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We examined the invasion of an established bovine mammary epithelial cell line (MAC-T) by a Staphylo-
coccus aureus mastitis isolate to study the potential role of intracellular survival in the persistence of staph-
ylococcal infections. S. aureus cells displayed dose-dependent invasion of MAC-T cells and intracellular
survival. An electron microscopic examination of infected cells indicated that the bacteria induced internal-
ization via a mechanism involving membrane pseudopod formation and then escaped into the cytoplasm
following lysis of the endosomal membrane. Two hours after the internalization of S. aureus, MAC-T cells
exhibited detachment from the matrix, rounding, a mottled cell membrane, and vacuolization of the cytoplasm,
all of which are indicative of cells undergoing programmed cell death (apoptosis). By 18 h, the majority of the
MAC-T cell population exhibited an apoptotic morphology. Other evidence for apoptosis was the generation of
MAC-T cell DNA fragments differing in size by increments of approximately 180 bp and terminal deoxynu-
cleotidyl transferase-mediated dUTP nick end labeling of the fragmented nuclear DNA of the infected host
cells. These results demonstrate that after internalization S. aureus escapes the endosome and induces
apoptosis in nonprofessional phagocytes.

Staphylococcus aureus is a pathogen with a broad host range
and is a leading cause of infections in humans and domesti-
cated animals worldwide. The rapidly increasing frequency of
methicillin-resistant isolates and the looming threat of resis-
tance to vancomycin by this organism have recently caused
considerable alarm within the medical community. Infections
associated with this organism are extremely common and often
life threatening; therefore, there is serious potential for S.
aureus to cause increased morbidity and mortality. S. aureus is
also the leading cause of intramammary infection in ruminants,
which is the most economically important disease to the dairy
industry in the United States, with approximately one-half of
dairy cows afflicted with some form of mastitis. This disease
accounts for approximately 70% of the total expenses for dairy
farmers (14) and results in the loss of billions of dollars each
year (3). Thus, a thorough understanding of the pathogenesis
of staphylococcal disease could have a profound impact on
public health and agriculture in the United States and world-
wide.

The mechanism of persistence of staphylococci in its hosts,
despite the induction of seemingly sufficient levels of humoral
and mucosal antibodies, remains unexplained. This is an im-
portant issue for both humans and animals, which can have
repeated occurrences of staphylococcal infections and toxi-
genic diseases such as toxic shock syndrome (7). While there is
some evidence that immunosuppression induced by superan-
tigens is partially responsible for both the persistence of infec-
tion and reduced antibody levels against some staphylococcal
products, not all human and animal cases are attributed to
superantigen-producing organisms. For example, less than half
of bovine mastitis staphylococcal isolates produce known su-
perantigen exotoxins (26).

One confirmed mechanism employed by some bacteria to
evade humoral immunity is to become internalized in host
cells. For example, organisms such as Listeria monocytogenes
and Mycobacterium tuberculosis are facultative intracellular
pathogens that require cell-mediated immunity to be elimi-
nated most efficiently; the presence of antibodies alone is in-
effective during infection by these pathogens. S. aureus is gen-
erally not considered to be an intracellular pathogen of the
magnitude associated with classical facultative intracellular
pathogens (i.e., Listeria, Mycobacterium, Salmonella, and Shi-
gella spp.). However, it is well documented that S. aureus can
be internalized in epithelial cells (1) and endothelial cells (18,
37). Little is known regarding the mechanisms involved in
internalization, the potential role of internalization of S. aureus
by the host cell, or host cell responses.

The objective of this study was to investigate the invasion of
mammary epithelial cells by a strain of S. aureus known to
cause bovine mastitis. We now report that S. aureus cells suc-
cessfully invade epithelial cells, exist free in the cytoplasm after
effecting release from the endosome, and induce the host cells
to undergo apoptosis.

MATERIALS AND METHODS

Bacterial strains and growth conditions. S. aureus Novel (36) was isolated
from cows with clinical mastitis and used throughout this study. Prior to each
experiment, a single colony from a Todd-Hewitt (TH) (Difco Laboratories,
Detroit, Mich.) agar plate was inoculated into 4 ml of TH broth and grown at
37°C with vigorous shaking for 6 to 8 h. From this 4-ml culture, 100 ml was
transferred into 10 ml of TH broth and incubated overnight (16 h) at 37°C with
vigorous shaking. The overnight culture was centrifuged, and the pellet was
washed once with sterile phosphate-buffered saline (pH 7.2) and resuspended in
10 ml of invasion medium (see below) to give a cell density of 1010 CFU/ml.

Cell culture. An established bovine mammary epithelial cell line, designated
MAC-T (21), was used for all experiments. The MAC-T cell growth medium was
Dulbecco’s modified Eagle medium (Gibco BRL, Grand Island, N.Y.) contain-
ing 10% heat-inactivated fetal bovine serum (HyClone, Logan, Utah), 5 mg of
insulin/ml, 1 mg of hydrocortisone/ml, 44 mM NaHCO3 (Sigma, St. Louis, Mo.),
100 U of penicillin G/ml and 100 mg of streptomycin sulfate (Gibco BRL)/ml.
Prior to use, cells were seeded at 6 3 104 cells/well and grown for 3 days at 37°C
with 7% CO2. Cells were grown in 24-well tissue culture plates (Costar, Cam-
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bridge, Mass.) for invasion assays or 24-well tissue culture plates with 13-mm
round Thermanox coverslip inserts (Nalge Nunc International; Naperville, Ill.)
for electron microscopy. Lab-Tek four-chambered glass slides (Nalge Nunc In-
ternational) were used for confocal microscopy.

Invasion assay. Approximately 16 h prior to invasion experiments, the MAC-T
cell growth medium was replaced with 1 ml of invasion medium (growth medium
without antibiotics or fetal bovine serum). The morning of the experiment, the
medium was removed and MAC-T cells were washed once with invasion medium
and given 1 ml of fresh invasion medium. Appropriate wells of MAC-T cells were
then inoculated with 107 CFU of washed S. aureus and incubated at 37°C with 7%
CO2. After 2 h, supernatants of the cocultures were removed and replaced with
1 ml of invasion medium containing 100 mg of gentamicin (Sigma) per ml. After
the incubation of cocultures at 37°C with 7% CO2 had continued for the specified
times, the supernatants were removed and discarded. MAC-T cell monolayers
were washed three times with sterile phosphate-buffered saline, treated with
0.25% trypsin in Hanks balanced salt solution (Gibco BRL), and further lysed
with 0.025% Triton X-100 (United States Biochemicals, Cleveland, Ohio) in
sterile distilled water. Cell lysates were serially diluted 10-fold and plated in
triplicate on TH agar plates; the plates were incubated overnight at 37°C, and
CFU were counted. To test the inhibition of S. aureus invasion by cytochalasin D,
experiments were carried out as described for the invasion assays except that
prior to inoculation with bacteria, MAC-T cell monolayers were incubated at
37°C with 7% CO2 for 2 h with invasion medium containing 0.5 mg of cytocha-
lasin D (Sigma) per ml.

Assessment of apoptosis. The occurrence of apoptosis in MAC-T cells was
evaluated by three different methods: (i) DNA laddering, (ii) a terminal deoxy-
nucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay (12,
17, 33, 38), and (iii) microscopic observation of morphological changes in the
cells.

For assessment of DNA laddering in infected MAC-T cells, coculture super-
natants and trypsinized monolayers were collected and combined into a single
sample. DNA was extracted once with an equal volume of phenol-chloroform-
isoamyl alcohol (25:24:1 [vol/vol/vol]) and again with an equal volume of chlo-
roform-isoamyl alcohol (24:1 [vol/vol]). DNA in the aqueous phase was precip-
itated overnight at 220°C in 1/10 volume of 3 M sodium acetate (pH 5.1) and 2
volumes of 100% ethanol. DNA was collected by centrifugation, and the pellet
was washed once with 70% ethanol, dried, resuspended in sterile water, and
treated with 20 mg of DNase-free RNase A (Sigma) per ml for 30 min at 37°C.
DNA samples were separated by electrophoresis at 5 V/cm in 1.8% agarose,
stained with ethidium bromide, visualized with UV light, and photographed.

DNA fragments were sized by comparison with a 100-bp DNA ladder (Gibco
BRL).

For the TUNEL assay, MAC-T cells were infected with S. aureus as described
above for the invasion assay with the following modification. Two hours after
inoculation with bacteria, gentamicin (100 mg/ml) was added to the cocultured
cells, and the cells were allowed to incubate for 4 h. The TUNEL assay was
performed with an ApoAlert DNA fragmentation assay kit (Clontech, Palo Alto,
Calif.) according to the manufacturer’s directions for adherent cell samples for
microscopic detection. The fluorescence of apoptotic cells was visualized with an
MRC1000 confocal laser scanning microscope equipped with a krypton-argon
mixed-gas multiline mode laser (Bio-Rad, Hercules, Calif.) and a Diaphot 200
inverted microscope (Nikon Inc., Melville, N.Y.).

To visualize the morphological changes occurring in the MAC-T monolayers
during invasion by S. aureus, photographs were taken at hourly intervals with an
IM microscope and a C-35AD camera (Olympus America Inc., Melville, N.Y.).
Ultrastructural features of infected MAC-T cells were evaluated by transmission
electron microscopy (TEM). Treatments for TEM were performed as for the
invasion assay except that gentamicin was never added to the cocultures. Pro-
cessing of tissues for TEM was done at Washington State University on a
fee-for-service basis, and the procedure for tissue processing was modified from
the standard procedure of Mukherjee et al. (30). After the appropriate incuba-
tion, the Thermanox coverslips were placed in 3% glutaraldehyde in 0.1 M
cacodylate buffer containing 6% sucrose. Cells were postfixed with 2% osmium
tetroxide for 1 h, rinsed with cacodylate-sucrose buffer, dehydrated in an acetone
series, and embedded in an Epson/Spurrs resin mixture. Coverslips were re-
moved from the resin with heat, and 100-nm-thick sections were cut with a
Reichert Ultracut R microtome equipped with a diamond knife. Sections were
collected onto either copper or nickel grids, stained with uranyl acetate followed
by lead citrate, and viewed with a Joel 1200EX transmission electron microscope.

RESULTS

S. aureus invasion of MAC-T cells. To study the internaliza-
tion of S. aureus in more detail, we examined the ability of a
highly transmissible S. aureus bovine mastitis isolate, desig-
nated Novel (36), to invade a well-established bovine mam-
mary epithelial MAC-T cell line (21). The invasion assay em-
ployed is based on the principle that bacteria inside host cells

FIG. 1. Invasion of MAC-T cells by S. aureus Novel. A dose response invasion assay was performed by exposing MAC-T cell monolayers to various concentrations
of S. aureus cells so that the MOI was altered within the range indicated. Culture media were supplemented with either gentamicin alone (open squares) or gentamicin
plus cytochalasin D (solid squares). Additional controls showed that overnight incubation of S. aureus cells in the presence of 0.5 mg of cytochalasin D per ml resulted
in no loss in viability (data not shown). Data are from a representative experiment repeated four times. Error bars represent the means 6 the standard errors of the
means.
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are protected from the antimicrobial effects of gentamicin
added to the medium (22). The Novel strain of S. aureus
invaded the MAC-T cells in a dose-dependent fashion (Fig. 1).
A linear increase in the number of surviving bacteria was
observed up to a multiplicity of infection (MOI) of 53. Above
this dose, substantial increases in bacterial survival were not
observed, indicating that saturation of the internalization
mechanism had occurred. We confirmed the results of other
investigators working with different systems (1, 18) by demon-
strating that treatment with 0.5 mg of cytochalasin D per ml
reduced the survival of S. aureus approximately 10-fold (Fig.
1).

Cellular effects of invasion. Several time course experiments
were performed to evaluate the morphological events that
were induced by the presence of intracellular S. aureus.
MAC-T monolayers were infected with 107 bacteria (MOI 5
34) prior to killing the extracellular bacteria with gentamicin.
The number of intracellular bacteria increased continuously
for 2 h, after which time the numbers began to decline grad-
ually (data not shown). We attributed the initial increase in
numbers to staphylococcal replication following the addition of
gentamicin. Although many MAC-T cells were observed to
contain large numbers of viable and dividing staphylococci for
at least 3 days following the addition of S. aureus, an accurate
assessment of the extent of intracellular replication was not

possible, and numbers of viable bacteria eventually declined
(data not shown).

As shown in Fig. 2, a dramatic difference in the morphology
of MAC-T cells between infected and uninfected cells was
observed. Some infected cells detached from the plates within
2 h after staphylococci were added to the monolayers. Detach-
ment from the substrate was accompanied by an overall round-
ing of the cells and a mottled appearance of the cell membrane
(Fig. 2C and D), morphological changes consistent with apo-
ptosis. By 18 h of incubation with gentamicin, the majority of
the MAC-T cells (typically at least 80% of the population)
were apoptotic. This correlated with the high percentage of
infection, which was also estimated to be approximately 80%.
The uninfected cells (to which gentamicin, but not S. aureus,
had been added) maintained normal adherence and cellular
morphology (Fig. 2A and B). An examination of electron mi-
crographs of the infected cells (Fig. 3) also revealed several
additional features of S. aureus invasion at the ultrastructural
level. Bacteria that were in close contact with the MAC-T cell
surface were associated with pseudopod-like structures (Fig.
3A and C); these structures were presumably involved in en-
gulfing the bacteria, leading to the formation of membrane-
bound endosomes. The membrane was clearly evident sur-
rounding the bacteria in endosomes that had recently entered
the cell (Fig. 3A and C). However, vacuoles farther from the

FIG. 2. Effect of S. aureus Novel invasion on MAC-T cell morphology. MAC-T cell monolayers were either uninfected (controls) or were incubated in the presence
of staphylococci for 2 h prior to the addition of gentamicin (experimental). Photomicrographs were taken at the times indicated below following the addition of
gentamicin to uninfected and infected cultures. (A) Control, 2 h; (B) control, 18 h; (C) experimental, 2 h; (D) experimental, 18 h.
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cytoplasmic membrane of the host cell, presumably those in-
ternalized for longer periods of time, began to degrade. Some
bacteria were observed to be partially surrounded by vacuolar
fragments, while others were entirely free in the cytoplasm
(Fig. 3A and B). Another interesting feature was the cytoplas-
mic membrane contortions that were associated with many of
the infected cells (Fig. 3D). These contortions are also char-
acteristic of apoptosis (35).

Infection by S. aureus induces apoptosis. As described
above, the morphological features of the infected MAC-T cells
(Fig. 2 and 3) were reminiscent of those of cells undergoing
apoptosis (27, 29). One hallmark of apoptotic cells is the frag-
mentation of the DNA by specific endonucleases (29, 32, 39).
This phenomenon can be visualized as a characteristic ladder
pattern where the size of each band increases by approximately
180 bp. As shown in Fig. 4, laddering of the DNA occurred in
S. aureus-infected MAC-T cells (Fig. 4, lane B) but not in
uninfected MAC-T control cells also treated with gentamicin
(Fig. 4, lane A). In some experiments, samples of the growth
media containing detached, rounded cells were collected sep-
arately from the remaining attached MAC-T cells and lysed
and the DNA was visualized on agarose gels for fragmentation.
DNA fragmentation laddering was observed predominately in

samples from growth media containing detached cells (data
not shown). This would be expected since it is characteristic of
apoptotic cells to be released from the culture substrate into
the growth medium (35). Additionally, some S. aureus-infected
MAC-T cells were observed to exhibit an intense green posi-
tive fluorescence by using the TUNEL method (Fig. 5D),
which is based on the specific staining of the 39 hydroxyl ends
of the fragmented DNA within apoptotic cells (12, 17, 33, 38).
Figures 5A and C show uninfected and infected cells, respec-
tively, visualized by red propidium iodide fluorescence. Panels
B and D show the same fields as panels A and C, respectively,
visualized by green fluorescein fluorescence. Apoptotic cells
are visualized as intensely green fluorescent cells, easily recog-
nized above background levels (Fig. 5D).

DISCUSSION

While S. aureus has not traditionally been considered an
intracellular pathogen, previous studies have revealed that S.
aureus cells may be actively internalized by phagocytosis and
are capable of intracellular survival (1, 18, 37). In characteriz-
ing S. aureus invasion further, we have observed that many of
the internalization events are consistent with the cellular

FIG. 3. TEM analysis of MAC-T cells infected with S. aureus Novel. MAC-T cells were grown as described for invasion assays, but gentamicin was never added to
the cocultures after inoculation with S. aureus. All panels represent a 3-h coculture of MAC-T cells with S. aureus. (A) Invasion of a MAC-T cell by S. aureus illustrating
contact with the MAC-T cell surface, formation of pseudopod-like structures, engulfment of bacteria, phagosome formation, and degradation of the phagosome
membrane in the interior of the cell (magnification, 35,000). (B) Enlargement (magnification, 330,000) of the boxed area shown in panel A. Arrows indicate fragments
of the degraded phagosome membrane. (C) Enlargement (magnification, 315,000) of pseudopod-like structures and engulfment of bacteria. (D) Cytoplasmic
membrane contortion (magnification, 34,000) associated with many of the infected MAC-T cells.
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events that are induced by other well-established facultative
intracellular pathogens (13). First, electron photomicrographs
show that S. aureus cells interact or bind with the cell surface
of the MAC-T host cell and induce membrane pseudopod
formation. Which S. aureus adhesion factor(s) is responsible
for the signal transduction initiating pseudopod formation and
endocytosis is currently unknown. However, one or more of
the group of specific cell surface proteins, collectively termed
MSCRAMMs (for microbial surface components recognizing
adhesive matrix molecules) (31) could be involved. Second,
although the S. aureus cells were observed to be internalized
initially within a membrane-bound endosome, the S. aureus
cells eventually came to reside directly in the host cytoplasm, in
this respect mimicking Rickettsia, Shigella, and Listeria cells.

It is noteworthy that not all intracellular parasites escape
from the vacuole; Coxiella burnetii, for example, has evolved to
thrive in the phagolysosome, while Salmonella, Mycobacterium,
and Legionella spp. inhibit phagolysosomal fusion (15). Thus, it
is of interest to establish the fate of S. aureus once it is within
a host cell. The studies of Almeida et al. (1), who examined the
invasion of S. aureus into primary and established bovine mam-
mary epithelial cell lines, showed that the bacteria were local-
ized in membrane-bound vacuoles. This apparent conflict with
our observations might be explained as follows. First, it is
possible that infected cells that were analyzed by TEM in their
study were harvested at too early a time point to observe lysis
of the endosomal membrane and access to the cytoplasm.
Second, it has been shown that only a small fraction of inter-
nalized L. monocytogenes cells escape from the vacuoles (15).
A similarly small fraction of S. aureus cells might escape from

the vacuoles, making them difficult to locate. Regardless of this
apparent conflict, our results are in agreement with those of
Hudson et al. (20), who demonstrated that S. aureus cells were
able to invade and appeared free in the cytoplasm of cultured
chick osteoblast cells. Furthermore, our data are also consis-
tent with the assumption of Proctor et al. (34) that intracellular
S. aureus cells must reside in the host cell cytoplasm since this
compartment would provide the biochemical environment that
allows the survival of small-colony variants during persistent,
recurring staphylococcal infections.

Since S. aureus was seen to escape from vacuoles in MAC-T
cells, it becomes important to ask how this was achieved. Lis-
teria and Shigella cells produce specific hemolysins (listeriolysin
O and IpaB, respectively) that enzymatically degrade the en-
dosomal membrane (15). The role of listeriolysin was elegantly
demonstrated by expressing this hemolysin in the nonpatho-
genic species Bacillus subtilis, which allowed these bacteria to
survive and replicate in the cytoplasm of phagocytic cells (2).
We hypothesize that the release of S. aureus from the vacuole
is mediated by one (or more) of at least four different staph-
ylococcal hemolysins known to damage membranes (alpha-,
beta-, gamma-, and delta-toxins) (4). Experiments are under
way to test this hypothesis.

The ability of S. aureus to survive intracellularly could ex-
plain several aspects of host-pathogen relationships as they
pertain to chronic recurrent staphylococcal diseases and long-
term colonization. Internalization may be an important com-
ponent of mastitis and other staphylococcal diseases, perhaps
by providing protection against host defenses and antibiotic
treatment. In fact, Craven and Anderson (8) demonstrated
intracellular S. aureus in experimental mastitis in mice. As a
species, S. aureus comprises a heterogeneous group of strains,
each with the potential to elaborate its own set of virulence
factors. Because of this diversity, many types of infectious
diseases are associated with this organism. Although diseases
such as toxic shock syndrome require the expression of immu-
nomodulating superantigen exotoxins, the effect of the toxins
must be preceded by colonization on mucosal surfaces. The
most common types of staphylococcal diseases are pyogenic
infections that are often a direct result of long-term coloniza-
tion of the host by an endogenous organism. Furthermore,
many types of staphylococcal infections that tend to become
chronic, such as osteomyelitis and mastitis, are associated with
multiple recurrences and do not resolve even in the presence
of a seemingly adequate humoral immune response. Our re-
sults suggest that the chronic nature of S. aureus disease and/or
its long-term persistence may be dependent on the ability of S.
aureus to survive within host cells.

A further important finding of this study was that internal-
ized S. aureus cells induced the bovine epithelial host cells to
become apoptotic. Interestingly, the ability of Shigella flexneri
to induce apoptosis in macrophages, T cells, and B cells has
been shown (42). Invasion and cell killing were inhibited by
cytochalasin D, indicating that the bacteria must be within the
cell to induce apoptosis (41). It has been shown that the in-
duction of apoptosis by ingested S. flexneri cells is mediated by
the binding of IpaB invasin to interleukin-1-converting en-
zyme, which promotes apoptosis in macrophages (5). Although
no IpaB-like invasin has been identified for S. aureus, it is
important to note that in primary lymphocyte cultures, purified
staphylococcal alpha-toxin and superantigens can induce apo-
ptosis (24, 25). However, it is unlikely that a similar type of
induction mechanism, mediated from the outside of the
MAC-T cells, played a significant role in causing apoptosis in
our cell cultures for several reasons. First, the S. aureus cells
were carefully washed to remove extracellular proteins before

FIG. 4. Agarose gel (1.8%) electrophoretic separation of DNA extracted
from MAC-T cells. Lane A, uninfected control MAC-T cells treated with gen-
tamicin for 3 h; lane B, MAC-T cells infected with S. aureus Novel for 2 h prior
to the addition of gentamicin, then incubated for an additional 3 h; note the
ladder of fragmented DNA bands in multiples of 180 bp; lane C, 100-bp DNA
ladder. Data are from a representative experiment repeated four times in du-
plicate.
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infecting the MAC-T cells and the MAC-T cells were carefully
washed after being infected with S. aureus. Second, the length
of time that the MAC-T cells were exposed to viable staphy-
lococcal prior to the addition of gentamicin was very short.
Most secreted proteins are regulated by the products of the agr
global transcriptional regulatory locus and are expressed late
in the growth cycle (28). Finally, observations using microscopy
revealed that following infection with S. aureus, MAC-T cells
exhibiting normal (nonapoptotic) morphology were observed
in the presence of apoptotic MAC-T cells at every time point;
the presence of extracellular inducers of apoptosis would be
expected to be able to affect all cells similarly.

An alternative hypothesis involves recent evidence implicat-
ing the sphingomyelin cycle as a key component in the induc-
tion of apoptosis (19). It has been demonstrated that certain
extracellular agents that lead to apoptosis, such as tumor ne-
crosis factor alpha, activate endogenous sphingomyelinase ac-
tivity (10), cleaving membrane sphingomyelin to yield cellular
ceramide. Evidence implicating ceramide as a mediator of
apoptosis was reported by Jarvis et al. (23), who showed that
apoptosis was induced in human leukemia and murine fibro-
sarcoma cell lines after the addition of exogenous sphingomy-
elinase or synthetic ceramide. Thus, the production of beta-
toxin, a known sphingomyelinase (9, 11), by intracellular S.
aureus cells could result in an increased level of ceramide,
leading to the induction of apoptosis in the bovine mammary
epithelial cells. It should be noted that we have demonstrated

that beta-toxin is produced by S. aureus Novel (data not
shown). Furthermore, other beta-toxin-producing S. aureus
strains, including standard laboratory strains 8325-4 and
RN6390, also invade MAC-T cells and induce apoptosis (data
not shown). Interestingly, beta-toxin has been shown to be an
important virulence factor for infection by using a mouse
model for staphylococcal mastitis (16).

Does the ability of bacteria to induce apoptosis imply that
there is some benefit to the bacteria? In some cases, as when S.
flexneri cells are internalized and induce the death of macro-
phages by apoptosis (6), one can speculate that the induction
of apoptosis in leukocytes is a mechanism for suppressing the
immune response. Alternatively, the biological consequences
of apoptosis were hypothesized to be the release of interleu-
kin-1 prior to cell death (40), which in turn initiates an acute
inflammatory response characteristic of bacillary dysentery.
The ability of S. aureus to induce apoptosis in cultured bovine
mammary epithelial cells also has profound implications for
the possible role of programmed cell death during the patho-
genesis of bovine mastitis. One hypothesis is that the induction
of apoptosis produces a vehicle by which the bacteria could
enter macrophages without stimulating bactericidal activities,
while simultaneously being provided with a protective barrier
against exogenous host immune defenses and/or antibiotics.
This is supported by the observation that phagocytes isolated
from infected udders often contain viable S. aureus cells (8).
We are currently investigating this possibility.

FIG. 5. Evaluation of DNA fragmentation in MAC-T cells by the TUNEL method. MAC-T cells were grown in the absence (A and B) or presence (C and D) of
S. aureus Novel for 2 h prior to the addition of gentamicin and then for an additional 4 h. Images were captured by confocal microscopy for both propidium iodide
(PI; A and C) and fluorescein (B and D) fluorescence. PI was used to visualize all nuclear material. The incorporation of fluorescein-dUTP at the free 39 hydroxyl ends
of fragmented DNA is shown by intense green fluorescence. (A) Uninfected MAC-T cells; (B) the same microscopic field as for panel A; (C) MAC-T cells infected
with S. aureus; (D) the same microscopic field as for panel C; note the intense green fluorescence over background. Data are from a representative experiment repeated
three times in duplicate. Only those apoptotic bodies that remained adherent during the staining procedure are shown here.
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This report demonstrates that S. aureus becomes intracellu-
lar following contact with the cell surfaces of bovine mammary
epithelial cells, escapes the endosome to reside and possibly
multiply in the host cell cytoplasm, and induces the host cell to
become apoptotic. The observation that intracellular S. aureus
induces programmed cell death in epithelial cells, orchestrat-
ing normal host cell processes for its own advantage, suggests
that S. aureus might be a more versatile and adaptive pathogen
than previously believed.
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