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Mouse Models of Aerosol-Acquired Tularemia
Caused by Francisella tularensis Types A and B

David L Fritz, Marilyn J England, Lynda Miller, and David M Waag’

After preliminary assessment of virulence in AKR/J, DBA/1, BALB/c, and C57BL/6 mice, we investigated histopathologic changes
in BALB/c and C57BL/6 mice infected with type A (strain SCHU S4) or type B (strain 425) Francisella tularensis by aerosol expo-
sure. In mice exposed to type A infection, changes in histologic presentation were not apparent until day 3 after infection, when
pyogranulomatous inflammation was detected in spleens and livers of BALB/c mice, and in lungs and spleens of C57BL/6 mice.
Histopathologic changes were most severe and widespread in both mouse strains on day 5 after infection and seemed to completely
resolve within 22 d of challenge. BALB/c mice were more resistant than C57BL/6 mice in lethal-dose calculations, but C57BL/6 mice
cleared the infection more rapidly. Mice similarly challenged with type B E. tularensis also developed histopathologic signs of infec-
tion beginning on day 3. The most severe changes were noted on day 8 and were characterized by granulomatous or pyogranulo-
matous infiltrations of the lungs. Unlike type A infection, lesions due to type B did not resolve over time and remained 3 wk after
infection. In type B, but not type A, infection we noted extensive inflammation of the heart muscle. Although no microorganisms
were found in tissues of type A survivors beyond 9 d after infection, mice surviving strain 425 infection had a low level of residual
infection at 3 wk after challenge. The histopathologic presentation of tularemia caused by F. tularensis types A and B in BALB/c

and C57BL/6 mice bears distinct similarities to tularemia in humans.

Abbreviations: LVS, live vaccine strain; SUBLN, submandibular lymph node; MESLN, mesenteric lymph node.

Tularemia is an infectious disease caused by the gram-negative
bacterium Francisella tularensis. Clinical disease was first seen in
Japan in 1837, when people who ate meat from rabbits developed
fever, chills, and glandular tumors.” In the United States, the dis-
ease was first described in 1911 by Dr Edward Francis, who ob-
served a plague-like illness in ground squirrels. In 1914, the first
human case in the United States was described in a butcher.*® Dr
Francis, for whom the microorganism was named, characterized
the clinical signs, symptoms, and the mode of transmission after
infection.

Tularemia is one of the most pathogenic diseases known, caus-
ing disease after inoculation or inhalation of as few as 10 micro-
organisms.” The microorganism is infectious by many routes,
including ingestion of contaminated food or water, through mi-
croabrasions or bites from various arthropods, or inhalation of
the infectious agent. The species F. tularensis includes several sub-
species including tularensis, holarctica, novidia, and mediaasiatica.
The type A F. tularensis subspecies tularensis is highly virulent in
humans and is the dominant species in North America. Type B F.
tularensis subspecies holarctica (also called palearctica) is usually
found in European countries and is less virulent.*® Humans in-
fected with either subspecies can develop an acute febrile illness.
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F. tularensis is a facultative intracellular pathogen and mul-
tiplies in macrophages. Target organs are associated with the
reticuloendothelial system and include lymph nodes, lungs,
spleen, liver, and kidneys. In human pneumonic tularemia, infec-
tion progresses systemically from the lungs to other organs and
causes pathologic changes, primarily to the liver and spleen.”!1%%
Humans infected by aerosol exposure also show hemorrhagic
inflammation of the airways, which can progress to bronchopneu-
monia.* Alveolar spaces become filled with a mononuclear cell
infiltrate. Pleuritis with adhesions and effusion and hilar lymph-
adenopathy are commonly found.* The fatality rate for untreated
pneumonic infections is approximately 30% to 60% for type A F.
tularensis and approximately 10% for infections with type B F.
tularensis.** Because of its high infectivity, morbidity, and mortal-
ity, this microorganism is classified as a Category A Select Agent.
F. tularensis can cause natural infections in a variety of animals,
including rabbits, cats, prairie dogs, voles, raccoons, squirrels,
rats, lemmings, wild mice, and other species.!**12%0%404 Although
the source of infection can be inapparent, outdoor-housed rhesus
macaques can acquire tularemia.’>*

Animal models using virulent (for humans) strains are essen-
tial for the development of efficacious vaccines and evaluation of
antimicrobials against pathogenic diseases affecting humans. Due
to the virulence of this microorganism, most experimental infec-
tions in rodent model systems use the Live Vaccine Strain (LVS) to
minimize the risk to laboratory workers,” although many recent
studies use the more virulent type B and type A strains. LVS can
be lethal to mice but is attenuated in humans. LVS is lethal in
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naive mice and causes pathologic reactions similar to those seen
with virulent strains in humans.®* However, using an LVS model
of infection is not without potential problems. First, dose lethal-
ity varies widely, depending on the route of LVS infection. Naive
mice are most sensitive to intraperitoneal challenge, followed by
intravenous, intranasal, aerosol, and intradermal challenge. Fur-
thermore, the LD, for LVS administered by aerosol is greater than
10* microorganisms, whereas the LD, for virulent F. tularensis
strains is less than10 microorganisms.®

To better understand the pathogenesis of this important Cat-
egory A pathogen, we determined the virulence and investigated
the histopathogenesis of type A and type B F. tularensis in mice
challenged by small-particle aerosol. We compared the histo-
pathogenesis of infection over a period of 3 wk in BALB/c and
C57BL/6 mice challenged with 1468 microorganisms or 100 mi-
croorganisms of F. tularensis SCHU S4 (type A). Type B (strain 425)
infection was similarly investigated in BALB/c mice challenged
with 102 microorganisms. Bacterial burdens in spleens, livers,
lungs, and blood were determined.

Materials and Methods

Microorganisms. Type A F. tularensis strain SCHU S4 was ob-
tained from an archived culture collection (Diagnostic Systems
Division, USAMRIID). Initial testing in BALB/c mice demonstrat-
ed that the virulence of SCHU 54 via aerosol was lower than ex-
pected (LD, approximately 1660 microorganisms). Therefore, this
strain was passed through a single mouse and reisolated from the
spleen, propagated overnight in Mueller Hinton II broth (Difco,
Detroit, MI) containing 2% Isovitalex (Becton Dickinson, Franklin
Lakes, NJ), and microorganisms were collected by centrifugation
and frozen (-70 °C) in 20% glycerol as a stock culture for use in
this and other experiments. This strain was designated FT4 in our
archive. Prior to use in infectious aerosol, Mueller Hinton II broth
was inoculated with stock culture and incubated overnight in a
shaking incubator at 37 °C. Prior to whole-body aerosol infection,
the microorganisms were adjusted to the appropriate concentra-
tion according to optical density (660 nm) and confirmed by plate
counts. This bacterial strain has been widely used in studies of
bacterial pathogenesis and countermeasure evaluation'***3! and
has been sequenced.”

Type B F. tularensis strain 425 was obtained from an archived
culture collection (Diagnostic Systems Division, USAMRIID).
Due to its uncertain history regarding in vitro passage, this strain
was passed through a single mouse, reisolated, propagated
overnight, and stored at =70 °C in 20% glycerol. This strain was
designated FT15 in our archive. Strain 425 was previously used
in pathogenesis studies and was the only type B virulent strain
available to us.*

Microorganisms were administered to mice via small-particle
aerosol as described.* The aerosol stream was passed through
culture medium in all-glass impingers. Doses were calculated by
using the concentrations of bacteria in the culture medium and
typical respiratory volumes of mice of similar weights.

LD, determination. Female mice (10 mice per group; age, 6 to
8 wk) of the strains AKR/]J (H-2%, Jackson Laboratory, Bar Har-
bor, ME), DBA /1] (H-29, Harlan Laboratories, Indianapolis, IN),
BALB/c (H-29), and C57BL/6 (H-2% both strains from Charles
River-NClI, Fort Detrick, MD) were exposed by small-particle
aerosol (diameter, 1 to 5 um) to log dilutions of the SCHU S4
strain. Mice were monitored twice daily to observe clinical
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condition, record deaths, and ensure that moribund mice were
identified and euthanized by using CO, (gaseous) followed by
cervical dislocation or thoracotomy to conform with AVMA
guidelines.” Euthanized mice were included in the daily tally.
Three weeks after aerosol challenge, surviving mice were eutha-
nized. The LD, for each mouse strain was determined by probit
analysis.' The LD, of F. tularensis strain 425 was determined
similarly in 6- to 8-wk-old female BALB/c mice.

Histopathogenesis study. BALB/c and C57BL/6 female mice
(age, 6 to 8 wk) were infected with type A F. fularensis SCHU S4
(1468 microorganisms; 5 LD, BALB/c; 17 LD, C57BL/6).* Begin-
ning at4hand ondays 1,2, 3, 5, 6, and 22 after aerosol exposure, 4
BALB/c and 4 C57BL/6 mice were euthanized with CO,. At each
time point, one uninfected control mouse of each mouse strain
was euthanized also. Due to the high type A challenge dose, few
mice survived beyond 1 wk. To examine the histopathogenesis of
type A infection at later time points, a second cohort of BALB/c
and C57BL/6 was challenged by using a lower infectious dose
(100 microorganisms; 0.3 LD,, BALB/c; 1 LD, C57BL/6). Mice
were euthanized on days 6, 9, 12, 15, and 20 after challenge.

BALB/c female mice (age, 6 to 8 wk) were infected with type B
F. tularensis strain 425 (102 microorganisms; 1 LD, ) by infectious
aerosol. Beginning 6 h after exposure and on days 2, 3, 6, 8,12, 15,
and 20, 4 mice (plus 1 control mouse) were euthanized by using
CO,.

1121fected mice were monitored twice daily to remove dead mice
and ensure that moribund mice were identified and euthanized.
Only euthanized mice were used in this study.

Spleens, livers, and lungs were excised from infected mice and
weighed. Sections of the tissue used for bacterial counting were
weighed and dissociated in 5 mL HBSS by mechanical disrup-
tion in a tissue grinder and plated at dilutions of 10~!, 102, and
107 (or other dilutions, as required) on Modified Thayer Mar-
tin culture plates. Plates were incubated at 37 °C for 5 d, and the
concentration of bacteria in the original tissue suspensions was
calculated. The number of bacteria present in spleens, livers, and
lungs was then calculated. Heart blood (0.1 mL) was obtained
from euthanized mice and plated on Modified Thayer Martin
agar plates. The number of bacteria present in 1 mL of blood was
then calculated.

Fixed samples of all major organs and tissues from each mouse
were routinely processed as previously described.” Tissues ex-
amined histopathologically included nasal cavity, oropharyngeal
cavity, eye, haired skin, pituitary gland, brain, inner ear, middle
ear, external ear canal, esophagus, mediastinal lymph node, lung,
heart, trachea, thyroid gland, thymus, gall bladder, pancreas,
liver, spleen, stomach, mesenteric lymph node, small intestine,
large intestine, kidney, adrenal gland, urinary bladder, uterus,
oviduct, ovary, salivary gland, submandubular lymph node, and
mammary gland.

Husbandry. Mice were obtained from Jackson Laboratory, Bar
Harbor, ME, Harlan Laboratories, Indianapolis, IN, and from
Charles River — NCI, Ft. Detrick, MD and were SPF, signifying
that environmental samples from rodent production rooms
were evaluated by PCR assay for a variety of known murine
pathogens.® In addition, groups of animals in the production
facility were routinely serologically tested by the supplier for
pathogens known to adversely affect the heath of mice, includ-
ing mouse hepatitis virus, murine norovirus, mouse parvo-
virus, mouse polio virus, mouse rotavirus, ectromelia virus,



mouse cytomegalovirus, mouse pneumonitis virus, polyoma
virus, and lactate dehydrogenase elevating virus.

Mice were housed at 10 per cage, maintained on a 12:12-
h light:dark cycle, and were provided food and water ad libi-
tum. Anesthesia and analgesia were not given in these studies.
BALB/c and C57BL/6 mice have previously been used in experi-
ments involving F. tularensis.”

Results

Virulence of F. tularensis in mice. We assessed the relative viru-
lence of F. tularensis type A (strain SCHU S4) and type B (strain
425) by determining the aerosol LD, in different strains of mice.
The LD, of F. tularensis SCHU S4 in AKR/J, DBA/1, BALB/c,
and C57BL/6 mice were calculated as 79, 801, 308, and 88 mi-
croorganisms, respectively. The LD, of F. tularensis strain 425 in
BALB/c mice was 102 microorganisms.

F. tularensis in tissues and blood. In BALB/c and C57BL/6 mice
given the high-count challenge with type A organisms, no tis-
sues were found to be infected at 4 h after challenge. However,
on days 1 and 2 after challenge, we noted increasing numbers
of microorganisms in the lungs, reaching approximately 3 x 10°
microorganisms per lung in both mouse species, but no microor-
ganisms were detected in the spleens, livers, or blood. By day 3,
microorganisms were present in all tissues examined, including
blood. On day 6, spleens, livers, and lungs of all BALB/c mice
were heavily infected. In BALB/c mice, spleens and livers an av-
erage of approximately 107 microorganisms, and approximately
10° microorganisms were found in lungs. Blood contained ap-
proximately 10* microorganisms per milliliter. The highest num-
bers of microorganisms were found in tissues of C57BL/6 mice
on day 3 of infection, when an average of approximately 4 x 10,
2 x 10° and 1 x 10° microorganisms were found in spleens, livers,
and lungs, respectively. Three of the 4 C57BL/6 mice at this time
point were infected. On day 6, microorganisms were cultured
from the spleen, liver, and lungs of a single C57BL/6 mouse. No
residual microorganisms were noted in tissues from the BALB/c
and C57BL/6 mice obtained from days 9 through 22 after infec-
tion (one mouse from each mouse strain on day 22).

In mice given the low-challenge dose of type A F. tularensis, low
levels of infection (approximately 107 microorganisms in spleens
and liver; 10° microorganisms in lungs) were present in 3 of 4
BALB/c mice on day 6, but all C57BL/6 tissues were sterile. All
examined tissues from both mouse species were sterile on days 9,
12, 15, and 20 after challenge. We did not observe bacteremia at
any time point.

In BALB/c mice challenged with type B microorganisms, we
initially detected approximately 10° microorganisms per lung in
all mice on day 3 of infection. On day 6, all mice had evidence
of bacteremia. On day 8, all tissues examined were heavily in-
fected (approximately 6 x 10° microorganisms per spleen, 6 x 10”
microorganisms per liver, and 2 x 107 microorganisms per lung),
including blood (approximately 6 x 10° microorganisms per mL).
On day 12, all tissues from 2 mice remained infected, although
bacterial counts were approximately 1 log lower per tissue than
was measured on day 8. Spleens and livers from the other 2 mice
had no culturable bacteria, but the lungs were not sterile. All mice
at this time point were bacteremic. On day 15, all tissues were
sterile, including blood, but 2 of 4 lungs were lightly infected (<2
x 10° microorganisms per lung). At the last time point, day 20,
examined tissues from all mice were lightly infected (fewer than
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6 x 10° microorganisms per tissue), but no microorganisms were
found in blood.

Histopathogenesis. Type A. In the first study (mice given 1468
microorganisms of type A F. tularensis), we found no evidence of
infection until day 3 after challenge. On day 3, 2 of 4 mice from
each mouse strain showed histologic evidence of infection (Tables
1 and 2). In BALB/c mice, sites of infection on day 3 included the
spleen (Figure 1 A) and liver (Figure 1 B). The liver of one mouse
showed mild leukocyte necrosis, whereas the other demonstrat-
ed mild hepatocellular degeneration and necrosis. In C57BL/6
mice, sites of infection included the lung (Figure 1 C) and spleen.
The histologic character of inflammation in the tissues from both
mouse strains was pyogranulomatous (approximately equal
numbers of macrophages and neutrophils). Although no bacilli
were evident, given our previous experience that F. tularensis can
be difficult to visualize in routine histologic sections, we believe
that bacilli are within these lesions.

Histopathologic changes were most severe and most wide-
spread in both mouse strains on day 5 after infection (Tables 1
and 2). We noted the first evidence of inflammation of small ar-
eas of bone marrow of the head in 2 of 4 BALB/c mice and in
all 4 C57BL/6 mice. All mice had lesions in the maxillary bone,
whereas one C57BL/6 mouse also had lesions in the calvaria
(brain case). The bone marrow of the maxilla of 2 BALB/c mice
had an acute, mild to moderate necrotizing inflammatory cell in-
filtrate. In one mouse, we noted a multifocal moderate necrotizing
pyogranulomatous inflammation. Inflammation was present in
the lung of 1 of the 4 BALB/ ¢ (a mild, multifocal necrotizing pyo-
granulomatous pneumonia) and in all 4 C57BL/6 mice. At this
time point, the inflammation had become necrotizing (Figures 1
D through F), meaning that many of the inflammatory cells were
dead and lytic, most likely due to leukocytic enzymes or bacterial
toxic products. Of interest is the extension of inflammation in 2 of
4 C57BL/6 mice from areas of pneumonia in the alveoli complete-
ly into the walls of adjacent bronchioles (Figure 1 D), sometimes
causing ulceration of these bronchioles. The mediastinal tissue
surrounding the lungs had pyogranulomatous inflammation in
all 4 BALB/c mice but only one C57BL/6 mouse. The infiltrate
was necrotizing and pyogranulomatous in nature and mild to
moderate in severity.

By day 5 of infection, histologic changes in the spleens were
more severe than were changes observed on day 3 (Figure 1 E).
All BALB/c and C57BL/6 mice had histologic changes in the
spleens. There was a moderate to marked pyogranulomatous
infiltrate in the red pulp, and this inflammation was necro-
tizing in 3 of the 4 BALB/c mice. Likewise, the livers of all
mice had involvement at day 5. Whereas the principle lesion
on day 3 in BALB/c mice was inflammation accompanied by
devitalized hepatocytes (Figure 1 B), the principle lesion on
day 5 contained degenerated or dead hepatocytes, with ac-
companying inflammation of lesser severity (Figure 1 F). Small
clusters of bacilli were frequently evident, always within host
cells (Figure 1 F). Although some of the host cells resembled
hepatocytes, most, if not all, are likely Kupffer cells, resident
macrophages lining the sinuses. On day 5, there was involve-
ment of the submandibular lymph nodes in all 4 C57BL/6 mice
and of the mesenteric lymph nodes in 2 of the 4 C57BL/6 mice,
while there was no involvement of either tissue in BALB/c
mice. The character of inflammation differed between mes-
enteric lymph nodes and other tissues. Inflammation in other
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Table 1. Presence of histopathologic changes in BALB/c mice (1 = 4, except day 22 [n = 1])) after aerosol exposure to a high dose of type A F. tularensis

Evidence of Bone Lymph nodes
infection marrow Lung Spleen Liver Medjiastinum Medjiastinal Sublingual Mesenteric

Day 0 0 0 0 0 0 0 0 0
Day 1 0 0 0 0 0 0 0 0 0
Day 2 0 0 0 0 0 0 0 0 0
Day 3 2 0 0 2 2 0 0 0 0
Day 5 4 2 1 4 4 4 1 0° 0
Day 6 4 3 3 4 4 0 0 1 ov
Day 22 0 0 0 0 0 0 0 0 0
Data are given as the number of mice affected.

‘n=3

bn=1

Table 2. Presence of histopathologic changes in C57BL/6 mice (1 = 4, except day 22 [n = 1]) after aerosol exposure to a high dose of type A F. tularensis

Evidence of Bone Lymph nodes
infection marrow Lung Spleen Liver Medjiastinum Sublingual Mesenteric

Day 0 0 0 0 0 0 0 0 0
Day 1 0 0 0 0 0 0 0 0
Day 2 0 0 0 0 0 0 0 0
Day 3 2 0 2 1 0 0 0 0
Day 5 4 4 4 4 4 1 4 2
Day 6 1 1 0 1 1 0 12 not done
Day 22 0 0 0 0 0 0 0 0
Data are given as the number of mice affected.
‘n=3

tissues was characteristically pyogranulomatous but was char-
acteristically granulomatous (mostly macrophages with few or
no neutrophils) in mesenteric lymph nodes (Figure 1 G).

On day 6 after infection with the type A strain, the primary
difference noted between the mouse strains was in numbers
of mice from each strain with histologic evidence of infection.
The numbers of histologically affected mice from each strain
was approximately equal at previous time points. However,
on day 6, histopathologic evidence of infection was decreas-
ing in C57BL/6 mice but constant in BALB/c mice. On day 6,
we noted that all 4 BALB/c mice as compared with one of the
4 C57BL/6 mice had histologic changes (Tables 1 and 2). We
hypothesize that increasing numbers of C57BL/6 mice without
histologic changes is suggestive that they were able to clear the
infection, a feature that can be difficult to determine histologi-
cally. In general, after bacterial infection, tissues such as lung
and liver can have a great deal of lymphoid tissue in them, but
in 3 of the 4 C57BL/6 mice, there was no such evidence. Other-
wise, there was very little qualitative difference between mice
of both strains that did have histologic evidence of infection at
6 d after infection. Whereas there was lung involvement in all
4 C57BL/6 and only one of the 4 BALB/c mice on day 5, 3 of 4
BALB/c lungs and no C57BL/6 lungs were involved on day 6.
BALB/c lungs had moderate necrotizing pneumonia, and 2 had
mild bronchiolar leukocytic exudates. Day 6 lesions in the bone
marrow, spleen, liver were qualitatively the same as at day 5.
The bone marrow of the maxilla in 3 of 4 BALB/c mice demon-
strated mild, acute necrotizing inflammation. There were vari-
able numbers of bacterial clusters in the hepatic sinusoids. All
spleens had moderate to marked necrotizing pyogranulomatous
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inflammation in the red pulp, with moderate deposition of fi-
brin. In addition, there was moderate lymphoid depletion of the
white pulp. Submandibular lymph nodes were affected in one
of 4 BALB/c and in one of 3 C57BL/6 mice on day 6. The inflam-
mation in these nodes was granulomatous. The one mouse from
each strain that was examined at day 22 showed no histologic
evidence of infection.

Overall, these findings indicate that until day 5 after infec-
tion, BALB/c and C57BL/6 mice show approximately equal
resistance to infection with F. tularensis, although there are some
differences in which organs become involved early on. After day
5, the histologic findings suggest that C57BL/6 mice are show-
ing some resistance and clearing the infection. This scenario is
not corroborated by the culture data, which show approximate-
ly equal numbers microorganisms in the lungs of both mouse
strains at day 5, for example, at which point there was histologic
evidence of involvement in lungs of all 4 C57BL /6 mice but only
one of 4 BALB/c.

In the mice challenged with the low dose of type A F. tularensis,
we noted histopathologic changes in tissues of only a minority of
BALB/c mice (2 of 5) collected on day 6 after challenge (Table 3).
Tissues affected were spleen, liver, and lung. We did not find his-
topathologic changes at other time points in BALB/c mice, nor did
we find evidence of infection in C57BL/6 mice at any time point.
Affected BALB/c lungs showed evidence of granulomatous focally
to multifocally extensive moderate pneumonia with leukocyte ne-
crosis. Occasional clusters of bacilli were seen also. Thymuses had
mild to moderate diffuse lymphoid depletion in the cortex. The
livers showed evidence of moderate, multifocal, granulomatous
to pyogranulomatous hepatitis with occasional bacilli. Splenic red
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Figure 1. (A) Spleen from a BALB/c mouse (no. 060231) d after aerosol infection with Francisella tularensis type A. There is a focus of pyogranulomatous
inflammation (equal numbers of macrophages and neutrophils) present in the red pulp. Original magnification, 40 x. (B) Liver from a BALB/c mouse
(no. 060231) 3 d after aerosol infection with Francisella tularensis type A. There is a focus of pyogranulomatous inflammation (equal numbers of mac-
rophages and neutrophils) with a few degenerated hepatocytes, evidenced by their bright pink cytoplasm. Original magnification, 60x. (C) Lung from
a C57BL/6 mouse (no. 060239) 3 d after aerosol infection with Francisella tularensis type A. There is an area of pneumonia to the right of a blood-filled
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Table 3. Presence of histopathologic changes in BALB/c mice (1 = 5)
after aerosol exposure to a low dose of type A F. tularensis

Evidence of infection Lung Liver Spleen
Day 6 2 2 2 2
Day 9 0 0 0 0
Day 12 0 0 0 0
Day 15 0 0 0 0
Day 20 0 0 0 0

Data are given as the number of mice affected.

pulp had moderate, multifocal and coalescing splenitis that was
granulomatous to pyogranulomatous. Splenic white pulp showed
evidence of mild, diffuse, lymphoid depletion. No specific lesions
were found in other tissues. The 2 affected mice had evidence of
active bacterial infection in multiple tissues.

Type B. When BALB/c mice were infected by aerosol with type
B F. tularensis, we did not see evidence of infection until day 3,
when a mild pneumonia was present in the lung of one mouse
(Table 4). On day 6, one of 5 mice had pathologic evidence of in-
fection in lungs, liver, spleen, and mediastinum. However, the
most severe changes were seen beginning at day 8 and were char-
acterized by granulomatous or pyogranulomatous infiltrations of
the lungs. Infiltrate in the spleens was primarily granulomatous,
as was inflammation in the mediastinum and mediastinal, sub-
mandibular, and mesenteric lymph nodes. We also noted exten-
sive inflammation of the heart muscle. On day 12, lungs exhibited
alveolar infiltrates of either mostly macrophages or a mixture of
macrophages and neutrophils. Interestingly, surrounding bron-
chioles and blood vessels often had cuffs consisting of lympho-
cytes and plasma cells (Figure 2 A). The more severe lesions in
the liver and spleen consisted of multifocal moderate to marked
infiltrates of macrophages with variable numbers of neutrophils
(Figure 2 B). In spleen, the infiltrate was mostly macrophages ac-
companied by mild extramedullary hematopoiesis (Figure 2 C).
Similar inflammation was sometimes present in the mediastinum
and mediastinal, submandibular, and mesenteric lymph nodes.

Beginning about day 15, the histopathologic features began
to change from being those of active infection to those of resolv-
ing infection. In the lung, the peribronchiolar lymphoid cuffs
remained, but the active pneumonia was generally absent. The
liver had little evidence of infiltrates of macrophages; instead, ex-
tramedullary hematopoiesis was present multifocally. The spleen
contained mostly extramedullary hematopoiesis. Many of the
lymphoid areas of the mice, including lymph nodes and thymus,
were variably depleted of lymphocytes, attributable to systemic
corticosteroids. In addition, the heart was affected occasionally.
There were mild, sometimes moderate infiltrates of lymphocytes

and macrophages in the epicardium. Several mice, particularly at
day 15, demonstrated extensive inflammation of the heart muscle
itself (Figure 2 D).

Clinical observations revealed that BALB/c mice displayed
signs, such as lethargy, hunched back, and anorexia at least 48 h
before death, whereas C57BL/6 mice did not exhibit clinical signs
until only a few hours before death.

Discussion

Mice can be useful as models of human disease for many rea-
sons, including the wide availability of inbred strains, genetic
knockout, and well-characterized immunodeficient strains. In
this study, we established murine models of type A and type B F.
tularensis infection for use in evaluating vaccines and therapeu-
tics against tularemia. Although AKR/J, DBA/1, BALB/c, and
C57BL/6 mice were all susceptible to the lethal effects of type A
F. tularensis, we chose to use BALB/c and C57BL/6 mice because
these inbred laboratory strains are commonly used for studies
involving biothreat agents.>**># Although LD, determinations
using type A microorganisms suggested that C5BL/6 mice were
more susceptible to lethal infection, surviving C57BL/6 mice
tended to shed the infection more rapidly than did BALB/c mice.
Histopathogenic lesions were less severe in C57BL/6 mice than
in BALB/c mice. We also noted differences when BALB/c mice
were infected with type A compared with type B microorganisms.
Although the lethality of infection was similar between types A
and B according to LD, values, type A-infected survivors shed
the infection within 9 d of challenge, whereas mice that survived
type B infection exhibited a low level of residual infection for 3
wk. In addition, time to death of mice given similar doses was
shorter for the type A infection than the type B disease (data not
shown). This result is similar to the findings of others, who found
that mice died sooner after type A (day 6) than type B (day 8)
infection.” Overall, although less susceptible to lethal infection,
BALB/c mice appeared more clinically ill for a longer duration
than did C57BL/6 mice.

In addition, the pathogenesis of infection differed between
mice challenged with type A or type B F. tularensis. Mice chal-
lenged with type B bacteria developed moderate leukopenia
beginning 15 d after challenge, whereas mice given the type
A bacteria developed severe leukopenia at 4 d after challenge.
The histopathologic reactions were more severe in mice given
the type A microorganism, with lesions frequently exhibiting
necrosis. Gross changes in internal organs were not noted un-
til day 4 after challenge, and inflammatory necrosis could be
seen in the livers, with hepatocytes containing microorgan-
isms. Type A-associated changes in the lungs were apparent by
4 d after infection. Lungs contained severe pulmonary necrosis

(artifact) bronchiole, and it is evident that inflammatory cells have invaded the wall of the bronchiole. There is relatively normal lung to the left of the
bronchiole. Original magnification, 20x. (D) Lung from a C57BL/6 mouse (no. 060247) 5 d after aerosol infection with Francisella tularensis type A. This
field is similar to that in panel C. Note the necrosis of most of the inflammatory cells at this time point. Original magnification, 20x. (E) Spleen from a
C57BL/6 mouse (no. 060248) 5 d after aerosol infection with Francisella tularensis type A. Most of the red pulp of this spleen is filled with necrotic inflam-
matory cells and fibrin (pink material). The blue cellular clusters are remnants of white pulp that has been markedly depleted. Original magnification,
40 x. (F) Liver from a C57BL/6 mouse (no. 060248) 5 d after aerosol infection with Francisella tularensis type A. Centrally is a group of necrotic hepato-
cytes with no evidence of attending inflammatory cells. Surrounding this focus, note enlarged cells with blue granular cytoplasm. These are Kupffer
cells (and possibly some hepatocytes) that contain Francisella. Original magnification, 40x. (G) Submandibular lymph node from a C57BL /6 mouse (no.
060246) 3 d after aerosol infection with Francisella tularensis type A. There are coalescing foci of inflammation in this lymph node and the inflamma-
tion is comprised mostly of macrophages. Many of the macrophages are necrotic as evidenced by the blue nuclear debris. Original magnification, 40x.
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Table 4. Presence of histopathologic changes in BALB/c mice following aerosol exposure to Francisella tularensis type B.

Evidence of Lymph nodes
infection Heart Lung Spleen Liver Medjiastinum Sublingual Mesenteric

Day 0 0 0 0 0 0 0 0

Day 2 0 0 0 0 0 0 0 0
Day 3 1 0 1 0 0 0 0 0
Day 6 1 0 1 1 1 1 0 0
Day 8 5 1 5 5 5 1 1 1
Day 12 4 4 4 4 4 0 0 0
Day 15 4 4 4 4 4 0 0 1
Day 20 4 1 4 4 4 0 0 0

Data are given as the number of mice affected.

and pleuritis. Pulmonary tissue surrounding small and me-
dium blood vessels was infiltrated by macrophages and neu-
trophils. Histopathologic changes were of lower magnitude in
the spleen than the liver. Within 2 d of infection, the popula-
tions of neutrophils and macrophages in the spleen increased.
The splenic white pulp contained basophilic granules, necrotic
debris, and bacteria. This histopathogenic presentation in type
A-infected mice is similar to that of humans infected with type
AF. tularensis. The hallmark of tissue change was pyogranulo-
matous inflammation. No histopathologic changes were noted
in the hearts of type-A-infected mice.

In addition, rabbits were severely affected after aerosol expo-
sure to type A F. tularensis.®® Lymphocyte depletion and tissue
necrosis seem to be shared characteristics between the rabbit and
mouse models.

Type B-infected mice tended to have more macrophage infil-
trates than did those infected with type A, which had heavy in-
filtrates of neutrophils with the macrophages. In type B infection,
there were lymphoid cuffs surrounding blood vessels and bron-
chioles in the lung. With routine histologic stains, neither strain
of bacteria was readily evident microscopically, except type A
organisms appeared to be clustered within hepatocytes. Changes
in the liver were less severe in mice given the type B microorgan-
ism than type A bacteria.

Although we have found evidence of cardiac involvement af-
ter infection with type B F. tularensis, other investigators found
no correlation with another type B strain in BALB/c mice.” The
ability to affect cardiac tissue may not be a universal character-
istic of type B strains. In another study, F. tularensis was isolated
from the heart blood of a fatal human case of tularemia presum-
ably acquired by aerosol,* but the infecting microorganisms were
not classified regarding type, nor were pathologic changes in the
heart addressed.

The usefulness of animal models depends on how closely they
mimic human disease. Histopathologic changes reported after F.
tularensis infection in humans include pyogranulomatous pneu-
monia, interstitial pneumonia, organ necrosis, thrombosis, giant
cell formation, lung edema, and the migration of neutrophils and
macrophages into tissue.??'*** The most commonly reported in-
filtrating cell type in human tularemia is the neutrophil.*! The
degeneration of the neutrophils was associated with the presence
of microabscesses, particularly in liver and spleen, which were
common features in human and animal infection.? The histo-
pathogenesis in mice infected with F. tularensis was similar to that
seen in human patients with tularemia pneumonia.?**#* In our

study, we did not note symptoms similar to ulceroglandular dis-
ease, the most common clinical manifestation of tularemia. How-
ever, we did find similarities in common with nonspecific febrile
systemic illness (typhoidal tularemia). In an outbreak on Mar-
tha’s Vineyard during the summer of 2000, 11 patients developed
pneumonic tularemia, and 1 person died.!* Aerosol exposure led
to infection in the lungs, which progressed to a systemic infection
in other organs. The disease in humans can result in deteriora-
tion of the spleen and liver accompanied by lesions in the lung.*
Widespread dissemination of bacteria has also been reported to
occur in human tularemia.”!

We noted the presence of bacteria in blood and tissue of in-
fected mice beginning on day 3 after infection and continuing
until day 9. In addition, our mice displayed a lack of residual in-
fection after resolution of acute infection with type A F. tularensis.
We do not know whether tularemia in humans behaves similarly
or whether the duration of illness typically is longer after type B
infection. Other microorganisms, such as B. mallei and B. pseudo-
mallei, have a propensity for prolonged infection in both humans
and experimental animals.>*

The histopathologic features we noted in mouse models of tu-
laremia caused by type A and type B organisms were similar to
the findings from an African green monkey model of tularemia.*
In both models, infection was characterized by necrotizing pyo-
granulomatous lesions targeting the lungs and lymphoid tissues.
These changes also are found in human disease. Other similari-
ties between the African green monkey and mouse models and
human disease are: necrotizing inflammation in the lungs and
lymphoid tissue, and lymphoid depletion (African green mon-
key, mediastinal lymph nodes; mouse, splenic white pulp). Mul-
tinucleated giant cells or histologic changes in the kidney, both of
which have been reported to occur in human disease, were not
found in our mice or in the African green monkey model.** An-
other difference between the mouse models and human disease
is that type B infection in humans is rarely fatal, whereas type B
infection in mice is as virulent (in terms of observed lethality) as
type A infection. However, type B infection had less severe histo-
pathologic consequences in mice.

Our findings from mice were similar to the histologic presen-
tation in rthesus macaques naturally infected with type B F. tula-
rensis.”> The macaques were found to have pyogranulomatous
inflammation in several lymphoid tissues, including splenic white
and red pulp.” Inflammation progressed to necrosis, whereas
necrotic lesions were not as pronounced in the mouse.” A major
difference in findings between mice and macaques is that mice
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Figure 2. A. Lung from a BALB/c mouse 12 d following aerosol infection with Francisella tularensis type B. Note the cuffs of lymphoid cells surrounding
the blood vessel (near top center) and the bronchiole (to the left of it). Alveoli contain variable numbers of macrophages and neutrophils, and small
amounts of pink material which is edema fluid. H and E stain. Original magnification = 10 X . Mouse path # = 061531-3. B. Liver from a BALB/c mouse
12 d following aerosol infection with Francisella tularensis type B. The infiltrate in this liver consists mostly of macrophages in multiple clusters. Note
the number of hepatocytes with clear vacuoles in them; this is a degenerative change. Very few normal hepatocytes are evident within this field. H
and E stain. Original magnification = 40 x . Mouse path # = 061530-5. C. Spleen from a BALB/c mouse 12 d following aerosol infection with Francisella
tularensis type B. There are numerous small granulomas consisting of compacted macrophages, within the red pulp, and to a lesser degree, the white
pulp of this spleen. H and E stain. Original magnification = 20 X . Mouse path # = 061529-5.D. Heart from a BALB/c mouse 15 d following aerosol
infection with Francisella tularensis type B. Within this section of myocardium there is an extensive infiltrate of macrophages and neutrophils. There is
significant loss of cardiac muscle cells within this area, and some degenerating or necrotic muscle cells (bright pink) are evident around the periphery
of the inflammation. H and E stain. Original magnification = 20 x . Mouse path # = 061534-4.

surviving acute infection eventually shed the infection, whereas statutes and regulations relating to animals and experiments involving
the macaques in the case study tended not to respond well to sup- animals. The facility where this research was conducted is accredited by
portive care and therapy and were euthanized. the AAALAC and adheres to principles stated in the Guide for the Care
Our study demonstrated that mouse models of tularemia and Use of Laboratory Animals, National Research Council, 2011.
caused by type A or type B F. tularensis show many similarities "ghislﬁgsAei/rI;}hgas funded b}{) tthD:f;; sOeO;F hreat Reduction Agency
: ject -4-5P-001.
to human tularemia and the African green monkey model of tu- e project tmber
laremia. These mouse models may be useful for evaluating the

efficacy of medical countermeasures against tularemia. References
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