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Rabbits orally challenged with Salmonella enterica developed a dose-dependent diarrheal disease comparable
to human salmonellosis. Viable Salmonella organisms recovered from the intestine and deep tissues indicate
local and systemic infections. Therefore, results show that the rabbit can be used as a model for diarrheal

disease and sequelae associated with salmonellosis.

Salmonella enterica serotypes are the leading causes of food-
borne illness worldwide (3), with approximately 50% of human
infections caused by the serotypes Enteritidis and Typhi-
murium (4). Over 30% of Salmonella enterica serotype Typhi-
murium isolates are in the DT-104 phage type complex and
exhibit the classic five-drug pattern of resistance (9). An infec-
tion with an S. enterica serotype generally causes a localized
intestinal infection or gastroenteritis characterized by a sudden
onset of abdominal pain and loose, watery diarrhea, occasion-
ally with mucus or blood (11). In localized infections, the
organisms invade the intestinal wall but remain predominantly
within gut tissue and the local lymphatics. However, S. enterica
serotypes can spread systemically in the elderly, in young chil-
dren, and in immunocompromised individuals. Reports from
the United Kingdom suggest that infection with five-drug-re-
sistant serotype Typhimurium may result in greater morbidity
and mortality than infection with other serotypes (9).

The murine enteric fever model has been extensively utilized
to evaluate Salmonella pathogenicity. However, the lack of
diarrheal disease in this model is limiting for the study of
food-borne illness. Collins and Carter (6) have shown that
germfree mice develop diarrhea when they are orally chal-
lenged with as few as 10 CFU of Salmonella enterica serotype
Enteritidis and that they die within 8 days of challenge. Al-
though these animals develop diarrhea, they may not be rep-
resentative of conventional animals. Surgical models that mea-
sure fluid accumulation as an indication of diarrheal disease
caused by S. enterica serotypes have been developed with large
animal species (1, 5, 10, 13), and several nonsurgical models for
diarrheal disease have been developed with pigs (15, 20),
calves (18, 19, 21), ponies (16), and primates (12, 17). How-
ever, these animals are not readily available in a standard
animal facility, and therefore the usage of large numbers for
in-depth studies is precluded. Salmonella virulence has also
been examined using ligated rabbit or isolated intestinal sec-
tions (2, 5, 8). Although these models have been valuable for
identifying Salmonella strains and genes that induce fluid ac-
cumulation, these surgical models do not represent the desired
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model, which would demonstrate the route and course of in-
fection seen with food-borne salmonellosis.

This work describes a nonsurgical, oral challenge rabbit
model for salmonella gastroenteritis. Rabbits develop a dose-
dependent diarrheal illness that is comparable to that seen in
human salmonellosis. A multidrug-resistant strain of S. enterica
serotype Typhimurium phage type DT-104b, designated DT-9,
which was isolated from children in a day care center, was used
as the primary salmonella isolate. An outbreak-associated
strain was chosen since the focus of this model is to emulate
symptoms seen with food-borne salmonellosis.

Overnight cultures of salmonellae grown at 37°C in Luria-
Bertani (LB) broth in a microaerophilic environment were
used for all challenge studies. All cultures were serially diluted
10-fold in LB broth immediately before challenge, and their
inoculum size was confirmed by plate counts. The killed sal-
monella controls were inactivated by heating to 100°C for 1
min; nonviability was then verified by plating onto Trypticase
soy agar plates (Becton Dickinson & Co. Microbiology Sys-
tems, Sparks, Md.). Adult New Zealand White (NZW) rabbits
(Covance, Denver, Pa.) were used for all studies, and all pro-
cedures were in accordance with the Guide for the Care and
Use of Laboratory Animals (14). Rabbits deprived of food for
16 h were challenged with salmonellae using a method
adapted from Cray et al. (7). Animals were anesthetized
with an intramuscular injection of ketamine and aceproma-
zine (70 and 0.4 mg per kg of body weight, respectively) and
then intravenously administered 50 mg of cimetidine (Na-
tional Logistics Services, Owings Mills, Md.) per kg. Ani-
mals were then intubated using a pediatric feeding tube, and
two doses of 5% sodium bicarbonate were orally adminis-
tered at 15-min intervals. The second dose of sodium bicar-
bonate was immediately followed by oral administration of
15 ml of bacterial culture at a concentration of 10'!, 10°, 107,
10°, or 10° CFU per animal. The control animals were chal-
lenged with 10'* CFU of heat-killed salmonellae or with LB
broth alone. To slow intestinal peristalsis, all animals were
given an intraperitoneal injection of 2.0 ml of paregoric (2
mg/5 ml; National Logistics Services). Rabbits were exam-
ined for loose stool, diarrhea, anorexia, and weight loss.
Rectal swabs were collected on a triweekly basis and cul-
tured on Hektoen enteric agar (HEA) following 18 h of
preenrichment in lactose broth.
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TABLE 1. Rabbit colonization following oral challenge with DT-9¢

Challenge dose Animals colonized on indicated day p.i.

(CFU) 1 3 5 7 9 1 15

10" 11/12  6/9 —c
10° 10/12  7/10  4/6 —
107 1012 712 6/12 1112 10/10 2/6  0/6
10° 412 912 6/12 3/12 012 0/12 0/12
10° 2/4  3/4  0/4 0/4 04 04 04
10" (HK)? 08 08  0/8 0/8 08 08 08

0 (LB broth)  0/12 012 0/12  0/12  0/12 012 0/12

“ Rectal swabs obtained from all animals were preenriched for salmonellae by
growth in lactose broth for 18 h at 37°C and then cultured on HEA to determine
the presence of salmonellae.

® Data are numbers of animals with fecal samples positive for salmonellae out
of numbers of surviving animals in challenge groups.

¢ —, all animals in group dead.

4 HK, heat-killed control.

¢ Bacterial growth medium control.

A dose-response relationship was seen between time of chal-
lenge and time of animal death. All animals challenged with
either 10'" or 10° CFU of DT-9 developed symptoms which
progressed from loose stool containing mucus by day 3 postin-
fection (p.i.) to watery diarrhea containing frank blood by day
5 p.i. All rabbits challenged with 10'" CFU died by day 5.
Initial deaths of animals challenged with 10° CFU were seen at
day 3 p.i., with all rabbits succumbing to infection by day 7 p.i.
Rectal swabs from the majority of animals in all challenge
groups were positive for salmonellae (Table 1), and necropsy
revealed fluid accumulation in the cecum and small intestine.
One-half of all rabbits challenged with 10" CFU of serotype
Typhimurium developed watery diarrhea containing mucus
and blood by day 5 p.i., and deaths were seen at day 10 p.i. (Fig.
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1). Animal deaths in the 10’-CFU challenge group occurred
after all rabbits challenged with 10'" and 10° CFU had died,
supporting the dose-response relationship between challenge
and time of death. Twenty-five percent of animals challenged
with 107 CFU of DT-9 developed severe watery diarrhea con-
taining mucus and blood. At the height of their illness, animals
lost from 16 to 30% of their initial body weights, a significant
loss compared with the results from the controls (Fig. 2). How-
ever, these animals began to recover from the infection on day
14 p.i., as evidenced by weight gain and increased food con-
sumption. By day 23 p.i., the animals were symptom free and
within 90% of their prechallenge weights (Fig. 2). Rectal
swabs from these animals were salmonella negative by day
15 p.i. (Table 1). For approximately 7 days, the remaining
25% of the animals challenged with 10’ CFU exhibited
occasional loose stools mixed with formed stools. These
animals had a slight weight drop of =10% of initial body
weight between days 3 and 5 p.i., but weight loss was not
significantly different from that of control animals during
this time period (Fig. 2). Animals challenged with 10° CFU
exhibited no symptomatology, but salmonellae were recov-
ered from the stools of these animals for up to 7 days p.i.,
indicating a viable bacterial challenge and some intestinal
colonization. Rabbits challenged with 10> CFU shed salmo-
nellae in their feces for only 3 days p.i., indicating challenge
with viable bacteria but no colonization.

Using pentobarbital (100 mg/kg), three representative rab-
bits challenged with 107 CFU of serotype Typhimurium and
three challenged with heat-killed salmonellae were euthanized
after the onset of diarrhea in the challenge group (approxi-
mately 7 days p.i.). To assess bacterial colonization, a 1.0-ml
sample of cecal contents and tissues of known weight from the
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FIG. 1. Survival rates of adult NZW rabbits orally challenged with DT-9. Results were obtained from three separate trials with 4 rabbits per
challenge or control group for a total of 12 animals per treatment and from one trial with 4 animals challenged with 10* CFU and 4 heat-killed
controls. All rabbits challenged with 10'! or 10° CFU of DT-9 died from infection by day 7 p.i. A dose of 10" CFU represented the 50% pathogenic
endpoint for this isolate. All control rabbits and those challenged with 10° and 10° CFU survived challenge with DT-9.
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FIG. 2. Weight changes of rabbits challenged with 107 CFU of viable DT-9 or with heat-killed DT-9 as a control. Animals challenged with 107
CFU demonstrated two different patterns of weight change. One group of three rabbits showed a slight drop in weight between days 3 and 5 p.i.;
by day 12 p.i., the weights of the rabbits in this group returned to control values. A second group of three animals challenged with 107 CFU
demonstrated a severe weight loss, beginning on day 3, that peaked by day 12 p.i. These animals did recover from infection and initiated weight
gain beginning on day 15 p.i. The control group consisted of four animals challenged with heat-killed serotype Typhimurium. Each symbol
represents the average weight of all animals in each group at each time point.

upper and lower intestines, spleen, and liver were aseptically
removed. Tissue samples were homogenized in phosphate-
buffered saline, the homogenates and cecal contents were se-
rially diluted 10-fold in phosphate-buffered saline, and 100 .l
of each dilution was plated onto HEA plates and incubated at
37°C overnight. No viable bacteria were recovered from the
tissues harvested from animals challenged with heat-killed se-
rotype Typhimurium. However, viable Salmonella organisms
were recovered from the cecal contents (1.2 X 107 = 1.5 X
107), upper intestines (2.4 X 10° = 3.4 X 10°), and lower
intestines (6.0 X 107 = 1.7 X 107) of the rabbits challenged
with 107 CFU of DT-9. Salmonella was also recovered from the
livers (6.4 X 10* = 1.0 X 10*) and spleens (9.8 X 10* = 8.7 X
10%) of the challenged animals, and blood cultures were sal-
monella positive. These results show that bacteremia and in-
vasion of deep tissue can occur in this model.

These data show that, when this model is used, NZW rabbits
develop a diarrheal syndrome comparable to that seen in hu-
man salmonella gastroenteritis. Animals responded in a dose-
dependent manner, with a challenge of 107 CFU representing
the 50% pathogenic endpoint. These results also suggest that
>10° CFU is needed to establish diarrheal disease in rabbits.
Animals challenged with heat-killed salmonellae showed no
signs of clinical illness, indicating that viable Salmonella is
required for development of diarrheal disease in this model
and that symptoms are not the results of a preformed toxin(s)
or lipopolysaccharide. Several rabbits also developed infection
of the deep tissues and septicemia, sequelae associated with
salmonella infection. Control animals that were fed culture
media also remained symptom free, showing that growth me-
dia alone do not cause diarrhea in rabbits. To confirm that this
model can be used with serotypes other than serotype Typhi-
murium, we completed a smaller study using an Enteritidis
serotype isolated from a food-borne outbreak. The dose-re-

sponse curve and symptomatology for this isolate were identi-
cal to those seen with the DT-9 study.

We thank Colleen Carroll for critical reading and editing of the
manuscript.
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