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Abstract. We have developed and applied single live cell imaging for
real-time monitoring of resistance kinetics of Pseudomonas aerugi-
nosa. Real-time images of live cells in the presence of a particular
substrate (EtBr) provided the first direct insights of resistance mecha-
nism with both spatial and temporal information and showed that the
substrate appeared to be accumulated in cytoplasmic space, but not
periplasmic space. Three mutants of P. aeruginosa, PAO4290 (a wild-
type expression level of MexAB-OprM), TNP030#1 (nalB-1, MexAB-
OprM over expression mutant), and TNP076 (DABM, MexAB-OprM
deficient mutant), were used to investigate the roles of these three
membrane proteins (MexAB-OprM) in the resistance mechanism.
Ethidium bromide (EtBr) was chosen as a fluorescence probe for spec-
troscopic measurement of bulk cell solution and single cell imaging of
bulk cells. Bulk measurement indicated, among three mutants, that
nalB-1 accumulated the least EtBr and showed the highest resistance
to EtBr, whereas DABM accumulated the most EtBr and showed the
lowest resistance to EtBr. This result demonstrated the MexAB-OprM
proteins played the roles in resistance mechanism by extruding EtBr
out of cells. Unlike the bulk measurement, imaging and analysis of
bulk cells at single cell resolution demonstrated individual cell had its
distinguished resistance kinetics and offered the direct observation of
the regulation of influx and efflux of EtBr with both spatial and tem-
poral resolution. Unlike fluorescent staining assays, live cell imaging
provided the real-time kinetic information of transformation of mem-
brane permeability and efflux pump machinery of three mutants. This
research constitutes the first direct imaging of resistance mechanism
of live bacterial cells at single cell resolution and opens up the new
possibility of advancing the understanding of bacteria resistance
mechanism. © 2002 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1506707]
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1 Introduction
Many living organisms such as bacteria, yeasts, molds, tu
mors, and viruses are equipped with xenobiotic efflux pumps
that protect the cells from hazardous and noxious
compounds.1–3 Pseudomonas aeruginosais renowned for its
intrinsic resistance to a wide spectrum of substrates~e.g., de-
tergent, dyes, antibiotics, etc.! and is a ubiquitous Gram-
negative bacterium.P. aeruginosahas emerged to be the ma-
jor opportunistic human pathogen and the leading cause o
nosocomial infections in cancer, transplantation, burn, and
cystic fibrosis patients. These infections are impossible to
eradicate in part because of their intrinsic resistance to th
wide spectra of structurally and functionally unrelated
antibiotics.3,4 Recent studies have described the interplay be
tween the MexAB-OprM efflux system and the outer mem-
brane barrier in multi-drug resistance and suggested that a
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effective approach for overcoming the resistance would
clude the combination of inhibition of the antibiotic efflu
pump and enhancement of permeability of the ou
membrane.5–11 Several efflux systems including MexAB
OprM, MexCD-OprJ, MexEF-OprN, and MexXY-OprM
have been reported inP. aeruginosa.4,5 The MexAB-OprM
pump is the major efflux pump in wild-type~WT! cells. This
pump consists of two inner membrane proteins~MexA and
MexB! and one outer membrane protein~OprM!.4,5 The
MexB protein consists of 1046 amino acid residues and
assumed to extrude the xenobiotics utilizing the proton mot
force as the energy source.6,7 Studies show that it seems mo
likely that the inner membrane subunits specify the substra
to be transported.8,9 Several models have been proposed in
attempt to describe the possible mechanism of the pump
how membrane pump proteins~e.g., MexAB-OprM! recog-
nize the specific substrates and transport these substrate
of cells.8–13
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Single Live Cell Imaging for Real-Time Monitoring . . .
The primary methods for the study of bacteria resistance
mechanisms are by measuring the accumulation of quinolon
antibiotics in bacteria using radioactively labeled(14C and
3H) quinolones or the natural fluorescence of quinolones fo
detection. A review article of these methods has been
published.14 Given that a common characteristic of multi-
antibiotic resistance of mutants inPseudomonas aeruginosais
their broad resistance to quinolones, a popular method fo
assessing multi-antibiotic resistance is based on determinatio
of the time course of quinolone accumulation in the cell using
fluorescence spectroscopy.14–16 Fluorescent quinolones are
particularly suitable to be used as probes for these exper
ments because these probes emit weak fluorescence in aqu
ous solution~outside cells! and become strongly fluorescence
in nonpolar and hydrophobic environments~inside cells!.
Time-course fluorescence spectroscopy has been used as o
popular tool for real-time monitoring of the substrates accu-
mulated by bulk bacterial cells. The bulk measurement repre
sents the average behavior of a massive number of cells. It
impossible to use such an average measurement to follow th
real-time mechanism of the influx and efflux kinetics because
each cell and each extrusion system has its independent kine
ics. Furthermore, these techniques are unable to offer the sp
tial information needed for real-time monitoring of the loca-
tion of substrates. Recently, the staining assays have bee
used to study the multi-drug resistance mechanism in eukary
otic cells17,18 using fluorescence probes and microscopy. Un-
fortunately, these techniques are quite often applied with ce
fixation and using high concentration of fluorescence dyes
that lead to cell death. As a result, the fluorescent stainin
assays for dead-cell imaging are unable to offer the real-tim
temporal information. Because the current techniques canno
provide the real-time spatial and temporal information of in-
trinsic resistance of the bacteria at single cell resolution, de
spite extensive research over decades, the mechanism a
structure of the intrinsic resistance of bacterial cells remain
incompletely understood and many questions remain
unanswered.3,8–13For example, how do the cells sense such a
wide range of diverse substrates? How do these membran
protein molecules assemble and recognize these diverse su
strates and extrude them selectively out of cells? Do uniden
tified extrusion pump proteins exist? How rapidly do the sub-
strates diffuse into cells? How quickly does the pump
recognize the substrates and extrude them out of the cells? D
substrates stay temporarily or store permanently in the per
plasmic space where the membrane pumps are located? A
the influx and efflux kinetics regulated? Does a degradative
drug resistance mechanism exist?19 These are the key ques-
tions to be addressed in order to fully understand the mecha
nism of intrinsic multi-drug resistance and design more effi-
cacious drugs to treat infection.

To address some of these problems, one must develop
new tool that can provide both temporal and spatial informa
tion for real-time monitoring of resistance mechanism of
single live bacterial cells. The challenges of such a study in
clude:~i! how to overcome the rapid motion of bacterial cells
(230.530.5mm! in solution so that the cells can be confined
in solution and continuously monitored for hours while still
alive; ~ii ! how to simultaneously monitor a group of cells at
single cell resolution that can offer statistical information of
bulk cells at single cell resolution;~iii ! how to develop a
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sensitive detection means that allows the low concentratio
fluorescence probes to be used for live cell imaging. We
port here that we have overcome these challenges and
developed and applied a microchannel system that was ab
confine live bacterial cells in solution with no need to imm
bilize cells. We were able to simultaneously image bulk li
cells at single cell resolution using both dark-field optical a
fluorescence microscopy equipped with a charge coupled
vice ~CCD! camera. The CCD detector consists of an array
photodiodes~pixels! and this feature makes it possible fo
real-time monitoring of many single live cells simultaneous
Furthermore, the CCD detector is able to quantitatively m
sure the fluorescence intensity of fluorescence probes at
concentration, far below the minimum inhibitory concentr
tion ~MIC!, and hence it is able to provide real-time tempo
and spatial information of fluorescent substrates accumula
by live bacterial cells.

We used ethidium bromide~EtBr! as a fluorescent probe t
study the resistance mechanism ofP. aeruginosausing our
real-time live cell fluorescence microscopy. EtBr is one of t
common fluorescence probes used in previous studies14–16

and it is especially suitable for this experiment because E
emits weaker fluorescence emission in aqueous environm
and becomes strongly fluorescent in nonpolar or hydropho
environments. The quantum yield of EtBr intercalated w
DNA is about ten times higher than that of EtBr in buffe
solution.20 EtBr enters the live bacterial cells through passi
diffusion and is extruded out of the cell via active efflu
pump.15 In addition, the MIC of EtBr for mutants ofP. aerugi-
nosa is higher than 1 mM.15,21 We used the MexAB-OprM
efflux pump as a working model and investigated the roles
these membrane proteins on extrusion systems by real-
monitoring of EtBr accumulation kinetics of mutants of ove
expression or deletion of these subunits. This work dem
strates the possibility of real-time monitoring of resistan
mechanisms of single live bacterial cells with temporal a
spatial information and may advance the understanding of
flux pump mechanism.

2 Materials and Methods
2.1 Chemicals and Supplies
The EtBr solution was prepared in ultrapure water~Nanopore,
18 MV, sterilized! and triple filtered using 0.2mm sterilized
membrane filters~Costar! before EtBr solution was incubate
with cells. Quartz slides(25375 mm!, coverslips(22330
30.08mm!, Nuclepore membrane~25 mm in diameter with 6
mm thickness! were purchased from VWR, Edmund Scientifi
and Corning Corporation, respectively. The 50 mM phosph
buffer saline~PBS! buffer solution containing 150 mM NaC
pH57.0 was prepared using ultrapure water~Nanopore, 18
MV, sterilized!. All chemicals, EtBr,Na3PO4 , Na2HPO4 ,
NaH2PO4 , and NaCl, were purchased from Sigma and us
without further purification or treatment.

2.2 Cell Culture and Preparation
P. aeruginosacell lines,9,16 PAO4290~a wild-type expression
level of MaxAB-OprM!, TNP076 ~DABM, MexAB-OprM
deficient mutant!, and TNP030#1~nalB-1, MexAB-OprM
over expression mutant!, were used. Cells were grown i
L-broth medium containing 1% tryptone, 0.5% yeast extra
Journal of Biomedical Optics d October 2002 d Vol. 7 No. 4 577
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Fig. 1 Determination of EtBr accumulation kinetics in intact cells of P.
aeruginosa: a time-course of fluorescence intensity of EtBr at 590
610 nm (a) in the PBS buffer and in the presence of intact cells of P.
aeruginosa, (b) nalB-1, (c) WT and (d) DABM, acquired directly from a
3.0 mL cell solution containing 10 mM EtBr by a fluorescence spec-
trometer using a time-drive mode with a 3 s data acquisition interval
and 488 nm excitation. The 3.0 mL cell solution containing 10 mM
EtBr was prepared as described in the text. Fluorescence spectra of
EtBr showed that the emission peak at 590610 nm remained almost
unchanged during the entire incubation time.
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and 0.5% NaCl atpH 7.2 while rotating at 230 rpm and 37 °C.
Cells were first pre-cultured to ensure a full growth and then
cultured for an additional 8 h. Cells were harvested by cen
trifugation at 7500 rpm and 23 °C for 10 min, washed three
times with 50 mM phosphate bufferpH57.0 and then sus-
pended again in the same buffer to have the cell concentratio
atA600 nm50.1.The cell solution containing 10mM EtBr was
prepared by mixing 2703mL of the cell solution atA600 nm
50.1 with 187 mL ultrapure water and 110mL of 274 mM
EtBr while a timer was started simultaneously to record the
incubation time.

2.3 Fluorescence Spectroscopic Measurement of
Fluorescence Intensity of Bulk Cells in EtBr
Solution
The time course of fluorescence intensity of EtBr at 590610
nm from 3.0 mL cell solution containing 10mM EtBr was
directly recorded by a fluorescence spectrometer~Perkin-
Elmer LS50B! with a time-drive mode at a 3 sdata acquisi-
tion interval and 488 nm excitation~Figure 1!. Fluorescence
intensity of 10mM EtBr in each type of cell solution and
buffer was recorded in the same day. The experiment wa
repeated at least three times using fresh cell solutions in othe
days. The 3.0 mL cell solution containing 10mM EtBr was
prepared as described above.

2.4 Dark-field optical and epi-fluorescence
microscopy for single live cell imaging
The dark-field optical and epi-fluorescence microscope wa
equipped with an oil dark-field condenser~oil 1.43–1.20, Ni-
kon!, a 100x objective~Nikon Plan fluor 100x oil, iris, SL.
NA 0.5–1.3, W.D. 0.20 mm!, a microscope illuminator~Halo-
gen lamp, 100 W! for dark-field optical imaging, a super high-
pressure mercury lamp~Nikon! for fluorescence imaging, a
CCD camera ~Micromax, 5 MHz Interline, PID 1030
31300, Roper Scientific! for high-resolution cell imaging,
578 Journal of Biomedical Optics d October 2002 d Vol. 7 No. 4
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and a color digital camera~Coolpix 990, Nikon! for real-color
imaging. Both cameras were added to the microscope thro
a quad adapter~Nikon! for real-time imaging. Each pixel o
the CCD represents a square with 0.067mm edges, as cali-
brated by the microscope stage micrometer~0.1 mm per 50
division movements! via the 1003 objective. The epi-
fluorescence configuration was applied for real-time fluor
cence imaging with a filter cube including a bandpass exc
tion filter ~488 6 10 nm, Coherent!, bandpass emission filte
~600 6 30 nm, Coherent!, and a dichroic mirror~565 nm,
Chroma Tech!. The 20mL of the cell solution containing 10
mM EtBr was added into a 6mm thickness microchannel an
directly imaged using a CCD camera and color digital cam
through dark-field optical and epi-fluorescence microsco
The 6 mm thickness microchannel was constructed by sa
wiching the cell solution between a quartz microscope sl
~VWR, 1 mm thickness! and a cover slip~0.08 mm thickness!
with Nuclepore membrane~Corning! as a spacer~;6 mm!
and then sealing the slide and the cover slip with glue~Deco
Cement!. The microscope slides and cover slips were clea
by methanol and dried with nitrogen.

3 Imaging Data Analysis and Statistics
The full-frame CCD image~Figure 2! was able to simulta-
neously monitor;60 cells from the cell solution(A600 nm
50.1) in the microchannel. We monitored optical and flu
rescence intensity of these cells at single cell resolution
acquiring time-course sequence images for 2 h~Figures 3–5!
using dark-field optical and epi-fluorescence microsco
Each experiment was repeated at least three times and to
;200 cells of each strain ofP. aeruginosawere studied and
analyzed using both Winview~Roper Scientific! and Meta-
Morph software~Universal Imagine! that allowed quantitative
analysis of analog and digital counts~ADC! of each pixel.
The ADC can be converted to photoelectron count~103 for
our CCD camera! that represents the digitized electrons acc
mulated in each pixel and hence reflects the photons colle
by the pixel during the CCD camera exposure. Hence ADC
an arbitrary unit for the relative quantitative measurement
intensity of specimen imaged by the CCD camera. Each
quence of images in Figures 3–5 was presented using
same scale of ADC and hence the intensity variation in e
sequence of images was directly visualized. We selected
representative cell from each strain and presented that
quence of images to illustrate the spatial and temporal in
mation of accumulation kinetics~Figures 3–5!.

Plots of fluorescence intensity of single cells versus ti
were analyzed using MetaMorph software~Universal Imag-
ine!. We selected an area(60360 pixel! that contained an
individual cell and an equal sized pixel area that contained
cells ~solution! in the same frame as shown in Figure 2~B!.
We then analyzed the integrated fluorescence intensity of e
area and subtracted the integrated intensity of area wher
cell was present~EtBr in solution! from that of cell. This
subtracted integrated fluorescence intensity of an individ
cell was then normalized with the maximum fluorescence
tensity of that cell in the entire incubation time. Plots of th
normalized subtracted fluorescence intensity of representa
single cells versus time were used to monitor the accum
tion kinetics of single live cells in real time. We selected thr



Single Live Cell Imaging for Real-Time Monitoring . . .
Fig. 2 Representative full frame dark-field optical and fluorescence images showing real-time monitoring of many single cells simultaneously: (A)
Representative real-time dark-field optical images of live WT cells, Pseudomonas aeruginosa, incubated with 10 mM EtBr in the microchannel and
directly recorded by a CCD camera through the dark-field optical microscope. The intensity scale of the image is 428–1200 analog and digital
counts (ADC). The ADC can be converted to photoelectron count (103 for our CCD camera) and represents the photons collected by each pixel
of CCD. Hence ADC can be used as a unit for the relative quantitative measurement of intensity of specimen imaged by CCD camera. Represen-
tative real-time fluorescence images of live WT cells, P. aeruginosa, directly recorded by (B) the CCD camera and (see color on page 583) (C) color
digital camera using the epi-fluorescence microscopy with a fluorescence filter cube including a band-pass excitation filter (488610 nm, Coher-
ent), a bandpass emission filter (600630 nm, Coherent), and a dichroic mirror (565 nm, Chroma Tech). The intensity scale in (B) is 118–170 ADC.
Representative contour plots of (D) dark-field optical and (E) fluorescence intensity of a single cell selected from the image (solid-line square) in
(A–B). The x axis and y axis represent the CCD pixel array where the cell was located. Each pixel represents 0.067 mm. The z axis represents
intensity with the ADC unit. In the dark-field optical image, the periplasmic space appeared brighter than the cytoplasmic space. In the fluores-
cence image, the periplasmic space appeared as dim as background (EtBr in buffer solution) and the cytoplasmic space was much brighter than the
periplasmic space showing that EtBr was accumulated in the cytoplasmic space. Images in (A)–(C) were acquired from the same cell solution almost
simultaneously. The cell solution containing 10 mM EtBr was prepared by mixing 2703 mL of the cell solution (A600 nm50.1) with 187 mL ultrapure
water and 110 mL of 274 mM EtBr. A timer was started simultaneously to record the incubation time. The 20 mL of this cell solution containing 10
mM EtBr was added into the microchannel and directly imaged using dark-field optical and epi-fluorescence microscopy.
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representative plots of the cells showing representative accu
mulation kinetics to illustrate distinct accumulation kinetic
profiles of individual cells@Figures 3~D!, 4~D!, and 5~D!#.

4 Results and Discussion
The time courses of fluorescence intensity of 10mM EtBr in
the cell solutions of WT, nalB-1 andDABM in Figure 1 were
measured using a fluorescence spectrometer. The resu
-

lt

clearly showed that fluorescence intensity ofDABM ~mutant
with deficient pump! increased slowly prior to;1000 s and
then increased most rapidly showing the highest intensity
ter 1000 s, whereas that of nalB-1~mutant with over-
expression pump! increased least rapidly and showed the lo
est intensity in 2 h incubation. Fluorescence spectra of Et
showed that the peak emission at590610 nm remained al-
most unchanged during the entire incubation time. This de
Journal of Biomedical Optics d October 2002 d Vol. 7 No. 4 579



Kyriacou et al.
Fig. 3 Representative time-sequence dark-field optical and fluorescence images and intensity of single WT cells, selected from 60 cells in the same
images similar to the one in Figure 2 showing both temporal and spatial information of EtBr accumulation kinetics in live WT cells: Representative
snapshots of one of the single cells (WT): real-time (A) dark-field optical images and (B) fluorescence images recorded by CCD camera, and (see
color on page 583) (C) real-color fluorescence images recorded almost simultaneously by a digital color camera, for ;2 h through the dark-field
optical and epi-fluorescence microscope. The 60 cells in each sequence image, similar to the one in Figure 2(A), were analyzed. The single cell
was selected from these 60 cells as a representative example. The intensity scale is 428–1200 ADC for all sequence images in (A) and 118–170
ADC for all sequence images in (B). (D) Plots of normalized subtracted integrated fluorescence intensity of single WT cells vs time. The cells were
similar to the one shown in (A) and selected from the images including 60 cells, similar to one in Figure 2(B). The subtracted integrated fluorescence
intensity was obtained by subtracting the integrated fluorescence intensity of the pixel area [dashed-line square area in Figure 2(B)] where no cell
was present (EtBr in solution) from the same size of pixel area, in the same image, where the cell was present (EtBr in the cell). This subtraction was
used to overcome possible the dark noise of the CCD camera or photodecomposition of EtBr and to ensure that the fluorescence intensity reflects
the amount of EtBr accumulated by the cell. Fluorescence was not observed from the cells in the absence of EtBr. The subtracted integrated
fluorescence intensity of the cell was normalized with the maximum intensity of that cell in 2 h incubation time. The cell solution containing 10
mM EtBr was prepared as described in Figure 2.
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onstrated the fluorescence intensity at590610 nm was suit-
able to be used to follow EtBr accumulation kinetics in the
live cells. Fluorescence intensity of EtBr in the buffer solution
remained almost constant for 2 h demonstrating the photosta-
bility of EtBr in 2 h incubation. EtBr emits a weak fluores-
cence in aqueous solution~outside of the cells! whereas it
emits a strong fluorescence in hydrophobic environment
580 Journal of Biomedical Optics d October 2002 d Vol. 7 No. 4
~e.g., intercalation with DNA!. Such changes in fluorescenc
intensity by EtBr indicated accumulation of EtBr in inta
cells. Thus, the result in Figure 1 demonstrates that, am
three mutants,DABM accumulated EtBr most rapidly
whereas nalB-1 accumulated EtBr most slowly. Two muta
were constructed from the same strain ofP. aeruginosa,
PAO4290 ~a wild-type expression level of MaxAB-OprM!.



Single Live Cell Imaging for Real-Time Monitoring . . .
Fig. 4 Representative time-sequence dark-field optical and fluorescence images and intensity of single nalB-1 cells, selected from 60 cells in the
same images similar to the one in Figure 2 showing both temporal and spatial information of EtBr accumulation kinetics in live nalB-1 cells:
Representative snapshots of one of the single cells (nalB-1): real-time (A) dark-field optical images and (B) fluorescence images recorded by CCD
camera, and (see color on page 583) (C) real-color fluorescence images recorded almost simultaneously by a digital color camera, for ;2 h through
the dark-field optical and epi-fluorescence microscope. The 60 cells in each sequence image, similar to the one in Figure 2(A), were analyzed. The
single cell was selected from these 60 cells as a representative example. The intensity scale is 300–980 ADC for all sequence images in (A) and
118–170 ADC for all sequence images in (B). (D) Plots of normalized subtracted integrated fluorescence intensity of single nalB-1 cells versus time
demonstrating individual cell showed a differentiated intensity profile that is distinguished from WT and bulk analysis of nalB-1 in Figure 1. The
normalized subtracted integrated fluorescence intensity was calculated as described in Figure 3(D). The cells were similar to the one shown in (A)
and selected from the sequence images, each including 60 cells. The cell solution containing 10 mM EtBr was prepared as described in Figure 2.
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The only distinct feature between them is the expression leve
of MexAB-OprM.22 Since mutants are differentiated only by
the expression level of MexAB-OprM pump proteins, the dis-
tinct accumulation kinetic profiles of mutants are most likely
attributed to the extrusion kinetics. Therefore, this approach
of monitoring of the accumulation of substrates in intact cells
using time-course fluorescence intensity of substrates ha
been widely used as a successful tool to monitor the efflux
kinetics of intact cells in real time.14–16 This approach offers
the average accumulated kinetic information from a huge
population of cells and hence it is most likely that the true
l

s

accumulation kinetic information of single cells was buried
such an ensemble average measurement because the
vidual cell acts independently and it is very unlikely that ea
cell had the synchronized accumulation kinetics. Furthermo
this approach is unable to provide spatial information ab
where substrates are accumulated in intact cells and hence
unable to address several main questions about the loca
and mechanism of extrusion kinetics.

To visualize the location of EtBr inside live cells and a
dress whether EtBr stays on the cellular membrane be
being extruded out of cells, we directly imaged the accum
Journal of Biomedical Optics d October 2002 d Vol. 7 No. 4 581
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Fig. 5 Representative time-sequence dark-field optical and fluorescence images and intensity of single DABM cells, selected from 60 cells in the
same images similar to the one in Figure 2 showing both temporal and spatial information of EtBr accumulation kinetics in live DABM cells:
Representative snapshots of one of the single cells (DABM): real-time (A) dark-field optical images and (B) fluorescence images recorded by CCD
camera, and (see color on page 583) (C) real-color fluorescence images recorded almost simultaneously by a digital color camera, for ;2 h through
the dark-field optical and epi-fluorescence microscope. The 60 cells in each sequence image, similar to the one in Figure 2(A), were analyzed. The
single cell was selected from these 60 cells as a representative example. The intensity scale is 835–3083 ADC for all sequence images in (A) and
118–170 ADC for all sequence images in (B). (D) Plots of normalized subtracted integrated fluorescence intensity of single DABM cells versus time
demonstrating the individual cell showed a differentiated intensity profile that is distinguished from WT and nalB-1 and bulk analysis of DABM
(Figure 1). The normalized subtracted integrated fluorescence intensity was calculated as described in Figure 3(D). Fluorescence from the cell
solution in the absence of EtBr was not observed. Hence, the emission of cells containing no EtBr showed less emission intensity than EtBr in the
buffer solution. The subtracted fluorescence intensity of EtBr in the solution from that of the cells was negative. The cells were similar to the one
shown in (A) and selected from the sequence images, each including 60 cells. The cell solution containing 10 mM EtBr was prepared as described
in Figure 2.
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lation of EtBr by live cells in the microchannel using dark-
field optical and fluorescence microscopy equipped with the
CCD camera and color digital camera. The 6mm thickness
microchannel was able to confine the live bacterial cells to the
same location in solution and allowed the same cells to b
directly imaged for hours. The representative dark-field opti-
582 Journal of Biomedical Optics d October 2002 d Vol. 7 No. 4
cal and fluorescence images of live cells in 10mM EtBr so-
lution in Figure 2 show that many single cells were monitor
simultaneously in real time at the single cell level. The we
dispersed single live cells in the microchannel shown in F
ure 2 demonstrated that the cell concentration was suitable
single cell imaging. Fluorescence images of individual cell
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Kyriacou et al.
Figure 2~B! demonstrate we were able to detect the fluores
cence of EtBr in single cells and image bulk cell solution in
the same environment at the single cell level simultaneously
The color fluorescence images recorded by the color digita
camera in Figure 2~C! further verified the fluorescence emis-
sion of EtBr. In dark-field optical microscopy, only scattered
light from the specimen captured by the objective creates im
ages and thus the images emerge bright against a da
background.23 The species scattering light most efficiently
generates the brightest images. This feature has proven dar
field microscopy well suited for the imaging of species with
small sizes, such as live bacterial cells with size at230.5
30.5 mm. Optical images of single cells acquired by dark-
field microscopy@Figures 2~A! and 2~D!# clearly illustrated
the intensity contours of the periplasmic space~bright! and
cytoplasmic space~dim!. The cytoplasmic space is sur-
rounded by the periplasmic space and hence the illuminatio
needs to penetrate through the periplasmic space in order
reach the cytoplasmic space. As a result, the intensity of illu
mination was weaker in the cytoplasmic space than that in th
periplasmic space because the periplasmic space absorbed a
scattered light. The fluorescence images@Figures 2~B!, 2~C!,
and 2~E!# displayed the bright cytoplasmic space and the dim
periplasmic space showing that the fluorescence intensity o
EtBr was primarily observed in the cytoplasmic space where
biological molecules, such as DNA and RNA, appeared. By
comparing dark-field optical images with fluorescence im-
ages, it appears that the fluorescence intensity of EtBr wa
observed in the cytoplasmic space of cells@Figures 2~B! and
2~C!#, whereas no obvious fluorescence intensity in the peri
plasmic space was observed. If EtBr were accumulated in th
periplasmic space, we would observe the fluorescence inten
sity of EtBr in the periplasmic space change with time. This
result suggests that EtBr seemed not to be accumulated in th
periplasmic space, which is in an excellent agreement with
previous studies and models.8–13 Fluorescence spectra of EtBr
in the cell showed that the emission peak at590610 nm
remained almost unchanged during the entire incubation tim
and hence the fluorescence intensity at 5906 10 nm was used
to follow EtBr accumulation kinetics in WT.

To clearly illustrate both spatial and temporal information
of EtBr accumulation kinetics in WT, as an example, we se-
lected a representative single WT cell from the image includ
ing about 60 cells and presented its sequence dark-field opt
cal and fluorescence images in Figure 3. The time-course o
fluorescence intensity of three representative cells, also se
lected from 60 cells in the same frame, is shown in Figure
3~D!. The time-course images and fluorescence intensity o
the cells unambiguously demonstrate that the fluorescence i
tensity of WT cells increased as the incubation time increase
and the fluorescence intensity increased more rapidly at th
earlier incubation time prior to 4000 s when accumulated
EtBr concentration in cytoplasmic space was zero or low. By
comparing both dark-field optical and fluorescence images,
is obvious that EtBr molecules accumulated in the cytoplas
mic space, but appeared not to be accumulated in periplasm
space. As EtBr molecules accumulated in the cytoplasmi
space, the accumulation rate of EtBr in WT began to decreas
This is either due to a decreasing influx rate of EtBr, an in-
creasing efflux rate of EtBr or possible saturation of the cyto-
plasmic space with EtBr. By comparing the results with that
584 Journal of Biomedical Optics d October 2002 d Vol. 7 No. 4
.

k

-

o

nd

f

-

e

-
f
-

-

c

.

of 40, 100, 400mM EtBr, the possible saturation of the cyto
plasmic space~chromosome and RNA! was ruled out because
we observed much higher fluorescence intensity of single
cells in 40, 100, 400mM EtBr.21 Plots of the fluorescence
intensity of single WT cells~;60 cells in one image! in 10
mM EtBr versus time were analyzed. The representative p
of cell 1-3 from that of 60 cells monitored in the same ima
similar to the one in Figure 2~B! are presented in Figure 3~D!.
These plots showed that similar accumulation kinetics in
dividual WT cells were observed while some cells~e.g., cell
1-2! accumulated EtBr slightly more rapidly than others~e.g.,
cell 3!. The overall result of real-time measurement of acc
mulation kinetics in single WT cells using fluorescence m
croscopy agreed well with that of the bulk measurement us
a fluorescence spectrometer~Figure 1!.

To investigate the role of MexAB-OprM pump proteins
EtBr accumulation kinetics, similar approaches for the stu
of the WT cells were used to study the mutants of WT, nalB
~MexAB-OprM over-expression mutant! and DABM
~MexAB-OprM deficient mutant!. Like WT, representative
time-course images of nalB-1 in 10mM EtBr illustrate EtBr
was accumulated in cytoplasmic space and no obvious fl
rescence emission was observed in the periplasmic sp
~Figure 4!. Time courses of fluorescence intensity of thr
representative cells, selected from 60 cells in the same im
indicate that individual nalB-1 cells~cell 1-3 in Figure 4!
showed distinguished accumulation kinetic profiles. For so
nalB-1 cells ~e.g. cell-3!, fluorescence intensity increase
slowly as the incubation time increased and then reache
constant. This kinetic profile is in an excellent agreement w
bulk measurement~Figure 1!. For other nalB-1 cells~e.g., cell
1-2!, fluorescence intensity increased rapidly prior to 300
and then decreased as the time continued. These nalB-1
were prepared in the same solution and imaged simu
neously. Therefore, the differing accumulation kinetic profi
from individual cells are real. This result demonstrates in
vidual cells and extrusion systems acted independently
cells and extrusion systems were not synchronized. This re
also suggests that the accumulation of EtBr in the cytoplas
space may somehow trigger MexAB-OprM efflux pump
nalB-1 to extrude the influx of EtBr. Because nalB-1 is
mutant with over-expression MexAB-OprM, the efflux rate
much more pronounced in nalB-1 than that in WT. Hence,
dominating efflux mechanism in nalB-1 led to the decreas
of fluorescence intensity. In comparison with WT, the acc
mulation kinetic profiles of single cells~nalB-1! were sharply
distinguished from that of bulk measurement. It is clear t
the accumulation kinetic information of single cells was lo
in bulk measurement of the massive population of cells.

Like WT and nalB-1 cells, representative time-course i
ages ofDABM in 10 mM EtBr illustrate EtBr was accumu-
lated in cytoplasmic space and no significant fluoresce
emission was observed from the periplasmic space~Figure 5!.
Plots of fluorescence intensity of three representativeDABM
cells, selected from 60 cells in the same image, indicate
subtracted fluorescence intensity of EtBr in the solution fro
that of the cells was less than zero at the earlier incuba
time ~prior to 2000 s!, then increased with time more rapidl
than either WT or nalB-1~Figures 3 and 4!, and reached a
maximum intensity after;4000 s. Fluorescence was not o
served from the cells in the absence of EtBr so that the em
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sion of cells containing no EtBr showed less emission inten
sity than EtBr in the buffer solution. Hence, the subtracted
fluorescence intensity of EtBr in the solution from that of the
cells was negative. This suggested thatDABM had the lower
permeability of EtBr at the earlier incubation time~prior to
2000 s! than WT and nalB-1. However, once EtBr molecules
enteredDABM cells, the accumulation rate of EtBr byDABM
was accelerated showing a higher accumulation rate than th
of WT or nalB-1~Figures 3 and 4!. This suggests thatDABM,
the mutant deficient in the MexAB-OprM efflux pump, was
unable to extrude EtBr out of cells and hence accumulate
EtBr in the cytoplasmic space more rapidly than WT and
nalB-1. As EtBr accumulated, fluorescence intensity reached
maximum at;4000 s and remained relatively constant and
hence the accumulation rate approached zero. We observ
much higher fluorescence intensity ofDABM in 40 and 100
mM EtBr solution21 demonstrating that the cytoplasmic space
of DABM was not saturated in 10mM EtBr. Therefore, this
plateau of fluorescence emission intensity may be attributed t
the maximum influx capacity ofDABM or the reduction of
cellular membrane permeability. It is also possible that the
accumulated EtBr inDABM triggered the assembly of uni-
dentified efflux pumps that were able to extrude EtBr out of
cells in order to equilibrate the influx of EtBr. This assump-
tion of the efflux mechanism inDABM agrees with our recent
real-time measurement of sizes and dynamics of single efflu
pump ofDABM using nano-optics24 and the study of the de-
pendence of efflux kinetics on substrate concentrations.21 The
recent genome sequencing result also showed thatP. aerugi-
nosa encodes more than a dozen unidentified efflux pump
proteins.19 The observation of a low accumulation rate of
DABM at the earlier incubation time in Figure 5 agreed with
that from bulk analysis in Figure 1. However, the plateau of
fluorescence emission intensity in Figure 5~D! reflecting the
influx and efflux equilibrium was not observed by bulk analy-
sis in Figure 1. This may be explained by the average mea
surement of bulk analysis that masked the differing accumu
lation kinetic profiles of individual cells.

Taken together, the results suggest that the different accu
mulation kinetics in WT, nalB-1 andDABM may be attrib-
uted to the expression level of MexAB-OprM and real-time
transformation of membrane permeability and efflux pump
machinery. It appeared that the accumulated EtBr in the cyto
plasmic space of WT and nalB-1 somehow triggered the ef
flux kinetics of WT and nalB-1 cells, whereas the accumu-
lated EtBr in the cytoplasmic space of theDABM cells
promoted the influx of EtBr into theDABM cell at the earlier
incubation time of 2000–4000 s and inhibited the further ac-
cumulation of EtBr at the late incubation time~after;4000 s!
and then the accumulated EtBr remained unchanged. Unlik
the bulk measurement~Figure 1!,15,21 this result demonstrated
that the influx and efflux kinetics ofP. aeruginosawere also
associated with individual cells even for the same type o
mutant. This result indicated the importance of studying the
resistance mechanism at single cell resolution because th
bulk measurement only represents an average behavior of
massive number of cells. It is impossible to use such an av
erage measurement to follow the real-time resistance mech
nism because each cell and each efflux pump apparently act
independently. Furthermore, it is very likely that influx and
efflux kinetics is highly regulated. To further depict the resis-
t
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e
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-
d

tance mechanism at the molecular level, efforts are
progress to measure the influx and efflux kinetics of substra
by single pumps in single live cells using single-molecu
detection.

5 Conclusion
We have developed and applied single live cell imaging
the real-time monitoring of accumulation kinetics of thre
mutants ofP. aeruginosa, WT, nalB-1 andDABM. Time-
course dark-field optical and fluorescence images of th
three mutants showed that EtBr was accumulated in the c
plasmic space whereas no EtBr accumulation appeared t
observed in the periplasmic space. This suggested that
molecules passed through the cellular membrane rapidly.
differing accumulation kinetics of EtBr in three mutants we
directly observed at the single cell level showing that, unl
the bulk measurement, single cell imaging overcame the
semble measurement of bulk analysis and demonstrated
individual cell had its distinguished accumulation kinetic pr
file. By comparing the accumulation kinetic profiles of thr
mutants, the influx and efflux kinetics of three mutants we
studied at single cell resolution. The result showed that
resistance mechanism was associated with the expres
level of MexAB-OprM and that influx and efflux kinetics
were highly regulated. This opens up new opportunities
real-time monitoring of highly regulated multi-drug resistan
mechanisms using single live cell imaging.
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