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Listeria monocytogenes is an intracellular pathogen that causes severe central nervous system infection in
humans and animals. The ability of this bacterium to penetrate nerve cells was investigated by using rat spinal
cell cultures. Entry into distinct cell types, i.e., glial cells and neurons, was monitored by a differential im-
munofluorescence technique with antibodies against cell type-specific markers and the bacterial pathogen.
L. monocytogenes was detected predominantly within macrophages constituting the microglia. Astrocytes and
oligodendrocytes, the major components of macroglia, were infected to a lesser extent. Surprisingly, Listeria
innocua, a noninvasive and nonpathogenic species, also has the capacity to enter into these three types of glial
cells. Entry into neurons was a very rare event. In contrast, we found that L. monocytogenes could efficiently
invade neurons when these latter cells were cocultivated with Listeria-infected mouse macrophages. In this
case, infection of neurons occurs by cell-to-cell spread via an actA-dependent mechanism. These data support
the notion that infected phagocytes can be vectors by which L. monocytogenes gains access to privileged niches
such as the central nervous system.

Listeria monocytogenes is a ubiquitous, gram-positive, facul-
tative intracellular bacterium responsible for infrequent but
often serious opportunistic infections in humans and animals.
It has emerged as an important model system for understand-
ing molecular mechanisms of intracellular bacterial pathogen-
esis (for a review, see reference 27). Host cell infection begins
with the internalization of the bacteria by a process similar to
phagocytosis. Bacteria escape from phagocytic vacuoles and
multiply in the cytoplasm of the host. Rapid movement of
bacteria through the cytoplasm of infected cells and the pro-
jection of bacteria into pseudopod-like cellular extensions that
play a role in cell-to-cell spread of the infection are driven by
directed polymerization of host actin monomers. Many of the
genes whose products are required for the execution of this
infection cycle have already been identified. Probably the most
important factor in the escape from phagocytic vacuoles is a
pore-forming hemolysin, listeriolysin O, which is encoded by
the hly gene. Two distinct phospholipase C proteins (encoded
by plcA and plcB) have been shown to have overlapping func-
tions during primary vacuolar lysis and cell-to-cell spread. The
actin-based motility process requires a bacterial surface pro-
tein, ActA, the actA gene product.

Entry into the host normally occurs in the gut after ingestion
of contaminated food. Bacteria pass through the gastrointes-
tinal barrier and spread via the lymph and the blood to distant
tissues. In murine experimental infection, bacteria accumulate
predominantly in the liver. Depending on the immune response
of the host, bacteria either are eliminated or undergo further
hematogenous dissemination to the brain and/or the placenta.
Among the various clinical manifestations of listeriosis, infections
of the central nervous system (CNS) are of critical importance.

Two main forms of nervous system involvement have been
described: encephalitis, which is the predominant form in small
ruminants (6, 7), and meningitis or meningoencephalitis, which

is the most frequent form in humans (21). In naturally occur-
ring animal listerial encephalitis, involvement of the brain
stem is thought to be a consequence of retrograde ascension of
L. monocytogenes along cranial nerves (1, 6, 7, 16), whereas in
cases of meningitis in humans and other species, spread of the
microorganism to the CNS is assumed to be hematogenous (3,
21). In most cases, meningitis is associated with a diffuse en-
cephalitis mainly located in the rhombencephalon, where in-
tracerebral abscesses are multiple, necrotic, and coalescent. In
experimental murine listeriosis, both types of CNS alteration,
i.e., encephalitis and meningoencephalitis, have been observed,
depending on the route of infection (22).

While CNS listeriosis poses a significant clinical problem, its
pathogenesis is largely unknown. The purpose of the present
study was to examine which cell types of spinal cell cultures are
permissive to L. monocytogenes. With respect to the suspected
intra-axonal migration of L. monocytogenes, it was particularly
relevant to examine invasion of neurons by this pathogen.

MATERIALS AND METHODS

Animals. Cultures of spinal cord neurons and glial cells were prepared from
14-day-old embryonic rats and newborn rats, respectively (Sprague-Dawley;
IFFA-Credo, L’Arbresle, France).

Tissue cultures. Spinal cell cultures were prepared according to a modification
of the protocol of Nicola et al. (14).

(i) Glial cells. After dissection, spinal cords were minced and incubated with
0.05% trypsin-EDTA (GIBCO) diluted in phosphate-buffered saline (PBS) (120
mM, pH 7.4) for 15 min at 37°C. The enzymatic reaction was stopped by addition
of horse serum (GIBCO). The tissue was mechanically dissociated with DNase
(200 U/ml; Boehringer) and bovine serum albumin (0.4% wt/vol; Sigma) in L15
complete medium as used by Camu et al. (5). Cells were seeded on poly-DL-
ornithine-coated 35-mm dishes (15 mg/ml; Sigma) at 3 3 105 cells per ml in L15
complete medium with 10% horse serum (GIBCO) and were incubated at 37°C
in a 5% CO2 incubator. The culture medium was renewed after 3 days of seeding.
After reaching confluence, the cells were trypsinized (as described above), diluted
three times, and seeded on poly-DL-ornithine-coated 12-mm glass coverslips in 4-well
plates (Nunc). In all experiments, cells were used after 5 days in vitro.

(ii) Primary cultures of spinal neurons. Spinal cords were dissociated as
described above. Cells were plated at a density of 3 3 105 cells per ml on
sterilized glass coverslips (12 mm in diameter) in 4-well plates (Nunc). Coverslips
were previously coated with 15 mg of poly-DL-ornithine (Sigma)/ml. Culture
supports were successively incubated until plating in medium with 5% inactivated
fetal calf serum (GIBCO). Cultures were kept at 37°C in 5% CO2 in the L15
serum-free medium as used by Camu et al. (5) for 5 days.
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Cell line. The mouse macrophage-like cell line J774 (ECACC 85011428) was
propagated without antibiotics in RPMI 1640 medium (GIBCO) supplemented with
2 mM L-glutamine and 10% fetal calf serum (decomplemented for 30 min at 56°C).

Bacteria. L. monocytogenes EGD was originally obtained from P. Berche.
L. monocytogenes CIP 71408, 71456, and 71468 and Listeria innocua CLIP 11262T
(BUG 499) were obtained from J. Rocourt. L. monocytogenes wild-type strain
DP10403S and its isogenic DactA mutant strain were kindly provided by D. Portnoy.
For each experiment, a log-phase culture of bacteria was prepared by inoculating 1
ml of an overnight culture into 9 ml of brain heart infusion broth. The new culture
was incubated for about 3 h at 37°C with agitation until the optical density at 600 nm
reached 0.8 to 1. Bacteria were washed twice by centrifugation at 12,000 3 g for
2 min and then resuspended and vortex mixed in PBS. Bacteria were diluted in L15
medium supplemented with 7.5% sodium bicarbonate for the infection.

Antibodies. L. monocytogenes was labeled with a rabbit antiserum against
heat-killed L. monocytogenes strain LO28 (named R11). L. innocua was labeled
with a rabbit antiserum raised against live L. innocua type strain CLIP 11262T
(named R6). The R11 and R6 rabbit polyclonal antibodies were prepared as
follows. New Zealand rabbits were inoculated with approximately 109 bacteria
from an overnight culture washed twice in PBS. Animals were rechallenged with
109 bacteria 3 and 8 weeks after the first injection. Blood was collected 2 weeks
after the last challenge. Astrocytes were labeled with a mouse monoclonal anti-
body (MAb) directed against pig glial fibrillary acidic protein (GFAP) from
Sigma (clone G-A-5). Oligodendrocytes were detected with a mouse MAb di-
rected against the myelin protein Rip (12). Microglial cells were labeled with a
mouse MAb raised against the rat CD11b (clone Ox42; Serotec). Neurons were
labeled with a mouse MAb directed against the microtubule-associated protein
2A (MAP-2A) that specifically stains perikarya and dendrites (4).

Direct infection of spinal cell cultures by L. monocytogenes. Infections of glial
and neuronal cell cultures by L. monocytogenes were carried out after 5 days in
vitro. Approximately 1 3 105 cells per coverslip were infected with 5 3 106

L. monocytogenes cells (multiplicity of infection of about 50). Infected cultures
were incubated for 40 min at 37°C in a 5% CO2 atmosphere. The infection
process was stopped by rinsing the cultures with prewarmed Leibovitz L15
medium and was followed by the addition of cell culture medium containing 10
mg of gentamicin (Sigma) per ml. This concentration of gentamicin kills extra-
cellular bacteria but leaves intracellular bacteria unaffected. Cells were incubated
for 2 or 5 h at 37°C in a 5% CO2 incubator. The incubation time of 2 h was
chosen in order to avoid cell-to-cell spread of bacteria and that of 5 h was chosen
in order to visualize actively spreading bacteria (28). The cell medium was then
removed and the infected cultures were processed for immunocytochemistry.

Indirect infection of spinal cell cultures by L. monocytogenes-infected macro-
phages. Mouse J774 macrophages grown in 6-well plates were infected with
L. monocytogenes at a multiplicity of infection of about 20 for 1 h. The monolay-
ers were then washed three times with prewarmed PBS and were further incu-
bated in the cell culture medium containing gentamicin (20 mg/ml) for 3.5 h. The
monolayers were then washed and trypsinized, and the number of viable cells was
determined. After centrifugation, the L. monocytogenes-infected J774 cells were
resuspended in L15 complete medium containing gentamicin (20 mg/ml) and plated
over the glial or neuronal cells at 5 days in vitro after removal of the cell culture
medium. The cell ratio was 1 macrophage per 10 spinal cells. The mixed cultures
were incubated for approximately 15 to 19 h to allow the passage of L. mono-
cytogenes from the infected macrophages to the spinal cells by cell-to-cell spread.
These infected cultures were then processed for immunofluorescence labeling.

Immunofluorescence labeling of infected cell cultures. Cells were fixed with
4% paraformaldehyde (wt/vol) in PBS for 20 min at room temperature. After
extensive washings in PBS, cells were successively incubated in PBS containing 50
mM ammonium chloride and PBS containing 0.1% gelatin (wt/vol) (PBSg) for 10
min each. Cells were then incubated with primary rabbit polyclonal anti-Listeria
antibodies (R11 or R6) (dilution 1/500) for 1 h to label extracellular bacteria.
Cells were rinsed with PBSg and incubated with secondary goat anti-rabbit
fluorescein (DTAF)-conjugated antibody (Jackson Laboratories, dilution 1/200)
for 45 min. Cells were then permeabilized with 0.25% Triton X-100 in PBSg for
15 min and incubated simultaneously with anti-Listeria antibodies (as described
above) and MAb directed against a cell-type-specific marker for 1 h. After several
washes in PBSg, the cells were incubated simultaneously with secondary goat anti-
rabbit CY3-conjugated antibody (Jackson Laboratories, dilution 1/600) to label
intracellular bacteria and with secondary goat anti-mouse fluorescein isothiocyanate
(FITC)-conjugated fluorescent antibody (Vector Laboratories, dilution 1/200) to
label the cells for 45 min. In some experiments, the cell-type-specific labeling was
replaced by actin cytoskeleton staining with FITC phalloidin (5 mg/ml). In all exper-
iments, washes and antibody incubation steps were performed at room temperature.
The specificity of immunolabeling and the absence of antibody cross-reaction were
controlled by omission of the primary antibodies. After immunodetection, cultures
were mounted on slides with Vectashield (Vector Laboratories) and observed with
a standard fluorescence microscope equipped with appropriate filters.

RESULTS

Morphology and composition of rat spinal cord cultures.
The major cellular components of the spinal cord are neurons
and glial cells. These two types of cells were cultivated sepa-

rately. As previously described, neurons form a dense mesh-
work of neurites during their in vitro maturation (8). Two func-
tionally different compartments can be distinguished: the cell
soma with the dendrites, and the axons. These two neuronal
compartments could be identified by immunocytochemistry
with a MAb raised against MAP-2A and a MAb raised against
rat neurofilament H-subunit (2H-3, hybridoma bank) respec-
tively. In our culture conditions, neurons constituted more than
95% of the total cell population (data not shown).

In the glial cell cultures, three types of cells could be iden-
tified by immunocytochemistry: astrocytes, oligodendrocytes,
and microglial cells (microglia). Astrocytes were identified by the
binding of antibodies against GFAP, the major component
of astrocyte intermediate filaments. GFAP-immunoreactive cells
were subsequently divided into two groups with distinct morphol-
ogies: one composed of polygonal, flat, and non-process-bearing
cells and the other composed of stellate-shaped cells character-
ized by small somata and long branched processes. They are re-
ferred to as type 1 (or protoplasmic) and type 2 (or fibrous)
astrocytes, respectively. In vivo, oligodendrocytes produce myelin
sheets around axons. Therefore, they can be identified by the
binding of antibodies against Rip, a basic protein of myelin (12).
Oligodendrocytes have a characteristic morphology, i.e., a round
somata with numerous highly branched processes arising from it.
Microglial cells, which are tissular macrophages, were identified
with antibodies against the complement receptor type 3 (CD11b/
CD18), a molecule present in most phagocytic cells. Although the
composition of glial cell cultures can vary from one preparation to
another, they are typically composed of approximately 80 to 90%
astrocytes, 1 to 2% oligodendrocytes, and a mix of microglial cells,
fibroblasts, and progenitor cells (data not shown).

Entry into glial cells is not a specific property of L. mono-
cytogenes. In this work, invasion of rat spinal cell cultures by
Listeria was studied by differential fluorescence microscopy.
This technique allows discrimination between extracellular and
intracellular bacteria, as previously described (13). Infected
cells were fixed and stained with anti-Listeria antibodies fol-
lowed by labeling with a fluorescein-conjugated secondary an-
tibody. Permeabilization was then performed, and cells were
relabeled with the same primary anti-Listeria antibodies fol-
lowed by labeling with a rhodamine-conjugated secondary an-
tibody. Since the eucaryotic cell membrane prevents the pen-
etration of antibodies unless it is permeabilized, extracellular
bacteria were labeled with both fluorescent dyes, while the in-
tracellular bacteria were only stained with one fluorescent dye.

Following infection of glial cells by L. monocytogenes EGD,
bacteria were essentially located within macrophages. While
some microglial cells looked as if they were completely filled
with L. monocytogenes (Fig. 1A and B), the number of bacteria
in other labeled cells never exceeded 10 microorganisms per

TABLE 1. Rates of infection of different neuronal cells with
L. monocytogenes and L. innocua as determined by

differential immunofluorescence labeling

Cell type

% of cells associated
with bacteria

No. of intracellular
bacteria per cell

L. monocytogenes L. innocua L. monocytogenes L. innocua

Microglia 85 6 10 (55)a 80 6 11 (35) .20 .20
Astrocytes 40 6 26 (339) 25 6 15 (224) 0.5 6 0.2 0.15 6 0.1
Oligoden-

drocytes
NDb 10 (55) ND 0.06

Neurons 7 6 3 (500) ND 0.002 ND

a Numbers in parentheses are total numbers of cells observed for each cell type
in three independent experiments.

b ND, not determined.
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FIG. 1. Entry of L. monocytogenes into glial cell cultures. Glial cells were incubated with L. monocytogenes for 40 min, unbound bacteria were washed away, and
the cells were resuspended in medium containing gentamicin and incubated for 2 h. The cells were fixed and stained with antibodies against cell type-specific markers
(Ox42, GFAP, or Rip) and against the bacterial pathogen. The different types of glial cells are shown on the left panels. Differential immunofluorescence labeling of
the bacteria was performed in order to discriminate between extracellular and intracellular bacteria, as previously described (see Material and Methods). Extracellular
bacteria are indicated by thin arrows and are both green and red whereas intracellular bacteria, indicated by thick arrows, are only red. Two microglial cells are shown
in panel A and a bulk of intracellular Listeria cells is shown in panel B. Astrocyte type 1, astrocyte type 2, and oligodendrocyte are shown in panels C, E, and G,
respectively, and extracellular L. monocytogenes (thin arrows) and intracellular L. monocytogenes (thick arrows) are shown in panels D, F, and H. Scale bar, 10 mm.
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cell. GFAP-positive astrocytes showed the second largest in-
fection rates (Fig. 1C through F) followed by Rip-positive oli-
godendrocytes (Fig. 1G and H). The average number of intra-
cellular bacteria per astrocyte over 300 cells examined was
0.5 6 0.2. It was not possible to quantify the entry of L. mono-
cytogenes into oligodendrocytes since the integrity of most of
these cells was affected by bacterial infection.

The next series of experiments tested whether entry of
L. monocytogenes into glial cells was restricted to pathogenic
Listeria species. We analyzed the entry of L. innocua, a non-
pathogenic and noninvasive bacterium, into glial cells. L. innocua
was found to enter into glial cells as efficiently as L. monocy-
togenes (Table 1). Examples of intracellular L. innocua in as-

trocytes and oligodendrocytes are illustrated in Fig. 2A
through D and 2E and F, respectively. The average number of
intracellular bacteria per astrocyte over 224 cells examined was
0.15 6 0.1. We noticed that infection with L. innocua had less
deleterious effects on glial cells than that with L. monocyto-
genes, particularly on the integrity of oligodendrocyte pro-
cesses, a property which is probably due to the absence of
listeriolysin O production.

L. monocytogenes can move into glial cells and spread be-
tween different types of glial cells. As seen in many other cell
types, fluorescence staining for F-actin of infected glial cells
showed the presence of typical actin comet tails associated with
L. monocytogenes. Actin tails were seen in both astrocytes and

FIG. 2. Entry of L. innocua into glial cell cultures. Details of this infection experiment and immunofluorescence analysis are the same as those described in the
legend for Fig. 1 except that L. innocua, a noninvasive and nonpathogenic species of the genus Listeria, was used.
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FIG. 3. L. monocytogenes can move and spread from cell to cell in glial cell cultures. Glial cells were incubated with L. monocytogenes for 40 min, unbound bacteria
were washed away, and the cells were resuspended in medium containing gentamicin and incubated for 19 h. The cells were fixed and stained for F-actin with FITC
phalloidin. The bacteria were revealed by the technique of differential immunostaining to distinguish between extracellular (green and red) and intracellular (only red)
bacteria. Panels A, C, and E show three different fields in which Listeria cells are clearly seen projecting away from astrocytes or microglial cells. Typical Listeria actin
tails are indicated by arrows. Panels B, D, and F show the labeling of the bacteria in red. (G and H) J774 macrophages previously infected with L. monocytogenes were
cultured with primary glial cell cultures for 19 h in a cell culture medium containing gentamicin to kill extracellular listeriae. The cells were fixed and stained for F-actin,
and the presence of intracellular bacteria was determined by differential immunofluorescence. Panel G shows an infected macrophage near an astrocyte. Panel H shows
the presence of intracellular L. monocytogenes in an astrocyte (thick arrows). Scale bar, 5 mm.
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microglial cells (Fig. 3A and E). Interestingly, some L. mono-
cytogenes cells were seen extending outward from an infected
glial cell to a noninfected cell, suggesting that L. monocyto-
genes can move between glial cells, from astrocyte to astrocyte
(Fig. 3A), and from microglial cell to astrocyte (Fig. 3C and E).
Moreover, cocultivation of noninfected glial cells with murine
J774 macrophages previously infected with L. monocytogenes
showed the passage of L. monocytogenes from macrophages of
external origin to astrocytes by cell-to-cell spread (Fig. 3G and
H). In this case, infection of glial cells certainly occurs by
cell-to-cell spread since cocultivation was performed in a cul-
ture medium containing gentamicin, an antibiotic belonging to
the family of aminoglycosides that kills extracellular Listeria.

Direct entry of L. monocytogenes into neurons is a rare event.
Observation of L. monocytogenes in neurons during natural
infection of ruminants (16) as well as in experimental mouse
listeriosis (25) led us to test the entry of L. monocytogenes into
cultured neurons. Infection of rat spinal cultures of neurons
with L. monocytogenes showed that entry into these cells was a
very rare event (Table 1). Analysis of approximately 500 neu-
rons presenting associated bacteria by differential immunoflu-
orescence revealed only one intracellular L. monocytogenes cell
in the soma of a neuron (Fig. 4A and B). In addition, infection
of neurons with L. monocytogenes, in contrast to infection with
L. innocua, often had deleterious effects on the integrity of
neurites. Similar results were obtained with three clinical
strains of L. monocytogenes (CIP 71408, 71456, and 71468)
isolated from patients with CNS infections (data not shown).

L. monocytogenes can efficiently enter neurons by cell-to-cell
spread. The next series of experiments tested whether neurons
could be infected by cell-to-cell spread from L. monocytogenes-
infected phagocytes. For this purpose, we infected J774 mac-
rophages with L. monocytogenes and then incubated the in-
fected J774 cells with neurons in a cell culture medium con-
taining gentamicin. After 15 h of cocultivation, intracellular
Listeria cells were found in neurons distant from J774 cells, and
bacteria had infected most neurons by cell-to-cell spread (Fig.
4C, D, E, and F). As expected, an L. monocytogenes actA2

strain unable to polymerize cellular actin, when used to infect
J774 cells, was unable to spread from cell to cell and could not
invade neurons (data not shown). These data indicate that
L. monocytogenes, when phagocytosed by J774 macrophages,
can invade primary cultured neurons as a consequence of cell-
to-cell spread. Interestingly, in one neuronal culture, we found
intracellular L. monocytogenes in neurons near infected micro-
glial cells, suggesting that cell-to-cell spread from infected mi-
croglial cells to neurons can occur in vivo (Fig. 4G and H).

DISCUSSION

In the present study, the entry of L. monocytogenes into rat
spinal cell cultures was examined by using antibodies against
cell-type-specific markers and against the bacteria. Our results

showed that L. monocytogenes, as well as the closely related
noninvasive species L. innocua, can invade glial cells. Micro-
glial cells were filled with both L. monocytogenes and L. innoc-
ua. Since serum-free medium was used during the infection
process, the possibility of a complement-mediated phagocyto-
sis can be excluded. This finding shows the highly efficient
phagocytic activity of microglial cells. Both types of GFAP-
positive astrocytes (type 1 or protoplasmic and type 2 or fi-
brous) were also infected by L. monocytogenes and L. innocua,
albeit to a lesser extent, suggesting that invasion genes of
L. monocytogenes are not required for entry into glial cells. The
fact that L. innocua, a nonpathogenic species, invades astro-
cytes is not very surprising since astrocytes were shown to
display phagocytic activity in situations where phagocytes are
not numerous, such as in primary brain cell cultures (15).
Invasion of oligodendrocytes was demonstrated but was diffi-
cult to evaluate since infection with L. monocytogenes had
cytotoxic effects. Clearly, and in contrast to the results with
glial cells, entry of L. monocytogenes into cultured neurons was
a rare event. Even clinical strains of L. monocytogenes isolated
from patients with neuromeningeal listeriosis did not enter
into cultured neuronal cells. These results in rat spinal cord
cultures are in perfect agreement with those reported in pri-
mary mouse fetal brain cultures (20). Indeed, Peters and
Hewicker-Trautwein previously showed that L. monocytogenes
was primarily associated with microglial cells, while astrocytes,
oligodendrocytes, and fibronectin-expressing cells were infect-
ed to a lesser extent (20). However, in that study, the authors
could not clearly discriminate between adherent bacteria and
intracellular bacteria. Peters and Hewicker-Trautwein also found
that cultured neurons were not permissive cells to L. monocy-
togenes invasion. Taken together, these results suggest that
L. monocytogenes does not invade cultured neurons. We can-
not, however, exclude the possibility that L. monocytogenes
infects a very small subset of neurons which are not present in
our culture conditions.

Since it has been shown that L. monocytogenes invades hu-
man umbilical vein endothelial cells by cell-to-cell spread from
mononuclear phagocytes infected by this bacterium (10), we
tested whether infected phagocytes were also efficient vectors
by which L. monocytogenes could enter neurons. Our results
clearly indicate that entry of L. monocytogenes into cultured
neurons can occur by cell-to-cell spread from infected phago-
cytes (J774 macrophages or microglial cells). This Trojan horse
mechanism of traveling to and infecting the CNS has also been
proposed for visna virus and human immunodeficiency virus
(18, 19). In the macrophage-neuron cocultures, actin assembly
around intracellular L. monocytogenes was detected in both
macrophages and neurons, although actin comet tails were
only seen in macrophages. The presence of actin tails is the
visualization of intracellular movement. Whether the lack of
actin tails in neurons represents a real absence of movement or
is an artifact of the culture conditions has not been elucidated.

FIG. 4. Entry of L. monocytogenes into cultured neurons. (A and B) Neurons were incubated with L. monocytogenes for 40 min, unbound bacteria were washed away,
and the cells were resuspended in medium containing gentamicin and incubated for 2 h. The cells were fixed and stained with a MAb raised against MAP-2A (panel
A) and against the bacterial pathogen. Extracellular bacteria are indicated by thin arrows and are both green and red, whereas intracellular bacteria indicated by thick
arrows are only red. The unique intracellular bacterium that we found in neurons is shown in panel B. Insets: phase-contrast microscopy of primary cultures of neurons
infected with L. monocytogenes (A) and of neuron-infected J774 macrophage cocultures (B). The black arrow shows a macrophage adjacent to a neuron. (C through
F) J774 macrophages previously infected with L. monocytogenes were cultured with neurons for 19 h in tissue culture medium containing gentamicin. The cells were
fixed and stained with a MAb raised against MAP-2A (panel C) or stained for F-actin (panel E), and the presence of intracellular bacteria was examined by differential
immunofluorescence. Panel C shows neurons. Panel D shows the presence of two intracellular L. monocytogenes in a neuron. Panel E shows an infected macrophage
and the actin network of the neurons. Panel F shows the presence of intracellular L. monocytogenes cells in neurons close to the infected macrophage. (G and H)
Cultured neurons were infected with L. monocytogenes for 40 min, washed, and incubated for 15 h in L15 complete medium containing gentamicin. Cells were fixed
and stained for F-actin, and the presence of intracellular bacteria was determined by differential immunofluorescence. Panel G shows a microglial cell in the neuronal
monolayers. In the neuronal processes located in the vicinity of the infected microglial cell, intracellular bacteria, indicated by thick arrows in panel H, were detected.
Scale bar, 10 mm.

4466 DRAMSI ET AL. INFECT. IMMUN.



VOL. 66, 1998 ENTRY OF LISTERIA INTO SPINAL CELLS 4467



Another intriguing observation was that intracellular L. mono-
cytogenes cells were located in the soma of spinal neurons, a
surprising result since intra-axonal movement of L. monocyto-
genes has been suspected in spontaneous listerial encephalitis
of small ruminants (1, 6, 7, 16). It will be of interest to elucidate
whether Listeria can move intra-axonally.

Bacterial encephalitis is rare because the brain is well protect-
ed from external aggressions by the presence of the blood-brain
barrier (BBB). This structure is interposed between the circula-
tory system and the CNS and is relatively impermeable to ions,
amino acids, small peptides, and proteins. In vertebrates, the BBB
exists at the level of endothelial cells that make up the brain cap-
illaries (17). These cells form high-resistance tight junctions and
exhibit low rates of paracellular leakage and pinocytosis. Close
examination of brain capillaries shows that astrocytic endfeet are
in close proximity to the endothelial cell plasma membrane and
are separated only by the basal lamina (23). Development of in
vitro models for the BBB (9, 24) revealed that astrocytes par-
ticipate in the formation of tight junctions between endothelial
cells. How L. monocytogenes crosses the BBB and invades the
CNS is unknown. The bacteria may adhere to and directly
enter the endothelial cells as described for Nocardia asteroides
(2). Alternatively, L. monocytogenes may cross the endothelia by
diapedesis or by cell-to-cell spread, being carried by infected
blood monocytes. Alternatively and/or simultaneously, the en-
dothelium may induce the secretion of inflammatory mediators
and the expression of adhesion molecules that enhance adher-
ence of infected phagocytic cells (11, 26). The results presented
in this study suggest that astrocytes may be among the cell tar-
gets that carry Listeria to the brain across the BBB.

In certain areas of the brain, however, endothelial cells do not
form tight junctions and allow a free exchange of molecules be-
tween the blood and adjacent cells. For example, at the level of
the choroid plexus, which consists of epithelial cells that produce
the cerebrospinal fluid, the barrier is constituted by the tight junc-
tions between epithelial cells which separate the blood from the
cerebrospinalfluid.Ultrastructural studiesof infectedbrains inmu-
rine experimental listeriosis have shown that L. monocytogenes
can be found within the epithelial cells of the choroid plexus,
within ependymal cells, and within periventricular neurons (25).
Thus, we cannot exclude the possibility that L. monocytogenes,
like Streptococcus suis, enters the CNS via the cerebrospinal fluid
spaces.

To date, experimental evidence together with the in vivo
data does not exclude the possibility that the mechanism used
by L. monocytogenes involves a combination of the different
pathways mentioned above, which could act cooperatively or
separately.
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