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Bartonella henselae is an emerging pathogen causing cat scratch disease, bacillary angiomatosis, and peliosis
hepatis. Progress in understanding the pathogenesis of and the immune response to these infections has been
limited by the lack of an animal model. Following intraperitoneal infection of CS7BL/6 mice with B. henselae,
organs were cleared of cultivatable bacteria within 6 days. In contrast, B. henselae DNA could be detected in
liver tissue for at least 3 months. Liver tissue showed granulomatous inflammation reaching its highest degree
of intensity during the fourth week of infection and resolving within 12 weeks postinfection. This mouse model
is applicable to the study of the pathogenesis of B. henselae and the immune response to this pathogen in the

immunocompetent host.

Bartonella henselae, a gram-negative bacterium in the family
Bartonellaceae, was recently recognized to cause cat scratch
disease (CSD), bacillary angiomatosis (BA), peliosis hepatis,
and persistent bacteremia (13, 16, 17). CSD is a common cause
of subacute regional granulomatous lymphadenitis in immu-
nocompetent persons (7). In contrast, BA and peliosis hepatis,
as well as bacteremia, occur most commonly in individuals
infected with the human immunodeficiency virus (HIV). BA
refers to a vasculoproliferative disease that often involves the
skin in the form of nodular lesions, but may disseminate to
other organs. Peliosis hepatis is characterized by vascular pro-
liferation in liver tissue resulting in blood-filled spaces and may
be associated with BA in HIV-infected patients (9). Progress in
understanding the pathogenesis of and the immune response
to these infections has been limited by the lack of a suitable
animal model.

Recently, cats experimentally infected with B. henselae by
intravenous inoculation were shown to develop histopathologic
lesions in multiple organs, including granulomas in liver and
lymph nodes (6). Therefore cats might be used for studying
infection with B. henselae. However, because of the advantages
rodents offer for immunological investigation, we have devel-
oped a murine model of B. henselae infection.

B. henselae Houston 1 (ATCC 49882) recovered from the
bloodstream of an HIV-positive patient in 1992 (12) was used
throughout. To increase and maintain virulence in mice, initial
in vivo passages were performed as follows. Bacteria from a
log-phase culture in brucella broth (BBL Microbiology Sys-
tems, Cockeysville, Md.) supplemented with hemin (250 g/
ml) and 8% Fildes solution (14) and incubated at 37°C in 7%
CO, in air were pelleted by centrifugation (5,000 X g, 30 min),
washed three times in phosphate-buffered saline, and admin-
istered intraperitoneally (i.p.) to C57BL/6 mice in doses rang-
ing from 5 X 107 to 5 X 10® CFU. After 3 days, spleens were
removed, homogenized, and inoculated into supplemented
brucella broth. On day 5 of incubation, the bacteria were har-
vested and injected i.p. again. After completing a minimum of
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four in vivo passages, bacteria grown from spleen homogenates
were used for infection experiments without prior freezing to
ensure optimal viability.

Female C57BL/6 and BALB/c mice raised in our breeding
facilities were used at the age of 10 to 12 weeks. All inocula-
tions were performed i.p. in a volume of 0.5 ml of phosphate-
buffered saline. Inocula were determined by plating of 10-fold
serial dilutions on Columbia agar (Oxoid, Basingstoke, United
Kingdom) supplemented with 5% human blood.

Clearance of bacteria from infected organs. To determine
the course of infection in C57BL/6 mice, 9.1 X 107 CFU of
viable bacteria were inoculated i.p. Groups of five animals each
were killed 6 h postinfection; daily from day 1 to day 6; and on
days 10, 21, 36, 64, and 94. From all mice, bacterial loads in
liver, spleen, lung, kidney, and brain were determined by plat-
ing of 10-fold serial dilutions of organ homogenates on Co-
lumbia agar supplemented with 5% human blood. In addition,
quantitative cultures of blood specimens were performed at
the time of necropsy. Before being plated on Columbia agar,
erythrocytes were lysed either by freezing and thawing or by
being mixed vigorously with distilled water. The detection lim-
its of these procedures were 10 bartonellae per organ and 1
bartonella per 0.25 ml of blood, respectively. All cultures were
incubated at 37°C in 7% CO, in air for at least 3 weeks before
being coded as negative for growth. Colonies were identified as
B. henselae by colony morphology and Gram stain.

Infected mice did not show any signs of morbidity. Quanti-
tative spleen and liver cultures showed clearance of cultivat-
able organisms within the first 6 days of infection (Fig. 1A).
From blood and from brain, low numbers of organisms could
be recovered only at 6 h postinfection in three of five mice (12,
20, and 8 organisms/ml of blood) and in one of five animals (10
organisms/brain), respectively. Kidney and lung remained ster-
ile throughout this experiment. Subsequent experiments with
inocula ranging from 3.5 X 107 to 2.0 X 10° CFU yielded
comparable results. Rapid clearance of cultivatable organisms
seemed to indicate resistance of immunocompetent C57BL/6
mice to B. henselae. We therefore also investigated the course of
infection for a period of 10 days in BALB/c mice, which are
known to be more susceptible than C57BL/6 mice to several
pathogens, such as Listeria, Yersinia, and Leishmania species.
However, no significant differences were found (data not shown).
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FIG. 1. C57BL/6 mice were infected i.p. with B. henselae. To determine the
course of infection, bacterial loads in livers and spleens were determined by
culture. Nested PCR was performed with samples of B. henselae DNA from
culture-negative livers. The cellular inflammatory reaction in liver tissue was
quantified by counting of mononuclear foci. (A) Following i.p. inoculation with
9.1 X 107 CFU of B. henselae, cultivatable organisms were cleared from livers (V)
and spleens (O) of C57BL/6 mice within 4 and 6 days, respectively (five animals
per group, with each triangle or circle representing a positive culture from a
single organ). DNA from B. henselae () could be detected in liver tissue for at
least 3 months (with each star representing three positive results from three
mice). (B) Kinetics of cellular inflammatory reaction in liver tissue following i.p.
inoculation with 1.2 X 10® CFU of B. henselae (three mice per group, with each
circle representing a single mouse). Mononuclear foci were counted from he-
matoxylin-and-eosin-stained sections.

Detection of B. henselae DNA in liver tissue. In CSD, isola-
tion of B. henselae from patients has been rare (4). In contrast,
detection of B. henselae DNA by PCR could be achieved in
clinical specimens from the majority of patients (1, 15). To
determine the presence of B. henselae DNA in mouse tissue,
we developed a nested PCR assay to amplify part of the B.
henselae gitA gene (11). The outer primer sequences were 5’
GGT CCCAACTCT TGC CGCTAT G 3’ and 5' CAG CCG
ACA CTG CGT GCT AAT G 3'. The sequences of the inner
primers were 5" ATG CCT AAA AAT GTT ACA AGA 3" and
5" CGT GCT AAT GCA AAA AGA AC 3'. The sensitivity of
PCR was 10 CFU per organ, which equals the sensitivity of
culture. Liver homogenates of C57BL/6 mice infected with
9.1 X 107 viable B. henselae organisms were analyzed by PCR.
Mice were sacrificed at days 21, 36, 64, and 94. DNA from the
livers of three animals each was extracted with a QIAamp
tissue kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s protocol. Extracts were stored at —70°C. PCR was
performed with Taq polymerase (InViTek, Berlin, Germany)
in a volume of 25 pl in two sequential tubes. Following initial
denaturation for 4 min at 95°C, amplification with outer prim-
ers was performed with 30 cycles of 1 min at 94°C, 1 min at
70°C, and 2 min at 72°C. Amplification with inner primers
consisted of 30 cycles of 1 min at 94°C, 10 s at 30°C, and 1 min
at 72°C. The final extension step was extended to 10 min in
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both rounds of PCR. Positive controls were obtained by spik-
ing of liver tissue homogenate from an uninfected mouse with
B. henselae prior to DNA extraction. DNA from the liver of an
uninfected mouse was used as a negative control. Numerous
negative controls were included to exclude cross-contamina-
tion. The reaction product was visualized by electrophoresis in
an agarose gel and by staining with ethidium bromide. The
expected product size was 354 bp. PCR was repeated twice for
two separately prepared DNA samples. Nested PCR for the
gltA gene revealed the presence of B. henselae DNA for at least
3 months in the livers of all mice examined. This result indi-
cates the presence of B. henselae in liver tissue.
Histopathology. Bartonella-induced histopathological alter-
ations were determined for C57BL/6 mice infected with inoc-
ula ranging from 5 X 10° to 8.5 X 10°® viable B. henselae
organisms. Animals were killed at different times up to day 94
postinfection. From three animals per group, sections of for-
malin-fixed liver, spleen, lung, kidney, and brain tissue were
stained with hematoxylin and eosin. Because granulomas char-
acteristically contain mainly CD4™ T cells and monocyte-de-
rived CD11b™ cells, tissue sections showing accumulations of
mononuclear cells were analyzed immunohistochemically. Fro-
zen liver sections were stained with rat anti-mouse anti-CD4
(10), anti-CD8 (10), or anti-CD11b (3) monoclonal antibodies
as the primary antibodies and peroxidase-conjugated goat anti-
rat immunoglobulin G (Dianova, Hamburg, Germany) as the
secondary antibody. Color was developed with diaminobenzi-
dine and hydrogen peroxide as a substrate. Negative controls
were free of artifacts due to endogenous peroxidase activity.
Inoculation with at least 5 X 107 organisms reproducibly
showed the following course of tissue reaction. Beginning at
day 3 postinfection, liver tissue showed a few small aggregates
of lymphocytes and monocytes that expanded in size and num-
ber over the next few days. During the second week, granulo-
matous lesions, consisting of lymphocytes, monocytes, and ep-
ithelioid cells, became more obvious. Granulomatous lesions
expanded in size and number until reaching maximal density
during the fourth week of infection, when up to 130 randomly
distributed mononuclear foci were counted per 0.25 cm? in
liver sections (Fig. 2A). Mononuclear cells were predominantly
CD4" lymphocytes (Fig. 2B) or CD11b" monocytes (Fig. 2C).
CD8" lymphocytes were found in low numbers. They were
located mainly in the periphery (not shown). Two weeks later,
a marked reduction of inflammatory lesions was observed, and
at the end of the third month postinfection, liver tissue was
completely devoid of inflammatory lesions (Fig. 1B). The other
organs investigated did not show significant lesions at any time.
Inocula from 5 X 10° to 5 X 107 CFU caused a similar course
of inflammation in liver tissue. The density of infiltrates, how-
ever, was markedly lower, and there was more variation in
numbers of infiltrates between mice of a group than in mice
infected with higher inocula. Inocula lower than 5 X 10° CFU
did not cause significant tissue reactions (data not shown).
To exclude nonspecific cellular reactions stimulated by a
high antigen burden, mice were inoculated i.p. with either
8.4 X 107 viable organisms or the identical dose of bacteria
killed by 60 min of incubation in a 60°C water bath. At day 24
postinfection, sections from liver tissue stained with hematox-
ylin and eosin showed numerous granulomatous lesions in 7 of
10 mice infected with viable bacteria. In the other animals of
this group, aggregates of lymphocytes and monocytes were
noted. In contrast, no granuloma formation was observed in liver
sections of 10 mice inoculated with heat-killed B. henselae. Eight
mice of this group showed single small accumulations of mono-
nuclear cells; the others were devoid of histopathological lesions.
Our results show that B. henselae causes granulomatous in-
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FIG. 2. Granulomatous mononuclear cell infiltration with lymphocytes and
epithelioid cells in liver tissue of C57BL/6 mice at day 21 postinfection with 1.2 X
10® B. henselae organisms. Sections were stained with hematoxylin and eosin (A),
anti-CD4 antibody (B), and anti-CD11b antibody (C).

flammation in livers of C57BL/6 mice after high-dose i.p. in-
fection. In contrast to CSD, which is histologically character-
ized by necrotizing granulomas (2), we did not find necrosis in
mouse liver granulomas. However, it has to be mentioned that
granulomas in murine infection generally do not undergo ne-
crosis, even in murine tuberculosis (5). While cultures from
liver tissue were negative after day 3 postinfection, DNA from
B. henselae could be detected for at least 3 months. Since the
sensitivities of PCR and culture do not differ significantly, the
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most probable reason might be a switch of organisms to a
dormant state within the first week postinfection. This could also
explain the presence of numerous inflammatory foci in culture-
negative livers. However, the fate of B. henselae in its host is
largely unknown. A key element in establishing this infection
model was probably the passage of bacteria through mice prior to
experimental infection. Enhancement of virulence by mouse pas-
sage has been shown for instance in murine listeriosis (8).

In conclusion, we have established a murine model of i.p. B.
henselae infection. Potential applications of this animal model
include the feasibility of studying the pathogenesis of B.
henselae infection in the immunocompetent host, investigating
the tissue persistence of B. henselae, and analyzing the immune
response to B. henselae infection. Further investigation should
also focus on the course of infection in immunosuppressed
mice, because in human B. henselae infection, vasculoprolif-
erative diseases occur in immunocompromised but not in im-
munocompetent patients.
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