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Abstract

There are various pharmacodynamic features of the aminoglycosides that are
thought to contribute to the benefits of once-daily administration, of which the
ability to induce adaptive resistance is the least understood and discussed. How-
ever, thismay be the most important characteristic conferring increased efficacy
with extended interval dose administration. Adaptive resistance describes a re-
versiblerefractorinessto the bactericidal effect of an antibacterial agent. Itiswell
documented for the aminoglycosides but has al so been seen with the quinolones.
It does not appear to be caused by a genetic mutational change but rather by a
protective phenotypic ateration in bacterial characteristics. Thisincludesrevers-
ible down-regulation of the active transport of aminoglycosides into Gram-neg-
ative bacteria.

In vitro, animal and clinical studies have shown that marked adaptive resis-
tance of Gram-negative bacteria to aminoglycosides occurs within 1-2 hours of
the first dose. The duration of adaptive resistance relates directly to the half-life
of elimination of the aminoglycoside. With normal human aminoglycoside phar-
macokinetics, the resistance may be maximal for up to 16 hours after a single
dose of aminoglycoside, followed by partial return of bacterial susceptibility at
24 hours and complete recovery at around 40 hours. With conventional dosage
regimens, second and subsequent doses of aminoglycoside are given at the time
of maximal resistance and this practice is also likely to reinforce the resistance.
Dose administration at 24 hour intervals, or longer, may increase efficacy by
allowing time for adaptive resistance to reverse.

The use of larger doses of aminoglycosides ad-
ministered less frequently has come into favour in
the past 10 years in the form of ‘once-daily dose
administration’. Meta-analyses of controlled clini-
cal trials have shown that this form of administra-
tion has resulted in better efficacy and reduced
nephrotoxicity when compared with multiple-daily
administration.[*] The pharmacodynamic features
of the aminoglycosides that have been proposed to
explain theimproved efficacy with extended inter-
val dose administration include their concentration-
dependent killing, long post-antibiotic effect (PAE)

and adaptive resistance. Concentration-dependent
bacterial killing describes the characteristic of in-
creasing bactericidal effect with increasing peak
plasma concentrations. This feature of the amino-
glycosides could potentially result in increased ef-
ficacy with the use of larger doses given at ex-
tended intervals but it is not entirely obvious that
1 high peak concentration per day should be any
more effective than 2 or 3 lower peaks, especially
when the area under the concentration-time curve
issimilar for both regimens. The PAE refersto the
period during which there is continued bacterial
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killing or growth suppression after the antibacterial
concentration falls below the minimum inhibitory
concentration (MIC). Although PAE may allow
extension of administration intervals, PAE aso oc-
curs with B-lactam and other antibacterials and
seems insufficient to account for the benefits of
very long dose intervals. In addition, while PAE
may result in sustained efficacy, there is no clear
reason why it should result in increased efficacy.

The features of adaptive resistance provide a
more plausible explanation for the increased effi-
cacy of extended interval dose administration and
itislikely to be more important than the other two
pharmacodynamic features, although the three
phenomenamay act in concert. Adaptiveresistance
is induced rapidly after a dose of aminoglycoside
but isreversible over anumber of hours, unliketrue
resistance. Prolongation of the dose interval may
enabletimefor thereturn of bacterial susceptibility
before the subsequent dose. Adaptiveresistanceis
the focus of this article, fromitsin vitro discovery
and characterisation throughto clinical evidence of
the phenomenon. An attempt is made to put itsrel-
ative importance into perspective.

1. Definition of Adaptive Resistance

Adaptive resistance is a term that describes a
reversible refractoriness to the bactericidal action
of an antibacterial agent. It has been characterised
best for the aminoglycosides against Gram-nega-
tive bacilli, and in particular Pseudomonas aeru-
ginosa.l24 P. aeruginosa is one of the most com-
mon organisms in nosocomial infections that are
difficult to treat, and has the highest mortality rate
of any bacterium in this situation (40 to 93% for P.
aeruginosa bacteraemia).l3! Aminoglycosides re-
main a cornerstone of therapy for this pathogen.

Adaptive resistance has al so been seen with the
qguinolone agents against P. aeruginosa, Gram-
positive cocci and a number of En-
terobacteriaceae.[681 However, this type of resis-
tanceislessreliably produced with the quinolones
than with the aminoglycosides, and the quinolones
are more likely to induce true resistance early fol-
lowing bacterial exposure.
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2. In Vitro Studies

In early studies characterising adaptive resis-
tance, a culture of P. aeruginosa in the log phase
of growth was exposed to a static concentration of
an aminoglycoside (usually gentamicin) for be-
tween 1 to 2 hours and then the antibacterial was
removed rapidly by repeated culture dilutions. The
culture wasthen exposed to the aminoglycosidefor
a second time to assess susceptibility.24 In these
experiments, resistanceincreased over a2-hour pe-
riod following removal of the antibacterial after the
first exposure, was maximal between 2 and 4 hours
and there was gradual recovery of bacterial suscep-
tibility thereafter. Baseline susceptibility was re-
gained approximately 8 hours after the first drug
exposure (fig. 1). The period of adaptiveresistance
was alittle shorter for other Gram-negative bacilli
including Escherichia coli, Enterobacter aer-
ogenes and Enterobacter cloacae.371 Bacteria with
adaptiveresistanceinduced by one aminoglycoside
were shown to have cross-resistance to other
aminoglycosides.[?!

Other research showed that when P. aeruginosa
was exposed to gentamicin continuously, the bac-
teria with adaptive resistance could survive expo-
sureto increasing concentrations of gentamicin, up
to 128 timesthe MIC.[¥! At this concentration, gen-
tamicin would have killed all bacteria that had not
had previous exposure to an aminoglycoside. Dur-
ing these continuous exposure experiments, small
colony variants were produced on plating the bac-
teriaon agar. However, when the bacteriawere cul -
tured in drug-free media the colonies returned to
their original morphology and susceptibility.

Combining aminoglycosides with a second an-
tibacterial agent has been shown to be more effec-
tive clinically than aminoglycoside monotherapy,
especialy in neutropenic sepsis.[1011 This raises
the possibility that agents from other classes pre-
vent the induction of aminoglycoside adaptive re-
sistance. Invitro experiments showed that adaptive
resistanceinductionin P. aeruginosa by netilmicin
or amikacin was reduced when rifampicin was
added after the aminoglycoside exposure.[12 There
are no published studies investigating the effect of
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Fig. 1. Antibacterial effects of first and second exposure of Pseudomonas aeruginosa to gentamicin. (a) Bacterial growth of control
culture with no prior gentamicin exposure. (b) Bacterial growth with 1 hour of pre-exposure to gentamicin (20 mg/L). Control and
experiment cultures were diluted to 10* colony forming units (CFU) per ml at time zero. (c and d) Bacterial killing 90 minutes after
addition of gentamicin 4 mg/L to culture samples removed at successive hourly intervals. (c) Bactericidal effect of first drug exposure
on control culture. (d) Bactericidal effect of second drug exposure on experiment culture. Mean bacterial killing and 95% confidence
interval (ClI) for the control are superimposed on both graphs.[? MIC = minimum inhibitory concentration.

other antibacterials on aminoglycoside-induced
adaptive resistance, although we have found in
vitro that adaptive resistance induced by gentami-
cinin P. aeruginosa was not reduced by concurrent
administration of ceftazidime, ciprofloxacin, tetra-
cycline or ticarcillin.[13]

Experiments have been conducted in vitro to
determine whether the presence of adaptive resis-
tance affects the activity of other antibacterials
against P. aeruginosa. The antibacterial effects of
ceftazidime, piperacillin, imipenem, aztreonam
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and ciprofloxacin were not altered in the presence
of adaptive resistance induced by gentamicin but
rifampicin was found to have a more rapid bacte-
ricidal effect.[4]

The experiments using static concentrations of
aminoglycosides in vitro have been valuable in
characterising aspects of adaptive resistance, and
in particular have produced good evidence of its
reversible nature and of the high degree of resis-
tancethat could be attained. However, they did not
cast light on the time-course of resistance that
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might be expected in vivo, when drug concentra-
tions decrease with first-order kinetics after adose
of aminoglycoside.

2.1 Dynamic In Vifro Studies

A dynamicinvitro model of infection that mim-
icsin vivo antibacterial pharmacokinetics has been
used to investigate the time-course of adaptive re-
sistance. A culture of P. aeruginosa in a central
chamber was exposed to gentamicin in exponen-
tially decreasing concentrations, with ahalf-life of
elimination of 2.5 hours, the half-life of gentamicin
in humans with healthy renal function.[? The ex-
ponential decrease was achieved by the use of a
computer-controlled syringe pump that introduced
culture medium into the central chamber to dilute
the antibacterial. Samples were removed automat-
ically fromthe central chamber every hour in order
to keep the central chamber volume constant and
to alow analysis of bacterial susceptibility to gen-
tamicin. The presence of adaptive resistance was
determined by the response to a second exposure
to gentamicin at 4 mg/L, following doses of genta-
micininthecentral chamber to achieveinitia peak
first exposure concentrations of 8 and 25 mg/L.
These are the peak concentrations that commonly
occur clinically after conventional multiple daily
gentamicin administration and once-daily dose ad-
ministration, respectively.

Adaptiveresistancewasinduced during thefirst
2 hours after the first dose, as with the experiments
using static concentrations of aminoglycoside.
However, the resistance remained maximal for up
to 12 hours following the peak concentration of 8
mg/L and up to 16 hours after 25 mg/L. The resis-
tance then very gradually subsided so that baseline
susceptibility was attained at approximately 40
hours after the dose (fig. 2). It appearsthat persist-
ence of adaptiveresistance prolongsadaptiveresis-
tance in direct relation to the concentration-time
profile of the aminoglycoside. The duration of
adaptive resistance in these experiments was 14 to
18 drug half-lives.

With conventional administration regimens, the
second and subsequent doses are usually adminis-
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tered at doseintervalsof 8to 12 hours, at atimewhen
resistance is maximal. It is likely that re-exposure
to aminoglycoside at these times will not only re-
sult in poor bactericidal effect but will also rein-
force theresistance. By comparison, at the 24-hour
time-point in these experiments, susceptibility had
largely returned, supporting the greater efficacy
observed with once-daily administration.

In these dynamic in vitro experiments, some
sampleswith adaptively resistant bacteriawere ex-
posed to high second dose concentrations of gen-
tamicin, either 25 or 50 mg/L, and it wasfound that
adaptive resistance could not be overcome. Bacte-
rial kill was somewhat higher than with low con-
centration second exposure, however.

Additional measures were undertaken in these
experiments to distinguish between the induction
of adaptiveresistance and trueresistance. TheMIC
was found to be unchanged for culture samples
containing adaptively resistant bacteriawhen com-
pared with the original culture MIC. The process
of MIC measurement involves culture dilution and
growth in drug free media over a 16 to 24 hour
period, which islong enough to allow reversal of
adaptive resistance. The absence of change in the
MIC after induction of adaptiveresistance suggests
that the resistance results from a transient pheno-
typic change in the bacteria rather than a genetic
change.

3. In Vivo Animal Studies

Adaptive resistance has been shown to occur in
vivo in mice with cyclophosphamide-induced neu-
tropeniaand P. aeruginosa thigh infectionstreated
with netilmicin.[*9 A second dose of netilmicin at
2 or 8 hours after the first dose resulted in signifi-
cant bactericidal effect, but second doses at 4 or 6
hours did not. This was reflected by a 60 to 70%
reduction in survival after 12 hours in the mice
when second doses were administered a 4 or 6
hours. The duration of adaptive resistance in these
experiments was equivalent to 15 to 20 drug half-
lives (netilmicin half-life of 15 to 25 minutes in
mice) which parallels the results from the dynamic
in vitro model experiment in which adaptive resis-
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tanceresolved in 14 to 18 drug half-lives (half-life
of 2.5 hours asin humans).

Adaptive resistance has also been documented
to occur with amikacin in arabbit model of P. aeru-
ginosa endocarditis.’®! Aminoglycoside half-life
in rabbits, at around 50 minutes, is between that in
mice and humans. Maximal adaptive resistance in
bacteriain excised aortic vegetations occurred be-
tween 8 and 16 hours after adose of amikacin and
therewas compl eterefractorinessto amikacin at 12
hours. By 24 hours after the dose, bacteria within
vegetations had partially recovered their initial
susceptibility to amikacin. In a parallel treatment
study, amikacin 80 mg/kg/day administered once-
daily was more effective than twice-daily admin-
istration (of the sametotal daily dose) in reducing the
density of P. aeruginosa in aortic vegetations.!1€l
The authors noted that the duration of adaptive re-
sistance observed in these experiments was sub-
stantially longer than that observed in vitro and
postulated that the disparity may relate to the per-
sistence of aminoglycoside within cardiac vegeta-
tions.

4. Clinical Studies

To our knowledge, there is only 1 published
clinical study confirming the presence of adaptive
resistance. Patients with cystic fibrosis and P.
aeruginosa lung infection received asingle dose of
tobramycin by nebuliser. Sputum samples were
then collected at predetermined time intervals,
homogenised in culture medium and the culture
was then exposed to a second dose of tobramycin
for 90 minutesin vitro to assess bacteria suscepti-
bility.[1] Adaptive resistance was shown to be
present in the bacteriain the sputum within 1 hour
of the nebulised dose of tobramycin and was till
present at 24 hours. Susceptibility then returned at
a time point between 24 and 48 hours. The time-
course of the adaptive resistance was therefore
very similar to that shown in the dynamic in vitro
model of infection described in section 2.1. Impor-
tantly, it was shown that the half-life of elimination
of the tobramycin in the sputum was approxi-
mately 2.5 hoursin these patients, which issimilar
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to the half-life in plasma and the half-life used in
the dynamic in vitro model study. This seems to
confirm that the time-course of adaptive resistance
relates closely to the half-life of drug elimination,
suggesting that adaptive resistance will persist for
aslong as bacteria are exposed to the drug above a
certain concentration.

5. Mechanism of Adaptive Resistance

The transient and reproducible nature of adap-
tive resistance suggests that it is not the result of a
genetic mutational event, but rather a regulatory
event or, less likely, the selection of a subpopula-
tion of bacteria, or both. The exact mechanism of
adaptive resistance has not been elucidated but
thereis circumstantial evidence that the resistance
relatesto down regul ation of activetransport of the
drug into the bacteria. When Gram-negative bac-
teria are exposed to an aminoglycoside, a series of
eventsresult in the drug being actively transported
into the cell, resulting in a greater than 100-fold
concentration gradient across the cell wall.[*8] The
initial step involves concentration-dependent ionic
binding of the cationic moieties of the antibacterial
to the negatively charged residuesin the lipopoly-
saccharide of the bacterial membrane.[1920 Cal-
cium and magnesiumionsaredisplacedinthispro-
cess and binding is reduced in the presence of
increased concentrations of these ions.[2222 Bind-
ing of theaminoglycosidesto P. aeruginosa hasbeen
shown to induce a change in the cell wall structure
resulting in a change in membrane permeabil-
ity.[23]

lonic binding isapassive process, whereastran-
sport of the bound drug into the cell uses at least 2
energy-dependent processes (EDP | and EDP 1)
which producesthe higher internal drug concentra-
tion.[24 The early, rapid, concentration-dependent
bactericidal effectisthought to relateto theamount
of ionically bound drug, whereas a later, slower
bactericidal effect is thought to reflect limitations
in the active transport capacity.[2!]

Adaptive resistance appears to be caused by
aminoglycoside-induced reversible down-regula-
tion of the second energy-dependent transport sys-
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Fig. 2. Adaptive resistance with gentamicin in a dynamic in vitro model of infection. (a) Control experiment; growth of Pseudomonas aeruginosa in the dynamic model and
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tem (EDPI1). Studieswith 14C-labelled gentamicin
have shown that during the period of adaptive re-
sistance the uptake process is turned off.[¥l This
down-regulation of the uptake can occur during
normal bacterial replication after exposure to an
aminoglycoside.[3 After bacteriawith adaptive re-
sistance are grown in drug-free nutrient media, to
allow resolution of the adaptive resistance, the
transport system operates normally again.

Adaptive resistance in P. aeruginosa coincides
with cytoplasmic membrane changes and appears to
be independent of changes in either lipopolysaccha-
ride or outer membrane protein.[4l In addition, many
characteristics of adaptively resistant P. aerugin-
osa are similar to those of the bacteriawhen cultured
in anaerobic conditions, including reduced ability
to accumulate aminoglycosidel?® and changes in
intracellular concentrations of some gene products.
It hasbeen shown that P. aeruginosa cultures adap-
tively resistant to gentamicin have higher mRNA
levels of both denA (nitrite reductase), which facil-
itatesterminal electron acceptancein the anaerobic
respiratory pathway, and its regulatory protein
ANR, in the absence of promoter DNA sequence
changes, when compared with controls.[28] These
observationssuggest that P. aeruginosa may regulate
the expression of genesin its anaerobic respiratory
pathway in response to aminoglycoside insult and
may explain, at least partially, the mechanism of P.
aeruginosa adaptive resistance to aminoglycos-
ides.

As the concentration of aminoglycoside sur-
rounding the bacteria decreases, these processes
appear to slowly reverse and bacterial susceptibil-
ity gradually returns. More precise knowledge of
the mechanism of adaptiveresistance may haveim-
portant clinical implications because it might be
possibleto block the process of adaptive resistance
and, therefore, potentially increase the effective-
ness of the aminoglycosides.

6. Conclusion

Induction of adaptiveresistance by aminoglyco-
sidesprovidesasatisfactory explanation for the ob-
servation that extended dose administration inter-
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val regimens seem to improve clinical efficacy.
The presence of this resistance may also help ex-
plain the failure of aminoglycosides when used as
monotherapy. Dose-interval extension allowstime
for adaptive resistance to resolve, at least partly,
before second and subsequent drug exposure.
Shorter dose intervals, as with conventional multi-
ple daily administration, are likely to result in re-
inforcement and persistence of adaptive resistance.
The time-course of adaptive resistance appears to
relate directly to the concentration-time profile of
the aminoglycoside. The concentration-time pro-
filein ‘deeper’ tissuesislikely to be different than
in plasma or in the dynamic in vitro model. Drug
half-lives in these tissues can be quite prolonged
and adaptive resistance induced at these sites may
last for even longer periods than observed in stud-
ies so far. This adds further strength to the argu-
ment for dose-interval extension. The optimal dose
interval for the aminoglycosidesis not known and
it may be even longer than 24 hours for some in-
fections, or in renal impairment in which the de-
clinein drug concentration is slower.
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