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Overview
Bordetella bronchiseptica Infection of Rats and Mice

David A. Bemis, PhD,*” William R. Shek, DVM, PhD,?2 and Charles B. Clifford, DVM, PhD?

Bordetella bronchiseptica has long been associated with respiratory tract infections in laboratory research, food-
producing, companion, and wildlife animal species. Its range of distribution also may include humans and contami-
nated inanimate environmental sources. Natural diseases due to B. bronchiseptica infections in laboratory rats and
mice were described before many of the major pathogens of these hosts were discovered. To our knowledge, there
are no recent reports of natural disease due to B. bronchiseptica in these species; as a result, some have questioned
its role as a natural pathogen in murine hosts. We reviewed occurrence of natural B. bronchiseptica infections and
present information gained from recent experimental infection studies in murine hosts. We also discuss the poten-
tial impact of natural B. bronchiseptica infections on research and methods of control.

Introduction

Laboratory mice and rats have critical roles in biomedical re-
search. Demand for these species has far surpassed that for other
research animals. Many valuable breeding lines have been estab-
lished, and commercial breeders are committed to producing and
maintaining animals that are best suited to advance medical sci-
ence. In most instances, this means healthy, immunocompetent
animals but there is also an increasing array of breeding lines
that produce specific disease models and immunodeficient ani-
mals. Continuous animal health monitoring and testing protocols
are used to document the absence of common murine pathogens.
The profile of agents used to define animals as specific pathogen
free (SPF) varies from one facility to another, depending on use re-
quirements. In primary source facilities, it often includes more
than a dozen species each of viruses, parasites, and bacteria, in-
cluding Bordetella bronchiseptica. The rationale for keeping B.
bronchiseptica on such lists stems mostly from its historical asso-
ciation with laboratory animal facilities (1-3).

Contemporary accounts of naturally acquired Bordetella in-
fections in rats and mice are lacking. The National Research
Council categorized B. bronchiseptica as among agents “not con-
clusively demonstrated to be natural pathogens of mice or rats”
(4). A Japanese selection system classified B. bronchiseptica as a
non-lethal, opportunistic pathogen that can affect physiologic
functions and for which routine monitoring was recommended
in rats, but not mice (5, 6). In a recent review of natural patho-
gens of laboratory mice, rats, and rabbits, B. bronchiseptica was
noticeably absent from discussions of rats and mice (7). The con-
sequences of identifying a “listed” pathogen in an SPF animal or
in its environment, even when no disease is observed, are sub-
stantial. Entire colonies are depopulated, revenues are lost, and
research is interrupted. Health and breach-of-status risks are
clearly different for immunodeficient and axenic animals than
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for immunocompetent SPF animals; however, the uncertainty sur-
rounding the status of B. bronchiseptica as a natural pathogen of
laboratory rats and mice has raised questions regarding its control
in cesarian-derived, barrier-maintained populations. For example:
how does B. bronchiseptica differ from other non-listed opportunis-
tic pathogens; how accurately can B. bronchiseptica be distin-
guished from similar non-pathogenic isolates; if immunodeficient
animals are infected, are immunocompetent animals in the same
facility at increased risk; and will sub-clinical infection or coloniza-
tion by B. bronchiseptica interfere with research uses of these ani-
mals? We describe new and historical accounts of B. bronchiseptica
and its interactions with laboratory rats and mice in the context of
prevention and control of B. bronchiseptica infection.

Biology of Bordetella bronchiseptica

A fundamental understanding of the basic biology of
Bordetella bronchiseptica is essential to deal with problems that
it may present. Several recent reviews on Bordetella spp. (8-12)
have been published; a summary of important features of B.
bronchiseptica is provided here.

Bordetella spp. are non-fermentative, gram-negative rods. Cur-
rently eight species of Bordetella are classified in the family
Alcaligenaceae, along with closely related genera Achromobacter
and Alcaligenes (13). Bordetella pertussis, B. parapertussis, B.
bronchiseptica, and B. avium are associated with respiratory
tract disease. Bordetella pertussis causes whooping cough in hu-
mans. Host-specific strains of B. parapertussis cause pertussis-
like disease in humans and non-progressive pneumonia in
lambs. Bordetella bronchiseptica is associated with infectious
tracheobronchitis (kennel cough) in dogs, atrophic rhinitis in
pigs, and respiratory tract disease in several other mammalian
species. Bordetella avium causes coryza in turkeys and infects
several other avian species. Bordetella hinzii (14), B. holmesii
(15), and B. trematum (16) have been isolated from opportunistic
infections of various tissues in humans. Bordetella hinzii is a
commensal in the respiratory tract of chickens, whereas B.
holmesii and B. trematum have been isolated only from hu-
mans. The newest species, B. petrii, is unusual in that, unlike
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the other animal-associated, strictly aerobic species, it is facul-
tatively anaerobic and was isolated from the environment (17).

Bordetella pertussis, B. parapertussis, and B. bronchiseptica
share many traits. They represent a single genomospecies, with
subspecies differences in host specificity and virulence arising
through independent evolution from a B. bronchiseptica progeni-
tor (18). Bordetella avium and B. petrii are genetically more di-
vergent species and represent the closest link with the genus
Achromobacter (9). Close phylogenetic relationships within the
family Alcaligenaceae make it difficult, if not impossible, to accu-
rately identify Bordetella, at the genus level, solely on the basis
of phenotypic characteristics (19).

Virulence factors

Major virulence factors of B. bronchiseptica can be classified
in two groups: those that promote colonization, and those that
enable the bacterium to escape destruction in the host. Coloni-
zation is achieved through attachment by fimbrial and non-fim-
brial bacterial adhesions and by the ability to replicate in the
restricted environment of the respiratory tract mucosa. There
are at least five types of proteinaceous bacterial fimbriae (FIM)
(20, 21) produced by B. bronchiseptica, and two non-fimbrial,
outer membrane protein adhesins, filamentous hemagglutinin
(FHA) (22, 23) and pertactin (PRN) (24, 25). Replication in the
respiratory tract is aided by preference of B. bronchiseptica for
readily available amino acids as growth and energy sources (26)
and by production of hydroxamate siderophores and binding
proteins that mobilize iron from transferrin, lactoferrin, and
heme (27-29).

Properties of B. bronchiseptica that enable it to escape destruc-
tion in the host include: dermonecrotic toxin (DNT), a vasocon-
strictive, mitogenic cytotoxin that inhibits osteoblasts and other
cells by altering the function of small GTP-binding proteins in-
volved in cell signaling pathways (30); adenylate cyclase toxin
(ACT), a bifunctional pore-forming hemolysin and adenylate cy-
clase toxin that inhibits phagocyte functions (31); tracheal cyto-
toxin (TCT), a secreted, muramyl dipeptide that stimulates nitric
oxide production and interferes with mucociliary function (32);
type-111 secretion products, undefined products that require con-
tact-dependent secretion to inactivate the transcription factor
NF-kB and cause modulating effects on the host immune re-
sponse (33); lipopolysaccharide (LPS), an endotoxin and O anti-
gen with biological effects similar to those found in other
gram-negative bacteria (34); and cellular invasion and intracel-
lular survival, in vitro properties involving epithelial (35, 36),
dendritic (37, 38), and phagocytic (39-41) cells that may play a
role in persistence of infection.

Bordetella bronchiseptica is principally an extracellular
pathogen. Cellular invasion and intracellular survival proper-
ties currently being investigated have not been observed in vivo
and are not comparable to those of well-known facultative in-
tracellular bacteria like Mycobacterium spp. or Brucella spp.
Survival time has been short, 48 to 72 h in murine macrophage
and dendritic cells and one week in human epithelial cells.
There is no evidence that B. bronchiseptica replicates within
cells or spreads from cell to cell. An interesting finding was that
B. bronchiseptica-containing phagosomes became rapidly acidi-
fied to pH 4.5 to 5, and treatment with compounds that in-
creased intracellular pH greatly reduced intracellular survival
of B. bronchiseptica (42).
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Genetic regulation of virulence

Bordetella bronchiseptica virulence traits can change easily
at the level of transcription. Plasmids, phage, and transforma-
tion in B. bronchiseptica have been described (43-45), but hori-
zontal acquisition of new virulence genes does not appear to be
common. Regional clustering of some virulence gene sequences
suggests that horizontal acquisition as some type of pathogenic-
ity island may have occurred during evolution. Repeated cytosine
sequences within the promoters of major fimbrial subunit genes
are prone to mutations during replication that inhibit or restore
fimbrial gene expression in an “on-off” manner. In addition, si-
lent, promoter-less fimbrial genes can cause changes in fimbrial
type by recombinational events that restore promoter function
(21). Proline- and leucine-rich repeated sequences in the PRN
structural gene sequence likewise are prone to rearrangements
that cause extensive polymorphism in this protein (46). Similar
to B. pertussis (47), B. bronchiseptica also contains random in-
sertion sequences that can cause large chromosomal inversions
and genomic rearrangements. Use of genomic polymorphisms
as fingerprints for epidemiologic studies will be discussed.

The most distinctive feature of B. bronchiseptica virulence
gene regulation is a two-component sensory transduction sys-
tem, called BvgAS (formerly called vir) (11). The Bvg operon
encodes a membrane spanning, sensor protein and a trans-act-
ing transcriptional regulator that simultaneously activate one
set of genes (vir-activated genes—Vag's) and represses another
set (vir-repressed genes—Vrg’s). Environmental signals, such as
mammalian body temperature, physiologic concentrations of
sodium and potassium cations, and low concentrations of nico-
tinic acid and sulfate anions, trigger a complex histidine kinase
phosphorelay system that activates the trans-acting regulatory
protein, BvgA (8, 12). Many of the major virulence genes of B.
bronchiseptica and the Bvg operon, itself, are activated by BvgA.
When environmental signals are reversed, Vrg's are expressed
and Vag's are repressed. The resulting en masse, reversible
change of B. bronchiseptica’s virulence phenotype is called modu-
lation. The BvgAS locus is also prone to frame shift mutations
due to a stretch of cytosine sequences in its promoter region.

Understanding of virulence gene regulation in B. bronchiseptica
has grown with recent observations suggesting that the BvgAS
operon is required for expression of virulence genes that are not
expressed in the Bvg* (virulent) phase or in the Bvg™ (avirulent)
phase; the new phenotype has been called Bvg, (intermediate)
phase, and the regulatory mechanisms that distinguish it from
the other two phases are not known (48, 49). A second two-com-
ponent sensory transduction system has also been located in B.
bronchiseptica (50).

Strain variation

Antigenic variation in B. bronchiseptica has long been recog-
nized for its potential impact on vaccine efficacy and immuno-
logic detection assays (51). Serologic typing systems have not
been widely applied (52, 53). Strain diversity has been detected
by polymorphisms in specific virulence genes (25, 46, 54, 55)
and whole genomic markers (56-59). The possible existence of
host-specific markers was suggested in a few studies (54-56, 58)
but, in general, it has not been possible to establish a consistent
correlation between phenotype or molecular fingerprint of an
isolate and its host of origin (57, 59). Pulse field gel electro-
phoresis (PFGE) macro restriction analysis was useful for rec-
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ognizing B. bronchiseptica isolates from different housing facili-
ties, but did not distinguish cat from dog isolates (59, 60). The
single, unique ribotype profile observed in seal isolates of B.
bronchiseptica may also be more reflective of temporal and geo-
graphic aspects of a disease outbreak than of host adaptation
(61). Molecular fingerprinting methods can be useful in disease
outbreaks to identify potential sources of infection. It was docu-
mented by use of PFGE that a human B. bronchiseptica infec-
tion was related to contact with infected rabbits (62).

Infection and disease
The most consistent feature of B. bronchiseptica infection is
prolonged colonization of ciliated airway epithelium (63). Many
infected animals do not develop clinical disease. Young animals
are most susceptible, and disease often involves co-infection
with other agents. Coughing is a common clinical sign of dis-
ease; however, signs reflecting neutrophilic inflammation at all
levels of the conducting airway epithelium may be seen. Infection
with DNT-producing strains of B. bronchiseptica may induce
transient inhibition of nasal turbinate bone growth, which if ac-
companied by infection with toxigenic strains of Pasteurella
multocida in pigs, results in clinical atrophic rhinitis (64, 65). Signs
usually resolve in a few days in uncomplicated B. bronchiseptica
infections. The caudal portion of the respiratory tract of infected
animals becomes culture negative within several weeks and is

refractory to reinfection for several months (66).

Disease terminology

Fundamental to this review is the two-part question “does B.
bronchiseptica cause a specific disease in mice or rats, and, if so,
what is that disease?” It is well-recognized that Koch'’s postu-
lates for proving bacterial causation of disease are not uni-
formly sufficient in all cases (67). Molecular modifications of
Koch’s postulates have been used to prove the relationship of
uncultured agents and particular genes with disease (68), and
the contribution of host factors in disease causation has been
recognized (69). By any criteria for cause, the disease must first
be defined. In this context, the “disease” must be a specific and
consistent clinicopathologic entity. Indeed, the relevant defini-
tion of disease in Dorland’s lllustrated Medical Dictionary, 25th
ed. is “a definite morbid process having a characteristic train of
symptoms.” The definition of disease is sometimes expanded to
imply any deviation from the normal state of structure and
function at the organismal, cellular, and molecular levels, but
this may be far removed from clinical disease. Establishing that
an organism causes disease is critical to the use of terms to de-
scribe the relationship of the organism to the host. “Pathogen,”
“infection,” and “virulence” are each dependent on knowing that
an organism has the capacity to cause disease. “Commensal”
and “colonization” have been used to suggest that an organism
does not cause disease. Unfortunately, there is little consistency
in the application of these terms.

Because B. bronchiseptica is frequently isolated from the cra-
nial portion of the respiratory tract of healthy dogs (70), it is of-
ten referred to as a commensal. If it can cause disease in dogs,
its presence should be referred to as causing an infection. In the
complete absence of host defenses, there are circumstances in
which all commensals can potentially cause disease. For this
situation, the term “opportunistic pathogen” has been coined.
Bordetella bronchiseptica is commonly isolated from animals

Bordetella bronchiseptica infection of rats and mice

that do not have clinical signs of disease, but it is not always
clear whether its presence represents primary infection, recru-
descence of infection, reinfection, or persistence as autochtho-
nous flora.

Bordetella bronchiseptica in rats and
mice

Infection and natural disease in rats. In the rat, naturally
acquired disease associated with B. bronchiseptica was reported
in an abstract by Borden and Kulp in 1939 (71), by Beer in 1959
(72), and by Winsser in 1960 (1). Borden and Kulp (71) isolated it
from the lungs and heart blood of an unspecified number of rats
in the “acute stage of pneumonia.” They also claimed that in-
tratracheal instillation of cultures of B. bronchiseptica repro-
duced the gross and histologic lesions of the original disease.
However, details were not given, nor was the health status of the
donor or recipient rats known with regard to viruses or other
bacteria. Beer (72) concluded that B. bronchiseptica was not a
primary pathogen. Winsser (1) mentioned that he isolated B.
bronchiseptica from the respiratory tract and bulla of one of “sev-
eral rats...that had come down with an often fatal pneumonia.”
Although he believed that B. bronchiseptica was responsible for
the deaths, he was unable to reproduce the condition, nor did he
provide a detailed description of the original lesions. Winsser cul-
tured for pleuropneumonia-like organisms, but it is unknown
whether he used media sufficient to support the growth of Myco-
plasma pulmonis. Serologic testing for viruses was not reported.
During that period, antibiotic treatments and vaccination had
variable success in treatment of rats with pneumonias attributed
to B. bronchiseptica (73, 74). Reports since 1960 of naturally ac-
quired disease from B. bronchiseptica could not be found.

There also has been little information to confirm the contin-
ued presence of B. bronchiseptica infection in rats. Two authors
reported isolating B. bronchiseptica from the respiratory tract of
rats, either without lesions or without reporting whether gross
or histologic examination was conducted. Switzer, in 1966 (75)
reported isolating the organism from wild rats, but did not de-
scribe any lesions. Yoda, in 1976 (76) reported finding it in seven
of 25 breeding colonies of rats in Japan, with a prevalence of
50% in some infected colonies. Similarly, a few authors have in-
directly mentioned the existence of rat isolates without describ-
ing their isolation or role in disease (53, 77, 78).

Serologic tests have been used to monitor B. bronchiseptica
antibodies in rodent colonies. Fujiwara and co-workers (79)
found that 39% of rats from user colonies were positive for B.
bronchiseptica antibodies in a bacterial agglutination test,
whereas fewer than 6% of the mice tested from breeder colonies
were positive for antibodies against B. bronchiseptica. A direct
whole-cell ELISA had good sensitivity and specificity in rabbits
and guinea pigs when multiple B. bronchiseptica strains, includ-
ing a rat isolate, were used as antigens (77, 78). Using this test,
seroconversion to B. bronchiseptica antigens was detected in
two of 10 strains of euthymic rats after 15 strains of athymic
rats from 11 breeding colonies were housed within an experi-
mental facility for an immunologic study (80). Health records
from the colonies of origin and sera obtained from the euthymic
rats prior to the study gave no indication of B. bronchiseptica
infection. Two rat strains housed in filter-top cages did not de-
velop antibodies to Bordetella antigens. However, infection was
not subsequently confirmed by culture; culturing was not re-
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ported. Respiratory tract disease or gross or microscopic lesions
were not reported in any of the rats. Considered together, these
reports provide evidence that rats can serve as a host for B.
bronchiseptica, but not that it is pathogenic.

Experimental infections and disease in rats. Experi-
mental infection of the rat with B. bronchiseptica has been suc-
cessful in creating lesions of the respiratory tract. Crude
suspensions or broth culture dilutions Killed young rats within
24 h after intraperitoneal injection (1, 81), but had no effect fol-
lowing subcutaneous injection (81). Similarly high doses of or-
ganisms induced bronchopneumonia in 100% of rats inoculated
by the intratracheal route (71, 82). The pathologic effects that
early investigators observed in rats are difficult to attribute en-
tirely to B. bronchiseptica infection since other adventitious
agents, especially mycoplasmas and viruses, were not well
monitored and the high doses used may have contained over-
whelming amounts of endotoxin. Nonetheless, Winsser (1) rec-
ognized that, although under normal conditions and after
experimental intranasal exposure, rats had high resistance to
clinical infection, but they developed a carrier state. Thus, B.
bronchiseptica was isolated from the lungs of all and middle
ears of most rats without clinical signs of disease that were
killed two months after experimental intranasal exposure.

Experimental infection with B. bronchiseptica in rats has
been used to investigate atrophic rhinitis in swine. For example,
intranasal inoculation with > 10° colony-forming units (CFU) of
a swine B. bronchiseptica isolate in a 20-pl volume resulted in
significant reduction of ventral nasal turbinate length of 21-
day-old, SPF Wistar rats (83). Inflammation of the nasal mu-
cosa, consisting of infiltration of the lamina propria and
epithelium by polymorphonuclear leukocytes and mononuclear
cells and loss of ciliated cells, was present by day three and was
greatest between nine and 16 days. By days 16 and 23, atrophy
of osseous tissue of the nasal turbinates also was observed.

Rat models also have been used to study molecular aspects
of Bordetella pathogenesis (23, 84-87). Intranasal instillation
of a high concentration (> 10% CFU) of a wild-type rabbit B.
bronchiseptica isolate, in a large volume (50 ul), resulted in
reproducible deposition of 10% of the inoculum in the caudal
portion of the respiratory tract. Doses of low concentration (100
to 500 CFU) and in low volume (5 pl), resulted in consistent
colonization of the trachea within 10 days. Although it was em-
phasized that tracheal colonization can persist indefinitely in
this low-dose, rat model (84), most animals, in similar studies,
cleared the organism from the trachea by 60 days (23). At ten-
fold lower doses, translocation of colonization from the nasal cav-
ity to the trachea did not occur. The median infective dose (IDy)
for low-volume (5 pl) intranasal inoculation was < 20 CFU (23).
Comparative infections with gene-specific mutants of B.
bronchiseptica indicated that filamentous hemagglutinin (FHA)
was required for establishment of tracheal colonization and that
a type-111 secretion system and fimbriae were required for per-
sistence of tracheal colonization (23, 84, 88). Direct intratracheal
deposition of 10° CFU of a virulence factor-lacking, Bvg- mutant
was not sufficient to establish tracheal colonization in young
Wistar or Lewis rats (23, 84). However, a B. bronchiseptica strain
multiply deficient in FHA, FIM, PRN, and ACT persisted in the
nasal cavities of rats for at least 60 days (8). An intermediate
phase mutant, that expressed its own unique phase proteins,
had reduced virulence in the rat intranasal infection model (86).
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Infection and natural disease in mice

In mice, the only published report of naturally acquired dis-
ease due to B. bronchiseptica infection is from Keegan in 1920
(89). Lesions included bronchopneumonia, with marked bron-
chiectasis, bronchial epithelial hyperplasia with long prominent
cilia or epithelial desquamation, and striking peribronchiolar
and perivascular lymphocyte infiltration. These lesions are,
however, also consistent with mycoplasmosis and/or cilia-associ-
ated respiratory bacillus infection. Bordetella bronchiseptica
was isolated from the lesions, but must now be considered, at
most, a secondary invader.

Similar to rats, mice also have been reported to harbor sub-
clinical B. bronchiseptica infection, although they appear more
resistant than are rats to infection. For example, Griffen, in 1955
(2), stated that B. bronchiseptica infection may spread to mice in
close proximity to guinea pigs, rats, and other animals in which
infection with B. bronchiseptica occurs, “even though mice are
relatively insusceptible to the natural infection.” A Japanese re-
port in 1976 did not indicate detection of B. bronchiseptica among
1,031 individual mice sampled from 57 breeding colonies (76).
Anecdotal results suggest that B. bronchiseptica is occasionally
isolated from mice. A mouse B. bronchiseptica isolate was indi-
rectly mentioned as the source of an antigen used in a recent ex-
perimental study (78). A message posted in 1994 on an electronic
discussion list reported spontaneous B. bronchiseptica pneumo-
nia in SCID and BALB/c nude mice and isolation of the organism
from the trachea of healthy euthymic mice at a commercial pro-
duction facility (90). It appears, on balance and from lack of more
recent reports, that the prevalence of B. bronchiseptica is low in
laboratory mouse colonies. However, formal documentation of the
current prevalence of B. bronchiseptica and its role in natural
disease in laboratory mice is insufficient.

Experimental infection and induced
disease in mice

Mice have been used extensively for experimental B.
bronchiseptica infections. Routes of inoculation have included
intravenous (91-93), intraperitoneal (1, 20, 39, 81, 94-104), in-
tracerebral (94, 96, 105, 106), subcutaneous (1, 93), intranasal
(1, 31, 72, 96, 107-117), intratracheal (118), intrapleural (119),
and aerosol exposure (120-122). The results of parenteral inocu-
lations in mice were similar to those seen in rats. Lethality was
probably due to toxin overload in the heavy inocula which, if di-
luted would not initiate disease. Winsser (1) noted that only
undiluted cultures caused sickness and death after subcutane-
ous injection in mice, and he believed that B. bronchiseptica was
unlikely to cause true septicemia. Mouse infection models cre-
ated by parenteral administration were used extensively in
early protection studies to evaluate B. bronchiseptica vaccines.
Opsonophagocytic serum antibodies and perhaps other circulat-
ing immunologic effectors induce demonstrable beneficial ef-
fects in these models (20, 91, 99). However, they bear little
resemblance to natural B. bronchiseptica infections.

Intranasal- and aerosol-induced infection with undiluted cul-
tures or high doses (> 10® CFU) of B. bronchiseptica caused lethal
bronchopneumonia in mice (1, 96, 107, 122). Bacteria also were
occasionally recovered from blood, spleen, or liver (1). Lower
doses (< 7 x 10° CFU) of B. bronchiseptica, given by the same
routes, did not cause clinical illnesses (31, 109-111, 113, 114,
120). Bacteria colonized the nasal cavity, and then spread to the
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trachea and lungs following low-dose intranasal infection. Infec-
tion was cleared from the lungs by 50 days, but persisted in the
nasal cavity for > 270 days; the 1D, was < 20 CFU (109). Older
mice were slightly more resistant (1). Young (2 to 14 days old)
mice given sublethal doses of B. bronchiseptica by aerosol or in-
tranasal routes developed inflammation of nasal mucosa, and
nasal turbinate atrophy (112, 116, 121-123).

At least eight strains of immunocompetent mice, including
NIH-3, CFLP, BALB/C, ddN, MFL, ICR, C57BI/6, and CFW, and
11 wild-type strains of B. bronchiseptica were used in the stud-
ies described in the preceding paragraph to produce experimen-
tal intranasal- or aerosol-induced infections. The results cannot
be compared directly, but the general properties of infection
(e.g., mortality, time to death, bacterial clearance) were remark-
ably consistent.

Differences in virulence of B. bronchiseptica isolates in mouse
respiratory tract infection models also have been observed (1,
92,97, 112, 118). For example, investigators have recently used
mouse intranasal B. bronchiseptica infection models to compare
the virulence of isogenic mutants (107, 109-111, 113, 114, 124-
126). Full virulence of B. bronchiseptica in experimental infec-
tions of immunocompetent mice requires the expression of DNT
(124), ACT (110), lipopolysaccharide (LPS) (111, 126), and a
type-111 secretion system (114), as well as regulatory genes,
BvgAS (109, 114) and ris (45).

Immunodeficient mice with combined T- and B-cell deficiencies
(SCID, SCID-beige, RAG-1-/-) succumbed within 40 to 70 days to
low intranasal doses (500 CFU) of wild-type B. bronchiseptica
(109-111, 114). Bordetella bronchiseptica was consistently isolated
from the liver, spleen, heart, and blood of moribund mice following
infection at a higher dose (5 x 10° CFU) (109). Mice rendered neu-
tropenic, either as a result of a genetic knockout (G-CSF™) or cy-
clophosphamide treatment, succumbed in one to four days to
intranasal inoculation with 5 x 103 CFU of B. bronchiseptica.

Mouse models have also been used extensively to study B.
pertussis infection. However, B. pertussis does not attach to tra-
cheal epithelium or colonize the respiratory tract as well as does
B. bronchiseptica (109, 127). Bordetella pertussis did not Kill, but
remained in the respiratory tract of immunodeficient mice for
200 days, much the same as did an ACT-negative B. bronchiseptica
mutant (110). In contrast, type-111 secretion mutants of B.
bronchiseptica had enhanced lethality for SCID/beige mice, sug-
gesting that type-111 secretion products may suppress inflam-
mation (114).

Pathologic features of experimental
infection in rats and mice

Reports describing the gross and microscopic pathologic le-
sions associated with experimental infections in rats and mice
have been few. Non-lethal infections in immunocompetent rats
and mice are characterized by infiltration of neutrophils and, to
a lesser extent, mononuclear cells in the mucosa of the respira-
tory tract. Severity has varied depending on dose and virulence
of the infecting B. bronchiseptica strain. In more severe cases,
intraepithelial microabscesses and intraluminal accumulations
of purulent exudates have been accompanied by loss of cilia and
epithelial hyperplasia (112, 117, 124). In young animals, dorsal
and/or ventral nasal turbinates were shortened and the bone
trabeculae of the osseous cores were rarified, with increased
presence of osteoclasts (83, 117). Inoculation procedures that

Bordetella bronchiseptica infection of rats and mice

deposited virulent strains in the lungs resulted in extensive
perivascular and peribronchiolar inflammation, with large
numbers of infiltrating cells, principally neutrophils, through-
out the lungs, with some areas of consolidation and necrosis by
day 3 (109, 110). Apoptosis of infiltrating inflammatory cells
also was observed (114). Minor inflammation with little tissue
damage occurred when trachea and lungs were exposed to B.
bronchiseptica strains defective in one or more virulence factors
(109-111). The histopathological response following acute B.
bronchiseptica exposure diminishes as bacterial numbers de-
crease. Since organisms are usually cleared from the lungs and
trachea, a lingering inflammatory response in the caudal por-
tion of the respiratory tract would not be expected. To the au-
thors’ knowledge, the histopathological response to subclinical
persistence in the nasal cavity has not been systematically ex-
amined nor have lesions in natural infection been reported.

Detection of B. bronchiseptica

Detection of B. bronchiseptica infection in rats and mice has re-
lied principally on bacterial culture of swab, aspirate, or wash
specimens from the nasal cavity, tracheobronchial tree, or lungs
that have been exposed by dissection or removed at necropsy.
Bordetella bronchiseptica grows readily on simple nutrient media,
such as Brucella agar, trypticase soy agar, or tryptose phosphate,
with or without 5% defibrinated sheep blood. Bordet-Gengou agar
with 15% horse or sheep blood is often used to distinguish differ-
ent colony morphology. Selective-differential media, such as
MacConkey-glucose agar or Smith-Baskerville agar, each contain-
ing the antibiotic furaltadone, and tergitol 7 agar containing tetra-
zolium chloride have been used for isolation from contaminated
specimens (128). It may be difficult to identify B. bronchiseptica by
use of traditional biochemical tests because of its similarity to
other Bordetella-like environmental organisms. The latter are
not well represented in most routine bacterial identification da-
tabases, and may require reference level testing methods. Accu-
rate identification would be especially critical when disease is
absent or when the number recovered is low and when culturing
from environmental sources. Sensitivity of the culture method to
detect infected rats and mice is probably low in animals without
clinical signs of disease. The expected low prevalence of B.
bronchiseptica in an infected colony would require that a large
sample size be tested in a health-monitoring program to ensure,
with confidence, that the colony is test negative.

Serologic tests have been used in experimental surveys to de-
tect evidence of B. bronchiseptica infection (76-79), but have not
been widely applied in routine animal health-monitoring pro-
grams. These tests are of value for determining the overall status
of a colony, but are not as useful for diagnosis in individual ani-
mals. The antigens used in agglutination test and ELISAs were
whole bacterial cells; it is likely that greater specificity and sen-
sitivity will be achieved when purified antigens are used.

Genetic detection methods, using RNA/DNA and DNA/DNA
hybridization probes, were used to identify B. bronchiseptica-
specific rRNA and siderophore gene sequences, respectively, in
cultures and nasal swab specimens from pigs (129, 130). Poly-
merase chain reaction (PCR) assays coupled with restriction
fragment pattern analysis or specific probe detection steps have
been developed for detecting Bordetella species in samples from
humans (131-133). Targeted gene sequences have included a
novel outer membrane porin gene, promoter regions of the
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flagellin and pertussis toxin genes, and unique insertion se-
quences. To our knowledge, application of PCR and gene probe
technologies for B. bronchiseptica surveillance in laboratory ani-
mals has not been reported.

Epidemiology of B. bronchiseptica
infection

Transmission of B. bronchiseptica is thought to occur princi-
pally by direct contact or droplet aerosol from infected animals.
Little is known about the carrier state. It has been stated that
experimentally infected rats may become life-long carriers (8,
84). With low sensitivity of detection, infection rates within a
colony could theoretically, become high before being detected. It
is not known what proportion of animals become carriers, what
exposure level is required to establish a carrier state, what the
host response is to persistent infection, or what bacterial prop-
erties are required to cause persistent infections.

It is thought that the respiratory tracts of infected mammalian
hosts are the primary sources for new infections. Whether mu-
rine infections are acquired mostly from non-murine hosts has
yet to be determined. However, the potential for interspecies
transmission is great. Bordetella bronchiseptica has the widest
host distribution among the bordetellae (8, 134). Dogs, pigs, and
guinea pigs are most frequently infected, but B. bronchiseptica is
also commonly isolated from cats, horses, and rabbits. Rare isola-
tion has been reported from opossums, raccoons, ferrets, skunks,
koalas, lesser bushbabies, European hedgehogs, bears, foxes,
seals, sea otters, Dall sheep, llamas, leopards, chickens, ostriches,
and humans. Risk for transmission from and to humans is low In
an extensive review, Woolfrey and Moody (135) concluded that
“... B. bronchiseptica has rarely been isolated from humans de-
spite the considerable exposure of humans to animal sources of
the organism.”

Indirect transmission among animals (i.e., animal to animal,
animal to human, and human to animal) also is thought to be
possible, but has not been well documented (134). Bordetella
bronchiseptica can survive on inanimate materials, such as bed-
ding, litter, and in water, for short periods, and may potentially do
the same on animal surfaces, such as hair and skin. Although there is
no evidence that humans have introduced B. bronchiseptica into bar-
rier rodent facilities, it seems prudent to advise animal handlers of
potential sources of B. bronchiseptica and mandate that they be
avoided. Likewise, maintenance of barriers against potentially con-
taminated air, water, and pests is important.

Elimination of B. bronchiseptica from a rodent colony is only
ensured by elimination of infected animals and disinfection of all
materials, equipment, and structural surfaces within the facility.
At present, it is not feasible to identify all infected animals due to
low prevalence of carriers in the population, low level of shedding
in carriers, and inherent low sensitivity of the testing methods.
Consequently, complete elimination and repopulation is favored
over the test-and-cull approach. Preliminary attempts to elimi-
nate carriers by vaccination have not been successful in large
colonies of guinea pigs, and are unlikely to be successful in rats
or mice (136). Although antibiotic treatment may seem an attrac-
tive alternative for small groups of animals, successful treat-
ment regimens have not been reported. Assessing the outcome
of treatment or preventative measures would also be difficult
due to the aforementioned issues. Persistence of infection in a
single animal could result in reinfection of the colony, and logis-
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tics of removing or disinfecting contaminated materials could be
difficult.

The potential existence of natural B. bronchiseptica reservoirs
other than infected animals has been questioned. The need for
complex, environmentally controlled regulatory systems, like
BvgAS, for survival of B. bronchiseptica is not apparent. Such loci
may be vestiges of evolution from an environmental organism
that existed prior to adaptation to animal infection. Alterna-
tively, the regulatory systems may play a role in environmental
survival and inter-host transmission. Flagella, which could pro-
vide an environmental survival advantage, are expressed in the
Bvg~ avirulent phase (93, 137). Bordetella bronchiseptica can
grow for 24 weeks from a small inoculum in natural fresh and
salt water, with little loss in viability (138, 139). Bordetella
bronchiseptica has been isolated from marine mammals (60, 61)
but not from natural water sources.

Effects on research

Greatest emphasis should be placed on monitoring subclini-
cally infected, immunocompetent animals to determine what
effects infection may have on research and spread to other ani-
mals. One might expect that, during the height of acute infec-
tion, pathophysiologic effects of the bacterium could have
adverse effects on research unrelated to B. bronchiseptica. In one
such instance, unexpected inhibition of rabbit alveolar macroph-
age function led to the incidental discovery of B. bronchiseptica
ACT (140, 141). These side effects were only observed when large
numbers of B. bronchiseptica were present in lavage effluents
and were reversible after prolonged recovery (140). Rats used by
the same investigators had normal macrophage functions. There
are no similar reports on the impact of natural B. bronchiseptica
infections in rats and mice on research and it is not known
whether any adverse effects would linger after infection sub-
sides or in the carrier state. In 1913, Theobald Smith (3) stated,
“The whole problem of bacteria carriers is becoming of such
overshadowing practical importance that an accurate determi-
nation of the fate of strains in a community to which no new
strains are admitted from outside is urgently demanded.” This
challenge is still relevant. Perhaps investigators should be sur-
veyed systematically to help document the impact of B.
bronchiseptica carriers on research.

It is expected that immunodeficient animals are more suscep-
tible to B. bronchiseptica than are immunocompetent animals,
but there is no published statistical information on isolates re-
covered from immunodeficient animals to indicate that they are
more susceptible to B. bronchiseptica than to other less-re-
garded pathogens. Burgeoning numbers of genetically modified
rodents, which may have intended or unintended decrements in
host defense mechanisms, represent another population where
bacterial infection may have different consequences than those
in fully immunocompetent hosts. However, as with mutant im-
munodeficient mice and rats, genetically modified rodents are
frequently and appropriately housed in systems designed to ex-
clude common environmental and anthropozoonotic agents,
such as Staphylococcus aureus, Pseudomonas aeruginosa, and
Pneumocystis carinii. These housing systems, often individually
ventilated cages, static filter-top cages or isolators, are also suffi-
cient to exclude B. bronchiseptica. For whatever reason (successful
exclusion, low prevalence of the bacterium, or low pathogenicity),
B. bronchiseptica does not seem to be a substantial problem in ge-
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netically modified or immunodeficient mice and rats. For example,
one major rodent diagnostic laboratory with an international clien-
tele has never isolated B. bronchiseptica from immunodeficient or
genetically modified mice or rats, despite processing hundreds of
these animals each week, using appropriate media and techniques.
In contrast, Pasteurella pneumotropica, Pneumocystis carinii,
Helicobacter hepaticus, and Staphylococcus aureus are often iso-
lated from lesions in immunodeficient and genetically modified
mice in this sample stream (142), supporting the conclusion that
B. bronchiseptica poses less contemporary risk than do these
common opportunistic infections.

Approaches taken to control or prevent B. bronchiseptica in-
fection in laboratory animal facilities must be realistic and cost
effective. Minor improvements in hygiene, barrier, and health-
monitoring practices can be helpful; however, the overall risks
that B. bronchiseptica presents must be evaluated for each facil-
ity and use. At present, in taking action, one should consider the
lack of convincing evidence of natural disease in rats or mice,
although both species are susceptible to persistent colonization.

Conclusions

Reports of naturally acquired disease attributable to B.
bronchiseptica in mice or rats have been few since 1960. It also is
unclear if mice and rats are natural hosts for B. bronchiseptica.
The apparent low prevalence of B. bronchiseptica in laboratory
rats and mice may reflect current hygiene, barrier, and health-
monitoring practices; however, diseases previously attributed to
B. bronchiseptica may also have been due to more recently discov-
ered pathogens. Therefore, more information is needed to deter-
mine the true contemporary risk for natural infection. Isolation
frequencies should be recorded (even if low), isolates should be
compared (within and between labs) by use of molecular finger-
printing and virulence testing methods, and should an outbreak
occur, it should be thoroughly investigated to determine the extent
of spread, pathologic changes, and presence of other agents. The
role of non-murine hosts, especially humans, as sources of the or-
ganism in animal facilities, also should be examined further.
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