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Summary

 

Salmonella typhimurium

 

 is considered a facultative intracellular pathogen, but its intracellular lo-
cation in vivo has not been demonstrated conclusively. Here we describe the development of a
new method to study the course of the histopathological processes associated with murine sal-
monellosis using confocal laser scanning microscopy of immunostained sections of mouse liver.
Confocal microscopy of 30-

 

m

 

m-thick sections was used to detect bacteria after injection of

 

z

 

100 CFU of 

 

S. typhimurium

 

 SL1344 intravenously into BALB/c mice, allowing salmonellosis
to be studied in the murine model using more realistic small infectious doses. The appearance
of bacteria in the mouse liver coincided in time and location with the infiltration of neutrophils
in inflammatory foci. At later stages of disease the bacteria colocalized with macrophages and
resided intracellularly inside these macrophages. Bacteria were cytotoxic for phagocytic cells,
and apoptotic nuclei were detected immunofluorescently, whether phagocytes harbored intra-
cellular bacteria or not. These data argue that 

 

Salmonella

 

 resides intracellularly inside macro-
phages in the liver and triggers cell death of phagocytes, processes which are involved in disease.
This method is also applicable to other virulence models to examine infections at a cellular and
subcellular level in vivo.

 

M

 

urine salmonellosis has been used for decades as a
model system for human typhoid fever because 

 

Sal-
monella typhimurium

 

 develop a systemic infection in mice
reminiscent of human typhoid (1–3). The ability of 

 

S. ty-
phimurium

 

 to successfully colonize and ultimately cause dis-
ease in susceptible mice is ascribed to numerous bacterial
gene products essential for pathogenesis. Mutants of 

 

S. ty-
phimurium

 

 have been characterized in vitro, and genes im-
portant for the entry process and intracellular survival in tis-
sue culture cells have been identified (4, 5) and tested for
virulence in the murine typhoid model. The involvement
of these gene products in virulence is based on LD

 

50

 

 deter-
minations and infection kinetics of organs such as liver and
spleen, but the actual role these factors play in disease has
not been examined due to the lack of appropriate methods
to study host pathogen interactions in vivo. Tissue culture ex-
periments showed that 

 

S. typhimurium

 

 is able to survive in-
tracellularly in macrophages, suggesting that survival within
host cells is an essential feature for 

 

S. typhimurium

 

 virulence.
This is important for disease, since mutants which fail to do
so are avirulent in the mouse model (6). However, evidence
to support macrophages as the host cell in vivo is still indi-
rect, and conflicting data exist regarding the location of 

 

S.

typhimurium

 

 in the mouse, ranging from inside neutrophils
(7), macrophages (8, 9), and hepatocytes (10, 11) to the ex-
tracellular space (12). In studies using light and electron mi-
croscopy, artificially high inoculums were used to visualize
bacteria in the organs. Large doses of bacteria might trigger
a septic shock response in the mouse which could further
complicate the results.

Here, we use confocal laser scanning microscopy (CLSM)

 

1

 

(13) and computerized image analysis techniques with im-
munostained sections of liver as a tool to extend the know-
ledge gained from in vitro studies to the in vivo situation.
Unlike conventional microscopy, this method allowed us
to infect mice with small infectious doses of 

 

S. typhimurium

 

(100 CFU), to examine early time points in the infection,
and to focus on a single bacterium in a large tissue area. The
relative ease of detection of bacteria is facilitated by the use
of thick sections (30 

 

m

 

m), which is 7–30 times the thick-
ness used in conventional immunohistochemistry (1–4 

 

m

 

m)
and 300–600 times that used in electron microscopy (50–

 

1

 

Abbreviations used in this paper:

 

 CLSM, confocal laser scanning micros-
copy; TxR, Texas red.
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100 nm). Using this technology, we addressed the issue of

 

Salmonella

 

 targeting in vivo. By using antibodies directed
against different host cell types, we identified which cells

 

Salmonella

 

 infects and whether bacteria are located inside
host cells. This study demonstrates that confocal micros-
copy is a suitable technology to study 

 

Salmonella

 

 pathogen-
esis in vivo. Furthermore, this approach can be easily ap-
plied to other infection models of other pathogens in
different tissues.

 

Materials and Methods

 

Bacterial Strains and Growth Condition. S. typhimurium

 

 strain
SL1344 (14) is a highly virulent strain of 

 

Salmonella

 

 with an LD

 

50

 

,

 

10 CFU when administered intraperitoneally or intravenously
to susceptible BALB/c mice (reference 15 and Richter-Dahlfors,
A., unpublished observation). SL1344 was grown in Luria-Ber-
tani medium at 37

 

8

 

C in standing overnight cultures. 1 ml of the
bacterial culture was centrifuged and resuspended in 1 ml cold
PBS. The OD

 

600

 

 was adjusted to 0.2 using cold PBS. From this
suspension, a dilution series was made in cold PBS to yield 

 

z

 

10

 

3

 

,
10

 

4

 

, and 10

 

5

 

 CFU/ml. The mice were immediately infected with
0.1 ml of the diluted cell suspensions. To determine the exact
number of live bacteria in the inoculums used to challenge the
mice, 0.1 ml of the dilutions was plated on Luria-Bertani plates,
incubated overnight at 37

 

8

 

C, and the colonies were counted. The
size of the inoculum varied between 0.65–1.15 

 

3

 

 10

 

2

 

 CFU, 0.87–
1.15 

 

3

 

 10

 

3

 

 CFU, and 0.87–1.15 

 

3

 

 10

 

4

 

 CFU, respectively.

 

Infection Kinetics and Preparation of Thick Cryosections of S. typh-
imurium–infected Mouse Liver.

 

Female BALB/c mice (Charles River
Canada, St.-Constant, Quebec, Canada) 6–10 wk of age were
used throughout the study. A minimum of four mice per dose
and time point were challenged with 0.1 ml of the bacterial dilu-
tions via intravenous injection in the tail vein. At different times
after infection (days 1, 2, 3, and 5), the mice were killed by CO

 

2

 

asphyxiation in accordance to the policies of the protocol from
the Canadian Council of Animal Care and the University of Brit-
ish Columbia. The livers and spleens were aseptically removed
and prepared for infection kinetics determination (15) and immu-
nohistochemistry. Livers were fixed in freshly prepared 4% para-
formaldehyde (BDH Chemicals Ltd., Poole, UK) in PBS, pH
7.4, for 1 h in room temperature, then washed three times in PBS
followed by cryoprotection in 20% sucrose in PBS overnight at
4

 

8

 

C. Pieces of the organs were mounted in OCT Tissuetek
(Miles Laboratories Inc., Elkhart, IN), then snap-frozen in cold
(

 

2

 

50 to 

 

2

 

60

 

8

 

C) 3-methyl-butane (Fisher Scientific Co., Pitts-
burgh, PA). The livers were cut in 30-

 

m

 

m sections on a cryostat.
The sections were kept floating in PBS 

 

1

 

 0.05% sodium-azide
(Sigma Chemical Co., St. Louis, MO) at 4

 

8

 

C until analyzed.

 

Immunohistochemistry of Thick Cryosections.

 

Sections were in-
cubated in 10% normal goat serum (Gibco-BRL, Gaithersburg,
MD) in PBS for 10 min before immunostaining. The antibodies
used were prepared in 0.2% saponin (Calbiochem Corp., San Di-
ego, CA), 10% normal goat serum in PBS, pH 7.4, and the sec-
tions were incubated floating in 200 

 

m

 

l primary antibody solution
per well in 48-wells plates overnight at 4

 

8

 

C. The sections were
washed three times in PBS before and after 1 h of incubation in
the secondary antibody mix. In the triple labeling experiments,
which included the FITC-tagged antineutrophil antibody, the
tissues were incubated in a mix containing the two unlabeled pri-
mary antibodies, washed, and incubated in the secondary anti-
bodies as described, followed by an additional overnight incu-

bation in the FITC-tagged antibody mix. Sections were washed
and mounted directly onto coverslips (22 

 

3

 

 22 mm, 1 mm thick-
ness) in a drop of PBS. Excess fluid was removed from the cover-
slip, and the tissue was covered with a minimal amount of mount-
ing media (9 mM 

 

p

 

-phenylenediamine [BDH Chemicals Ltd.] in
90% glycerol 

 

1

 

 10% PBS, pH 8.8). Coverslips were inverted
on a precleaned glass slide, and sealed with nail polish. The pri-
mary antibodies used in this study were: anti-

 

Salmonella

 

, 

 

Salmo-
nella

 

 O Antiserum Group B Factors 1,4,5,12 (Difco Laboratories
Inc., Detroit, MI), used at a dilution of 1:500; Texas Red (TxR)-
phalloidin (Molecular Probes, Eugene, OR), dilution of 1:50;
antileukocytes, CD18 (clone M18/2.a.12.7) and antihepatocytes,
TROMA-1 (the Developmental Studies Hybridoma Bank, De-
partment of Pharmacology and Molecular Sciences, The Johns
Hopkins University School of Medicine, Baltimore, MD), dilu-
tion of 1:50; anti-Kupffer cells, MOMA-1 (Serotec Ltd., Kidling-
ton, Oxford, UK), dilution of 1:25; anti–T lymphocytes, CD4
(GK1.5) and CD8 (53-6.72) (gift from Dr. I. Haidl, Biotechnol-
ogy Lab, University of British Columbia, Vancouver, British Co-
lumbia, Canada), dilution of 1:10; anti–B cells, CD45R/B220
(RA3-6.B2) (gift from Dr. I. Haidl), dilution of 1:10; and an-
tineutrophils, RB6-8C5 (Ly-6G) conjugated to FITC (PharMin-
gen, San Diego, CA), dilution of 1:100. Secondary antibodies used
were goat anti–rabbit-Cy2 (Amersham International, Little Chal-
font, UK), dilution of 1:500; donkey anti–rat-Cy3, donkey anti–
rabbit-Cy3, and donkey anti–rat-Cy5 (Jackson Immunoresearch
Labs., West Grove, PA), dilution of 1:500; goat anti–rabbit-TxR
(Jackson ImmunoResearch Labs.), dilution of 1:50; and goat
anti–rabbit-FITC (Jackson ImmunoResearch Labs.), dilution of
1:50.

 

Detection of Apoptotic Cells in Sections of Mouse Liver.

 

Apoptotic
cells in the liver sections were detected using the ApopTag in situ
apoptosis detection kit (Oncor Inc., Gaithersburg, MD). Briefly,
the 3

 

9

 

-OH DNA ends generated by DNA fragmentation in apop-
totic nuclei were catalytically extended with residues of digoxige-
nin-nucleotides using terminal deoxynucleotidyl transferase. After
an incubation with an FITC-conjugated antidigoxigenin anti-
body, the apoptotic cells could be visualized by fluorescence mi-
croscopy.

Liver sections of 30 

 

m

 

m in thickness were post-fixed floating
in ethanol/acetic acid (2:1) for 7 min at 

 

2

 

20

 

8

 

C. After a wash in
PBS, the apoptotic nuclei were labeled according to the manufac-
turer’s protocol. Thereafter, the sections were labeled with differ-
ent antibodies as described above.

 

CLSM and Image Analysis.

 

The images were collected on a
Nikon Optiphot-2 Research Microscope attached to a confocal
laser scanning microscope (MRC-600; Bio-Rad Laboratories, Her-
cules, CA) using COMOS software (Bio-Rad Laboratories). The
laser lines on the krypton/argon laser were 488 nm (FITC and
Cy2), 568 nm (TxR and Cy3), and 647 nm (Cy5). Filterblock BHS
was used to detect FITC and Cy2 (488 nm excitation, 515 nm
emission), YHS was used to detect TxR and Cy3 (568 nm excita-
tion, 585 nm emission), and RHS was used to detect Cy5 (647 nm
excitation, 680 nm emission). The numerical aperture was 0.75
on the 

 

3

 

20 air objective and 1.4 on the 

 

3

 

60 oil objective. The
images were captured such that the xyz dimensions were 0.4 

 

m

 

m
cubed (

 

3

 

20) and 0.2 

 

m

 

m cubed (

 

3

 

60). NIH Image version 1.60
was used for image analysis, and all images were based on maxi-
mum intensity projection. The Bob component of the GVLware
package (University of Minnesota, http://s1.arc.umn.edu/html/
gvl-software/gvl-software.html) was used when the data were an-
alyzed using the volume rendering technique. Projections made
in NIH Image were saved in TIFF format, then imported to
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Adobe Photoshop version 3.0.4 where the different fluorophore
images were assigned to individual RGB channels and subse-
quently merged to provide the final image of the single or multi-
ple immunostained sections.

 

Results

 

Development of a Method to study Murine Salmonella Infec-
tion Under Conditions Which More Closely Mimic a Natural In-
fection.

 

Naturally acquired systemic 

 

Salmonella

 

 infections
presumably begin by the entry of a few bacteria from the
gastrointestinal tract into tissues via systemic circulation
(16). We developed a method to visualize bacteria in the
liver at early times when the mouse was infected intrave-
nously with only a few bacteria (

 

z

 

100 CFU). 30-

 

m

 

m-
thick sections of mouse liver were immunostained with
primary antibodies which were localized by either direct or
indirect immunofluorescence microscopy. The labeled sec-
tions were analyzed using epifluorescence and CLSM. One
advantage of CLSM is the ability to use triple labelings of
specimens with antibodies recognizing bacteria and differ-
ent cell markers in the mouse liver. Furthermore, digitized
images can subsequently be analyzed using image analysis
software, and it is possible to study sub-volumes of the col-
lected data set to create a three-dimensional image.

We chose the intravenous route of infection, as it is the
most reproducible method of infection using small numbers
of bacteria. Mice were killed at different times after infec-
tion and the livers were fixed and prepared for cryosection-
ing. Permeabilization of a thick section is essential to pro-
vide a homogenous labeling by antibodies throughout the
entire tissue section. We found that 0.2% saponin in the
antibody mix allowed full penetration of the section by an-
tibodies, as did a post-fixation in cold ethanol/acetic acid
before incubation with the antibody mix. To further im-
prove the antibody labeling reaction, floating sections were
incubated in 200 

 

m

 

l of antibody solution per well in a 48-
well plate, which allowed the penetration of antibodies
from both sides of the sections.

The thick sections had a relatively high background flu-
orescence due in part to the presence of autofluorescent
substances in the liver (17). To provide a high signal to
noise ratio, the cyanine fluorophores Cy2, Cy3, and Cy5
were chosen for the CLSM work. In addition to increased
brightness the cyanine dyes are less sensitive to photo-
bleaching (18). However, bacteria and apoptotic nuclei were
readily detectable with TxR or FITC fluorophores. To fur-
ther increase the signal to noise ratio, we found that a
longer incubation time (

 

z

 

15 h, 4

 

8

 

C) in a diluted primary
antibody mix was preferable to a shorter time in a more
concentrated antibody solution. The incubation time in the
secondary antibody solutions was 1 h.

 

Characteristics of Primary Lesions in Mice Infected with Viru-
lent S. typhimurium.

 

After an intravenous challenge of
BALB/c mice with a dose of 

 

z

 

100 virulent 

 

S. typhimurium

 

strain SL1344, mice were killed at daily intervals. The liver
and spleen are the two main sites for 

 

Salmonella

 

 prolifera-
tion in the host (19), and infection kinetic experiments

showed a rapid increase of bacterial numbers in both these
organs until death occurred at days 6–7 (Fig. 1). Postmor-
tem examination at days 1, 2, and 3 revealed no macro-
scopic changes in the various organs of the reticuloendo-
thelial system. However, at day 5 both the liver and spleen
were grossly enlarged and swollen (hepatosplenomegaly), and
numerous gray-white lesions were visible on both organs.
Hypertrophy of the liver was accompanied by derangement
of the liver parenchyma.

Projections of 1.2-

 

m

 

m z-stacks collected on the confocal
microscope demonstrate the changes in morphology which
the liver undergoes during infection (Fig. 2). TxR-phalloi-
din was used to label the actin filaments in liver sections
from controls and at different stages of infection (20). In
the uninfected liver (Fig. 2 

 

a

 

) the intact polyhedral hepato-
cyte structure is apparent, showing the plates of hepatocytes
separated by the sinusoids. The bile canaliculi are outlined
as bright dots between adjacent hepatocytes due to the ac-
cumulation of actin in the cell-to-cell junctions. Similar re-
sults were seen at days 1 and 2 after infection. At day 3, al-
though the mice did not show any symptoms of disease and
hepatosplenomegaly had not yet occurred, morphological
changes were observed. In some areas, the plates of hepato-
cytes were no longer intact due to the massive infiltration
of phagocytes. One of these inflammatory foci is shown in
Fig. 2 

 

b.

 

 The structural disintegration of the hepatocytes
was more pronounced at a late stage (day 5) of infection
(Fig. 2 

 

c

 

). At this phase of infection, the mice were very
sick and hepatosplenomegaly was apparent. The morpho-
logical changes of the hepatocytes were also observed when
staining with TROMA-1, an antibody which specifically
recognizes cytokeratin Endo-A present in the cell borders
of the hepatocytes (21).

Figure 1. Infection kinetics. Numbers of bacteria recovered from ho-
mogenized liver (white) and spleen (black) at different days after infection
following an intravenous dose of 115 CFU SL 1344. The mice died at
days 6–7. The data represent the average number of bacteria recovered
from the organs of four mice per time point, and the error bars indicate
the standard deviation.
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Disruption of the hepatic cells correlated with infiltration
by leukocytes in the liver as the bacterial infection pro-
gressed. A general marker for the leukocyte population is
CD18 (integrin 

 

b

 

2 chain) (22). This marker was used to

examine the time-dependent infiltration of the liver by leu-
kocytes. Fig. 3, 

 

a

 

–

 

c

 

 are projections of 8-

 

m

 

m z-stacks show-
ing the result of a triple labeling experiment of liver sec-
tions at different times after infection using CD18-Cy5

Figure 2. Destruction of the liver parenchyma due to a Salmonella in-
fection. TxR-phalloidin labeling of (a) uninfected liver, (b) liver infected
with 65 CFU SL1344 at day 3 after infection, and (c) the same dose at day
5 after infection showing disintegration of the liver parenchyma as the
Salmonella infection proceeds. At day 3, small inflammatory foci appeared
which rapidly enlarged and became more numerous resulting in loss of
liver morphology. Each image is a projection of a 1.2-mm z-stack col-
lected through the 320 objective on a Bio-Rad MRC-600 confocal mi-
croscope. h, Hepatocyte; s, sinusoid; bc, bile canaliculi; f, foci of infection.
Bar, 50 mm.

Figure 3. The inflammatory foci consist of infiltrating leukocytes and
bacteria. Mouse liver sections labeled with TxR-phalloidin (purple), CD18-
Cy5 (pink), and anti-Salmonella–FITC (green/yellow) in (a) uninfected liver, (b)
liver infected with 65 CFU SL1344 at day 3 after infection, and (c) the
same dose at day 5 after infection. All images are projections of 8-mm
z-stacks collected through the 320 objective on a Bio-Rad MRC-600
confocal microscope. Red labeling in a shows the presence of the resident
Kupffer cells, and the arrows in c indicate interstitial bacteria. Bar, 50 mm.
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Figure 5. S. typhimurium are located inside macrophages at late stages of
infection. (a) Mouse liver infected with 65 CFU SL1344 at day 5 after in-
fection labeled with anti-Salmonella–Cy3 (orange) and CD18-Cy5 (green).
The image is a projection of a 30-mm z-stack collected through the 360
objective on a Bio-Rad MRC-600 confocal microscope. The boxed
macrophage is analyzed further in b–d. Bar, 25 mm. (b) NIH Image was
used to project the side view (yz) and the bottom view (xz) of the boxed
macrophage (represented by the xy view), which together demonstrate
the intracellular location of the bacteria. (c) A three-dimensional reconsti-
tution of a liver macrophage at day 5 after infection (the same cell as in b)
using volume rendering. (d) A tilted, 1.8-mm section of the macrophage
in c shows the intracellular location of three bacteria (red). Other bacteria
present in b were also intracellularly located, but in a different section of
the macrophage.

Figure 4. Neutrophils are present in the foci at an early stage of infec-
tion, while macrophages dominate the tissue at later stages. Mouse liver
sections labeled with antineutrophil-FITC (purple), CD18-Cy5 (red), and
anti-Salmonella–TxR (green/light blue/yellow) in (a) uninfected liver, (b)
liver infected with 65 CFU SL1344 at day 3 after infection, and (c) the
same dose at day 5 after infection showing that neutrophils extravasate
into the liver as an early response, but disappear at a later stage of infection
when the foci consists of macrophages. The bacteria colocalize to the
phagocytes, not to the hepatocytes. Each image is a projection of an
8-mm z-stack collected through the 320 objective on a Bio-Rad MRC-
600 confocal microscope. Bar, 50 mm.
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(pink), TxR-phalloidin (purple), and anti-Salmonella–FITC
(green/yellow). The uninfected liver (Fig. 3 a) contains resi-
dent macrophages, the Kupffer cells. With a low infective
dose, foci of CD18-positive cells appeared at day 3 (Fig. 3
b). The foci grew rapidly, becoming larger and more numer-
ous at day 5 (Fig. 3 c). These areas of parenchymal necrosis
appeared at any site in the hepatic lobule. It has been suggested
that necrotic foci of the hepatocytes are caused by occlu-
sion of the vascular sinusoids by masses of infiltrating mono-
nuclear cells which may cut off the blood supply (19). In-
deed, we observed infiltration by numerous leukocytes in
the infected liver, not only in the foci but also the intersti-
tial spaces (Fig. 3 c). Furthermore, some of the hepatic
blood vessels (portal and central veins as well as sinusoids)
contained masses of inflammatory CD18-positive cells which
correlates with the observation that acute inflammation of
the blood vessels causes thrombosis and infarcts (23).

When an inflammatory response is triggered, neutrophils
rapidly extravasate from the vasculature into the tissue and
accumulate at the infectious foci (23, 24). It is not until the
infection has progressed to later stages that the mononu-
clear cells begin to appear while the neutrophils disintegrate
at the center of the lesions. The antibody RB6-8C5 recog-
nizes a differentiation antigen specific for neutrophils (25)
and has been used extensively in vivo to deplete mice of
this cell type (24, 26–29). We used the FITC-tagged anti-
body RB6-8C5 (blue) in a triple labeling experiment to-
gether with CD18-Cy5 (red) and anti-Salmonella–TxR (green)
to differentiate the neutrophils from the total leukocytes
(CD18-positive) present at different times after infection.
Fig. 4 a shows that there is an absence of neutrophils in
the uninfected liver which contains resident macrophages
(Kupffer cells) (red). Similar results were obtained at day 1
after infection. A few neutrophils were occasionally found
in veins at day 2, but the liver parenchyma otherwise
looked normal. At day 3 a marked infiltration of neutro-
phils into the tissue occurred and most of the CD18-posi-
tive foci consisted of centrally located neutrophils (Fig. 4 b).
However, in some foci the neutrophils had already disinte-
grated and were replaced by mononuclear cells. By day 5,
infiltration of mononuclear phagocytes into the lesions and
disappearance of the neutrophils was complete, as all ne-
crotic foci had transformed into granulomas (Fig. 4 c).

The mononuclear cells which constituted the granulo-
mas contained predominately incoming phagocytes, not res-
ident Kupffer cells. MOMA-1 is an antibody which reacts
with a subpopulation of mature resident tissue macrophages.
In the liver, this antibody specifically labels the Kupffer cells
(30). However, in infected mice, the Kupffer cells were
always interstitial and only accumulated at the periphery of
the foci regardless of the stage of infection (data not shown).

We also looked for possible changes in the numbers of T
and B lymphocytes in the mouse liver due to Salmonella
infection. To this end, we used the antibodies GK1.5 (T
helper) (31), 53-6.72 (T killer and a subset of NK cells)
(32), and RA3-6.B2 (B cells) (33). We did not notice any
increase in the number of T lymphocytes, while B cells
were slightly increased (approximately threefold) at the

later stages of infection. These results are not surprising,
since the time frame of a Salmonella infection is too short
for the host to mount a humoral or T cell–mediated im-
mune response. Furthermore, these data clearly show that
the key cells involved in the host defense against a Salmo-
nella infection are the neutrophils and macrophages.

S. typhimurium Colocalizes to the Neutrophils and Macro-
phages in the Mouse Liver. The primary lesions of S. typhi-
murium infection in mice have been well documented by
conventional histological methods, and it was encouraging
to find that our method reflected the sequential develop-
ment of the histopathological processes described earlier (1,
19, 23). The advantage of our method was that we were
able to locate the bacteria in the liver sections by adding a
third, anti-Salmonella, antibody. In no other report has the
location of the bacteria in the tissue been visualized with a
dose ,106 CFU injected either intravenously or intraperi-
toneally (10, 11, 24, 34–38). This is due to the limitations
of the methods previously used (electron microscopy and
light microscopy) in which only minute areas of the liver
were studied, and accordingly, very high doses of bacteria
were needed for visualization. Only one other report has
used a similar low dose of bacteria, and although the histo-
pathological lesions they describe were the same as those
we report, they could not detect the bacteria, except from
blood cultures (23).

The site where Salmonella resides and proliferates in vivo
has been disputed and, depending on the methodology
used, hepatocytes (10, 11), macrophages (Kupffer cells) (8,
9), neutrophils (7), as well as the extracellular space (12),
have all been suggested as permissible compartments in the
liver. These discrepancies might in part be explained by the
overwhelming doses of bacteria used to infect the animal in
these studies. Using our methodology, it was possible to
detect a single bacterium in the liver when a low infective
dose was administered, and thus we addressed the question
as to where Salmonella resides in vivo.

When a small inoculum (65 CFU) of bacteria was in-
jected intravenously, the bacteria could not be detected vi-
sually at days 1 or 2 after infection in thick sections, but
from day 3 the bacteria were routinely visualized (Fig. 3 b).
At this stage of infection the liver contained only 6.2 3 104

CFU bacteria (Fig. 1). The bacteria (green) were mainly re-
stricted to the foci where they colocalized with the leuko-
cyte marker CD18 (Fig. 3 b and 4 b). Occasionally, bacteria
were found in other areas than the foci, but they always
colocalized to CD18-positive cells. When the disease pro-
gressed to day 5, the bacteria were present not only in the
foci, but had disseminated to interstitial areas as well (Fig. 3
c and 4 c), although they remained colocalized to CD18-
positive cells which at this stage were mononuclear cells
(predominantly infiltrating macrophages).

In an attempt to quantitate colocalization of the bacteria
to the leukocytes, a 360 objective on an epifluorescent mi-
croscope was used in a double labeling experiment to iden-
tify individual bacteria (anti-Salmonella–Cy2) and measure
their colocalization to CD18-positive cells (CD18-Cy3) by
focusing through 30-mm-thick sections. Table 1 shows that
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at days 3 and 5, 98 and 93% of the bacteria were colocal-
ized to leukocytes, respectively. This is probably an under-
estimation, since it was sometimes difficult to outline the
protrusions of the leukocytes and accordingly determine
whether the bacteria colocalized or not.

We also performed experiments in which 10 and 100
times higher doses of S. typhimurium SL1344 were injected.
By increasing the dose it was possible to detect the bacteria
at earlier time points. When 104 CFU were used, the bac-
teria were routinely detected at day 1, and with 103 CFU,
bacteria were visualized in the liver at day 2 after infection.
In both cases, the presence of bacteria coincided with the
infiltration of leukocytes into the tissue. Similar morpho-
logical changes were observed in the liver when comparing
the effect of high and low doses. However, the disease pro-
gressed faster with high infective doses, and the mice died
at days 3–4 and 5–6, respectively. We did not notice any
difference in the frequency of bacterial colocalization to
leukocytes at earlier time points, suggesting that S. typhimu-
rium is mainly associated with the neutrophils and the mac-
rophages during the typhoid-like Salmonella infection in
mice.

S. typhimurium Resides Intracellularly in Macrophages of the
Mouse Liver. Because several studies have shown that Sal-
monella are able to invade and multiply in cultured mac-
rophages, and many genes specific for macrophage survival
in vitro have been isolated, it is a commonly held view that
S. typhimurium survives intracellularly in macrophages as
part of its pathogenesis (6, 39–44). However, evidence to
support this concept is indirect, and the classification of S.
typhimurium as a facultative intracellular pathogen has also
been questioned (12).

Using sub-volumes of a z-stack collected on a confocal
microscope, we found that S. typhimurium resides intracel-
lularly in mononuclear cells at late stages of infection. Fig. 5
a is a projection of a 30-mm z-stack collected through the
360 objective on the CLSM showing a mouse liver in-
fected with 65 CFU SL1344 at day 5 after infection. The
Salmonella (orange) colocalized to the macrophages (green)

labeled with CD18-Cy5 (neutrophils are not present at this
stage of infection). To verify that the bacteria were located
intracellularly and not in a focal plane different from the
macrophage, we used two different image analysis tech-
niques. The boxed macrophage in Fig. 5 a was cropped and
analyzed using the maximum intensity projection in NIH
Image. The xy view in Fig. 5 b shows the same macrophage
as outlined in Fig. 5 a. Using NIH Image, we resliced the
stack vertically and horizontally to obtain the projections of
the side view (yz) and the bottom view (xz). When combin-
ing the projections shown in Fig. 5 b it was apparent that all
five bacteria reside inside the macrophage. We also ana-
lyzed the data using a volume rendering program to rule
out surface localized bacteria. The reconstituted surface of
the macrophage is shown in a three-dimensional view in
Fig. 5 c. Note that there are no bacteria located on the out-
side surface. Instead, the bacteria are inside the macro-
phage, as shown by a cross-section of the image (Fig. 5 d).
Within the sub-volume, represented by a tilted, 1.8-mm
section of the original 30-mm stack, three out of the five
bacteria present in this macrophage were visible. The re-
maining two bacteria were also intracellularly located but
in a different section of the macrophage (not shown).

To determine the frequency with which the bacteria are
located inside macrophages, 50 randomly chosen areas con-
taining either single or clusters of bacteria were analyzed as
above. The Cy5 fluorophore, which can only be detected
on the confocal microscope and not by the human eye, was
used to detect the CD18-positive cells, thereby assuring a
nonbiased analysis. Of 50 areas studied, 44 (88%) showed
an intracellular location while 6 were either extracellular or
unclear. These numbers clearly suggest that most of the
bacteria are intracellularly located in macrophages at late
stages of infection.

S. typhimurium Induce Cell Death in Mouse Liver Neutro-
phils and Macrophages. Although macrophages are known
to mediate host defense responses against foreign microor-
ganisms (45), our study suggested that in vivo the environ-
ment in which S. typhimurium is found is inside macro-
phages. In recent years several microorganisms have been
shown to induce apoptosis in their host cells as part of their
infectious process, probably as a mechanism to counteract
host immune defense mechanisms or to promote host-cell
proliferation, thereby securing a niche for bacterial prolifer-
ation (46). Very recently S. typhimurium was reported to be
cytotoxic and to induce apoptosis in cultured and bone
marrow–derived macrophages (47, 48). We thus investi-
gated the role of cell death and apoptosis in vivo.

The method we used for microscopical detection of apop-
tosis in situ was based on detection of DNA fragments pro-
duced as a result of apoptotic activation of intracellular
endonucleases (49). In addition to the FITC-labeling of
apoptotic nuclei we labeled the same 30-mm liver sections
with anti-Salmonella–TxR and CD18-Cy5 for further anal-
ysis using CLSM. Only occasionally could a positive cell be
detected in the uninfected liver, otherwise the parenchyma
was devoid of apoptotic nuclei (Fig. 6 a). After the injec-
tion of a low dose of SL1344, apoptotic nuclei started to

Table 1. Colocalization of S. typhimurium and
Digoxigenin-labeled Nuclei to CD18-positive Cells in the Mouse 
Liver at Different Times After Infection

Dose and days
after infection

Percentage of colocalization

SL1344/CD18 ApopTag/CD18

Uninfected 0 24.3 6 3.5
102 CFU, day 1 0 22.0 6 3.6
102 CFU, day 2 0 68.6 6 9.0
102 CFU, day 3 98.2 6 1.3 89.5 6 2.2
102 CFU, day 5 93.0 6 2.7 96.4 6 2.9

The numbers represent percentage of colocalization of the different
markers6standard deviation from three separate experiments counting
100 bacteria or apoptotic nuclei per experiment.
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appear en masse by day 3 after infection (Fig. 6 b) and in-
creased further by day 5 (Fig. 6 c). Noteworthy was that the
appearance of apoptotic nuclei coincided both in time and
location with the infiltrating phagocytes, since tissues from
days 1 and 2 were indistinguishable from control tissue, but
from day 3 the FITC-labeled nuclei colocalized to the in-
fectious foci. Data from colocalization experiments are pre-
sented in Table 1, showing that it is predominantly (89–
96%) the CD18-positive cells that undergo cell death and not
hepatocytes. Using the 360 objective on the confocal mi-
croscope, we found that the apoptotic macrophages some-
times harbored intracellular Salmonella, but uninfected cells
also underwent apoptosis (Fig. 6 d). Fig. 6 e shows a single

apoptotic macrophage (CD18-positive cell at late stage of
infection) with intracellular bacteria. Based on the data pre-
sented in Fig. 6 we conclude that S. typhimurium infection
exerts a cytotoxic effect, either direct or indirect, on the infil-
trating phagocytes.

Discussion

We describe here a novel method to study different as-
pects of Salmonella pathogenesis in vivo at a cellular level.
The method is based on CLSM of immunostained objects
in 30-mm cryosections of the mouse liver. The aim was to
visualize bacteria in mouse liver when very low infective

Figure 6. S. typhimurium are cytotoxic for mouse liver phagocytes.
Mouse liver sections labeled with anti-digoxigenin-FITC (green), anti-
Salmonella–TxR (pink), and CD18-Cy5 (blue) in (a) uninfected liver, (b)
liver infected with 65 CFU SL1344 at day 3 after infection, and (c) the
same dose at day 5 after infection. The FITC labeling shows the cyto-
toxic effect of the bacteria on the phagocytes, while a single apoptotic
cell in the uninfected tissue is indicated by the arrow in a. The images
are projections of 8-mm z-stacks collected through the 320 objective.
Bar, 50 mm. (d) The same tissue and labeling as in c but the image is a
projection of a 32-mm z-stack collected through the 360 objective. Bar,
25 mm. (e) As d but focused on a single apoptotic cell with intracellular
bacteria. Images in a–c were collected on a Bio-Rad MRC-600 confocal
microscope, d–e were collected on a Bio-Rad 1024 confocal micro-
scope.
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doses were administered (z100 CFU). This was an attempt
to mimic naturally acquired Salmonella infections where only a
few of the orally ingested bacteria cross the epithelial lining
of the small intestine, reach the blood stream, and dissemi-
nate further into the reticuloendothelial system of the host
to cause disease (16). The high reproducibility of the intra-
venous injection route made this the technique of choice
since very low numbers of bacteria were used as inoculums.
Challenge via the oral and intraperitoneal routes of infec-
tion has been shown to cause similar histopathological
changes in mouse liver (1).

Murine salmonellosis in susceptible mice is marked by a
rapidly progressing systemic disease with an inevitably fatal
outcome. We studied the histopathological development of
lesions in the mouse liver after an intravenous injection of
z100 CFU of S. typhimurium and confirmed most of the
pathology already described for this disease (1, 8, 19, 23),
indicating that this approach was appropriate. The initial
lesions appeared at day 3 after infection when masses of in-
filtrating neutrophils accumulated in well defined necrotic
foci in an otherwise unaffected liver parenchyma. During
the following days, the number and size of these lesions in-
creased. Macrophages began to appear in the periphery of
the lesions, replacing the neutrophils. Neutrophils disap-
peared by day 5, and the lesions were granulomas. During
the late stage of infection the macrophages were not only
present in the foci, but also in large numbers in the intersti-
tial area of the parenchyma causing leucostasis of the liver.
Despite the massive influx of mononuclear cells into the
infected organs, the course of the disease was fatal and the
mice died at days 6–7.

The site of Salmonella proliferation in the mouse is a con-
tentious issue addressed by several investigators over the
years using high infectious doses (10, 11, 24, 34–38). There
is a serious concern that the effects seen when a dose 2 3
105 times higher than the LD50 dose of a virulent bacteria is
administered intraperitoneally to susceptible mice reflect those
of a naturally occurring infection (10). Artifacts caused by a
septic shock response due to the high levels of LPS and
toxic cell wall components in the circulation may further
complicate the results. Using confocal microscopy of im-
munostained thick sections of the mouse liver, we directly
visualized the bacteria in the mouse liver after a dose of 65
CFU administered intravenously. At day 3 after infection,
the bacteria appeared in the inflammatory foci and colocal-
ized to the neutrophils and macrophages. As the disease pro-
gressed the number of bacteria in the tissue increased and
by later stages of the infection (day 5) numerous bacteria
appeared in the foci as well as in the interstitial areas, but re-
mained colocalized with the macrophages. When higher doses
were used to challenge the mice, we found that .95% of
the bacteria colocalized to the neutrophils and macrophages
at any time point examined. These results argue in favor of
the neutrophils/macrophages as being the main site for Sal-
monella proliferation in the mouse.

The ability of Salmonella to survive after phagocytosis by
macrophages has been shown in several tissue culture mod-
els (for reviews see references 50 and 51) but no convincing

data exist regarding the in vivo situation. In this report we
demonstrate that the bacteria reside intracellularly within
macrophages, as at least 88% of the analyzed bacteria (or
clusters of bacteria) were located intracellularly. This result
strongly supports the classification of Salmonella as an intra-
cellular pathogen. Some macrophages contained only a few
(1–3) bacteria while others harbored several (.10). Occa-
sionally we found bacteria that appeared to be dividing, an
indication of intracellular bacterial replication. The fate of
the phagosome in which S. typhimurium resides after phago-
cytosis by cultured macrophages is again contentious; data
which support the fusion of the phagosome with the lyso-
somal compartment in the host cell as well as data describing
the inhibition of phagosome/lysosome fusion have been
published (41, 52–57). In preliminary experiments using
our confocal approach, we occasionally saw colocalization
of the bacteria with LAMP-1, a marker for the lysosomal
membrane glycoproteins. We are currently using this method
to study the intracellular compartments in which Salmonella
and other intracellular pathogens survive inside host cells in
vivo.

When higher doses of bacteria were administered, the
bacteria were visualized in the liver at days 1 and 2 after in-
fection. We looked for possible colocalization of the bacte-
ria to the hepatocytes at these early time points since the
hepatocytes have been suggested as the primary site for Sal-
monella proliferation during the early phase of the disease
(10, 11). We found that the bacteria at both doses colocal-
ized to the CD18-positive phagocytes, and we did not de-
tect any bacteria inside hepatocytes. This is not surprising,
since the few experiments showing S. typhimurium inside
hepatocytes have used very high infective doses and treat-
ment of the mice with antibodies that either depleted the
mice of neutrophils or inhibited the neutrophils from accu-
mulating at the infectious foci (10, 11, 24). Furthermore,
studies using a murine hepatocyte cell line (58) showed that
S. typhimurium invaded the cells poorly (0.3%). In addition,
LPS- and cytokine-activated hepatocytes (used to mimic
the in vivo situation) also displayed an antibacterial activity,
results that argue against the hepatocytes as the primary site
for Salmonella proliferation.

An interesting feature of several pathogenic bacteria is
their capacity to induce apoptosis in mammalian cells as a
part of their disease process (46). We found that infection
with S. typhimurium exerts a cytotoxic effect on the neutro-
phils/macrophages in the mouse liver whether or not the dy-
ing phagocytes contained intracellular bacteria. If apoptosis
is a direct effect due to the presence of bacteria or a second-
ary effect due to the inflammatory response (e.g., production
of cytokines, nitric oxide, and oxidative burst) is unclear at
present. Recently, it was shown that S. typhimurium induces
apoptosis in cultured and bone marrow–derived macro-
phages in vitro (47, 48). We are currently determining the
contribution in vivo of the invasion-associated type III se-
cretion system and the bacterial outer membrane protein
OmpR, both of which were necessary for cytotoxicity in
vitro (44, 47). The relevance of apoptosis in Salmonella in-
fections could relate to evasion of the host’s immune re-



578 Murine Typhoid Fever Studied by Confocal Microscopy

sponse. Neutrophils have been shown to be important in
the early anti-Salmonella defense in the liver (29). Induction
of neutrophil cell death may allow bacterial survival and
subsequent invasion of macrophages to establish an infec-
tion.

Although much knowledge about Salmonella’s interac-
tions with host cells has been gained from tissue culture
models, little is known about the situation in vivo, mainly
due to a shortage of relevant experimental methods. The
method described in this report can be used to study the lo-
cation of pathogenic bacteria in vivo as well as the mor-
phological changes that occur. Thus, it should be a useful

method to extend the data obtained from in vitro systems
to study pathogenesis in vivo. Work in our laboratory is
currently underway to characterize several of the previously
described Salmonella mutants using this system. The CLSM
method has broad applicability and can be used to address
many different issues. Possible areas of research include
studies of other pathogens in other organs (e.g., lung, spleen,
and intestine), intracellular trafficking of pathogen-contain-
ing phagosomes, and liposome targeting in vivo. The major
limitation is the availability of an antibody recognizing the
object of interest, but many of these are available commer-
cially as well as from within the research community.
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