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Ultrastructural Distribution of Poly (A)* RNA During Trypanosoma cruzi—
Cardiomyocyte Interaction in vitro: A Quantitative Analysis of the Total
mRNA Content by in situ Hybridization
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ABSTRACT. Ultrastructural in situ hybridization was used to visualize the spatial distribution of poly (A)* RNA and quantitate its
relative amount within different cellular compartments of cardiomyocytes after 7. cruzi infection. The amount of poly (A)' RNA
remained about the same up to 24 h post-infection. In contrast, its content was reduced 65% after 72 h of interaction, showing a marked
decrease in the cell cytoplasm. This decline in poly (A)* RNA level in host cell cytoplasm was concomitant with intracellular prolif-
eration of 7. cruzi amastigotes. Thus, 7. cruzi may affect host cell cytoplasmic mRNA stability, associated with the parasite’s intracellular

multiplication.
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YPANOSOMA cruzi, the causative agent of Chagas’ dis-

ease, invades and multiplies within most vertebrate cells
in vitro. Several studies have focused on the biological and
molecular processes involved during the T. cruzi-host cell’s in-
teraction, aiming for a better understanding of the clinical dis-
ease (Campos de Carvalho et al. 1994; Tanowitz et al. 1996,
Vermelho et al. 1997). Previous reports have shown that 7.
cruzi minicircle kDNA can be integrated into the host cell ge-
nome, suggesting that this parasite may interfere with the cell
synthesis machinery (Teixeira et al. 1994). Several lines of ev-
idence indicate that 7. cruzi infection alters the host cell gene
expression in lymphocytes (Lopez et al. 1993; Majumder and
Kierszenbaum 1995; Soong and Tarleton 1992). However, the
understanding of the mechanism by which the parasites evoke
these anomalies remains limited.

Despite the fact that cardiomyopathy is a serious clinical
symptom in Chagas’ disease, very little is known about the
molecular alterations that this hemoflagellate parasite induces
in cardiomyocytes. Using an in vitro system of mouse embryo
cardiomyocytes, several molecules involved in the T. cruzi-
heart muscle cell recognition process have been identified (Ar-
adjo-Jorge, Barbosa, and Meirelles 1992; Barbosa and Meirelles
1992, 1993). This parasite-cell interaction modulates the ex-
pression of cardiomyocyte surface components, playing an im-
portant role in the parasite internalization process (Soeiro, Silva
e Filho, and Meirelles 1995; Vermelho et al. 1992). The para-
sites may also disrupt the heart muscle cell contractile apparatus
and alter the cytoskeleton (Pereira et al. 1993). More recently,
we have demonstrated that 7. cruzi affects actin mRNA regu-
lation in heart muscle cells (Pereira et al. unpubl. data), pro-
viding the first evidence of actin mRNA cytoplasmic delocal-
ization by pathological mechanisms.

The purpose of the present study was to evaluate possible
changes in total poly (A)* RNA during 7. cruzi-cardiomyocyte
interaction. The cellular distribution of poly (A)* RNA was
analyzed by immunofluorescence and ultrastructural in situ hy-
bridization, which revealed a reduction of 65% in the relative
amount of poly (A)* RNA in highly infected cells. This reduc-
tion was more evident in the cell cytoplasm, indicating that
RNA transcription still occurs in infected cells and that its deg-
radation may be induced by the intracellular parasites.

MATERIALS AND METHODS

Cell culture. Heart muscle cells (HMC) were isolated from
18-day-old mouse embryos as previously described (Meirelles
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et al. 1986). Cardiac fragments were dissociated in phosphate-
buffered saline (PBS) containing 0.025% trypsin plus 0.01%
collagenase and plated (5-8 X 10° cells/ml) into 35-mm culture
dishes or (1 X 10° cells/ml) 100-mm culture dishes containing
glass coverslips. Both dishes were previously coated with
0.01% gelatin. The culture medium consisted of Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10%
horse serum, 5% fetal bovine serum, 2.5 mM CaCl,, 1 mM L-
glutamine, and 2% chicken embryo extract. The cell cultures
were maintained at 37 °C in a 5% CO, atmosphere. After 24 h
of incubation, most cells were beating spontaneously and syn-
chronously.

Parasites. Bloodstream trypomastigote forms of Trypano-
soma cruzi, Y strain, were obtained from Swiss Webster mice
at the peak of the parasitemia as described (Meirelles, Souto-
Padrén, and de Souza 1984). Muscle cell cultures were infected
at a multiplicity of infection of 10 parasites per host cell. After
24 h, free trypanosomes in the medium were removed by wash-
ing the cultures with Ringer’s solution and fresh medium was
added to the culture plates. The time course of infection was
interrupted after 24, 48, and 72 h.

Post-embedding electron microscopy methodology. Low-
icryl embedding procedure was performed as previously de-
scribed (Bendayan 1983). Normal and 7. cruzi-infected cells
were fixed for 1 h at 4 °C in 4% paraformaldehyde (PFA) plus
0.01% glutaraldehyde (GA) in 0.1 M cacodylate buffer con-
taining 3.5 M sucrose and 0.2% picric acid, pH 7.2. After fix-
ation and successive washes, the cell cultures were incubated
with PBS containing 0.5 M NH,CI for 30 min at 4 °C to quench
free aldehyde groups. After PBS washes, they were dehydrated
through an ascending series of methanol before infiltration with
Lowicryl K4M (Polysciences, Inc., Warrington, PA). Lowicryl
embedding was performed in an appropriate UV light container
and polymerization took place for 5 d at —20 °C followed by
2 d at room temp. (22 °C).

In situ hybridization. For fluorescence in situ hybridization
(FISH), cells grown on coverslips were fixed at room temp. for
10 min in 4% PFA in PBS containing 5 mM MgCl,. After PBS
washes, the cells were permeabilized with 0.5% Triton X-100
in PBS for 15 min. The excess of detergent was removed by
three washes in PBS and then it followed pre-hybridization in
10% formamide/2X SSC (0.03 M sodium citrate and 0.3 M
NaCl) at room temp. for 10 min. The cells were hybridized
with 10 ng of digoxigenin-labeled oligothymidilic acid (43 nu-
cleotides; oligo dT,,) probe, diluted in 10% formamide/2 X SSC
containing 20 mM sodium phosphate, 10 mM vanadyl complex,
1% bovine serum albumin (BSA), 10% dextran sulfate, soni-
cated salmom sperm DNA (10 pg), and Escherichea coli tRNA
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Fig. 1.

Visualization by fluorescence in situ hybridization of poly (A)* RNA distribution in uninfected and Trypancosoma cruzi-infected

cardiomyocytes. Poly (A)* RNA was detected by using Cy3-labeled oligo (dT) probe. (A) An intense poly (A)* signal was observed in the
nucleus and cytoplasm of control cells. (B, C) No change in poly (A)* signal was detected 24-48 h post-infection with 7. cruzi. (D) Host cell
cytoplasmic poly (A)* RNA signal was weaker in 72-h infected cells, while nuclear poly (A) was not affected by infection. Note the poly (A)'

signal in the intracellular parasites (arrows). Bar = 20 pm.

(10 ng) at 37 °C or 3 h in a moist chamber. After hybridization,
cells were washed in 10% formamide in 2X SSC at 37 °C for
20 min, and then with 2X SSC, 1Xx SSC, and PBS at room
temp. for 10 min each. Coverslips were mounted in 1.4-diaza-
bicyclo-(2.2.2)-octane (DABCO; Sigma Chemical Co., St. Lou-
is, MO) in PBS and examined immediately with a Zeiss pho-
tomicroscope equipped with epifluorescence.

For high resolution in situ hybridization, thin sections (60—
80 nm) of Lowicryl- embedded samples were collected on nick-
el grids. For washing and incubation procedures, the grids were
floated on 20-pl drops of the appropriate solution. The grids
were first washed in 2X SSC and then equilibrated in 10%
formamide/2 X SSC containing 20 mM sodium phosphate, pH
7.0 at room temp. for 10 min each. Afterwards, they were hy-
bridized as described above using digoxigenin-labeled probe.
After hybridization, the grids were washed in 10% formamide
in 2X S8C, 2X SSC, 1X SSC (20 “dips” each), and then

incubated at 37 °C for 1 h with a 10 nm gold-conjugated sheep
anti-digoxigenin antibody (Bio Cell Research Laboratories,
Rancho Dominguez, CA) (1:50 dilution) in 1% BSA in 1X
SSC. Afterwards, sections were post-fixed in 2% GA in 1X
SSC at room temp. for 3 min, and stained with saturated uranyl
acetate and Reynold’s lead citrate. Oligodeoxyadenylic acid
(oligo dA,;) was used as a negative control for in situ hybrid-
ization. The samples were examined in a Philips 400 transmis-
sion electron microscope.

Quantitative analyses of poly (A) RNA signal in electron
micrographs. Ultrastructural quantitation was performed using
a morphometric computing software (NIH Image 1.57). Pho-
tographs of 10 cells from each of three experiments were ana-
lyzed and the area was computed using internal markers and
the magnification of the print. Colloidal gold particles were
manually counted within each area marked by the computer.
Hybridization was detected as single or clusters of gold parti-



266 J. EUKARYOT. MICROBIOL., VOL. 47, NO. 3, MAY-JUNE 2000

Fig. 2. Spatial distribution of poly (A)* RNA in cardiomyocytes using in situ hybridization on Lowicryl-embedded thin sections. (A) Single
particles and clusters of 10-nm colloidal gold particles (arrows) were visualized in the nucleus (N) and cytoplasm of cardiomyocytes. (B) Oligo
(dA),, probe, used as a negative control, showed few colloidal gold particles. ER, endoplasmic reticulum; M, mitochondria. Bar = 0.25 pm.
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Table 1. Quantitation of poly (A)*RNA distribution (colloidal gold particles/pm?) within distinct regions of uninfected and Trypanosoma cruzi-

infected cardiomyocytes.

Total density

Nucleus Cytoplasm Mitochondrial of particles

Uninfected cells 6.54 + 1.33 403 £ 0.2 671 £ 0.25 17.28 * 1.87
24 h infected cells 6.37 = 0.7 4.69 * 0.94 4.32 = 0.61° 15.38 £ 2.73
72 h infected cells 4.7 £ 0.94 1.25 £ 0.29® — 5.95 = 0.85¢

* Student’s r-test:

ip < 0.0072/t = 2.35

®p < 0.0002/t = 2.13

‘p < 0.0003/t = 2.13.

cles. Signal-to-noise ratios (oligo dT,,/oligo dA,; signal) were
also evaluated. A student’s #-test was used to determine the
statistical significance of the observed differences (p = 0.05).

RESULTS

A Cy3-labeled oligo (dT),; probe detection revealed an in-
tense signal within the nucleus and cytoplasm of uninfected
cells (Fig. 1). Poly (A)* RNA was uniformly distributed within
the nucleus, showing discrete punctuated signal. No labeling
was detected in the nucleoli. The cell cytoplasm displayed an
intense signal around the nucleus, which became less intense at
the cell periphery due to the low cytoplasmic density in this
region (Fig. 1A).

To analyze the poly (A)* RNA distribution in T. cruz-infected
cells, a kinetic study of host cell-parasite interaction was un-
dertaken, providing a time-dependent analysis of total intracel-
lular RNA distribution. After 24 and 48 h of infection, the dis-
tribution of poly (A)* RNA was similar to that of uninfected
cells (Fig. 1B,C). Intracellular parasites displayed an intense
cytoplasmic labeling but lower signal at the nucleoplasm. Even
highly infected cells revealed a very intense poly (A)* hybrid-
ization signal, which was related to the high amount of intra-
cellular parasites (Fig. 1D). Host cell oligo (dT),; hybrids were
detected only in cytoplasmic areas where parasites were absent.
At all time points the host cell nuclear signal was intense, in-
dicating that the mRNA polyadenylylation process still occurs
in infected cells. It was not possible to quantitate fluorescence
labeling during parasite-host cell interaction due to the high
fluorescence levels of intracellular parasites.

Ultrastructural localization of poly (A)* RNA demonstrated
that colloidal gold particles were dispersed throughout the nu-
cleus and cytoplasm, as well as in organelles of uninfected cells
(Fig. 2). Single or clusters of colloidal gold particles were ob-
served associated with dense chromatin within the nucleoplasm
(Fig. 2A). Occasionally, it was possible to visualize poly (A)*
RNA localized close to the nuclear envelope, which suggested
that mRNA could be in the process of export through the nu-
clear pore complex to the cell cytoplasm. Large amounts of
colloidal gold particles showed a random distribution in the
cytoplasm (Fig. 2A). In addition to mitochondrial labeling, gold
particles were also observed to colocalize with polysomes as-
sociated with rough endoplasmic reticulum profiles, which may
be indicative of active translation. The background levels re-
vealed very few gold particles in uninfected and in 7. cruzi-
infected cells hybridized with oligo (dA),; (Fig. 2, 3C).

Infected cells displayed no substantial change in total poly
(A)* RNA distribution after 24 h of infection (Fig. 3A). Oligo
(dT); hybrids were also detected in large amounts within the
nucleus, cytoplasm, and kinetoplast of the intracellular para-
sites. As the parasites replicated within the muscle cell cyto-
plasm, the host cell intracellular poly (A)* RNA signal seemed
to be reduced. In contrast, high amounts of colloidal gold par-

ticles were observed in the replicative forms of 7. cruzi. At 72
h, several cells already presented intracellular trypomastigote
forms of T. cruzi with a lower poly (A)* signal (Fig. 3B).

Gold density quantitation demonstrated an average signal-to-
noise ratio of > 9:1 and > 24:1 from single and multiple gold
particle detection, respectively. Poly (A)* signal was frequently
detected as a single particle (72%), but clusters containing more
than five particles were also observed. In order to avoid error
in the quantitation of poly (A)* RNA content of 7. cruzi-in-
fected cells, the intracellular parasite area was analyzed sepa-
rately from the host cell cytoplasmic area. The kinetics of the
interaction between 7. cruzi-heart muscle cells revealed slight
changes in colloidal gold particles/pwm? after 24 h of interaction.
The mitochondrial poly (A)* RNA signal was significantly de-
creased (p < 0.0072; t = 2.35) at 24 h (Table 1). In contrast,
a reduction of 65% in total gold particles/wm? was observed 72
h post-infection (Table 1). A difference in the hybridization
signal was observed between the host cell nucleus and cyto-
plasm: the poly (A)* signal was more significantly reduced in
the cell cytoplasm (69%) (p < 0.0002; t = 2.13) as compared
to the host cell nucleus (28%) after 72 h of T. cruzi interaction
(Table 1). In addition, the quantitative analysis demonstrated a
significant difference (p < 0.01 / t = 2.13) in the level of poly
(A)* hybridization during the parasite differentiation process.
In early stages of infection (24 h) when amastigote forms of T.
cruzi were dividing, the poly (A)" RNA hybridization was 2.9
and 1.7-fold higher in the parasite nucleus and cytoplasm, re-
spectively, compared to levels found in the intracellular trypo-
mastigote forms at 72 h post-infection (Fig. 4).

DISCUSSION

Fluorescence in situ hybridization (FISH) using CY 3 labeled
oligo (dT),; demonstrated an intense signal within the nucleus
and cytoplasm of cardiomyocytes. The nuclear poly (A)* RNA
pattern has been previously reported (Carter, Taneja, and
Lawrence 1991). The cytoplasmic poly (A)* RNA distribution
was similar to the observations previously described in chicken
fibroblasts (Taneja et al. 1992), showing an intense perinuclear
signal and weaker labeling at the cell edge. In infected heart
muscle cells, although the poly (A)* RNA signal seemed to be
reduced after 72 h of infection, it was not possible to evaluate
its relative amount due to the high signal of intracellular para-
sites.

We found poly (A)* RNA associated with dense chromatin
within the nuclear matrix. We also visualized poly (A)* RNA
in intimate association with the nuclear envelope, suggesting
the transport of poly (A)* RNA through the nuclear pore com-
plex. The detection of poly (A)" RNA in interchromatin and
perichromatin granules has been also reported in Hela cells
(Huang et al. 1994; Visa et al. 1993). Our results also revealed
poly (A)* RNA randomly distributed in the cell cytoplasm,
showing close association with endoplasmic reticulum and also
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localized within mitochondria, as also described by others in-
vestigators (Bassel et al. 1994; Escaig-Haye et al. 1991; Topper,
Van Etten, and Clayton 1983).

Ultrastructural in situ hybridization has been extensively used
to quantitate poly (A)" RNA or specific mRNAs in different
intracellular compartments (Bassel et al. 1994; Krause et al.
1994; Piké and Clegg 1982). Measurements of the poly (A)*
RNA amounts in 24 h 7. cruzi-infected cells showed a slight
difference in the density of gold particles/um?, due to a signif-
icant decrease in the poly (A)* RNA amounts in mitochondria
relative to the nucleus and cytoplasm. This indicates that nu-
clear and cytoplasmic concentration of poly (A) (per unit area)
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remained mostly constant, suggesting that RNA transcription
and its transport to the cytoplasm was effective despite the pres-
ence of the intracellular parasites. However, the meaning of the
lower level of poly (A)" RNA in mitochondria is not clear. On
the other hand, demonstration that poly (A)" RNA amount is
reduced 65% after 72 h of infection and that the cytoplasmic
labeling was highly affected, showing a decrease of 69% in the
poly (A)* RNA signal indicate that the high amount of intra-
cellular parasites may not interfere directly with the RNA tran-
scription, but may alter mRNA stability.

It has been demonstrated that different trypanosomatid fla-
gellates, including Leishmania and Trypanosoma, are unable to
synthesize their own source of purines. Instead, they depend on
exogenous supplies of host-derived preformed purines (Kidder
and Dutta 1958; Marr, Berens, and Nelson 1978). The 3'- and
5'-nucleotidase enzymes, which are capable of hydrolysing both
3'-ribonucleotides and nucleic acids, have been identified in the
surface membrane of several trypansomatids, indicating their
involvement in purine acquisition by the parasites (Corte-Real,
Porrozzi, and Meirelles 1993; Gottlieb 1985; Gottlieb 1989;
Gottlieb, Gardiner, and Dwyer 1986). Besides the presence of
5'-nucleotidase in the T. cruzi surface (Nagakura et al. 1986),
the catabolic pathway of thymidine phosphorylase, which de-
grades thymine nucleotides to thymine, has also been described
in T. cruzi (Al Cahlabi and Gutteridge 1977). Thus, the nuclease
activity of these intracellular parasites may be one of the mech-
anisms responsible for the reduction of host cell poly (A)*
RNA.

Our study also revealed changes in the level of poly (A)*
RNA during the parasites’ intracellular cycle. An increase in
poly (A)* RNA in intracellular amastigote forms (dividing
form) and subsequent decrease after differentiation into trypo-
mastigotes indicates a progressive enhancement in RNA content
during the parasites’ intracellular proliferation. Similar results
were obtained during Trypanosoma brucei differentiation (Pays
et al. 1993), where an abrupt RNA change occurred during the
differentiation of bloodstream forms into procyclic forms in vi-
tro.

In conclusion, host cell total poly (A)* RNA was signifi-
cantly reduced in the cytoplasm of highly infected cells, sug-
gesting that T. cruzi infection affects poly (A)" RNA stability.
Interestingly, the increase in poly (A)* RNA level in the para-
sites seems to be simultaneous with its decline in the host cell
cytoplasm, which suggests that the host cell mRNA degradation

Fig. 4. Quantitative analysis of poly (A)* RNA level by high res-
olution in situ hybridization during intracellular differentiation of Try-
panosoma cruzi using oligo (dT),; hybridization within the nucleus and
cytoplasm of amastigotes and trypomastigotes. High levels of poly (A)*
RNA were detected in amastigotes, the proliferative forms of the par-
asite, while trypomastigotes showed a significantly lower level of total
poly (A)' RNA in the nucleus (Student’s ¢-test: p << 0.001 / t = 2.13)
and cytoplasm (Student’s t-test: p < 0.01 / t = 2.13).

may be induced by intracellular parasites during their multipli-
cation process. However, the mechanisms involved in the RNA
degradation process are still unknown and will be the focus of
future investigations.
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