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Abstract

Chagas disease, caused by infection with the protozoan parasite Trypanosoma cruzi, is a major public
health problem in Central and South America. The pathogenesis of Chagas disease is complex and
the natural course of infection is not completely understood. The recent development of
bioluminescence imaging technology has facilitated studies of a number of infectious and non-
infectious diseases. We developed luminescent T. cruzi to facilitate similar studies of Chagas disease
pathogenesis. Luminescent T. cruzi trypomastigotes and amastigotes were imaged in infections of
rat myoblast cultures, which demonstrated a clear correlation of photon emission signal strength to
the number of parasites used. This was also observed in mice infected with different numbers of
luminescent parasites, where a stringent correlation of photon emission to parasite number was
observed early at the site of inoculation, followed by dissemination of parasites to different sites over
the course of a 25 day infection. Whole animal imaging from ventral, dorsal and lateral perspectives
provided clear evidence of parasite dissemination. The tissue distribution of T. cruzi was further
determined by imaging heart, spleen, skeletal muscle, lungs, kidneys, liver and intestines ex vivo.
These results illustrate the natural dissemination of T. cruzi during infection and unveil a new tool
for studying a number of aspects of Chagas disease, including rapid in vitro screening of potential
therapeutic agents, roles of parasite and host factors in the outcome of infection, and analysis of
differential tissue tropism in various parasite-host strain combinations.
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1. Introduction

Trypanosoma cruzi, the causative agent of Chagas disease, is an intracellular, eukaryotic
parasite of the family Trypanosomatidae. Endemic to vast regions of Central and South
America, Chagas disease remains the leading form of infectious heart disease worldwide
(Kirchhoff et al., 2004). While previous reports from the World Health Organization estimated
that 16—18 million people are infected with Chagas disease (Moncayo, 1999, 2003), a more
recent analysis indicates that this number has been reduced to nearly 8 million, due to progress
in the control of vectorial transmission in Latin American countries (World Health
Organization, www.who.int/mediacentre/news/releases/2007/pr36/en/index.html). However,
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despite the optimistic nature of this statistic, the report also states that cases are now being
identified outside the typical endemic regions due to increasing incidences of blood
transmission (Kirchhoff et al., 2006) and organ transplantation (Nowicki et al., 2006). Chagas
disease can occur in an acute phase, typically characterized by high parasitism, fever and
lymphadenopathy, but more commonly progresses to a chronic phase where cardiac alterations
or gastrointestinal disorders are observed.

Although the tissue tropism can vary among parasite strains (Melo and Brener, 1978), it is
generally thought that, while capable of invading virtually any cell in the body (Lenzi et al.,
1996), T. cruzi preferentially targets neuronal and muscle cell-types (Lenzi et al., 1996) and
its associated pathogenicities have typically been found to correspond to parasitosis of the
myocardium (Ben Younes-Chennoufi et al., 1988; Jones et al., 1993; Bellotti et al., 1996; Anez
etal., 1999; Zhang and Tarleton, 1999) or digestive tract (Vago et al., 1996). These organs are
often the focus of Chagas disease research, since these are the well-characterized disease
manifestations. While other studies have identified trypanosomes in liver, spleen and lung
tissue (Melo and Brener, 1978) and, more recently, bone and cartilage (Morocoima et al.,
2006), these distributions generally follow the use of immunosuppressive therapy (Calabrese
et al., 1992; Calabrese, 1999; Taniwaki et al., 2005) to facilitate robust parasite proliferation
and expansion. Regardless of the mode of infection or treatment regimen, the sacrifice of
animals has typically been required to obtain information on dissemination of parasites and
detection of parasites in specific tissues following infection. Furthermore, quantification of
whole animal and organ-specific parasite burden has been both cumbersome and inconsistent,
incorporating such techniques as PCR amplification or in situ hybridization of parasite-specific
genes from tissue (Lane et al., 1997, 2003; Zhang and Tarleton, 1999; James et al., 2002),
parasite antigen-specific immunofluoresence (Ben Younes-Chennoufi et al., 1988; Chandler
and Watts, 1988; Taniwaki et al., 2007) and the counting of either nests of parasite amastigotes
in tissue sections or free-swimming trypomastigotes in the blood (Nunes et al., 1990; Mortatti
etal., 1992; Russo et al., 1996; Pinto et al., 1999). While these approaches have certainly been
adequate for a variety of studies of experimental Chagas disease pathogenesis, they are also
accompanied by significant limitations.

During the past several years, bioluminescence imaging (BL1) techniques have overcome these
limitations in the analysis of many disease processes, including various models of cancer
tumorigenesis (Edinger et al., 2002; VVooijs et al., 2002; Shachaf et al., 2004; Lyons et al.,
2006; Wendt et al., 2007) and infections caused by bacteria, viruses, fungi and parasites, nicely
summarized in a recent review (Hutchens and Luker, 2007). The incorporation of in vivo BLI
has not only provided a means by which to evaluate the spatiotemporal progression of disease
in real-time, but has brought about the opportunity to observe potentially biologically relevant
interactions of host and pathogen, in the case of infectious disease, that may have otherwise
gone unnoticed. In general, BLI detects light resulting from the reaction of luciferase enzymes
with a specific substrate. This is made possible by utilizing either bacterial luciferase genes
capable of encoding both enzyme and substrate that are typically transferred to other species
of bacteria, or by using luciferase enzymes from higher organisms such as the firefly or sea
pansy (Hutchens and Luker, 2007). While the use of bacterial genes precludes the use of
exogenous substrate to initiate the luciferase enzymatic reaction, employing genes from the
firefly and other such organisms requires that luciferin substrate be provided to produce
detectable light.

In this study, we sought to develop bioluminescent T. cruzi for in vivo BLI analysis of infection
using our well-established model of experimental Chagas disease. To do this, we engineered
the Brazil strain of T. cruzi to express firefly luciferase using standard transfection methods.

Following infection of animals with different numbers of luminescent T. cruzi trypomastigotes,
we observed clear qualitative and quantitative differences in parasite burden up to 2 weeks p.i.,
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after which time a similar burden was achieved and maintained throughout the remainder of
the acute infection. In addition to in vivo imaging of parasite infection in A/J mice, we were
able to detect luminescence in all three life cycle stages of T. cruzi by different methods. Finally,
we illustrate the ability to detect luminescence in several harvested organs in a terminal, ex
vivo analysis.

2. Materials and methods

2.1. Parasites

The Brazil, heart-derived strain of T. cruzi (Hyland et al., 2007) was used for the experiments
described here. Epimastigotes, used for transfection and specific in vitro assays, were
maintained in supplemented liver digest neutralized tryptose medium (LDNT) as described
previously (Kirchhoff et al., 1984). Epimastigote transfectant cultures, consisting of
differentiated metacyclic trypomastigotes, were used to infect monolayers of H9C2 rat
myoblasts (American Type Culture Collection, Manassas, VA) from which trypomastigotes
could be continually passaged and isolated. These trypomastigotes were used for all animal
infections described.

2.2. Generation of bioluminescent Trypanosoma cruzi

For stable integration of the firefly luciferase gene into the tubulin locus, we used plasmid
pBS:THT-x-T (the generous gift of Wesley Van Voorhis, University of Washington). In this
pBluescript (Stratagene, La Jolla, CA)-based plasmid, the HygTK gene is flanked by B-tubulin
untranslated/intergenic regions (UTR/IR) and the gene of interest is flanked by a-tubulin
intergenic regions (Weston et al., 1999). The Mlul site in the f-o UTR/IR was converted to a
unique Sall site for plasmid linearization prior to transfection. The firefly luciferase gene was
amplified by PCR from the pGL3 basic vector (Promega, Madison, WI) with forward primer
5-GGATCCATGGAAGACGCCAAAAACATAAAG-3 and reverse primer 5'-
TCTAGATTACACGGCGATCTTTCC-3" which included the BamHI and Xbal restriction
sites (underlined), respectively. The resulting amplicon was ligated into the pCR-blunt vector
(Invitrogen, Carlsbad, CA) and was selected for kanamycin resistance. The luciferase coding
sequence was then liberated by digestion with BamH1 and Xbal and the purified insert was
directionally cloned into pBS: THT-x-T using these sites. The resulting plasmid, pBS: THT-
Luc-T was linearized with Sall and 10 pg of DNA was transfected into T. cruzi by
electroporation with a Gene Pulser (Bio-Rad, Hercules, CA) using the following conditions:
500 uF, 450 V, in a 0.2 cm cuvette. Briefly, mid-log stage (~2 x 107/ml) epimastigotes of T.
cruzi Brazil heart strain (Hyland et al., 2007) were harvested by centrifugation, washed twice
in PBS supplemented with 1 mg/L glucose and resuspended at a final concentration of 1 x
108 cells in 0.4 mL of electroporation buffer (PBS with 0.5 mM MgCl, and 0.1 mM CaCl,).
Following electroporation, the cells were placed on ice for 15 min and were transferred to flasks
containing 5 mL of LDNT. Forty-eight hours post transfection, cells were selected for
resistance to hygromycin (Boehringer—Mannheim, Mannheim, Germany) at 0.75 mg/ml. Drug-
resistant parasites were analyzed for luciferase activity 6 weeks following transfection.

2.3. In vitro bioluminescent imaging

To confirm the expression of luciferase in antibiotic resistant transfectants, T. cruzi
epimastigotes were serially diluted from 1 x 106 to 500 parasites in Dulbecco’s PBS
(GibcoBRL, Grand Island, NY) into a black 96-well plate (Costar, Acton, MA). A 50 pL cell
suspension was mixed with 50 uL of Steady Glo reagent (Promega, Madison, WI), according
to the manufacturer’s instructions. After 5 min, the plate was read using a SpectraMax Gemini
XS (Molecular Devices, Sunnyvale, CA) and analyzed with SoftmaxPro 4.8 software
(Molecular Devices). Wild-type (untransfected) Brazil heart T. cruzi was included as a negative
control. For further analysis of luminescence in trypomastigote and amastigotes life stages,

Int J Parasitol. Author manuscript; available in PMC 2009 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hyland et al.

Page 4

active, in vitro rat myoblast infections, using a variety of parasite-to-myoblast ratios (as
described in Fig. 1) were also analyzed for bioluminescence. Infections were given 5 days to
become established in a clear 6-well plate (BD Biosciences, San Jose, CA), luciferin was added
to 150 pg/ml, and plates were imaged using the Xenogen IVIS system (see below for a
description of the VIS imaging system and analysis software) after a 5 min incubation.

2.4. Experimental animals and T. cruzi infections

Four to 6 week old male A/J mice (Jackson Laboratories, Bar Harbor, ME) were housed under
specific pathogen-free conditions. Mice were infected by i.p. injection of either 1 x 10%, 1 x
10%, or our standard quantity of 1 x 10% Brazil heart strain, luminescent T. cruzi trypomastigotes
derived from infection of tissue culture H9C2 rat myoblasts. Wild-type Brazil heart
(untransfected) T. cruzi and uninfected controls that had received an i.p. injection of PBS were
included for in vivo analysis. The use and care of mice were conducted in accordance with the
guidelines of the Center for Comparative Medicine at Northwestern University.

2.5. In vivo and ex vivo bioluminescent imaging

3. Results

Prior to bioluminescent imaging, mice were anesthetized with 1.5% isofluorane. After
anesthesia was achieved, 150 mg/kg body weight of substrate luciferin potassium salt dissolved
in PBS and filtered through a 0.22 um filter (Molecular Therapeutics, Ann Arbor, MI) was
administered by a single i.p. injection. Mice were placed into the camera chamber, where a
controlled flow of 1.5% isofluorane in air was administered through a nose cone via a gas
anesthesia system designed to work in conjunction with the bioluminescent imaging system
(IVIS 100; Xenogen, Alameda, CA). This imaging system consists of a cooled charge-coupled
device camera mounted on a light-tight specimen chamber, a camera controller, and a Windows
computer system. In order to allow adequate dissemination of the luciferin substrate (Contag
etal., 1995), mice were maintained for 10 min after injection of the substrate. Mice were imaged
in dorsal, ventral and left lateral positions by capturing a grayscale body image overlaid by a
pseudocolor image representing the spatial distribution of the detected photons. Images were
collected with 0.5 to 2 min integration times depending on signal intensity. For the analysis of
parasites in specific organs, mice were administered the luciferin substrate, as described,
maintained for 5 min and sacrificed for organ harvest. Data acquisition and analysis were
performed by using the Livinglmage software (Xenogen) where luminescence could be
quantified as the sum of all detected photon counts per second within a chosen region of interest.

3.1. Evaluation of Trypanosoma cruzi bioluminescence

To examine the live, in vivo dissemination of T. cruzi in a non-invasive manner, we engineered
bioluminescent epimastigotes by integrating the firefly luciferase coding sequence into the
tubulin locus. The luciferase coding sequence from the pGL3 basic vector was directionally
subcloned into the pBS:THT-x-T tubulin integration vector (Weston et al., 1999), and
integrated into the intergenic regions of parasite a- and B-tubulin after electroporation (Fig.
1A). Integration of the luciferase gene into the tubulin locus was confirmed by luciferase
Southern blot hybridization of genomic DNA digested with Sacll (Weston et al., 1999) as well
as chromosomes prepared by pulsed-field gradient gel electrophoresis (data not shown). Eight
weeks post transfection, an antibiotic-resistant epimastigote polyclonal population displayed
notable luminescence measured by a standard plate-reading apparatus, indicating successful
integration and expression of the luciferase gene (Fig. 1B). Further analysis of this luminescent
population was conducted by allowing the epimastigote population to differentiate into
metacyclic trypomastigotes. Once metacyclogenesis occurred, trypomastigotes were used to
infect myoblasts at variable ratios from which both infectious trypomastigotes and intracellular,
replicating amastigotes could be imaged for luminescence. The imaging of this in vitro
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infection revealed significant bioluminescence with an expected correlation of signal strength
to parasite number (Fig. 1C).

3.2. In vivo characterization of luciferase T. cruzi

Once the myoblast infections were established and propagated by serial passage, it was not
possible to determine with accuracy the number of parasites responsible for generating the
luminescent signals shown in Fig. 1C. However, based on a comparison of the number of
trypomastigotes used to initiate the in vitro infection and the numbers of epimastigotes used
for the experiment of Fig. 1B, it appeared that the 1VVIS instrument was far superior to the
standard plate-reading apparatus in luminescence sensitivity. For this reason, and to determine
the minimal inoculum required to follow the course of infection in our mouse model of Chagas
disease, we infected mice with 10°, 10° or 10% (our normal inoculum) luminescent
trypomastigotes by i.p. injection. Imaging of these mice as soon as 1 h p.i. revealed the
capability of the IVVIS system to detect all amounts used, with clear differences in signal strength
(Fig. 2A). The magnitude of light emission was noticeably higher in the in vivo infection than
in the in vitro infection when comparing the maximum values indicated on the scales.
Interestingly, while infection with 104 luminescent trypomastigotes produced a signal clearly
above that of wild-type parasites in vivo (not shown), nearly 2 x 10° epimastigotes were
required to generate a luminescent signal above that of wild-type cells (Fig. 1B). The
dissemination of parasites was monitored in infections initiated with the different inocula over
25 days, showing the highest parasite burden at 10 days p.i. when the highest number of
trypomastigotes was used, but then a reduced and more dispersed burden was similar among
the three animals by 3 weeks p.i. (Fig. 2A). When quantified, the signal intensity in all infections
indicates a peak of parasite burden at 10 days p.i. when using either 1 x 108 or 1 x 10° parasites,
with a slight lag in peak signal (14 days p.i.) when using 1 x 104 parasites (Fig. 2B).
Additionally, at 2 weeks p.i., the original number of parasites used for infection became
irrelevant as photon emission, or luminescence, was indistinguishable among the groups (Fig.
2B) and parasitosis appears to become more organ-specific at later time-points (Fig. 2A). Itis
noteworthy that the 10-fold differences of parasite quantity used for the initial infection
correlated with 10-fold differences in luminescence signal intensity observed 1 h p.i. (Fig. 2B).

3.3. Course of intraperitoneal infection observed in the A/J-Brazil strain-strain model of
experimental Chagas disease

Since our experimental model of acute Chagas disease is normally initiated with the i.p.
injection of 10% Brazil strain trypomastigotes, we conducted a thorough analysis of parasite
dissemination from three perspectives. As expected, the majority of luminescence observed
early in the infection was in the lower left quadrant, where the parasites were administered.
This was consistently observed from ventral, dorsal and left lateral viewpoints (Fig. 3). As the
infection progressed, the overall intensity of luminescence decreased and specific regions
retained parasites, indicative of possible occupancy in specific organs. For instance, at both 21
and 25 days p.i., it appeared that parasites were persistent in regions corresponding to lung or
heart, as might be expected (Fig. 3, ventral). The persistence of luminescence emitted from the
lower portion of the mouse abdomen suggested a general maintenance of parasite proliferation
in this i.p. region or specific habitation of parasites in the gastrointestinal tract. To further
examine the parasite burden in an organ-specific manner, several organs were harvested from
animals 25 days p.i. and imaged for luminescence. These animals were provided D-luciferin
substrate, allowed time for adequate systemic dissemination and sacrificed for organ harvest.
AsshowninFig. 4, the majority of T. cruzi was found in the gastrointestinal system, particularly
the large intestine (LI), with a notable presence in the small intestine (SI), lungs (L) and kidneys
(K). Smaller amounts of luminescence were also observed in the heart (H) and skeletal muscle
(Sk) while either a completely absent or barely detectable luminescent signal was seen in spleen
(Sp) and liver (Lv). Whole blood (B) revealed a low level signal.
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4. Discussion

To make bioluminescent imaging of T. cruzi possible, a method in which the firefly luciferase
enzyme could be stably expressed within the parasite was required. The pBS: THT-x-T plasmid,
having been previously employed for the expression of an FL-160-GFP fusion in T. cruzi
(Weston et al., 1999), was chosen for its ease of modification, possession of an antibiotic
resistance gene for positive selection, and design for integration into an essential region of the
trypanosome genome (tubulin locus) to ensure its maintained expression. This transfection
strategy produced transgenic parasites that could be used for animal infections without the need
for continuous drug selection, unlike those using episomal vectors. The administration of
hygromycin following transfection produced a population of epimastigotes that readily display
luminescent activity using a standard plate-reading luminometer (Fig. 1B). Although the
modest sensitivity of this instrument precludes assessment of luciferase activity at the single-
cell level, there is potential for such a tool in the screening of potential parasiticidal compounds.
This high-throughput, efficient method has been effective for the investigation of anti-
Leishmania compounds (Ashutosh etal., 2005; Lang et al., 2005) and could similarly be applied
to luminescent T. cruzi.

We employed the VIS instrument, typically used for whole animal imaging, to assess
bioluminescence of trypomastigotes and amastigotes from a live, in vitro infection of rat
cardiomyocytes. This method provides a more complete picture of luminescence by providing
avisualization of light and the ability to quantify emitted photons in a specific region of interest.
In addition to the utility of luminescent trypanosomes for drug screening, studies of host and
parasite factors involved in susceptibility and resistance to infection could be accomplished
using this technology. For instance, specific deletion or knockdown of parasite or host cell
components thought to be required for invasion could be quickly analyzed by determining
whether infections can be established and maintained in culture before moving to an animal
model.

The ability to image T. cruzi with IVIS instrumentation on a whole animal level will also enable
investigators to conduct important studies of virulence from both host and parasite
perspectives. We initially had to determine the threshold of detection as it relates to our standard
mouse infection regimen. We previously established an experimental model of Chagas disease
in which A/J mice are infected with 10* trypomastigotes and analyzed in the acute phase (21
days p.i.) at which time severe inflammation, fibrosis and parasitosis of the heart is typically
observed. To assess the sensitivity of the IVIS instrument for imaging our luciferase parasites
we found that, while luminescence detection was minimal 1 h p.i., the proliferation and
dissemination over a 25 day period was sufficient to produce a maintained signal throughout
the course of infection (Fig. 2A). Interestingly, when infecting with either 10-or 100-fold more
trypomastigotes, an initial correlation of luminescence to parasite number was observed (Fig.
2B, 1 hp.i.), followed by a gradual equilibration of parasite burden by 14 days p.i.. One possible
explanation for this could be a combination of enhanced immunity against T. cruzi coupled
with an impaired capacity for immune evasion typically associated with the parasite. A number
of reports have described different ways in which T. cruzi is capable of evading host immune
responses during the acute phase of infection, allowing the persistence to gradually contribute
to chronic pathology (Kierszenbaum, 1981;Garcia et al., 1997;Brodskyn et al., 2002;Kotner
and Tarleton, 2007). With the extreme nature of infecting with 10° or 10° trypomastigotes, an
inoculum far surpassing any used for a variety of T. cruzi-based experimental animal systems,
the ability of the parasite to avoid the robust adaptive immune response mounted could be
reduced. By 10 days p.i., we observed a peak in parasite burden in these animals followed by
adecrease which approaches that seen in animals infected with our normal quantity of parasites.
The timing of this event likely corresponds to the peak of the adaptive immune response, which
appears to control the infection once the parasite burden reaches a certain point. Interestingly,
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animals infected with the lowest number of parasites show increased parasite burden until 14
days p.i., at which point the animals appear to have the same burden as those receiving higher
inocula. In all cases, once the adaptive immune response presumably initiated full control of
parasitism, we observed a sharp decline in burden by 21 days p.i., at which point parasites
appeared to have taken up residence in specific organs, rather than being dispersed throughout
the animal. As the animals progress to 25 days p.i., the luminescent signal plateaued, suggestive
of a scenario in which host immunity has controlled the infection and parasite persistence has
been achieved. In this particular experimental disease model, using the Brazil parasite strain
with A/J mice, animals succumb to disease by 30 days p.i., prohibiting the examination of
luminescence into the chronic phase of disease. The development of luminescent T. cruzi in
other parasite strains and performing infections in different strains of mice will facilitate the
investigation of parasite dissemination in other, long-term chronic animal models of Chagas
disease.

Further analysis of our standard experimental model, using 10* luminescent trypanosomes,
provided a clearer picture of parasite dissemination by imaging from three perspectives (Fig.
3; ventral, dorsal and lateral). The site of injection, in the lower left quadrant, displayed the
most prominent photon emission early after infection, suggesting that parasites immediately
invade and initiate replication in surrounding tissue. The infection spread over the next 2 weeks,
at which point the peak of parasite load was observed, followed by the sharp decrease in
luminescent signal. By 3 weeks p.i., the intensity in the lower abdominal region was decreased
but maintained, and luminescence was observed in areas of the thoracic region from the ventral
perspective, suggestive of parasitosis of heart or lung. In addition, the dorsal view suggested
potential parasitism of either the spleen or kidney at both 21 and 25 days p.i.. While the signal
observed in the abdominal region diminished over time, it remained strong enough to
potentially mask the parasite burden associated with nearby tissue (e.g. skeletal muscle, liver).

In order to overcome this issue, we analyzed specific organs from infected mice 25 days p.i..
After allowing adequate dissemination of the injected luciferin substrate, mice were sacrificed
and organs (heart, skeletal muscle, spleen, lungs, kidneys, liver, blood, large and small
intestine) were imaged using VIS (Fig. 4). As anticipated, due to the typical anatomical sites
associated with Chagas disease, we observed luminescent signals from heart and skeletal
muscle as well as gastrointestinal organs. Substantial photon emission was observed in both
lung and kidney tissue while nearly a complete absence of signal was observed in spleen and
liver. This was surprising, given the significant roles of these organs in the reticuloendothelial
system. While the blood appears to have high parasitemia based on visual appearance, the
overall signal is actually quite low with respect to the scale of intensity (Fig. 4; B). This low-
level parasitemia is in agreement with previous findings at the acute timepoint used for analysis.
While others have reported parasite distribution to lung, spleen and liver in cases when animals
have been immunosuppressed (Calabrese etal., 1992) and even parasitism of bone and cartilage
(Morocoima et al., 2006), it has become increasingly clear from a number of studies that the
genetics of the parasite and host play a defining role in the tissue distribution of T. cruzi (Melo
and Brener, 1978;Ben Younes-Chennoufi et al., 1988;McCabe et al., 1989;Andrade et al.,
2002;Franco et al., 2003;Marinho et al., 2004). Although the pathogenesis of Chagas disease
is multivariate, the persistence of T. cruzi has been suggested as playing a fundamental role in
disease progression (Anez et al., 1999;Zhang and Tarleton, 1999;Tarleton, 2001). Despite the
continued debate and variability of the mechanism of pathogenesis, the development of
luminescent T. cruzi provides the ability to quickly screen organs and tissue samples for the
presence of parasites. Further correlation of whole body and harvested organ luminescence
should permit the analysis of tissue-specific parasitization in a non-invasive manner using this
powerful technology. In infections in which small numbers of microorganisms persist at
extremely low levels, methods of detection proven to be far more sensitive (e.g., PCR) will
continue to be essential for specific analyses. The observation of low-level parasitemia
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indicated by ex vivo luminescence of blood, in conjunction with the apparent absence of
parasites in blood-filtering organs, illustrates the limitations of luminescence detection. This
limitation does not come unexpectedly, since the detection of a minimal presence of
trypanosomes has also been challenging with a number of other methods (see Introduction).
Although luminescent trypanosomes do not overcome all the obstacles encountered in this field
of research, they do provide a powerful solution to a number of experimental challenges that
previously required invasive, more costly, analyses.

During the past several years several groups have employed IVIS technology to a variety of
parasitic infections (Heussler and Doerig, 2006; Hutchens and Luker, 2007). Recent
applications to Toxoplasma gondii virulence have determined the importance of IFN-y and
Toll-like receptor signaling to parasite dissemination to the CNS following
immunosuppression (Dellacasa-Lindberg et al., 2007) or to overall host resistance (Hitziger et
al., 2005), respectively. These studies were made possible using transgenic, knockout mice
coupled with multiple strains of luminescent Toxoplasma. Others have used multiple strains
to determine differences in replication capacity over time and to examine the reactivation of
parasites during a chronic infection (Saeij et al., 2005). Dissemination patterns resulting from
different routes of Toxoplasma infection have also been analyzed (Boyle et al., 2007). In
addition to in vitro drug screening, bioluminescent Leishmania amazonensis has also been used
in vivo and ex vivo to examine the response to various therapeutics on both living mice and
extracted, parasitized organs (Lang et al., 2005). Results of our study confirm the applicability
of IVIS technology for the study of Chagas disease pathogenesis. In addition to the experiments
conducted in other parasitic disease models, we will now able to address questions pertaining
to the relevance of parasite burden to the magnitude of organ-specific autoimmunity (Leon et
al., 2001; Hyland et al., 2007), conduct rapid screening of new potential parasiticidal drugs
and test strategies for vaccine development against this parasite.
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Fig. 1.

Generation and analysis of luminescent Trypanosoma cruzi. (A) Construct and cloning strategy
used to generate luminescent T. cruzi. pBS:THT-x-T (obtained from Wesley Van Voorhis,
University of Washington), a plasmid with a pBluescript backbone and a hygromycin-
resistance gene, was modified by insertion of the firefly luciferase gene. After linearization
with Sall, the plasmid was transfected into T. cruzi epimastigotes and the Hyg and Luc genes
integrated into the tubulin locus by homologous recombination. (B) Serial dilutions of
antibiotic-resistant, T. cruzi epimastigote transfectants and wild-type epimastigotes were
examined for luciferase activity. A black, 96-well plate containing 50 pL suspensions of
parasites, mixed with 50 puL of Steady Glo reagent was read by a SpectraMax Gemini XS
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Microplate Spectrofluorometer and analyzed with SoftmaxPro 4.8 software. (C) Luminescent
trypomastigotes and amastigotes were examined for luciferase activity in active, in vitro rat
myoblast infections using parasite:myoblast ratios of 40:1, 20:1, 10:1, 5:1, 2:1 or uninfected
(N1). Five days p.i., D-luciferin was added to each well and the 6-well plate was imaged with
the Xenogen IVIS system after a 5-min incubation (see Materials and methods for detailed
description). In the pseudocolor image the luciferase activity or photon intensity ranges from
the lowest intensity (blue) to highest intensity (red). Abbreviations: RLU, relative light units;
min, minimum.
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Fig. 2.

Luminescent T. cruzi imaged at various times p.i. with an IVIS imaging system. (A)
Trypomastigotes were isolated from in vitro myaoblast infections and different amounts, as
indicated, were injected i.p. into A/J mice. Mice were imaged ventrally starting 1 h after
infection and monitored the days p.i. as shown. For all images shown, the color scale ranges
from blue (just above background with a minimum set to 15,000 photons/sec/cm?/sr) to red
(maximum of 1 x 108 photons/sec/cm?/sr). (B) The course of whole-body parasite burden
expressed in terms of the photonic signal resulting from infection of A/J mice with either
108, 10° or 104 luminescent or 10% wild-type T. cruzi trypomastigotes. The total light emission
from the entire mouse body was measured and data points were generated from the analysis
of at least two mice per infection condition. Day 0 p.i. corresponds to measurements acquired
1 h p.i. (see A). The signal shown for wild-type infection corresponds to background noise of
the VIS instrument. Abbreviation: min, minimum.
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Fig. 3.

Course of parasite dissemination in a mouse model of experimental Chagas heart disease. A/
J mice were injected i.p. with 1 x 10% luminescent Trypanosoma cruzi trypomastigotes and
imaged either ventrally, dorsally or laterally over the course of infection prior to death typically
observed by 30 days p.i.. For all images shown, the color scale ranges from blue (just above
background with a minimum set to 50,000 photons/sec/cm?/sr) to red (maximum of 1 x 10°
photons/sec/cm?/sr). The minimum for this scale was adjusted to avoid signal saturation during
the peak of signal intensity. The ventral, dorsal and lateral perspectives for each timepoint were
taken from the same animal and all images are representative of at least two animals.
Abbreviation: min, minimum.
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Fig. 4.

Detection of luminescent T. cruzi in the internal organs of infected A/J mice. Mice were infected
with 104 trypomastigotes and injected with D-luciferin substrate (as described in Materials and
methods) prior to sacrifice and organ dissection. Twenty-five days p.i. luminescence was
analyzed in heart (H), spleen (Sp), skeletal muscle (Sk), lung (L), kidney (K), large intestine
(L1), liver (Lv), small intestine (SI) and whole blood (B). For all images shown, the color scale
ranges from blue (just above background with a minimum set to 7,500 photons/sec/cm?/sr) to
red (maximum of 2.5 x 10° photons/sec/cm?/sr). The minimum and maximum for this scale
was adjusted to enhance signal detection while avoiding saturation and is consistent for all
organs imaged. Abbreviation: min, minimum.
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