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The pharmacodynamic effects of subinhibitory concentrations of different ,B-lactam antibiotics were investi-
gated. A postantibiotic effect (PAE) was induced for different bacterial species by exRosure to lOx MIC of several
,B-lactam antibiotics for 2 h in vitro. The antibiotic-bacterial combinations used in this study were imipenem-
Pseudomonas aeruginosa, benzylpenicillin-Streptococcus pneumonae and -Streptococcus pyogenes, cgefcanel-S.
pyogenes, ampicillin-Escherichia coli, and piperacillin-E. coli. After the induction of the PAE, the exposed
cultures as well as the unexposed controls were washed and diluted. Thereafter, the cultures in the postantibiotic
phase (PA phase) and the cultures not previously treated with antibiotics were exposed to 0.1, 0.2, and 0.3x MIC
of the relevant drug and the growth curves were compared. When bacteria in the PA phase were exposed to
sub-MICs, a substantial prolongation of the time before regrowth was demonstrated, especially in antibiotic-
bacterial combinations for which a PAE wqs found. In contrast, sub-MICs on cultures not previously exposed to
suprainhibitory antibiotic concentrations yielded oidy a slight reduction in growth rate compared with the
controls. Thus, it seems important to distinguish the direct effects of sub-MICs on bacteria not previously exposed
to suprainhibitory concentrations from the effects of sub-MICs on bacteria in the PA phase.

The effects on bacteria of subinhibitory antibiotic concen-
trations (sub-MICs) were noted early in the antibiotic era. In
1944, Eagle and Musselman reported a temporary inhibition
of the growth of spirochetes after exposure to sub-MICs of
penicillin in vitro (10). Clinical experience at that time also
revealed satisfactory results when patients with pneumococ-
cal pneumonia were treated with low doses of penicillin
which could hardly have yielded concentrations in serum
above the MIC (38). Furthermore, Eagle and coworkers
showed, both in vitro and in a rabbit model, that gram-
positive bacteria exposed to a suprainhibitory concentration
of penicillin did not return to a growth phase immediately
after the concentration in serum had fallen under the MIC (9,
11). This effect was later named the postantibiotic effect
(PAE) and is one of many explanations for the success of
intermittent dosage with antibiotics (7). Another factor of
importance for the success of discontinuous antibiotic dos-
ing is the function of a normal host defense system. For
example, it does not seem to be necessary to keep the level
of P-lactam antibiotics in serum above the MIC to clear an
infection in immunocompetent animals, whereas several
studies using neutropenic animals have shown the impor-
tance of maintaining levels of P-lactam antibiotics in serum
above the MIC in order to avoid regrowth of gram-negative
bacteria (3, 14, 33). One reason for the difference between
immunocompetent and neutropenic animals is that bacteri,a
exposed to sub-MICs in immunocompetent animals are more
susceptible to phagocytic cell functions (13, 19, 24, 26, 41).
Sub-MICs can also exert a direct effect on the virulence of
the bacteria by modifying the bacterial cell surface and the
excretion of exoenzymes (22, 31, 36, 40).
However, in the treatment of infections caused by gram-

positive bacteria, the effects of sub-MICs may explain the
success of intermittent dosage schedules even in the absence
of immune factors. We have shown earlier that when ,-he-
molytic streptococci in the postantibiotic phase (PA phase)
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induced by lOx MIC of benzylpenicillin for 2 h in vitro were
exposed to sub-MICs, a long delay was demonstrated before
regrowth. This was in contrast to the cultures only exposed
to the sub-MICs, where no major differences between the
growth curves of these cultures and the unexposed controls
were seen (27). The effects of sub-MICs on bacteria previ-
ously exposed to antibiotics seem thus to be different from
the direct effects of sub-MICs. The aim of the present study
was to further investigate the effect of sub-MICs of different
,B-lactam antibiotics on bacteria in the PA phase.

(This material was presented in part at the Interscience
Conference on Antimicrobial Agents and Chemotherapy,
Atlanta, Ga., 21 to 24 October 1990 [29a].)

MATERIALS AND METHODS

Cultures. The strains used in the study were as follows:
Pseudomonas aeruginosa ATCC 27853; Escherichia coli
ATCC 25923; Streptococcus pneumoniae ATCC 6306;
Streptococcus pyogenes, group A M12, NCTC P1800; and
clinical isolates of P. aeruginosa (1139) and S. pyogenes
group A (U118 and U120). The gram-negative strains were
grown in Mueller-Hinton broth (supplemented with 50 mg of
Ca2+ per liter and 25 mg of Mg2+ per liter), and the
gram-positive strains were grown in Todd-Hewitt broth. The
streptococci and pneumococci were cultured for 6 h at 37°C
in 5% CO2 in air, resulting in approximately 5 x 108 CFU/ml,
and the other strains were cultured for 6 h at 37°C, resulting
in approximately 109 CFU/ml.

Antibiotics. The antibiotics were obtained as reference
powders with known potency from the following pharma-
ceutical companies: imipenem from Merck, Sharp &
Dohme, Sweden AB, Bromma, Sweden; benzylpenicillin,
ampicillin, and cefcanel from Astra Research Centre, Soder-
talje, Sweden; and piperacillin from Lederle Cyanamid In-
ternational, N.J. Dilutions were made with distilled water on
the same day as the experiments were performed.

Determination of MICs. MICs were determined in fluid
media by using a twofold serial dilution with an inoculum of
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105 CFU of the test strain per ml and were read after 24 h.
The MIC was defined as the lowest concentration of the
antibiotic allowing no visible growth.

Induction of the PA phase and determination of the PAE.
The following antibiotic-bacterial combinations were used in
the experiments: imipenem-P. aeruginosa ATCC 27853 (four
experiments) and -P. aeruginosa 1139 (two experiments);
benzylpenicillin-S. pyogenes U118 (two experiments) and
-S. pneumoniae ATCC 6306 (two experiments); cefcanel-S.
pyogenes NCTC P1800 (two experiments) and U120 (two
experiments); ampicillin-E. coli ATCC 25923 (two experi-
ments); and piperacillin-E. coli ATCC 25923 (two experi-
ments) (Table 1). After incubation, the test strains were
diluted by a factor of 10-1 in each respective medium, to
provide a bacterial density of approximately 5 x 107'to 1 x
108 CFU/ml. The strains, in the exponential growth phase,
were then exposed to 10x MIC of the different antibiotics for
2 h at 37°C, except for cefcanel-,B-hemolytic streptococci,
for which 5 x MIC was used in consideration of the non-
protein-bound concentration in serum attainable in humans.
The exposed strains were washed three times for 5 min each
time at 1,400 x g to eliminate the antibiotic and were then
resuspended in fresh media. Controls, not exposed to the
antibiotics, were treated similarly. Depending on the rate of
killing during the 2 h of induction, the exposed cultures were
either diluted by a factor of 10-2 in fresh media (cefcanel-S.
pyogenes NCTC P1800 and U120, benzylpenicillin-S. pyo-
genes U118, and piperacillin-E. coli) or were left undiluted
(imipenem-P. aeruginosa ATCC 27853 and 1139, ampicil-
lin-E. coli, and benzylpenicillin-S. pneumoniae) in order to
obtain approximately 105 CFU/ml. The controls were all
diluted by a factor of 10-3 in fresh media in order to reach a
similar bacterial count. Each of the cultures with bacteria in
the PA phase and the controls were thereafter divided into
four different tubes. To determine the PAE, one tube of each
culture was reincubated at 37°C for another 10 h. Samples
were withdrawn at 0, 2 (before and after dilution), 3, 4, 5, 6,
8, and 11 h and if necessary diluted with phosphate-buffered
saline. Three different dilutions of the samples were seeded
on blood agar plates and counted for determination of the
number of CFU. Only plates with 10 to 1,000 colonies were
counted, and the mean of counts from the three dilutions was
used. The PAE was defined according to the following
formula (7): PAE = T - C, where T is the time required for
the viable counts of the antibiotic-exposed cultures to in-
crease by 1 log1o above the counts observed immediately
after washing and C is the corresponding time for the
unexposed cultures.

Determination of the effects of sub-MICs. The remaining
three tubes of the control cultures and the cultures in the PA
phase were exposed to 0.1, 0.2, and 0.3x MIC of the same
antibiotic used for the induction of the PAE and reincubated
at 37°C for another 10 h. Samples were withdrawn and the
numbers of viable bacteria were determined as described
above.
The effect of sub-MICs (sub-MIC effect [SME]) on bacte-

ria not preexposed to antibiotics was defined as follows:
SME = Ts - C, where Ts is the time taken for the cultures
exposed only to sub-MICs to increase by 1 log1o above the
counts observed immediately after washing and C is the
corresponding time for the unexposed cultures.
The effect of sub-MICs on bacteria in the PA phase (PA

SME) was defined as follows: PA SME = TPA - C, where
TPA is the time taken for the cultures previously exposed to
antibiotics and then exposed to different sub-MICs to in-
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FIG. 1. (A) Effect of different subinhibitory concentrations of imipenem on P. aeruginosa ATCC 27853 in the PA phase (PA SME). The
bacteria were exposed to 10x MIC of imipenem for 2 h, washed, and then exposed to 0, 0.1, 0.2 or 0.3x MIC. (B) Effect of different
subinhibitory concentrations of imipenem on P. aeruginosa previously not exposed to imipenem (SME). Mean values based on CFU from
four experiments are shown.

crease by 1 log1o above the counts observed immediately
after washing and C is the time defined above.

RESULTS
Minimum antibiotic concentrations. The MICs were as

follows: imipenem-P. aeruginosa ATCC 27853, 8 mg/liter;
imipenem-P. aeruginosa 1139, 2 mg/liter; benzylpenicillin-S.
pyogenes U118, 0.016 mg/liter; benzylpenicillin-S. pneumo-
niae, 0.016 mg/liter; cefcanel-S. pyogenes U120, 0.05 mg/
liter; cefcanel[S. pyogenes NCTC P1800, 0.05 mg4liter;
ampicillin-E. coli ATCC 25923, 8 mg/liter; and piperacillin-E.
coli ATCC 25923, 4 mg/liter. The MICs for the ATCC strains
are in close range to those found by other authors.'
PAEs, PA SMEs, and SMEs. The results of all experiments

are listed in Table 1. E=xamples from some of the experi-
ments are given in Fig. 1 'and 2. The effect of subinhibitory
imipenem concentrations on P. aeruginosa ATCC 27853 in
the PA phase is'shown in Fig. 1A; The PA SME following
treatment with 0.3x MIC of imipenem lasted more than 11 h.
Figure 1B demonstrates the effect of a sub-MIC of imnipenem

on the same bacterial strain not previously exposed to a
supra-MIC. Exposure to 0.3 x MIC yielded an SME of 4 h.
The effects of sub-MICs of piperacillin on E. coli are shown
in Fig. 2. In this combination, which does not exhibit a PAE,
the effect of the sub-MICs was seen to be much less, both on
the bacteria in PA phase and on the cultures not preexposed
to the drug. The PA SME following treatment with 0.3x
MIC was 0.8 h, and the SME was 0.5 h.

DISCUSSION

One of the prime objectives of antimicrobial therapy is to
provide an optimal amount of active drug at the site of the
infection. It was long believed that one of the reasons for the
success of intermittent-dosage regimens was a delayed anti-
biotic concentration time course in tissue ,fluid compared
with that in serum, s,uggesting that even when -antibiotic
concentrations were not measurable in' serum, adequate
levels were still present in tissue fluid (17). However, it is
now generally believed that in the majority of clinical situa-
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FIG. 2. (A) Effect of subinhibitory concentrations of piperacillin on E. coli previously exposed to 1OX MIC of piperacillin. The bacteria
were exposed to lOx MIC of piperacillin for 2 h, washed, and then exposed to 0, 0.1, 0.2 or 0.3x MIC. (B) Effect of subinhibitory
concentrations of piperacillin on E. coli previously not exposed to piperacillin. Mean values based on CFU from two experiments are shown.

tions, the free levels of the antibiotic in serum can be used to
predict the free levels in the tissue fluid (6, 34).
The concept of a therapeutic level of antibiotics originated

from early studies on the sulfonamides and was thereafter
readily applied to the penicillins (38). It was suggested that in
the in vivo situation, the concentration of the penicillins
should be maintained above this critical level by the use of
continuous administration. However, in the late 1940s,
doubts were raised about the necessity for continuous ad-
ministration of penicillin (1, 9), and later Eagle et al. showed
that intermittent therapy was as effective in normal mice as
continuous therapy (8). The therapeutic level was later
expressed in terms of concentrations that inhibited the
bacteria over 24 h in vitro.

This MIC has thereafter been the instrument of expressing
the activity of antibiotics in vitro. However, discrepancies
between the MIC tests of an antibiotic performed in vitro
and the outcome of treatment of a given infection are

common, and the value of a conventional MIC determination
has often been criticized, since this titration uses static
concentrations which will not reflect the fluctuating concen-
trations between supra- and sub-MICs seen in vivo. In
addition, the MIC determinations simply measure the ability
of the antibiotic to prevent the appearance of visible growth
after 24 h and disregard factors such as protein binding,
immune defense, and compound stability (4, 15, 25).
The direct pharmacodynamic effects of sub-MICs can be

measured in different ways. Bacteria exposed to sub-MICs
may change in cell wall structure, change in ribosome
density, or form filaments (18, 20-22). In addition to mor-
phological changes, sub-MICs may also have a direct inhib-
itory effect on the bacterial growth in vitro. Lorian intro-
duced the definition of MAC, minimal antibiotic
concentration, to describe the lowest concentration of an
antibiotic that caused a 1 log1o decrease in the number of
microorganisms or resulted in a structural change in the
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bacteria observed by light or electron microscopy (19).
Svanborg-Eddn et al. (36) demonstrated in 1978 that E. coli
exposed to sub-MICs adhered less readily to human urinary
tract epithelial cells, and in the beginning of the 1980s Redjeb
et al. (32) showed that 16 of 20 patients with lower urinary
tract infections treated with sub-MICs of ampicillin had
cleared their urine of bacteria in 2 days, compared with the
controls, who all still had bacterial levels of >105 CFU/ml in
the urine. It is also known that sub-MICs of antibiotics can
affect the expression of exoenzymes in bacteria (16, 23).

Different animal studies have also shown that sub-MICs
can have a therapeutic effect in animals with an intact host
defense system. In a rabbit model with implanted tissue
cages, we have shown that 0.3x MIC of benzylpenicillin
inhibited streptococcal multiplication in the cages for several
hours (28). Similar results were demonstrated by Zak and
Kradolfer in a mouse model, in which no regrowth of
staphylococci or E. coli could be seen in the peritoneal fluid
for up to 18 h after an intramuscular injection of ampicillin
which gave one-third of the MIC in the fluid (42). Roosendaal
et al. have shown in a rat pneumonia model that sustained
sub-MICs of ceftazidime have a therapeutic effect in immu-
nocompetent rats infected with Klebsiella pneumoniae but
not in neutropenic rats (33).
The direct effects of sub-MICs described above must,

however, be distinguished from the effects of sub-MICs on
bacteria previously exposed to supra-MICs. Tuomanen
showed that after exposure of a pneumococcal strain to 5OX
MIC of benzylpenicillin, reexposure to subinhibitory con-
centrations prolonged the time before regrowth compared
with the time for controls (39). In an earlier study (27), we
demonstrated that when P-hemolytic streptococci in the PA
phase were again exposed to 0.2 and 0.3 x MIC after
washing, no regrowth was observed for more than 24 h. In
contrast, bacteria which had only been exposed to sub-MICs
showed growth curves that were almost identical to those of
the controls (27). Later, Oshida et al., using the same
experimental design, showed that staphylococci in the PA
phase were also more susceptible to sub-MICs of ,-lactam
antibiotics compared with the controls (30). In the present
study we have extended our earlier findings and could
demonstrate that also in other antibiotic-bacterial combina-
tions, the effects of sub-MICs on bacteria in the PA phase
(PA SME) are much more pronounced than the direct effect
of sub-MICs (SME) and than the PAE (Table 1). We also
showed that, with one exception, the PA SME was substan-
tially longer for antibiotic combinations exhibiting a PAE.
When imipenem and P. aeruginosa ATCC 27853 were
tested, a PAE was not demonstrated but the PA SME still
lasted for over 11 h. However, it has earlier been shown that
this strain of P. aeruginosa exhibits a PAE in vitro when
lower inocula are used (5, 29).
The mechanisms behind the effects of subinhibitory con-

centrations of P-lactam antibiotics on bacteria in the PA
phase are not clear. However, it seems reasonable to hy-
pothesize that the following events could explain this phe-
nomenon. When bacteria are exposed to a suprainhibitory
concentration of an antibiotic, the drug binds covalently to
the active sites of the penicillin-binding proteins (PBPs).
Synthesis of PBPs is known to continue during penicillin
treatment. When excess drug is removed and a repeated
challenge with subinhibitory concentrations is given, most of
the PBPs are still inactivated, and only a low drug concen-
tration is needed to inhibit the newly produced PBPs. This
results in a prolonged inhibition of cell multiplication until a
critical number of free PBPs is once more available (27, 39).

Thus, it seems that the PAE can be substantially prolonged
in vitro when the bacteria are reexposed to sub-MICs of
,B-lactam antibiotics.
There are few reports of the effects of sub-MICs in vivo

where the animals had previously been exposed to suprain-
hibitory concentrations of the antibiotic. The early results of
Eagle and Musselman (11) concerning the slow recovery
period of bacteria after antibiotic exposure are now regarded
as being caused by sub-MICs, since the gamma phase of
penicillin elimination was not taken into consideration in that
rabbit model (12). Sande et al. reported a postantibiotic
effect of 6 to 12 h for ampicillin against S. pneumoniae in a
rabbit meningitis model (35). However, later, when P-lacta-
mase was injected intracisternally in the rabbits, no PAE
was revealed and the earlier results were considered to be
the effect of sub-MICs (37). Gerber et al. reported a pro-
longed inhibition of P. aeruginosa after the concentration of
ticarcillin had fallen under the MIC in a thigh infection model
in immunocompetent mice (14). We have also demonstrated
a 12-h inhibition of streptococcal growth in rabbits with
implanted tissue cages after the concentration in the cages
had decreased to below the MIC for the strain (28).
Pharmacodynamic parameters such as the rate of bacterial

killing and the time before regrowth of surviving bacteria are
factors which may influence the optimal dosage interval. The
PAE is one of many factors that have been suggested as a
possible reason for the success of intermittent antibiotic
dosage regimens (7). However, the duration of the concen-
tration above the MIC plus the duration of the PAE for
,-lactam antibiotics will not always cover the entire dosage
interval. Furthermore, in humans treated with intermittent-
dosage schedules of antibiotics, suprainhibitory concentra-
tions will always be followed by subinhibitory levels. Our
experiments show that in certain antibiotic-bacterial combi-
nations where a PAE is found, there is a long delay before
regrowth can be achieved with subinhibitory concentrations,
even in the absence of immune factors, and it seems that the
pharmacodynamic effects of sub-MICs in these antibiotic-
bacterial combinations may be of more importance for the
inhibition of growth between doses than is the PAE. How-
ever, we do not think it is necessary to distinguish the PAE
from the effect of sub-MICs, since it is the combined effect of
supra- and sub-MICs that will prevent the bacterial regrowth
between the doses. To obtain an optimal effect in the
treatment of a bacterial infection, it may be important to use
different dosage schedules depending on the type of micro-
organism, the type of antibiotic used, and the status of the
host defense system.
The interaction between sub-MICs of antibiotics and the

immune system (especially phagocytosis) is probably also of
great importance for therapeutic success when antibiotics
are administered at long intervals (24, 41). With 3-lactam
antibiotics, an initial dose sufficient to yield suprainhibitory
concentrations, followed by doses that will maintain subin-
hibitory levels, seems to be a potentially successful method
of clearing an infection with gram-positive cocci, even in the
absence of immune factors.
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