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In vitro studies of tircarcillin or cefsulodin combined with [3H]tobramycin were performed with Pseudomo-
nas aeruginosa. The rate of bacterial killing, the uptake of tobramycin, and the effects on optical density were
measured. Both ,I-lactams increased the uptake of subinhibitory concentrations of tobramypin. This result was
quantitatively associated with a 2- to 4-h time-kill potentiation and confirmed earlier studies on the mechanism
of J3-lactam-aminoglycoside synergy in Escherichia coil (P. H. Plotz and B. D. Davis, Science 135:1067-1068,
1962).

Studies by Plotz and Davis (20) on the mechanism of
synergy between P-lactams and aminoglycosides demon-
strated that penicillin enhances the intracellular entry of
otherwise subinhibitory concentrations of streptomycin in
Escherichia coli. The commonly held belief that this mech-
anism occurs in other E. coli strains or in different species of
gram-negative bacilli has never been examined. Recent
studies have demonstrated that 1-lactam-enhanced amino-
glycoside uptake and bacterial killing are absent in viridans
group streptococci (17) but present in both enterococci and
Staphylococcus aureus (17, 23). This finding suggests that
this mechanism of drug potentiation is strain or species
specific.
The purpose of this study was to examine the effects of

1-lactam antibiotics on the stimulation of increased amino-
glycoside uptake in Pseudomonas aeruginosa. We also
wanted to confirm in gram-negative bacilli our findings with
gram-positive cocci that increased uptake correlates tempo-
rally with enhanced killing by P-lactam-aminoglycoside
combinations and that these effects are apparent after 2 to 4
h of incubation (17; 23). These results suggest that standard
24-h studies are unnecessary and possibly misleading.

P. aeruginosa ATCC 27853 was used (5). By using stan-
dard techniques (2, 22), MICs of the following drugs were
determined for P. aeruginosa: ticarcillin (Beecham Labora-
tories, Bristol, Tenn.), cefsulodin (Abbott Laboratories,
North Chicago, Ill.), and tobramycin (Eli Lilly & Co.,
Indianapolis, Ind.) in tryptic soy broth (Difco Laboratories,
Detroit, Mich.). The MICs (in micrograms per milliliter)
were as follows: tobramycin, 1; cefsulodin, 2; and ticarcillin,
32. Time-kill studies were performed by a standard tech-
nique (10) with log-phase cells in tryptic soy broth at 37°C.
To determine cell viability, samples were diluted in normal
saline, added to tryptic soy broth agar (1%), and counted at
24 h (4, 16). To prevent antibiotic carry-over, the cells were
immediately diluted 1,000-fold in iced saline. Ticarcillin or
cefsulodin was added either 30 min before the addition of
tobramycin or with tobramycin. Optical density (OD) was
determined turbidimetrically (16). [3H]tobramycin uptake
was measured by membrane filtration (4) with GF/C filters
(Whatman, Inc., Clifton, N.J.). Unlabeled tobramycin was
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combined with [3H]tobramycin (Amersham Corp., Arlington
Heights, Ill.). The final specific activities were 5 to 20
.Ci/mg. Samples were counted in a liquid scintillation

counter by using a toluene-based scintillant (16). All studies
were done at least in duplicate.

Figure 1A shows the effects of ticarcillin at one-quarter of
the MIC on the uptake of tobramycin at one-half of the MIC.
This figure shows the results of a representative experiment
in which ticarcillin was added 30 min before tobramycin was
added. The results were similar when the antibiotics were
added simultaneously. Exposure of the cells to ticarcillin
was associated with a marked stimulation of tobramycin
uptake. Neither ticarcillin nor tobramycin alone inhibited
cell growth, whereas the combination was associated with a
bactericidal effect at 2 to 4 h (Fig. 1B). Figure 1C shows the
effects of antibiotics on growth (as measured by OD), which
increased without antibiotics and with either ticarcillin or
tobramycin alone. The ticargillin-tobramycin combination
showed no effect from 0 to 2 h, after which an inhibition of
turbidimetrically measured growth was observed. Experi-
ments with ticarcillin at one-quarter of the MIC and tobra-
mycin at one or two times the MIC also showed an excellent
correlation among ,-lactam-induced tobramycin uptake,
bactericidal effect, and growth inhibition (data not shown).
In these experiments, however, ,B-lactam-enhanced uptake
and bacterial killing were apparent only before 1 h. There-
after, the rates of tobramycin uptake and bacterial killing
were similar to those with and without ticarcillin.

Experiments with cefsulodin and tobramycin each at
one-quarter to one-half of the MIC showed no increased
uptake of tobramycin, increased bacterial killing, or growth
inhibition (as measured by OD). However, when cells were
exposed to cefsulodin at the MIC in combination with
tobramycin at one-half of the MIC (Fig. 2A), there was
stimulation of tobramycin uptake. Cell viability was similar
in cells not exposed to antibiotics and in cells exposed to
cefsulodin (Fig. 2B). In contrast, the combination of
cefsulodin and tobramycin was associated with an enhanced
bactericidal effect. Consistently, cell growth was inhibited
by the cefsulodin-tobramycin combination (Fig. 2C) as de-
termined turbidimetrically. Studies with cefsulodin at the
MIC and tobramycin at two times the MIC showed similar

108



NOTES 109

A

a
a

450i,,,,~~~~~~~~~C, I 0l.i3007

* 150 £

0 5 0
0 32 J 4 0 1 2 3 4 1 2 3 4

'Tin et") Tin (Hou) Tin (Hurs)

FIG. 1. Effects on P. aeruginosa ATCC 27853 of ticarcillin at one-quarter of the MIC and [3H]tobramycin at one-half of the MIC alone
or in combination. Ticarcillin was added 30 min before tobramycin was added. (A) Uptake of [3H]tobramycin with (A) and without (0)
ticarcillin. (B) Corresponding bactericidal effects with ticarcillin (0), ticarcillin and tobramycin (A), tobramycin alone (0), and control (*).
(C) Corresponding effects on OD at 600 nm. Symbols are the same as for panel B.

results except that after 1 h, uptake and bacterial killing
occurred with tobramycin alone.

It is believed that one mechanism of synergy between
1-lactams and aminoglycosides in gram-negative bacilli is
the P-lactam-enhanced increase of aminoglycoside uptake
(1, 3). This assumption is based on studies examining the
effects of these antibiotics in a single strain of E. coli (20).
Our studies in a different gram-negative species demon-
strated that 3-lactams (i.e., ticarcillin and cefsulodin) stim-
ulated the uptake of radiolabeled tobramycin. This finding
was associated with an increased bactericidal rate and
decreased cell replication. The onset of killing and growth
inhibition (as measured by OD) were temporally associated
with the uptake of tobramycin. While synergy studies with
gram-positive cocci suggest that 3-lactam-aminoglycoside
potentiation is species specific (17), studies with both P.
aeruginosa (present data) and E. coli (20; M. Miller, unpub-
lished data) demonstrate that synergy in ,B-lactam-aminogly-
coside combinations is associated with increased uptake of
the aminoglycoside.
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While we examined a single P. aeruginosa strain at a
relatively high inoculum, abbreviated time-kill studies by
others with P. aeruginosa (11) and enteric gram-negative
bacilli (6, 7) have also shown early bactericidal synergism of
,-lactam-aminoglycoside combinations at lower inocula. It
is important to note that the 3-lactams used in this study
(ticarcillin and cefsulodin) preferentially bind to PBP 3 in P.
aeruginosa (19, 21). Since preferential binding to different
penicillin-binding proteins affects the degree and specificity
of cell envelope perturbation (9), it is possible that other
antipseudomonal ,-lactams with different targets (i.e.,
imipenem, which binds to PBP 1 and 2) would affect the
antibiotic barrier differently. Furthermore, Gerber et al. (5)
have shown that an alternate mechanism of potentiation is
present in vivo in P. aeruginosa ATCC 27853. ,-Lactams
prevented the regrowth of gentamicin-resistant mutants
which were isolated from neutropenic rats treated with
gentamicin alone. It is not possible at this time to determine
the relative importance of antibiotic synergism or drug
potentiation because of the prevention of mutational resist-
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FIG. 2. Effects on P. aeruginosa ATCC 27853 of cefsulodin at the MIC and tobramycin at one-half of the MIC alone or in combination.
(A) Uptake of [3H]tobramycin with (A) and without (0) cefsulodin. (B) Corresponding bactericidal effects with cefsulodin and tobramycin
(A), tobramycin alone (0), cefsulodin alone (0), and control (*). (C) Corresponding effects on OD at 600 nm. Symbols are the same as for
panel B.
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ance. Finally, these data support our belief, based on studies
with gram-positive cocci (17), that standard 24-h time-kill
studies may not reliably predict 3-lactam-aminoglycoside
synergism. Prolonged incubation is associated with mutant
regrowth (15, 18), antibiotic degradation (6), and medium
acidification (8). Abbreviated time-kill studies circumvent
these problems. Moreover, an examination of the kinetics of
increased aminoglycoside uptake and the bactericidal effect
on replicating cells of P-lactams or chemicals which increase
the AR. H+ demonstrates that aminoglycoside-associated
killing is clearly apparent within minutes to hours (4, 12, 13,
15, 17, 18, 20, 23; present data). These kinetic studies
support the suggestion of others (6, 7, 11, 14) that abbrevi-
ated time-kill studies may be preferable to conventional 24-h
data in demonstrating synergy secondary to P-lactam-en-
hanced increased uptake of aminoglycosides.
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