100% mortality up to 20 d.p.i.; (B) Inflammatory foci: following HandE staining, 30 fields presenting inflammatory foci in the colon of infected mice were analyzed using an Olympus BX51 optical microscope with a 20X objective. Inflammatory foci were identified by the number of cells (at least 10 cells) and counted for the IAP, ICP3, ICP7, ICP12, and ICP15 groups. (n = 3 mice). Data are representative of two independent experiments. Statistical analysis: ANOVA one-way with Tukey's post-hoc tests, after logarithmic transformation. Difference in relation to the infected acute phase group (IAP), P ≤ 0.05 (#). Data are shown as mean and standard deviation (SD); (C) The peak of parasitemia was reached at 8 d.p.i.; (D) Sagittal section of the intestine showing the IAP (upper panel) and chronic infected (ICP15.; lower panel) stages of infection. The distribution of inflammation in the acute phase presents as diffuse, coalescent foci whereas in the chronic phase, it persists as smaller foci. The thickness of the inner muscular layer was measured from the submucosal layer to the inner edge of the outer muscular layer (black line; Scale bar: 10 μm. 1X and 5X objective; the Sharp symbol indicates the width of the inner muscular layer); (E) DNA of the parasite: a sample of ~0.5 cm was taken from the proximal and distal colon of acute (IAP) and chronic (ICP3, ICP7, ICP12, ICP15) mice. Tissues were macerated and DNA extraction was performed, followed by PCR to amplify the parasite's DNA. (n = 9–16 mice). Data are representative of two independent experiments. Statistical analysis: one-way ANOVA with Student-Newman-Keuls pos-hoc test. Time difference from acute (IAP), P < 0.001 (#). Data are shown as mean and SD; (F,G) Immunolabelling of paraffin-embebbed tissues from infected colons using anti-T. cruzi; (F) Acute phase, presence of amastigote nests along the colon (arrows); (G) Chronic phase, at 15 m.p.i., rare foci and less intense labeling (arrows). Scale bar = 3 μm. 10X and 20X objective. The arrowheads indicate the inflammatory infiltrate and the arrows indicate immunostaining for anti-T. cruzi at 11d.p.i. (acute phase) and 15 m.p.i. (chronic phase). Infected Acute Phase (IAP), Infected Chronic Phase 3 (ICP3), Infected Chronic Phase 7 (ICP7), Infected Chronic Phase 12 (ICP12), Infected Chronic Phase 15 (ICP15).




Experimental Procedures

Inoculum preparation for animal infection was performed according to previously described methodology (Brener, 1962). Infection of the animals was done intraperitoneally with 50,000 blood trypomastigotes of T. cruzi Y strain, at the Laboratory of Parasitic Diseases, School of Medicine of the UFOP, Brazil. Infection of all inoculated animals was confirmed by the presence of parasites in fresh blood 4 days after inoculation.

Two independent experiments were performed involving a total of 201 female Swiss mice were used in the in vivo study. One hundred and fifty-one mice were inoculated intraperitoneally with 50,000 blood trypomastigotes of the T. cruzi Y strain. Ten animals were destined to the construction of the parasitemia curve (Figure 1A); 10 were euthanized at 11 d.p.i (IAP group); and 131 were treated with benznidazole (at the 11th day) and euthanized during the chronic phase at 3, 7, 12, and 15 m.p.i. Fifty animals composed the uninfected control group, 10 composed the AP group and 40 constituted the CCP groups at the times described in the previous Experimental Design section.



Parasitemia and Survival Curve

Parasitemia was determined by the method described previously (Ducci and Pizzi, 1949) and modified according to Brener (1962). Five microliters of blood were collected from the tip of the tail and parasite count was performed under the optical microscope (400X) in 50 random fields using a 22 × 22 mm coverslip. Mortality rate was evaluated daily in order to build a survival curve.



Histopathological Analysis

The colon of the mice was collected, separated from the mesentery, and washed in PBS (0.01 M phosphate-buffered saline, pH 7.2) to remove fecal content. For histology, the entire colonic segment was extended with the serosa in contact with the filter paper to avoid mucosal damage. The segments were transferred to Bouin's solution plus 2% glacial acetic acid for 5 min. The pre-fixed colon was rolled up like a swiss roll with the mucosal side facing inwards to form rolls from the distal portion (anus) to the proximal end (cecum), as described before (Arantes and Nogueira, 1997). The rolls were kept in 10% formaldehyde for 1 week and then sectioned in half to trim the edges so that, after routine paraffin embedding, the microtomy resulted in samples of the entire length of the colon for subsequent H&E staining, Masson, and immunohistochemistry. Fragments of 0.5 to 1 cm were taken from the proximal and distal colon to be frozen and processed for the extraction of parasite DNA. The animal hearts were collected and fixed in 10% formaldehyde in order to be examined later.



Inflammatory Infiltrate Quantification

Using a bright field microscope with a 20X objective, we counted the absolute number of inflammatory foci of 30 fields from each colon (H&E stained). Inflammatory foci were characterized by the presence of at least 10 inflammatory cells in the intestinal muscle layer. A sample of three representative animals from all infected groups was evaluated at all time intervals (11 d.pi. and 3, 7, 12, and 15 m.p.i.).



Immunohistochemistry

Consecutive histological sections measuring 4 μm in thickness were obtained from the colon rolls of infected and uninfected animals. The sections were deparaffinized and rehydrated for the subsequent blockade of endogenous peroxidase with 30% methanol and 5% hydrogen peroxide. To block non-specific reactions, we used 2% Bovine Albumin (BSA, Inlab, Brazil) with 0.1% Triton X-100 (Sigma-Aldrich, USA) in PBS, followed by three PBS washes. To block non-specific binding of secondary antibodies, the sections were incubated with 1:20 goat normal serum (SNC, Cripton Biotechnology, Brazil) in PBS and subsequently incubated, in a humid chamber at 4°C overnight, with the following primary antibodies: anti-PGP9.5 (rabbit, 1: 500) (Cedarlane, USA); anti-α-actin (rabbit, 1: 500) (Epitomics, USA); or anti-T. cruzi (rabbit, 1: 5,000) (Provided by Prof. Maria Terezinha Bahia, UFOP). After PBS washes, the secondary antibody complex (goat anti-rabbit and goat anti-mouse) was added, and then incubated with the pre-diluted streptavidin peroxidase complex (KIT DAKO, LSAB, K0675, USA) for 30 minutes each in a humid chamber at 37°C. The reaction was developed by 3, 3'-diaminobenzidine tetrahydrochloride (DAB, D5637, Sigma-Aldrich, USA) and the sections were counterstained in diluted Harris Hematoxylin solution. Next, the slides were dehydrated at increasing alcohol concentrations, diaphanized in xylol, and permanently mounted with Entellan (Merck, USA).



Obtaining Images

For photographic documentation and to obtain the images needed for morphometric analysis, the slides were photographed using the Olympus BX51 direct light optical microscope equipped with Image-Pro Express 4.0 software (Media Cybernetics, USA) with a resolution of 1,392 × 1,040 pixels. Images were transferred via a Cool SNAP-Proof Color camcorder to a computer-attached video system using Image-Pro Express version 4.0 for Windows (Media Cybernetics, USA).



Morphometric Analysis

Images (20X objective) were acquired from PGP 9.5 immunolabelled samples to analyze the innervation profiles of the myenteric plexus ganglionic neurons and of the intramuscular (internal muscle). In each field, the ganglia were manually delimited to obtain the total ganglion area and the area immunolabelled with PGP 9.5 within the ganglion was automatically measured (μm2). Myenteric neuronal damage was determined as PGP9.5 immunolabelled l area/myenteric ganglia area. Data were expressed as mean and standard deviation.

The area of the nerve profiles immunolabelled with PGP 9.5 was automatically measured (μm2) and the total area of the internal muscle layer was delimited and measured manually in each field (μm2). Intramuscular innervation density was determined as PGP 9.5 immunolabelled intramuscular innervation/muscular inner layer area. Data was expressed as mean and standard deviation.

Images (40X objective) were acquired exclusively from the inner circular muscle layer in PGP 9.5 immunostained samples. The area (μm2) of the inner smooth muscle was delimited and measured as already described. The total number of cell nuclei was counted in the same fields using the Image J 1.52 program (NIH, USA) as parameter of the number of smooth muscle cells. The ratio muscle inner layer area/nuclei number indirectly indicates the average area of the intestinal smooth muscle cell and its variation throughout the study was determined. Images (10X objective) were obtained by sampling the full length of the colon from the control and infected mice at all time intervals studied (11 d.pi., 3, 7, 12, and 15 m.p.i.). For each image, three measurements (μm) of the inner muscle layer thickness were obtained using the Image J 1.52 software (NIH, USA). The inner muscle layer was defined by the boundaries of the submucosal layer and the outer muscle layer (Figure 1D). We expressed the data as mean and standard deviation of the thickness of the inner muscular layer as the index of colon wall thickness. The ratio PGP 9.5 positive intramuscular innervation area/ thickness of the inner muscular layer was determined.

Morphometrical analyses were performed by KS300 at the Department of Pathology, ICB / UFMG. All the analyzes were conducted in blinded experiments.



Quantitation of T. cruzi in Colon Samples (Real-Time PCR for Parasite DNA)

Tissue parasitism was evaluated in frozen samples submitted to the detection of parasite DNA by real-time polymerase chain reaction (PCR). Colon samples were thawed, minced and digested with proteinase K (20 mg/mL, Invitrogen™, USA) and DNA extraction by Promega Wizard® Genomic DNA Purification kit following the manufacturers' instructions. PCR reaction were performed in 10 μL containing 50 ng of genomic DNA (2μL), 5 μL of SYBR® Green PCR Mastermix (Applied Biosystems) and either 0.35 μM for T. cruzi DNA-specific primers or 0.35 μM of murine-specific tumor necrosis factor α (TNFα) primers and water. The primers for T. cruzi DNA (TCZ-F 5′ -GCTCTTGCCCACAMGGGTGC-3′, where M =A or C and TCZ R 5′ -CCAAGCAGCGGATAGTTCAGG-3′) amplify a 182-bp. Primers for murine TNFα (TNF-5241 5′-TCCCTCTCATCAGTTCTATGGCCCA-3′ and TNF5411 5′-CAGCAAGCATCTATGCACTTAGACCCC-3′) amplify a 170-bp product (Cummings and Tarleton, 2003).

Cycles of amplification were carried out in a 7500 Fast Real-Time PCR System (Applied Biosystems). The cycling program consisted of an initial denaturation at 95°C for 10 min, followed by 40 cycles of 94°C for 15 s and 62°C for 1 min with fluorescence acquisition. Amplification was immediately followed by a melt program with an initial denaturation of 15 s at 95°C, cooling to 60°C for 1 min and then a stepwise temperature increases of 0.3°C/s from 60 to 95°C. Each 96-well reaction plate contained standard curve and two negative controls. Standard curves were produced from a 10-fold DNA dilution of epimastigotes of T. cruzi Y strain and DNA from colon tissue of non-infected mouse, ranging from 1 × 106 to 1 parasites and equivalent/25 μg of tissue DNA. Negative controls consisted of a reaction with T. cruzi-specific or murine-specific primers without DNA and also with non-infected mouse tissue DNA. Each DNA sample was quantified in duplicate. The efficiencies of amplification were determined automatically by the 7500 Fast Real-Time PCR Software. qPCR showed amplification efficiencies >90% and a regression coefficient (r2) of 0.98.




Primary Cultures of Mouse Myenteric Neurons

Thirty-six mice C57BL 6 from 6 to 8 weeks were euthanized to remove the full length of the large intestine. The segment was processed, as explained below, and the cells isolated from the colon muscle wall were used for in vitro assays. Briefly, after removal, the large intestine segment was placed in Krebs solution (126 mM NaCl, 5 mM KCl, 1.25 mM MgSO4, 1.25 mM KH2PO4, 2.5 mM CaCl, 25 mM NaHCO3, 11 mM Glucose) as described before (Wahba et al., 2016). The intestinal fragment was sectioned along the mesenteric border to obtain a flat segment of tissue, whose edges were carefully distended and fixed with entomological pins to facilitate delamination of the layers (mucosa, submucosa, and serosa) and expose the muscular layer where the Auerbach's myenteric plexuses are laid (Smith et al., 2013). The tissue was incubated for 15 min at 37°C in a 1 mg/ml solution of collagenase type II-S (Merck, USA) under shaking and manually homogenized by inversion every 5 min. The fragments were centrifuged at 200 × g for 5 min at 4°C and washed with Hanks/HEPES buffer solution for 5 min under stirring, followed by centrifugation at 200 × g for 5 min at 4°C. Trypsin solution (0.25%; Merck, USA) was added at 37°C for 10 min, followed by stirring for 15 min and manual homogenization by inversion every 5 min.

Next, the preparation was further suspended using a glass Pasteur pipette and the suspension centrifuged 200 G for 5 min at 4°C. The supernatant was removed and was added to 1 ml of sterile culture medium (Minimum Essential Medium; 31095-029; Gibco, Invitrogen, USA) enriched with 10% fetal bovine serum (FBS;16140-071; Gibco, Invitrogen, USA) and the following antibiotics: penicillin (100 IU/ml; P4333, Sigma-Aldrich, USA) and streptomycin (10,000 μg/ml; P4333, 36; Sigma-Aldrich, USA). The suspended cells were plated in a 48-well culture dish on Matrigel-coated 9mm glass coverslips (354234 BD; Franklin Lakes, USA) at a minimum density of 2x104 cells per well (Arantes et al., 2000). The resulting preparations will be referred as primary myenteric neurons cultures.


In vitro T. cruzi Infection

The T. cruzi strains DM28c (T. cruzi I type) and Y (T. cruzi II type) were used in infection experiments (Zingales, 2018). Trypomastigote forms were cultured and purified using kidney epithelial lineage (VERO) cells, as described previously (Braga et al., 1993). After 6 days of culture, the parasites collected were centrifuged at 150 G for 10 min at room temperature and counted in a Neubauer chamber, centrifuged at 450 G for 10 min at 4°C and suspended 90% DMEM medium in 10% fetal calf serum (FCS) and added to cultures. These experiments were performed in collaboration with Prof. Dr. Luciana O. Andrade from the Morphology Department, ICB/UFMG and Prof. Dr. Lucia Piacenza from the Department of Biochemistry, Montevideo Medical School (UDELAR). Trypomastigotes of both strains were added to the primary culture of neurons at a ratio of 10:1 and the cultures were incubated at 37°C with 5% CO2 and studied at 24, 48, and 72 h post-infection (h.p.i.).



Evaluation of Oxidant Production by Infected Cells

A general measure of NO formation was performed using the probe DAF-FM (4-Amino-5-Methylamino-2′, 7′-Difluorofluorescein Diacetate) (Invitrogen, USA), which fluoresces green upon oxidation. For this, primary cultures of mouse enteric neurons grown on coverslips in 48-well plates, as described above, were infected or not with T. cruzi strains Y or DM28c trypomastigotes and followed up for 48 and 72 h.p.i. Then, the coverslips were washed once with PBS and exposed to DAF-FM (2 μM in PBS) for 15 min at 37°C. After the infection, we also used Ionomycin (1 μM) (Sigma-Aldrich, USA), which induces Ca2+ influx and interferes with nNOS activity through calmodulin binding, and evaluated its effect in the DAF-FM fluorescence. IFNγ (0.1 mg/mL) (Sigma-Aldrich, USA) was added to control cultures for 48 h before submitted to DAF-FM assays. After incubation, cells were imaged using a fluorescence microscope (Nikon Eclipse TE 200) equipped with a digital camera. Green fluorescence was captured using a filter cube with an excitation wavelength of 540 nm (band pass, 25 nm) and an emission filter of 605 nm (band pass, 55 nm).

A general measure of oxidant formation was performed using the probe CM-H2DCFDA [5- (and-6) -chloromethyl-2′, 7′-dichlorodihydrofluorescein diacetate, acetyl ester] (Molecular Probes, USA), which fluoresces upon oxidation (Gupta et al., 2009). For this, primary cultures of mouse enteric neurons grown on coverslips in 48-well plates were infected or not with T. cruzi strains Y or DM28c trypomastigotes and followed up for 48 and 72 h.p.i. Then, the coverslips were washed once with PBS and exposed to CM-H2DCFDA at a final concentration of 1 μM in PBS. Immediately after the addition of CM-H2DCFDA, the 48-well plate was read using the fluorimeter SynergyTM 2 (Biotek®, USA) at 37°C to monitor the probe's oxidization rate, with excitation and emission wavelengths of 485 and 520 nm, respectively. Data were analyzed using the program Gen5TM. Probe oxidation curves were used to calculate the slope and are expressed as Relative Fluorescence Units (RFU)/minute.



Mitochondrial Membrane Potential in T. cruzi-Infected Primary Enteric Neurons, Glia, and Smooth Muscle

Mitochondrial membrane potential (Δψ) was measured using the J-aggregate-forming lipophilic cation JC-1. For this, primary cultures of mouse enteric neurons grown on coverslips in 48-well plates were infected or not with T. cruzi strains Y or DM28c trypomastigotes and followed up for 72 h.p.i. Then, the coverslips were washed once with PBS and exposed to JC-1 (0.5 μM) (Molecular Probes, USA) and incubated at 37°C for 1 h before rinsed with Krebs buffer. Green fluorescence (JC-1-monomers at the cytosol) and red fluorescence (mitochondrial matrix JC-1-aggregates) were detected using fluorescence microscopy as described above, at a fixed exposure time.



Immunofluorescence and Photographic Documentation

Primary cultures of mouse enteric neurons submitted to the above-described conditions and grown on coverslips were fixed with 4% buffered paraformaldehyde at room temperature for at least 1 h. To identify neuronal bodies and neurites and facilitate their quantification we used anti-PGP 9.5 (Rabbit, 1:500; Cedarlane, USA), anti-β-tubulin III (Mouse, 1:800; Millipore, USA) and anti-nNOS (Rabbit, 1:500; Epitomics, USA). Smooth muscle cells were identified using the anti-α actin antibody (Rabbit, 1: 400; Abcam, USA). For the immune-labeling of other structures we used the following antibodies: anti-3-NO2-tyrosine (Rabbit, 1:200; provided by Dr. Rafael Radi), an antibody that specifically detects the protein bound 3-Nitrotyrosine (NO2Tyr) (Brito et al., 1999); anti-MnSOD2 (Mouse, 1:200; Santa Cruz, USA) and anti-T. cruzi (Rabbit, 1: 5,000; provided by Prof. Maria T. Bahia, UFOP). Identification of cell nuclei in vitro was performed by the fluorescence-emitting probe Hoechst H33342 (Invitrogen, USA), which binds to nuclear DNA and allows the optimal visualization of parasite and host nuclear morphology. The coverslips were analyzed under the Olympus BX51 fluorescence microscope and images were obtained using Image-Pro Express 4.0 software (Media Cybernetics, USA).



Fluorescence Intensity Measurements

Using viable, in vitro intact cells with well-stained nuclei, we quantified the fluorescence intensities of neuronal bodies and neuritic network (24 h.p.i., 40X objective, anti β-tubulin III) as well as α-actin filaments (24, 48, 72 h.p.i.; 20X objective, anti-α-actin) in at least eight images randomly photographed of control and infected groups, obtained from at least two coverslips with primary cultures of mouse enteric neurons, from two independent experiments. DAF-FM and JC-1 (20X objective), anti-3-NO2-tyrosine (40X objective) fluorescence intensity was analyzed in at least five images selected by the presence of neuronal bodies, of control and infected groups, obtained from two coverslips, in duplicate experiments.

JC-1 fluorescence of enteric neurons grown on coverslips was expressed as an indicator of potential-dependent accumulation in mitochondria, indicated by a fluorescence emission shift from green (~525 nm) to red (~590 nm) detected upon excitation and filtering using an Olympus BX51 fluorescence microscope equipped with a dual-bandpass. We evaluated the images obtained to find the proportion of red fluorescence to green fluorescence. The micrographs were analyzed for fluorescence intensity in arbitrary units using Image J 1.52 (Bereiter-Hahn, 1975).



Expression of MnSOD2 by Western Blot

The expression levels of mitochondrial MnSOD2 were evaluated by western blot. Briefly, control and infected cultures were treated with trypsin from porcine pancreas (Sigma-Aldrich, USA) and lysed in buffer Tris-EDTA (10 and 1 mM, respectively) containing 0.1% of Triton X-100. For immunoblotting, samples were separated by SDS–PAGE (15%), transferred onto the nitrocellulose membrane and blocked with non-fat dry milk (3% w/v) in PBS (pH 7.4) for 1 h. The membranes were incubated with a monoclonal anti-MnSOD2 antibody (1: 200) (Santa Cruz, USA). Primary and secondary antibodies were diluted 1: 1000 in Tween-20 (0.1% v/v) in PBS (pH 7.4) and incubated overnight at 4°C. The membranes were then washed in Tween-20 (0.1%, v / v) in PBS and incubated for 1 h with anti-mouse IgG antibody (1:15.000) (IR Dye-800 conjugated; LI-COR Biosciences). After washing, immunoreactive proteins were visualized with an infrared fluorescence detection system (Odyssey, LI-COR Biosciences).




Statistical Analysis

The Shapiro-Wilk test revealed that the parameters evaluated did not show a significant departure from normal distribution, except for parasite DNA (Figure 1E), which was submitted to a logarithmic transformation and analyzed as normally distributed data. In vivo experiments of infection were repeated twice in which at least five mice were analyzed per group and time point. In vitro experiments were repeated twice and at least two coverslips of each were used for the analysis.

Comparisons between means were made using unpaired student's tests (i.e., Control vs. Infected). One-way analyses of variance (ANOVAs) were used to compare multiple treatments in vitro experiments. C (CTRL), CTRL + IFN (IFNγ), DM28c, DM28c + INF and CTRL, CTRL + INF, Y, Y + INF or at the time points (11 d.p.i.and 3, 7, 12, and 15 m.p.i.). A two-way analysis of variance (ANOVA) was used to compare treatments (Control vs. infected) along the ime points (11 d.p.i and 3, 7, 12, and 15 m.p.i.). When a significant F-value was found, we performed a post-hoc test according to the coefficient of variation (CV): Tukey (CV ≤ 15%) or Student-Newman-Keuls (CV> 15%). The α level was set at 0.05. Data are shown as mean ± standard deviation (SD).




RESULTS


Parasite-Induced Acute Inflammation, Persistence of T. cruzi DNA, and Chronic Inflammation of the Intestinal Wall Are Correlated to Megacolon Development

Experimental infection with the T. cruzi Y strain led to a high acute mortality rate (100%) of infected animals, which was initiated immediately after the parasitemia peak at 8–9 d.p.i until 18 d.p.i. (Figures 1A,C). Our model was designed to prevent the acute death of 30% of the infected mice by administering a single intra-peritoneal sub-therapeutic dose of benznidazole to guarantee that the circulating parasites could reach the intestinal wall (Figures 1B,D) and trigger local pathology. The surviving animals that followed through the chronic phase were monitored up to 15 m.p.i. and euthanized at 3, 7, 12, and 15 m.p.i. to study the sequential installation of the structural changes associated with megacolon development. Most benznidazole-treated animals died between the first and the third month of infection (~50%) and the rest of them died during the experiment until 450 d.p.i. (Figure 1A). Once the acute phase was over (absence of circulating blood parasites), all surviving animals remained asymptomatic. The surviving treated-animals remained asymptomatic throughout the chronic phase of the infection and did not show signs of sickness, pain distress, suffering, or of moribund conditions. At this phase, the T. cruzi infection has been confirmed by positive results of qPCR assay to detect T. cruzi DNA.

All animals euthanized by 11 d.p.i. (acute phase) presented high parasitemia at 8 d.p.i. (1.2 × 106 trypomastigotes/mL; Figure 1C) and unequivocal tissue parasitism in the colonic segment (Figures 1E,F), which was associated with intense and focal inflammatory infiltrates dispersed throughout the extension of the colon (Figures 1B,D, arrowheads). We quantified the inflammatory foci from the distal (center of the intestine roll) to the proximal border of the colon at 11 d.p.i. up to 15 m.p.i. Inflammation was distributed randomly in the intestinal wall, in foci detected in the serosa, the muscularis propria (inner and outer layers), and the myenteric ganglia (Auerbach plexus) (Figure 1D). We observed a significant decrease in the chronic phase's inflammation score in comparison with the inflammation scores obtained for the acute phase time points (Figure 1B). There was an increase in CD4+ cells in both phases compared to their respective controls (Supplementary Figures 1A–C). In contrast, compared to their respective controls, CD8+ cells significantly decreased in infected animals at the acute phase and increased at the chronic phase (P < 0.09). However, the number of inflammatory foci was maintained from 3 to 15 m.p.i., indicating the persistence of a chronic inflammatory process (Figure 1B).

At earlier time points (11 d.p.i. and 3 m.p.i.), there were degenerative changes of neuronal and glial cells inside the intramural ganglia as well as integral or disrupted nests of parasites, which were frequently observed inside smooth muscle and glia cells (Supplementary Figure 1E, inset). Inflammation and parasitism interrupted the normal circular and longitudinal layering of smooth muscle cells by depositing transudates and necrosis foci (Figure 1D).

Treatment with benznidazole induced a marked decrease in parasitemia, which was no longer detected in the surviving animals after 18 d.p.i. (Figure 1C). The parasite was observed in the H&E stained sections and in the immunohistochemical data from the intestinal wall collected at the acute phase (Figure 1F). However, we did not easily observe parasites in samples obtained at the chronic phase (Figure 1G). We also detected the parasite's DNA in samples collected throughout the intestine wall. Although PCR quantification revealed an abrupt decrease in parasite DNA at the chronic phase compared to the acute phase, small amounts were still detected until 15 m.p.i. (Figure 1E). According to the parasite blood circulation criteria, these animals underwent infection chronicity and presented chronic intestinal inflammation (Figure 1D, arrowheads), which were correlated with the progressive colonic structural changes observed in our model of megacolon development.



Early Acute Ganglionic Neuronal Death Is Accompanied by a Progressive Decrease of Axonal Profiles' Density, Increased Intestinal Wall Thickness, and Smooth Muscle Cell Hypertrophy

Pathological damage to the enteric nervous system (ENS) was studied throughout the development of the experimental megacolon by conventional H&E staining (Supplementary Figure 1). Immunohistochemistry of neuronal bodies of the myenteric ganglia and intramuscular nerve fibers (PGP 9.5-positive) as well as in the muscle inner layer (Figures 2A–J, arrows), were also evaluated.
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FIGURE 2. Ganglionic neuronal damage, intramuscular denervation, and phenotype changes of intestinal muscular propria during megacolon development. (A–J) ganglia and intestinal muscle layer of Swiss mice infected with 50,000 T. cruzi strain Y trypomastigotes obtained from animals at the acute (CAP, controls; IAP, infected) and chronic (CCP, controls; ICP3, ICP7, ICP12, and ICP15 as 3, 7, 12, and 15 months post-infection, respectively) phases and immunostained for PGP 9.5. Scale bar: 3 μm. 40X objective; (K–M) Morphometrical analysis of innervation changes. Ten images of the myenteric plexus and internal muscular layer of each animal were acquired with a 40X objective. Statistical analysis: Two- way ANOVA with Student-Newman-Keuls tests. Results are expressed as the mean and standard deviation (SD) of two independent experiments; (K) PGP 9.5. + area / myenteric ganglia total area (μm2). Difference in relation to the respective control groups, P ≤ 0.05 (*) (n = 4 mice); (L) PGP 9.5. + intramuscular innervation/muscle inner layer area (μm2). Difference in relation to the control group, P ≤ 0.05 (*). (n = 3 mice). Data are representative of two independent experiments. (M) Muscle inner layer area (μm2) / nuclei number (n = 3–8 mice). Difference in relation to the control group, P ≤ 0.05 (*). Difference in time in relation to 11 d.p.i and 3 m.p.i., P ≤ 0.05 (#). Difference over time in relation to all times in infected animals, P ≤ 0.05 (≠); (N) Thickness of the inner muscular layer (μm). Ten images of each animal, in HandE, were acquired with a 10X objective; three measurements of the thickness of the muscular layer were made in each image (n = 5 mice). Data are representative of two independent experiments. Difference in relation to each respective control group, P ≤ 0.05 (*). Difference in time compared to the other times in infected animals, P ≤ 0.05 (#). Arrows indicate immunostaining for PGP 9.5 of nerve fibers. Asterisks indicate immunostaining of neuronal bodies in the myenteric plexus ganglia. Arrowhead indicates inflammatory infiltrate. Acute Phase (AP), Chronic Phase (CP 3, 7, 12, and 15).


Colonic samples, collected at 11 d.p.i. and 3 m.p.i., showed an expressive loss of neuronal PGP 9.5-positive cells when compared to paired controls. We observed degenerative changes of ganglion cells (Figures 2B,D, asterisk), associated with intense and frequent pan-mural peri-ganglionic inflammation (polymorph and mononuclear cells) and edema (Figures 2B,D, arrowheads). Transudate, congestion, and necrotic-degenerative changes of smooth muscles were also detected at these time points (Figures 2B,D). Chronic inflammation and vacuolar degenerative changes of smooth muscle cells were noticed mostly in the internal muscle layer by 7 m.p.i. up to 15 m.p.i. (Figures 2F,H,J).

We detected a decrease in neuronal PGP 9.5-positive staining in the myenteric ganglia of infected in comparison to non-infected animals (P < 0.001), indicating neuronal damage occurring as early as 11 d.p.i. (Figure 2K). Staining was maintained from 3 to 15 m.p.i. (P = 0.003) but not at 7, 12, and 15 m.p.i., when samples did not differ from those evaluated at earlier time points (11 d.p.i and 3 m.p.i.). These results suggest that structural neuronal ganglionic damages occur at the beginning of the infection and do not change with time, despite a slight variation observed at 3 m.p.i.

We also examined (Figures 2A–H) and quantified (Figure 2L) PGP 9.5-positive transverse profiles that represent the axonal intramuscular innervation. There was a marked decrease in the intramuscular PGP 9.5-immunolabeled area along time in both control and infected groups (P < 0.001) and between the control and infected groups (P < 0.002). This difference is explained by a trend observed at 7 m.p.i. (P = 0.052), and significance at 12 m.p.i. (P = 0.0013) and 15 m.p.i. (P = 0.049).

To further explain the evolution and the mechanism of the post-infection colon modifications, we also quantified the area of individual smooth muscle cells in the inner muscle layer of the intestinal wall (Figures 2A–J,M). The average area of smooth muscle cells was significantly increased at 7, 12, and 15 m.p.i. compared to their paired non-infected controls. The chronic phase differed significantly from the acute phase (P ≤ 0.05) and from the 3 m.p.i. time point (P ≤ 0.05). From 7 m.p.i. there was a progressive increase in the average area of smooth muscle cells in the infected animals only (Figure 2M), indicating a progressive or cumulative change of these cells.

The thickness of the colonic muscularis propria increased significantly in comparison to the acute phase at 15 m.p.i. (Campos et al., 2016). The intermediate time intervals revealed that the thickness of the smooth muscle internal layer increased significantly by 12 and 15 m.p.i. in infected animals compared to their controls. We also observed a significant and progressive increase of the smooth muscle internal layer's thickness from 3 to 15 m.p.i. in infected animals (Figure 2N; P ≤ 0.05).



Deranged Smooth Muscle α-Actin Is Noticed Throughout Megacolon Development

Evaluating the damage of muscle fibers, we found that acute and chronic inflammation correlated to the irregular, weak, or absent staining of α-actin filaments in some inner layer cells of smooth muscle (Figures 3A–F, black arrows). These abnormalities occurred more frequently at later time points and may reflect cumulative effects on these cells' function. Next, we studied the effect of T. cruzi infection in smooth muscle cells present in primary enteric neuronal cultures up to 72 h post-infection (h.p.i.; Figures 3G–L). The typical α-actin expression pattern shown in Figure 3G changed to irregular and weak staining at 72 h.p.i. (Figure 3J). We also noticed the presence of parasite nests by Hoechst staining inside α-actin-positive cells as early as 48 h.p.i. (Figure 3L, white arrows). The intensity of α-actin immunofluorescence decreased significantly in the infected cultures along time, with marked differences at 48 h.p.i. (Figure 3M; P ≤ 0.05).
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FIGURE 3. Deranged smooth muscle α-actin immuno-expression in vivo and in vitro. (A) Colon control samples from Swiss mice were immunostained with anti-α-actin (B–F) Colon samples obtained from Swiss mice infected with 50,000 T. cruzi Y strain trypomastigotes were immunostained with anti-α-actin. Colon samples were obtained from animals in the acute phase (IAP) and chronic phase ICP (3, 7, 12, and 15 months post-infection-m.p.i.). Scale bar: 2 μm. 10X objective. (G–L) Anti-α-actin immunofluorescence in control (CTRL) and infected primary enteric neuron cultures at 24, 48, and 72 h post-infection (h.p.i.). (G–J) Scale Bar: 2 μm. 20X objective; (K,L) Scale Bar: 2 μm. 40X objective. (M) Quantitative analysis of fluorescence intensity throughout infection (fluorescence Intensity of α-actin/total muscle area). (n = 3 mice). Data are representative of two independent experiments. (N) PGP 9.5 + intramuscular innervation/thickness of the inner muscle layer (n = 4). Data are representative of two independent experiments, in triplicate coverslips. Statistical analysis: ANOVA two-way with Student-Newman-Keuls tests. *Difference in relation to the control group, P ≤ 0.05. **Difference in relation to the respective control group, P < 0.01. #Difference in time in relation to the 24 h.p.i., P < 0.05. Data are shown as mean and standard deviation (SD). Arrowheads indicate the inflammatory infiltrate. Black arrows indicate a decrease and/or absence of immunostaining for anti-α-actin in the internal muscle. White arrows indicate fluorescence for anti-α-actin. (K,L) Nuclear staining with Hoechst 33342.


The in vivo and in vitro α-actin expression changes shown herein may be an additional factor leading to intestinal dysfunction, besides the increase of the thickness of the muscular propria and the progressive and marked loss of nerve profiles. Indeed, we observed a significant decrease in the innervation/thickness ratio between infected and control groups throughout the experiment (P < 0.001) (Figure 3N). This observation indicates that intramuscular innervation decreases in the hypertrophic muscle wall that, in turn, becomes composed of deranged smooth muscle cells with decreased α-actin expression.

Another structural parameter revealing the impairment of the colon's muscular wall was the progressive deposition of interstitial connective tissue (Masson's Trichrome) in the submucosa and in the muscular layer of infected animals. While samples from control animals showed thin fibers of connective tissue around intact smooth muscle cells and myenteric ganglia, the samples of infected animals exhibited disrupted periganglionic connective tissue. A disordered and augmented deposition of collagen in the interstitium of the hyperplasic smooth muscle was also observed (Supplementary Figures 1J–O, arrows).



In vitro Evidence for Damages to the Enteric Nervous System and Neuronal Death

In vivo experiments indicated an early and non-progressive ganglionic damage with neuronal depopulation associated with the acute phase of the disease (Figure 2). In order to unveil the mechanisms of neuronal death, we prepared a primary culture of myenteric neurons in a mixed background of smooth muscle cells. These cultures were infected or not (control) with T. cruzi trypomastigotes and followed up for 72 h.

In control cultures, smooth muscle and accessory cells outnumbered neuronal cells and neurites, as identified by their morphological aspects under bright field (Figure 4A), when stained with Giemsa (Figure 4B), and upon immunolabelling with the neuronal markers PGP 9.5 (Figure 4E) and β-tubulin III (Figure 4I). Neurons were arranged in small groups or observed as isolated ovoid and birefringent cell bodies with expanding neurites firmly adhered to the smooth muscle cell monolayer, forming a dense network in control cultures (Figure 4I, large arrows).
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FIGURE 4. Effect of T. cruzi infection of enteric neuron cultures on neuronal bodies and neurite network. Neurons removed from the myenteric plexus were dissociated, plated, and infected or not with trypomastigotes of the T. cruzi strains Y and Dm28c. Cultures were analyzed at 24, 48, and 72 h post-infection (h.p.i.) after they were fixed using a 4% buffered paraformaldehyde solution. The coverslips were photographed in phase contrast [(A), control (CTRL) and (C), infected]; stained with Giemsa [(B), CTRL and (D), infected]; immunostained with anti-PGP 9.5 [in green; (E), CTRL and (F–H), infected] and anti-β-tubulin III [in red; (I), CTRL and (J), infected]; (H) Nuclear staining with Hoechst 33342 (in blue). Notice in the inset the presence of Hoechst fluorescent amastigotes labeled with PGP 9.5 inside neuronal cell bodies (arrowheads); β-tubulin and nNOS double-stained neurons (arrowheads) and correspondent phase-contrast images [(K–M), CTRL; (N–P), infected]; (O,P) confocal images, with arrows indicating β-tubulin stained neurons. The double nNOS and β-tubulin infected neurons are indicated by arrowheads. The inset shows Hoechst fluorescent (in blue) amastigotes inside the neurons (arrowheads). (A,C) 10X objective; (B,D,G,H) 20X objective. (E,F,I,J) 40X objective. Scale bar: 3 μm. (K-P) 40X objective. Scale bar: 25 μm (Q) Fluorescence intensity of anti-β-tubulin III labeled neuronal bodies; (R) Fluorescence intensity of anti-β-tubulin III labeled neurites (n = 4). Representative of two independent experiments in duplicate coverslips). Images were obtained an Olympus BX51 fluorescence microscope, 40X objective. Statistical analysis: Student t-test. Difference in relation to the control group, P < 0.001 (***). Data are shown as mean and standard deviation (SD). The arrows indicate neurons, arrowhead indicates the presence of parasites inside the neurons, large arrows indicate neuritic varicosities, and the white circles indicate neuronal bodies.


In infected cultures, parasites were observed mostly inside smooth muscle cells and inside neuronal cells at 48 h.p.i. (Figure 4H, inset, arrowheads), some of which exhibiting accentuated degenerative changes in their cellular bodies (Figure 4G, arrows). Immunolabelling for β-tubulin III showed a significant decrease in fluorescence intensity of neuronal bodies, neurite network, and varicosities (beaded rosary aspect) at 24 h.p.i. (Figure 4J) in comparison with non-infected cultures (Figures 4I,Q,R).

Several neuronal cells were immunostained with β-tubulin III and nNOS antibodies (Figures 4K–P), indicating the presence of nitrergic neurons. The parasites' nuclei, stained by Hoechst, were mainly seen inside the cell bodies of nitrergic neurons (Figure 4P, inset), although they were also observed in a few neurons not stained for nNOS.



Production of Reactive Nitrogen Species (RNS) and Reactive Oxygen Species (ROS) by Enteric Neurons in Response to T. cruzi Infection

To investigate the production of RNS in the primary cultures of myenteric ganglionic neurons, which contained smooth muscle cells, we infected or not these cultures with trypomastigotes of the Y and Dm28c strains of T. cruzi. The control cultures (Figures 5A,B) and infected cultures (Figures 5C–F) were followed up to 48 and 72 h.p.i., when parasite invasion and multiplication inside neuronal cells could be observed. NO production was assayed with DAF-FM, which reacts with NO species yielding a highly fluorescent product (Balcerczyk et al., 2005). Cultures exposed to T. cruzi, no matter the parasite strain, presented NO production in infected neuronal cells by 72 h.p.i., but not in non-infected neighboring cells. Additionally, invaded non-neuronal cells were discretely DAF-FM positive (Figures 5D,F, arrows, sharp symbol). Non-infected cultures were weakly DAF-FM positive but, when treated with IFNγ, neuronal DAF-FM fluorescence was markedly increased, suggesting these neurons are able to generate NO species (Figures 5G,H). Infected neurons of cultures treated with ionomycin, a calcium ionophore, also increased the DAF-FM fluorescence (Figures 5I,J, asterisk). The neurons of infected cultures that did not get infected with the trypomastigotes did not react (Figure 5J, arrows). DAF-FM fluorescence intensity was also quantified in neuronal cell bodies (Figures 5K,L).
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FIGURE 5. Neuronal nitric oxide production in myenteric neuronal cultures indicated by DAF-FM probe oxidation. Neurons removed from the myenteric plexus were dissociated, plated, and infected or not with T. cruzi strains Y and Dm28c trypomastigotes for 72 h. Then, the coverslips were washed and exposed to DAF-FM. (A) Control cultures (CTRL) in phase contrast and (B) DAF fluorescence (DAF). No oxidation of DAF-FM is observed; (C,D) Y strain infected cultures (Y); (E,F) Dm28c strain infected cultures (DM28C). Infection produced greater oxidation in cells with neuronal morphology and that were are infected (asterisk); (G,H) Control cultures treated with IFNγ (CTRL + IFN). Neuronal cells activated with IFNγ showed increased oxidation of DAF-FM; (I,J) Y strain infected and ionomycin-treated cultures (Y + IONO). Activation of cells with Ca2+ ionophore (IONO) increased oxidation of DAF-FM; (K,L) Quantification of DAF-FM fluorescence intensity. n = 6. Representative of three independent experiments in duplicate coverslips. Scale bar: 100 μm. 20X objective. Student t-test. Difference in relation to the control group, P < 0.05 (*). Data are shown as mean and standard deviation (SD). Asterisks indicate infected and DAF-fluorescent neurons. Arrows indicate neuronal bodies without infection. The sharp symbol indicates infected accessory cell.


Analysis of reactive oxygen species (ROS) levels produced upon infection of enteric neuronal cultures with the Y strain of T. cruzi was performed using the CM-H2-DCFDA, and the resulting fluorescence measured at 48 and 72 h.p.i. No significant difference was observed in the amount of the oxidized probe in the infected cultures compared to controls (Figure 7C).



Infection of Primary Myenteric Neuronal Cultures With T. cruzi Induces Mitocondrial Depolarization

To understand how mitochondrial abnormalities in the ENS relates to enteric neurodegeneration and to test whether infection with T. cruzi is associated with the depolarization of the mitochondrial inner membrane, we used JC-1, a cationic dye that exhibits a potential-dependent accumulation in mitochondria, indicated by a fluorescence emission shift. JC-1 fluorescence was detected in primary cultures of myenteric neurons infected with trypomastigotes of the Y and DM28c T. cruzi strains, suggesting that infection impaired mitochondrial function as early as 48 h.p.i., when parasites were detected inside the cells. As shown in Figure 6, mitochondrial depolarization is indicated by a decrease in red/green fluorescence intensity. Non-infected cultures (Figures 6A–D) and IFNγ-treated cultures (Figures 6E–H) evidenced a slight (green) color shift, indicating low levels of mitochondrial depolarization. Infection of primary neuronal cultures with both Y (Figures 6I–L) and DM28c (Figures 6M–P) strains induced an increase in green fluorescence (Figures 6K,O), which is suggestive of significant mitochondrial membrane depolarization. This was quantified in the neuronal cell bodies, by determining the green/red fluorescence ratio (Figure 7A).
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FIGURE 6. Increased mitochondrial depolarization in myenteric neurons infected with the Y and Dm28c strains of T. cruzi. Neurons removed from the myenteric plexus were dissociated, plated, and infected or not with T. cruzi strains Y and Dm28c trypomastigotes for 72 h. Then, the coverslips were washed and exposed to JC-1 to evaluate mitochondrial membrane potential (see Methods). (A–D) Control (CTRL); (E–H) CTRL + IFNγ (IFN); (I–L) Infected with Y strain; (M–P) Infected with the DM28c strain. Living cells were detected by green [(C,G,K,O); JC-1-monomers at the cytosol] and red fluorescence [(B,F,J,N); mitochondrial matrix JC-1-aggregates] using fluorescence microscopy (Nikon Eclipse TE 200) (A,E,I,M) and correlated with the respective phase-contrast images (D,H,L,P). Scale bar: 100 μm. 20X objective. (C–H) CTRL + IFNγ cultures indicating preservation of mitochondrial membrane; (K–P) Infected cultures. Green fluorescence increase indicating loss of mitochondrial membrane function, especially in neuronal cells (*), sometimes visibly infected (arrows), and in varicosities (arrowhead).
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FIGURE 7. Quantification of mitochondrial function (JC-1), nitrotyrosination, and ROS production in primary enteric neuronal cultures. Neurons removed from the myenteric plexus were dissociated, plated, and infected or not with T. cruzi strains Y and Dm28c trypomastigotes and followed up for 72 h. (A) Quantification of fluorescence intensity for JC-1. n = 6. Data are representative of three independent experiments in triplicate coverslips (B) Quantification of anti-3-NO2-tyrosine antibody (NO2TYR); (C) Fluorescence (in relative fluorescence units, RFU) of the oxidized CM-H2DCFDA probe. n = 4. Data are representative of two independent experiments in duplicate coverslips. Phase contrast images of (D) Control (CTRL); (G) Infected with the Y strain; (J) infected with the Dm28c strain. (E–L) Immunofluorescence for NO2TYR. After fixing the coverslips in a 4% buffered paraformaldehyde solution, they were incubated with anti-3-NO2-tyrosine (green) and photographed under a fluorescence microscope (Nikon Eclipse TE 200). Cell nuclei were identified using the Hoechst marker (blue). Scale bar: 50 μm. 40X Objective. Student t-test. Difference in relation to the control group, P < 0.05 (*) P < 0.0001 (****). Data are shown as mean and standard deviation (SD). Arrows indicate neuronal bodies. Asterisk indicates strong immunofluorescence of nitrotyrosine in neurons.




Detection of 3-NO2-Tyrosine in Primary Myenteric Neuronal Cultures Infected With T. cruzi

Because NO production and mitochondrial depolarization were enhanced by T. cruzi infection, we searched for the presence of 3-NO2-tyrosine in proteins of primary myenteric neuronal cultures infected with trypomastigotes of the Y and DM28c strains at 72 h.p.i. Figure 7 shows damaged cells of infected cultures (some of which preserving their neuronal morphology; arrows), which were more intensely labeled with anti-3-NO-tyrosine antibody (Figures 7G–L) than neurons of non-infected cultures (Figures 7D–F). Additional evidence for neuronal death in infected neuronal cultures is shown in Figure 7B, where fluorescence intensity was measured in cells recognized by phase contrast to present neuronal morphology. Infection of primary myenteric neuronal cultures with Y and DM28c strains induced a significant increase in the neuronal levels of nitrotyrosine compared to controls (P < 0.05).



MnSOD2 Expression Is (Mostly) Increased in Neuronal Cells of Cultures Infected With T. cruzi

We also evaluated MnSOD2 expression in primary myenteric neuronal cultures. In Figures 8A–E, the paired phase contrast and anti-MnSOD2 fluorescence images are shown for both control and Y strain infected neuronal cultures. The expression of MnSOD2 in neurons, identified by its morphology (arrows), was more intense in Y strain infected, and Y strain infected + INFγ- treated cultures (Figures 8D,E) than in non-infected cultures (Figures 8A–C).
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FIGURE 8. nNOS neurons infected with strains Y and Dm28c show greater expression of MnSOD2. Neurons removed from the myenteric plexus were dissociated, plated, and infected or not with T. cruzi strains Y and Dm28c trypomastigotes, followed up for 72 h and had their expression levels of mitochondrial MnSOD2 analyzed. (A) Control (CTRL); (B), CTRL + interferon γ (IFN); (C), Control (CTRL) + N(ω)-nitro-L-arginine methyl ester (L-NAME); (D) Infected with Y strain (Y); (E) Infected with Y strain + interferon γ (Y + IFN). After treatments, the coverslips were fixed with 4% paraformaldehyde and incubated with anti-MnSOD2 (green) and photographed under a fluorescence microscope (Nikon Eclipse TE 200). Cell nuclei were identified using the Hoechst marker (blue); (D,E) The cells with the highest fluorescence intensity for anti-MnSOD2 were those presenting neuronal morphology and infected as well as those activated with IFN; (F–K) Coverslips were double-labeled with anti-nNOS (green) and anti-MnSOD2 (red) and photographed with the LSM 880 confocal microscope (ZEISS, Germany); Panels (F) nNOS CTRL;(G) nNOS Y strain; (H) CTRL MnSOD2; (I) Y strain MnSOD2; (J) Merge CTRL; (K) Infected nNOS neurons (presented higher MnSOD2 staining when compared to control; (J) infected nNOS neurons present a higher intensity for MnSOD2 when compared to their respective control [(H), CTRL, (I), Y infected); Panels (J) CTRL and (K) Y strain-infected neurons show double labeling for nNOS and MnSOD2; (L–O) Western Blot with the anti-MnSOD2 antibody. To this end, primary cultures of enteric neurons were trypsinized and prepared for Western Blot as described in the methods section. The panels show greater expression of MnSOD2 in the cultures infected with both Y and Dm28c strains when the cells were activated using IFN. Scale bar: 100 μm. 20X lens. n = 4. Representative of two independent experiments duplicate coverslips. (M,O) quantification of MnSOD2 expression. Statistical analysis: ANOVA one-way with Tukey's post hoc tests. Difference between groups, P < 0.001 (***); P < 0.0001 (****). Data are shown as mean and and standard deviation (SD). White arrows indicate cells immunostained with anti-MnSOD2 and that present neuronal morphology.


Confocal microscopy also confirmed the nitrergic phenotype of enteric neurons by double immunofluorescence of nNOS (green; Figures 8F,G) and MnSOD2 (red; Figures 8H,I), which presented higher expression in neuronal bodies of infected than non-infected cultures (merged; Figures 8J,K). In addition, western blot analysis of proteins extracted from these cultures also indicated the presence of higher MnSOD2 content for cultures infected with Y or DM28c strains (Figures 8L–O).




DISCUSSION

One of the most challenging questions of CD is how T. cruzi leads to the manifestation of chronic intestinal lesions decades after infection and thus, when parasites are rare (Zhang and Tarleton, 1999; Tarleton, 2001; Benvenuti et al., 2008). The damage of myenteric neurons characterizes the chronic phase of the intestinal CD (Adad et al., 2013; Jabari et al., 2014). However, as the parasitism is very low in the lesions of digestive Chagas disease (da Silveira et al., 2005; Wesley et al., 2019), it has been suggested that chronic neuronal destruction might be due to the immune response that follows the infection, as proposed for heart lesions (Teixeira et al., 2011). It is not possible to determine when and how exactly this denervation occurs during the asymptomatic 20–30 years that follow the post-acute phase in humans. Indeed, most human studies were based on small, limited samples of enlarged intestine walls of surgically removed megacolon, obtained in the late stages of CD. Thus, it remains important to know the timeline of the structural injuries at the intestine, in order to plan effective interventions to prevent morbidity associated with its late manifestations. The present study was designed to reveal the temporal changes of the intestine throughout the development of the megacolon in a pre-established murine long-term model of T. cruzi infection developed in our laboratory (Campos et al., 2016).

Based on human and murine experimental data, it has been hypothesized that 50–80% of ganglionic denervation could be associated with the development of intestine's motility symptoms in humans (Koberle, 1968; Adad et al., 1991, 2001, 2013; Maifrino et al., 1999; Jabari et al., 2012). Here we detected ~40% of myenteric neuron loss very early in the course of the disease during the acute phase (11 d.p.i.). The consequences of the parasitism in ganglionic neuronal death were severe since, by 11 d.p.i, we detected a significant neuronal depopulation, which did not increase afterward (Figure 2K), together with the presence of residual foci of inflammatory cells in the intestine's wall. This observation suggests that the most important mechanisms of neuronal damage operate early on. Besides, we observed that, at 3 m.p.i., when there is a slight increase of PGP 9.5 staining, the infected curve was decreased along the timepoints compared to the control curve. This may indicate that, despite a possible degree of neuronal staining recovery after the acute events, the early damage has important consequences for the management of CD. We also found a progressive loss of nerve termination structures during the development of megacolon. This loss was associated with a continuous, albeit slight, inflammatory process. Indeed, the decrease in in the internal muscle layer's axonal profile was present as early as 3 m.p.i. (subacute phase) and continued up to 15 m.p.i. (chronic phase). At 3 m.p.i., only low levels of parasite DNA were detected, and the intestine wall was mostly cleared of parasitism. It is possible that the progressive absolute and relative axonal loss (7–15 m.p.i.; Figure 2M), together with the progressive hypertrophy of smooth muscle cells, which was observed at the chronic time points (Figure 3N), impact muscle wall contractility. Indeed, we noticed a decay in the intramuscular innervation of non-infected mice along time (Figure 3N). The significance of our data is reinforced by previous observations indicating that intrinsic and extrinsic innervation of the ENS deteriorates with age (Phillips and Powley, 2007; Sun et al., 2018).

Megacolon, a structural sign associated with various gastrointestinal disorders, is named after an irreversible dilation of a colonic segment. Lengthening and dilation of the colon are an important characteristic of advanced intestinal CD's megasyndromes. In our model, at 15 m.p.i., chronically infected animals presented a larger perimeter of the circumference of distal colon (mean = 11.060, SD 5.8 mm than their matched uninfected controls (mean = 8.777, SD 1.7 mm), although there was no statistical difference (n = 10, p > 0.4, data not showed). We speculate that only discrete, segmental portions of the colon become dilated, accompanying the segmental aspect of the lesions that we described using microscopy. Although pathological anatomy does not seem to be an adequate method for studying the lengthening and dilation of the rectosigmoid (Adad, 1997; Castro et al., 2012) this work follows a previous study, in which we established the increase of the model's intestinal length (dolichocolon) (Campos et al., 2016).

According to Lopes et al. (2013), who examined the longest radiological series of chagasic patients from endemic areas in Brazil and the Andes, the megacolon mostly starts with the lengthening of the sigmoid associated with an increase in the colon's diameter, at advanced stages of the disease. As shown for the esophagus (de Oliveira et al., 1995), colonic motility may reflect functional abnormalities in a stage preceding colon dilation (Santos et al., 2000). Studies using pharmacological tests (Meneghelli et al., 1983; Vieira et al., 1996) or manometry (Habr-Gama et al., 1970; Meneghelli et al., 1982) have shown the presence of neural and motor abnormalities in non-dilated colons. However, even in cases of advanced megacolon, sigmoid and rectum calibers may remain normal. In our model, elongation, hypertrophy, and denervation of the colon may precede the establishment of dilation.

Here we expanded upon our previous findings (Campos et al., 2016) by studying intermediate time intervals and show that the progressive hypertrophy of smooth muscle cells and the consequent increase of intestinal wall thickness start from 7 to 12 m.p.i., respectively. These data indicate that one of the most characteristic structural changes of the megacolon becomes well-established by 12 m.p.i., in an asymptomatic animal, similar to the human CD. Moreover, considering the observed progressive deposition of interstitial connective tissue (Masson's Trichrome) in the submucosa and muscular layer of infected animals (Supplementary Figures 1G–L, arrows), one can hypothesize that megacolon and its symptoms may be related to the cumulative impact of chronic inflammation and denervation in the intestinal smooth muscle layer.

We also noticed that well-preserved integral ganglia occur side by side with lesioned ones. Our findings challenge previous proposals that ganglionic neuronal depopulation is per se the cause of dysmotility and megacolon (González Cappa et al., 1987; Adad et al., 2001, 2013; Jabari et al., 2012). We found that these alterations take place early in the acute phase, even though the symptoms and pathological findings manifest decades later, probably resulting from cumulative damage to neurons and other elements of the intestinal wall as well as progressive functional impairment, thus explaining some contradictory findings (Ribeiro et al., 1998; Meneghelli, 1999, 2004; Adad et al., 2001; Da Silveira et al., 2008; Jabari et al., 2012, 2013). We observed a progressive loss of α-actin in some cells of the smooth muscle's inner layer, in vivo, and a qualitative and quantitative decrease and irregularity of α-actin expression in vitro. These changes can be interpreted as an additional factor underlying intestinal dysfunction along with the increase in the thickness of the muscular propria, the significant ganglionic neuronal loss, and the progressive intramuscular denervation reported herein.

As the acute inflammation changed to a pattern of chronic and sustained mononuclear inflammation, we quantified the phenotype of mononuclear cells in the inflammatory infiltrate of the muscular propria (Supplementary Figures 1A–C), both at the acute and chronic phases. Similar to the findings reported for the human cardiac chronic disease (Higuchi et al., 1997), mononuclear CD4+ cells increased significantly at the acute phase, whereas CD8+ cells increased at the chronic phase. A role for CD8+ cells in T. cruzi-dependent mechanisms involved in neuromyopathic damage was observed in lymphocyte proliferative assays against skeletal muscle, sciatic nerve, and spinal cord homogenates (Mirkin et al., 1994, 1997), and need further investigation in our in vivo chronic model. It is also possible that immunoregulatory mechanisms may play a role in controlling the production of inflammatory and anti-inflammatory cytokines in our chronic model, since most mononuclear cells remained non-stained by anti-CD4 and anti-CD8 antibodies (Supplementary Figures 1A,B). Interestingly, we observed that chronic inflammatory infiltrates irregularly distributed in the intestinal wall were mostly located inside the muscular layers, and only segmentally in the myenteric ganglia. This might explain the progressive intramuscular axonal loss throughout the development of the megacolon, even when ganglionic neuronal loss does not increase along time.

Because an adaptive IFNγ-dependent immune response controls the tissue parasitism, a narrower profile of chemokines is produced in the chronic inflammatory milieu of the heart (Rodrigues et al., 2009). The same probably occurs in the intestine. We found parasite DNA throughout the acute and the chronic (up to 15 m.p.i.) phases, although there was an abrupt drop in parasite's DNA at the end of the acute phase. Indeed, several studies have now established the link between the presence of parasite antigens or DNA and the inflammatory infiltrates observed in the hearts and intestines of chronic chagasic patients (Higuchi et al., 1993; Vago et al., 1996; Soares et al., 2001; Tarleton, 2001; Benvenuti et al., 2008; Vazquez et al., 2015). However, since parasitism is poorly correlated with the degree of inflammation, it is possible that other mechanisms might amplify T. cruzi-infection-driven inflammation, chemokine production, and pathogenesis (Leon and Engman, 2001; Teixeira et al., 2002). The investigation of the effect of T. cruzi infection in primary myenteric neuronal cultures up to 72 h.p.i. (Figures 4–6) complemented our in vivo studies. We found that neuronal bodies and the neurite network of infected primary myenteric neuronal cultures were damaged and that β-tubulin III immunostaining significantly decreased in infected neurons. The aspect of the infected cultures mimicked the in vivo tissue changes at the acute phase that are associated with the parasite-induced degenerative changes of enteric ganglia and muscular propria (Arantes et al., 2004; Campos et al., 2016).

There is scarce information on the invasion of neuronal cells and its pathogenic consequences to the disease, despite the vast literature covering diverse aspects of host-parasite interaction in several mammalian and transformed cell types (Andrews et al., 1987). A systematic electron microscopy investigation conducted by Tafuri and collaborators detected amastigotes in glia cells, capsular fibroblasts, ganglion interstitium, and in the connective tissue close to the ganglion, but not in enteric neurons (Tafuri et al., 1971). Interestingly, direct neuronal T. cruzi invasion was never deemed as the cause of ganglionic lesions, which were solely attributed to the inflammation-induced swelling and degenerative changes of ganglia components. Ours is the first study to investigate infection in primary cultures of myenteric neurons, thus opening a new avenue for studies on parasite-neuron interaction. Our study is also the first to detect parasite invasion and proliferation, not only in smooth muscle cells but also in primary myenteric neurons in vitro (Figure 4).

The predominant neuronal phenotype found in the primary cultures of myenteric neurons studied herein were nitrergic neurons. Most nNOS+ neurons presented a small number of parasites inside their neuronal bodies at 72 h.p.i. (Figure 4P). Some non-nitrergic neurons were infected. Parasite replication does not occur in neurons as frequently as in other cells; thus, it is possible that the neurons do not die only due to direct parasitism. Parasites were easily seen by H&E and anti-T. cruzi immunostaining inside glia cells and smooth muscle cells close to the enteric neurons. Loss of neuronal morphology or selective neuronal vulnerability to oxidative stress (Wang and Michaelis, 2010; Rivera et al., 2011) may be the reasons why previous in vivo and in vitro studies failed to detect neuronal invasion. The vulnerability of enteric neurons in CD was never studied before, and the resistance of superior cervical ganglion neurons to T. cruzi invasion (de Almeida-Leite et al., 2014) also needs further addressing. The in vivo approach adopted herein should allow a better evaluation of the role of neuronal invasion in neuronal death.

The neuronal death observed during the acute phase was, at least partially, the consequence of RNS production with protein NO2-tyrosine modifications, especially in nitregic neurons. While NO normally functions as a physiological neuronal mediator, excess production of NO can lead to neuronal injury (Wang and Michaelis, 2010). As free radicals are inherently reactive, NO causes cellular toxicity by damaging critical metabolic enzymes and reacts with radical superoxide to form superoxide, is a potent oxidant (Bredt, 1999). Through these mechanisms NO appears to play a pivotal role in the pathophysiology of intestinal damage associated with CD.

IFNγ-stimulation of non-infected primary cultures of myenteric neurons and T. cruzi infection increased DAF fluorescence in myenteric neuronal cells. Also, infected myenteric neurons exhibited higher oxidation of DAF than infected glia, smooth muscle, and non-infected neurons in the same cultures. These data indicate, for the first time, that an increase in NO production was elicited by T. cruzi infection (Y and DM28c strains). Moreover, in our model, DAF-FM-positive cells correlated well with neuronal morphology (Figure 5) and may implicate nitrergic neurons as targets for direct T. cruzi invasion (Figures 5E,F). Cytokines, such as IFNγ (Figures 5I,J), are probably produced in the proximity of ganglionic neurons and its varicosities by glia and smooth muscle cells. We also observed DAF oxidation around amastigotes inside neuronal and non-neuronal cells present in the cultures. The increase of DAF oxidation has been previously evaluated in vitro in isolated T. cruzi. These parasites produce RNS when treated with an anti-tumoral combination of vitamins K3 and C (Desoti et al., 2015), and with anti-T. cruzi (1,3,4-Thiadiazole) derivatives (Desoti et al., 2015; Martins et al., 2016). Importantly, our study is the first to suggest the production of RNS by parasites inside the neurons, a finding that is intriguing and deserves further investigation.

NOS neurons face the additional problem that nNOS activation depends upon the binding of Ca2+-calmodulin, and therefore, NO generation is stimulated by an increase of intracellular Ca2+ (Cho et al., 1992; Hemmens and Mayer, 1998; Forstermann and Sessa, 2012). This is hypothesized to produce an excess of NO that is further exacerbated by the peroxynitrite formed when NO reacts with superoxide radicals (Voukali et al., 2011). In the intestine, the nNOS selectively concentrated in axon varicosities of myenteric neurons (Bredt et al., 1990; Bredt, 1999) may be related to the progressive decrease of axonal density observed in our model.

Because T. cruzi invasion of most mammalian cells mobilizes Ca2+ (Burleigh and Andrews, 1998), we used Ionomicyn, a Ca2+ ionophore in infected primary cultures of myenteric neurons to test if the same mechanism was taking place in our cultures. With this strategy, parasited and non-parasited neurons in the same preparation were accessed simultaneously as intra-experimental controls. Y-strain invaded neurons treated with ionomycin showed higher DAF oxidation (Figures 5A,B,L) than non-invaded neurons (Figures 5I,J). Our results imply that the enhanced neuronal intracellular Ca2+ concentration triggered by T. cruzi infection and glia-released IFNγ in the proximity of ganglionic neurons and its varicosities, may lead to increased production of RNS.

We tested if NO, produced by NOS in the neuronal cytoplasm, and ROS from intracellular or extracellular sources could be reacting within nitrergic neurons, exposing them to a higher degree of cytotoxic cell damage compared with other neurons. However, using the CM-H2DCFDA probe, we did not detect differences in ROS production between infected and non-infected cultures at 48 and 72 h.p.i. (Figure 7C). The irregularity of the neuronal culture monolayer and the threshold of detectable ROS production by the fluorimeter probably limited our assays. We believe that the single-cell fluorescence imaging approach (Gonzalez and Salido, 2016) would have detected the probe inside cells.

We also found evidence to implicate protein tyrosine nitration in infected cultures (Y and DM28c strains) with the acute neuronal death observed in CD. The fluorescence intensity of 3-NO2-tyrosine in the infected cultures was significantly increased in parasited neurons compared to non-parasited neurons present in the same cultures (intra-experimental controls). 3-NO2-tyrosine constitutes a footprint left by the reactions of NO-derived oxidants in protein tyrosine residues to form 3-nitrotyrosine. Moreover, protein tyrosine nitration can cause structural and functional changes, which may be of pathophysiological relevance for human disease. Indeed, the formation of 3-NO2-tyrosine in vivo occurs in diverse pathologic conditions, and this protein is thought to be a specific marker of oxidative damage mediated by peroxynitrite (Ahsan, 2013). Much of •NO-mediated pathogenicity depends on the formation of secondary intermediates such as peroxynitrite (ONOOH/ONOO-; pKa = 6.8) that is typically more reactive and toxic than •NO (Radi, 2013; Batthyány et al., 2017).

As mitochondrial damage is implicated in neurodegenerative diseases (Cenini et al., 2019), we investigated the role of mitochondrial deficits in ENS neurodegeneration in infected primary cultures of myenteric neurons by checking for shifts in JC-1fluorescence (Figure 6). JC-1 is more specific for mitochondrial vs. plasma membrane potential in its response to depolarization than other cationic dyes (Ankarcrona et al., 1995; White and Reynolds, 1996; Kulkarni et al., 1998). The ratio of green to red fluorescence is dependent only on the membrane potential and not on other factors that may influence single-component fluorescence signals. Therefore, fluorescence ratio detection allows researchers to make comparative measurements of membrane potential. We found that infection using both T. cruzi strains tested (Y and DM28c) was associated with depolarization of the mitochondrial inner membrane, which indicates mitochondrial function impairment, as early as 48 h.p.i., when parasites were detected inside the cells. Interestingly, mitochondrial defects in Tfam-ENSKO mice differentially affected specific subpopulations of enteric neurons, such as nitrergic inhibitory neurons, resulting in an imbalance of inhibitory and excitatory neurons (Viader et al., 2011). This observation may help explain the mitochondrial deficits and neurodegenerative changes in infected nNOS neurons detected in our assays.

Greater expression of MnSOD2 is a defense response to ROS induced in T. cruzi invaded cardiomyocytes (Estrada et al., 2018). MnSOD2 protects cells from the deleterious effects of the overproduction of NO and peroxynitrite (Candas and Li, 2014). To confirm that oxidative stress operates in the T. cruzi-induced neuronal damage in vitro, we investigated the expression of MnSOD2 in nitrergic neurons. We detected increased MnSOD2 expression in neurons of infected cultures of both T. cruzi strains (Y and DM28c) by fluorescence quantification and Western blot. Confocal microscopy evidenced higher expression of MnSOD in nNOS+ neuronal bodies. In this scenario, where host-derived oxidant mediators are actively generated, the antioxidant arsenal of T. cruzi may become decisive for parasite survival and persistence (Ferreira et al., 1997; Piacenza et al., 2009a,b; Radi, 2018). The hypothesis that enzymes of the parasite antioxidant arsenal may represent novel virulence factors involved in the establishment of the disease needs further exploitation in neuronal systems.

Altogether, our results reinforced that oxidative stress has neurotoxic consequences in T.cruzi infection. The selective vulnerability of neurons occurs in conditions involving a high demand of ROS/RNS. Signaling molecules, chronic inflammation, and calcium deregulation in vulnerable neurons (Wang and Michaelis, 2010), could explain our results.

Despite many decades of research on CD, the factors that steer chronic CD from an asymptomatic state to clinical onset remain unclear. Success in translating the vast information available about CD into concrete applications are scarce, particularly in the case of intestinal chronic CD pathology. Our model of intestinal CD conciliates the existing pathogenesis hypotheses of megacolon. We propose that long-term intestinal remodeling (axonal and synaptic damages as well as and smooth muscle degenerative changes) is the basis for the megacolon and its related functional disorders. Our findings suggest that prevention of oxidative stress may help to treat this highly morbid condition in newly infected individuals (acute and subacute phases). An integrative comprehension of acute and chronic phases of the T. cruzi infection should help drive research to make a real difference for the millions of people affected by this neglected disease.
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Supplementary Figure 1. Histopathological aspects of the colonic changes induced by the infection with the Y strain of T. cruzi. (A) CD4+ and (B) CD8+ cells observed in muscularis propria of chronic infected animals (15 m.p.i.) were quantified and expressed as (C) percentage of imunophenotyped (CD4+ and CD8+) cells/total cells of control and infected mice at acute (IAP, 11 d.p.i.) and chronic phase (ICP15, 15 m.p.i.). The percentage of CD4 + cells / total cells was higher for the infected groups when compared to the control groups (CTRL). The percentage of CD8 + cells / total cells decreased in IAP when compared to CTRL (CAP) animals, but increased in ICP15 mice (P = 0.07); (D–H) Histopathological aspects observed in colon samples of infected animals stained with HE where (D) CAP, (E) IAP, (F) ICP3, (G) ICP7, (H) ICP12, and (I) ICP15. Inflammatory foci were found scattered throughout the colon wall, at all times of the experiment. Notice that inflammatory cells in (E) (IAP) and (F) (ICP3) are associated with the vacuolization of parenchyma cells and hyper-eosinophilia. The infiltrate surrounds the enteric ganglia and sometimes blur its limits (inset, dashed line). Arrowhead indicates inflammatory infiltrate. (J) CTRL, (K) IAP, (L) ICP3, (M) ICP7, (N) ICP12, and (O) ICP15 Masson's trichome stains the connective tissue in blue. Reorganization and increased production of collagen fibbers throughout the infection. Thin arrows indicate interstitial and periganglionic collagen fibers, large arrows indicate collagen fibbers in the submucosal plexus. Scale Bar: 3 μm. 20X objective. Statistical analysis: ANOVA one-way with Student-Newman-Keuls post hoc tests. Difference in relation to the control group, P ≤ 0.05 (*) (n = 5 mice). Representative of two independent experiments. Data are shown as mean and and standard deviation (SD).
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