










tory cytokine and chemokine expression elicited by either
strain (Fig. 5). However, within 48 h following bacterial expo-
sure, proinflammatory cytokine and chemokine expression was
undetectable in the brains of animals inoculated with the sarA
agr double mutant compared to the continued induction in
response to its isogenic strain RN6390 (Fig. 5). The cytokine
and chemokine response to RN6390 was still detected at days
3 and 5 following bacterial exposure, whereas the response to
the sarA agr mutant remained negative (data not shown). Even
though bacterial burdens and mediator expression were atten-
uated in response to the sarA agr double mutant, these animals
still developed rudimentary abscesses, albeit the lesions were
dramatically smaller compared to those of animals receiving
RN6390 (data not shown). This suggests that a virulence fac-
tor(s), whose expression is reduced or absent in the sarA agr
mutant, must play an important role in the pathogenic re-
sponse to S. aureus in the brain.

Diminished virulence of an alpha-toxin mutant of S. aureus
in experimental brain abscesses. The reduced virulence of the
sarA agr double mutant in the brain suggested that any one of
a number of virulence factors could be involved in mediating
tissue damage in this model. An important factor, the expres-
sion of which is greatly attenuated in the sarA agr double
mutant, is alpha-toxin. Previous studies have demonstrated
that alpha-toxin expression by the sarA agr double mutant is
significantly lower compared to that by either sarA or agr single
mutants (5). Alpha-toxin mediates its activity through forming
pores in mammalian cell membranes, resulting in cell destruc-
tion by osmotic lysis. Because of its importance in other disease
models (3, 15, 17), the role of alpha-toxin in brain abscess
development was evaluated.

Replication of an S. aureus alpha-toxin mutant was markedly
attenuated in the brain compared to that of RN6390, with the

number of viable bacteria recovered approximately 3 to 4 logs
lower in the former (Fig. 6). To determine whether the re-
duced virulence of the alpha-toxin mutant correlated with an
attenuated host immune response in the brain, proinflamma-
tory cytokine and chemokine expression was evaluated in
animals inoculated with either the alpha-toxin mutant or

FIG. 5. Proinflammatory cytokine and chemokine expression in the brain is attenuated in response to an S. aureus sarA agr double mutant. Mice
were implanted with either the sarA agr mutant or RN6390 isogenic strain as described in Materials and Methods. Animals were euthanized at the
indicated time points, and inoculation sites were collected for RNA extraction and analysis by RPA. The identity of each experimental mRNA is
denoted at the left. Results presented are representative of two independent experiments.

FIG. 6. The replication of an S. aureus alpha-toxin mutant is atten-
uated in the brain. Animals were implanted with either the alpha-toxin
mutant (hatched bars) or RN6390 isogenic strain (open bars) as de-
scribed in Materials and Methods. Animals (n � 4 to 6 per group) were
euthanized at the indicated time points, and the number of viable
organisms in the brain was determined by quantitative culture. Titers
are expressed as the mean log10 CFU per milliliter of brain abscess
homogenate from two separate experiments. Significant differences
are denoted with asterisks (�, P � 0.05). Error bars, standard devia-
tions.
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RN6390. Similar to the results obtained with the sarA agr double
mutant, the expression of proinflammatory cytokines and chemo-
kines was attenuated in animals receiving the alpha-toxin mutant
at 48 h following bacterial exposure (Fig. 7). However, the alpha-
toxin mutant was capable of inducing mediator expression as
demonstrated by the production of numerous mediators as early
as 24 h, but this response was short-lived. The cytokine and che-
mokine response to RN6390 was still detected at days 3 and 5
following bacterial exposure, whereas the response to the alpha-
toxin mutant remained negative (data not shown).

Since both bacterial burdens and proinflammatory cytokine
and chemokine responses were attenuated in animals receiving an
alpha-toxin mutant, the ability of these organisms to produce
brain abscesses was investigated. We were able to detect only
small inflammatory foci in the brains of animals inoculated with
the alpha-toxin mutant, compared to the large, well-formed ab-
scesses in those mice receiving the isogenic strain RN6390 (Fig.
8). Immunohistochemical analysis revealed a paucity of neutro-
phils in the brains of animals injected with the alpha-toxin mutant,
whereas these cells were the predominant type infiltrating ab-
scesses in response to RN6390 (Fig. 8). Together, these data
indicate that alpha-toxin is an important, and possibly pivotal,
virulence determinant in CNS abscess formation.

Lipase is not a critical virulence determinant in brain ab-
scess formation. In our experimental model, brain abscesses
are induced in the white matter, which contains a large amount
of lipid, namely, myelin. Therefore, we reasoned that bacterial
lipase expression might be a key virulence determinant in-
volved in the invasion and spread of bacteria throughout the
brain parenchyma. To examine this possibility, the virulence of

an S. aureus lipase mutant was evaluated. The growth kinetics
of both the lipase mutant and RN6390 were identical (data not
shown), suggesting that lipase does not contribute significantly
to the virulence of S. aureus in the brain.

S. aureus survives intracellularly within cells recovered from
brain abscesses. S. aureus has the ability to survive and repli-
cate intracellularly within neutrophils and epithelial cells (12,
16). Currently, it is not known whether bacteria persist within
cells associated with brain abscesses. To determine whether
cells isolated from abscesses harbor viable S. aureus, gentami-
cin protection assays were performed on cells recovered from
abscesses 5 days following bacterial injection. This time point
was selected for evaluation since it is when bacterial loads are
maximal or on the decline. Viable bacteria were still detected
in abscess-derived cells treated with gentamicin, despite the
fact that the antibiotic effectively reduced the overall number
of bacteria by elimination of extracellular organisms (Fig. 9).
Treatment of cells with rifampin further reduced the number
of viable S. aureus cells, demonstrating the sensitivity of bac-
teria to an antibiotic capable of penetrating mammalian cells,
and thus supporting the argument for their probable intracel-
lular location. These findings indicate that S. aureus can survive
intracellularly within cells associated with brain abscesses in
vivo, providing a mechanism by which this organism can estab-
lish chronic infections in the CNS.

DISCUSSION

Staphylococci produce a wide array of virulence determi-
nants that play a role in the complex interactions between the

FIG. 7. Proinflammatory cytokine and chemokine expression in the brain is attenuated in response to an S. aureus alpha-toxin mutant. Mice
were implanted with either alpha-toxin mutant or RN6390 encapsulated organisms as described in Materials and Methods. Animals were
euthanized at the indicated time points, and inoculation sites were collected for RNA extraction and analysis by RPA. The identity of each
experimental mRNA is denoted at the left. Results presented are representative of two independent experiments.
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organism and its host. While the in vivo function of these
virulence factors is incompletely understood, it is probable that
the identification of key factors required for disease progres-
sion may lead to novel therapies in the treatment of staphylo-
coccal infections. This study investigates the importance of
virulence factors produced by S. aureus in experimental brain
abscess development.

To establish whether ongoing bacterial replication and/or
virulence factor production was required for brain abscess in-
duction, the response to heat-inactivated organisms was exam-
ined. Heat-inactivated S. aureus itself was not sufficient to
induce proinflammatory cytokine or chemokine expression or
abscess formation in the brain. These findings suggested that
the active secretion of a virulence factor(s) was important for
disease induction. However, it was also conceivable that brain
abscess formation was influenced by structural components of
the bacterial cell wall which were limiting in these experiments.
To ensure that the inability to induce cytokine or chemokine
expression was not merely a result of suboptimal concentra-

tions of cell wall products, we increased the amount of heat-
inactivated organisms inoculated into the brain. We were un-
able to induce significant mediator expression or abscess
formation following the introduction of a 1-log-greater number
of heat-inactivated organisms, suggesting that virulence factor
production is important for brain abscess formation. However,
our results cannot discount a potential additive effect between
virulence determinants and an increasing mass of cell wall
products produced by viable organisms. We are currently eval-
uating the ability of purified peptidoglycan and lipoteichoic
acid to induce pathology in the brain. Nonetheless, these data
suggest an important role for virulence factor expression in the
host response to S. aureus in the brain.

To delineate virulence factors which potentially participate
in abscess pathogenesis, the growth of S. aureus global regula-
tory mutants was examined in the brain. Interestingly, an S.
aureus sarA agr double mutant was markedly less virulent in
vivo, whereas both single mutants behaved similarly to the
parental strain RN6390 in terms of bacterial replication and

FIG. 8. An S. aureus alpha-toxin mutant fails to induce abscess formation in the brain. Mice were implanted with either the isogenic strain
RN6390 (A and C) or an alpha-toxin mutant (B and D) as described in Materials and Methods. Animals were euthanized at day 7 following
bacterial exposure to evaluate brain abscess formation and cellular infiltrates. Serial sections of brain lesions were stained with the neutrophil-
specific antibody GR-1 (A and B) or anti-CD11b (C and D), which reacts with neutrophils, monocytes/macrophages, and resident microglia. Note
the outer edge of an abscess in the animal receiving RN6390 (dense staining area in the corners of panels A and C), whereas a well-defined abscess
was not detected in response to the alpha-toxin mutant. Results presented are representative of two independent experiments. Bars, 20 �m.
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immune activation in the brain. This finding cannot be ex-
plained by impaired replication of the sarA agr double mutant,
since previous studies have established that its growth rate is
identical to that of its isogenic strain RN6390 (5). Additionally,
this mutant replicated successfully during the first three days
following implantation into the brain. This suggested that vir-
ulence factors, the expression of which are dramatically re-
duced in the sarA agr double mutant, are pivotal for brain
abscess induction.

The findings obtained with the sarA agr mutant led us to
examine the potential role of two virulence factors, alpha-toxin
and lipase, in brain abscess development. Similar to the find-
ings obtained with the sarA agr double mutant, the replication
of an alpha-toxin mutant was significantly attenuated com-
pared to that of its isogenic strain RN6390. Importantly, the
virulence of a lipase mutant was equivalent to that of its iso-
genic strain RN6390, indicating that the results obtained with
the alpha-toxin mutant were specific. In addition to its im-
paired replication and enhanced clearance, the alpha-toxin
mutant did not induce well-defined abscesses in the brain;
rather, minimal inflammation and few infiltrating cells were
observed. This finding may be explained by the following. The
rapid replication of wild-type S. aureus (RN6390) induces pro-
longed cytokine and chemokine expression and direct damage
to the brain parenchyma by bacterial products, leading to ab-
scess formation. RN6390 produces alpha-toxin, which forms
small transmembrane pores spanning the plasma membrane of
mammalian cells, leading to osmotic lysis. Secretion of alpha-
toxin is an effective way to eliminate infiltrating neutrophils
and other leukocytes, cells which play a pivotal role in contain-
ing bacterial burdens. The lack of toxin expression in the al-
pha-toxin mutant now allows more leukocytes to survive in the
brain, rapidly reducing bacterial loads. The quick and effective

containment of the alpha-toxin mutant in the brain prevents
these immune responses and bacteria from persisting, which
most likely explains the absence of well-defined abscesses. The
striking reduction in virulence associated with the alpha-toxin
mutant also indicates that alpha-toxin is the major virulence
determinant in the brain and its activity cannot be substituted
by the gamma- and delta-toxins which are still produced by this
mutant. The finding that animals inoculated with the sarA agr
double mutant develop microabscesses can also be explained
on the basis of alpha-toxin expression. Although alpha-toxin
production is significantly decreased in the sarA agr mutant,
some protein is still detected due to induction by other regu-
latory systems (5). The small amount of alpha-toxin produced
by the sarA agr double mutant may be sufficient to transiently
compromise the host response, which eventually contains the
infection without inducing much damage to the brain paren-
chyma, resulting in microscopic abscesses. However, it is likely
that an additional factor(s) participates in S. aureus infection in
the brain since the alpha-toxin mutant was not completely
avirulent. Our findings demonstrating the importance of alpha-
toxin in the brain are in agreement with others using various
model systems (3, 15, 17, 26).

S. aureus induces potent proinflammatory cytokine and che-
mokine expression in the brain (18, 19). Since both sarA agr
and alpha-toxin mutants exhibited a significant reduction in
tissue damage in the brain, we were interested in determining
whether this correlated with an attenuation in the host immune
response. Both sarA agr and alpha-toxin mutants were initially
capable of inducing proinflammatory cytokine and chemokine
expression. However, this response was transient in that me-
diator production was undetectable 48 h following bacterial
exposure, which correlated with a decrease in the numbers of
viable organisms in the brain. This suggests that during the

FIG. 9. Abscess-associated cells harbor viable S. aureus intracellularly. Mice were implanted with RN6390-containing agarose beads and
euthanized at day 5 following bacterial exposure. Cells were recovered from brain abscesses as described in Materials and Methods, and the
presence of intracellular organisms was demonstrated using gentamicin protection assays. An aliquot of cells was taken prior to antibiotic treatment
to demonstrate the total number of abscess-associated bacteria. Rifampin was included as a control to verify the susceptibility of intracellular
organisms to an antibiotic which can penetrate the mammalian cell membrane. Results are expressed as the mean log10 CFU per milliliter of brain
abscess cells and are representative of five independent experiments.
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initial stage of infection, sufficient organisms are present within
the brain parenchyma to trigger activation of host immune
responses. However, as the replication of these mutants is
rapidly held in check, the immune response begins to diminish.
Alternatively, there may be less of a quorum-sensing function
to activate hemolysin production as the number of organisms
begins to decline. This would, in effect, minimize damage to
the surrounding normal brain parenchyma resulting from an
overactive immune response which is thought to contribute to
abscess severity in response to fully virulent strains of S. aureus.

Work by others has demonstrated a critical role(s) for the
agr (1, 9) and sarA (25) loci in regulating S. aureus virulence in
vivo. However, our results differ from these studies in that we
observed a reduction in virulence only for an S. aureus strain in
which both regulatory loci were inactivated. Our findings are in
agreement with Cheung et al. who demonstrated diminished
virulence of an S. aureus sarA agr double mutant in a rabbit
model of endocarditis (5). In addition, Booth et al. also dem-
onstrated that inactivation of both the sarA and agr loci led to
near-complete attenuation of virulence in experimental en-
dophthalmitis (2). Our data in experimental brain abscesses
suggest that the residual virulence factor expression detected
in either the sarA or agr single mutants is sufficient to allow
these organisms to replicate and induce tissue pathology sim-
ilar to wild-type strains. Only the inactivation of both regula-
tory loci effectively reduces virulence factor expression, effec-
tively compromising bacterial replication and minimizing
tissue damage in the brain.

Recently, S. aureus has been demonstrated to survive intra-
cellularly within neutrophils and epithelial cells (12, 16).
Therefore, we were interested in identifying whether viable
organisms were associated with abscess-derived cells. This vir-
ulence mechanism could explain the phenomenon of daughter
abscess formation in the brain which occurs in a small percent-
age of affected individuals. As abscesses evolve, the fibrotic
wall surrounding the lesion may become weakened, allowing
contents to permeate neighboring tissue and establish a new
nidus of infection. This seeding of small microabscesses resem-
bles “beads on a string” and is life-threatening if intraventric-
ular rupture occurs, emptying purulent material into the cere-
brospinal fluid. The survival of bacteria within the initial
abscess may be a prerequisite for daughter abscess formation.
The question remains whether bacteria survive extracellularly
or persist within cells associated with brain abscesses. Indeed,
we found that cells recovered from brain abscesses harbored
viable organisms. However, the identity of these cells is cur-
rently not known. One possibility is that S. aureus is contained
within neutrophils infiltrating the brain parenchyma. Previous
studies have established that neutrophils constitute the major-
ity of cells infiltrating acute brain abscesses (19). However, the
half-life of an activated neutrophil is relatively short, which
does not fit the profile of a cell that would persist, allowing a
daughter abscess to become established. Another possibility is
that S. aureus may survive within resident microglia, the resi-
dent macrophage population in the brain. We are currently
investigating the cellular localization of S. aureus in the brain
using a strain that constitutively expresses green fluorescent
protein. These studies should allow identification of cells that
are capable of supporting bacterial survival in the brain.

In summary, these studies have revealed the central impor-

tance of alpha-toxin in brain abscess development. It has been
well documented that many immune responses in the CNS are
distinct from those observed in peripheral tissues. However, as
shown here, the pivotal role of alpha-toxin in the CNS has also
been observed in other models of S. aureus infection in the
periphery. It will be interesting to determine whether other
virulence factors such as V8 protease and staphylococcal en-
terotoxin B contribute to CNS disease as they do in the pe-
riphery, or if this is where the similarities between these diver-
gent compartments end.
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