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ABSTRACT
Trypanosoma cruzi, a parasitic protozoan, is the agent of Chagas’ disease or American trypanosomiasis, an endemic pathology in Latin

America, affecting up to 18 million people, with high public health costs. Programmed cell death (PCD) has many functions in development

and tissue remodeling in metazoans. In protozoa, it could represent concomitant or alternative mechanisms for clonal selection, immune

response evasion, and population size regulation. In this work, we describe the natural occurrence of PCD in T. cruzi epimastigotes during the

stationary phase of growth in axenic culture or under nutrient deprivation. Thus, we have observed phosphatidylserine externalization,

cellular volume decrease, caspase-like protein activity, and DNA fragmentation. Additionally, serum deprivation also induces autophagic

characteristics such as monodansylcadaverine-labeled vesicles accumulation and redistribution of proteins homologous to Atg8. In

agreement with our results, apoptosis may play an important role in parasite survival. Then, identification and modulation of molecular

targets inducing programmed cell death in T. cruzi may lead to new potential therapeutic approaches for Chagas’ disease. J. Cell. Biochem.
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P rogrammed cells death (PCD) is a regulated process allowing

organisms to eliminate cells, avoiding an inflammatory

response [Hengartner, 2000]. Although this process was described in

the 1970s [Kerr et al., 1972], during the last years it has received

more attention due to its role in tumor cell elimination and, by

default, in carcinogenesis [Dirsch et al., 2001]. PCD includes

alternative forms of death with diverse phenotypic characteristics

[Sperandio et al., 2000; Assuncao and Linden, 2004; Sperandio et al.,

2004; Kroemer and Martin, 2005], mostly related to pluricellular

organisms and conserved from C. elegans to H. sapiens [Danial and

Korsmeyer, 2004]. However, in the last 10 years, growing evidence

supporting its presence in unicellular eukaryotes has been provided

[Ameisen, 1996; Arnoult et al., 2001, 2002; Das et al., 2001; Al-

Olayan et al., 2002; Figarella et al., 2005]. In protozoa PCD may play

a role in the regulation of parasite number in biological vectors and

in definitive host tissues [Welburn et al., 1989; Maudlin and

Welburn, 1994], in the maintenance of clonality [Welburn et al.,
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1997], as a mechanism of immunomodulation [Freire-de-Lima et al.,

2000] and of parasite differentiation [Ameisen et al., 1995].

Trypanosoma cruzi, a parasitic protozoan, the agent of Chagas’

disease, an endemic pathology in Latin America, infects more than

18 million people [WHO Expert Committee, 2002]. It presents an

indirect life cycle, affecting man as well as domestic and wild

mammals, its definitive hosts. In these hosts, the parasite develops in

two forms: the circulating non-replicative trypomastigotes,

infective to mammals and the amastigotes, intracellular and

replicative forms. Chagas’ disease is mainly transmitted by

Reduvidae hematophagous insects. There, the epimastigotes,

replicative extracellular forms of the parasite, are present. This

cellular form may be maintained in axenic cultures.

We propose here that cell volume reduction, extracellular

phosphatidylserine exposure, caspase-like protein activity and

internucleosomal DNA fragmentation, all of them apoptosis

markers, are present at the stationary growth phase of T. cruzi
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epimastigotes. We also propose that these markers may be mimicked

by serum deprivation. In addition, we also advance the possibility

that autophagy may explain at least a percentage of the cell death

observed under nutrient deprivation. These T. cruzi features indicate

possible interesting targets for the development of new therapeutic

approaches to control Chagas’ disease.

MATERIALS AND METHODS

REAGENTS

Culture media (GIBCO), hemin, actinomycin D and buffer reagents

(Sigma), antibodies against caspase 8 and caspase 3, annexin-V FITC

and propidium iodide (BD Pharmingen); TUNEL Kit and CaspACE

assay system (Promega), DAPI (Pierce), fluorescent secondary

antibodies (Invitrogen); anti-rabbit secondary antibody conjugated

to horseradish peroxidase (Jackson Immunochemicals); ECL

(Amersham) and SDS–PAGE reagents (Bio-Rad).

PARASITES CULTURE

T. cruzi epimastigotes (Tulahuen and MF strains) were grown at 288C
in Diamond’s liquid medium [Diamond, 1968] (0.106 M NaCl, 29

mM KH2PO4, 23 mM K2HPO4, 12.5 g/L tryptose, 12.5 g/L tryptone,

and 12.5 g/L yeast extract, pH 7.2) supplemented with 10% fetal calf

serum (FCS), 7.5 mM hemin, and antibiotics (penicillin 75 U/ml–

streptomycin 75 mg/ml).

QUANTIFICATION OF PARASITE PROLIFERATION

Parasites were counted in a Neubauer chamber, diluted 1:100 v/v in

phosphate buffer saline (PBS) containing 10% formalin.

CELL VOLUME DETERMINATION

Epimastigotes at different growth stages, were collected by

centrifugation at 1,000g, washed twice in PBS, resuspended in

PBS to 100,000 parasites/ml and analyzed by fluorescence-activated

cell sorting (FACS; Becton Dickinson & Co., NJ). Density plots of

forward (FSC) versus side (SSC) scatter represent the acquisition of

10,000 events. Histograms and analysis were performed in WinMDI

2.8 software.

PS EXPOSURE

Exposed phosphatidylserine (PS) was detected using Annexin-V

FITC (BD Pharmingen). Parasites were collected by centrifugation at

1,000g, washed twice in PBS and resuspended in 100 ml of binding

buffer (140 mM NaCl, 5 mM CaCl2, 10 mM HEPES-Na pH 7.4).

Annexin-V FITC and propidium iodide were added at the final

concentration indicated by manufacturer. Fluorescence was

measured by FACS analysis in a FACSort apparatus (Becton

Dickinson & Co.). Analysis was performed in WinMDI 2.8 software

considering as apoptotic those cells stained by annexin-V

(propidium iodide positive or negative) and, as necrotic, those only

positive to red stain.
DNA FRAGMENTATION

TUNEL assay. We analyzed DNA double-strand ruptures in situ by

TUNEL (Terminal deoxynucleotidyl transferase-mediated dUTP Nick

End Labeling assay) according to manufacturer’s protocol (DeadEnd

Fluorometric TUNEL system, Promega). Briefly, parasites in different

stages of growth were collected by centrifugation at 1,000g, washed

twice in PBS and resuspended in the same buffer. Once placed on a

slide and dried at room temperature, the cells were fixed with 4% p-

formaldehyde and washed in PBS. After permeabilization with 0.2%

Triton X-100, the cells were incubated with reaction mix containing

dUTP-FITC (Fluorescein isothiocyanate). Nuclei were counterstain-

ing with DAPI (40,6-diamidin-2-phenylindol) (1 mg/ml) or propi-

dium iodide (1mg/ml). Fluorescence was observed in a Nikon Eclipse

E400 microscopy and pictures were captured with a Nikon Coolpix

4500 digital camera. Results were quantified counting about 200

cells in duplicate from three independent experiments. Apoptotic

index was obtained from the ratio between TUNEL positive cells and

total cells.

DNA isolation and agarose electrophoresis. Parasites were

collected by centrifugation, washed in PBS and resuspended in

lysis buffer (1% SDS, 10 mM Tris–HCl pH 8.0). Suspension was

incubated at room temperature in the presence of 300 mg/ml

proteinase-K until pellet was dissolved completely. RNAase A was

added at 200 mg/ml and incubated 1 h at 378C with gentle agitation.

DNA was extracted with phenol–chloroform–isoamylic alcohol mix

(25:24:1 v/v). After centrifugation, the upper phase was separated

and precipitated overnight at �208C with 3 M sodium acetate and

100% ethanol. The pellet was washed with 70% ethanol and

resuspended in 1 mM ethylenediaminetetraacetic acid (EDTA), 10

mM Tris. DNA concentration was estimated at 260/280 nm. DNA

was electrophoresed in 1.8% agarose gel containing ethidium

bromide (0.5 mg/ml).
CASPASE-LIKE DETECTION

Western blotting. T. cruzi epimastigotes were lysed in buffer

containing 1% Triton X-100, 5 mg/ml Aprotinin, 2 mM EDTA, 5 mM

phenylmethylsulphonylfluoride (PMSF), 2.5 mM N-tosyl-L-lysine-

chloromethyl ketone (TLCK) and 10 mM Tris–HCl pH 8.0. Total

proteins, measured by the bicinconinic acid method (BCA protein

assay, Pierce), were separated by electrophoresis in SDS–poly-

acrylamide gels. Proteins were transferred to a nitrocellulose

membrane (Bio-Rad), blocked overnight with 3% serum bovine

albumin in PBS and incubated with heterologous antibodies against

caspase 3 (BD Pharmingen 552785) for 2 h. Reactive proteins were

visualized by secondary antibodies conjugated to horseradish

peroxidase (Jackson Immunochemicals 111-035-144) and ECL

Western blotting (Amersham, Biosciences) in Bio-Max film (Kodak).

HeLa cells treated with 2 mg/ml of actinomycin as apoptotic inducer

were used as positive control.

Detection of caspase 3-like activity. Parasites were collected by

centrifugation, washed twice in PBS and resuspended in lysis buffer.

Homogenate was centrifuged at 16,000g for 10 min at 48C. The assay

was performed in the presence of the pan-caspase inhibitor Z-VAD-

FMK (benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethyl ketone).

Briefly, the reaction mixture contained about 1 mg of soluble



protein, 64 ml of caspase assay buffer, 4 ml of dimethyl sulfoxide

(DMSO), 20ml of ditiotreitol (DTT) (100 mM) and 4 ml of colorimetric

substrate (10 mM Ac-DEVD-pNA: acetyl-Asp-Glu-Val-Asp p-

nitroanilide). Upon cleavage by caspase-3, pNA produces a yellow

color that was measured at 405 nm. Samples extracts from T. cruzi

epimastigotes at exponential and stationary phase of growth were

co-incubated with caspase-3 inhibitor Z-VAD-FMK (final concen-

tration of 150 mM). After 12 h incubation, the difference in

absorbance between the samples with and without caspase 3-

inhibitor was considered caspase 3 activity, expressed as specific

activity (pmol pNA/mg protein/h). Results correspond to three

experiments in duplicate.

AUTOPHAGY SEARCH

Monodansylcadaverine (MDC) labeling. The assay was per-

formed according to Munafo and Colombo [2001]. Briefly, after

autophagy induction by serum deprivation, parasites were incu-

bated with 0.05 mM MDC in PBS at 288C for 1 h. Cells were washed

twice in PBS and lysed in 10 mM Tris–HCl pH 8.0 containing 1%

SDS. MDC stain was measured by fluorescent photometry

(excitation wavelength 380 nm, emission filter 525 nm). To

normalize the measurements, fluorescence of total DNA was

quantified previously staining with ethidium bromide (0.2 mM

final concentration) with an excitation wavelength of 530 nm and

an emission filter of 590 nm. Results were expressed as specific

activity (percentage respect to the control). Parasites were observed

in a fluorescence microscopy Nikon Eclipse E400 and images were

captured with a Nikon Coolpix 4500 digital camera.

LC3 immunolocalization. After 5 days of treatment, T. cruzi

epimastigotes were collected by centrifugation 10 min at 1,000g,

washed in PBS and placed on a slide pre-treated with silane.

Parasites were fixed with 4% p-formaldehyde, washed twice in PBS

and treated overnight with blocking solution containing 3% calf

serum, 1% serum bovine albumin and 0.1% saponin. Then, the

parasites were incubated in the presence of heterologous polyclonal

antibodies against rat LC3, kindly provided by Dr. Masahiro Shibata

(Department of Cell Biology & Neuroscience, Osaka University).

As a detection immune probe, affinity purified polyclonal rabbit

immunoglobulins, conjugated with Alexa fluor 488, were used.

Cells were analyzed by fluorescence microscopy in a Nikon Eclipse

E400.

Statistics. Results are expressed as mean� SEM from n

independent experiments. Normal distribution of data and sig-

nificant differences were probed by ANOVA with Tukey post-test

and Bonferroni correction for multiple conditions. Paired conditions

were analyzed by Student’s t-test.

RESULTS

EARLY MARKERS FOR PCD IN EPIMASTIGOTES AT THE STATIONARY

PHASE OF GROWTH

One of the apoptotic hallmarks is the cell shrinkage that occurs

during the early phase of this process. When the volume of an

epimastigote population in axenic culture was analyzed by FACS, a

marked reduction in the average cell size was found during the

transition from the exponential to the stationary phase of growth
690 PROGRAMMED CELL DEATH IN T. CRUZI
(Fig. 1A,B). Compared with the mean cell size observed at 4 days of

culture, this shrinkage is statistically significant at 7 days of culture

that corresponds to the inflexion point between the exponential and

the stationary growth phases, reaching a 50% reduction at 14 days

(Fig. 1C).

In order to confirm whether volume reduction was related to cell

death, the exposition of phosphatidylserine at the cell surface was

analyzed at different stages of the proliferative curve. A significant

increase in the percentage of parasites positive to annexin V at days

7 and 14 of culture was observed (Fig. 2A,B). These parasites were

negative to propidium iodide, showing plasma membrane integrity

and excluding necrosis as a mechanism of cell death.

DNA FRAGMENTATION AND MORPHOLOGICAL

FEATURES OF APOPTOSIS

Programmed cell death through apoptotic pathways is characterized

by morphological and biochemical changes that result from

proteases and nucleases activity. Laddering of DNA in oligonu-

cleosomal fractions is one of the final steps in the apoptotic process,

together with chromatin condensation, nuclear picnosis and the

formation of apoptotic bodies. We then asked whether these

characteristics are present in T. cruzi epimastigotes at the stationary

phase of growth.

As shown in Figure 3A,a,b, at 15 days of culture apoptotic bodies

positive to TUNEL assay were observed. Similarly, picnotic nuclei

strongly stained by this technique were also evident (Fig. 3A,c,d),

revealing DNA fragmentation in these parasites.

In order to establish the kinetics of DNA fragmentation

throughout the growth curve, TUNEL assay was performed in

epimastigotes from days 1 to 60 of culture. As the cells leave the log

phase and enter the stationary phase of growth, the percentage of

TUNEL positive cells increases, becoming significant at 13th day

(Fig. 3B). Concomitantly, at day 15 DNA laddering was observed

(Fig. 3C), being more evident from 30 days on. This result is in

agreement with the apoptotic index obtained by TUNEL at the same

times (Fig. 3D), dying cells increasing from 24.8% at day 15 to 48%

at day 30. Thereafter, the apoptotic index did not increase (Fig. 3D),

probably because a maximal death rate was reached.

SERUM DEPRIVATION INDUCES PCD DURING THE EXPONENTIAL

PHASE OF GROWTH

We evaluated whether the reduction or the absence of FCS is a

sufficient stimulus to induce apoptosis in epimastigotes during the

exponential phase of growth. As expected, parasites maintained

in 0.5% or in the absence of FCS show a proliferative index

significantly lower that in the presence of 10% FCS. Linear

regression analysis for the growth curves in the absence of FCS

versus 10% FCS indicates a significantly non-zero slope (F¼ 25.57

P-value¼ 0.037; Fig. 4A). When DNA fragmentation was analyzed

under these culture conditions, an increase in TUNEL positive

parasites was observed (from 2.7� 0.7% in 10% FCS to 14.2� 0.8%

in 0% FCS, Fig. 4B). However, morphological alterations were not as

evident as those observed in parasites at the stationary phase of

growth (Figs. 3A and 4C).
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 1. FACS analysis of T. cruzi epimastigotes cell volume populations. Forward light scatter (FSC-H) was considered as function of cell size and side light scatter (SSC-H) as

result of cell granularity. A: Density plots for FSC versus SSC in T. cruzi epimastigotes at 4, 7, and 14 days of culture. B: Representative FACS histogram showing FSC-H of T. cruzi

epimastigotes at exponential (black line) and stationary (gray full histogram) growth phases. C: Cell volume estimation (in arbitrary units) in a T. cruzi epimastigotes population

at different days of growth. Asterisks indicate significant differences between conditions analyzed by ANOVA (�) P< 0.001.
These results suggest that T. cruzi epimastigotes activate PCD

during the stationary phase of growth in axenic cultures and that it

can be induced by serum deprivation.

INDUCIBLE PCD BY SERUM DEPRIVATION IN T. cruzi
EPIMASTIGOTES PRESENTS AN AUTOPHAGIC COMPONENT

The maintenance of both cell morphology (Fig. 4C) and plasma

membrane integrity, evaluated by propidium iodide exclusion (data

not shown), suggests that necrosis is not involved as a mechanism of

death in these parasites. To assess whether an autophagic

component is involved in serum deprived T. cruzi epimastigotes,

parasites were treated with MDC, a fluorescent probe that

accumulates in autophagic vacuoles [Biederbick et al., 1995]. As

shown in Figure 5A, parasites maintained during 5 days in the

absence of serum presented rounded structures that are stained by

MDC (black and white arrows). When the MDC signal was measured

against total DNA ethidium bromide fluorescence, in parasites

maintained in 10% FCS or in the absence of serum (Fig. 5B), a

significant increase of MDC staining was observed in the parasites

cultured without FCS. This effect can be partially prevented in

parasites incubated 24 h with wortmannin (0.2 mM), a potent PI3-

kinase inhibitor (Fig. 5B). This enzyme is part of the signaling
JOURNAL OF CELLULAR BIOCHEMISTRY
pathway involved in autophagy regulation [Blommaart et al., 1997],

suggesting that increase in the number of MDC-marked vacuoles

may be related to this cell death pattern.

On the other hand, parasites cultured in the absence of serum and

treated with cycloheximide show a significant decrease in MDC

specific activity indicating that protein synthesis is required for

autophagic-like vacuole formation (Fig. 5B).

In parasites maintained 5 days in the presence of 10% FCS, the

autophagosomal marker LC3 (mammalian microtubule-associated

protein light chain 3) was not detected by an immunocytochemical

reaction using a polyclonal heterologous antibody (Fig. 5C,a–c).

However, parasites grown in total absence of FCS show a strong

reaction against this protein, with a punctuated pattern of

cytoplasmic and perinuclear distribution (Fig. 5C,g–i).

Accumulation of anti LC3-labeled vesicles can be prevented by

adding 0.2 mM wortmannin to the culture medium 24 h before

immunolocalization, again suggesting that the autophagic process

induced by starvation is regulated by PI3-kinases (Fig. 6C,d–f).

Probably, autophagy is one of the processes that operate in parasites

during stationary phase of growth, contributing to the increase in

mortality by apoptotic-like cell death observed at latter days of

culture.
PROGRAMMED CELL DEATH IN T. CRUZI 691



Fig. 2. Analysis of phosphatidylserine (PS) extracellular exposure. A: Representative dot plot of FACS analysis for PS exposure, measured by double staining with Annexin

V-FITC and propidium iodide (PI) in T. cruzi epimastigotes at 4 (a), 7 (b), and 14 (c) days of growth. B: Quantitative analysis of PS exposure from two independent experiments

(in triplicate). � Indicates significant differences between PS labeling at 4, 7, and 14 days of culture (P< 0.001, ANOVA). # Indicates statistical differences in the percentages of

PS extracellular exposure obtained at 7 and 14 days of growth (P< 0.001, ANOVA).
ACTIVITY OF CASPASE-LIKE PROTEINS IN T. cruzi EPIMASTIGOTES

Caspase-like activity in parasites at exponential and stationary

phase of growth was measured using Ac-DEVD-pNA, a caspase-3

specific substrate. As shown in Figure 6A, at the stationary phase of

growth, caspase 3-like activity increases, suggesting that this type of

cysteine-protease could be involved in apoptosis-like cell death

observed in the parasites.

The presence of caspase 3-like proteins was confirmed by Western

blot using a polyclonal heterologous antibodies against human pro-

caspase 3 (Fig. 6B), both in T. cruzi Tulahuen and MF strains,

presenting the expected molecular mass for T. cruzi metacaspase 3

[Kosec et al., 2006]. In addition, two reactive bands whose molecular

mass correspond to those predicted for the active fragments of this

protein (11 and 17 kDa) were also detected.

Using heterologous polyclonal antibodies against human pro-

caspases 3 and 8, a positive reaction was obtained by immuno-

cytochemistry in T. cruzi epimastigotes. The localization of these

proteins, with a punctuate pattern of distribution, was restricted to

the cytoplasm and excluded completely from nuclei and kinetoplast,

as was confirmed by confocal microscopy (data not shown).

Immunoreactivity against caspase-like proteins 3 and 8 can also

be detected in trypomastigotes pointing to the presence of these

enzymes in all cellular forms of the parasite and suggesting that

caspase-like proteins could be involved in cell death pathways.
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DISCUSSION

Though morphological features of apoptosis are frequently absent in

unicellular organisms, there are evidences of PCD in Actinomycetes,

Cyanobacteria, yeasts and several protozoa including trypanoso-

matids [Frohlich and Madeo, 2000; Koonin and Aravind, 2002;

Debrabant et al., 2003]. Similarly to C. elegans, in protozoa the

apoptotic machinery is simpler that in vertebrates, although it

maintains the functional homology of proteins involved [Lettre and

Hengartner, 2006].

In this work we describe classic parameters associated to

apoptosis in T. cruzi, similar to those described in pluricellular

organisms. Thus, isotonic volume reduction, PS externalization and

internucleosomal DNA fragmentation, accompanied by nuclear

picnosis and apoptotic bodies’ formation were observed in

epimastigotes at the stationary phase of growth.

Indeed, significant increases in the number of apoptotic cells were

observed at the stationary phase of growth in axenic cultures in

diverse cellular species, including trypanosomatids. PCD would

contribute to regulate the size of the parasite population, facing

restrictive conditions such as medium acidification and the

consumption of nutrients, as has been reported in other unicellular

organisms [Billaut-Mulot et al., 1996; Chou and Yung, 2001; Lee

et al., 2002; Zangger et al., 2002; Mousavi and Robson, 2003].
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 3. DNA fragmentation in epimastigotes at different stages of growth. A: TUNEL assay of parasites at 15 days of growth. a,b: Apoptotic bodies TUNEL positive (white

arrows) and DAPI, respectively. c,d: Picnotic nuclei TUNEL positive (white head arrow) and DAPI staining. B: Cell proliferation (black line) and TUNEL positive cells (columns) at

different points of growth curve. � Statistical differences of TUNEL positive parasites evaluated at 13 days of growth versus previous days (P< 0.01; ANOVA). �� Statistical

differences between TUNEL positive cells at 15th and previous days of culture (P< 0.01; ANOVA). C: DNA laddering agarose gel electrophoresis. St: size marker 100 bp

(Invitrogen), C(þ): DNA from Jurkat cells at the stationary phase of growth. D: Apoptotic indexes at indicated days of growth. Values correspond to mean� SEM from two

independent experiments. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
Changes in cellular volume associated to apoptosis were related to

ion movement through the plasma membrane under isotonic

conditions [Gomez-Angelats et al., 2000; Razik and Cidlowski,

2002; Bortner and Cidlowski, 2004]. We have detected a significant

reduction in the cell volume average, measured in the total parasite

population, during the transition from the log to the stationary

phase of growth in T. cruzi (Fig. 1). This phenomenon is not due to an

increase in trypomastigotes which are slender than epimastigotes,

because in the Tulahuen strain the percentage of spontaneous

transformation in axenic culture is less than 5%. In addition, the
JOURNAL OF CELLULAR BIOCHEMISTRY
population became more heterogeneous at the stationary phase of

growth, with the appearance of spheroid forms that have lost

motility, as observed by light microscopy (data not shown).

We have also observed that parasites expose PS at the external

side of the plasma membrane when entering the stationary phase of

growth (Fig. 2). PS externalization has been observed in other

trypanosomatids [Arnoult et al., 2002; Sudhandiran and Shaha,

2003; Sen et al., 2004; Figarella et al., 2005], but had not been

previously described in T. cruzi epimastigotes. The exposure of this

phospholipid in these organisms could also constitute a mechanism
PROGRAMMED CELL DEATH IN T. CRUZI 693



Fig. 4. T. cruzi epimastigotes cell death induction by serum deprivation. A: Parasite proliferation under different percentages of FCS. Actinomycin D (10 mg/ml) was added as

apoptosis inducer. B: Apoptotic index for T. cruzi epimastigotes cultured in the presence or absence of FCS. Values correspond to mean� SEM from three independent

experiments. � Significant differences in the percentage of TUNEL positive cells between 24 and 120 h of culture for each condition (P< 0.001, Student’s t-test). # Statistical

differences in apoptotic index at 120 h of growth for parasites cultured with 0% or 0.5% FCS vs. cells grown in the presence of 10% FCS. C: Representative images of TUNEL

assay from T. cruzi epimastigotes maintained for 120 h under different FCS concentrations. a,b: 10%; c,d: 0.5%; e,f: 0%. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]
of immunomodulation and promotion of phagocytosis. Diverse

protozoa and helmints control their own apoptosis as a way of

modulating the activity of the host’s immune system, assuring its

survival [James and Green, 2004]. Leishmania amazonensis

amastigotes expose PS that, through binding to receptors on the

surface of macrophages, promotes parasites internalization, dimin-

ishing the inflammatory response and favoring the intracellular

multiplication of the parasite [de Freitas Balanco et al., 2001]. A

similar response has been demonstrated during T. cruzi trypomas-

tigotes invasion to macrophages, where PS externalization was

evidenced in the infective forms but not in epimastigotes or
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amastigotes [DaMatta et al., 2007]. This phenomenon may be

considered as the induction of apoptosis in some parasites assuring

the internalization and multiplication of the remainder population.

Another possibility is that PS exposure would not necessarily be

indicative of apoptosis but that would constitute a parasitic strategy

of ‘‘imitation,’’ to promote phagocytosis and to modulate the host

immune response [Wanderley et al., 2006]. Our evidences point

to the first hypothesis, since the stain with annexin V-FITC is

accompanied by several apoptotic characteristics, such as oligonu-

cleosomal DNA fragmentation observed by TUNEL and agarose

electrophoresis from the beginning of the stationary phase of growth
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 5. Autophagic induction by serum deprivation in T. cruzi epimastigotes. A: Representative fluorescence image of epimastigotes, maintained 5 days in the absence of fetal

calf serum. a: Phase contrast. b: MDC labeling of vacuoles. Arrows indicate the stained autophagic structures. B: MDC-labeling quantification. Parasites cultured in 0% of FCS

were treated with 200 nM wortmaninn (WTM) or 2 mg/ml cicloheximide (CXM). MDC stain was measured by fluorescent photometry. Parasites grown with 10% FCS were

considered as control. The data represent mean� SEM of two independent experiments in duplicate. C: Immunocytochemical localization of LC3 in epimastigotes maintained

5 days at the indicate conditions. a–c: parasites in 10% FCS; d–f: epimastigotes grown in the absence of FCSþ 200 nM wortmaninn; g–i: parasites in culture medium without

FCS. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Fig. 6. Caspase 3-like detection. A: Caspase activity in Tulahuen strain

epimastigotes at exponential and stationary phases of growth. Bars correspond

to caspase-3 like specific activity. � Significant differences between both

conditions, P< 0.001 (n¼ 3 independent experiments, in duplicate). B:

Western blot of caspase 3-like protein in T. cruzi epimastigotes at stationary

phase of growth. C(þ): Total proteins from HeLa cells treated with 2 mg/ml of

actinomycin. Tul: total proteins from Tulahuen strain epimastigotes. MF: total

proteins from MF strain epimastigotes.
on (Fig. 3). Indeed, the significant lower epimastigote proliferation

in 0.5% or in total absence of FCS compared to 10% FCS is

accompanied by an increase in DNA fragmentation and in the

number of apoptotic cells (Fig. 4).

During cell death induction by serum deprivation, an increase in

cytoplasmic vacuolization was observed, a feature that is not present

in typical morphological patterns of apoptosis. Indeed, vacuole

formation is considered as indicative of other alternative mechan-

isms of cell death, as necrosis or autophagy [Tsujimoto and Shimizu,

2005]. Autophagy or PCD type II is a well-known physiological

process involved in protein turnover, organelle destruction and

recycling of materials during starvation [Lockshin and Zakeri,

2004]. Evolutionarily conserved, this mechanism has been

documented in ancient organisms such as yeast [Klionsky and

Emr, 2000] and unicellular eukaryotes, including Kinetoplastids

[Bera et al., 2003; Besteiro et al., 2007]. In protozoa, autophagic

pathway seems to be simpler than that described in other cell types,

although they have all the essential proteins to carry out this process

[Herman et al., 2006]. Recently, Atg4 and Atg8 homologous from

T. cruzi have been cloned and expressed in yeast, demonstrating the

presence and functionality of autophagic pathways in this parasite

[Alvarez et al., 2008]. Here we present evidences that serum

deprivation produces a significant increase in MDC-labeled vesicles

and this effect is partially abrogated by PI3-K inhibitors such as
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wortmannin. On the other hand, treatment with cycloheximide

blocks autophagic vacuole formation indicating that protein

synthesis is necessary in at least one of the multiple steps of

autophagy (Fig. 5B). At this respect, Klionsky and co-workers have

demonstrated that protein synthesis is not necessary to trigger

autophagy but for the expansion of autophagosomes [Abeliovich

et al., 2000].

In agreement with previously published data [Alvarez et al.,

2008], we were able to detect immunoreactivity with polyclonal

antibodies against LC3, confirming the presence of orthologues

proteins related to Atg8 in T. cruzi (Fig. 5C). These data reinforce the

idea that PCD has a central role during the life cycle of T. cruzi, not

only by induction of apoptosis but also through other cell death

mechanism that can contribute to the surveillance of the total

parasite population. More studies are necessary to elucidate whether

autophagy is a protective mechanism that allows trypanosomatids

to respond to environmental changes recycling its own proteins or,

in opposition, it is a form of self-destruction in response to nutrient

scarcity, or both.

Despite morphological and biochemical data about the presence

of PCD in unicellular organisms, there is no conclusive evidence

respecting to the presence and activity of caspases, necessary to

define the mechanism of death. Using synthetic caspase substrates

we have detected an increase in caspase-like activity in epimas-

tigotes at the stationary phase of growth, indicating that these

enzymes may be involved in some of the apoptotic features

described here (Fig. 6A). Recent works report the presence and

functionality of metacaspases in L. major, T. brucei, and T. cruzi

[Szallies et al., 2002; Helms et al., 2006; Kosec et al., 2006; Gonzalez

et al., 2007; Ambit et al., 2008].

At this point, there is enough evidence to conclude that T. cruzi

epimastigotes activates a PCD process during the transition from the

proliferative to the stationary phase of growth in axenic cultures.

Our present efforts are focused on the possibility of stimulating

with drugs the natural apoptotic process in T. cruzi cells in order to

pursue new and specific therapies against Chagas’ disease.
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