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Abstract Meropenem is a carbapenem antibiotic that is
highly active against the pathogens causing meningitis.
Results with meropenem in the experimental rabbit model
of penumococcal meningitis have been controversial, and
the possible role of renal dehydropeptidase I in meropenem
efficacy has been suggested. The aim of this study was to
determine the efficacy of meropenem in two meningitis
models and the possible influence of the animal model over
results. Two strains of Streptococcus pneumoniae with
different susceptibility to beta-lactams have been used in a
guinea pig model and the classical rabbit meningitis model.
Meropenem was bactericidal at 6 h in the guinea pig model
against both strains with a reduction of >4 log ufc/ml. In the
rabbit model it was bactericidal at 6 h against the
susceptible strain, but against the resistant 3/8 therapeutical
failures were recorded at 6 h, being bactericidal at 24 h. In
conclusion, meropenem has shown bactericidal activity in
both experimental models. This work emphasises the
importance of an adequate election of the animal model
for the appropriate development of studies of antimicrobial
efficacy. We believe that guinea pig should be considered

the best choice among laboratory animal species when
assessing meropenem efficacy.

Introduction

Despite effective antibiotic therapy, pneumococcal menin-
gitis is still associated with high rates of mortality and
permanent sequel. The increasing spread of cephalosporin-
resistant strains has made the therapy for pneumococcal
meningitis more difficult.

Meropenem is a broad-spectrum carbapenem antibiotic
that is highly active against the major bacterial pathogens
causing meningitis and penetrates well into the CSF [1].
The limited experience in patients with bacterial meningitis
suggests that the use of meropenem may lead to clinical and
microbiologic outcomes similar to those of cefotaxime or
ceftriaxone, but the number of resistant cases is very small
[2–5]. Carbapenems such as imipenem or meropenem
demonstrate high activity against pneumococci with differ-
ent susceptibility patterns to β-lactams [6]. In spite of its
high in vitro activity, imipenem is not recommended in the
management of bacterial meningitis due to its convulsive
potential [7]. Overall, meropenem that is not associated
with this collateral effect might represent a good alternative
in cephalosporin-resistant pneumococcal meningitis.

Results with meropenem in the experimental rabbit
model of penumococcal meningitis have been controversial
[8, 9], and the possible role of renal dehydropeptidase I
(DHP-1) in meropenem efficacy has been suggested. The
activity of DHP-1 differs among mammal species: mer-
openem is relatively stable to the human enzyme, but varies
in its stability in many common laboratory animal species
[10]. The drug is easily hydrolyzed by rabbits, while it
shows greater resistance in guinea pigs. Both animal
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models have been used in order to assess the activity of
meropenem in experimental meningitis [8, 11].

The aim of this study was to determine the efficacy of
meropenem against two S. pneumoniae strains with
different susceptibility to β-lactams using the rabbit and
the guinea pig meningitis models and the possible influence
of the animal model over results.

Materials and methods

Bacterial strains

Two strains of S. pneumoniae isolated from patients with
meningitis were used: strain HUB SIII belonging to
serotype 3 and HUB 2349 belonging to serotype 23F.
MICs and MBCs were determined by the macrodilution
method according to CLSI (formerly NCCLS) guidelines
[12]. MICs/MBCs (in µg/ml) of strain HUB SIII were as
follows: penicillin 0.01/0.01 and ceftriaxone 0.01/0.01;
meropenem 0.01/0.01 MICs/MBCs (in µg/ml) of strain
HUB 2349 were as follows: penicillin 4/4, ceftriaxone 2/4
and meropenem 0.5/1.

In vitro studies

Time-kill curves were performed with glass tubes containing
a final volume of 10 ml of cation-adjusted Mueller-Hinton
broth with 5% of horse lysed blood. The final inoculum was
5×105 CFU/ml. For each strain, meropenem was tested for
a range of concentrations according to their MICs and their
achievable concentration in CSF. Meropenem was tested at
concentrations ranging from 1/4 to 32×MIC. Samples were
removed at 0, 6 and 24 h of incubation. The detection limit
was 10 CFU/ml. Bactericidal effect was defined as a
decrease of ≥3 log CFU/ml of the initial inoculum.

Guinea pig model

The study was approved by the Ethical Committee for
Animal Experiments at the University of Barcelona. The
meningitis model described by Maiques et al. [13] based in
a wide modification of that of Nairn [11] was used. For all
experiments, guinea pigs were challenged in groups of at
least eight animals. Hartley female guinea pigs weighing
350–450 g were anaesthetized by a single im injection of a
mixture of xilacine: 4 mg/kg (Rompum; Bayer AG,
Leverkusen, Germany) and ketamine: 30 mg/kg (Ketolar;
Parke-Davis, Prat de Ll., Spain). Without the use of any
stereotactic system, a 27-gauge butterfly needle with
infusion set was inserted, through the nucal area, into the
cisterna magna. When clear CSF flowed, 100 µl of saline

solution containing 106 CFU/ml of one of the infecting
strains was injected intrathecally, and the butterfly re-
moved. Eighteen hours after inoculation the animals were
anaesthetized again, and a baseline CSF sample was taken
(0h) by the same procedure as inoculation. A blood sample
was collected to assess secondary bacteraemia. Merope-
nem: 200 mg/kg/6 h (Meronem; AstraZeneca, Madrid,
Spain) im was then administered for 24 h. Untreated
controls received saline. CSF samples were taken at 3, 6
and 24 h of therapy. The available CSF volume was limited
by the small size of guinea pigs, so we arranged two groups
in order to have a final n≥8 samples for each time point. In
one group, CSF samples were taken at 0 and 6 h, and in the
other at 3 and 24 h.

Rabbit model

The rabbit model of meningitis was based on an established
protocol [14]. For all experiments, rabbits were challenged
in groups of at least eight animals. Two-kilogram female
New Zealand white rabbits were anaesthetized im with
35 mg/kg of ketamine and 5 mg/kg of xylazine, and a
dental acrylic helmet was affixed to the calvarium; 24
h later, animals were anaesthetized again and placed in a
stereotaxic frame. Meningitis was induced using an intra-
cisternal injection of 250 µl of saline solution containing
106 CFU/ml inoculum of one of the infecting strains.
Eighteen hours later, rabbits were anaesthetized with
urethane 1.75 g/kg, subcutaneously (Sigma Chemical
Company, St. Louis, MO) and thiopental sodium 5 mg/kg,
iv (Tiopental; B. Braun Medical S.A., Rubí, Spain), and a
baseline CSF sample was taken (0h). A blood sample was
collected to assess secondary bacteraemia. Meropenem:
150 mg/kg/6 h iv was then administered for 24 h. Untreated
controls received saline. CSF samples were taken at 2, 6
and 24 h of therapy.

Sample processing

CSF samples were used to determine bacterial counts,
lactate and protein concentrations, and antibiotic levels at
peak and trough time points. Undiluted cultures and serial
ten-fold dilutions were performed at each time point. The
lowest bacterial concentration detectable was 10 CFU/ml,
so a value of 0.99 log CFU/ml was assigned to sterile
culture. Therapeutic failure was defined as an increase in
bacterial concentration of at least 1 log CFU/ml compared
with a previous count and bacterial re-growth an increase
of <1 log CFU/ml. A therapy was considered bactericidal
when a reduction of ≥3 log CFU/ml was achieved. Lactate
concentrations were measured using a Lactate PAP (Bio-
mérieux, France). Protein concentrations were determined
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using the Bradford method (Bio-Rad Protein Assay,
Germany).

Pharmacokinetics

Pharmacokinetic (PK) studies were performed in both
models to select dose regimens that result in CSF concen-
trations similar to those in humans. PK data were compiled
from a study of infected guinea pig after a single i.m. dose
of 200 mg/kg of meropenem and from a study of infected
rabbits after a single i.v. dose of 150 mg/kg of meropenem.
Several PK and pharmacodynamic (PD) parameters were
determined in serum and CSF: maximum concentration
(Cmax), area under the concentration-time curve (AUC),
CSF penetration as the comparison of areas under the curve
(AUCCSF/AUCserum) and time above the MIC of the drug
concentration in CSF (t >MIC). PK and PD parameters
were obtained by a computer-assisted method (PK func-
tions for Microsoft Excel; J.I. Usansky, A. Desai and D.
Tang-Liu, Department of Pharmacokinetics and Drug
Metabolism, Allergan, Irvine, CA) after determination of
antibiotic concentration in blood and CSF samples at the
different time points.

Antibiotic assays

Meropenem concentrations were measured by agar disc
diffusion method [15], using Bacillus subtilis ATCC 12432
as assay organism.

Statistical analysis

All data were checked for normal distribution (Kolmogorov-
Smirnov test). Comparisons between groups were made by
using Student's t test. P<0.05 was considered statistically
significant.

Results

In vitro killing curves

Strain HUB SIII Meropenem at 1–32×MIC (0.01–0.32 µg/
ml) was bactericidal at 6 h. Strain HUB 2349. Meropenem
at 2–4 x MIC (1–2 µg/ml) was bactericidal at 6 h.

Pharmacokinetics

Meropenem peak level in serum was 125.44±28.22 μg/ml
at 0.30 h in guinea pigs and 71.30±24.44 μg/ml at 0.30 h in
rabbits. Pharmacokinetic and pharmacodynamic parameters

of antibiotics in CSF of guinea pigs and rabbits with
pneumococcal meningitis are shown in Table 1.

Experimental meningitis in guinea pig

Strain HUB SIII Eighteen hours after inoculation, 100% of
the animals presented secondary bacteraemia. Mortality at
24 h was 44% (4/9) in the control group and 0% in the
therapy group. Table 2 shows the bacterial reduction in CSF
at 6 and 24 h; meropenem were bactericidal from 6 h. No
therapeutic failures were observed. Antibiotic levels in CSF
of animals infected with this strain are summarized in
Table 3. After 24 h of infection, CSF inflammatory
parameters were decreased in the therapy group compared
to the control group, with lactate levels being statistically
significant (in mmol/l: meropenem, 1.48±0.41 and control
group, 4.16±0.65).

Strain HUB 2349 Eighteen hours after inoculation, 100%
of the animals showed secondary bacteraemia. Mortality
at 24 h was 0% in the control and therapy group.
Table 2 shows the bacterial reduction in CSF at 6 and
24 h; meropenem was bactericidal from 6 h. No
therapeutic failures were observed. Antibiotic levels in
CSF of animals infected with this strain are represented in
Table 3. Meropenem reduced CSF inflammatory parame-
ters in comparison to the control group at 24 h, with
lactate levels being statistically significant (in mmol/l:
meropenem, 1.99±0.33 and control group, 3.78±1.89).

Experimental meningitis in rabbits

Strain HUB SIII Eighteen hours after inoculation, 63% of
the animals presented secondary bacteraemia. Mortality at
24 h was 63% (7/11) in the control group and 0% in the
therapy group. Table 4 represents CSF bacterial counts at
0 h and CSF bacterial reduction at 2, 6 and 24 h;
meropenem was bactericidal from 6 h. No therapeutic
failures were observed. Antibiotic levels in the CSF of
animals infected with the HUB SIII strain are summarized
in Table 3. Meropenem reduced CSF inflammatory param-
eters in comparison to the control group at 24 h, with
lactate levels being statistically significant (in mmol/l:
meropenem, 1.95±0.92 and control group, 3.62±0.86).

Strain HUB 2349 Eighteen hours after the inoculation,
100% of the animals presented secondary bacteraemia.
Mortality at 24 h was 62% (five of eight) in the control
group and 0% in the therapy group. Initial CSF bacterial
concentrations and bacterial decreases at 2, 6 and 24 h of
different regimens are summarized in Table 4. After 6 h of
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meropenem therapy, therapeutic failure was present in three
of eight animals and bacterial regrowth in the other three
animals. Meropenem was bactericidal at 24 h. Antibiotic
levels in the CSF of animals infected with the HUB 2349
strain are shown in Table 3. No statistical differences were
noted in CSF inflammatory parameters.

Discussion

In our study, meropenem has shown great efficacy in the
guinea pig model of meningitis caused by two pneumo-
coccal strains with different susceptibility to β-lactams.
With a CSF penetration of 5.8%, mean peak CSF levels
closely related to those obtained in children receiving
20 mg/kg i.v were reached [1]. In efficacy experiments,
no therapeutic failures were observed in any animal despite
its relatively low levels, especially noted in guinea pigs
infected with the penicillin-resistant pneumococcus.
T>MIC was more than 100% for the SIII strain, whereas
it was about 70% for the HUB 2349 strain. It seems that a
value of 70% would be necessary to reach a bactericidal
effect when using meropenem in the guinea pig model. The
use of this laboratory animal to study meropenem efficacy
has been previously reported by Nairn et al [11]. They

assessed meropenem efficacy against several pathogens
causing meningitis, including either penicillin-susceptible
or penicillin-resistant strains of S. pneumoniae in a 10-
h experiment. Meropenem at 10 mg/kg/3 h reduced
bacterial counts below the level of detection in all guinea
pigs infected with penicillin-susceptible strain. In animals
inoculated with penicillin-resistant strain, meropenem at
40 mg/kg/3 h sterilised CSF specimens in four of five
animals.

Using the rabbit meningitis model, meropenem was
effective against the β−lactam susceptible strain. However,
in the experiments with the resistant strain, efficacy was
delayed, and at 6 h we observed therapeutic failure in three
of eight animals and bacterial regrowth in the other three
animals. After 24 h, meropenem was bactericidal against
both strains, although statistically significant differences
were noted among rabbits infected with either the suscep-
tible or the resistant strain (rlog cfu/ml were, respectively:
– 4.32±0.38, and – 3.36±1.25; p=0.007). CSF meropenem
concentrations were similar among rabbits infected with
each pneumococcal strain, although slightly lower levels
were found at 6 h for the resistant strain. Therapeutic
failures and regrowth occurred in the resistant-strain-
infected animals. This fact suggests that drug levels very
close to MIC might not be high enough to ensure efficacy
despite a T>MIC above 85%. In comparison with findings

Table 1 Pharmacokinetics and pharmacodynamic parameters of meropenem in CSF of guinea pigs and rabbits with pneumococcal (resistant
strain) meningitis

Animal model Antibiotic dose a CmaxCSF (µg/ml) AUCCSF (µg/h/ml) Penetration (%) t > MIC h [%]

Guinea pig Meropenem (200 mg/kg) 2.76 7.30 5.8 4.02 [67]
Rabbit Meropenem (150 mg/kg) 4.95 8.82 19.4 5.17 [86]

a Antibiotics were administered iv in rabbits, whereas they were injected im in guinea pigs.
Cmax, maximum concentration. Cmax was at 2 h in guinea pig and at 30 min in rabbits
AUC, area under the concentration-time curve
Penetration was calculated as the comparison of areas under the curve (AUCCSF/AUCserum)
t>MIC, time above the MIC

Table 2 Initial bacterial concentrations and bacterial killing rates in CSF of guinea pigs with pneumococcal meningitis caused by the HUB SIII
strain (MIC: MPN, 0.01 µg/ml) and the HUB 2349 strain (MIC: MPN, 0.5 µg/ml)

Therapy group
(dose in mg/kg/day)

HUB SIII strain HUB 2349 strain

initial titres
(log cfu/ml)

Δ log cfu/ml
at 6 h

Δ log cfu/ml
at 24 h

Initial titres
(log cfu/ml)

Δ log cfu/ml
at 6 h

Δ log cfu/ml
at 24 h

MPN 800 5.30±0.65 – 4.06±0.93a – 4.15±0.87a 5.91±0.34 – 4.92±0.34a – 4.92±0.34a

Control 5.71±0.58 +0.37±0.85 +0.44±0.72 5.83±0.38 +0.02±0.88 – 0.32±0.89

MPN, meropenem
Data are expressed as means ± SD
a P=0.000 compared with control group
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in the guinea pig model, meropenem failure could be
associated to the rapid hydrolysis of DHP-I rather than
an unfavourable CSF kinetics. Therefore, in accordance
to previous reports, we chose a dose of 150 mg/kg in
order to compensate rapid enzymatic hydrolysis. Howev-
er, this dose was not higher enough to ensure a
bactericidal activity in all tested animals. Furthermore,
we tested antimicrobial efficacy for a longer period in
comparison with other studies, so this time schedule
limited the interval dosing. Nevertheless, shorter intervals
would not ensure higher efficacies [15]. Meropenem has
been tested at 125 mg/kg in abbreviated experiments
against pneumococcal strains with different results. Friedland
et al. reported poor efficacy against two resistant
pneumococcal strains, although CSF peak levels were
eightfold greater than the MICs [9]. On the other hand,
some authors have described a bactericidal effect when
administering meropenem every 4 h [8, 15]. However, in
one of these studies meropenem failed, and CSF steriliza-
tion was only reached in two of eight animals after 8 h of
therapy [16]. Our in vitro results confirm the dose-related
bactericidal activity previously reported when meropenem
concentrations above the MIC are tested [8]. According to
these results and our own data, we would suggest that
meropenem might be a good alternative in the therapy of

pneumococcal meningitis, but the classic rabbit model is
not the best model to study meropenem activity, and
another model without pharmacokinetic problems, such as
the guinea pig model, might be better to study meropenem
efficacy.

The rabbit model has been extensively used in order to
assess antimicrobial activity in bacterial meningitis. The
guinea pig model of experimental meningitis presents some
limitations in comparison with the rabbit one. The small
animal size does not allow serial CSF collection from the
same animal, although we have used the same animal for
two different time points. The use of this laboratory animal
has been scarce in the study of alternative therapies for
bacterial meningitis [13], so information about CSF kinetics
is difficult to analyze. However, our results support the use
of the guinea pig model as a good alternative in the study of
meropenem efficacy.

In conclusion, meropenem has shown bactericidal
activity in both experimental models of meningitis and
might be considered as an alternative in the management of
pneumococcal meningitis. On the other hand, this work
emphasises the importance of an adequate election of the
animal model for the appropriate development of studies of
antimicrobial efficacy. We believe that guinea pig should be
considered the best choice among laboratory animal species

Table 3 Mean ± SD of antibiotic concentrations (mg/l) in CSF of guinea pig and rabbits for both strains: HUB 2349 and HUB SIII

Antibiotic doses (in mg/kg/day) HUB SIII strain HUB 2349 strain

3 h 6 h 24 h 3 h 6 h 24 h
MPN 800 guinea pig 0.39±0.24 0.23±0.16 a <0.12 b 0.46±0.12 0.28±0.13 <0.12 b

2 h 6 h 24 h 2 h 6 h 24 h
MPN 600 rabbit 1.26±0.34 0.32±0.17 0.24±0.10 1.20±0.34 0.19±0.14 0.15±0.12

MPN, meropenem
Data are expressed as means± SD
Meropenem was administered every 6 h [at 0, 6, 12 h (double dose)]
aMeropenem levels at 6 h were only determined in 4/8 CSF samples of guinea pig infected with HUB SIII strain. In the rest, antibiotic levels were
below the level of detection (<0.12 mg/l)
b All the samples were below the level of detection, which was: 0.12 mg/l

Table 4 Initial bacterial concentrations and bacterial killing rates in CSF of rabbits with pneumococcal meningitis caused by the HUB SIII strain
(MIC: MPN, 0.01µg/ml) and the HUB 2349 strain (MIC: MPN, 0.5 µg/ml)

Therapy group
(dose in mg/kg/day)

HUB SIII strain HUB 2349strain

Initial titres
(log cfu/ml)

Δ log cfu/ml
at 2 h

Δ log cfu/ml
at 6 h

Δ log cfu/ml
at 24 h

Initial titres
(log cfu/ml)

Δ log cfu/ml
at 2 h

Δ log cfu/ml
at 6 h

Δ log cfu/ml
at 24 h

MPN 600 4.54±0.47 – 1.77±0.49a – 3.20±0.42 a – 4.32±0.38 a 4.60±0.70 – 2.39±1.01 a – 1.95±0.96 a – 3.36±1.25 a

Control 4.74±0.29 +0.03±0.43 +0.19±0.95 +0.59±1.57 4.60±0.70 +0.98±0.6 +1.43±0.38 +0.70±1.45

MPN, meropenem
Data are expressed as means ± SD
a P<0.006 compared with control group
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when assessing meropenem efficacy, even considering the
exposed limitations.
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