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The increasing emergence of penicillin-resistant (P") strains of Streptococcus pneumoniae could pose a
therapeutic problem in the next few years. Ceftriaxone (CRO), a broad-spectrum cephalosporin, exhibits a
smaller increase in MICs against P* S. pneumoniae strains than amoxicillin (AMO) (usually referred as to the
“gold standard” therapy for pneumococcal infections). Therefore, we compared their respective efficacies in a
leukopenic Swiss mouse model of pneumococcal pneumonia. Infection was induced with two serotype 19
strains: a penicillin-susceptible (P°) strain (MICs of <0.01 for penicillin, 0.03 for AMO, and 0.03 for CRO) and
a P* strain (MICs of 4 for penicillin, 2 for AMO, and 0.5 for CRO). Untreated mice died within 2 or 3 days.
Against the P* strain, the minimal protective dose (two subcutaneous injections at 12-h intervals for 3 days)
for both CRO and AMO was 5 mg/kg of body weight (87% survivors). Ten-fold-increased doses of CRO (50
mg/kg) gave similar protection (75% survivors) against the P* strain, whereas 20- and 40-fold-increased doses
of AMO protected 0 and 34% of the animals, respectively, against the P° strain. CRO had a marked and
prolonged antibacterial effect in the lungs (2.7-log-unit reduction of CFU in 24 h after a single 50-mg/kg
injection) against the P* strain in comparison with AMO. A standard dosage of 50 mg of CRO per kg in mice
resulted in peak levels in serum and protein binding comparable to those observed with 1 g given intravenously
in humans. This dosage remained effective against a highly P* S. pneumoniae strain in this model. The
microbiological activity and pharmacodynamic and pharmacokinetic properties of CRO (time during which
concentrations exceed the MIC for the test pathogen [ArMIC], =8 h; and peak/MIC ratio, >90 for free active
drug) accounted for its efficacy relative to AMO (50 mg/kg: AfMIC, <2 h; peak/MIC ratio, <25) against the

highly P* S. pneumoniae strain used in this study.

Ceftriaxone (CRO) is a cephalosporin characterized by a
very broad spectrum of activity (1, 6, 8, 10) and especially by an
extraordinarily long elimination half-life in serum, which is an
unusual pharmacological property for this class of antibiotics
(5, 8, 30, 33). It has been established that in both healthy
subjects and most patients, the mean half-life of CRO in serum
is approximately 8 h (8, 9, 33). CRO exhibits a broad spectrum
of antimicrobial activity, including common respiratory patho-
gens (e.g., Streptococcus pneumoniae, Streptococcus pyogenes,
Haemophilus influenzae, and members of the family Enterobac-
teriaceae) (1, 6, 8, 10, 11, 15).

S. pneumoniae remains the most frequently isolated organ-
ism in community-acquired pneumonia (22, 28). Pneumococci
retained a uniformly high degree of susceptibility to penicillin
(MICs, 0.005 to 0.01 mg/ml) throughout the first 2 to 2.5
decades of the antibiotic era. However, after this latent period
and particularly during the 1980s, penicillin-resistant (P)
strains have been reported, and the frequency has increased in
virtually every part of the world (2). In some countries, the
incidence of resistant bacteria isolated from clinical specimens
rose to extremely high levels (50 to 70% in Spain and Hungary)
(2, 13, 23). Increasing numbers of resistant and multiresistant
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pneumococcal strains appeared in parallel with their increase
in geographical spread (25).

Broad-spectrum cephalosporins such as CRO showed better
in vitro activity than penicillin against resistant strains (18, 20,
29, 35), which suggested their potential usefulness in the
treatment of P* S. pneumoniae infections. We therefore com-
pared the efficacy of CRO with that of amoxicillin (AMO),
usually referred as to the “gold standard” therapy for S.
pneumoniae infections (21), in mouse models of acute pneu-
monia induced by penicillin-susceptible (P%) and P* S. pneu-
moniae strains.

MATERIALS AND METHODS

Animals. Female Swiss mice (body weight, 20 to 22 g) were
obtained from Iffa-Credo Laboratories, France.

Challenge organisms. We failed to induce pneumonia with
any P’ strain in immunocompetent mice. All of these strains
belonged to serotypes 6, 9, 14, 19, and 23, which are naturally
avirulent for mice independently of their isolation sites in
humans (4, 7). Thus, pneumonia was induced in leukopenic
Swiss mice with two serotype 19 strains: a P° strain originally
isolated from a blood culture (strain P52181, provided by
Hopital Bichat, Paris, France) and a highly P* strain (MIC = 4
ng/ml) originally isolated from middle ear fluid (strain P15986,
provided by the Centre de Référence du Pneumocoque [P.
Gelin], Créteil, France).
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TABLE 1. Microbiological data for S. pneumoniae challenge
strains and study drugs

MIC/MBC (p.g/ml)*
Study drug
P52181 P15986
Penicillin 0.03/0.03 4/8
AMO 0.03/0.03 2/4
CRO 0.03/0.03 0.5/1

2 Determined by macrodilution in nonsupplemented Mueller-Hinton broth
with an initial inoculum of 10° CFU/ml.

Antibiotics. The drugs used in this study were CRO (Roche
Laboratories, Neuilly-sur-Seine, France) and AMO sodium
salt (Beecham Laboratories, Paris, France). The antibiotics
were reconstituted according to the instructions on the pack-
age insert and diluted in sterile water to the desired concen-
trations.

In vitro studies. MICs and MBCs were determined in
Mueller-Hinton infusion broth (Diagnostic Pasteur, Marnes-
la-Coquette, France) by means of the tube dilution method
(26). Each tube contained twofold dilutions of antibiotic and a
final bacterial density of 10° CFU/ml. After aerobic incubation
for 18 h at 37°C, the MIC was defined as the lowest concen-
tration of antibiotic at which no turbidity was visible to the
naked eye. The MBC was determined by plating 0.01-ml
aliquots from tubes with no visible growth onto Columbia agar
supplemented with 5% sheep blood (Bio-Mérieux, Lyon,
France). The plates were incubated overnight at 37°C, and the
MBC was defined as the lowest concentration of antibiotic
killing =99.9% of the original inoculum.

Leukocyte depletion in mice. We induced sustained leuko-
penia in Swiss mice by daily intraperitoneal injections (150
mg/kg of body weight) of cyclophosphamide (Endoxan; Sarget
Laboratories, Mérignac, France) starting 3 days before infec-
tion. Counts of circulating leukocytes per cubic millimeter of
blood were reduced from about 7,000 to 880 on the day of
infection. Under these conditions, mice became more suscep-
tible to the two poorly virulent P* and P* serotype 19 strains.

Experimental pneumococcal pneumonia in mice. Animals
were infected by intratracheal instillation via the mouth as
described in detail elsewhere (3). Briefly, animals were anes-
thetized intraperitoneally with 0.2 ml of 0.65% sodium pento-
barbital and were suspended by the upper incisors. The trachea
was cannulated via the mouth with a blunt needle, and 50 ul of
bacterial suspension (107 CFU of P* and P* S. pneumoniae per
mouse) was instilled. Leukopenic mice developed acute pneu-
monia and died within 2 or 3 days. All the animals quickly
became bacteremic. Bacterial counts exceeded 108 CFU per
lung for the infected mice at the time of their death (=10°
CFU/ml of blood).

Survival studies. Therapy was initiated 3 h after bacterial
challenge. A total of six subcutaneous (s.c.) injections were
administered at 12-h intervals. Treatment schedules are pre-
sented in the figures, with the results. Fifteen animals per
treatment group were used, and in each experiment the
animals were infected simultaneously. Experiments were re-
peated at least twice. The observation period was 14 days.
Death rates were recorded daily, and cumulative survival rates
were compared.

Bactericidal activity in vivo. The study drugs were assessed
for their ability to eradicate bacteria in the lungs. Drug
administration was initiated 3 h after infection and consisted of
a single dose of AMO and CRO. Various doses (5, 10, 50, and
100 mg/kg of body weight) of each drug, depending on the
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FIG. 1. Cumulative survival of treated and control leukopenic
Swiss mice after intratracheal challenge with 10’ CFU of the P* §.
pneumoniae strain (P52181). As of 3 h postinfection (pi), mice received
six s.c. administrations of the indicated amounts of drug at 12-h
intervals.

infective strain, were administered in 0.5 ml of sterile water.
Controls received the same volume of isotonic saline. The total
CFU recovered from whole-lung homogenates was determined
at 1, 3, 6, 8, and 24 h after one injection. Mice were killed by
CO, asphyxiation and were exsanguinated by cardiac puncture
(the blood was used for cultures). The lungs were removed and
homogenized in 2 ml of saline. Serial 10-fold dilutions of the
homogenates were plated onto Columbia agar (0.1 ml/9-cm-
diameter plate). Results are expressed as the mean log CFU
per lung *+ standard deviation for groups of three mice. The
lower limit of detection was 2 log CFU per lung, which
corresponded to the weakest dilution of tissue homogenates
(107") that avoided significant drug carryover with control
inocula.

Pharmacokinetic studies. The pharmacokinetic profiles of
AMO and CRO were examined in parallel in infected Swiss
mice.

(i) Bioassay. Concentrations in lungs and sera were deter-
mined after single s.c. doses of 50 mg of AMO and CRO per
kg. In infected mice, the antibiotic was given 3 h after challenge
with strain P15986. At 0.5, 1, 2, 4, 6, 8, 10, and 24 h following
drug administration, three animals per group were killed with
CO, and exsanguinated by intracardiac puncture. Blood sam-
ples were centrifuged to isolate serum, pooled, and frozen at
—80°C until assay. Lungs were harvested from exsanguinated
mice, washed in sterile sodium chloride solution, and frozen.
On the day of assay, organs were weighed, pooled, and
homogenized in phosphate buffer (pH = 6.8). Homogenates
were centrifuged and the supernatants were used for assay.
AMO concentrations were determined by the agar well diffu-
sion method, using Sarcina lutea ATCC 9341 as the bioassay
organism and Antibiotic Medium 1 (Difco Laboratories, De-
troit, Mich.) as the growth medium. CRO concentrations were
determined by the agar well diffusion method, using Esche-
richia coli ATCC 39118 as the bioassay organism and Antibi-
otic Medium 1 (Difco Laboratories) as the growth medium.
Standard curves were determined with solutions of AMO and
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FIG. 2. Cumulative survival of treated and control leukopenic
Swiss mice after intratracheal challenge with 107 CFU of the P* S.
pneumoniae strain (P15986). As of 3 h postinfection (pi) mice received
six s.c. administrations of the indicated amounts of drug at 12-h
intervals.

CRO in phosphate buffer for serum and tissue in order to
evaluate the active fractions of the drugs. Results were ex-
pressed as micrograms per milliliter of blood or per gram of
lung tissue. The standard curve was linear from 0.125 to 32
pg/ml. The sensitivity of the assay was about 0.1 ug/ml of
sample, and the coefficients of between- and within-day varia-
tions for replicates (n = 5) were =<7.5% at 0.5, 1, 7.5, and 20
pg/ml.

(ii) HPLC. CRO samples were also assayed by high-perfor-
mance liquid chromatography (HPLC) combined with UV
spectrophotometric detection at 274 nm. The HPLC technique
(ion pair reversed-phase chromatography) complied with the
analytical recommendations of Trautmann and Haefelfinger
(34). The method used a test specimen of 100 pl of serum, and
its lower limit of sensitivity was 0.5 pg/ml. The accuracy of the
assay method, which was studied at target values of 1.0, 75, and
250 mg/liter (serum loaded with CRO in vitro), gave coeffi-
cients of between- and within-day variations of =<2.7% for total
CRO. The linear range of the assay was between 0 and 300
mg/liter. Under the analysis conditions, the retention times for
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CRO and the internal standard were 2.1 and 2.8 min, tespec-
tively. All samples were assayed in duplicate. Control runs
were performed regularly.

(iii) Protein binding. The extent of CRO binding to plasma
proteins was determined with an ultrafiltration system. The
Ultrafree CL device (UFC4LG2S5; Millipore, Saint-Quentin-
en-Yvelines, France) was used (27). In brief, 700 pl of pooled
plasma samples from six mice was placed in the filter cup
(upper part of the device), which is separated from the filtrate
cup by an ultrafiltration membrane. Ultrafiltration was ob-
tained under nitrogen pressure (4 kg/cm?). The device was
kept under these conditions for 2 h (at 37°C). In the ultrafil-
trate (filtrate cup), the concentrations of unbound CRO were
determined by the method described above. The accuracy of
the assay method, which was studied at target values of 0.5, 7.5,
and 20 mg/liter, gave coefficients of between- and within-day
variations of =8.5% for unbound CRO.

(iv) Analysis. Pharmacokinetic analyses were performed by
routine graphical methods, and parameters were estimated by
standard methods (17). ¢, is the terminal-elimination half-
life at B phase calculated by using linear least-square regres-
sion for the log linear terminal-elimination phase; AtMIC is the
time during which concentrations exceed the MIC for the test
pathogen (P15986); and AUC, ,, is the area under the con-
centration-time curve from 0 to 24 h, calculated by the
trapezoidal rule.

Statistical analysis. Survival rate data were analyzed by
unpaired ¢ test. Analysis of variance (repeated measures) was
performed to compare CFU values. P values of 0.05 or less
were considered statistically significant.

RESULTS

In vitro data. Against the P* strain, penicillin, AMO, and
CRO showed identical low MICs and MBCs. However, against
the P* strain, AMO was four times less active than CRO (Table
1).

Therapeutic efficacy in experimental pneumonia. With our
treatment schedule (treatment initiated 3 h after infection and
consisting of 6 s.c. injections at 12-h intervals), both AMO and
CRO treatments at 5 mg/kg were associated with an 87%
survival rate (P < 0.001 versus untreated control group [0%])
(Fig. 1). A 100% survival rate was achieved with CRO at 10
mg/kg.
With the P strain, results were as follows. A 10-fold-
increased dose of CRO (50 mg/kg) gave protection (75%
survivors) (P = 0.22) similar to that against the P*® strain,
whereas 20- and 40-fold-increased doses of AMO protected 0
and 34% of the animals, respectively (Fig. 2). Treatment with

TABLE 2. Clearance of S. pneumoniae from lungs and blood of Swiss mice infected with P strain P52181 following
a single s.c. injection of study drugs

Value after treatment with:

Time (h) Nothing (control) AMO, 5 mg/kg CRO, 5 mg/kg CRO, 10 mg/kg
Lung® Blood® Lung Blood Lung Blood Lung Blood
1 5.33 £0.35 1/3 458 £ 0.51 0/3 495 +033 0/3 4:33 £ 0.58° 0/3
3 574 = 1.04 1/3 3.97 = 0.45° 1/3 4.38 = 0.38° 0/3 3.42 £ 039 0/3
6 3.69 = 0.81 0/3 3.54 +1.20 0/3 2.43 =093 0/3
8 550 £0.71 3/3 426 +0.24 0/3 3.95 +0.49 0/3 3.00 = 1.41° 0/3
24 4.87 = 0.55 2/3 395 +091 2/3 326083 1/3

2 log,o CFU per milliliter of lung homogenate. Values are means * standard deviations (n = 3).

> Number of animals with positive blood cultures/total number of animals.
¢ Value lower than for the control group (P < 0.03).
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TABLE 3. Clearance of S. pneumoniae from lungs and blood of Swiss mice infected with P* strain P15986 following
a single s.c. injection of study drugs

Value after treatment with:

Time (h) Nothing (control) AMO, 100 mg/kg CRO, 50 mg/kg CRO, 100 mg/kg
Lung® Blood® Lung Blood Lung Blood Lung Blood
1 71 *022 1/3 6.82 = 0.04 0/3 6.77 * 0.67 0/3 7.05 = 0.19 0/3
3 7.63 = 0.06 1/3 6.69 = 0.21°¢ 2/3 6.39 * 0.27° 2/3 6.31 * 0.36° 1/3
6 6.77 £ 0.24 173 6.29 + 0.13¢ 2/3 5.51 = 0.224¢ 0/3
8 742+ 04 3/3 7.35 = 0.08 2/3 5.41 + 0.46°4 13 5.26 + 0.44°4 1/3
24 7.74 = 0.37 3/3 7.35+0.32 3/3 4.13 + 0.98°4 3/3 435 * 0.58°4 3/3

4 log,o CFU per milliliter of lung homogenate. Values are means * standard deviations (n = 3).

& Number of animals with positive blood cultures/total number of animals.
¢ Value lower than for the control group (P < 0.002 to 0.0001).

4 Lower than value for AMO at 100 mg/kg (P < 0.03 to 0.0001).

¢ Lower than value for CRO at 50 mg/kg (P = 0.003).

AMO at 300 mg/kg was associated with 67% survival. For both
antibiotics, the survival rate did not significantly improve with
larger doses.

Bacterial clearance from lungs. Results with the P*® strain
are presented in Table 2. Three hours after a single-dose
injection (AMO at 5 mg/kg; CRO at 5 and 10 mg/kg), the
intrapulmonary bacterial decrease was significant with either
compound relative to the control value (P < 0.03).

Results with the P strain were as follows (Table 3). Three
hours after a single s.c. injection of CRO (50 and 100 mg/kg)
or AMO (100 mg/kg), bacterial counts in the lungs were
significantly lower than those in controls. However, CRO had
a prolonged antibacterial effect compared with that of AMO,
as shown by a 2.7-log-unit reduction in CFU 24 h after a single
administration. In contrast, pulmonary bacterial counts in the
AMO-treated group remained unchanged over the 8-h period
following a single administration.

Serum and lung pharmacokinetics. After a single s.c. injec-
tion of 50 mg/kg, CRO showed the same peak concentration in
serum but with a larger serum AUC than AMO (97 versus 61
pg - h/ml) (Table 4). The elimination half-life in serum was
longer for CRO than AMO (1.41 versus 0.41 h). Similarly,
CRO showed higher peak levels in the lung (36.7 pg/ml), a
longer pulmonary half-life (1.12 h), and a larger serum AUC
(79 pg-b/ml) than AMO (15 pg/ml, 0.79 h, and 15 pg - h/ml,
respectively). Within the range of the observed total concen-
trations in serum (0.6 to 94.5 pg/ml), the protein binding of
CRO decreases with increasing drug concentration from 96.4
to 85.6% (Fig. 3).

DISCUSSION

S. pneumoniae is the most frequent causative pathogen of
community-acquired pneumonia (22, 28). The increasing prev-
alence of antimicrobial resistance in strains from invasive
infections has severe implications for future antimicrobial
strategies against pneumococci. Alternatives to penicillin ther-
apy must be considered, especially for the management of
pneumonia caused by highly resistant strains (29). Treatment
of prnieumococcal infections must take into account the suscep-
tibility patterns of the strains in the community. CRO showed
relatively good activity against resistant strains, despite the
association between a high penicillin resistance level and
higher MICs of this agent (18, 20, 29, 35). For such isolates, the
MICs of CRO were nevertheless two to eight times lower than
the respective MICs of penicillin (20). Thus, these increased
MICs remain far below levels of this agent in serum (30).

Our data from a mouse model of pneumonia showed that

CRO had greater efficacy than AMO against a highly P* S.
pneumoniae strain (penicillin MIC = 4 pg/ml). At a dose of 50
mg/kg, CRO showed a sustained bactericidal activity in rela-
tion to levels in serum and tissues that remained far higher
than the MIC for the challenge strain (CRO MIC, 0.5 pg/ml).
A sixfold-higher dose of AMO was required to achieve the
same efficacy. In addition, CRO had longer half-lives in serum
and lungs and a greater AUC than AMO. The lower MICs and
MBCs and more favorable pharmacokinetics of CRO than
those of AMO were the determinant factors involving efficacy
against highly resistant pneumococci in vivo. The ArMIC
appeared to be a major pharmacodynamic parameter correlat-
ing with efficacy in this model. There is considerable contro-
versy over the relevance of drug-protein binding in terms of
drug efficacy (12, 24, 32). Protein binding has long been
recognized as an important factor in determining antimicrobial
activity (31, 36). Results of the present study showed that the
high rate of protein binding of CRO, relative to that usually
reported for AMO, did not disadvantage its activity in vivo. On
the contrary, the prolonged AtMIC suggested that the protein-
bound fraction of the drug may serve as a reservoir and
contribute to the therapeutic efficacy of this agent.

In our mouse model, peak concentrations in serum obtained
after an s.c. dose of 50 mg of CRO per kg are similar to those
achieved in humans after a 1-g intravenous administration (133
to 151 pg/ml) (8, 30). Despite a shorter elimination phase
(t1/28> 1.4 versus 7.6 h) (30) and a smaller serum AUC (97
versus 1,146 pg - h/ml) (32) in mice, the experimental level of
efficacy of CRO was high and suggested that at least the same
activity would be achieved in humans.

TABLE 4. Pharmacokinetic parameters of AMO and CRO in
infected Swiss mice following a single s.c. dose of 50 mg/kg®

AUC,_
) Comax (ng/ml i AMIC 10
Drug Site 5 8 . (ng - h/ml
or pg/g) (h) (h) or pg-hig)
AMO Serum 47.0 = 18.0 041 1-2 60.8
Lung 150%9.0 0.79 1-2 14.6
CRO Serum 465 £ 0.5 141 8-10 96.6
Lung 36779 1.12 6- 8 79.5

@ Values are calculated from mean concentrations in serum and lung tissue
samples taken at 0.5, 1, 2, 4, 6, 8, 10, and 24 h postdosing. AMO and CRO
concentrations were determined by the agar well diffusion method.

® C nax, Maximum concentration observed.

¢ Values calculated for the P* strain (P15986; MICs = 2 for AMO and 0.5 for
CRO).
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FIG. 3. Concentrations of CRO in serum following a single 50-
mg/kg s.c. injection, as determined by HPLC.

The dosing interval was probably significant in producing a
greater efficacy at a given dosage for AMO (19). On the other
hand, the dosing interval probably had an impact on the
relative efficacy at a given cumulative 24-h total dose for AMO.
Since the activity of AMO against P* strains could be strictly
time dependent, the influence of dosing frequency on the
cumulative dose-effect relationship of AMO remains to be
demonstrated in this model.

Few authors have described clinical pneumococcal isolates
(CFTR isolates) for which CRO MICs were unusually high
(MIC > 2 mg/ml, while the MICs of penicillin were 0.3 to 0.6
mg/ml) (14, 16). However, it has been suggested that the
CFTR isolates differed from previously examined P* pneumo-
cocci and could represent another unique clone of beta-
lactam-resistant pneumococci (14). Thus, these trains ap-
peared unusual relative to other P* isolates in regard to several
properties. Indeed, they had an inversion of the relative MICs
of penicillin compared with those of expanded-spectrum ceph-
alosporins; unlike P* strains, CFTR strains lysed quickly with
penicillin; and they had patterns of penicillin-binding proteins
which were atypical compared with those of P* pneumococci
(14). Although these CFTR strains are very rare, they warrant
evaluation in a mouse pneumonia model.

In conclusion, CRO is effective in an immunocompromised-
mouse model of pneumonia induced by a highly P* strain of S.
pneumoniae. These data suggest that a standard intravenous
therapeutic regimen of CRO may be useful for treating severe
community-acquired pneumonia.
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