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ABSTRACT. Fluorescence microscopy, using dyes which specifically label mitochondria, endoplasmic reticu-
lum and the Golgi complex, and transmission electron microscopy, were used to analyze the changes which oc-
cur in the organization of these structures during interaction of Toxoplasma gondii with host cells. In unin-
fected cells the mitochondria are long filamentous structures which radiate from the nuclear region toward the
cell periphery. After parasite penetration they become shorter and tend to concentrate around the parasite-con-
taining vacuole (parasitophorous vacuole) located in the cytoplasm of the host cell. The mitochondria of extra-
cellular parasites, but not of those located within the parasitophorous vacuole, were also stained by rhodamine
123. Labeling with DiOC6, which binds to elements of the endoplasmic reticulum, in association with transmis-
sion electron microscopy, revealed a concentration of this structure around the parasitophorous vacuole. The
membrane lining this vacuole was also stained, suggesting that components of the endoplasmic reticulum are
also incorporated into this membrane. The Golgi complex, as revealed by staining with NBD-ceramide and elec-
tron microscopy, maintains its perinuclear position throughout the evolution of the intracellular parasitism.

Toxoplasma gondii is a parasitic protozoan able to in-
fect a wide range of nucleated cells of the vertebrate
host (12). It has been shown that it enters the host cell
either by phagocytosis (2), or actively (18). The success
of T. gondii tachyzoites as an intracellular parasite can
be attributed to their unique capacity to enter the endo-
cytic vacuole of both phagocytic and nonphagocytic
cells and to block, by a mechanism as yet undefined, the
fusion of host cell lysosomes with the parasite-contain-
ing endocytic vacuoles (12).

Once within a parasitophorous vacuole, 7. gondii
multiplies with a generation time of 5 to 10 h, until the
complete destruction of the host cell occurs (2). Very lit-
tle is known about the influence of infection by 7. gon-
dii tachyzoites on the distribution of cytoplasmic struc-
tures of the host cell. It has been reported that host cell
mitochondria accumulated around the parasitophorous
vacuole, where the parasite grows and multiplies (11,
21).

In the last few years new fluorescent probes have been
developed allowing examination in living cells, by fluo-
rescence microscopy, the distribution of important cyto-
plasmic structures such as the mitochondria (6), the en-
doplasmic reticulum (8) and the Golgi complex (13). We
decided to use these probes, as well as transmission elec-
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tron microscopy, to analyze the fate of some organelles
of the host cell during the development of 7. gondii
within its host cell. The results obtained are described in
this paper.

MATERIALS AND METHODS

Parasites. Tachyzoites from the virulent C strain of Toxo-
plasma gondii (Supplied by Dr. Sergio Coutinho, Fundagao
Oswaldo Cruz, Rio de Janeiro, Brasil) were maintained by in-
traperitoneal passages in Swiss mice and were collected in
Ringer’s solution at pH 7.2, 48-72 h after infection. The sus-
pension of ascites fluid obtained from infected mice was centri-
fuged at 200 g for 7-10 minutes at room temperature to re-
move cells and debris. The supernatant, which contained the
parasites, was collected and centrifuged at 1,000 g for 7-10
minutes. The pellet obtained was washed 2 or 3 times with
phosphate-buffered saline solution (PBS), pH 7.2, and resus-
pended to a density of 106 parasites/ml in 199 medium with-
out fetal calf serum. The parasites were used within 30-40
minutes after removal from the mouse peritoneal cavity, and
the viability was evaluated using a dye-exclusion test with Try-
pan blue.

The host cell. VERO cells (kidney fibroblast of African
green monkey) were maintained in Falcon plastic flasks using
199 medium with 4% fetal calf serum and passed by trypsiniza-
tion when the cell density approached a confluent monolayer.



One day before use in the experiments, approximately 2 % 10°
VERO cells were placed on Linbro tissue plates that contained
a sterile coverslip, or were plated into 25 cm? flasks (3-5 x 105
/flasks) and maintained at 37°C overnight in 5% CO,.

Host cell parasite interaction. Parasites suspended in 199
medium were incubated for periods varying from 9 to 48 h at
37°C in the presence of the cell cultures at a parasite-cell ratio
of 10 : 1. Afte 1 h incubation, the cells were washed twice with
buffer to remove extracellular parasites and processed for fluo-
rescence microscopy, or electron microscopy.

Fluorescence microscopy. For visualization of the mito-
chondria the purified laser dye rhodamine 123 (Eastman) was
dissolved in dimethyl sulfoxide (DMSO) at a concentration of
1 mg/ml and subsequently diluted to 10 yg/ml in 199 medium
(SIGMA). Cultured cells grown on 12 mm-diameter glass
coverslips without or with parasites were incubated with rhod-
amine 123 (10 ug/ml) for 30 minutes at 37°C. Coverslips were
then rinsed through three to five ml changes of medium and
mounted in medium supplemented with 49 fetal calf serum.
Labeled cells were examined by epifluorescent illumination of
either 546 nm (rhodamine excitation) or 485 nm (fluorescein
excitation) on a Zeiss Axioplan microscope equipped with a
Zeiss planopochromat objective lens (63 ). Photographs
were taken on Kodak Tri-X (Asa 400) or Kodak Ektachrome
400 (Asa 400) film using the automatic exposure control of the
Zeiss camera to this microscope. Tri-X film was developed for
10 min in Kodak HC 110 (dilution B) and Ektachrome 400
was developed with Kodak E-6 processing.

For visualization of the endoplasmic reticulum DiOC6 (3-
3'-dihexyloxacarbocyanine iodide) staining was employed.
The cells grown on coverslips (control or infected) were fixed
for 2-3 min at room temperature in 0.25% glutaraldehyde in
0.1 M sodium cacodylate buffer, pH 7.4. Cells were stained
with 2.5 ug/ml of the fluorescent dye in cacodylate buffer for
30 sec at room temperature. The coverslips, after being rinsed
three times, were mounted as described above.

For visualization of the Golgi complex, C6-NBD-ceramide
staining was used. The cells were cultivated as described
above, washed in 199 medium without serum and incubated
in a solution containing C6-NBD-ceramide plus bovine serum
albumin (BSA) diluted in 199 medium without serum, for 10
minutes at 37°C (final concentration of C6-NBD-ceramide
was of 1.4 uM), washed 3 times with 199 medium without se-
rum and incubated in this medium for 30 minutes at 37°C,
after which the cultures were twice washed in the medium,
mounted and observed, as described above.

Electron microscopy. VERO cells were plated in culture
flasks, cultivated as described above and allowed to interact
with the parasites. After interaction the cultures were washed
with PBS and fixed for 1 h at room temperature in a solution
containing 1% glutaraldehyde, 4% paraformaldehyde, 5 mM
CaCl, and 5% sucrose in 0.1 M cacodylate buffer, pH 7.2.
Then, they were washed with cacodylate buffer with 5% su-
crose and postfixed for 1 h in a solution containing 1% OsO,,
0.8% potassium ferrocyanide and 5§ mM CaCl, in 0.1 M caco-
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dylate buffer, pH 7.2. The cells were rinsed with cacodylate
buffer, dehydrated in acetone and embedded in Epon. Thin
sections were stained with uranyl acetate and lead citrate, and
observed with a Zeiss 902 Electron Microscope.

RESULTS

Rhodamine 123 stain. Examination of living VERO
cells by fluorescence microscopy after exposure to rhod-
amine 123 (methyl-O-(6-amino-3-imino-3H-xanthen-9-
yl benzoate monohydrochloride) revealed that this dye
was selectively accumulated in the mitochondria. In con-
trol cells, large filamentous mitochondria radiated from
the perinuclear region toward the cell periphery (Figs.
1-2). After infection of the cell with tachyzoites of 7.
gondii, these filamentous mitochondria were concen-
trated around perinuclear and parasitophorous vacu-
oles that had parasites in the process of dividing (Figs.
3-5). After longer incubation times there was fragmenta-
tion of the mitochondria so that only short mitochon-
dria were seen surrounding the parasitophorous vacu-
ole (Figs. 4-5). However, the intensity of the fluores-
cence did not vary according to the parasite-host cell in-
teraction time.

No fluorescence was seen in the intracellular para-
sites. However, those which remained adhered to the
host cell surface were stained (Fig. 6).

DiOCé6 stain. It has been reported that the lipophil-
ic cationic fluorescent dye DiOC6 selectively stains mito-
chondria in living cells in response to the high mitochon-
drial membrane potential (6). However, when a higher
concentration of the dye (0.5 to 2.5 ug/ml) is used,
other cellular membranes become visible (20), mainly
those of the endoplasmic reticulum. Such staining is
more evident when fixed cells are used.

Glutaraldehyde-fixed Vero cells incubated in the pre-
sence of DiIOC6 showed a high fluorescence in the peri-
nuclear region and a punctuated pattern of staining
throughout the cytoplasm (Fig. 7). In some regions, es-
pecially at the periphery, a reticulated aspect was seen
(Fig. 7).

Cell infection by T. gondii did not interfere with the
general pattern of staining of the cells (Figs. 8-9, 10-
11). However, in infected cells a reticulated pattern of
staining was frequently seen (Figs. 10-11). In micro-
graphs where the focal plane was in the portion of the
cytoplasm where the parasites are located, it was clear
that the parasites were also stained (Figs. 12-13). It was
also clear that the membrane lining the parasitophorous
vacuole was also lightly stained (Fig. 13).

C6-NBD-ceramide stain. C6-NBD-ceramide was ad-
ministered to cells as a complex with bovine serum albu-
min (C6-NBD-ceramide-BSA). This complex reliably la-
beled the Golgi complex of living cells. In the present
study we observed that the Golgi complex stained with
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Figs. 1-6. Living Vero cells labeled with rhodamine 123 and examined by fluorescence microscopy (Figs. 3—5, 5—6) or phase contrast micros-
copy (Fig. 4). Control cells (Figs. 1-2) show large filamentous mitochondria radiating from the perinuclear region toward the periphery (arrow).
Cell infected with tachyzoites of T. gondii shows mitochondria concentrated around the parasitophorous vacuole and the nucleus (arrows in
Figs. 3, 5). Note that after longer infection time, only short mitochondria are seen (Figs. 3—5). Figures 4 and 5 show the same cells in phase con-
trast and fluorescence microscopy, respectively. Parasites adhering to the cell are labeled (arrow in Fig. 6), while intracellular parasites are not la-
beled. Figs. 1-3: X 750; Figs. 4-5: % 1,020; Fig. 6: X 680. n, nucleus; v, parasitophorous vacuole.

C6-NBD-ceramide appeared as a bright compact struc-
ture located at one side of the nucleus (Fig. 14). This
staining pattern was not modified by the parasites (Figs.
15-16).

Electron microscopy. Thin sections of cells recem-
infected with the parasites showed the tendency of the
mitochondria to concentrate around the parasitophor-
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ous vacuole, which is aligned by a typical membrane
(Fig. 17). After 24 hours, some cisternae of the rough
endoplasmic reticulum also concentrate around the par-
asitophorous vacuole (Fig. 18). The smooth portion of
the reticulum establishes a close contact with the vacu-
ole in such a way that in some sections it is aligned with
the membrane of the parasitophorous vacuole (Fig. 18).
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Figs. 7-13. Glutaraldehyde-fixed Vero cells labeled with DiOCS6 to show the organization of the endoplasmic reticulum. A high fluorescence is
observed around the nucleus, showing a punctuated pattern (Fig. 7). At the periphery of the cell we can see a reticulated aspect (arrow). Figures
8-9, 10-11, and 12-13 show the same field in phase contrast and fluorescence microscopy. Infection of the cells with 7. gondii does not interfere
with the general pattern of staining (arrow), although in some cases the reticulated aspect of the infected cells is more evident (small arrow in
Figs. 10-11). Extracellular as well as intracellular parasites are labeled (Figs. 12—13). The membrane lining the parasitophorous vacuole is also la-
beled (small arrow in Fig. 13). Fig. 7: X 1,200; Fig. 8-9, 12-13: x 680; Figs. 10-11: X 750. v, parasitophorous vacuole.
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Figs. 14-16. Living Velo cells incubated with C6-NBD-ceramide to label the Golgi complex. Fluorescence is concentrated around the nucleus
(Fig. 14). Figures 15 and 16 show the same field of infected cells in phase contrast and fluorescence microscopy, respectively. A bright compact

structure located near the nucleus is observed (arrowheads in Figs. 15-16).

The Golgi complex was not modified, remaining close
to the nucleus.

DISCUSSION

In the last few years a significant number of research
groups have analyzed, in some detail, the process of in-
teraction of intracellular parasites such as Plasmodium
(14), Leishmania (3), Trypanosoma cruzi (1) and T. gon-
dii (7) with their host cells. In most of these studies,
however, the main focus of attention has been the para-
site-host cell recognition process. There are very few
studies analyzing the changes induced by the parasite in
the structural organization of the host cell, and those ex-
istent deal with the interaction of host cell lysosomes
with the parasite-containing vacuoles, the so-called par-
asitophorous vacuoles.

Our present observations using rhodamine 123,
which labels only functional mitochondria due to their
membrane potential with negative interior charge main-
tained by proton pumps (5), show that the general form
of the host cell mitochondria, as well as their spatial dis-
tribution, changes during evolution of the intracellular
parasitism. In uninfected cells the mitochondria show
in Vero cells a distribution similar to that reported in
other cells where they appear as long filamentous struc-
tures radiating from the perinuclear region toward the
cell periphery. Immediately after parasite penetration
they appear as short structures which tend to concen-
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trate around the parasitophorous vacuole. At present
there is no explanation for this change in the dimen-
sions of the mitochondria. Although a quantitative
study was not carried out, it was indicated that the inten-
sity of fluorescence emitted by each cell was not affected
by the presence of the parasites, suggesting that the ac-
tivity of the host cell mitochondria is not affected by the
parasites.

The tendency of the host cell mitochondria to concen-
trate around the parasitophorous vacuoles has been pre-
viously detected by electron microscopy (10) as well as
by fluorescence microscopy (19). T. gondii seems to re-
quire ATP synthesized by the host cell mitochondria
for its growth. Pfefferkorn and Schwartzman (16)
showed that T. gondii incorporated exogeneous ATP,
but they also noted that ATP was extensively degraded
before entering the parasite. These authors also showed
that T. gondii grow normally in cell mutants defective
in aerobic respiration.

It is interesting to note that rhodamine 123 did not la-
bel the parasites located within the parasitophorous vac-
uole although it intensely labelled the extracellular para-
sites, including those attached to the host cell surface.
In view of the fact that rhodamine 123 only stains func-
tionally active mitochondria, this observation suggests
that once within the parasitophorous vacuole the para-
site mitochondria is no longer active. One possibility,
which deserves further investigation, is that such inhib-
ition of parasite mitochondrial activity is due to the sup-
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Figs. 17-18. Transmission electron microscopy of thin sections of Vero cells infected by T. gondii. In recem-infected cells (Fig. 17) the mito-
chondria (m) concentrate around the parasitophorous vacuole containing tachyzoites of 7. gondii. Later, elements of the endoplasmic reticulum
(Fig. 18), especially of the smooth reticulum, concentrate around the parasitophorous vacuole, sometimes establishing a very close contact with
its membrane (arrowheads). Fig. 17: X 10,500; Fig. 18: 30,000.
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ply of mitochondrial metabolites by the host cell mito-
chondria.

Our observations using both fluorescence microscopy
of DIiOC6 stained cells, and transmission electron mi-
croscopy, show that elements of the smooth endoplas-
mic reticulum concentrate around, and even establish
physical contact with, the membrane lining the parasito-
phorous vacuole. In several preparations it was clear
that the membrane lining the parasitophorous vacuole
was labeled. It is possible that labeling of this mem-
brane is due to a simple partioning process, as described
in other membranes (21). Another possibility is that this
staining is due to the fact that portions of the endoplas-
mic reticulum fuse with the membrane lining the vacu-
ole. This process would explain the fact that this mem-
brane significantly grows during evolution of the intra-
cellular parasitism when the vacuole increases in size. If
this hypothesis is correct, the membrane lining the vacu-
ole is indeed formed by (a) components of the plasma
membrane of the host cell interiorized during parasite
penetration, (b) components of the parasites, especially
of the rhoptries, micronemes and dense bodies, which
are liberated during and immediately after penetration
(11) and (c) components of the smooth endoplasmic re-
ticulum which fuse with the vacuolar membrane, with
the evolution of the intracellular parasitism.

It is interesting to note that the parasite was also ho-
mogeneously stained with DioC6. However, observa-
tions made with electron microscopy do not show the
presence of an exuberant endoplasmic reticulum in
tachyzoites (9, 15). It is possible that the staining re-
flects interaction of DioC6 with the inner membrane
complex of the parasite which is formed by two closely
apposed unit membranes located immediately below the
plasma membrane (4).
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