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The increase of penicillin-resistant Streptococcus pneumoniae (PRSP) pneumonia results in a greater risk of
antibiotic treatment failure. In vitro data are not sufficient predictors of clinical efficacy, and animal models
may be insufficiently contributive, since they often use immunocompromised animals and do not always respect
the human pharmacokinetics of antibiotics. We developed an experimental PRSP pneumonia model in immu-
nocompetent rabbits, by using intrabronchial instillation of PRSP (MIC 5 4 mg/liter), without any adjuvant.
This reproducible model was used to assess amoxicillin efficacy by reproducing human serum pharmacoki-
netics following 1-g oral or intravenous administrations of amoxicillin every 8 h. Evaluation was performed by
using clinical, CT scan, macroscopic, histopathologic, and microbiological criteria. Experimental pneumonia
in untreated rabbits was similar to untreated severe human bacteremic untreated pneumonia; in both rabbits
and humans, (i) cumulative survival was close to 50%, (ii) red or gray lung congestion and pleuritis were
observed, and (iii) lung and spleen concentrations reached 5 and 4 log10 CFU/g. A 48-h treatment resulted in
a significant bacterial clearance in the lungs (1.53 versus 5.07 log10 CFU/ml, P < 0.001) and spleen (1.00 versus
4.40 log10 CFU/ml, P < 1026) and a significant decrease in mortality (0% versus 50%, P 5 0.02) in treated
versus untreated rabbits. No difference was observed on macroscopic and histopathologic lesions between
treated and untreated rabbits (P 5 0.36 and 0.78, respectively). Similar results were obtained by using a fully
penicillin-susceptible S. pneumoniae strain (MIC 5 0.01 mg/liter). Our findings suggest that (i) this new model
can be contributive in the evaluation of antibacterial agents and (ii) 1 g of amoxicillin three times a day may
be sufficient to treat PRSP pneumonia in immunocompetent humans.

Invasive Streptococcus pneumoniae infection is a worldwide
problem. S. pneumoniae is the most common cause of bacterial
pneumonia, leading to significant morbidity and mortality rates
which vary around 25% (5, 37, 51). Since the first reports three
decades ago of strains of S. pneumoniae with a decreased
susceptibility to penicillin, there have been increasing reports
of pneumococcal infections caused by strains with high levels
of resistance to penicillin and to multiple antibiotics (5, 25, 36,
37, 51). Clinical treatment failures in patients with infections
caused by penicillin-resistant S. pneumoniae point out the in-
terest for more evaluation of therapeutic efficacy. Indeed, in
vitro data are only mildly helpful because of their incapacity to
predict clinical therapeutic success (5). Furthermore, human
therapeutic trials are very difficult to conduct, because of the
impossibility of clinically evaluating the situation, due to pen-
icillin-resistant pneumococcal infection, and the great preva-
lence of precessive antibiotherapy, which reduces the proba-
bility of isolating penicillin-resistant S. pneumoniae, even after
treatment failure. Consequently, animal models could contrib-
ute to predicting antibiotic treatment efficacy in such infec-
tions.

Several penicillin-resistant S. pneumoniae animal models ex-
ist (1–3, 6, 9, 14, 17, 18, 33, 34, 39, 41–43, 45, 46). However, the
greatest difficulty for these models was the inability to infect
healthy animals with penicillin-resistant S. pneumoniae strains.

Consequently most of the available models were developed in
immunocompromised mice (1–3, 6, 9, 14, 17, 33, 34, 42, 43) and
young rodents (9, 41, 45, 46) or used adjuvant to enhance
bacterial virulence (9, 18, 39, 41). Moreover, differences be-
tween animal and human pharmacokinetics constituted an-
other important limit.

In the present study, we developed a model of experimental
penicillin-resistant S. pneumoniae pneumonia using nonimmu-
nosuppressed animals (adult New Zealand rabbits), reproduc-
ing human pathology with an inoculum free of any adjuvant.
We also reproduced human serum pharmacokinetics following
amoxicillin administration. In a third phase, we conducted an
experimental therapeutic study in order to evaluate the amoxi-
cillin (3 g/day) efficacy on bacterial clearance in penicillin-
resistant S. pneumoniae pneumonia, corresponding to the dose
recommended in France for pneumonia treatment (44).

(This work was presented in part at the 38th Interscience
Conference on Antimicrobial Agents and Chemotherapy, San
Diego, Calif., 1998.)

MATERIALS AND METHODS

Microorganisms. Two S. pneumoniae strains isolated from the blood of pa-
tients with pneumonia were used (kindly provided by Geslin of the Centre
National de Référence des Pneumocoques, Créteil, France). The first strain
(strain 195, serotype 19) was fully susceptible to penicillin (MIC 5 0.01 mg/liter).
The second strain (strain 16089, serotype 9V) was highly resistant to penicillin
(MIC 5 4 mg/liter) and less susceptible to amoxicillin (MIC 5 2 mg/liter) and
ceftriaxone (MIC 5 1 mg/liter). Purity was confirmed throughout the study by
Gram staining and colony morphology. Working stock cultures were kept frozen
at 270°C in a 15% glycerol supplemented brain heart infusion (BioMérieux
Laboratories, Marcy l’Etoile, France). In order to maintain virulence, stock
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cultures were changed every month by using the colonies isolated from rabbits
with untreated S. pneumoniae pneumonia.

Before each experiment, several S. pneumoniae strains from one aliquot (per
strain) were inoculated into brain heart infusion, cultured on agar plates, and
incubated for 24 h at 37°C in 5% CO2. Twenty-five to 30 colonies were taken and
inoculated into 9 ml of brain heart infusion, incubated for 6 h at 37°C, and then
cultured on agar plates for 18 h at 37°C in 5% CO2. This culture was diluted in
physiologic saline in order to obtain final concentrations of 7, 8.5, and 10 log10
CFU/ml. No adjuvant was used. These concentrations were first determined by
using optic density measure, in reference to a standard curve, and confirmed by
using successive dilution cultures.

Animals. Male New Zealand White rabbits (body weight, 2.7 to 3.0 kg) were
obtained from Elevage Scientifique des Dombes (Romans, France). These ani-
mals were not immunosuppressed and had a sanitary status of virus antibody free
and specific pathogen free. They were placed in individual cages and were
nourished ad libitum with drinkable water and feed, according to current rec-
ommendations.

Experimental pneumococcal pneumonia in rabbits. The animals were anes-
thetized intramuscularly with 1.5 ml of a mixture of ketamine (500 mg/ml) and
xylazine (2.75 mg/ml). A silicone catheter was introduced into the jugular vein,
through a lateral incision of the neck, and then subcutaneously tunneled through
the interscapular area (50). This catheter was introduced in order to subse-
quently infuse antibiotics at human pharmacokinetic rates.

Twenty-four hours later, the rabbits were anesthetized intravenously by using
0.8 ml of the ketamine-plus-xylazine mixture and then by a few milliliters of
propofol as needed. Under view control, a silicone catheter (Sigma Medical,
Nanterre, France) was introduced through the vocal cords into the trachea and
pulled till it reached the bronchia. Freshly prepared pneumococcal inoculum (0.5
ml) was then gently flushed through this catheter. The endobronchial catheter
was then immediately removed after the inoculum instillation, and the animals
were placed upright for 15 s to facilitate distal alveolar migration by gravity.
Using the same experimental conditions, some rabbits were inoculated with
heat-killed penicillin-resistant S. pneumoniae as negative controls.

Experimental pneumonia examination. For each strain and inoculum, exper-
imental pneumonia was evaluated by using invasive and noninvasive criteria. For
a few animals, a thoracic evaluation CT scan was also performed. For each
rabbit, the main evaluation took into account pulmonary injury levels and mi-
crobiological findings in each lobe of the lungs and the spleen. These organs were
taken either after sacrifice or after pneumonia-related death. Animal sacrifice
was performed after anesthesia by using overdoses of thiopental. For each dead
rabbit (sacrificed or pneumonia related), an exsanguination by heart puncture
was performed. The thorax was opened, and the existence of pleural effusion was
noted. The lungs were then dissected, free from the trachea and other structures,
in sterile fashion and put on a sterile gauze for at least 5 min, to allow residual
pulmonary blood absorption. A laparotomy was then performed, and the spleen
was aseptically removed.

For each pulmonary lobe, the macroscopic aspect was noted by using a scoring
grid based upon human morphologic findings (Table 1) (32). An overall macro-
scopic score was calculated as the sum of all lobar macroscopic scores, plus 2
points in the case of pleural effusion (range, 0 to 39 points).

Two parts of each lobe were taken, fixed in 10% neutral buffered formalin, and
thereafter embedded in paraffin. Hematoxylin-eosin-safranin staining was ap-
plied to 5-mm-thick sections. Light microscopy examination was performed by a
pathologist who was not in possession of the experimental, macroscopic, and
microbiological data. A scoring grid system was also used, based upon human
histopathologic data (31, 40) (Table 2). An overall histopathologic score was
calculated for each rabbit as the sum of each lobar histopathologic score (range,
0 to 35 points).

Each pulmonary lobe was weighed and homogenized in sterile water. The
spleen was prepared under the same conditions. Bacteria were counted in a
sample of this crude homogenate by plating 10-fold dilutions on sheep blood agar
and incubating the plates for 24 to 48 h at 37°C. Samples of pleural effusions were
directly plated and cultured in the same conditions. Bacterial concentrations in
each lobe or in the spleen were determined after adjusting for weight. The
threshold value was 1 log10 CFU/ml. For each rabbit, the mean pneumococcal
pulmonary concentration was calculated according to each lobar bacterial con-
centration with lobar weight (e.g., mean concentration 5 S [lobar concentra-
tion 3 lobar weight]/S lobar weights).

Simulation of human amoxicillin pharmacokinetics in rabbits. Amoxicillin
(Clamoxyl; SmithKline Beecham Laboratories, Nanterre, France) was reconsti-
tuted from laboratory powder of known potency, according to the manufacturer’s
instructions, just before each experiment. A 20-mg/kg of body weight bolus was
infused intravenously in four rabbits. Arterial blood punctures were performed at
0, 5, 10, 15, 20, 30, 45, 60, 90, and 120 min after injection. Sera from these blood
samples were stored at 270°C till assay. Amoxicillin concentrations in the blood
and lungs were determined by the disk plate bioassay method (10). The bioassay
microorganism was Micrococcus luteus ATCC 9341, and the growth medium was
antibiotic medium no. 11 (Difco Laboratories, Detroit, Mich.). Standard curves
were established with solutions of amoxicillin (progression from 0.5 to 8 mg/liter)
in sterile water. The linearity of the standard curves used for the disk plate
bioassays was at least 0.98 (r2). The amoxicillin concentrations in the serum and
lungs were derived from the standard curves. The serum and lung samples were
diluted in sterile water, as their concentrations would be within range of those on
the standard curve. Results were expressed as micrograms per milliliter of blood
or per gram of lung. New batches of standard samples were assayed for each
experiment, and concentrations were assayed in duplicate. The between-day and
within-day coefficients of variation for replicates were equal to 3.8 and 7.0%,
respectively.

For each rabbit, a logarithmic regression of measured concentrations versus
time during the elimination phase (on the basis of an open bicompartmental
model) was performed by using the least-squares method. Such a regression led
to the determination of the b slope and the B constant of the elimination phase.
The same method was used to determine the a slope and the A constant of the
distribution phase, with the exception that values calculated according to the
elimination phase equation were withdrawn from measured concentrations (30).
The correlation coefficient (r) and the observed versus expected area under the
curve ratio (calculated by using the trapezoidal rule) were used to validate the
obtained model (30). Concentrations in serum following an intravenous injection
of amoxicillin could be calculated from the following equation: concentration in
serum 5 A.e2at 1 B.e2bt, where t corresponded to the time elapsed since the
bolus was injected. From these data, the following constants were deduced:
apparent volumes of distribution (vascular and extravascular), elimination con-
stant, and intercompartmental rate constants (22, 27).

The objectives were to simulate human pharmacokinetics following the ad-
ministration of 1 g of amoxicillin, either orally (oral simulation) (13) or intrave-
nously (intravenous simulation) (12, 24). Because of faster amoxicillin elimina-
tion in rabbits than in humans, a variable flow rate infusion with successive levels
was used. Briefly, by using the amoxicillin pharmacokinetics constants in rabbits,
determined as described above, it was possible to calculate both vascular and
extravascular concentrations following each constant rate infusion, given any
initial condition (i.e., with an empty model or not), by using the model developed
by Hull (27). Indeed, intercepts A and B from the plasmatic concentration
equation depend in part on the antibiotic dose given either in bolus or by
continuous infusion. Thus, it was possible, by reversing the formulas, to calculate
the infusion rate necessary to yield a specific plasmatic concentration. This
method has already been successfully used in humans (26). We developed a
computer program to facilitate and to automate calculations.

For each experiment, a computer-controlled pump containing amoxicillin was
connected to the central venous catheter. This protected connection allowed free
circulation and free food access to the rabbits. Infusion rates were controlled by
programmable computer software (Softpump; World Precision Instruments,
Sarasota, Fla.). Infusion rates were modified every 30 min (oral simulation) and
every 5 min (intravenous simulation).

Twenty-two rabbits were used for the simulation of amoxicillin human phar-
macokinetics, most of them being infected with S. pneumoniae. To control the
quality of simulations, arterial blood samples were regularly taken during simu-
lation at 5, 10, 15, 20, 30, 40, 50, 60, 75, 90, 120, 150, and 180 min for intravenous
simulation and at 30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330, and 360 min
for oral simulation. Rabbits were sacrificed at variable times, and lung samples
were taken for amoxicillin assay. Serum and lung homogenates were stored at
270°C until assay. Comparison between observed and expected values was per-
formed by using both a correlation coefficient and the expected versus observed
area under curve ratios.

Human-simulated amoxicillin treatment. Eighteen rabbits were randomly as-
signed just before inoculation with 0.5 ml of 10 log10 CFU of penicillin-resistant
S. pneumoniae (strain 16089) per ml to three arms: (i) untreated (n 5 8), (ii) oral

TABLE 1. Macroscopic scoring grid

Score Aspect

0 .............................................................................Normal
1.............................................................................Scar
2.............................................................................Slight congestion
3.............................................................................Red congestion
4.............................................................................Gray congestion
5.............................................................................Yellowish congestion

TABLE 2. Histopathologic scoring

Score Aspect

0..............................................................Normal
1..............................................................Vascular lesions
2..............................................................Bronchiolitis
3..............................................................Focal bronchopneumonia
4..............................................................Confluent bronchopneumonia
5..............................................................Lung abscess
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amoxicillin treated (n 5 5), and (iii) intravenous amoxicillin treated (n 5 5). The
same procedure was used in a second group inoculated with 0.5 ml of 10 log10
CFU of penicillin-susceptible S. pneumoniae (strain 195) per ml. Human-like
amoxicillin treatment was started 4 h after inoculation. Four doses of 1 g of
amoxicillin (every 8 h) were simulated in the oral-treated arms, while five doses
of 1 g of amoxicillin (every 8 h) were simulated in the intravenous-treated arm.
Blood samples were taken in treated rabbits to assess the quality of the human
pharmacokinetics simulation. All treated rabbits still alive were sacrificed 10 h
(intravenous simulation, five cycles) to 14 h (oral simulation, four cycles) after
the last computer-controlled amoxicillin infusion, i.e., around 48 h after inocu-
lation. Untreated rabbits still alive were also sacrificed 48 h after inoculation.
Amoxicillin concentrations in the serum and lungs were systematically assayed at
death time in treated rabbits. Evaluation criteria were survival, macroscopic, and
histopathologic scores and pneumococcal concentrations in lungs and spleen at
death time for all the rabbits (sacrificed or dead from pneumonia).

Statistics. The results were expressed as the mean or percentage 6 standard
deviation (SD). Differences between quantitative values were analyzed by using
the Mann-Whitney nonparametric test. To compare relationships between quan-
titative values, the r and r2 values were calculated by the linear regression model.

Survival analysis was performed using the Kaplan-Meier method. Significant
events were pneumonia-related deaths, and sacrifices were considered as cen-
sored events. Comparisons between curves were made by using the log-rank test
or Peto’s Khi2 test as needed.

In the experimental pneumonia treatment phase, proportions were analyzed as
quantitative values by using angular transformation. After verification of vari-
ance homogeneity by using Hartley’s table, continuous variables were analyzed
with one-way analysis of variance. In case of a significant test, post hoc analysis
comparing results for each treated arm versus the untreated arm was conducted
by using Dunnett’s test. For all the tests, a P value of ,0.05 was considered
significant.

RESULTS

Experimental pneumococcal pneumonia in rabbits. Cumu-
lative survival rates of rabbits with experimental pneumonia
produced by inoculation of penicillin-resistant S. pneumoniae
(strain 16089) at 7, 8.5, and 10 log10 CFU/ml, compared with
penicillin-susceptible S. pneumoniae (strain 195) at 10 log10
CFU/ml, are shown in Fig. 1. With the inoculum of 10 log10
CFU/ml, the first pneumonia-related deaths occurred 6 h after
inoculation, most of them during the first 72 h, with very few
events after this time. With the inocula of 7 and 8.5 log10
CFU/ml, no pneumonia-related deaths were observed. So
there was a significant difference between the cumulative sur-
vival observed after inoculation of 7 or 8.5 log10 CFU/ml and
that observed with 10 log10 CFU of penicillin-resistant S. pneu-

moniae per ml (7 versus 10 log10 CFU/ml, P , 0.05, log-rank
test, and 8.5 versus 10 log10 CFU/ml, P , 0.05, log-rank test).
There was no difference between cumulative survival observed
after inoculation with 10 log10 CFU of penicillin-resistant
S. pneumoniae per ml and 10 log10 CFU of penicillin-suscep-
tible S. pneumoniae per ml (P 5 0.46, Peto’s Khi2 test).

Inoculation of 7 and 8.5 log10 CFU of penicillin-resistant
S. pneumoniae per ml induced few to moderate macroscopic
and histopathologic lesions and mild bacterial concentrations
(data not shown). Evolutions of macroscopic, histopathologic,
and bacterial concentrations observed with 10 log10 CFU of
penicillin-resistant S. pneumoniae per ml inocula are shown in
Fig. 2. Four hours after inoculation, a significant bacteremic
pneumonia was already observed, with pneumococcal concen-
trations reaching 5 log10 CFU/g in lungs and 3 log10 CFU/g in
the spleen. Histopathologic and macroscopic scores were close
to 10 at this time. Bacteremia (as spleen pneumococcal cul-
ture) then reached a peak concentration around 24 h. Lung
pneumococcal concentrations followed the same pattern. CT
scan examinations showed a lobar condensation first in a lower
lobe (Fig. 3), with rapid extension to the other lobes within
72 h (Fig. 4A to C). These CT scan aspects are very close to
those observed in humans. The main macroscopic aspects were
red congestion at 12 h and gray congestion at 24 h. Lung
histopathologic examination at 24 h showed a slight increase of
leukocytes and a few erythrocytes within the alveoli and bron-
chiolar lumen (Fig. 5A). At 48 h, the alveolar spaces were filled
up with a large number of polymorphonuclear leukocytes and
fibrinous exudate (Fig. 5B). Pneumococcal pleural effusion was
constantly seen at 36 h. Major pathological lesions and bacte-
rial concentrations occurred between 24 and 48 h and pro-
gressively evolved to fibrosis in 2 weeks.

As a comparison, pulmonary lesions and bacterial evolution
observed after instillation of 10 log10 CFU of penicillin-sus-
ceptible S. pneumoniae per ml are shown in Fig. 6. A similar
evolution was observed, even if lung lesions seemed to be less
important than with the penicillin-resistant S. pneumoniae
strain. Thus, this inoculum of 10 log10 CFU/ml was used for the
experiments for both penicillin-resistant S. pneumoniae and
penicillin-susceptible S. pneumoniae pneumonia.

FIG. 1. Cumulative survival of rabbits with penicillin-resistant (strain 16089)
and penicillin-susceptible (strain 195) S. pneumoniae experimental pneumonia,
according to inoculum concentration (10 log10 versus 7 or 8.5 log10 CFU/ml, P ,
0.05, log-rank test). Symbols: - - - - -, strain 16089 (inoculum, 10 log10); ——,
strain 195 (inoculum, 10 log10); – - – -, strain 16089 (inoculums, 7 and 8.5 log10).

FIG. 2. Pulmonary lesion scores and pneumococcal concentration evolution
in rabbits with penicillin-resistant S. pneumoniae (strain 16089) experimental
pneumonia by using 10 log10 CFU/ml inoculum. Symbols: , macroscopic
score; , histopathologic score; ---V---, lung pneumococcal concentrations;
---v---, spleen pneumococcal concentrations.
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Differences observed between sacrificed rabbits and rabbits
killed by pneumonia at 24 and 48 h are summarized in Table 3.
Lung and spleen pneumococcal concentrations were signifi-
cantly different at 24 h, according to cause of death, whereas no
difference was observed at 48 h. On the other hand, macro-
scopic and histopathologic lesions were not different at 24 h,
but a significant difference existed at 48 h. Thoracic CT scan
examination at 12 h did not show any difference between rab-
bits which survived pneumonia and those which died of it at
24 h.

There was a clear and significant correlation between mac-
roscopic and histopathologic scores (r 5 0.57, P , 1026), as
well as between bacterial contents in lungs and spleen (r 5
0.67, P , 1026). There was also a weak but significant corre-
lation between pneumococcal pulmonary concentrations and
macroscopic or histopathologic scores (r 5 0.21, P , 1026, and
r 5 0.12, P , 1024, respectively).

As expected, neither deaths nor pulmonary lesions (either
macroscopic or histopathologic) were induced by inoculation
of heat-killed penicillin-resistant S. pneumoniae (negative con-
trols).

Simulation of human amoxicillin pharmacokinetics in rab-
bits. Amoxicillin concentrations in serum following the infu-
sion of a 20-mg/kg bolus in four rabbits fitted into a bicom-
partmental model, as shown in Fig. 7. Constants were as
follows: A, 155 mg/liter; B, 12 mg/liter; a, 15 h21; and b, 1.5
h21. The observed area under the curve was equal to 15.55 mg z
h21 z liter21. The correlation coefficient between observed and
calculated values was 0.996. The time above MIC in serum was
45 and 150 min for penicillin-resistant S. pneumoniae and pen-
icillin-susceptible S. pneumoniae, respectively.

Simulations of human pharmacokinetics following oral (n 5
14 rabbits) or intravenous (n 5 8 rabbits) amoxicillin (1 g)
administration are shown in Fig. 8A and B. Cumulative daily
doses of amoxicillin used to reproduce both intravenous and
oral human profiles in rabbits were close to 170 mg/kg. Mean
areas under curves were equal to 60.36 for oral and 63.58 mg z
h21 z liter21 for intravenous administration, and times above
MIC for the penicillin-resistant S. pneumoniae strain were 360
and 190 min, respectively. Correlation coefficients and area
under the curve ratios, between observed and expected values,

were 0.988 and 1.08 for oral simulation and 0.998 and 1.15 for
intravenous simulation, respectively. The mean measured pul-
monary amoxicillin concentration 1 h after intravenous simu-
lation initiation was 22.3 mg/liter.

Human-simulated amoxicillin treatment of experimental
penicillin-resistant pneumococcal pneumonia in rabbits. For
the penicillin-resistant S. pneumoniae pneumonia model (strain
16089), observed peak amoxicillin concentrations in serum
were 14.21 mg/liter for oral simulation and 92.85 mg/liter for
intravenous simulation, with expected values of 19.7 and 101
mg/liter, respectively. Correlation coefficients and area under
the curve ratios between observed and expected values were
0.917 and 0.66 (oral simulation) and 0.997 and 0.89 (intrave-
nous simulation), respectively. In all the treated rabbits, mea-
sured amoxicillin pulmonary concentrations were always below
1 mg/liter at the time of the sacrifice (around 48 h after inoc-
ulation). Pneumococcal concentrations in lungs and spleen
were significantly lower in treated arms than in untreated arms
(orally treated versus untreated, P 5 0.005 and P , 1026, and
intravenously treated versus untreated, P 5 0.004 and P ,
1026, respectively; Dunnett’s test) (Table 4). There was no
difference between the two treated arms. On the other hand,
macroscopic and histopathologic evaluations were not differ-
ent within the three arms. Results observed for the three arms
48 h after inoculation of the penicillin-resistant S. pneumoniae
(strain 16089) group are summarized in Table 4.

In the penicillin-susceptible S. pneumoniae pneumonia mod-
el (strain 195), observed concentrations in serum at peak were
19.93 mg/liter in oral simulation and 126.36 mg/liter in intra-
venous simulation, with expected values of 19.7 and 101 mg/
liter, respectively. Correlation coefficients and area under the
curve ratios between observed and expected values were 0.953
and 0.80 (oral simulation) and 0.992 and 1.46 (intravenous
simulation), respectively. As for the penicillin-resistant S. pneu-
moniae pneumonia model, in all the treated rabbits measured
amoxicillin pulmonary concentrations were always below 1 mg/
liter at the time of the sacrifice. Pneumococcal concentrations
in lungs and spleen were also significantly different between
treated and untreated arms (orally or intravenously treated
versus untreated; macroscopic or histopathologic score, P ,
1026; Dunnett’s test). There was no difference between the two

FIG. 3. CT scan examination of penicillin-resistant S. pneumoniae (strain 16089) experimental pneumonia at 24 h. The alveolar condensation of the entire left lower
lobe (p) is due to active pneumonia, in contrast with normal aspects of the right lower and median lobes.

VOL. 43, 1999 PENICILLIN-RESISTANT S. PNEUMONIAE PNEUMONIA 2487



treated arms. On the other hand, macroscopic and histopatho-
logic evaluations were not different within the three arms.
Results observed for the three arms 48 h after inoculation in
the penicillin-susceptible S. pneumoniae (strain 195) group are
summarized in Table 4.

DISCUSSION

Experimental penicillin-resistant S. pneumoniae pneumonia
in rabbits. The primary purpose of our study was to develop a
penicillin-resistant S. pneumoniae pneumonia model in parallel
with a penicillin-susceptible S. pneumoniae pneumonia model.
Several animal models have been published (1–3, 6, 9, 14, 17,
18, 33, 34, 39, 41–43, 45, 46). However, although these models
are contributive, our model exhibits several advantages. The
strains used in our study were clinical isolates with common
serotypes. The use of conventional adult male New Zealand
White rabbits offered the following two advantages. (i) They
were not naturally susceptible to S. pneumoniae infections (4),
which guarantees that the observed pathologies were induced
by experiments. (ii) They were not immunosuppressed, in con-
trast to most of the animals used in other penicillin-resistant
S. pneumoniae pneumonia models (1–3, 6, 9, 14, 17, 33, 34, 42,
43). Inoculation through natural airways into bronchia was
more reproducible than aerosols or intratracheal instillation
(38) and less aggressive than pertracheal or transthoracic in-
oculation (9, 18, 33, 39, 41). However, the final inoculum con-
centration used for the experiments (10 log10 CFU/ml) was

FIG. 4. CT bidimensional coronal reconstruction of transaxial sections.
Shown is the evolution of penicillin-resistant S. pneumoniae (strain 16089) ex-
perimental pneumonia at 12 h (A), 36 h (B), and 60 h (C). Also shown is alveolar
condensation of the left lower lobe (p) 12 h after inoculation, with a progressive
extension to the entire left lung at 60 h. In this case, the right lung does not
present radiographic signs of pneumonia.

FIG. 5. Lung histopathologic examination of penicillin-resistant S. pneu-
moniae (strain 16089) experimental pneumonia at 24 h (A) and 48 h (B). Pneu-
monia with polymorphonuclear leukocytes and fibrinous exudate fill up the
alveoli. Hematoxylin-eosin-safranin stain was applied to the sections. Original
magnification, 3250.
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higher than those used in most other experimental models (6
to 9.3 log10 CFU/ml) (9, 18, 33, 39, 41, 45). Several parameters
may explain such a difference. First, a different virulence may
already exist according to animals and serotypes of strains (7,
8). Second, the penicillin-resistant S. pneumoniae strains used
in our model were diluted in physiologic serum, without any
adjuvant, and inoculated to nonimmunosuppressed animals.
Third, the inoculum concentration was determined to repro-
duce findings observed in severe pneumococcal pneumonia in
humans.

The different and numerous evaluation criteria used in this
model constitute another interesting advantage. Indeed, sur-
vival, radiological, anatomic, and microbiological data allowed
a precise evaluation of pneumonia and precise comparison
with human pathology. The correlation between these criteria
was quite good, but differences observed in some cases under-
line their individual importance.

The most important interest of this model is its ability to
closely reproduce severe human pneumococcal pneumonia,
with the exception that intrabronchial inoculation of a highly
concentrated S. pneumoniae suspension resulted in the ab-
sence of a true incubation phase. Illness began directly with an
invasion phase, quickly followed by bacteremic pneumonia,
possibly evolving in 2 to 3 weeks to a cure (data not shown).

Cumulative mortality of rabbits inoculated with 10 log10 CFU
of penicillin-resistant S. pneumoniae per ml (around 50%) was
slightly higher than the 38% observed in penicillin-resistant S.
pneumoniae pneumonia in humans (37) and close to the 45 to
85% observed in untreated bacteremic pneumococcal pneu-
monia (47, 48). In humans, the severity of pneumococcal pneu-
monia is correlated with the existence of bacteremia, which
was constantly observed in our experimental model. The mac-
roscopic and histopathological evolution observed in both pen-
icillin-resistant and penicillin-susceptible S. pneumoniae pneu-
monia models was very similar to human pneumonia (31, 32,
40). Experimental infection begins with unilobar lesions. A
rapid extension to the other lobes occurs within a few hours,
accompanied by pleural effusion and bacteremia. Finally, the
lesions evolve to fibrosis. Pneumococcal lung concentrations in
dead rabbits (5 to 8 log10 CFU/ml) were very similar to these
observed in human postmortem lung cultures (29). There was
a weak correlation between bacterial concentrations and pul-
monary lesions, as described in nosocomial pneumonia (28, 40,
49), even taking into account the possible lack of reproducibil-
ity by pathologists (11).

Another point of interest was that comparisons between
sacrificed and pneumonia-related dead rabbits pointed out
that in the first 24 h the main predictive factor of ulterior
evolution was the bacterial concentration (and bacteremia);
after this delay, pulmonary injuries were the most important
factor. So, it is tempting to speculate that inflammatory phe-
nomena induced by either penicillin-resistant or penicillin-sus-
ceptible S. pneumoniae evolve in an autonomous fashion, with-
out strict correlation with in situ residual bacterial inoculum.
Furthermore, the absence of macroscopic and histopathologi-
cal differences observed between treated and untreated rab-
bits, while bacterial clearance was obtained, seems to reinforce
this hypothesis.

Simulation of human amoxicillin pharmacokinetics in rab-
bits. Considering that the experimental pneumonia in our
model closely reproduced human pathology, the humanization
of antibiotic treatment appeared interesting and important. So,
the second purpose of our study was to reproduce human
serum pharmacokinetics of amoxicillin in rabbits. To do so, we
chose an adaptation of antibiotic administration rather than a
modification of the antibiotic elimination. Most of the studies
simulating human pharmacokinetics by adaptation of antibi-
otic administration reproduced plasmatic kinetics following in-
travenous administration alone and/or for only a few hours (15,
16, 19, 20, 52, 53). In our study, a total of 25 simulations of
human amoxicillin pharmacokinetics were performed. Results
obtained after simulation were very close to the expected (hu-
man) concentrations, which were themselves far from (native)
concentrations observed in rabbits after a single bolus without

FIG. 6. Pulmonary lesions and pneumococcal concentration evolution in rab-
bits with penicillin-susceptible S. pneumoniae (strain 195) experimental pneumo-
nia by using 10 log10 CFU/ml. Symbols: , macroscopic score; ,
histopathologic score; ---V---, lung pneumococcal concentrations; ---v---, spleen
pneumococcal concentrations.

TABLE 3. Pulmonary lesions and pneumococcal concentrations in rabbits with penicillin-resistant S. pneumoniae (strain 16089)
experimental pneumonia, according to death circumstances

Parameter

Result or concentration for death at the following time by the indicated causea

24 h 48 h

Pneumonia-related death Sacrificed (P) Pneumonia-related death Sacrificed (P)

No. 5 5 5 5
Macroscopic score 22.60 6 7.27 22.40 6 5.18 (1.00) 24.00 6 6.20 11.60 6 6.54 (0.04)
Histopathological score 12.50 6 2.12 17.00 6 1.51 (0.88) 21.67 6 3.21 9.00 6 4.16 (0.03)
Pneumococcal concentration in lungsb 6.87 6 0.25 3.93 6 2.35 (0.009) 4.10 6 1.88 3.61 6 1.51 (0.92)
Pneumococcal concentration in spleenb 5.26 6 1.71 3.83 6 2.79 (0.35) 2.98 6 2.15 3.34 6 2.19 (0.92)

a Each value represents the mean 6 SD or number and percentage. P values were determined by the Mann-Whitney test.
b Log10 CFU/g.
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subsequent infusion (23). So, by developing the Hull mathe-
matical model (27), we were able to reproduce human phar-
macokinetics fitting into an open bicompartmental model and,
moreover, to mimic human serum profiles following not only
intravenous but also oral administration of amoxicillin. An-
other theoretical advantage of this mathematical model was to
calculate the extravascular antibiotic concentrations, thus al-
lowing comparisons with measured intrapulmonary concentra-
tions. Indeed, it was of particular interest that the measured
amoxicillin pulmonary concentrations were close to the extra-
vascular concentrations calculated from the model. Moreover,
these pulmonary concentrations were near those observed in
humans, even if these latter are infrequently evaluated and
variable (20.8 to 43.1 mg/liter 1 h after intravenous injection of
amoxicillin [1 g]) (12, 21).

Human-simulated amoxicillin treatment of experimental
penicillin-resistant pneumococcal pneumonia in rabbits. The
third purpose of our study was to evaluate antibiotic efficacy in
our penicillin-resistant S. pneumoniae pneumonia model by
simulating human pharmacokinetics of amoxicillin.

Time between inoculation and treatment initiation is an
important prognostic factor, even if it cannot really be appre-
ciated in humans. It seems overall relatively short in severe
pneumonia (35). In our experimental therapeutic study, we
chose a brief but sufficient delay (4 h after inoculation) to
observe consolidated pulmonary pathological lesions and high
pneumococcal concentrations and to start the treatment be-
fore the first untreated pneumonia-related deaths occurred (8
h after inoculation). Lung lesions and spleen pneumococcal
concentrations observed 4 h after inoculation in our pneumo-
nia model ensure that amoxicillin had a therapeutic and not a
prophylactic effect. Treatment duration (between 32 and 34 h)
allowed an evaluation 48 h after inoculation, without any car-
ryover effect, at a time when bacterial concentrations are im-
portant in untreated rabbits.

Our experimental therapeutic study has shown that amoxi-
cillin treatment (either four oral or five intravenous adminis-
trations of 1 g every 8 h) resulted in a very significant and
similar pneumococcal clearance in lungs and spleen, for both
penicillin-susceptible S. pneumoniae and penicillin-resistant
S. pneumoniae pneumonia. These results were obtained repro-
ducing current recommendations for S. pneumoniae pneumo-

nia treatment in France (44). Similar findings have already
been reported by other studies, in immunosuppressed mice or
guinea pigs, by using amoxicillin doses theoretically higher
than that in our work (150, 600, and 1,200 mg/kg/day), without
human pharmacokinetics simulation, on penicillin-resistant
S. pneumoniae pneumonia (penicillin MIC 5 1 to 4 mg/liter)
(33, 39, 42). In fact, pharmacokinetic data in these studies were
close to those observed in humans after a 1.5-to-2-g amoxicillin
treatment three times a day, i.e., approximately twice the dose
we evaluated with our procedure in rabbits. Lung lesions were
not significantly different between arms, probably because in-
flammatory responses when triggered continued in spite of
pneumococcal clearance.

The lack of difference in efficacy observed between oral and
intravenous simulated treatments was correlated to the global
pharmacokinetic equivalence between them. The time above
MIC was always greater than 40%, although it was longer in
the oral arm than in the intravenous one (87.5% versus 50%
for the penicillin-resistant strain and 95% versus 66% for the

FIG. 7. Pharmacokinetics of amoxicillin in rabbits and open bicompartmen-
tal modelization. Symbols: ---u---, calculated concentrations; —v—, measured
concentrations.

FIG. 8. Human amoxicillin pharmacokinetics simulation in rabbits, repro-
ducing human serum profiles following 1-g dose administered intravenously (A)
or orally (B). Symbols: , obtained concentrations under the human phar-
macokinetics simulation; ---�---, native concentrations without the controlled
infusions; ---‚---, expected human concentrations.
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penicillin-susceptible strain), whereas the total area under the
curve was greater in intravenous than in oral arms (320 versus
240 mg z h21 z liter21).

In conclusion, we developed a penicillin-resistant S. pneu-
moniae experimental pneumonia in immunocompetent rab-
bits, which is easy to reproduce and very close to bacteremic
pneumococcal pneumonia in humans. Human amoxicillin se-
rum profile simulation in rabbits, corresponding to an open
bicompartmental model, was realized in an easy and reproduc-
ible fashion. This experimental therapeutic study permitted the
assessment of the efficacy of amoxicillin (reproducing a 3-g/day
dose) to obtain pneumococcal clearance and survival improve-
ment at 48 h, even with penicillin-resistant S. pneumoniae
(MIC 5 4 mg/liter). This work may permit a better under-
standing of pneumonia physiopathology, including inflamma-
tory response study, and an evaluation of different therapeutic
approaches to penicillin-resistant S. pneumoniae pneumonia.
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