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The activities of ceftriaxone, moxalactam, and ampicillin against Salmonella
typhimurium LT-2 were compared in culture media at pH 5, 6, 7 and 8 and in mice
inoculated intraperitoneally. The minimal inhibitory concentrations for strain LT-
2 in Mueller-Hinton broth were 0.03 ,ug of ceftriaxone per ml, 0.08 Ixg of
moxalactam per ml, and 0.4 ,ug of ampicillin per ml. A comparison of minimal
inhibitory concentrations in buffered broth at pH 5 with those in media at higher
pH values showed that ceftriaxone was more acid stable than the other antibiot-
ics. Groups of CF-1 female mice inoculated intraperitoneally with 3 x 104 colony-
forming units received saline or each drug in fourfold decremental doses by the
subcutaneous route every 8 h for 3 days, beginning at 24 h after challenge. The
mean log10 colony-forming units of S. typhimurium per spleen at the end of
treatment and the mortality rates at 21 days after inoculation were measured for
each treatment group. The mean log1o colony-forming units per spleen was
significantly reduced from that of the saline control by dosages of .0.06 mg of
ceftriaxone per kg, 64 mg of moxalactam per kg, or .16 mg of ampicillin per kg (P
< 0.05). Mortality rates of infected mice were significantly reduced by dosages of
-1 mg of ceftriaxone per kg or -64 mg of ampicillin per kg (P < 0.05), whereas
moxalactam in dosages as high as 16 mg/kg did not significantly reduce mortality
rate. These results demonstrate the superiority of ceftriaxone to the other tested
antibiotics on a weight basis in this model of experimental Salmonella infection.

Moxalactam and ceftriaxone have in vitro
activity against most clinical isolates of Salmo-
nella spp. (1, 5, 6, 8, 9, 16, 17). These drugs are
worthy of evaluation in experimental animal
models of typhoid fever, an infection which
requires new approaches for chemotherapy to
overcome the problems of drug resistance and
high relapse rates.

Salmonella typhimurium infection in mice re-
sults in bacteremia and, on occasion, in fatal
accumulation of organisms in reticuloendothelial
cells, which are similar to the pathogenesis of
typhoid fever in humans. Because the intracellu-
lar environments in which Salmonella infection
occurs may be more acidic than extracellular
fluid (7, 15), we compared the activities of these
antibiotics against S. typhimurium at pH values
between 5 and 8. Using this experimental infec-
tion, we compared the in vivo activities of
ceftriaxone and moxalactam with that of ampi-
cillin, which is known to be effective against this
infection (3, 4).

MATERIALS AND METHODS
S. typhimurium LT-2. S. typhimurium LT-2 was used

in both the in vitro and in vivo studies. It had been
passaged in mice and was maintained on nutrient agar

slants at 4°C. This strain is virulent for mice (3, 4),
resembling in this respect other Salmonella strains
that have been employed in experimental mouse ty-
phoid infections. The 50%o lethal dose of strain LT-2
for CF-1 mice was 3 x 103 colony-forming units (CFU)
inoculated intraperitoneally.

In vitro testing of antibiotic susceptibility. Ampicillin
trihydrate (Bristol Laboratories, Syracuse, N.Y.) was
dissolved in 5% sodium carbonate and diluted with
water. Moxalactam (Eli Lilly & Co., Indianapolis,
Ind.) and ceftriaxone (Ro 13-9904; Hoffmann-La
Roche, Inc., Nutley, N.J.) were dissolved in water.
Diluted solutions of these agents were added to
Mueller-Hinton broth. To determine the minimal in-
hibitory concentrations (MICs), tubes containing 1 ml
of broth were inoculated with 5 x 10' bacteria and
read for turbidity after 24 h of incubation at 35°C. The
minimal bactericidal concentrations were determined
by plating 0.01-ml samples from tubes without visible
turbidity on blood agar and considering growth of less
than five colonies to be bactericidal activity (99.9%
killing).
The effect of acidity on the MICs was tested at pH

values of 5 to 8. Buffers covering this range were
prepared from 0.1 M citric acid and 0.2 M sodium
diphosphate. The test system included 0.7 ml of one of
these buffers at each pH, 0.1 ml of antibiotic solution
in water, and 0.2 ml of Mueller-Hinton broth contain-
ing approximately 5 x 104 CFU of S. typhimurium LT-
2. The addition of these volumes to Mueller-Hinton
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broth (pH 7.4) and antibiotics in water resulted in pH
changes of no more than 0.1 U. After 16 h of incuba-
tion at 35°C, tubes were read for turbidity.

Assessment of in vivo activity. Groups ofCF-1 female
mice (Carworth Farms, New City, N.Y.) approximate-
ly 8 weeks old and weighing 18 to 20 g were inoculated
intraperitoneally with 3 x 104 CFU of S. typhimurium
LT-2 (10 times the 50% lethal dose) suspended in 0.2
ml of 0.9%o NaCl. Treatment with the various doses of
antibiotics was started 24 h later. These doses in 0.1 mt
of 0.9o NaCl or 0.1 ml of 0.9% NaCl alone for control
mice were injected subcutaneously every 8 h for 3
days. In each dosage group of each experiment, 10
mice were used for observation of mortality, and 5
mice were used for enumeration of the numbers of
bacteria in the spleen or blood.
Blood was obtained from the retroorbital plexus

with a heparinized Pasteur pipette, and spleens were
removed aseptically. The spleens were homogenized
in 1 ml of 0.9%o NaCl by using glass mortars fitted with
Teflon pestles. Spleen homogenates and blood speci-
mens were serially diluted 10-fold with 0.9o NaCl,
and 0.1-ml aliquots were streaked onto tryptic soy agar
plates (Difco Laboratories, Detroit, Mich.). Colony
counts were made after 24 h of incubation at 35°C. The
mean log10 CFU per spleen or per milliliter of blood at
8 h after the last antibiotic dose and the mortality rates
during 21 days of observation were used as measure-
ments of drug effect when compared with saline-
treated control mice.

RESULTS
In vitro susceptibility testing. The geometric

means of triplicate determinations of the MICs
were 0.03 ,ug of ceftriaxone per ml, 0.08 ,ug of
moxalactam per ml, and 0.4 ,ug of ampicillin per
ml. The minimal bactericidal concentration of
each compound, indicating .99.9% killing, was
the same as the MIC.
When incubated in buffers at pH values less

than 5, S. typhimurium LT-2 did not multiply,
and MIC determinations could not be per-
formed. All three agents were most active at pH
values of 6 or 7 (Table 1). At pH 5, the MIC of
ampicillin increased 8-fold, and the MIC of
moxalactam increased 10-fold, whereas the MIC
of ceftriaxone increased only 2.5-fold. At pH 8,
the MIC of ampicillin increased fourfold, where-
as the MICs of ceftriaxone and moxalactam
showed little or no change from the values at pH
6 and 7.

Effects of antibiotic treatment in murine infec-
tions. The numbers of bacteria in the spleen and
blood at the start of treatment and after 3 days of
treatment are shown in Fig. 1. The number of
bacteria in the spleen exceeded the number of
bacteria per milliliter of blood by approximately
1,000-fold at both times. The excess number of
bacteria in the spleen over that in the blood was
still greater on a basis of tissue weight because
the mouse spleens weighed less than 0.1 g each.
Treatment with 64 mg of ampicillin per kg per

TABLE 1. Effects of pH of medium on MICs of
antibiotics against S. typhimurium LT-2

MIC (,ug/ml)a at following pH:
Antibiotic

5 6 7 8

Ampicillin 4.00 0.50 0.63 2.00
Ceftriaxone 0.10 0.04 0.05 0.06
Moxalactam 0.31 0.06 0.03 0.03

a Each value is the geometric mean of three determi-
nations.

dose for 3 days prevented the increases in bacte-
rial numbers in both the spleen and the blood
that occurred in saline-treated controls.
Data from a representative evaluation of the

effect of the three agents on splenic bacterial
counts are shown in Fig. 2. Significant reduc-
tions in the number of bacteria occurred in mice
treated with ceftriaxone in dosages of -0.06 mg/
kg, moxalactam in a dosage of 64 mg/kg, or
ampicillin in dosages of .16 mg/kg (P < 0.05 by
Student's t test). The effects of the various
dosages on mortality during 21 days of observa-
tion were recorded (Table 2). The mortality rate
for saline-treated controls was 100%, and the
median number of days after inoculation until
death for those mice that died was 4.5. Dosages
of ceftriaxone of 21 mg/kg or of ampicillin of
264 mg/kg reduced mortality significantly (P <
0.05 by chi-square test). The median number of
days until death in these treatment groups also
increased in comparison with the control
groups. Moxalactam did not significantly de-

FIG. 1. The numbers of S. typhimurium in spleens
and blood of mice. (A) At the time treatment was
initiated (24 h after inoculation). (B) After 3 days in
mice treated with saline (controls). (C) After 3 days in
mice treated with 64 mg of ampicillin per kg per dose.
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crease mortality or prolong the time of death in
dosages up to 16 mg/kg.

DISCUSSION
Experimental infection of mice with S. typhi-

murium is an intracellular infection of reticulo-
endothelial cells in the spleen, liver, bone mar-
row, and other tissues. Fatal infection in this
model is associated with a buildup of bacteria to
concentrations in the vicinity of 107 bacteria per
g of tissue. The intracellularity of this Salmonel-
la infection was suggested in our experiments by
the demonstration that the spleen contained
greater than 1,000 times more bacteria than did
the blood when CFUs per tissue weight were
compared. For an antimicrobial drug to be effec-
tive in vivo, it must prevent bacterial multiplica-
tion in the intracellular environment. The drug
first must penetrate into the tissues and then
must be active at the site of bacterial multiplica-
tion. In regard to the intracellular location of
Salmonella spp., the likely sites of multiplica-
tion include phagolysosomes of the mononucle-
ar phagocytic cells, which are considerably
more acidic than the extracellular fluid. Mouse
peritoneal macrophages show intralysosomal
pH values of about 4.8 (7), and the phagocytic
vacuoles of human neutrophils and monocytes
after phagocytosis of staphylococci show pH
values as low as 6.0 (15).
These results with the new beta-lactam antibi-

otics ceftriaxone and moxalactam in murine
Salmonella infection indicate that both drugs are
effective in reducing the burden of bacteria in
the spleen. On a weight basis, ceftriaxone was
superior to both moxalactam and ampicillin.
These differences in efficacy were greater than
would be suggested by MICs alone. The MICs of
ampicillin and moxalactam, respectively,
against strain LT-2 were approximately 13 and 3
times greater than the MIC of ceftriaxone. Yet,
doses of ampicillin and moxalactam required to
reduce splenic bacterial populations significant-
ly were, respectively, about 266 and 1,066 times
that of ceftriaxone. A comparison of the efficacy
of the drugs in reducing the mortality of infected
mice showed that ceftriaxone was also superior
on a weight basis to ampicillin and moxalactam.
Dosages of ampicilfin and moxalactam required
to reduce mortality significantly were, respec-
tively, 64 and at least 16 times greater than that
of ceftriaxone.
These results showing efficacy of ceftriaxone

in murine typhoid infection confirm the results
of Beskid et al. (2), who showed that a single
dose of 0.07 mg/kg protected mice against lethal
infection with Salmonella schottmuelleri. These
workers administered the antibiotic immediately
after inoculation of bacteria. In our experimental

Saline 0.251.0 4.0 16 64 0.015 .06 .25 1.0 4.0 0.25 1.0 4.0 16 64
Control AmpcillNn Ceftriaxone Moxalactam

TREATMENTS IN MG/KG/DOSE GIVEN EVERY 8 HR FOR 3 DAYS

FIG. 2. The numbers of S. tYphimurium in the
spleens of mice 8 h after completion of treatment with
various doses of ampicillin, ceftriaxone, and moxalac-
tam. Each bar shows the mean ± standard error of the
mean of bacteria in five spleens of mice that received
each dosage. *, Dosage resulting in mean value that
was significantly lower than the mean of the saline
controls (P < 0.05 by Student's t test).

model, treatment was delayed until 24 h after
inoculation, allowing bacteria to become estab-
lished intracellularly, and this model more close-
ly resembles the clinical reality of treating pa-
tients with typhoid fever.
The superiority of ceftriaxone over the other

drugs may be explained in part by the known
longer serum half-life of ceftriaxone in humans
and animals. The reported serum half-life of
ceftriaxone in humans is 8.8 h, whereas that
reported for moxalactam ranges from 1.8 to 3.5
h, and that of ampicillin is about 1.3 h (10, 13,

TABLE 2. Effect of antibiotic treatment on
mortality rate and time of death

Median days after
Treatment Dose % inoculation untilTreatment (mg/kg) Mortality death of mice

that died

Saline 100 4.5

Ampicillin 64 40a 8
16 78 7
4 90 5
1 90 5

Ceftriaxone 4 40a 10.5
1 40a 12
0.25 80 7
0.06 80 6

Moxalactam 16 80 5
4 100 5
1 90 4
0.25 100 5

a P < 0.05 when compared with saline controls by
the Fisher exact test.
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14). Schaad et al. found that in experimental
meningitis in rabbits, the serum half-life of cef-
triaxone is 2.1 h, compared with 0.7 h for
moxalactam (12). More sustained serum concen-
trations of ceftriaxone than of other tested anti-
biotics have also been detected in rats (11) and
mice (2) after intravenous injection.
Another factor that may have contributed to

the superiority of ceftriaxone is its better stabil-
ity at low pH. Our examination of the MICs of
these antibiotics in buffers containing Mueller-
Hinton broth and S. typhimurium indicated that
at pH 5 the MIC of ceftriaxone increased to only
two times that obtained at pH 7, whereas the
MICs of ampicillin and moxalactam, respective-
ly, increased to 6.3 and 10 times that obtained at
pH 7. This greater relative activity of ceftri-
axone in an acid environment may be an advan-
tage in providing anti-Salmonella activity in the
phagocytic vacuoles inside reticuloerdothelial
cells. Differences in the localizations of these
antimicrobial agents in tissue in general and in
the spleen in particular merit more attention
than has been accorded here.
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