Bioluminescence imaging in living animals
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Abstract Bioluminescence imaging (BLI) allows us for noninvasive, high-sensitive and real-time monitoring of
biological phenomena in living animals. Thus, we have utilized BLI to observe malignant processes of tumors in
mouse models. We also have been developing new bioluminescent tools to improve BLI. Here, an overview of
current BLI systems is provided to couple emerging photon-detection devices with BLI in living animals.
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Noninvasive imaging is a powerful technique to study
biological phenomena in living subjects including cells,
animals and humans. There are a range of different
imaging modalities based on light, radiation, magnetic
field and ultra sound [1]. One of those imaging modalities,
BLI is widely employed in biomedical researches with
small animals because of its key strengths including high
sensitivity and visualization of diverse biological events
[2, 3]. Although fluorescence imaging enables to visualize
diverse biological events as well as BLI, autofluorescence
hinders high-sensitive imaging in living tissue [4, 5]. In
contrast, bioluminescence imaging does not require
external light irradiation to produce light signals. It
utilizes photons produced through a chemical reaction
between bioluminescence proteins (luciferases) and small
molecule substrates (luciferins), resulting in extremely
low background signal in living tissues.

Several luciferase-luciferin pairs identified from nature
are available for imaging applications in biomedical
research [6]. Among these, a combination of firefly
luciferase (Fluc) and D-luciferin has been a gold standard
for animal imaging (Fig. 1) because the bioluminescence
contains relatively long wavelength (> 600 nm), and
biocompatibility of D-luciferin surpasses other luciferins.
However, very sensitive photon-detection system such as
a cooled-charge coupled device (CCD) camera is
indispensable for BLI, since slow catalytic reaction of
Fluc produces less than one photon per second [7,8].

To improve current BLI systems, we further discuss
following points:
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Fig. 1 Bioluminescence production in the
reaction of D-luciferin and firefly luciferase.

1) Camera devise

Commercial BLI systems are commonly equipped with a
cooled-CCD camera to capture a field of view (FOV)
with approximately 20 cm x 20 cm (Fig.2). This FOV is
enough to image several anesthetized mice in single
image acquisition, enhancing throughput which is a key
factor in biomedical research using dozens mice in a
common experiment. However, current commercial BLI
systems are not still affordable for many researchers
mainly due to an expensive camera device.

2) Sensitivity

We use genome-editing techniques to establish cancer
cells or transgenic animals stably expressing Fluc [9-11].
These cancer cells typically produce <500 photons/
second/cell upon administration of D-luciferin [12]. In
animal studies, we locally transplant these cancer cells
into mouse tissue to establish a solid tumor. A solid tumor
with cubic mill meter contains approximately 10° cells
[13]. Thus, photon flux is sufficient to detect small tumors
although detection of fewer cells in a deeper tissue is still
challenging. For example, cancer metastasis is initiated by
small number of cells (< 10 cells) in deep organs. Current
BLI systems are not capable to track such biological
events even in small animals.

3) Wavelength

Hemoglobin and melanin in living tissue highly absorb
light with shorter wavelength (< 600 nm) [14]. Even in
BLI using Fluc, large part of bioluminescent signals
cannot efficiently penetrate living tissue. To overcome

Fig. 2 A typical bioluminescence image of mice
harboring a tumor expressing Fluc. After D-luciferin
injection, the image was acquired with a commercial
imaging system (IVIS, PerkinElmer, USA).
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Fig. 3 Bioluminescence emission spectra of D-
luciferin and TokeOni.

this, we developed a synthetic luciferin, TokeOni, which
generates near-infrared (NIR) bioluminescence in a
reaction with Fluc (Fig. 3) [15]. This world-first NIR-BLI
system improved detection sensitivity of deep metastasis
10-times over current BLI using D-luciferin. Thus, high
quantum efficiency of NIR light on camera devices is
desired to maximize sensitivity of BLI in animal imaging.

4) Spatial resolution

Due to light scattering during propagation from deep
tissue to body surface, BLI typically provides mm-range
spatial resolution in noninvasive animal imaging. In
addition, depth-resolved imaging has been challenged in
BLI. A series of bioluminescence tomography techniques
have reported sub-mm spatial resolution at several mm
depth in living tissues [16]. However, this spatial
resolution is not sufficient to provide significant
biological insights in animal imaging.

5) Temporal resolution

Unlike fluorescence imaging, BLI requires relatively
long camera exposure-time to obtain enough signals due
to its low photon emission, hindering a couple of key
applications including imaging freely-moving animals.
Recent studies challenged such applications with a fiber
optics-coupled  photomultiplier tube or electron
multiplying-CCD based system although biological
studies using these systems are still in infancy [17, 18].

In this decade, BLI systems have been refined with a
number of gene expression techniques and chemical
substrates. However, the field of BLI needs more
multidiscipline to go beyond current achievements.
Active collaborations among biochemists, chemists and
electronics engineers would pave a road to develop next-
generation BLI systems.
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