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Changes in bacterial ultrastructure after antibiotic exposure and during the postantibiotic effect (PAE) have
been demonstrated by electron microscopy (EM). However, EM is qualitative and subject to individual
interpretation. In contrast, flow cytometry gives qualitative and quantitative information. The sizes and nucleic
acid contents of Escherichia coli and Pseudomonas aeruginosa were studied during antimicrobial exposure as
well as during the PAE period by staining the organisms with propidium iodide and analyzing them with flow
cytometry and fluorescence microscopy. The effects of ampicillin, ceftriaxone, ciprofloxacin, gentamicin, and
rifampin were studied for E. coli, whereas for P. aeruginosa imipenem and ciprofloxacin were investigated. After
exposure of E. coli to ampicillin, ceftriaxone, and ciprofloxacin, filamentous organisms were observed by
fluorescence microscopy. These changes in morphology were reflected by increased forward light scatter (FSC)
and nucleic acid content as measured by flow cytometry. For the (-lactams the extent of filamentation
increased in a dose-dependent manner after drug removal, resulting in formation of distinct subpopulations
of bacteria. These changes peaked at 20 to 35 min, and bacteria returned to normal after 90 min after drug
removal. In contrast, the subpopulations induced by ciprofloxacin did not return to normal until >180 min
after the end of the classically defined PAE. Rifampin resulted in formation of small organisms with low FSC,
whereas no distinctive characteristics were noted after gentamicin exposure. For P. aeruginosa an identifiable
subpopulation of large globoid cells and increased nucleic acid content was detected after exposure to
imipenem. These changes persisted past the PAE, as defined by viability counting. Swollen organisms with
increased FSC were detected after ciprofloxacin exposure, even persisting during bacterial growth. In sum-
mary, for B-lactam antibiotics and ciprofloxacin, the PAE is characterized by dynamic formation of enlarged
cell populations of increased nucleic acid content, whereas rifampin induces a decrease in size and nucleic acid
content in the organisms. Flow cytometry is an ideal method for future studies of bacterial phenotypic

characteristics during the PAE.

The presence of a temporary inhibition of bacterial growth
after previous exposure to antimicrobials, or postantibiotic ef-
fect (PAE), was initially described in 1944 (4, 7), but interest in
this phenomenon was revitalized more than three decades

TABLE 1. MICs, multiples of MICs, and duration of PAEs for

organism-antibiotic combinations studied by flow cytometry

later (30). The clinical significance of a PAE has been attrib- Organism Antibiotic MIC ~ Multiple  PAE
uted to its impact on antimicrobial dosing, most markedly (hgml) of MIC ()
reflected in the increased use of once-daily aminoglycosides E. coli ATCC 25922 Ampicillin 2.0 2 -0.3
both in normal and in immunocompromised hosts (1, 2, 22, 24, 4 —0.4
31). However, despite its potential clinical significance, studies 8§ 03
on metabolic events during PAE are limited, and the mecha- .
nisms remain poorly understood (3, 9, 14-16, 35). It has been Ceftriaxone 0.03 i _83
hypothesized that multiple mechanisms may be involved, since M :0' 5
patterns of bacterial DNA synthesis and ultrastructure are ’
dependent on the organism-antibiotic combination studied Gentamicin 1.0 1 0.7
(14, 15). However, most studies on the mechanisms of PAE 2 0.6
only measure average values of antibacterial effects or PAEs
(3, 5,9, 14, 16, 17, 33, 35) in organisms which potentially Ciprofloxacin ~ 0.015 1 1.5
respond in a heterogeneous fashion to antimicrobial agents 2 2.7
(15, 27). Therefore, studies which quantitate the potential vari- . .
ability of bacterial populations after exposure to antibiotics are Rifampin 16 % (ng
warranted. Flow cytometry is an ideal methodology for study of )
this phenomenon, since it allows for rapid and sensitive de-
P. aeruginosa ATCC 27853 Imipenem 2.0 2 1.3
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FIG. 1. (A) A typical PAE experiment for E. coli ATCC 25922 after exposure to ceftriaxone or ciprofloxacin (each at a concentration equivalent to twice the MIC),
as determined by viability counting. As shown, no PAE was seen after ceftriaxone exposure, but ciprofloxacin induced a PAE of 1.9 h. The organisms were stained with
propidium iodide and examined by fluorescence microscopy. (B through D) Photomicrographs of untreated control organisms (B), ceftriaxone-exposed organisms 35
min after drug removal (C), and ciprofloxacin-exposed organisms 270 min after drug removal (D). Both antibiotics induced filamentation, but this morphological form
persisted past the classically defined PAE in organisms exposed to ciprofloxacin. Magnification, X880.

scription of physical and biochemical characteristics of individ-
ual bacteria or fungi, which already may be of value in antibi-
otic susceptibility testing (8, 11, 25, 26, 36, 38-41). Although
flow cytometry has been used to study several different organ-
isms during continuous exposure to antibiotics, studies on bac-
teria during the PAE using this technique are lacking. It is
therefore of interest to study whether specific physical or bio-
chemical characteristics and variability of bacterial populations
during PAE can be detected by flow cytometry. We used this
method to make serial measurements of sizes and nucleic acid
contents of Escherichia coli and Pseudomonas aeruginosa im-
mediately after antimicrobial exposure and during the PAE
after exposure to several commonly used antimicrobial agents.

MATERIALS AND METHODS

Organisms. E. coli ATCC 25922 and P. aeruginosa ATCC 27853 (American
Type Culture Collection, Rockville, Md.) were used in this study.

Antibiotics. Ampicillin was supplied by Astra (Sodertilje, Sweden), ceftriax-
one by F. Hoffmann-La Roche Ltd. (Basel, Switzerland), rifampin by Ciba-Geigy
(Basel, Switzerland), ciprofloxacin by Bayer AG (Leverkusen, Germany), genta-
micin by Roussel Laboratories Ltd. (Uxbridge, United Kingdom), imipenem by
Merck Sharp & Dohme International (Rahway, N.J.), and tobramycin by Eli
Lilly & Co. (Indianapolis, Ind.). Stock solutions were prepared in sterile saline,
except for imipenem and rifampin, for which phosphate-buffered saline and
methanol, respectively, were used, and solutions were stored at —20°C until use.
MICs were determined by a standard microtiter dilution method (32).

Chemicals and media. RPMI 1640 (with glutamine), Dulbecco’s minimal me-
dium (DMM), and Hanks’ balanced salt solution were purchased from Gibco
(Paisley, United Kingdom). Propidium iodide was from Sigma (St. Louis, Mo.),
and Mueller-Hinton agar was from Difco (Detroit, Mich.).

Organism-antibiotic combinations. Before each experiment, three to four
colonies of the test organism were transferred to 5 ml of DMM, diluted serially,
and grown overnight at 35.5°C to reach a logarithmic-growth phase. Subse-
quently, the culture was adjusted to an inoculum of ~107 CFU/ml by a 0.5
McFarland standard. The bacteria were exposed to the antibiotics for 1 h in
prewarmed RPMI 1640 at 37°C. The following combinations were used (con-
centrations are given in parentheses): E. coli and ampicillin (2, 4, or 8 times the
MIC), ceftriaxone (2, 4, or 8 times the MIC), gentamicin (equivalent to or twice
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FIG. 2. (Left panels) Dot plots of FSC peak height (shown as FSC-H),
indicative of size, and FL2 peak height (shown as FL2-H), indicative of double-
stranded nucleic acid content, for the untreated control organisms E. coli ATCC
25922 and P. aeruginosa ATCC 27853 in the logarithmic-growth phase. The gates
used are also shown (R1 for E. coli and R2 for P. aeruginosa). (Right panels)
Histograms for bacterial size (FSC-H), with three intervals, representing 2 SDs
(97.4th percentile), 2 to 4 SDs (97.4th to 99.2th percentile), and >4 SDs (>99.2th
percentile) of the control size distribution. These intervals were used for com-
parisons between controls and antibiotic-exposed organisms.

the MIC), ciprofloxacin (equivalent to or twice the MIC), or rifampin (equivalent
to or twice the MIC), and P. aeruginosa and imipenem (2, 4, or 8 times the MIC)
or ciprofloxacin (twice the MIC).

Drug removal. After 1 h of antibiotic exposure, the antibiotics were removed
by spinning the bacterial culture twice for 5 min at 1,500 X g in DMM. The
bacteria were subsequently resuspended in prewarmed RPMI 1640.

PAE. Viable counts were estimated immediately after drug removal and then
at 90-min intervals by serial dilution in ice-cold normal saline and plating on
Mueller-Hinton agar. The PAE was defined as previously described (7), as the
difference in time required for the exposed organisms and unexposed controls to
grow 1 log,, unit (in CFU per milliliter). A negative value therefore indicates a
growth rate faster than that of control organisms, whereas a positive value
indicates a delay in growth.

Fixation and staining for nucleic acids. Immediately after drug removal,
aliquots were taken from the bacterial culture at regular intervals (at 0, 20, 35, 50,
70, and 90 min, and at 90-min intervals thereafter) (14), fixed in formaldehyde
buffer (final concentration, 2%), and stored at 4°C. The samples were subse-
quently centrifuged at 1,500 X g for 12 min. The organisms in the pellet were
stained with propidium iodide (final concentration, 200 pg/ml) in 20% ethanol
for 4 h in the dark at 37°C. After staining, the organisms were washed twice in
Hanks’ balanced salt solution for 5 min, resuspended in normal saline, and
analyzed within 2 h.

Flow cytometry and microscopy. The samples were analyzed in a flow cytom-
eter (FACScan; Becton Dickinson, Sunnyvale, Calif.). Five thousand to 10,000
bacteria were analyzed at each time point with a blue argon laser (488-nm
wavelength at 500 mW). The instrument was set at 10-fold linear amplification of
narrow-angle forward light scatter (FSC) and at logarithmic amplification of
orange (or propidium iodide) fluorescence 2 (FL2). The threshold was adjusted
for particles smaller than bacteria. At each time point, the size and nucleic acid
content were measured (by FSC and FL2, respectively). Samples were also
examined with a fluorescence microscope (Leitz Laborlux D) at selected time
points and photographed (with a Nikon FX-35A camera with Kodak Ekta-
chrome 800 ASA film). Each experiment (organism-antibiotic combination) was
performed two to five times on separate days, and each combination was ana-
lyzed by flow cytometry.

BACTERIAL POPULATIONS DURING PAE 1007

Data analysis and statistics. Gating on particles that stained for double-
stranded nucleic acids (FL2) was performed with Cell Quest software (Becton
Dickinson) as shown in Fig. 2 (left panels). The gates were based on samples
from the control culture during the logarithmic-growth phase and adjusted so
that the lower limits in FSC were identical to the threshold to avoid the gating
out of small organisms. Three size intervals, based on the size distribution of
control organisms, were defined as within 2 standard deviations (SDs), between
2 and 4 SDs and >4 SDs, representing the 97.4th, 97.4th to 99.2th, and >99.2th
percentiles of the control size distribution, respectively (see Fig. 2, right panels).
Comparisons between control organisms and antibiotic-exposed bacteria were
based on these predetermined intervals. The Kolmogorov-Smirnov nonparamet-
ric test was used for statistical comparisons between control bacteria and organ-
isms in the PAE phase. The level of significance was set at a P value of P <0.01.

RESULTS

PAE. The organism-antimicrobial combinations, with their
respective MICs and PAEs, are shown in Table 1. Growth
curves from typical PAE experiments with ceftriaxone and
ciprofloxacin (each at a concentration equivalent to twice the
MIC) against E. coli are shown in Fig. 1A.

Fluorescence microscopy. Examples of bacterial morphology
as seen through the fluorescence microscope are shown in Fig.
1B through D. Normal-appearing rods are shown in Fig. 1B.
The PAE phase was characterized by filament formation after
exposure to ceftriaxone and ciprofloxacin. The filaments seen
35 min after ceftriaxone exposure (Fig. 1C) reverted to normal
morphology within 90 min, whereas the changes induced by
ciprofloxacin, seen 270 min after exposure (Fig. 1D), persisted
past resumption of regrowth.

Flow cytometry. Typical scattergrams showing FSC and FL2
for the untreated control organisms E. coli and P. aeruginosa
are shown in Fig. 2 (left panels). FSC is an indicator of size,
whereas FL2 represents double-stranded nucleic acid (DNA
and RNA) content. As shown, viable organisms in the loga-
rithmic-growth phase had fairly uniform normally distributed
size characteristics and nucleic acid contents. Debris outside
R1 and R2 was gated out. Three size intervals were defined
based on the sizes of the control organisms in the logarithmic-
growth phase; these represent the 97.4th, 97.4th to 99.2th, and
>99.2th percentile of the control size distribution (Fig. 2, right
panels).

Effects of antibiotics. Five antibiotics with different mecha-
nisms of action were tested against E. coli, and the sizes and
nucleic acid contents of the organisms were compared to the
control distribution. The B-lactams ampicillin and ceftriaxone
do not induce a PAE in E. coli, as determined by viability
counting (Table 1). Still, a profound effect on bacterial size and
nucleic acid content was observed after exposure to these an-
tibiotics. An example of the effects induced by ampicillin is
given in Fig. 3 (upper panels). As shown, the bacterial popu-
lation was characterized by enlarged organisms which contin-
ued to increase in size even after drug removal. At 20 to 35 min
after drug removal, two populations of bacteria were identi-
fied, with large bacteria dominating the culture (Fig. 3, upper
left panel), as distinct from the control (P < 0.001). Parallel to
the increase in bacterial size, an increase in nucleic acid con-
tent occurred (Fig. 3, upper middle panel). Thus, after 35 min,
less than 10% of the bacterial population was within 2 SDs of
the size of the control population; the remainder showed in-
creased size and increased nucleic acid staining. These changes
are summarized in Fig. 3 (upper right graph); rapid conver-
gence towards normal bacterial characteristics was observed
during the initial 90 min of the experiment. Similar changes
were noted after ceftriaxone exposure (data not shown). For
the B-lactams, the extent of the changes in FSC and FL2 was
not dependent on the multiple of the MIC tested.

The PAE phase after rifampin exposure (Fig. 3, lower pan-
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FIG. 3. Histograms showing a comparison of the size distribution (FSC-H) (left panels) and nucleic acid content (FL2-H) (middle panels) of E. coli during the PAE
after exposure to ampicillin at a concentration equivalent to twice the MIC at 35 min after drug removal and after exposure to rifampin at a concentration equivalent
to the MIC (lower panels) at 90 min after drug removal. Dotted-and-dashed lines, control organisms; solid lines, organisms previously exposed to the antibiotics. (Upper
right graph) Progressive changes in size, compared to sizes of control organisms, as a function of time after previous exposure to ampicillin. (Lower right graph)
Summary of the minimal changes in size that were noted after previous exposure to rifampin. The sizes of the antibiotic-treated organisms were compared to three size
intervals derived from the control, which are described in text and shown in Fig. 2. Open circles, bacteria in the PAE phase which were within 2 SDs of control size;
solid squares, bacteria within 2 to 4 SDs; open squares, organisms >4 SDs from the control distribution.

els) was characterized by a fairly uniform population of small
organisms (lower left panel) with low nucleic acid content
(lower middle panel). These growth-suppressed organisms
were significantly smaller than control bacteria (P < 0.001). As
with ciprofloxacin, these changes outlasted the PAE, as deter-
mined by viability counting (270 versus 90 min), and were
followed by reversal to normal characteristics during late re-
growth.

Filamentation was also observed after ciprofloxacin expo-
sure (Fig. 1D). However, in contrast to results with the B-lac-
tams, this morphological alteration did not appear until after
drug removal but continued to increase in an apparently dose-
dependent manner. An example of these effects, observed 270
min after drug removal, is shown in Fig. 4 (left panels). The
sizes of the antibiotic-exposed organisms were clearly different
from those of the control population (P < 0.001). In parallel,
an increase in nucleic acid content was also seen (Fig. 4, middle
panels). The subpopulation of filaments continued to increase
for 180 to 360 min after drug removal (Fig. 4, right panels),
thus outlasting the classically defined PAE. Similarly, the in-
creased nucleic acid content was still noted at the end of the
experiment (data not shown).

Gentamicin did not induce any measurable change in bac-
terial characteristics during PAE (data not shown).

For P. aeruginosa, two antibiotics with different mechanisms
of action were tested. Two distinct subpopulations of bacteria
were identified during PAE after exposure to imipenem, a

B-lactam well known to induce PAE: small organisms and
globoid cells of increased size (significantly different from the
control; P < 0.001). In contrast to results seen with the E.
coli-B-lactam combinations, the large globoid cells persisted
for >180 min (Fig. 5, upper left panel). A corresponding in-
crease in nucleic acid content was also seen (Fig. 5, upper
middle panel). The subpopulation of globoid organisms per-
sisted past the classically defined PAE (>180 versus 85 min)
(Fig. 5, upper right panel).

Ciprofloxacin produced changes in P. aeruginosa which were
characterized by organism swelling (increased diameter and
similar length) (Fig. 5, lower left panel) and marginally but
consistently increased nucleic acid content (Fig. 5, lower mid-
dle panel), but filamentation was not observed at the concen-
trations tested.

DISCUSSION

In this study we analyzed bacterial characteristics during the
PAE by flow cytometry. This method has previously been well
described for measurements of antibiotic susceptibility in bac-
teria and fungi (11, 13, 26, 28, 35, 36, 39-41). It is also ideal for
studies on physical and chemical characteristics of bacteria,
since it allows for rapid analysis of a large number of individual
organisms with high accuracy (8). By performing our sampling
at short time intervals, we were able to demonstrate dynamic
changes in the organisms after removal of the antibiotics.
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FIG. 4. Histograms showing a comparison of the size distributions (FSC-H; left panels) and nucleic acid contents (FL2-H; middle panels) of E. coli during the PAE
after exposure to ciprofloxacin at a concentration equivalent to the MIC and at a concentration equivalent to twice the MIC at 270 min after drug removal.
Dotted-and-dashed lines, control organisms; solid lines, bacteria previously exposed to ciprofloxacin. Graphs (right panels) show progressive changes in size compared
to sizes of controls. The sizes of antibiotic-treated organisms were compared to three control size intervals described in the text and shown in Fig. 2. Open circles,
bacteria within 2 SDs of control size; solid squares, bacteria within 2 to 4 SDs; open squares, organisms >4 SDs from the control distribution.

We studied the effects of five different antibiotics on flow-
cytometric findings for E. coli during PAE: ampicillin, ceftri-
axone, ciprofloxacin, rifampin, and gentamicin. Of interest, the
B-lactams ampicillin and ceftriaxone, which do not induce a
PAE in this species as defined by viability counting, induced
progressive bacterial elongation for 20 to 35 min after removal
of the antibiotics. This observation was confirmed by fluores-
cence microscopy (Fig. 1C). It has previously been shown that
at low concentrations, ampicillin binds preferentially to peni-
cillin binding protein-3 (PBP-3), causing filament formation
(37). Our results thus suggest that the period immediately
following drug removal may be characterized by persistent
inhibition of PBP-3. Therefore, although it has been claimed
that B-lactams do not induce a PAE in gram-negative bacteria
(7), with the exception of imipenem (6, 18, 19, 34), this obser-
vation suggests persistent intracellular antimicrobial action.
Similarly, it has been shown that the PAE in streptococci after
penicillin exposure can be induced by inhibition of PBP activity
(42).

Rifampin, an inhibitor of DNA-dependent RNA polymer-
ase, caused a uniform and consistent decrease in bacterial size
and nucleic acid content which persisted past the duration of
the PAE, as determined by viability counting. This antibiotic
has previously been shown to result in a profound metabolic
suppression in bacteria during the PAE (14). Our current re-
sults do not explain why this abnormal morphology was so
prevalent in bacteria during the PAE after rifampin exposure.
Persistence of the antibiotic, with inhibition in RNA transcrip-
tion and a subsequent block in protein translation and growth
arrest, could potentially account for the presence of these
small bacteria. In contrast to the other antimicrobials tested,

gentamicin did not induce any discernible changes in bacterial
characteristics, as measured by our methodology.
Ciprofloxacin, a quinolone antimicrobial agent which inhib-
its DNA gyrase and blocks DNA replication, has been well
documented to cause filamentation in E. coli (10, 27). In con-
trast to the relatively short-lived effects of the B-lactams, the
effects seen after ciprofloxacin exposure were characterized by
a progressive increase in filament formation, lasting past the
classically defined PAE (Fig. 4). In fact, at 6 h after drug
removal, close to half the bacterial population previously ex-
posed to a concentration of the drug equivalent to twice the
MIC was still exhibiting filamentation. These results are in
accordance with those of Lorian et al., who observed discrep-
ancy between the PAE as defined by viability counting and the
PAE as defined by morphology (27). Due to the progressive
increase in filamentation after drug removal, these observa-
tions suggest that the aberrant morphology may be a result of
persistent intracellular antimicrobial action. We have previ-
ously shown that the PAE phase after ciprofloxacin exposure is
characterized by a progressive increase in DNA synthesis (14),
which could be due to an increase in DNA repair as a result of
persistent antimicrobial action during the PAE. Alternatively,
the increase in DNA could be due to continued attempts at
DNA replication, since DNA polymerase activity is not ham-
pered, but this replication is abortive because the circular
DNA can not be separated as a result of gyrase inhibition.
We studied the effects of two antibiotics, imipenem and
ciprofloxacin, on PAE in P. aeruginosa. Imipenem primarily
inhibits PBP-2 (21). It has previously been shown that this
interaction results in the formation of ovoid or globoid cells
(15, 20, 37). Imipenem is unique among B-lactams for its ability
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FIG. 5. Histograms showing the size distributions (FSC-H; left panels) and nucleic acid contents (FL2-H; middle panels) of P. aeruginosa during the PAE after
exposure to imipenem at a concentration equivalent to twice the MIC and to ciprofloxacin at a concentration equivalent to the MIC at 180 and 70 min after drug
removal, respectively. Dotted-and-dashed lines, control organisms; solid lines, antibiotic-exposed organisms. The graphs (right panels) show progressive changes in size
compared to sizes of controls. The sizes of antibiotic-treated organisms were compared to three control size intervals described in text and shown in Fig. 2. Open circles,
bacteria within 2 SDs of control size; solid squares, bacteria within 2 to 4 SDs; open squares, organisms >4 SDs from the control distribution.

to induce a PAE in gram-negative bacteria (6, 18, 19, 34). We
were able to demonstrate a progressive increase in formation
of a subpopulation of globoid cells which persisted past the
classically defined PAE. Competitive inhibition of the D2
porin, which facilitates the uptake of basic amino acids and
imipenem through the outer membrane (23), has been shown
to reduce the duration of PAE after imipenem exposure in P.
aeruginosa (5), suggesting that adequate uptake and PBP-2
binding may be prerequisite for PAE induction. Our observa-
tions thus suggest that intracellular persistence of this antibi-
otic could account for its PAE.

At the concentrations tested, ciprofloxacin did not induce
filamentation in P. aeruginosa. The size was slightly increased,
however, probably as a result of bacterial swelling that has
been described previously (15). Similarly, a small but consis-
tent parallel increase in nucleic acid content, which has previ-
ously been reported from a study using another methodology
(14), was also observed.

In summary, PAE measured by viability counts represents
only a mean of the alterations observed for different popula-
tions of bacteria. We have shown that the PAE is characterized
by formation of bacterial subpopulations of remarkable heter-
ogeneity. Formation of these populations is a dynamic process
and can be quantitated by flow cytometry. In some cases, as for
B-lactams, the morphological changes induced by continuous
exposure to the antibiotics continue to increase for a variable
amount of time, whereas ciprofloxacin induces a progressive
increase in filamentation which lasts past the classically defined

PAE. Future studies could further identify other changes, such
as those that measure membrane potential, respiratory activity
(29), or lipopolysaccharide surface antigen expression (12).
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