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Intracellular and cell-to-cell spread of Listeria monocytogenes has been considered exclusively actin depen-
dent. By immunocytochemical techniques, we provide evidence for an involvement of inhibitory G proteins and
tubulin in “comet tail” formation in L. monocytogenes-infected mouse hepatocytes.

Listeria monocytogenes is an opportunistic pathogen respon-
sible for severe food-borne infections in man and animals (7).
This microorganism has been extensively used as a model to
study host cytoskeleton interactions with intracellular para-
sites. L. monocytogenes enters host cells, where it becomes
covered by actin filaments, and moves through the cytoplasm,
with unidirectional actin assembly as the driving force, trailing
long actin “comet tails” behind (4, 8). Treatment of infected
host cells with cytochalasin D affects actin assembly and pre-
vents actin tail and protrusion formation, suggesting that inter-
and intracellular spread of L. monocytogenes is actin depen-
dent (16). Participation of the microtubular cytoskeleton in
intracellular movement of L. monocytogenes is controversial.
Internalization of L. monocytogenes by Caco-2 cells was not
inhibited by a microtubule inhibitor, nocodazole, suggesting a
microtubule-independent mechanism of phagocytosis (10). In
contrast, pretreatment of murine dendritic cells with nocoda-
zole caused marked reduction of bacterial uptake, implying
microtubular participation (5). Involvement of both compo-
nents of the cytoskeleton (microfilaments and microtubules)
has been reported for phagocytosis of various bacterial patho-
gens (2, 11). It is plausible that in phagocytosis, microtubular
and microfilamental cytoskeletons act in a cooperative mode.
Soon after systemic infection, listeriosis is manifested pri-

marily in the liver, where the vast majority of bacteria are
entrapped (9). We, therefore, attempted to characterize cy-
toskeletal components involved in L. monocytogenes uptake by
hepatocytes and to define the composition of the comet tail
associated with intracellular and cell-to-cell spread. Parallel
localization of the a subunit of inhibitory G proteins (Gia) was
undertaken, since it participates in signal transduction leading
to bacterial uptake and concomitant microtubule rearrange-
ment (for reviews, see references 3 and 6).
L. monocytogenes EGD was grown in tryptic soy broth

(Difco) at 378C for 18 h, and aliquots were frozen at 2708C
until use. Mouse hepatocyte line ATCC TIB 75 cells were
propagated in Dulbecco’s modified Eagle medium (GIBCO)
supplemented with 10% fetal calf serum without antibiotics, as
described elsewhere (15). Cells were harvested, seeded in wells
of Lab-tec Permanox eight-chamber microscope slides (Nunc,

Roskilde, Denmark) at 5 3 104 cells/well in Dulbecco’s mod-
ified Eagle medium containing fetal calf serum, and incubated
for 18 h. Cell monolayers were infected with L. monocytogenes
for 2, 5, 7, and 24 h at 378C at an infection rate of 10:1.
Thereafter, samples were washed with phosphate-buffered sa-
line (PBS) at 378C, fixed at room temperature with 2% form-
aldehyde (freshly prepared from paraformaldehyde in PBS
containing 0.5% Tween 20) for 45 min, washed with PBS, and
left in PBS at 48C overnight. For immunolabelling, monolayers
were treated as described elsewhere (14). In brief, cells were
incubated with primary rabbit polyclonal antibodies (Abs) to
tubulin (1:200; Sigma, Deisenhofen, Germany), actin (1:100,
Sigma), and a subunits of Gs (1:200) and Gi1,2 proteins (1:200).
Rabbit polyclonal Ab, which recognizes ai1,2 subunits of G
proteins, and the corresponding control peptide (KNNLKD
CGLF) were generous gifts from Peter Gierschik, University of
Ulm, or were purchased from Gramsch GmbH (Schwab-
hausen, Germany). Abs to Gsa were purchased from DuPont
(Bad Homburg, Germany) and Gramsch GmbH. Secondary
Ab was goat anti-rabbit immunoglobulin G (IgG) labelled with
peroxidase (Dianova, Hamburg, Germany). The monolayers
were viewed and photographed with a Zeiss Axiophot micro-
scope.
The first bacteria within rare, infected hepatocytes were seen

as early as 1 to 2 h after infection, but the infection intensity
optimal for visualizing the typical comet tails behind bacteria
spreading inside and between hepatocytes was not achieved
before 5 to 7 h (Fig. 1A). After 24 h of infection, most of the
host cells appeared completely destroyed. Only rare, whole
cells with actively spreading bacteria were detected (Fig. 1B).
Consistent with the findings of published reports (4, 8, 16), L.
monocytogenes organisms became heavily covered with actin,
which formed long tails behind the bacteria (Fig. 1A). Further-
more, in the inner part of this actin tail, two additional com-
ponents, tubulin (Fig. 1B to D) and Gia (Fig. 1E), were clearly
displayed. Phase-contrast microscopy allowed still better visu-
alization of peroxidase-diaminobenzidine immunolabelling of
these comet tail components (compare Fig. 1C and D).
Subjected to the same immunostaining procedure described

above, L. monocytogenes in cytospin preparations did not im-
munoreact with Abs to actin, Gsa, and Gia whereas it positively
immunoreacted with Abs to tubulin (Fig. 1F). Indeed, tubulin
precursors in prokaryotes have been described previously,
where they seem to be involved in cytoskeletal functions, in-
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FIG. 1. Immunocytochemical staining of L. monocytogenes-infected mouse hepatocytes after 7 h (A, C, D, E, and H) and 24 h (B and G) of infection. (A)
Immunolabelling with anti-actin Ab; (B and C) immunolabelling with anti-tubulin Ab; (D) same as panel C but with phase contrast; (E) immunolabelling with anti-Gia
Ab; (F) isolated bacteria in a cytospin preparation immunolabelled with anti-tubulin Ab; (G) free bacteria found among lysed cells at a later stage (24 h) of infection
immunolabelled with anti-tubulin Ab; (H) control incubation with replacement of primary Ab by rabbit IgG. Arrows point to intercellularly spreading bacteria. Asterisks
mark free bacteria between hepatocytes.
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cluding intracellular motility or transport activities comparable
to those performed by eukaryotic microtubules (reference 1
and citations therein). The polyclonal anti-tubulin Ab used in
this study apparently recognizes similar epitopes in bacterial
molecules. However, immunolabelling patterns of isolated bac-
teria in cytospin preparations (Fig. 1F) and of free bacteria
found abundantly among lysed cells at a later stage (24 h) of
infection (Fig. 1G) were principally distinct from those of the
tail-like envelopes surrounding actively spreading bacteria im-
munostained for tubulin or Gia (Fig. 1B to E).
Results of immunolabelling were similar for both types of

Abs to Gia, obtained from different sources. Colocalization of
tubulin and Gia in the inner zone of the comet tail enveloping
L. monocytogenes in hepatocytes is consistent with previously
reported results of copurification of Gia with microtubules
(13). In contrast to Gia, Gsa was not detected in the comet tail
of L. monocytogenes, suggesting preferential involvement of
Gia in the phagocytosis of L. monocytogenes. In controls, where
primary Ab was replaced by rabbit IgG (Dianova), no specific
immunolabelling was observed (Fig. 1H). Preincubation of Ab
to Gia with a 10-fold molar excess of control peptide at room
temperature for 2 h decreased immunostaining of Gia (data
not shown).
Here, we provide evidence that tubulin is a constituent of

the comet tail of L. monocytogenes spreading in and between
infected hepatocytes. This suggests involvement of microtu-
bules in the intra- and intercellular spread of these bacteria in
hepatocytes, as in murine dendritic cells (5). In contrast,
Mounier et al. (10) have reported microtubule-independent
phagocytosis of L. monocytogenes by Caco-2 cells. Pathways for
bacterial uptake involving microtubules or microfilaments of
the host have been shown to be both cell line and pathogen
specific (11). Therefore, it is possible that L. monocytogenes
employs different strategies to rearrange the cytoskeleton, per-
haps depending on the presence and abundance of appropriate
receptors in different host cells. It is also possible that nocoda-
zole, used as a microtubule inhibitor, does not inhibit micro-
tubule polymerization equally in all cell types (17). Because the
rabbit anti-tubulin Ab immunoreacts with L. monocytogenes
EGD, we cannot formally rule out the possibility that the
bacterial tubulin-like material migrates into the comet tail dur-
ing its formation. Consequently, the tubulin constituent of the
comet tail could be of bacterial and eukaryotic origins.
In conclusion, immunocytochemical labelling of Gia and tu-

bulin suggests that the comet tail of L. monocytogenes—at least
in hepatocytes—has a more complex composition, encompass-
ing not only actin but also at least two additional components,
Gia and tubulin. This implies involvement of tubulin and Gi
proteins in the intra- and intercellular spread of L. monocyto-
genes in the liver.
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