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Haemophilus somnus causes pneumonia, reproductive failure, infectious myocarditis, thrombotic meningo-
encephalitis, and other diseases in cattle. Although vasculitis is commonly seen as a result of systemic H.
somnus infections, the pathogenesis of vascular damage is poorly characterized. In this study, we demonstrated
that H. somnus (pathogenic isolates 649, 2336, and 8025 and asymptomatic carrier isolates 127P and 129Pt)
induce apoptosis of bovine endothelial cells in a time- and dose-dependent manner, as determined by Hoechst
33342 staining, terminal deoxynucleotidyl transferase-mediated dUTP-FITC nick end labeling, DNA fragmen-
tation, and transmission electron microscopy. H. somnus induced endothelial cell apoptosis in as little as 1 h
of incubation and did not require extracellular growth of the bacteria. Viable H. somnus organisms induced
greater endothelial cell apoptosis than heat-killed organisms. Since viable H. somnus cells release membrane
fibrils and blebs, which contain lipooligosaccharide (LOS) and immunoglobulin binding proteins, we examined
culture filtrates for their ability to induce endothelial cell apoptosis. Culture filtrates induced similar levels of
endothelial cell apoptosis, as did viable H. somnus organisms. Heat inactivation of H. somnus culture filtrates
partially reduced the apoptotic effect on endothelial cells, which suggested the presence of both heat-labile and
heat-stable factors. We found that H. somnus LOS, which is heat stable, induced endothelial cell apoptosis in
a time- and dose-dependent manner and was inhibited by the addition of polymyxin B. These data demonstrate
that H. somnus and its LOS induce endothelial cell apoptosis, which may play a role in producing vasculitis in
vivo.

Haemophilus somnus (24, 26) is a member of the family
Pasteurellaceae, which causes bovine pneumonia (3, 16, 17, 23,
32), abortion (9, 58), thrombotic meningoencephalitis (TME)
(24, 26, 52), myocarditis (24), infertility (43, 53), and arthritis
(26). Vasculitis is a common finding during H. somnus infec-
tions (3, 17, 24, 26). H. somnus also can be isolated from the
urogenital tracts of male and female cattle in the absence of
clinical disease (27, 35, 36). Most of these asymptomatic carrier
isolates are sensitive to in vitro killing by bovine serum (8).
Conversely, most pathogenic isolates of H. somnus are resis-
tant to in vitro killing by bovine serum (8). Administration of
pathogenic strains of H. somnus to cattle reproduces clinical
respiratory disease and pulmonary vasculitis (17). In light of
the propensity of H. somnus infections to cause septicemia and
vasculitis, it is unfortunate that few investigators have exam-
ined the in vitro interactions of H. somnus with endothelial
cells. Thompson and Little (57) first noted that pathogenic
isolates of H. somnus adhered to endothelial cells from carotid
arterial explants to a greater extent than Escherichia coli and
Salmonella enterica serovar Typhimurium, as viewed with scan-
ning electron microscopy. These authors observed that adher-
ence of H. somnus cells caused cytotoxic changes that included
endothelial cell rounding and shrinkage (57). Kwiecien et al.
(37) demonstrated that pretreatment of bovine endothelial

cells with tumor necrosis factor alpha (TNF-a) increased the
adherence of both pathogenic and asymptomatic carrier iso-
lates of H. somnus. These authors also reported that endothe-
lial cells changed their morphology after the addition of H.
somnus, which was suggestive of apoptotic changes. Yang et al.
(62) demonstrated that H. somnus induced apoptosis in bovine
polymorphonuclear leukocytes (PMNs).

The mechanism by which H. somnus induces endothelial cell
damage is not clear. Identifying the mechanism is made more
difficult because the virulence factors of H. somnus are incom-
pletely characterized. The most studied H. somnus virulence
factor is lipooligosaccharide (LOS) which is found in the outer
membrane or membrane blebs or is freely released from the
organism (29). LOS from pathogenic isolates of H. somnus
undergoes phase variation, which may play a role in the eva-
sion of the host immune response (30, 31). Structure analysis
of the phase-variable LOS from H. somnus strain 738 has
helped to characterize the process of phase variation (11).
McQuiston et al. (40) recently demonstrated that the number
of 59 CAAT 39 nucleotide repeats upstream of lob1a in H.
somnus affects the regulation of LOS phase variation. In ad-
dition, Wu et al. (60) revealed that transposon mutagenesis of
lob2a, a gene encoding an N-acetylglucosamine transferase
necessary for the biosynthesis of LOS in pathogenic isolates of
H. somnus, reduced the level of bacteremia in a mouse model.
These results suggest that LOS phase variation could alter the
host response to H. somnus infection. H. somnus also has
several immunoglobulin binding proteins (IgBPs), which may
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protect the organism from phagocytosis and complement-me-
diated killing (10, 59, 63). IgBPs consist of a network of surface
fibrils, a 76-kDa peripheral membrane protein (p76) (7), and
the major outer membrane protein (MOMP) (10, 54, 63). The
fibrils are found primarily in the culture supernatants, whereas
p76 is found principally in the cell pellet (10). LOS, MOMP,
IgBPs, and p76 may be found in the membrane blebs. H.
somnus has other outer membrane proteins, including a 40-
kDa outer membrane protein (18, 54) and lipoproteins LppA
and LppB (55, 56), which are similar to lipoproteins from other
pathogenic bacteria, such as Pasteurella haemolytica (47) and
Neisseria meningitidis (61). Antibodies to a similar, or perhaps
identical, 40-kDa outer membrane antigen are protective,
which suggests that it may be a virulence factor (18). Perhaps
H. somnus lipoproteins activate mammalian cells through the
Toll-like family of receptors (i.e., Tlr-2), as has been reported
for several gram-positive bacterial pathogens (2, 25). H. som-
nus organisms have also been shown to release guanosine-like
compounds that inhibited the respiratory burst function of
bovine peripheral blood PMNs (48). Intracellular survival of H.
somnus organisms within bovine phagocytes (12, 38) and mod-
ulation of phagocytic effector function (20, 21, 50) have also
been described. The role of these and other H. somnus viru-
lence factors in the development of vascular disease in vivo is
not clear.

Numerous bacterial pathogens have been shown to induce
apoptosis of host cells in vitro, yet it is not clear whether
apoptosis plays a role in the pathogenesis of systemic bacterial
infections in vivo. Recently, several investigators have demon-
strated that Yersenia pseudotuberculosis (44) and S. enterica
serovar Typhimurium (45) benefit from inducing apoptosis in
vivo. These data suggest that bacterial induction of host cell
apoptosis in vitro may be relevant to the pathogenesis of sev-
eral clinical diseases in vivo.

In this study, we employed several biochemical and morpho-
logical methods to determine whether endothelial cell damage
induced by H. somnus occurs by apoptosis. The results of these
experiments demonstrate that incubation with H. somnus
causes morphological and biochemical changes in bovine en-
dothelial cells that are consistent with the process of apoptosis.
Furthermore, we provide preliminary evidence that LOS is
responsible, in part, for the ability of H. somnus to induce
apoptosis in bovine endothelial cells in vitro.

MATERIALS AND METHODS

Chemicals and media. Staurosporine, paraformaldehyde, amphotericin B, thi-
amine monophosphate, gentamicin sulfate, polymyxin B, dimethyl sulfoxide,
penicillin, streptomycin, Trizma-base, gluteraldehyde, osmium tetroxide, sodium

cacodylate, and Dulbeco’s modified Eagle’s medium (DMEM; containing phenol
red, 25 mM HEPES, 4.5 g of dextrose/ml, and 2 mM L-glutamine) were obtained
from Sigma Chemical Co. (St. Louis, Mo.). Brain heart infusion (BHI) broth and
yeast extract were obtained from Difco (Detroit, Mich.). Anti-factor VIII-fluo-
rescein isothiocyanate (FITC) monoclonal antibody was purchased from Pharm-
ingen (San Diego, Calif.).

Cultivation of pulmonary artery endothelial cells. Primary bovine pulmonary
artery endothelial cells were used because experimental H. somnus pneumonia is
characterized by vasculitis of medium to large arteries (17). The cells were
isolated by scraping the lumen of dissected vessels from a 15-month-old Here-
ford-Angus steer, as described previously (49). Isolated cells were seeded into
25-cm2 tissue culture flasks containing DMEM tissue culture medium supple-
mented with 20% fetal bovine serum (FBS), penicillin-streptomycin (100 U/10
mg/ml), and amphotericin B (2.5 mg/ml). The cells were incubated at 37°C with
5% CO2 until near-confluent monolayers were established. The cells were char-
acterized as endothelial cells by their “cobblestone” morphology and expression
of factor VIII (VonWillebrand factor) on their surface, as determined by fluo-
rescence microscopy (49). After verifying the purity of the endothelial cells, the
addition of amphotericin B to the medium was discontinued. Endothelial cells
were passaged by scraping, rather than by trypsinization. For consistency, endo-
thelial cells used in experiments were passed fewer than 15 times. Frozen stocks
of the endothelial cells were stored in a liquid nitrogen tank, with 20% FBS and
5% dimethyl sulfoxide added as cryopreservants.

Cultivation of bacterial strains. The pathogenic isolates (2336, 8025, and 649)
and asymptomatic carrier isolates (127P and 129Pt) of H. somnus used in these
studies are summarized in Table 1. H. somnus strain 8025, originally isolated
from a case of TME and used in several published reports, was selected to
establish our experimental system (12, 37, 38, 50, 62). We were concerned that
strain 8025 might not be representative of other strains of H. somnus for inducing
endothelial cell apoptosis. With this in mind, we selected pathogenic and asymp-
tomatic carrier isolates of H. somnus that were used previously in several pub-
lished studies. Pathogenic isolate 649 was isolated from an aborted fetus and has
been used to experimentally reproduce abortion (58). Pathogenic isolate 2336
was isolated from a pneumonic calf and has been used experimentally to repro-
duce pneumonia with vasculitis and thrombosis (18, 19). Pathogenic isolate 738
was a clonal derivative of isolate 2336 (17). Asymptomatic carrier isolates 127P
and 129Pt were isolated from the prepuce of two different bulls during a routine
annual fertility examination (8).

The cultivation of H. somnus requires a rich and complex medium (28). All H.
somnus isolates were incubated without shaking in 25-cm2 tissue culture flasks
containing BHI broth supplemented with 0.5% yeast extract and 0.05% thiamine
monophosphate (BHI-YT) for 16 h at 37°C with 5% CO2 before adding to
endothelial cells. The number of CFU per milliliter was estimated by turbidity
(optical density at 600 nm), as extrapolated from a standard curve of H. somnus.
To confirm that H. somnus 8025 and other isolates (2336 and 127P) grew in
BHI-YT, as well as DMEM supplemented with 20% FBS, growth curves were
determined. These experiments were performed using H. somnus 8025, 2336, and
127P cultured overnight in BHI-YT at 37°C with 5% CO2 and subcultured into
DMEM or BHI-YT. H. somnus 8025 subcultured into DMEM remained in lag
phase for approximately 4 h before entering logarithmic growth. In both media,
there was an approximate 1.9 log10 increase in CFU over a 6-h incubation period
(data not shown). H. somnus pathogenic isolate 2336 and asymptomatic carrier
isolate 127P grew slower than strain 8025 (data not shown). Frozen stock cultures
for each isolate of H. somnus were maintained at 270°C in BHI-YT with 10%
sterile glycerol. A fresh aliquot was thawed for each experiment. In some exper-
iments, heat-killed H. somnus cells were prepared by incubating the bacteria at
60°C for 1 h. Bacterial death was confirmed by the absence of colonies when
plated on chocolate agar plates (Remel, Lenexa, Kans.).

TABLE 1. Strains of H. somnus and LOS used in this study

Strain Phenotype Isolated from: Surface expression of IgBPs

649b Pathogenic Abortion Yes
738b Pathogenic Pneumonia Yes
2336a Pathogenic Pneumonia Yes
8025 Pathogenic TME Yes
127Pa,b Asymptomatic carrier Prepuce of bull Yes
129Pta,b Asymptomatic carrier Prepuce of bull No

a Strains were obtained by L. Corbeil (University of California—San Diego, San Diego).
b LOS was obtained by T. Inzana (Virginia Tech, Blacksburg).
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LOS. LOS was isolated from pathogenic isolates (649 and 738) and asymp-
tomatic carrier isolates (127P and 129Pt) of H. somnus as described previously
(29). Briefly, H. somnus was cultured to stationary phase in Columbia broth
containing 0.1% Trizma-base and 0.01% thiamine monophosphate. The bacte-
rial cells were pelleted by centrifugation (6,000 3 g) and washed with phosphate-
buffered saline (PBS), and LOS was extracted from the cells by enzymatic
digestion and hot phenol extraction. The pooled aqueous phases were purified by
repeated ultracentrifugation until the absorbances of the LOS supernatants were
less than 0.02 at 260 and 280 nm. Protein contamination was not detected in the
LOS, as analyzed by standard sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and silver staining.

Hoechst 33342 staining. Endothelial cells adherent to glass coverslips were
fixed with 4% paraformaldehyde in PBS for 30 min and then stained for 10 min
with a solution of Hoechst 33342 (Molecular Probes, Eugene, Org.) diluted to 10
mg/ml in PBS (15). The coverslips were washed in distilled H2O, mounted on
glass slides, and viewed by UV fluorescence microscopy with a DAPI (49,69-
diamidino-2-phenylindole) filter block set at an excitation wavelength of 355 nm
and emission wavelength of 465 nm. Untreated and staurosporine (200 nM;
6 h)-treated endothelial cells served as negative and positive controls, respec-
tively. At least 100 cells in five random areas per coverslip were analyzed for

apoptosis, based on the presence of nucleic acid condensation. Images were
acquired using a digital camera (Photometrics, Tuscon, Ariz.) and were en-
hanced using the Adobe Photoshop 5.0 software package (Adobe Software Inc.,
San Jose, Calif.).

In situ TUNEL assay. Endothelial cells cultured on glass coverslips were fixed
with 4% paraformaldehyde for 30 min, and 39 hydroxyl residues of DNA frag-
ments were stained with a commercial terminal deoxynucleotidyl transferase-
mediated dUTP-FITC nick end labeling (TUNEL) kit (Promega, Madison, Wis.)
as we have described previously (39). Apoptotic cells were visualized with fluo-
rescence microscopy using a FITC filter block set at excitation and emission
wavelengths of 488 and 530 nm, respectively. The coverslips were counterstained
with propidium iodide to help rule out TUNEL of necrotic cells. Untreated
endothelial cells and cells treated with 200 nM staurosporine were included as
negative and positive controls, respectively. At least 100 cells in five random
areas per coverslip were analyzed for apoptosis based on the presence of fluo-
rescent nuclei.

Internucleosomal DNA fragmentation. Agarose gel electrophoresis analysis of
internucleosomal DNA fragmentation, following exposure of endothelial cells to
H. somnus or its LOS, was performed as described previously (41). DNA was
isolated from endothelial cells (106) by using a commercial genomic DNA iso-
lation kit (Wizard genomic DNA isolation kit; Promega) according to the man-
ufacturer’s directions. Briefly, endothelial cells were detached from the tissue
culture flask via trypsinization (0.05%), centrifuged at 300 3 g for 5 min, and
washed in ice-cold PBS. Cells were lysed and processed by following the manu-
facturer’s specifications. Isolated DNA was precipitated using standard ethanol
and isopropanol techniques and was resuspended in Tris-EDTA buffer (40 mM
Tris, 2 mM EDTA). The DNA concentration was quantified spectrophotometri-
cally by measuring absorbance at 260 nm (Smart Spec 3000; Bio-Rad, Hercules,
Calif.). Five micrograms of isolated DNA was loaded into a 1.5% agarose gel in
13 TAE buffer (40 mM Tris, 2 mM EDTA, 20 mM acetic acid). A commercially
available 200-bp DNA ladder (Promega) was included to confirm the presence of
internucleosomal DNA fragments. Following electrophoresis, the gel was stained
with ethidium bromide.

Transmission electron microscopy. Endothelial cells were cultured on no. 2
thickness glass coverslips (Fisher Scientific, Pittsburgh, Pa.) and incubated with
H. somnus strains 649, 8025, and 127P. Endothelial cells were fixed for 1 h in
Karnovsky’s fixative (2.5% glutaraldehyde and 0.1 M sodium cacodylate in PBS,
pH 7.4). The coverslips were washed in PBS, stained with 0.5% osmium tetroxide
for 10 min, and dehydrated through a graded ethanol series. Endothelial cells
and the coverslip were embedded in 100% epoxy resin for 5 h. Following em-
bedding, the coverslip was removed via dry ice and samples were thin sectioned,
stained with uranyl acetate and lead citrate, and examined with a Phillips model
410 transmission electron microscope (Phillips Electron Optics, Eindhoven, The
Netherlands).

Treatment of endothelial cells with H. somnus. Endothelial cells were washed
three times in DMEM without antibiotics or FBS, and antibiotic-free DMEM
supplemented with 20% FBS was added to the cells. Viable H. somnus cells were
then added to the washed endothelial cells, at multiplicities of infection (MOI)
ranging from 0.1:1 to 1,000:1 H. somnus bacteria per endothelial cell. The
infected endothelial cells were incubated for 6 h at 37°C with 5% CO2 before
detection of apoptosis by Hoechst 33342 staining, TUNEL, internucleosomal
DNA fragmentation, and transmission electron microscopy. In some experi-
ments, the role of extracellular H. somnus in the induction of endothelial cell
apoptosis was evaluated. To do this, endothelial cells were infected with H.
somnus cells for 1 h at an MOI of 10:1 and then gently washed three times in
DMEM with 20% FBS and 5 mg of gentamicin/ml. These endothelial cells were
incubated in medium containing antibiotics for 5 h, while parallel samples were
not washed. Both samples were incubated at 37°C and apoptosis was assessed by
Hoechst 33342 staining as described above. Parallel cultures in which extracel-
lular H. somnus cells were not removed and antibiotics were not added were
included in these experiments.

Treatment of endothelial cells with H. somnus culture filtrates. The effect of H.
somnus culture filtrates on endothelial cells was examined. Culture filtrates were
prepared by passing 5 ml of centrifuged BHI-YT broth (6,000 3 g for 10 min)
from cultures of H. somnus (approximately 108 CFU) through 0.2-mm-pore-size
cellulose acetate filters (Millipore, Bedford, Mass.) as described previously (62).
The sterility of the culture filtrates was confirmed by the absence of colonies
when plated on chocolate agar plates. Endothelial cells were incubated for 6 h at
37°C with culture filtrates (33% final volume), and apoptosis was assessed by
Hoechst 33342 staining as described above.

Treatment of endothelial cells with H. somnus LOS. Endothelial cells were
incubated with a range of LOS (5 to 500 ng/ml) isolated from the various H.
somnus strains listed in Table 1 for up to 22 h at 37°C with 5% CO2. Prior to their

FIG. 1. H. somnus 8025 induces endothelial cell apoptosis in a
dose- and time-dependent manner. (A) Bovine pulmonary artery en-
dothelial cells (5 3 104) were incubated at 37°C with 5% CO2 for 6 h
at various MOI. (B) Bovine pulmonary artery endothelial cells (5 3
104) were incubated with H. somnus 8025 organisms at an MOI of 10:1
for 2 to 24 h at 37°C with 5% CO2. Untreated (UT) and staurosporine
(200 nM)-treated (Stauro) cells were included as negative and positive
controls, respectively. Apoptosis was detected using Hoechst 33342
staining as described previously. These data illustrate the mean 6
SEM of three separate experiments. Statistical analysis was performed
by ANOVA followed by the Tukey-Kramer significant difference test
(p, P , 0.05).
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addition to the tissue culture medium, stock solutions of LOS were heated to
60°C for 5 min to aid in solubility. In some experiments, polymyxin B (10 mg/ml),
a lipid A antagonist (46), was added at the same time as the LOS. Apoptosis was
assessed by Hoechst 33342 staining and internucleosomal DNA fragmentation as
described above.

Statistical analysis. Data from quantitative evaluations of apoptosis (Hoechst
33342 staining and TUNEL) were analyzed for statistical significance using a
repeated-measures analysis of variance (ANOVA), followed by the Tukey-
Kramer multiple compassion test, as performed by the Instat software package
(GraphPad, San Diego, Calif.). Data are presented as the mean 6 standard error
of the mean (SEM) of at least three independent experiments. Statistical signif-
icance was set at a P value of ,0.05.

RESULTS

H. somnus strain 8025 induces endothelial cell apoptosis in
a time- and dose-dependent manner. A dose-dependent in-
crease in apoptotic endothelial cells was noted following incu-
bation with H. somnus 8025 organisms for 6 h, as demonstrated
by Hoechst 33342 staining (Fig. 1A). Endothelial cells incu-
bated with H. somnus 8025 bacteria at MOI ranging from 1:1
to 1,000:1 induced a significant (P , 0.05) increase in the
percent of apoptotic endothelial cells, with maximal effects
seen at MOI of 10:1 to 1,000:1. As a positive control, endo-
thelial cells were treated for 6 h with 200 nM staurosporine, a

potent inducer of endothelial cell apoptosis (4). A time-depen-
dent induction of apoptosis, when endothelial cells were incu-
bated with H. somnus 8025 cells at an MOI of 10:1, was also
demonstrated (Fig. 1B). There was a significant increase in the
percentage of apoptotic endothelial cells (P , 0.05) within 2 h
of incubation with H. somnus compared to that of untreated
endothelial cells. At higher MOI, H. somnus induced endothe-
lial cell apoptosis more rapidly. For example, after incubation
with H. somnus for 4 h at an MOI of 100:1, the level of
endothelial cell apoptosis detected was similar to that seen
following a 6-h incubation with H. somnus at an MOI of 10:1
(data not shown). Based on these results, we selected an MOI
of 10:1 and an incubation period of 6 h as our experimental
system for evaluating endothelial cell apoptosis in all subse-
quent H. somnus experiments.

H. somnus strain 8025 induces ultrastructural changes
within endothelial cells consistent with apoptosis. Using trans-
mission electron microscopy, we detected ultrastructural
changes in endothelial cells treated with H. somnus 8025 or-
ganisms for 6 h that were consistent with apoptosis (Fig. 2A).
These included cellular shrinkage, membrane blebbing, and
nucleic acid condensation. Similar ultrastructural apoptotic

FIG. 2. H. somnus induces ultrastructural apoptotic changes in endothelial cells. (A) Transmission electron micrograph of endothelial cells
infected with H. somnus 8025 organisms for 6 h at an MOI of 10:1 that exhibited nucleic acid condensation (arrows). Magnification, 38,400. (B)
H. somnus 8025 organisms in close proximity to endothelial cells. Magnification, 329,000. (C) Control endothelial cells with normal nuclear
morphology. Magnification, 310,800. Bar 5 1 mm.
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changes were observed in endothelial cells treated with H.
somnus isolates 127P and 649 (data not shown). H. somnus
8025 bacteria were seen in close proximity to endothelial cells
(Fig. 2B). Control endothelial cells (Fig. 2C) lacked these
features. Endothelial cells treated with 200 nM staurosporine
(positive control) showed apoptotic changes, including nucleic
acid condensation and membrane blebbing (data not shown).

Pathogenic and asymptomatic carrier isolates of H. somnus
induce bovine endothelial cell apoptosis in vitro. Because
pathogenic isolates of H. somnus are associated with vascular
disease in vivo, we hypothesized that they would induce endo-
thelial cell apoptosis to a greater extent than asymptomatic
carrier isolates. To test this hypothesis, endothelial cells were
incubated with several pathogenic isolates (649, 2336, and
8025) and asymptomatic carrier isolates (127P and 129Pt) of H.
somnus. Pathogenic and asymptomatic carrier isolates of H.
somnus induced significant and generally comparable levels of
endothelial cell apoptosis (P , 0.05), as assessed by Hoechst
33342 staining and TUNEL (Fig. 3). Because there was no
significant difference between the levels of TUNEL- and
Hoechst 33342-positive cells (except for a small difference for
pathogenic isolate 2336), we conclude that necrosis was not a
significant contributor to endothelial cell death in our experi-
mental system. Internucleosomal DNA fragmentation studies
of endothelial cells treated with pathogenic and asymptomatic
carrier isolates of H. somnus showed comparable levels of
apoptosis (Fig. 4).

Extracellular growth of H. somnus is not required for bovine
endothelial cell apoptosis. We observed an approximate 1.9
log10 increase in viable CFU per milliliter when H. somnus
strain 8025, and slightly less for strains 2336 and 127P, organ-
isms were incubated at 37°C for 6 h in DMEM supplemented
with 20% FBS (data not shown). Because extracellular multi-
plication of H. somnus will substantially increase the MOI to

FIG. 3. Pathogenic and asymptomatic carrier isolates of H. somnus induce bovine endothelial cell apoptosis, as detected by Hoechst 33342
staining and TUNEL. Volumes containing 5 3 104 endothelial cells were adhered to glass coverslips and incubated with pathogenic H. somnus
isolates 8025, 649, and 2336 and asymptomatic carrier isolates 127P and 129Pt at an MOI of 10:1 for 6 h at 37°C with 5% CO2. Apoptosis was
detected by Hoechst 33342 staining and TUNEL on separate coverslips. Controls consisted of untreated cells (UT) and 200 nM staurosporine
(Stauro)-treated endothelial cells. These data represent the mean 6 SEM of three independent experiments. All isolates of H. somnus used in this
experiment induced significant levels of endothelial cell apoptosis compared to those of untreated endothelial cells (P , 0.05; Tukey-Kramer
significant difference test).

FIG. 4. Pathogenic and asymptomatic carrier isolates of H. somnus
induce internucleosomal DNA fragmentation in bovine endothelial
cells. Bovine pulmonary artery endothelial cells (5 3 105) were incu-
bated for 6 h at 37°C (5% CO2) with H. somnus isolates (649, 8025,
2336, 127P, and 129Pt) at an MOI of 10:1 DNA (5 mg) was loaded into
a 1.5% agarose gel as described in Materials and Methods. Lane 1,
200-bp DNA molecular weight marker; lane 2, DNA from untreated
endothelial cells; lane 3, DNA from endothelial cells treated with 200
nM staurosporine (positive control); lanes 4 to 8, DNA from endothe-
lial cells incubated with H. somnus isolates 649, 8025, 2336, 127P, and
129Pt, respectively. Note the presence of a DNA ladder in all of the H.
somnus-treated samples and in the staurosporine control. These data
represent one of three independent experiments that were performed.
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which the endothelial cells are exposed, we examined whether
endothelial cell apoptosis is reduced in the absence of extra-
cellular H. somnus. To address this point, extracellular H. som-
nus organisms were removed by washing (described in Mate-
rials and Methods) after a 1-h incubation with endothelial
cells, and residual extracellular H. somnus organisms were

killed by the addition of gentamicin (5 mg/ml) to the tissue
culture medium. We determined that the MIC of gentamicin
for all of the H. somnus isolates listed in Table 1 was less than
2.5 mg/ml (data not shown). There was no significant difference
in the level of endothelial cell apoptosis when H. somnus was
not removed or when H. somnus was removed and gentamicin

FIG. 5. Elimination of extracellular H. somnus does not alter endothelial cell apoptosis. Volumes containing 5 3 104 endothelial cells were
adhered to glass coverslips and incubated with H. sonnus pathogenic isolates 8025, 649, and 2336 and asymptomatic carrier isolates 127P and 129Pt
at an MOI of 10:1 for 1 h at 37°C with 5% CO2. After 1 h, each experimental group was further divided into two subgroups. For the first subgroup
(■), H. somnus organisms were not removed from the endothelial cells. For the second subgroup (h), nonadherent H. somnus organisms were
washed away and gentamicin was added (5 mg/ml) to kill residual extracellular bacteria. The two groups were incubated for an additional 5 h at
37°C with 5% CO2, and apoptosis was detected by Hoechst 33342 staining. Controls consisted of untreated cells (UT) and staurosporine (200 nM;
Stauro)-treated endothelial cells as a positive control. These data illustrate the mean 6 SEM of three separate experiments. Statistical analysis was
performed by ANOVA followed by the Tukey-Kramer significant difference test. Significant levels of endothelial cell apoptosis were detected
whether H. somnus was removed (P , 0.05) compared to untreated endothelial cells.

FIG. 6. Heat-killed H. somnus organisms induce less endothelial cell apoptosis than viable H. somnus organisms. Volumes containing 5 3 104

adherent endothelial cells were incubated with 108 heat-killed (60°C for 60 min) (h) or viable (■) H. somnus organisms at an MOI of 10:1 for 6 h
at 37°C with 5% CO2. Apoptosis was assessed by Hoechst 33342 staining. Controls consisted of untreated (UT) and staurosporine (200 nM;
Stauro)-treated endothelial cells. The data illustrate the mean 6 SEM of three separate experiments. Statistical analysis was performed by
ANOVA followed by the Tukey-Kramer significant difference test.
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was added (Fig. 5). The exception was a small difference noted
for H. somnus 8025. The addition of gentamicin alone had no
direct effect on endothelial cell apoptosis (Fig. 5).

Heat-killed H. somnus organisms have a decreased ability to
cause apoptosis in bovine endothelial cells. Heat-killed H.
somnus organisms (60°C for 60 min) induced significantly less
endothelial cell apoptosis (P , 0.05) than viable H. somnus
(Fig. 6). However, heat-killed H. somnus organisms still elic-
ited a significant level of apoptosis (P , 0.05) compared to that
of untreated endothelial cells. No viable H. somnus CFU were
detected after heating at 60°C for 60 min.

H. somnus culture filtrates induce endothelial cell apoptosis.
To evaluate the release of an H. somnus virulence factor in
endothelial cell apoptosis, culture filtrates of H. somnus were
added to endothelial cells. There was a significant increase
(P , 0.05) in endothelial cell apoptosis (Fig. 7) following
incubation with H. somnus culture filtrates (33% final volume).
H. somnus culture filtrates at final volumes of less than 33%
induced less apoptosis in endothelial cells (data not shown).
Heat inactivation (60°C for 60 min) of the culture filtrates
significantly decreased (P , 0.05) the level of endothelial cell
apoptosis, although it still remained elevated (P , 0.05) com-
pared to that of BHI-YT (33% final volume)-treated endothe-
lial cells.

LOS from H. somnus induces apoptosis of bovine endothe-
lial cells. The data in Fig. 6 suggest that endothelial cell apo-
ptosis is induced by both heat-stable and heat-labile com-
ponents released by H. somnus. LOS is a candidate for the
heat-stable factor that mediates endothelial cell apoptosis. To
examine this possibility, LOS isolated from several pathogenic
isolates (649 and 738) and asymptomatic carrier isolates (127P
and 129Pt) of H. somnus were tested for their apoptotic effects
on bovine endothelial cells. LOS (500 ng/ml) isolated from
different isolates of H. somnus induced apoptosis in bovine

endothelial cells in a time-dependent manner (Fig. 8). Endo-
thelial cells treated with H. somnus with LOS from strains 649,
738, 127P, and 129Pt at concentrations ranging from 5 to 500
ng/ml induced various levels of endothelial cell apoptosis (data
not shown). Significant levels of endothelial cell apoptosis (P ,
0.05) were observed as early as 2 h of incubation. The prein-
cubation of LOS with polymyxin B (10 mg/ml) (Fig. 9) resulted
in a significant decrease in endothelial cell apoptosis (P ,
0.005). The abilities of LOS to induce endothelial cell apopto-
sis and polymyxin B to inhibit this process were confirmed by
performing internucleosomal DNA fragmentation assays (data
not shown).

DISCUSSION

There have been few reports characterizing the interaction
of H. somnus organisms and bovine endothelial cells, which is
surprising since vascular disease and septicemia are commonly
observed in H. somnus infections (26). Thompson and Little
(57) were the first to demonstrate that H. somnus adhered to
endothelial cells from arterial explants. Adherence was asso-
ciated with cytotoxic changes, including rounding and shrink-
age of the endothelial cells (57). The focus of the aforemen-
tioned study was to compare the adherence of H. somnus, E.
coli, and S. enterica serovar Typhimurium organisms to vascu-
lar endothelial cells. Although these findings suggest that
apoptosis might be occurring, the mechanism of cellular cyto-
toxicity was not addressed. However, the authors suggested
that it might be linked to H. somnus endotoxin. Kwiecien et al.
(37) demonstrated that treatment of bovine endothelial cells
with TNF-a increased the adherence of H. somnus. These
findings were accompanied by morphological changes in the
endothelial cells (i.e., membrane blebbing, rounding, and cel-
lular shrinkage) that are characteristic of an apoptotic process.

FIG. 7. H. somnus culture filtrates induce endothelial cell apoptosis. Volumes containing 5 3 104 adherent endothelial cells were treated for
6 h with culture filtrates prepared from H. somnus organisms cultured in BHI-YT (■) (33% final volume; prepared with approximately 108 CFU)
at 37°C with 5% CO2, using the same isolates described in Fig. 5. Heat-inactivated (h) (60°C for 60 min) culture filtrates were tested in the same
experiments. Controls consisted of untreated cells (UT), cells treated with BHI-YT (33% final volume), and staurosporine (200 nM; Stauro)-
treated endothelial cells. The data illustrate the mean 6 SEM of three separate experiments. Statistical analysis was performed by ANOVA
followed by the Tukey-Kramer significant difference test. Significant levels of endothelial cell apoptosis (P , 0.05) were detected when endothelial
cells were incubated with H. somnus culture filtrates or heat-inactivated filtrates and were compared to control (untreated) endothelial cells. Heat
inactivation of culture filtrates significantly reduced the level of endothelial cell apoptosis (P , 0.05) compared to that of culture filtrates.
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However, it was not clear in this study whether the morpho-
logical changes were induced by TNF-a, H. somnus, or a com-
bination thereof. These findings led us to hypothesize that H.
somnus damages the endothelial cell in vitro via apoptosis.

Several bacterial pathogens (Staphylococcus aureus [41]
Rickettsia rickettsii [5], Orientia tsutsugamushi [33, 34], and oth-
ers) have been shown to induce endothelial cell apoptosis in
vitro. This process may contribute to the pathogenesis of the
diseases they cause in vivo by impairing immune surveillance
and promoting bacterial survival. In the present study, we
found a similar ability of pathogenic and asymptomatic carrier
isolates of H. somnus to cause endothelial cell apoptosis in
vitro (Fig. 3 and 4). These results were surprising, since asymp-
tomatic carrier isolates of H. somnus are typically not associ-
ated with septicemia and vasculitis in vivo. However, they were
similar to the H. somnus adherence results reported by Kwiec-
ien et al. (37). In the aforementioned study, pathogenic and
asymptomatic carrier isolates of H. somnus adhered to endo-
thelial cells at comparable levels and appeared to induce sim-
ilar morphological changes (37). The results of our study, to-
gether with those of Kwiecien et al. suggest that pathogenic
and asymptomatic carrier isolates of H. somnus both possess
the virulence factor(s) necessary to induce endothelial cell
apoptosis. However, it is likely that asymptomatic carrier iso-
lates of H. somnus do not reach vascular endothelial cells in
vivo. Perhaps sensitivity to serum killing (8), killing by phago-

cytic cells, or other factors prevent hematogenous dissemina-
tion of asymptomatic carrier isolates of H. somnus.

Our data demonstrate that H. somnus rapidly delivers its
apoptotic signal to endothelial cells within 1 h of treatment and
that extracellular growth by H. somnus is not necessary for
endothelial cell apoptosis (Fig. 5). H. somnus strain 8025 could
be an exception to this observation, since its growth rate and
release of apoptotic activity into its culture filtrates appeared
to be enhanced compared to those of other strains of H. som-
nus. Although internalized H. somnus organisms were rarely
observed during our transmission electron microscopy studies,
we cannot exclude the possibility that they are partially respon-
sible for the apoptotic effect.

Previously, our group and other investigators have examined
the interaction of H. somnus organisms with phagocytic cells
(12, 20, 21, 38, 50, 62). In an earlier study, we demonstrated
that H. somnus culture filtrates had no effect on chromatin
condensation in bovine PMNs (62), which differs from what we
found for endothelial cells. In that study, heat-killed H. somnus
organisms induced less chromatin condensation in bovine
PMNs than did viable H. somnus, which is consistent with the
findings in the present report. Perhaps longer incubation pe-
riods with H. somnus culture filtrates would have produced
chromatin condensation in bovine PMNs. Alternatively, per-
haps bovine PMNs lack the receptor(s) necessary to transduce

FIG. 8. H. LOS induces bovine endothelial cell apoptosis. Bovine pulmonary artery endothelial cells (5 3 104) were incubated with 500 ng of
LOS/ml isolated from pathogenic isolates (649 and 738) and asymptomatic carrier isolates (127P and 129Pt) of H. somnus for 2, 6, and 22 h at 37°C
with 5% CO2. Endothelial cells incubated in medium alone (control) or with staurosporine (200 nM; Stauro) were used as negative and positive
controls, respectively. Apoptosis was detected by Hoechst 33342 staining. Five random areas per coverslip were sampled, and 100 random cells
were analyzed for apoptosis. The data illustrate the mean 6 SEM of three separate experiments. Statistical analysis was performed by ANOVA
followed by the Tukey-Kramer significant difference test. Asymptomatic carrier and pathogenic isolate LOS used in these experiments induced
significant (P , 0.05) levels of endothelial cell apoptosis at each time point, compared to those of untreated (Control) cells.
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the H. somnus released virulence factor(s) present in culture
filtrates.

Our data suggest that both heat-labile and heat-stable fac-
tors released from H. somnus cause endothelial cell apoptosis
(Fig. 7). One likely candidate for such a virulence factor is
LOS, which is a heat-stable constituent of the outer membrane
of certain nonenteric gram-negative bacteria (29). The related
molecule, lipopolysaccharide (LPS), has been shown to cause
apoptosis of bovine endothelial cells in vitro (14, 42) and vas-
culitis in vivo (1, 64). In the present study, LOS isolated from
both pathogenic and asymptomatic carrier isolates of H. som-
nus induced endothelial cell apoptosis in a time- and dose-
dependent manner (Fig. 8 and 9). Somewhat surprisingly, LOS
from asymptomatic carrier isolates of H. somnus generally
induced slightly higher levels of endothelial cell apoptosis than
LOS from pathogenic isolates. This may be explained by the
lack of phase variation in H. somnus asymptomatic carrier
isolate LOS. As a result, these might contain more lipid A and
less carbohydrate, on a weight basis, than LOS from patho-
genic isolates (29, 30). It is possible that the membrane blebs
produced by viable H. somnus organisms also contain heat-

labile components (i.e., lipoproteins and IgBPs), which may
facilitate LOS delivery to and amplify the biological effects on
the endothelial cell. IgBPs, which are heat labile, do not appear
to play a major role in endothelial apoptosis. This is demon-
strated by H. somnus strain 129Pt, which lacks IgBPs and
surface fibrils (7, 10) yet induced levels of endothelial cell
apoptosis comparable to those of H. somnus strains that con-
tained IgBPs (i.e., 649, 2336, 8028, and 127P). Perhaps heat-
labile factors mediate apoptosis independently of LOS or other
heat-stable virulence factors. Results similar to our own were
noted when human endothelial cells were treated with LOS
from N. meningitidis (13), which is structurally similar to that of
H. somnus. N. meningitidis-mediated cytotoxicity of human en-
dothelial cells in vitro was influenced by the expression of pili
and capsule (13, 51). However, the majority of clinical disease
in meningococcal meningitis appears to be due to high serum
levels of LOS and subsequent cytokine release (P. Brandtzaeg,
R. Ovstebo, and P. Kierulf, abstr. S21, J. Endotoxin Res.
1[Suppl. 1]:7). Overall, these data suggest that LOS from sev-
eral pathogens may be a key virulence factor in the pathogen-
esis of vascular disease.

FIG. 9. Polymyxin B inhibits LOS-mediated apoptosis of bovine endothelial cells. Bovine pulmonary artery endothelial cells (5 3 104) were
incubated with 500 ng of H. somnus LOS/ml with (h) or without (■) 10 mg polymyxin B (PMB)/ml for 22 h at 37°C with 5% CO2. Controls
consisted of endothelial cells incubated in medium alone (UT), 10 mg of polymyxin B/ml, or staurosporine (200 nM; Stauro). Apoptosis was
detected by Hoechst 33342 staining. The data illustrate the mean 6 SEM of three separate experiments. Statistical analysis was performed by
ANOVA followed by the Tukey-Kramer significant difference test. There was a significant reduction in the level of apoptosis (p, P , 0.005) when
endothelial cells were treated with polymyxin B and LOS compared to that of LOS-treated endothelial cells.
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We have obtained additional data supporting the relevance
of the in vitro investigations reported in this paper. We have
detected apoptotic inflammatory cells in fixed lung tissue from
cattle experimentally infected with H. somnus and apoptotic
endothelial cells in spontaneous cases of TME (unpublished
data). These data suggest that endothelial cell apoptosis is not
an artifact of our in vitro experimental conditions. Because a
relationship between apoptotic endothelial cells and thrombo-
sis has been reported (4, 22), we believe that our results indi-
cate a possible mechanism by which H. somnus could induce
thrombosis in vivo.

In summary, we have demonstrated that H. somnus induces
apoptosis of bovine endothelial cells in vitro. Viable bacteria
elicited higher levels of endothelial cell apoptosis than did
killed H. somnus bacteria. The release of heat-labile and heat-
stable virulence factors by H. somnus also mediated endothe-
lial cell apoptosis. Exposure of endothelial cells to H. somnus
LOS resulted in apoptosis, suggesting that LOS may be a key
virulence factor capable of mediating endothelial cell damage,
and ultimately vasculitis.
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