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We describe imaging of green fluorescent protein (GFP)-expressing bacteria from outside intact infected animals. This simple,
non-intrusive technique can show in great detail the spatial–temporal behavior of the infectious process. The bacteria,
expressing the GFP, are sufficiently bright as to be clearly visible from outside the infected animal and recorded with simple
equipment. Introduced bacteria can be whole-body imaged in most mouse organs, including the peritoneal cavity, stomach, small
intestine, and colon. This imaging technology affords a powerful approach to visualizing the infection process, determining the
tissue specificity of infection, the spatial migration of the infectious agents and the response to antimicrobial agents.

INTRODUCTION
Infection by microorganisms is a highly complex process and of GFP-labeled E. coli or S. typhimurium through the mouse
can cause numerous types of disease. We have developed a sim- gastrointestinal tract after gavage was followed in real time
ple, non-intrusive technique that can show in great detail the by whole-body imaging1 (Figs. 1,2). Bacteria, seen first in the
spatial–temporal behavior of the infectious process1. Bacteria stomach, migrated into the small intestine and subsequently
such as Escherichia coli or Salmonella typhimurium transformed into the colon, an observation that was confirmed by intrawith fluorescent proteins can be visualized during the infec- vital direct imaging. An i.p. infection was established by i.p.
tious process from outside the animal
using simple equipment. Green fluorescent protein (GFP)-expressing bactea
b
c
ria were whole-body imaged in several
mouse organs including the peritoneal
cavity, stomach, small intestine and
colon1 (Fig. 1). Yu et al. have used GFPlabeled bacteria to target tumors in order
to image the tumor2. Instantaneous realtime images of the infectious process
e
f
d
were acquired by using a color chargecoupled device (CCD) video camera by
simply illuminating mice at 470–490 nm.
Other techniques for imaging the interior of intact animals, such as those using
luciferase, require the administration
of exogenous substrates, anesthesia or
contrasting substances, and require long
g
h
i
data collection times. However, luciferase-labeled bacteria do not require light
excitation to be imaged. By contrast,
the whole-body fluorescence imaging
described here is fast and requires no
extraneous agents, making GFP imaging the method of choice for imaging the
often rapid process of infection. In addi- Figure 1 | Whole-body imaging of Escherichia coli infection in GI system. (a) E. coli–GFP infection
11
tion, GFP expression is not toxic to the in the stomach immediately after gavage of 10 E. coli–GFP. (b) E. coli–GFP infection in the small
intestine
10
min
after
gavage.
(c)
E.
coli–GFP
infection
in the small intestine 20 min after gavage.
bacteria. The GFP methods make imag(d) E. coli–GFP infection in the small intestine 30 min after gavage. (e) E. coli–GFP infection in the
ing of infection feasible in essentially small intestine 40 min after gavage. (f) E. coli–GFP infection in the small intestine 50 min after
any tissue in the body. Potentially, any gavage. (g) E. coli–GFP infection in the small intestine 60 min after gavage. (h) E. coli–GFP infection
infectious organism can be labeled with in the colon 120 min after gavage. (i) E. coli–GFP infection in the colon immediately after enema of
GFP and imaged in vivo. The progress 1011 E. coli–GFP1.
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Figure 2 | Intravital imaging of Escherichia coli–GFP infection in the
stomach, small intestine and colon after gavage. (a) E. coli–GFP infection
in the stomach and the duodenum immediately after gavage of 1011 E. coli–
GFP. (b) E. coli–GFP infection in the small intestine 40 min after gavage.
(c) E. coli–GFP infection in the colon 120 min after gavage1.

Figure 3 | Whole-body imaging of Escherichia coli–GFP peritoneal cavity
infection and antibiotic response. (a,c) E. coli–GFP infection in the
peritoneal cavity immediately after i.p. injection of 109 E. coli–GFP.
(b) Untreated mouse 6 hours after i.p. injection. The animal died at
this time point. (d) A mouse treated with kanamycin 6 hours after
i.p. injection. The animal survived. The arrows indicate fluorescent
images1.

injection of GFP-labeled E. coli or S. typhimurium. The development of infection over 6 h and its regression after treatment with
kanamycin were visualized by whole-body imaging1 (Fig. 3). This

imaging technology provides a powerful approach to visualizing
the infection process, determining the tissue specificity of infection and following the spatial migration of the infectious agents.

MATERIALS
REAGENTS
• Immunocompetent and immunodeficient mice (Charles River, Wilmington,
MA; Taconic, Germantown, New York; Harlan Teklad, Indianapolis, IN)
▲ CRITICAL All animal studies are conducted in accordance with the
principles and procedures outlined in the US National Institutes of Health
National Research Council’s Guide for the Care and Use of Laboratory
Animals (http://www.nap.edu/readingroom/books/labrats/contents.html)
under assurance number A3873-01. Animals are kept in a barrier facility
under HEPA (high efficiency particulate air) filtration. Mice are fed with
an autoclaved laboratory rodent diet (Tecklad LM-485; Western Research
Products, Orange, California).
• E. coli; JM 109
• S. typhimurium 14028 (American Type Culture Collection, Manassas,
Virginia)
• SOC medium (Invitrogen, Carlsbad, California)
• LB medium (Fisher Scientific, Tustin, California)
• EGFP gene (Clontech, Palo Alto, California)
• Supernatants of PT67–GFP cells, PT67–RFP (red fluorescent protein) cells and
PT67 H2B–GFP cells (Clontech, Palo Alto, California)
• Anesthetic reagents (ketamine, xylazine, acepromazine maleate) (Butler
Animal Health Supply, Visalia, California)
• Kanamycin (Fisher Scientific, Irvine, California)
• Nair (Carter–Wallance, New York)
EQUIPMENT
• Olympus OV100 Small Animal Imaging System (Olympus Corporation,
Tokyo, Japan), containing an MT-20 light source (Olympus Biosystems,
Planegg, Germany) and DP70 CCD camera (Olympus Corporation, Tokyo,
Japan)
• Leica fluorescence stereo microscope model LZ12 (Leica, Nussloch, Germany)
• Leica MZ6 stereo microscope (Leica, Nussloch, Germany)
• Hamamatsu C5810 three-chip cooled color CCD camera (Hamamatsu

Photonics Systems, Bridgewater, New Jersey)
• Lightools fluorescent imaging system (Lightools Research, Encinitas,
California)
• Sony VCR, model SLV-R1000 (Sony Corporation, Tokyo, Japan)
• Image Pro Plus 4.0 software (Media Cybernetics, Silver Springs, Maryland).
• 1 ml 27G2 latex-free syringe (Becton Dickinson, Franklin Lakes, New Jersey)
• 25-µL Hamilton syringe (Fisher Scientific, Tustin, California)
• Humidified incubator with an atmosphere of 5% CO2 (Hotpack, Warminster,
Pennsylvania)
• Blue LED flashlight (LDP LLC, Woodcliff Lake, New Jersey)
• D470/40 excitation filter (Chroma Technology, Brattleboro, Vermont)
• GG475 emission filter (Chroma Technology, Battleboro, Vermont)
• Culture dishes (Fisher Scientific, Tustin, California)
• Hemocytometer (Reichert Scientific Instruments, Buffalo, New York)
• Gene Pulser apparatus (Bio-Rad Laboratories, Hercules, CA)
EQUIPMENT SETUP
Whole-body imaging equipment. Use an Olympus OV100 Small Animal
Imaging System3 for whole-body imaging in live mice at variable magnification.
The optics of the OV100 fluorescence imaging system have been specially
developed for macroimaging as well as microimaging with high light-gathering
capacity. The instrument incorporates a unique combination of high numerical
aperture and long working distance. Four individually optimized objective
lenses, parcentered and parfocal, provide a wide magnification range for seamless
imaging of the entire body down to the subcellular level without disturbing
the animal. The OV100 has the lenses mounted on an automated turret with a
high magnification range of ×1.6 to ×16 and a field of view ranging from 6.9
to 0.69 mm. The optics and anti-reflective coatings ensure optimal imaging of
multiplexed fluorescent reporters in small animals. High-resolution images
are captured directly on a PC (Fujitsu Siemens, Munich, Germany). Images are
processed for contrast and brightness and analyzed with the use of Paint Shop
Pro 8 and CellR (Olympus Biosystems, Planegg, Germany).
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The bright fluorescence of fluorescent proteins allows for many
approaches to imaging mice infected with GFP- or RFP-expressing
bacteria. Simple systems such as a light box with appropriate filters and
camera, or even a blue light LED flashlight with appropriate filters can be
used for macroimaging. A Leica fluorescence stereo microscope (model
LZ12) equipped with a mercury 50-W lamp power supply can also be used.
Selective excitation of GFP is produced through a D425/60 band-pass

filter and 470 DCXR dichroic mirror. Emitted fluorescence is collected
through a long-pass GG475 emission filter. Images can be acquired with a
Hamamatsu C5810 three-chip cooled color CCD camera. Image Pro Plus
software can be used to adjust contrast and brightness. High-resolution
images of 1,024 × 724 pixels can be captured directly on an IBM PC or
continuously through video output on a high-resolution Sony VCR, model
SLV-R1000. Please see below.

PROCEDURE
Transformation of E. coli with GFP
1| Grow overnight culture of E. coli to mid-log phase (as determined by OD600) in 5 ml liquid at 37 °C LB medium.
2| Harvest bacteria in a cooled centrifuge at 4°C at 1,800g for 10 minutes.
3| Wash cells three times with ice-cold glycerol (10% vol/vol in purified water) and re-suspend in approximately onehundredth of the original culture volume of ice-cold glycerol (10% vol/vol).
4| Mix 2.0 × 108 cells in 40 µl of ice-cold glycerol (10% vol/vol) with 2 µl of pEGFP vector and place on ice for 5 min.
5| Electroporate with a Gene Pulser apparatus according to the manufacturer. Electroporation is done at a 1.8-kV setting
with the pulse controller at 1,000Ω parallel resistance. Other methods such as heat shock can be used for E. coli. However,
this method does not work well with S. typhimurium.
6| Add 1 ml of SOC medium immediately after electric pulsing.
7| Transfer the cell suspension into a 17 × 100 mm polypropylene tube and incubate at 37°C for 1 h.
8| Spread cells on LB agar plates.
9| Incubate the plates at 37°C overnight
Screening high GFP expression clones
10| Pick fluorescent clones and grow bacteria at 37 oC overnight in liquid LB medium with ampicillin. Fluorescent clones are
identified by fluorescence microscopy. The frequency of transfection is approximately 98%.
11| Measure the fluorescence of bacteria after overnight culture at EX 488 nm and EM 507 nm (EX, excitation; EM,
emission).
12| Choose the brightest fluorescent clones for imaging bacterial infection, and grow as detailed below.
Growth of bacteria
13| Pick a single clone of bacteria from the LB agar plate.
14| Culture in 5 ml of liquid LB medium with ampicillin, and shake at 300 r.p.m. at 37°C overnight.
15| Dilute the overnight cultures 1:10 with LB medium and incubate at 37°C for 2–3 h.
16| Measure the optical density of the cultured bacteria at 600 nm.
Bacteria infection in live mice
17| In this procedure, we describe 3 options that can be used to infect mice for imaging infections: gastro-intestinal
infection (option A), colon infection (option B) or peritoneal infection (option C).
(A) Gastro-intestinal infection with E. coli–GFP
(i) Gavage mice with 0.5 ml of an E. coli–GFP suspension (1011 ml–1) with a 3-ml latex-free syringe. Mice do not need to
be anesthetized for this procedure. Wash bacteria once with PBS and then suspended in PBS. Bacteria are enumerated
at OD600, with an OD600 of 0.1 equating to approximately 1 × 108 c.f.u. (colony-forming units).
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BOX 1 | IMAGE ANALYSIS
Measuring the intensity of GFP images of internally growing bacteria is carried out as described below. Image size can be analyzed
by using Image Pro Plus or Adobe Photoshop (equivalent image-analysis systems can also be used). The pixel area of the image is
determined and converted to mm2.
Quantifying image size
• Open the image file with Image Pro Plus, use the manual measurement function and then mark the periphery around the image.
• Make measurements by clicking on the area icon or double-click on indicated length.
• Export the data to Excel for statistical analysis
It should be noted that image attenuation will occur as a function of depth. Such attenuation can be estimated by comparing the
area of the whole-body image to that of the intravital image in the opened animal. An example of this is the comparison between
Figures 1,2. Note that GFP bacteria were whole-body imaged inside the stomach, small intestine and colon.

(B) Colon infection with E.coli–GFP
(i) Administer 1 ml containing 1011 E. coli–GFP per mouse into the colon by enema using a 3-ml latex-free syringe.
(C) Peritoneal infection and antibiotic response
(i) Inject the mice in each group i.p. with 109 E. coli–GFP in 100 µl PBS with a 1-ml 29G1 latex-free syringe (Becton–
Dickinson).
(ii) Inject E. coli–GFP-infected mice with 2 mg of Kanamycin in 100 µl. Inject control mice i.p. with 100 µl of PBS instead
of antibiotics.
18| Several methods are available for whole-body imaging of mice, including chamber imaging, microscopy, flashlight imaging
and light-box imaging. Images can be acquired non-invasively in the intact mouse. We have so far non-invasively imaged bacteria
trafficking within the gastro-intestinal tract without anesthesia. These observations suggest that GFP bacteria can be imaged noninvasively almost anywhere in the mouse body.
(A) Whole-body imaging with a microscope
The system can produce microscopic images in the live mouse. However, only static images can be acquired with this system.
(i) Use a Leica fluorescence stereo microscope (model LZ12) equipped with a mercury 50-W lamp power supply or equivalent.
(ii) Produce selective excitation of GFP through a D425/60 band-pass filter and 470 DCXR dichroic mirror.
(iii) Collect emitted fluorescence through a long-pass filter (GG475) on a Hamamatsu C5810 three-chip cooled color CCD camera
or equivalent.
(iv) Capture high-resolution images of 1,024 × 724 pixels directly onto an IBM PC or continuously through video output on a
high-resolution Sony VCR, model SLV-R1000 or equivalent.
(v) Process images for contrast and brightness with the use of Image Pro Plus software or equivalent.
(vi) In the case of C57BL/6 mice, remove hair with Nair or by shaving.
▲ CRITICAL STEP Hair is highly autofluorescent, so improper removal of hair will result in low-quality images.
(B) Whole-body imaging with a flashlight
This is the simplest system for macroimaging with fluorescent proteins, with equipment costing a total of only a few hundred
dollars. Such a system is particularly useful for rapid screening of novel drugs that target the infectious process.
(i) Use a blue LED flashlight (LDP LLC) with an excitation filter (midpoint
wavelength peak of 470 nm) and a D470/40 emission filter for whole-body
imaging of mice infected with GFP bacteria.
▲ CRITICAL STEP Correct filters are necessary to eliminate tissue
autofluorescence.
(ii) Acquire images with a digital camera such as a Nikon Cool-PIX or a simple CCD
camera and store on a PC as described above.
(iii) In the case of C57BL/6 mice, remove hair with Nair or by shaving.
▲ CRITICAL STEP Hair is highly autofluorescent, so improper removal of hair
will result in low-quality images.
(C) Whole-body imaging in a light box
Figure 4 | Intravital imaging of Escherichia
This is a simple system for macroimaging, which is similar to flashlight imaging. The
coli–GFP peritoneal cavity infection. E. coli–GFP
box is dark, allowing more sensitivity and contrast to the imaging. Multiple animals
infection in the peritoneal cavity immediately
with GFP-labeled infectious agents can be imaged simultaneously even without
after i.p. injection of 109 E. coli–GFP. The wall of
the abdominal cavity was removed1.
anesthesia.
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(i) Perform whole-body imaging in a fluorescent light box
illuminated by fiberoptic lighting at 470 nm.
(ii) Collect emitted fluorescence through a GG475 long-pass
filter on a Hamamatsu C5810 three-chip cooled color CCD
camera or equivalent. (Use of separate band-pass filters
for RFP or GFP emission allows a monochrome camera to
be used).
(iii) Capture high-resolution images of 1,024 × 724 pixels
directly on an IBM PC or equivalent.
Figure 5 | Differential bacteria antibiotic response and resistance visualized by
(iv) Process images for contrast and brightness with the use
dual-color imaging in live mice. Nude mice were given a subcutaneous injection
of 109 c.f.u. in 100 µl PBS on the flank and head. One side was injected with
of Image Pro Plus software or equivalent.
Salmonella
typhimurium–GFP, the other side with Escherichia coli–RFP (red
(v) In the case of C57BL/6 mice, remove hair with Nair or by
fluorescent protein). The mice were then imaged immediately after injection.
shaving.
The infected mice were given 2 mg kanamycin i.v. twice a day. Forty-eight
▲ CRITICAL STEP Hair is highly autofluorescent, so
hours after treatment, the mice were imaged again. The E. coli–RFP disappeared
improper removal of hair will result in low-quality images
from the infected mice, whereas the S. typhimurium–GFP grew more. The
imaging therefore indicated that E. coli–RFP is sensitive to kanamycin, whereas
(D) Whole-body imaging in a chamber
S. typhimurium–RFP is resistant. (a) Before treatment. (b) After treatment.
This is a highly sophisticated imaging system with both
macroimaging and microimaging capability. This unique system
can produce real time video images as well as static imaging from the cellular level to macroimaging.
(i) Perform whole-body imaging in an Olympus OV100 imaging system with 470 nm excitation light originating from an MT-20
light source.
(ii) Collect emitted fluorescence through appropriate filters configured on a filter wheel with a DP70 CCD camera. Variable
magnification imaging can be performed with a series of five objective lenses.
(iii) Capture images on a PC, and process images for contrast and brightness with Paint Shop Pro 8 and CellR.
(iv) In the case of C57BL/6 mice, remove hair with Nair or by shaving.
▲ CRITICAL STEP Hair is highly autofluorescent, so improper removal of hair will result in low-quality images.

19| At this stage, acquired images can be analyzed and quantified (Box 1).
● TIMING
Step 1–9: 24 h
Step 10–12: 12 h
Step 13–16: 24 h
Step 17: 30 min
Step 18: Up to 30 min if anesthesia is induced; seconds to capture image
? TROUBLESHOOTING
Troubleshooting advice can be found in Table 1.
TABLE 1 | Troubleshooting table.
Problem

Possible reason

solution

Brightness of
image

Bacteria do not sufficiently
express GFP

Check bacterial culture before in vivo use to determine their GFP expression.
Re-transform bacteria with GFP if necessary.

Autofluorescence

Use of wrong filters

An important point is to minimize autofluorescence of the tissue and body fluids by
using proper filters. Excitation filters should have a narrow band as close to 490 nm
as possible to specifically excite GFP with a peak that is distinct from that of the
skin, tissues and fluid of the animal. In addition, proper band-pass emission filters
should be used with a cut-off of approximately 515 nm (e.g., those from Chroma
Technology, Rockingham, Vermont).

Bleeding

Improper surgical procedures

Bleeding should be avoided at the surgical site because hemoglobin will absorb the
incident excitation light.

Dehydration

Long-term procedures on an
open animal

When using open-biopsy procedures, it is essential to hydrate the animal by spraying
normal saline on the open tissue.

Infection

Unclean instruments and
environment

When using repeat procedures such as an open biopsy or other invasive procedures, it is
crucial to maintain a proper sterile operation field.
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ANTICIPATED RESULTS
Bacteria that express GFP or other
fluorescent proteins are sufficiently
bright to be clearly visible from
outside the infected animal and can
be imaged with simple equipment
as well as sophisticated equipment.
Introduced bacteria were observed
by whole-body imaging in several
mouse organs including the peritoneal
cavity, stomach, small intestine and
colon (Fig. 1). Instantaneous realtime images of the infectious process
were acquired by using a color CCD
video camera by illuminating mice at
470–490 nm. The whole-body images
Figure 6 | Real-time imaging of GFP-labeled Salmonella typhimurium A1 targeting RFP- and GFP-labeled PCof infection can be compared to open
3 human prostate tumor cells in vitro. PC-3 human prostate tumor cells were labeled with retroviral RFP (red
images (Fig. 2).
fluorescent protein) in the cytoplasm and GFP in the nucleus by fusion with histone H2B. The PC-3 cells
In contrast to other imaging
were grown in 24-well tissue culture plates to a density of approximately 104 cells per well. GFP-labeled
techniques, the whole-body
S. typhimurium were grown in LB and harvested at the late log-phase. The harvested bacteria were diluted
in cell culture medium. The bacteria were then added to the tumor cells (1 × 105 c.f.u. per well). After
fluorescence imaging described here
1
hour incubation at 37° C, the cells were rinsed and cultured in medium containing gentamycin sulfate
is fast and requires no extraneous
(20 µg ml–1) to kill external but not internal bacteria. Interaction between bacteria and tumor cells was
4
substrates . The progress of E. coli–GFP
observed at different time points under fluorescence microscopy (×400). Extensive growth of the bacteria
through the mouse gastrointestinal
in cells was seen by 12 hours. By 48 hours, nuclear fragmentation could be observed, which became
tract after gavage was followed in realextensive by 96 hours. The bacteria appeared to grow in the cytoplasm5. The scale bar represents 78 µm.
time by whole-body imaging. Bacteria,
seen first in the stomach, migrated into
Figure 7 | Dual-color
the small intestine and subsequently
imaging of GFP-labeled
into the colon, an observation that was
Salmonella typhimurium
A1 accumulating in
confirmed by intravital direct imaging.
RFP-labeled PC-3
An i.p. infection was established
human prostate tumor
by i.p. injection of E. coli–GFP. The
after i.v. inoculation.
development of infection over 6 h
Nude mice aged 6–8
and its regression after treatment
weeks were implanted
subcutaneously (s.c.)
with kanamycin were visualized by
on the mid-right side
whole-body imaging (Fig. 3) and can
with 2 × 106 RFP (red fluorescent protein)-labeled PC-3 human prostate tumor cells using a 22-gauge
be compared to open images (Fig. 4).
needle. Bacteria were grown overnight on LB medium and then diluted 1:10 in LB medium. Bacteria were
Dual-color imaging can be used to
harvested at the late-log phase and injected directly into the tail vein (107 c.f.u. per 100 µl PBS). For
compare the antibiotic responses of
histological studies, tumor tissues were harvested at several time points after inoculation. Tumor tissues
were stored at 80° C. Frozen specimens were sectioned with a cryostat. Extensive growth of the
different bacteria such as E. coli and
S. typhimurium A1–GFP is seen in the tumor cells5. The scale bars represent 55 µm.
S. typhimurium in the same mouse
(Fig. 5).
Another application of bacterial
imaging is to visualize bacteria that targets tumor cells5,6. An example is shown in which tumor cells that express RFP in the
cytoplasm and GFP in the nucleus are targeted by GFP bacteria in vitro (Fig. 6). The destruction of the nucleus can be imaged
followed by apoptosis of the tumor cell, which can also be imaged. An image of GFP-expressing bacteria targeting tumor
cells that express RFP and growing in mice is shown in Figure 7. The GFP imaging technology affords a powerful approach
to visualizing the infection process, determining the tissue specificity of infection, following the spatial migration of the
infectious agents in real time and imaging the efficacy of antimicrobial agents in real time.
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