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Department of Internal Medicine, Inselspital Bern,1 Department of Internal Medicine, Spital Bern-Ziegler,2

and Institute for Infectious Diseases, University of Bern,3 Bern, Switzerland

Received 15 April 2002/Returned for modification 25 July 2002/Accepted 17 October 2002

Vancomycin and gentamicin act synergistically against penicillin-resistant pneumococci in vitro and in
experimental rabbit meningitis. The aim of the present study was to investigate the underlying mechanism of
this synergism. The intracellular concentration of gentamicin was measured by using the following experi-
mental setting. Bacterial cultures were incubated with either gentamicin alone or gentamicin plus vancomycin
for a short period (15 min). The gentamicin concentration was determined before and after grinding of the
cultures by using the COBAS INTEGRA fluorescence polarization system (Roche). The grinding efficacies
ranged between 44 and 54%, as determined by viable cell counts. In the combination regimen the intracellular
concentration of gentamicin increased to 186% compared to that achieved with gentamicin monotherapy. These
data suggest that the synergy observed in vivo and in vitro is based on an increased intracellular penetration
of the aminoglycoside, probably due to the effect of vancomycin on the permeability of the cell wall.

Before the emergence of penicillin-resistant pneumococci,
penicillin was usually the first-line antibiotic used in the treat-
ment of pneumococcal infections. The increasing spread of
resistant strains has changed this situation. In meningitis,
where the penetration of antibiotics is limited, penicillin is
ineffective even against strains with intermediate resistance,
and penicillin resistance is often associated with resistance to
other �-lactam antibiotics. Because treatment failures in men-
ingitis have been observed with cephalosporin monotherapy, a
combination of vancomycin and an extended broad-spectrum
cephalosporin (ceftriaxone or cefotaxime) is usually recom-
mended for the treatment of meningitis caused by resistant
strains (1, 7). Especially in the case of �-lactam allergy, it is
compelling for infectious disease specialists to elaborate new
therapeutic strategies. We have recently investigated the role
of gentamicin against penicillin-resistant pneumococci in the
rabbit meningitis model (4). Although gentamicin mono-
therapy was only marginally effective, addition of vancomycin
produced killing rates comparable to those achieved by the
standard treatment based on ceftriaxone in combination with
vancomycin. The synergy between the two antibiotic groups
was also demonstrated in vitro in time-killing experiments. The
aim of this work was to study the underlying mechanism of the
synergism between gentamicin and vancomycin in vitro.

(This study was partially presented at the 41st Interscience
Conference on Antimicrobial Agents and Chemotherapy, Chi-
cago, Ill., December 2001.)

MATERIALS AND METHODS

Pneumococcal strain. The serotype 6 penicillin-resistant strain (penicillin G
MIC, 4 mg/liter; ceftriaxone MIC, 0.5 mg/liter; cefepime MIC, 0.5 mg/liter;

vancomycin MIC, 0.25 mg/liter, gentamicin MIC, 4 mg/liter) used in this study
was isolated from a patient with pneumonia at the University Hospital of Bern.
MICs were determined by the broth macrodilution method.

In vitro assays. The penicillin-resistant strain was grown in C�Y medium (8)
to an optical density at 590 nm of 0.3 and was then diluted 40-fold to 106 CFU/ml,
which corresponds to the bacterial titer in the cerebrospinal fluid of rabbits
before the initiation of therapy. Gentamicin was added at concentrations corre-
sponding to one-fourth, one-half, one, and two times the MIC, alone or in
combination with vancomycin at the MIC. Bacterial titers were determined at
hours 0, 2, 4, 6, and 8 by serial dilution of samples; plated on agar plates
containing 5% sheep blood; and incubated at 37°C for 24 h. The experiments
were performed in triplicate, and results are expressed as means � standard
deviations.

Measurement of intracellular gentamicin levels. The penicillin-resistant strain
was grown in C�Y medium to an optical density at 590 nm of 0.3. Then,
antibiotics were added at the following concentrations: gentamicin at the MIC,
gentamicin at two times the MIC, vancomycin at the MIC, and the combination
of gentamicin (at the MIC) and vancomycin (at the MIC).

After a short incubation (15 min), the cultures were centrifuged at 3,600 rpm
in a Hettich Universal 30RF washed with saline (three times), and ground with
glass beads (diameter, 212 to 300 �m) for 15 min. The numbers of CFU were
determined after 15 min of incubation, after each washing step, and after grind-
ing. Then, the cultures were resuspended in a small volume of saline. The
gentamicin concentration was determined before and after grinding by using the
COBAS INTEGRA fluorescence polarization system (Roche) (5). In brief,
probes were incubated with a mouse monoclonal antibody, and then a tracer
reagent was added. The light emission was measured at 515 nm. The light
emission is proportional to the gentamicin concentration of the probe. The
gentamicin levels were expressed in micromoles per liter. The sensitivity and
specificity of the method are excellent, the detection level for gentamicin is 0.08
�g/ml. No cross-reactivity has been observed with vancomycin at concentrations
up to 400 �g/ml. The gentamicin concentrations obtained with the COBAS
INTEGRA system have been compared to those determined by a commercially
available fluorescence polarization immunoassay method with an excellent cor-
relation (correlation coefficient, 0.992; slope, 0.955; intercept, �0.015 �g/ml
[Roche, personal communication]).

Grinding efficacy was determined by plating an aliquot of the surviving micro-
organisms on blood agar plates overnight at 37°C. The grinding efficacies ranged
between 44 and 55% for all groups. Data have been statistically analyzed by the
nonparametric Mann-Whitney test.

The gentamicin level measurements were kindly performed by U. Schilt, MCL
Laboratories, Bern, Switzerland.
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Checkerboard method. Checkerboards and fractional inhibitory concentration
(FIC) indices were determined by the method of Eliopoulos and Moellering (6).
Checkerboard runs were repeated three times, and the FIC index was calculated.
Synergy was defined as an FIC index of �0.5, indifference was defined as an FIC
index of �0.5 and �4, and antagonism was defined as an FIC index of �4 (11).

RESULTS AND DISCUSSION

The permanent increase in the numbers of penicillin- and
cephalosporin-resistant pneumococci has jeopardized the
successful treatment of pneumococcal meningitis, underlin-
ing the need for alternative therapy. As a potential alterna-
tive, a combination of gentamicin and vancomycin showed

antibacterial activity similar to that of the standard regimen
based on ceftriaxone and vancomycin in the rabbit menin-
gitis model (4). The antibacterial activities of the different
regimens in time-killing assays over 8 h are shown in Fig. 1A
and B. By using concentrations under the MIC (one-fourth
and one-half the MIC), gentamicin monotherapy did not
show antibacterial activity. Gentamicin at the MIC, which
corresponded to the level achieved in the cerebrospinal fluid
of rabbits during experimental meningitis (4), led to a neg-
ligible decrease in the viable cell counts (0.3 log10 CFU/ml
over 8 h). On the other hand, a concentration over the MIC
(two times the MIC) produced activity that was highly bac-

FIG. 1. (A) Killing rates (F) of monotherapy with gentamicin at different concentrations (one-fourth, one-half, one, and two times the MIC)
over 8 h. E, untreated controls. The experiments were performed in triplicate, and the results are expressed as means � standard deviations.
(B) Killing rates (■ ) of different concentrations of gentamicin in combination with vancomycin (Vanco; at the MIC) over 8 h. �, monotherapy
with vancomycin (at the MIC); E, untreated controls. The experiments were performed in triplicate, and the results are expressed as means �
standard deviations.
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tericidal and that managed to sterilize the cultures after 6 h
(Fig. 1A).

The vancomycin concentration was chosen in order to pro-
duce a minimal intrinsic activity, thus avoiding masking of a
potential synergy between the two antibiotics. Although the
bactericidal activity was more pronounced than that of genta-
micin, vancomycin (at the MIC) produced only modest bacte-
ricidal activity (1.8 log10 CFU/ml over 8 h). Surprisingly the
combination therapies (Fig. 1B) were highly synergistic, even
when each drug was used at a concentration below the MIC
(one-fourth and one-half the MIC), and managed to sterilize
the majority of the cultures after 8 h. The synergy was less
pronounced for the combination of gentamicin (at two times
the MIC) and vancomycin because of the highly bactericidal
activity of gentamicin monotherapy (Fig. 1A).

On the other hand, the results of the checkerboard tech-
nique were less evident. In this experimental setting the com-
bination was repeatedly tested and was marginally synergistic
(FIC index � 0.5) or indifferent (FIC index � 1), underlining
the fact that the time-killing assays in vitro correspond more
closely to the situation in vivo.

In a further step the intracellular gentamicin concentrations
were calculated for all regimens.

Due to the limits of the method used in this experimental
setting, we were not able to localize precisely the intrabacterial
compartment in which gentamicin accumulated. Therefore, we
use the term “cell-associated gentamicin” to describe intrabac-
terial gentamicin accumulation. In order to avoid technical
bias due to the intrinsic bacteriolytic activity of vancomycin,
the cultures were incubated with the different regimens only
for a short period (15 min) and were then washed three times
with saline and extensively ground with glass beads. This pro-
cedure did not influence the viable cell count for any of the
regimens except the combination regimen (gentamicin with
vancomycin; reduction, 0.5 log10 CFU/ml). The grinding effi-

cacies, estimated by counting the surviving microorganisms,
were similar for all groups and ranged between 44 and 55% of
the starting inoculum. The results are presented in Fig. 2. After
washout and before grinding of the cultures, no gentamicin
could be detected in any of the groups. After grinding of the
cultures, a relative concentration of 0.78 � 0.16 �mol of gen-
tamicin per liter was measured when the cultures were incu-
bated with gentamicin alone. The addition of vancomycin dras-
tically increased the cell-associated level of gentamicin to
186% (1.45 � 0.21 �mol/liter), even higher than the levels
obtained with higher doses of gentamicin (1.10 � 0.14 �mol/
liter). It is interesting that the cell-associated gentamicin level
was probably underestimated in the group that received the
combination due to the reduction in the number of CFU after
as soon as 15 min (0.5 log10 CFU/ml); the reduction corre-
sponded to an approximately threefold decrease in the cell
population. This decrease in the numbers of viable cells was
due to cell lysis and was confirmed by a decrease in the optical
density for the group treated with the combination (optical
density decrease, 0.330 to 0.280). Thus, the real concentration
in the group treated with the combination (vancomycin at the
MIC plus gentamicin at the MIC) was probably three times
higher, i.e., 4.35 �mol/liter. One-fourth of that value would
approximately correspond to the gentamicin concentration ob-
tained with two times the MIC. This could explain why the
activity of gentamicin at a lower concentration (one-fourth the
MIC) in combination with vancomycin was still synergistic and
why gentamicin showed pronounced bactericidal activity (Fig.
1B).

These findings may explain the mechanism of the synergy
between gentamicin and vancomycin in pneumococci. The un-
derlying mechanism is not completely understood, but these
data strongly suggest that the inhibition of cell wall synthesis by
vancomycin alters the permeability of the cell wall, which prob-

FIG. 2. Relative gentamicin (G) concentration (in micromoles per liter) in the supernatant before and after grinding of the cultures, as
measured by using the COBAS INTEGRA fluorescence polarization system (Roche). The experiments were performed in triplicate, and the
results are expressed as means � standard deviations. Due to the small number of probes used (three for each group), the differences were not
significant (by the nonparametric Mann-Whitney test).
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ably acts as a natural barrier to aminoglycosides, and facilitates
the penetration of gentamicin into the cell.

These results are reminiscent of the synergism between
streptomycin and penicillin against enterococci observed by
Moellering and colleagues (9, 10) in the 1970s. Although the
experimental setting was completely different, the synergy was
explained by increased levels of uptake of radiolabeled strep-
tomycin by enterococci (9, 10).

These data might provide a plausible explanation for the
similar synergism observed with either vancomycin (3, 13) or
�-lactam antibiotics and quinolones (2, 12) and might open the
avenue to new therapeutic options for pneumococcal diseases.
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