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Internalization of Listeria monocytogenes into human brain microvascular endothelial cells (HBMEC) has
recently been demonstrated to be dependent upon the inlB gene. In the present scanning electron microscopic
study we show that L. monocytogenes efficiently interacts with the surface of HBMEC in an inlB-independent
manner which is also different from invasion. The inlB-dependent invasion of HBMEC by L. monocytogenes is
accompanied by intracellular multiplication, movement, and production of bacterium-containing protrusions.
These protrusions extend from the cell surface without perturbation of any adjacent cellular membrane.

Interaction of meningeal pathogens with endothelial cells
has been demonstrated for a growing number of bacteria in
recent years, including Escherichia coli, group B streptococci,
and Citrobacter spp. (1, 14, 16), which use brain endothelial cell
invasion as a prerequisite for central nervous system (CNS)
penetration leading to meningitis and encephalitis. Listeria
monocytogenes, a gram-positive facultative intracellular bacte-
rium, is also known to cause meningitis, encephalitis, and brain
abscesses, mainly in immunocompromised individuals (4, 18).
CNS penetration of L. monocytogenes suggests that invasion of
brain microvascular endothelial cells is an important way of
crossing the blood-brain barrier. Recent data have shown that
L. monocytogenes is indeed able to invade and replicate within
different types of human endothelial cells (3, 7, 8, 15, 21). We
have previously shown that invasion of human brain microvas-
cular cells (HBMEC) by L. monocytogenes is strictly dependent
on the presence of the inlB gene (7). The gene product of the
inlB gene encodes InlB, a 630-amino-acid surface protein of
the internalin family of leucine-rich repeat proteins in L.
monocytogenes (5, 12). Besides triggering HBMEC (7) and
human umbilical vein endothelial cell (15) invasion, InlB was
shown to be involved in uptake by other cell types, including
hepatocytes (2) and Vero cells (9). The receptor for InlB is not
known, but it was shown that it triggers phosphatidylinositol
3-kinase activation during invasion of Vero cells (9). Once
inside the HBMEC, L. monocytogenes passes through the in-
tracellular life cycle as described for epithelial and macro-
phage-like cells (11).

In the present study we examined by scanning electron mi-
croscopy (SEM) the interaction of L. monocytogenes with
HBMEC. We demonstrate that (i) inlB is not required for
initial association with HBMEC, (ii) L. innocua also adheres to
HBMEC, (iii) L. monocytogenes adheres to HBMEC through
microvilli, and (iv) adhesion is a separate phenomenon from
invasion. Furthermore, the very efficient formation of bacteri-
um-containing protrusions on the surface of infected HBMEC
is documented following invasion.

MATERIALS AND METHODS

The wild-type L. monocytogenes EGD strain, the L. monocytogenes inlB in-
frame deletion mutant WL-111, and the L. innocua Sv6a strain have been
described recently (7, 8). The bacteria were cultured aerobically in brain heart
infusion broth (BHI) (Difco) at 37°C until they reached the mid-log phase of
growth. They were then washed twice with phosphate-buffered saline (PBS) and
stored in aliquots in PBS with 20% (vol/vol) glycerol at 280°C until being used
for the infection experiments. HBMEC were isolated from a brain biopsy of an
adult female with epilepsy and cultured by methods previously described (19).
HBMEC were subsequently immortalized by transfection with simian virus 40
large-T antigen and maintained their morphologic and functional characteristics
for at least 30 passages (20). HBMEC were cultured in gelatin-coated flasks
without the addition of antibiotics in RPMI 1640 medium (Gibco), supple-
mented with fetal calf serum (10%) (Gibco), NuSerum IV (10%) (Becton Dick-
inson, Bedford, Mass.), nonessential amino acids (1%), vitamins (1%), heparin
(5 U/ml), sodium pyruvate (1 mM), L-glutamine (2 mM), and endothelial cell
growth supplement (30 mg/ml) (all from Sigma) (these compounds form the
complete HBMEC medium) and were incubated at 37°C in a humid atmosphere
of 5% CO2. At 48 h prior to infection, HBMEC were split, and the cells seeded
into gelatin-treated 24-well tissue culture plates at a density of 105 cells per well
with or without cover slides. Immediately prior to the assay each well was found
to contain approximately 4 3 105 cells per well. The bacteria were diluted in
RPMI 1640 medium, and 500 ml of the suspension was added to each monolayer
to reach the desired multiplicity of infection. For live cell counts, the cultures
were incubated at 37°C to allow the bacteria to associate with the cells, and then
the cells were washed four times with PBS. To measure initial association, the
washed cells were lysed and appropriate dilutions were plated on BHI agar. To
measure invasion, 1 ml of complete HBMEC medium containing gentamicin
(100 mg/ml; Gibco) was added to the washed monolayers to kill extracellular
bacteria and the plates were further incubated for 1 h at 37°C. After the cells
were washed three times with PBS, they were lysed and plated on BHI agar. All
cellular invasion and growth assays were performed in duplicate and repeated
three times. The significance of the differences in association and invasion of L.
monocytogenes DinlB and L. innocua compared with L. monocytogenes EGD was
analyzed with a two-tailed, unpaired Student’s t test. For SEM, the slides with the
infected HBMEC were fixed in cold glutaraldehyde (6.25% in 100 mM phos-
phate buffer, pH 7.4) overnight at 4°C and then washed five times with phosphate
buffer as described previously (10). Cells attached to cover slides were then
stepwise dehydrated in acetone and critical point dried with CO2. Specimens
were spattered with 30 nm of gold. Photographs were taken with a Zeiss scanning
electron microscope (DSM 962; Zeiss, Oberkochen, Germany).

RESULTS AND DISCUSSION

SEM of HBMEC grown on cover slides shows that the cells
are thin and flat with short microvilli distributed on most of the
surface area (Fig. 1). Since L. monocytogenes was shown to
invade Caco-2 epithelial cells with a zipper mechanism from
the basolateral side (13) or upon interaction with brush-border
microvilli from the apical side (10), we analyzed the mode of
interaction of L. monocytogenes with HBMEC. Thirty minutes
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after addition of the bacteria, the infected cells were fixed,
stained, and observed by SEM. As shown in Fig. 2, L. mono-
cytogenes EGD readily associates with the apical surface of the
HBMEC, and the bacteria are found in contact with the cell
surface in two ways. Some bacteria are attached to the smooth
surface of the HBMEC without any sign of specific membrane
action (Fig. 2A). More than 90% of the bacteria are, however,
found in contact with surface microvilli (Fig. 2B to D), which

are sometimes rather long and are even wound around the
bacteria (Fig. 2B). The microvilli attaching to the bacteria
seem to be in close and intimate contact with the bacterial
surface. Figure 2E shows a bacterium obviously just beginning
to dive into the host cell. In Fig. 2F a bacterium has already
invaded the endothelial cell. This picture also demonstrates
the extreme flatness of the HBMEC. L. monocytogenes DinlB
and L. innocua were recently shown not to invade the type of

FIG. 1. SEM of noninfected HBMEC showing the surface of the cells. (A) Several cells at lower magnification; (B) surface of one cell at higher magnification, with
numerous microvilli distributed over the surface. Bars, 5 mm.

FIG. 2. SEM of HBMEC at 35 min postinfection with L. monocytogenes EGD. The bacteria are either found on the cell surface (A), or (in most cases) in contact
with microvilli (B, C, and D). Rarely, bacteria were found in the process of invasion (E), or already taken up by the HBMEC (arrowhead) (F). Bars, 1 mm.
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HBMEC used in this study (7). Here we show that L. mono-
cytogenes DinlB (Fig. 3A and B) and L. innocua (Fig. 3C and D)
display the capacity to attach to the surface of the HBMEC. L.
monocytogenes DinlB is mostly (90%) found without obvious
contact to microvilli (Fig. 3A), but attaching bacteria being
approached or covered with microvilli were also seen rarely
(Fig. 3B). L. innocua, however, is often (75%) found in contact
with microvilli (Fig. 3D) but also regularly found directly at-
taching to the smooth surface of the HBMEC (Fig. 3C). This
unexpected finding of L. innocua and L. monocytogenes DinlB
binding to the surface of HBMEC prompted us to investigate
quantitatively the association of L. monocytogenes EGD, the
inlB mutant, and L. innocua with the endothelial cells. To
measure the early association, HBMEC were infected for 35
min, washed, lysed, and plated on BHI agar. Invasion was
measured in parallel as a control after 1 h of gentamicin treat-
ment. The results shown in Fig. 4 clearly support our SEM
observations: L. innocua and L. monocytogenes DinlB associate
with HBMEC to the same extent as L. monocytogenes EGD. In
contrast, the invasive capacity of the inlB mutant and L. in-
nocua is more than 100-fold lower than that of the wild-type
strain, confirming earlier data (7) on the importance of the inlB
gene product for HBMEC invasion. From these data we con-
clude that early association of L. monocytogenes and L. innocua
with HBMEC is a process clearly separated from invasion,
independent from the inlB gene product, and obviously medi-
ated by structures also present in L. innocua. Hence, associa-
tion of Listeria with HBMEC is not uniformly followed by
uptake. Using HBMEC of different origin, Wilson and Drevets

FIG. 3. SEM of HBMEC at 35 min postinfection with L. monocytogenes DinlB (A and B) or L. innocua (C and D). Bars, 1 mm.

FIG. 4. Early association with and invasion of HBMEC by L. monocytogenes
EGD (WT), L. monocytogenes DinlB (DinlB), and L. innocua (L.i.). HBMEC
were infected (multiplicity of infection 5 20), and associated bacteria were
counted at 35 min postinfection (left three bars). In parallel, the infected cells
were washed and treated further with gentamicin for 1 h, the intracellular
bacteria were enumerated (right three bars), and the number of recovered
bacteria (as a percentage of the inoculum) is shown. The mean and standard
deviations (error bars) of the results of one representative experiment are given.
The differences in association with the HBMEC between the three strains are not
significant (P . 0.05). The differences in invasion of HBMEC between L. mono-
cytogenes and the two strains L. innocua and L. monocytogenes DinlB are highly
significant (P , 0.001).
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(21) recently presented data showing that adhesion of L.
monocytogenes to HBMEC is independent from the presence
of the inlB gene, thus confirming our observations. However,
they did not find a role for the inlB gene in invasion, a finding
which is in strong contradiction to our observation of inlB-
dependent HBMEC invasion and recent data on inlB-depen-
dent human umbilical vein endothelial cell invasion (15). It is,
however, important to note that the data available from the
literature (3, 7, 8, 15, 21) on endothelial cell adhesion and
invasion are often conflicting. This may be partially explained
by the use of cells from different sources and different culture
conditions as well as the use of different infection protocols.

In order to monitor the fate of Listeria-infected HBMEC, we
performed additional SEM at 4 h postinfection. Infection with
L. monocytogenes DinlB or L. innocua did not result in any
visible bacteria associated with the monolayer after 4 h of
treatment with gentamicin since the attaching bacteria were
obviously killed by the gentamicin and washed away. In con-
trast, L. monocytogenes EGD invaded the HBMEC as ex-
pected, and numerous bacteria were seen associated with the
HBMEC in different stages of intracellular multiplication,
movement, and spread. Since the HBMEC are flat, occasion-
ally even intracellular bacteria could be seen, as shown in Fig.
5A, where Listeria cells were fixed in the process of division.
Even the actin tail behind moving bacteria is visible through
the cell membrane (Fig. 5B). Figure 5C to E shows different
stages of the formation of finger-like protrusions on the cellu-
lar surface which presumably allow cell-to-cell spread. While

Fig. 5C shows a bacterium just inducing protrusion formation,
Fig. 5D and E show typical protrusions, with a bacterium at the
tip and the actin tail behind. The pictures clearly show that the
diameter of the protrusions is shrinking toward the cell and the
“stalks” are very thin at the cell surface. The protrusions start
at the host cell surface without any sign of additional mem-
brane perturbations. As shown in the general view (Fig. 5F) the
formation of protrusions is a very common event, probably
because the host cell is thin and the bacteria reach the inner
side of the cell membrane quite often. The morphology of the
protrusions induced by L. monocytogenes in different cell types
was not investigated in detail. However, in the case of Shigella
flexneri it was shown that around the site of exit of the protru-
sions at the cell surface, major rearrangements of the cytoskel-
eton occur with the formation of many tiny villosities (6, 17).
The absence of such membrane structures at the base of the L.
monocytogenes-induced protrusions strongly implies that the
formation of the protrusions during cell-to-cell spread is an
ordered event. Protrusion formation is obviously induced and
controlled by the bacteria by totally unknown mechanisms and
hence differs between bacterial species using identical mecha-
nisms of cell-to-cell spread.

ACKNOWLEDGMENTS

This work was supported by the Deutsche Forschungsgemeinschaft
through grant SFB 479-B1; by the European Union through the
BIOMED 2 Project “Listeria Eurolab,” grant CT950659; and by U.S.
Public Health Service grant RO1-NS 26310.

FIG. 5. SEM of HBMEC at 4 h postinfection with L. monocytogenes EGD. Intracellular dividing (A) and moving (B) bacteria are seen through the cell membrane.
(C to E) Different stages of protrusion formation are shown. (F) A general view of an infected cell at lower magnification is shown. Bars, 1 mm.
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