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The treatment of yersiniosis by B-lactams is questionable considering the proven failure of newer B-lactams
for treating murine Yersinia enterocolitica infection. Another modality of experimental treatment was
performed with a virulent strain of Y. pseudotuberculosis (nonproducer of B-lactamase) highly susceptible (in
terms of MICs) to amoxicillin, cefotaxime, ceftriaxone, imipenem, doxycycline, gentamicin, and ofloxacin. The
in vivo comparative efficacy of these drugs was evaluated in a standardized and reproducible mouse model of
systemic infection. Each single antibiotic was injected intravenously once, at 30 h after intravenous inoculation
of the infective strain, and then repeatedly (at 30, 52, and 76 h postinfection). In vivo results were measured
by counting the viable bacteria recovered from the whole spleens of mice sacrificed at selected times.
Cefotaxime, even at high doses (250 mg/kg of body weight), was totally ineffective. Amoxicillin and imipenem
at high doses (200 and 100 mg/kg, respectively) and ceftriaxone at usual doses (20 mg/kg) were active only in
stopping bacterial proliferation to a more or less slight degree. Ceftriaxone was able to reduce viable counts in
the spleen only at high doses (200 mg/kg), as were gentamicin (20 mg/kg) and doxycycline (125 mg/kg).
Ofloxacin at the low dose of 5 mg/kg was demonstrated to be very effective by the very significant decrease
observed in bacterial numbers from 10¢ to 10°> CFU per spleen. The pharmacological parameters do not in
themselves explain all the discrepancies between the in vitro and in vivo activities of B-lactams on yersiniae. No
emergence of beta-lactam-resistant organisms, which could explain the failure of B-lactams, was detected.
Thus, their use should be delayed in the therapy of human yersinosis until further investigations are carried
out. The fluoroquinolone appeared more active and rapid than reference drugs in the treatment of murine

yersinosis, which confirms initial clinical results.

The genus VYersinia includes three species which are
pathogenic for humans. Yersinia pestis is the agent of the
plague. Y. enterocolitica and Y. pseudotuberculosis cause
intestinal and extraintestinal syndromes of various severi-
ties, ranging from mild gastroenteritis to mesenteric lym-
phadenitis and septicemia.

For yersiniosis, antibiotic treatment recommendations
from the World Health Organization include tetracycline,
chloramphenicol, gentamicin, and cotrimoxazole (43). Newer
B-lactam antibiotics were suggested as alternatives in severe
Yersinia infections (20, 21, 32, 37). However, an animal
model showed that the treatment of mice infected by Y.
enterocolitica failed with the newer B-lactams despite in
vitro susceptibility of the strain (31). Therefore, we checked
the in vivo efficacy of old and newer B-lactams and other in
vitro active antibiotics (e.g., fluoroquinolones) against Y.
pseudotuberculosis (a B-lactamase nonproducer), in a repro-
ducible mouse model mimicking natural systemic infection
@3, 395).

MATERIALS AND METHODS

Bacterial strain. Y. pseudotuberculosis 1P 2637, serovar I,
was used, harboring both a 47-MDa virulence-associated
plasmid and a further cryptic one of 60 MDa (34). This strain
was isolated at Necker Hospital, Paris, France. It was grown
regularly on tryptocasein-soy-agar (TCS; Diagnostics Pas-
teur, Marnes-la-coquette, France) overnight at 25°C from
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stock cultures frozen at —70°C in 50% glycerol. The various
phenotypic characteristics associated with the presence of
the 47-MDa virulence plasmid were checked, i.e., Ca®*
dependence, autoagglutination, and released proteins and
YOPs, visualized by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) by a method based on that
of Heesemann et al. (19).

Infection of mice. We used Swiss pathogen-free female
mice, aged 5 weeks and weighing 20 + 2 g, purchased from
IFFA CREDO, Lyon, France. The mice were injected
intravenously (i.v.) with bacterial suspensions in sterile
nonpyrogenic saline at two standardized doses, 10° and 10°
CFU:; both of these ensure a fatal systemic infection, but
there is more exponential kinetic growth at 10> CFU.

Antibiotics. Seven antibiotics of known potency used in
this study were kindly supplied by the manufacturers (or
their subsidiary agents in France): amoxicillin (Beecham,
Paris, France), gentamicin (Unilabo, Levallois-Perret, France),
doxycycline (Pfizer, Paris, France), cefotaxime (Roussel,
Romainville, France), ceftriaxone (Roche, Neuilly-sur-
Seine, France), imipenem-cilastatin (Merck, Paris, France),
and ofloxacin (Diamant, Puteaux, France).

In vitro susceptibility tests, The MICs and MBCs were
determined by the broth microdilution method as previously
described (20). The final antibiotic concentration ranged
from 0.016 to 32 mg/liter. The inoculum was prepared from
overnight Mueller-Hinton broth culture at 37°C and diluted
so that final sizes of approximately 5 X 10%, 5 x 10°, and 5 X
10° CFU/ml were obtained to determine MICs and to look
for a possible inoculum effect; 5 x 10° CFU/ml was used to
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determine MBCs. The microdilution trays were incubated
for 24 h at 37°C. The MIC was defined as the lowest
concentration of drug that prevented visible growth. The
MBC was defined as the lowest concentration of drug that
permitted at least 99.9% (10°-fold) reduction in the number
of CFU. At the same time, a strain of Escherichia coli
(ATCC 25922) was used for quality control with each anti-
biotic in each experiment.

B-Lactamase production was tested by the iodometric
spot method on sonicated bacteria, as previously described
(20).

In vivo antibiotic experiments. In the first series of in vivo
experiments, we used the same model as described previ-
ously with Y. enterocolitica (31). In fact, these experiments
were performed as a screening of the in vivo antibiotic
activity. In a second series of experiments, we used a lower
inoculum and repeated antibiotic injections to follow up the
activity of the drug during the infection. Thirty mice in each
treatment group and each nontreated group (control) were
inoculated, with five being sacrificed at each of the five time
points and five observed at the end of each experiment.

Antibiotic solutions were prepared as recommended by
the manufacturers. Their in vitro activity was immediately
verified, and they were injected rapidly (bolus) i.v. into mice
(7, 8, 25, 30). In the first series of experiments, the solutions
were injected 30 h after i.v. injection of the 10° CFU
bacterial inoculum; in the second series of experiments they
were injected at 30, 52, and 76 h after i.v. injection of the 10°
CFU inoculum. The times of injection of the drug were
selected from the growth kinetics of the strain Y. pseudotu-
berculosis TP 2637 in control mice; 30 h corresponded
approximately to the mid-exponential phase. The doses of
drugs were as follows: doxycycline (13), 125 mg/kg of body
weight (injected slowly to save the mice); gentamicin (28), 20
mg/kg; amoxicillin (1, 6), 200 mg/kg; cefotaxime (2, 23, 26),
20, 200, and 250 mg/kg; imipenem (23, 27), 100 mg/kg;
ceftriaxone (4, 29), 20 and 200 mg/kg; and ofloxacin (33), 20
and 5 mg/kg.

These doses were selected first of all in accordance with
previously reported data: in the above-mentioned studies,
the doses were chosen to relate as closely as possible to the
conventional doses used in humans. Other doses used here
were modified by us; we increased the doses of ineffective
antibiotics (B-lactams) and lowered those of the most effec-
tive one (ofloxacin). All these doses are expected to provide
suitable concentrations of drug in mice because the previous
works indicate the following: (i) a 200-mg/kg dose of amox-
icillin injected subcutaneously (s.c.) produces both a peak
level in serum of 80 mg/liter and a concentration in serum
remaining above the MBC for our tested bacterial strain for
at least 3 h (1, 6); (ii) with a 10-mg/kg dose of gentamicin
injected s.c., these values are 9 mg/liter and >1.5 h, respec-
tively (6, 28); (iii) with a 50-mg/kg dose of doxycycline
injected i.v., the values are 50 mg/liter and >2.5 h, respec-
tively (9); (iv) with a 180-mg/kg dose of cefotaxime injected
s.c., the values are 80 mg/liter and 3 h, respectively (14); (v)
with a 180-mg/kg dose of ceftriaxone injected s.c., the values
are 150 mg/liter and 8.5 h, respectively (14); (vi) with a
70-mg/kg dose of imipenem injected s.c., the values are 19
mg/liter and >6 h, respectively (26a); (vii) no data are
available for ofloxacin.

The doses will be named high, usual, or low below, in
accordance with the efficacy of doses used in previous
experiments. Each experiment was repeated once.

Bacterial counts and results. The spleens of mice were
aseptically removed and homogenized. Viable bacteria re-
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covered from spleen homogenates were counted as CFU on
TCS incubated for 18 h at 25°C as described previously (35).
Data were obtained for the whole spleens without regard to
the size of this target organ. Serial 10-fold dilutions of each
spleen homogenate were plated on agar. The times selected
for in vivo bacterial growth measurement were based upon
preliminary experiments that showed the growth kinetics of
the strain IP 2637 in the control mice. In the two series of
experiments, bacteria were counted at 3, 6, 30, 54, and 78 h
postinfection, i.e., for the second series, 2 h after i.v.
injections of drugs, which is three or four times the half-life
of the antibiotics tested, except for ceftriaxone (twice) and
doxycycline (once) (1, 9, 11a, 14, 22, 26a). The efficacy of
each antibiotic was quantified from comparative bacterial
counts in the spleens of five treated mice and five nontreated
controls for each point. While the spleens were being re-
moved, blood samples were collected by cardiac puncture
and incubated on TCS in the same way.

Detection of high concentrations of drugs in the spleen. The
strain we inoculated into mice was seeded into TCS; then
aliquots of spleen homogenate, removed from treated mice
at time points 54 and 78 h, were poured into 0.1-ml wells
bored into the agar; lastly, the plates were incubated for 24
h at 37°C.

Detection of antibiotic-resistant bacteria. Whole-spleen ho-
mogenates were plated on antibiotic concentration gradients
(from 0 to 500 mg/liter) in agar (38) for each antibiotic
treatment at the end of each experiment; the plates were
incubated for 24 h at 37°C.

Statistical methods. Using the Student ¢ test, we calculated
the geometric mean and the confidence interval of the mean
from the data obtained for each group of five mice at each
time point. In vivo growth curves illustrate these results
(Fig. 1 and 2). The significance of the difference between the
results obtained from control and treated mice was evaluated
at each time point.

RESULTS

In vitro susceptibility tests. Taking into account the MICs,
all the drugs were active, and no inoculum effect was
observed from 10* to 10° CFU/ml (Table 1). The difference
between MBC and MIC expressed in log, was equal to 0 or
1 for all drugs except the bacteriostatic drug doxycycline (6
log,). The iodometric spot test confirmed that the strain was
not a B-lactamase producer.

Detection of antibiotic amounts in spleens. No bacterio-
static effect of spleen homogenates was observed on the
plates, except with doxycycline. Moreover, numbers of
CFU were multiples of 10 in each bacterial count except for
doxycycline (drug effect on first plate). Therefore, we can
conclude that no remaining antibiotic concentration in tissue
had much influence on our results.

In vivo antibiotic activities. Y. pseudotuberculosis 1P 2637
at 10° and 10* CFU was highly virulent for the Swiss mice.
As illustrated in Fig. 1 and 2, the bacterial growth curves in
the spleens of control mice showed an exponential phase,
reaching a plateau at about 54 h and leading to the death of
the mice between 80 and 96 h after a real septicemia. The
kinetics of bacterial growth (<200 CFU/ml at 54 h) in the
blood were judged unsuitable for demonstrating the effects
of antibiotic therapy.

In the first series of experiments performed with a heavy
inoculum (10® CFU), a single i.v. injection of a high dose of
doxycycline (125 mg/kg) was effective in reducing viable
counts in the spleen; a single normal dose of gentamicin (20
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FIG. 1. Effect of one antibiotic injection (30 h) on Y. pseudotuberculosis infection. Kinetic growth survival of Y. pseudotuberculosis 1P
2637 in the spleens of mice infected i.v. with a standardized inoculum (see the arrow on the vertical axis). Each point represents the geometric
mean of bacterial enumeration, after spleen homogenization, from five mice either treated or not treated (control). The vertical bars indicate
half of the confidence interval of the mean, r SEM (Student ¢ test and standard error of the mean), with a 5% risk of error. The antibiotic doses
are expressed in milligrams per kilogram.
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FIG. 2. Effect of repeated antibiotic injections (30, 52, and 76 h) on Y. pseudotuberculosis infection. Kinetic growth survival of Y.
pseudotuberculosis IP 2637 in the spleens of mice infected i.v. with a standardized inoculum (see the arrow on the vertical axis). Each point
represents the geometric mean of bacterial enumeration, after spleen homogenization, from five mice either treated or not treated (control).
The vertical bars indicate half of the confidence interval of the mean, # SEM (Student ¢ test and standard error of the mean), with a 5% risk

of error. The antibiotic doses are expressed in milligrams per kilogram.

mg/kg) appeared temporarily effective, but high doses of
amoxicillin (200 mg/kg), cefotaxime (250 mg/kg), and imi-
penem (100 mg/kg) were not effective. Therefore, with a high
inoculum of a really virulent strain, none of the agents
appeared to have a very potent antibacterial effect (Fig. 1).
In contrast, with a low inoculum, some of the agents had a
pronounced effect (Fig. 2). ‘

In the second series of experiments carried out with an
inoculum of 10> CFU and repeated antibiotic injections,
gentamicin (20 mg/kg) and doxycycline (125 mg/kg) were
effective in reducing viable bacterial counts (P < 0.005 for
éach point on the growth curve). Among the B-lactams we
tested, amoxicillin (200 mg/kg) reduced bacterial develop-

TABLE 1. In vitro activity of seven antibiotics against
Y. pseudotuberculosis 1P 2637

Antibiotic MIC? MBC*
Amoxicillin 0.06 0.12
Doxycycline 0.12 8
Cefotaxime 0.015 0.03
Ceftriaxone 0.015 0.03
Imipenem 0.06 0.06
Ofloxacin 0.03 0.06
Gentamicin 0.12 0.25

< In milligrams per liter, with inoculum (in CFU per milliliter) of 10*, 10°,
and 10° for MICs and 10° for MCBs, at 37°C.



VoL. 35, 1991

ment in the spleen compared with its effect in the nontreated
mice. Imipenem (100 mg/kg) also showed a significant differ-
ence between the treated and the nontreated mice, but only
at 78 h. Cefotaxime was inactive even with a high dose of 200
mg/kg. Ceftriaxone growth curves were different from those
for the nontreated mice: when we used high doses of 200 mg/
kg, the results were comparable to those of doxycycline, but
with usual doses of 20 mg/kg, there was only a slight effect.
The greatest efficacy was observed with ofloxacin treatment
(20 or 5 mg/kg, which is a low dose). The decrease in the
bacterial count in the spleen obtained with the fluoroqui-
nolone (from 10° to =<10' CFU per spleen) was always
superior to the decrease obtained with other treatments.

The aim of this study was not to compare mortality rates;
however, we noticed that our results for mortality rate were
in agreement with bacterial counts. Remembering that ex-
periments were repeated once and that five mice per group
were observed after treatment, the results are as follows: (i)
10 of 10 mice died between 80 and 96 h with ineffective (or
slightly active) drugs such as amoxicillin, imipenem, or
cefotaxime at 20 mg/kg; (ii) no mice died with effective drugs
such as ofloxacin, gentamicin, doxycycline, or ceftriaxone at
200 mg/kg; and (iii) the results with cefotaxime (200 mg/kg)
and ceftriaxone (20 mg/kg) were mixed: 7 of 10 and 5 of 10
mice died, respectively.

Detection of antibiotic-resistant mutants. With unsuccess-
ful treatments, no resistant mutant that might have been
selected by therapy was detected on the antibiotic gradient
concentration agar plate among bacteria recovered from
total-spleen homogenates (38).

DISCUSSION

The Y. pseudotuberculosis experimental mouse infection
model reproduced each lesional stage that is generally ob-
served in human infection. Rapid bacterial contact with and
penetration into phagocytes were made possible by the
nonnatural i.v. injection. As previously described (3, 35), Y.
enterocolitica and Y. pseudotuberculosis (facultative intra-
cellular parasites) inoculated i.v. into mice rapidly colonized
the spleen, multiplied with inflammatory granuloma formation,
and then reached the blood, causing septicemia prior to death.

Two types of experiments are presented here: one used a
10° CFU inoculum and the other used an inoculum 103-fold
lower, both leading to the same bacterial burden of approx-
imately 107 to 10® CFU per spleen. In the experiments with
a heavy inoculum, no antimicrobial agent, except doxycy-
cline, produced a clear-cut result. One can argue that this
was due to an inoculum effect. However, this cannot in itself
explain the failure of the drug; there are many reasons why
the effect of a drug on a highly complex process of infection
might be much more evident at a low than a high inoculum
(11, 36).

Here, the B-lactam treatments administered at usual doses
(20 mg/kg) (2, 4, 26, 27, 29) demonstrated less efficacy than
classic treatments such as gentamicin or doxycycline. There-
fore, a treatment can be considered really successful when
administration of the drug leads to a decrease in the growth
kinetics curves and not merely to a significant difference
between treated and nontreated groups of mice.

As discussed in a previous paper (31) for Y. enterocolitica,
the failure of B-lactams in the murine systemic infection
model cannot be explained by the selection of B-lactam-
resistant mutants during the treatment or, at least for the
moment, the influence of local host factors.

Pathogenic yersiniae are mostly intracellular parasites; the

FLUOROQUINOLONE EFFICACY AGAINST Y. PSEUDOTUBERCULOSIS 1789

success of the treatment could depend on the intracellular
penetration of the drug, so the activity of doxycycline, even
though it is a bacteriostatic antibiotic, might be due to its
cellular penetration. Furthermore, fluoroquinolones have a
good intracellular diffusion (12, 39, 41, 42): ofloxacin was the
most effective antibiotic in this study even at low doses of §
mg/kg.

After all, B-lactams are largely excluded from cells (15-18,
39) and may be ineffective against intracellular bacterial
cells; even imipenem, which binds rapidly with leukocytes,
may be ineffective because this cell-associated drug declines
progressively with time (15-17); what is more, the molecule
is unstable. Therefore, the result observed in the present
work makes it clear that the pharmacological parameters of
antibiotics affect their in vivo efficacy.

However, imipenem, cefotaxime, and other B-lactams are
active at their usual doses on murine systemic infections due
to other bacterial species which replicate intracellularly (23,
26, 27); gentamicin and other aminoglycosides are accumu-
lated slowly into cells in an active form (10, 39, 40); and
ceftriaxone penetrates cells reasonably well (5, 24), but
despite its excellent in vitro activity, 10 times more ceftri-
axone (200 mg/kg) than gentamicin is needed to obtain the
same in vivo efficacy. Therefore, the pharmacological pa-
rameters do not in themselves explain all the discrepancies
between the in vitro and in vivo activities of B-lactams on
yersiniae. Thus, phenotypic variations of pathogenic yersin-
iae, expressed mainly in vivo (19), could be involved in this
failure of B-lactams.

Finally, we have studied only a single isolate of Y.
pseudotuberculosis. Even though the IP 2637 strain has a
phenotype representative of prominent human isolates, we
cannot determine that all strains of Y. pseudotuberculosis
are resistant in vivo or slightly susceptible to chemotherapy
with beta-lactams (amoxicillin, cefotaxime, ceftriaxone, and
imipenem-cilastatin). However, on the basis of this study, it
would be wise to delay the use of beta-lactam antibiotics in
human yersinosis until further investigations are carried out.

However, the success of ofloxacin for murine yersinosis,
due to Y. pseudotuberculosis, confirms preliminary clinical
results obtained with fluoroquinolones (14a).
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