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Abstract. We have recently demonstrated that Renilla luciferase
(Rluc) is a promising bioluminescence reporter gene that can be used
for noninvasive optical imaging of reporter gene expression in living
mice, with the aid of a cooled charged couple device (CCD) camera.
In the current study, we explore the expression of a novel synthetic
Renilla luciferase reporter gene (hRluc) in living mice, which has pre-
viously been reported to be a more sensitive reporter than native Rluc
in mammalian cells. We explore the strategies of simultaneous imag-
ing of both Renilla luciferase enzyme (RL) and synthetic Renilla lu-
ciferase enzyme (hRL):coelenterazine (substrate for RL/hRL) in the
same living mouse. We also demonstrate that hRL:coelenterazine can
yield a higher signal when compared to Firefly luciferase enzyme (FL):
D-Luciferin, both in cell culture studies and when imaged from cells
at the surface and from lungs of living mice. These studies demon-
strate that hRluc should be a useful primary reporter gene with high
sensitivity when used alone or in conjunction with other biolumines-
cence reporter genes for imaging in living rodents. © 2004 Society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1647546]
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1 Introduction
Molecular sensing in intact living small animals is taking cen-
ter stage in modern biology. The ability to detect various mo-
lecular events such as gene expression, receptor targeting,
exploring various intercellular pathways from within a living
organism is of enormous biomedical interest.1,2 Imagable bio-
molecules of fluorescent3 and bioluminescent4 origins and
various new compounds like fluorochromes,5 nanoparticles,6

and quantum dots7 are being investigated to measure cellular
events within small living animals. Monitoring molecular
events continuously and noninvasively from living animals
using optical methods can be done with reporter genes tha
encode for bioluminescent luciferases. The luciferase en
zymes derived from various sources~bacteria, marine crusta-
ceans, fish, or terrestrial insects! generate visible light through
the oxidation of a specific luciferin substrate. The spectra
peaks range from 450 to 620 nm. An ideal bioluminescence
reporter for noninvasive study would be the one that can give
~i! emission in the red to infrared range, as there are chance
of less attenuation in tissue with 600–900 nm wavelengths
~ii ! yields higher measurable signals to image low level of
reporter gene expression from weak promoters, or~iii ! able to
measure detectable light signals from deeper tissues. Nonin
vasive imaging of bioluminescence reporter genes in sma
animals was first observed using the Firefly luciferase reporte
gene ~Fluc! with the aid of an intensified charged coupled
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device~CCD! camera.8 Firefly luciferase enzyme~FL! is a 61
kDa single-subunit protein, that catalyzes D-Luciferin to pr
duce oxyluciferin, in the presence of oxygen,Mg12, and ATP
to give a flash of green light at 562 nm.9 We have previously
establishedRenilla luciferase reporter gene~Rluc! as a second
promising strategy, which is imagable in living mice.10 Re-
nilla luciferase~RL! is a 36 kDa monomeric enzyme, that ca
catalyze the non-ATP dependent oxidation of coelenteraz
in the presence of oxygen in order to generate a flash of b
luminescence with a wavelength centered at 482 nm.11 Rluc
can be used in combination with Fluc for dual reporter ge
applications in living mice. This is possible becau
D-Luciferin, the substrate for FL, is structurally different from
coelenterazine used by RL to produce light.10

Neither FL or RL require posttranslational modification f
their activity12 and have been identified to be potential prom
ising genetic reporters for various studies.13,14Rluc, which has
been cloned from the marine organism Sea pansy,11 has some
inherent limitations when used in mammalian cells. It co
tains ;10% codons that are of minimal use by mammali
cells and limits expression efficiency. Also, the presence o
large number of potential transcription factor binding sit
causes anomalous transcriptional behavior in mamma
cells.15

In the present investigation, we have utilized a synthe
Renilla luciferase reporter gene~hRluc! from Promega15

where the native Rluc gene has been redesigned and
codon usage optimized to improve the expression of the

1083-3668/2004/$15.00 © 2004 SPIE
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Optical imaging of Renilla luciferase . . .
porter. The number of transcription factor binding sites has
been reduced from 300 in the Rluc to 4–5 sites in hRluc. In
addition, deletion of poly~A! additional signals~AATAAA !
and incorporation of a kozak sequence at the beginning of th
gene has been used for better expression efficiency.16 The re-
sulting reporter gene is expected to have higher transcriptiona
efficiency, which should greatly enhance the detection of the
reporter enzymein vivo. In this study we have compared gene
expression of hRluc to that of Rluc both in cell culture and in
living mice. To date, Fluc has been more frequently used as
bioluminescence reporter gene for noninvasive, real time im
aging studies. We therefore also compare the signal differ
ences of hRluc and Fluc for real time noninvasive imaging
from living mice.

2 Materials and Methods
2.1 Cell Lines, Culture Conditions, and Transfection
Procedures
C6 rat glioma cells were maintained in glucose deficient mini-
mum eagle’s medium~DMEM! supplemented with 1%
penicillin-streptomycin, 1% L-glutamine, and 5% fetal calf
serum ~FCS!. N2a ~mouse neuroblastoma! cells, COS-1
~green monkey kidney! cells, and 293T~human kidney! cells
were maintained in DMEM supplemented with 1% penicillin-
streptomycin and 10% FCS.

For assessment of Rluc/hRluc expression in various ce
types, each cell type described above was plated in 12 we
plates(23105 cells/well) and transfected with pCMV-Rluc/
pCMV-hRluc plasmids ~pRL-CMV, phRL-CMV, Promega,
Madison, CA! and co-transfected with pCMVb-gal, using
SuperFect Transfection Reagent~Qiagen, Valencia, CA! to
normalize for transfection efficiency. Mock-transfected cells
were used as control. Cells were lysed in lysis buffer 24 h
posttransfection, and biochemical studies were carried out us
ing a luminometer as described later. For comparing Fluc ex
pression, C6 cells were transfected with pCMV-Fluc plasmid
~provided by C.H. Contag, Stanford University, Stanford, CA!
and co-transfected with pCMVb-gal in parallel 12 well
plates. The transiently transfected cells are referred to as C6
Rluc, C6-hRlucand C6-Fluc in the following studies.

C6 and 293T cells were also grown in 35 and 100 mm
plates~Costar!, and transfected with pCMV-Rluc or pCMV-
hRluc under similar conditions. They were collected by
trypsinization 24 h posttransfection, washed with phosphat
buffer saline~PBS!, counted, and various concentrations of
cells, resuspended in PBS, were implanted in mice forin vivo
studies as described later.

2.2 Preparation of Coelenterazine and D-Luciferin
Coelenterazine~also known as ‘‘native coelenterazine’’!, a
substrate for RL/hRL, was purchased from Prolume Ltd.
~Pinetop, AZ!. The compound~2 mg/mL! was dissolved in
absolute ethanol. Further dilutions were made in 50 mM so
dium phosphate buffer~SPB!, pH 7. D-Luciferin Firefly po-
tassium salt, the substrate for FL, was purchased from Xeno
gen Corp.~Alameda, CA!. A 30 mg/mL stock in PBS was
prepared and filtered through 0.22mm filters before use.
l

l

-

-

-

2.3 Luminometer Measurements
All bioluminescence assays were performed in a TD 20
luminometer~Turner Designs, Sunnyvale, CA!. Five microli-
ters of crude and clarified cell lysates obtained from C6-Rluc,
C6-hRlucand mock-transfected C6 control cells were mix
with 100mL of coelenterazine, prepared at various concen
tions of 0.0001, 0.001, 0.01, 0.1, 1.0, 10, 50, and 100mg/mL
in SPB. The dose dependent relative light units~RLU! were
recorded in the luminometer for 10 s. The lysates were c
lected from three separate wells for each dose and the bi
minescence was normalized to total cellular protein of
well. The protein content of the cell lysates was mixed w
Bio-Rad protein assay reagent~Bio-Rad Laboratories! and re-
corded in a Beckman DU-50 spectrophotometer~Beckman
Instruments Inc.!. The luminescence results were reported
RLU per microgram of protein/s. The results are normaliz
to b-gal activity and represented as RLU/mg/s/b-gal activity.
Cell lysates~5 mL! from C6-Fluc cells were mixed with 100
mL of LARII ~Promega!. The RLU was recorded in the lumi
nometer and normalized to total cellular protein. The resu
are reported as RLU/mg/s/b-gal activity.

2.4 Reverse Transcription-Polymerase Chain Reaction
(RT-PCR), SDS-PAGE and Western Blotting
Reverse transcription-polymerase chain reaction~RT-PCR!
was conducted to compare the level of messenger RNA p
duced by C6 cells transiently transfected with pCMV-Rluc
and pCMV-hRluc and mock transfected C6 control cells. A
equal number of cells(2.53106) were plated to carry out the
transfection experiments. RNA extraction was done fro
transfected C6 and control cells using RNeasy kit~Qiagen!.
The RNA was first treated with RQ1 Rnase-Free Dna
~Promega! to degrade any contaminated double and sin
stranded DNA prior to RT-PCR. Removal of DNA was co
firmed by doing PCR with the treated RNA. The GAPD
housekeeping gene was used as a positive control and le
of expression were near equivalent in the four cell lines st
ied. The RT-PCR was done with the aid of GeneAmp EzrT
RNA PCR kit ~Applied Biosystems! using separate primer
designed against Rluc and hRluc. Rluc primers had the reg
flanking 64–83 bp as sense and region flanking 267–247
as antisense, whereas hRluc primers had the region flan
162–181 bp as sense and region flanking 364–345 bp as
tisense. A 50mL of reaction contained 200 ng of total RNA
100 ng each of Rluc/hRluc forward primers and Rluc/hRl
reverse primers, 1X reverse transcription buffer~100 mM
Tris-HCl, pH 8.3, 900 mM KCl with 1 mMMnCl2), 200mM
dNTPs and 10 units of rTth DNA polymerase. RT reactions
were performed at 60 °C for 45 min followed by 1 min pr
heating at 94 °C and 35 cycles of PCR amplification at 94
for 1 min, annealing and extension at 48 °C for 1 min fo
lowed by a final extension at 72 °C for 15 min. The reacti
products~10 mL! were separated in a 2% agarose gel stain
with ethidium bromide. The band intensity was further qua
tified with Kodak 1D. 3.5 image analysis software and t
mean intensity recorded.

RT-PCR was also conducted to compare the level of m
senger RNA produced by C6 cells transfected with pCM
hRlucand pCMV-Fluc and C6 control cells. RNA extraction
was done from transfected C6 and control cells and furt
Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3 579
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Bhaumik, Lewis, and Gambhir
treated with RQ1 Rnase-Free Dnase~Promega! to degrade
any contaminated double and single stranded DNA prior to
RT-PCR. The RT-PCR was done with the aid of GeneAmp
EzrTth RNA PCR kit~Applied Biosystems! using primers de-
signed against Fluc. The hRluc primers were the same a
above, whereas Fluc primers had the region flanking 92–11
bp as sense and region flanking 293–274 bp as antisense. T
50mL of reaction contained 200 ng of total RNA, 100 ng each
of Fluc/hRluc forward primers and reverse primers, IX re-
verse transcription buffer, 200mM dNTPs and ten units of
rTth DNA polymerase. Equal volume of reaction products~10
mL! was separated in a 2% agarose gel stained with ethidium
bromide. The band intensity was further quantified with
Kodak 1D. 3.5 image analysis software and the mean inten
sity recorded.

For Western blot, protein extracts were prepared from C6
cells transiently transfected with pCMV-Rluc and pCMV-
hRluc. Mock transfected C6 cells were used as control. Cells
(13106) were washed and boiled in Laemmli’s sample
buffer. Equal amount of protein~10 mg! was resolved on 10%
SDS-PAGE and transferred to nitrocellulose membrane
~Immun-Blot polymer polyvinylidene fluoride Membrane,
Bio-Rad!. Immunoblotting was performed using anti-Renilla
antibody ~1:1000mL, Chemicon Int.!. The blot was washed
and incubated with anti-mouse IgG coupled to alkaline phos
phatase~1:3000 mL, Chemicon Int.! and developed with
BCIP/NBT ~Roche Diagnosics!.

2.5 Imaging and Quantification of Bioluminescence
Data
The in vivo IVIS™ Imaging System ~Xenogen Corp.,
Alameda, CA! consisting of a cooled CCD camera mounted
on a light-tight specimen chamber~dark box!, a camera con-
troller, a camera cooling system, and a Windows compute
system for data acquisition and analysis was utilized.17 Each
supine/prone mouse was placed in the specimen chamb
mounted with the CCD camera cooled to2120 °C, with a
field of view set at 25 cm height above the sample shelf. The
photon emission, transmitted from mice, was measured. Th
gray scale photographic images and bioluminescence colo
images were superimposed using the LivingImage v. 2.11
software overlay~Xenogen Corp., Alameda, CA! and Igor
image analysis software v. 4.05~Wavemetrics, Lake Oswego,
OR!. A region of interest~ROI! was manually selected over
the signal intensity. The area of the ROI was kept constan
and the intensity was recorded as maximum
~photons/s/cm2/sr! within a ROI.

2.6 Coelenterazine Dose Studies
All animal handling was performed in accordance with Uni-
versity of California Los Angeles~UCLA! Animal Research
Committee guidelines. Five sets(N52) of CD-1 mice~'30
g; Charles River Breeding Laboratories!, four weeks old, were
anesthetized by intraperitoneal injection of'40 mL of ket-
amine and xylazine~4:1! solutions, followed by subcutaneous
implantation of C6-hRluccells (13106 cells in 100mL PBS!
in the left forearm region and C6 control cells(13106) in the
right thigh region. Different doses of coelenterazine~0.07,
0.36, 0.7, 1.4, 2.1 mg/kg body weight! were injected via tail
580 Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3
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vein in duplicate mice. Bioluminescence was measured fr
both C6 control and C6-hRlucsites, over a 5 min time period
using ten 30 s acquisition scans.

2.7 Simultaneous Imaging of RL and hRL
Bioluminescence in Mice
Two sets of CD-1 mice were anesthetized as mentioned
lier. To check for background signal from animals not e
pressing theRenilla luciferase reporter gene, one set of mi
(N52) was tail-vein injected with 0.7 mg/kg body weight o
coelenterazine. Another set of mice(N53) was injected at
three subcutaneous sites with C6-Rluc (13106 cells) in the
left forearm, C6-hRluc (13106 cells) in the right forearm
and C6 control cells(13106) in the right thigh region. One
hundred microliters of coelenterazine~0.7 mg/kg body
weight! was injected via tail vein and a whole-body image
the mice was acquired by fifteen 1 min scans using the coo
CCD camera. An equal number(23106) of different batches
of cells ~C6, C6-Rluc C6-hRluc! were lysed with lysis buffer
and the signal recorded in the luminometer prior to implan
tion into CD1 mouse.

2.8 Sensitivity Studies
Experiments were conducted on nude mice to minimize ba
ground signals from the body fur. Mice were anesthetized
i.p. injection of'10 mL of ketamine and xylazine~4:1! solu-
tions. 293T cells, transiently transfected with pCMV-hRluc
plasmid~referred to as 293T-hRluc! were collected 24 h post
transfection. Separate groups of nude mice(N52) were im-
planted with different number of cells~10 and 100 cells! at
subcutaneous sites using a 5mL Hamilton syringe. Tail-vein
injection of coelenterazine~1.4 mg/kg body weight! was per-
formed. The images were acquired for 5 min under the coo
CCD camera.

2.9 Simultaneous Imaging of FL/hRL Bioluminescence
from Subcutaneous Sites in Living Mice
CD1 mice(N53) were anesthetized and implanted~s.c! with
C6-Fluc (13106 cells) in the right forearm, C6-hRluc (1
3106 cells) in the left forearm and C6 control cells(1
3106) at the right thigh region. A mixture of D-Luciferin
~150 mg/kg body!:coelenterazine~0.7 mg/kg body! was in-
jected via tail vein and whole-body images of the mice we
acquired with 15 1 min scans using the cooled CCD cam

2.10 Imaging of FL/hRL Bioluminescence in Living
Mice from Deep Tissues
CD1 mice(N53), 4 months old~;35 g each!, were injected
with a mixture of C6-Fluc cells: C6-hRluc cells51:1 (2
3106 cells total! via tail vein. The cells traveled via the cir
culation and traffic into the lungs. Two hours later, the mi
were anesthetized followed by intravenous injections of h
doses of coelenterazine~5.7 mg/kg body weight!. A whole-
body image of the mice was acquired with three 1 min sc
using the cooled CCD camera. Two hours later, the mice w
re-scanned to check for the residual signals from the
planted C6-hRluc cells. When no signal was detected, th
same set of mice were injected with D-Luciferin~150 mg/kg
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Fig. 1 Comparison of signals in different cell lines using two different
Renilla reporter genes. The graph shows four different cell lines used
for comparing signal produced from hRL:coelenterazine and RL:coe-
lenterazine as measured in a luminometer. The cells were transiently
transfected with pCMV-Rluc/pCMV-hRluc and the cell lysates as-
sayed 24 h posttransfection with the substrate coelenterazine, to com-
pare the luciferase activity of two groups of transfected cells. All the
cell lines show significant (P,0.05) enhancement in signal from cells
transfected with pCMV-hRluc plasmid as compared to the pCMV-Rluc
plasmid. Signals from the control cell lysates are negligible. Note the
y axis is in log scale. The values are normalized to mg of total protein/s
and for transfection efficiency (b-gal activity). The error bars (not seen)
represent standard error of mean (SEM) of triplicates.
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body! given intraperitoneally followed by the whole-body im-
ages of the mice acquired with three 1 min scans using th
cooled CCD camera.

3 Results
3.1 pCMV-hRluc Transfected Cells Show Significantly
Higher Signals as Compared to pCMV-Rluc
Transfected Cells Across Different Cell Lines Tested
Cell lines from different tissue origins~C6, N2a, 293T,
COS-1! were transiently transfected with either pCMV-Rluc
or pCMV-hRlucplasmids. The difference in the expression of
the two Renilla luciferase reporter genes was compared. All
cell lines show significantly higher(P,0.05) levels of gene
expression from pCMV-hRluctransfected cells when assessed
by the luminometer~Fig. 1!. However, the level of expression
varied in different cell lines with 293T showing;500-fold,
COSI ;800-fold, N2a 1500-fold, andC6;150 fold higher
expression from pCMV-hRluc transfected cells as compared
to pCMV-Rluc transfected cells. Successful transfection in
different cell lines indicates that hRluc has consistent high
expression level in different tissues.

3.2 Increasing Signal is Observed from C6-hRluc Cell
Lysates with Increasing Doses of Coelenterazine
To compare the light yield from C6-Rluc and C6-hRluc cell
lysates with increasing doses of coelenterazine, differen
doses~0.0001–100mg/mL! were prepared in 50 mM SPB by
serial dilution. Coelenterazine, as low as 0.0001mg/mL, is
able to produce a measurable light signal in the luminomete
from C6-hRluccell lysates but not with C6-Rlucor C6 control
cell lysates. A maximum signal of 1.0310664.2
3105 RLU/mg/s/b-gal activity from C6-hRluc cell lysates
and 2.831036.723102 RLU/mg/s/b-gal activity from C6-
Rluc cell lysates were recorded in the luminometer at
mg/mL dose~Fig. 2!. There is;250-fold higher signal with
hRL as compared to RL at every coelenterazine dose. An
proximately linear relationship~hRL; R250.98, RL; R2

50.96) between the doses of coelenterazine~0.01–1mg/mL!
and signal intensity is observed from both samples. At hig
doses~.1 mg/mL! there is a plateau and eventually a drop
light production.

3.3 RT-PCR and Western Blot Analysis Shows Higher
Message Level and Protein Production from C6-
hRluc Cells as Compared to C6-Rluc Cells
In order to compare the transcription and translation levels
the C6-Rluc and C6-hRluc cells, RT-PCR and western blo
were performed~Fig. 3!. The RT-PCR study@Fig. 3~a!# shows
a higher level of message production from C6-hRluc cells
seen as a stronger band~lane 2! as compared to C6-Rluccells
~lane 3!. Both amplified a product size of 203 bp. The contr
cells do not show any detectable band in the blot~lane 4!. The
mean intensity~MI ! of the hRluc band is 117.16 and Rlu
band is 90.23, whereas the control area is;65.52.

There is also a corresponding higher production of h
versus RL as seen in the western blot@Fig. 3~b!#. C6-hRluc
cell lysates show a more intense band~lane 2! than that of
C6-Rluc cells lysates~lane 3!. The control~lane 1! shows no
detectable signal in the blot.

3.4 hRL Signal Enhances with Increasing
Coelenterazine Dose in Living Mice
C6-hRluc cells were subcutaneously implanted into the l
forearm of mice(N52) while mock-transfected C6 cells
were implanted in the right thigh. Mice injected with very lo
doses of coelenterazine~0.07 mg/kg body weight! via tail vein

Fig. 2 Effects of coelenterazine dose on measured light from C6-
hRluc, C6-Rluc and control C6 cell lysates. C6 cells were transiently
transfected with pCMV-hRluc, pCMV-Rluc, or mock transfected. Cell
lysates were prepared and equal volume of lysates (5 mL) were mixed
with increasing concentration of coelenterazine. The RLU was mea-
sured in the luminometer. The signals from C6-hRluc cell lysates are
;250-fold higher than C6-Rluc lysates at any given dose. A near lin-
ear increase with dose is observed between 0.01–1 mg/mL of
coelenterazine with C6-hRluc lysates. Control C6 cell lysates do not
show any significant signal. The y axis is in log scale. The values are
from triplicate wells normalized to mg protein/s/b-gal activity. The
error bars (not seen) represent SEM of triplicates.
Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3 581
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Fig. 3 RT-PCR and Western blotting of C6/C6-Rluc/C6-hRluc cell extracts. Total RNA from C6-hRluc cells and C6-Rluc cells were isolated and an
equal amount (200 ng) was analyzed by reverse transcription PCR as described in Sec. 2. The 203 bp RT-PCR products were separated in 2%
agarose gel stained with ethidium bromide (a). An inverted image of the gel shows a higher amount of RT-PCR product from C6-hRluc mRNA as
compared to equal volume (10 mL) C6-Rluc cell mRNA [Lane 1, molecular weight markers (100 bp); lane 2, C6-hRluc; lane 3, C6-Rluc; lane 4, C6
control], (b) The total protein was extracted from C6, C6-Rluc and C6-hRluc cells using Laemmli’s sample buffer. Equal amount (10 mg) of cellular
protein was loaded in each lane. A higher expression of hRL is observed as compared to RL as seen by the 35 kDa band in the western blot treated
with anti-Renilla antibody. [lane 1, C6 control cells; lane 2, C6-hRluc; lane 3, C6-Rluc].
e
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show a measurable signal of;1.6310561.13104 maximum
~p/s/cm2/sr! from a ROI drawn on images over the site of
implantation at the left shoulder area. There is a progressiv
increase in the bioluminescence from the implanted cells with
increasing coelenterazine dose from 0.07 to 2.1 mg/kg bod
weight ~Fig. 4!. The C6 control site at the right thigh region
shows a signal of;5.8310368.0310221.3310461.9
3103 maximum~p/s/cm2/sr!.

3.5 C6-hRluc Cells Yield Significantly Higher Signal
Than C6-Rluc Cells When Both Sets of Cells are
Implanted in the Same Living Mouse and Imaged
Simultaneously
To compare the signal emission from a living mouse by a
cooled CCD camera, C6-Rluc, C6-hRluc, and C6 control cells
were implanted at three separate s.c. sites in living CD-1 mic
(N53). Coelenterazine~0.7 mg/kg body weight! was in-
jected via tail vein. There is;25–30-fold difference in the
detectable signal by cooled CCD camera between the tw
reporters, with syntheticRenilla showing significantly higher
(P,0.05) and prolonged signal emission@Fig. 5~a!#. The C6-
hRlucsite shows signals up to4.3310662.43105 maximum
582 Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3
~p/s/cm2/sr! in the first minute of scan which drops to4.1
310563.93104 maximum ~p/s/cm2/sr! after 15 min,
whereas the signal from the C6-Rluc implanted site is1.5
310660.83104 maximum ~p/s/cm2/sr! and drops to1.7
310460.723103 maximum~p/s/cm2/sr! within 15 min @Fig.
5~b!#. Control mice with no implanted cells, when injecte
with coelenterazine~0.7 mg/kg body weight!, show a back-
ground signal of ;3.1310360.53102 maximum
~p/s/cm2/sr!.

The lysates from the same batches of C6-hRluccell show
104-fold higher signals (4.9310365.13102 RLU/mg/s)
compared to C6-Rluc cell lysate(4762.1 RLU/mg/s) when
checked in the luminometer. C6 control cell lysates had n
ligible signal.

3.6 Measurable Signal is Detected from Living Mice
Subcutaneously Implanted with 10–100 293T-
hRluc Cells
Since 293T-hRluccells were observed to give the highest si
nal in the luminometer~Fig. 1!, these cells were subcutane
ously implanted in nude mice(N52) to check for the mini-
mum number of imagable cells. Detectable signals(P
Fig. 4 RL bioluminescence in living mice is dependent on the dose of coelenterazine injected. Coelenterazine doses ranging from 0.07 to 2.1
mg/kg body weight were injected via tail vein in duplicate sets of CD1 mice subcutaneously implanted with C6-hRluc and C6 control cells. The
ROI signal increases as a function of higher coelenterazine dose from the C6-hRluc site. The error bar represents mean6SEM.
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Fig. 5 Optical imaging of mice carrying both C6-hRluc and C6-Rluc cells at two different s.c. sites. A mouse was injected subcutaneously with
C6-Rluc, C6-hRluc, and C6 control cells on the left forearm, right forearm, and right thigh regions, respectively. Injection of coelenterazine (0.7
mg/kg body weight) via tail vein shows bioluminescence from both the C6-Rluc and C6-hRluc sites simultaneously with distinct kinetics. (a) An
image recorded from a mouse using a 1 min scan with the cooled CCD camera demonstrating the higher signal from C6-hRluc as compared to
C6-Rluc cells and background signal from the site of C6 cells. R and L represent the right and left side of the mouse resting in supine position. (b)
Data demonstrating significantly higher and prolong signal from the C6-hRluc site as compared to the C6-Rluc site. Note the y axis is in log scale.

Fig. 7 Optical imaging of mice carrying subcutaneous C6-hRluc, C6-Fluc cells, and C6 cells after tail-vein injection of a mixture of coe-
lenterazine and D-Luciferin. A mouse was injected subcutaneously with C6-Fluc, C6-hRluc and C6 control cells on the right forearm, left forearm
and right thigh regions, respectively. Injection of a coelenterazine and D-Luciferin mixture via tail vein shows bioluminescence from both the sites
simultaneously with distinct kinetics. R and L represent the right and left side of the mouse in the supine position.

Fig. 8 Optical imaging of mice with C6-hRluc and C6-Fluc cells trafficked to lungs. A mouse was injected with a mixture of one million C6-Fluc
and one million C6-hRluc cells via tail vein. The cells were allowed to traffic into the lungs by waiting for 2 h. (a) Separate injection via tail vein
of coelenterazine (5.7 mg/kg) and 2 h later with i.p. injection of D-Luciferin (150 mg/kg) shows different levels of signal from the two cell
populations in the same mouse. The animal injected with coelenterazine (1; left panel) shows a significantly (P,0.05) higher signal from the
C6-hRluc population located in the lung region as compared to the same animal injected with D-Luciferin after 2 h (2; right panel). (b) Mean data
from three mice demonstrating significantly higher (P,0.05) signal from C6-hRluc as compared to the C6-Fluc cells in the lung region. Note the
y axis is in log scale. Error bars represent SEM.
Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3 583
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Fig. 6 Cell Culture and RT-PCR of C6/C6-Fluc/C6-hRluc cell extracts. Total RNA from C6-hRluc cells and C6-Fluc cells were isolated and equal
amounts analyzed by reverse transcription PCR as described in the Experimental Protocol. The ;203 bp RT-PCR products were separated in 2%
agarose gel stained with ethidium bromide (a) an inverted image of the gel shows a higher amount of RT-PCR product from C6-hRluc mRNA as
compared to C6-Fluc cell mRNA [Lane 1, C6 control; lane 2, C6-Fluc; lane 3, molecular weight markers (100 bp): lane 4, C6-hRluc]. (b) The cell
culture data show ;17-fold difference in the signal from C6-hRluc as compared to C6-Fluc cell lysates when checked in the luminometer. Data
represented as RLU/mg protein/s/b-gal activity and the error bar represents mean6SEM. Note the y axis is in log scale.
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,0.05) were seen from as few as 10 cells@2.25310467.3
3103 maximum ~p/s/cm2/sr!# and 100 cells@4.4310462.9
3103 maximum ~p/s/cm2/sr!# implanted at s.c. sites by
Hamilton syringe in low volume~5 mL! of buffer. The non-
transfected control cells show a background signal;2.5
310362.33102 maximum~p/s/cm2/sr!.

3.7 RT-PCR and Luminometer Studies Show a Higher
Message Level and Signal Production from C6-
hRluc Cells as Compared to C6-Fluc Cells
The RT-PCR study@Fig. 6~a!# shows a higher level of mes-
sage production from C6-hRluccells seen as a stronger band
~lane 4! as compared to C6-Fluc cells~lane 2!. Both amplified
a product size of;203 bp. The control cells do not show any
detectable band in the blot~lane 1!. The mean intensity~MI !
of the hRluc band is 117.16 and Fluc band is 91.12, wherea
the control area is;65.52.

In cell culture experiments, C6 cells transfected with
pCMV-Fluc show ;17–20-fold lower signal in a luminom-
eter as compared to C6-hRluccell lysates when normalized to
the b-Gal activity @Fig. 6~b!#.

3.8 C6-hRluc Yields Significantly Higher Signal Than
C6-Fluc Cells When Implanted Subcutaneously
in the Same Living Mouse
C6-Fluc and C6-hRluc cells were implanted at two separate
s.c. sites in the same living CD-1 mice(N53) and a mixture
of D-Luciferin:coelenterazine was injected via tail vein in or-
der to compare the signal emission from two different report-
ers using two different substrates. The signal from C6-hRluc
cells ~left forearm! peaks up to4.7310666.73104 maxi-
mum ~p/s/cm2/sr! within the first minute after coelenterazine
injection. However, C6-Fluc cells implanted on the right fore-
arm take;8–10 min to reach the peak signal@1.33105

61.73104 maximum~p/s/cm2/sr!#. A detectable signal from
the C6-Fluc implanted site can be first seen;3–5 min after
the injection of the substrate by the cooled CCD camera~data
not shown!. The measurable signals from the C6-hRluc cell
584 Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3
implanted site were;30–40-fold higher than C6-Fluc cells.
C6 control cells implanted at the right thigh region show on
background signal~Fig. 7!.

3.9 C6-hRluc Yields Higher Signals Than C6-Fluc
Cells When Cells Traffic to Lungs in the Same
Living Mouse
C6-Fluc and C6-hRluccells were mixed and injected via ta
vein in the same mice so that the cells could traffic to dee
lung tissue. The substrates coelenterazine and D-Lucif
were injected separately in order to compare the signal em
sion from the two different reporters from the same site. W
have previously reported that there was no cross reacti
between hRL:D-Luciferin and FL:coelenterazine. The sign
from both the reporters were emitted from the lung region
seen in Fig. 8~a!. The signal from C6-hRluccells peaks up to
1.2310564.43104 maximum ~p/s/cm2/sr! within the first
minute after coelenterazine injection@Fig. 8~a1!#. Whereas
C6-Fluc cells took around;8–10 min to reach the peak sig
nal of 2.8310462.73103 maximum ~p/s/cm2/sr! by the
cooled CCD camera@Fig. 8~a2!#. It should be noted that a
higher dose of coelenterazine~5.7 mg/kg body weight! was
used for these experiments. We also selected larger adult
with maximum body weight to study the signal emission fro
deep tissues. The measurable signals from the C6-hRluccells
in the lungs were;4-fold higher than C6-Fluc cells even
from the deeper tissues@Fig. 8~b!#.

4 Discussion
In our previous study we have shown that Rluc can be s
cessfully used for real time imaging studies in living anima
using a cooled CCD camera.10 Upon tail-vein injection of
coelenterazine, the RL enzyme in the presence of coelen
zine and oxygen generates a flash of blue luminescence w
wavelength centered at;482 nm. In the current study, we
have worked with an improved version of theRenilla lu-
ciferase reporter gene termed syntheticRenilla luciferase~hR-
luc!. Though the nucleotide sequence of hRluc retains o
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Optical imaging of Renilla luciferase . . .
72% homology with the native Rluc, the amino acid sequence
is unchanged~36 kDa protein! producing the same light yield
centered at;482 nm.15

We initially demonstrated that thehRluc reporter gene is
well adapted for mammalian cells and can be transiently
transfected into a variety of cell types as we and others hav
previously reported to be the case with Rluc. In all the cell
lines tested, there is a significant increase in the measure
signal with hRluc as compared to Rluc while taking into ac-
count transfection efficiency. The absolute amount varied with
cell type as shown in Fig. 1. The kinetics of light production
from C6-hRluc cell culture lysates is rapid and;100–250-
fold higher than C6-Rluc cell lysates when studied with vari-
ous doses of coelenterazine. The signal from hRluc cell ly
sates peaks with increasing coelenterazine dose and th
decreases similar to the signals from Rluc as we reporte
earlier.10 We show that the higher yield of signal from pCMV-
hRluc transfected cells was due to a significantly higher leve
of transcription efficiency leading to more mRNA production
as verified by RT-PCR@Fig. 3~a!#. Subsequent up-regulation
of luciferase enzyme~hRL! in cells is further confirmed by
western blot analysis using an anti-Renilla antibody @Fig.
3~b!#.

The results in living mice carrying both C6-Rluc and C6-
hRluc cells implanted subcutaneously, and tail-vein injected
with coelenterazine, show differences in light yield from the
two sites of cell implantation and correlated to the cell culture
data. The typical pattern of flash kinetics was observed within
the first minute of coelenterazine injection from both sites.
The magnitude of the signal from the C6-hRluccell implanted
site is about;25–30-fold more than that of C6-Rluc cells.
The relative advantagein vivo is still quite high as expected,
but the absolute fold drops primarily due to light attenuation
in tissue. The light from the C6-Rluc cells rapidly extin-
guishes within 15 min whereas the signal from C6-hRluccell
implanted site tends to persist beyond 15 min. The kinetics o
measurable light production from regions containing C6-
hRluc cells is also dependent on the doses of coelenterazin
injection as we have previously observed with C6-Rluc
cells.10 However, with C6-hRluc, even a very low dose of
coelenterazine~0.07 mg/kg body weight! yields a measurable
signal with the cooled CCD camera. C6 control cells im-
planted in mice show only background signal when mice were
tail-vein injected with coelenterazine as we have previously
observed.10 The background signal of;3.1310360.53102

maximum ~p/s/cm2/sr! from control mice with no implanted
cells, could be due to various factors including low levels of
light emitted from the mice even though there is no biolumi-
nescence, low levels of photons in the ‘‘light-tight’’ box, as
well as noise from the cooled CCD camera due in part to
thermal drift.

Since cells transfected with syntheticRenilla luciferase
show an improvement in signal level, it is important to study
the minimum number of cells that lead to detectable signal
We selected 293T-hRluc cells for this purpose, as they show
maximum signal in the cell culture study~Fig. 1!. Results
show measurable signal from as low as ten cells when im
planted at a subcutaneous site of a living mouse. It should b
noted that the ten cells were implanted in 5mL PBS using a 5
mL Hamilton syringe, so that the cells were at close proximity.
Injecting very few cells in higher volume of buffer gave in-
d

n

consistent results, as the cells were spread over a larger
However, 100 cells at a subcutaneous site gave a signifi
and consistent signal. Such observations may aid in future
trafficking studies involving fewer cells.18 This improvement
in the signal yield from C6-hRluc cells from small animals
can be useful for several experimental strategies including~i!
significant signal with lower doses of substrate injection
animals,~ii ! detectable signal from much fewer number
cells, or~iii ! gene expression involving rare molecular even
weak promoters could be more easily imaged.

To date, Fluc is the most thoroughly characterized repo
gene used for noninvasive imaging studies in small anim
with optical bioluminescence approaches.4 In the present
study we attempt to compare the signal of FL with that of hR
both in cell culture and from mice to see which is more se
sitive for noninvasive studies. No absolute comparison of
two reporters was performed as there are differences in g
size, reaction parameters, substrate chemistry, as well as
strate pharmacokinetics. The lack of significant cross reac
ity between the two reporters and their correspond
substrates10 provides for a basis to study and compare bo
hRluc and Fluc in the same living mouse. FL: D-Lucifer
produces light with a peak in the range of 595–620 nm in
presence of oxygen, ATP and the cofactor magnesiu
whereas hRL: coelenterazine produces light which peak
;482 nm. Since the optical properties of mammalian tiss
involve attenuation of light,600 nm, the chances of acqui
ing measurable signals from Fluc is greater. However, the
culture study shows;104-fold more signal in the luminom
eter from C6-hRluc than those C6-Fluc cell lysates. Also, the
measurable signal from C6-hRlucis found to be;30–40-fold
more than C6-Fluc when cells are implanted subcutaneous
in the same mouse and imaged by the cooled CCD cam
There can be several reasons for lower detectable signal
C6-Fluc cells. The FL:D-Luciferin reaction requires ATP from
the cells to generate the light. This could be a limiting fac
for higher signal yield as the reaction may subside with low
levels of cellular ATP. Also, utilizing cellular ATP reserve fo
the reaction may perturb cellular machinery. One key adv
tage of the Rluc/hRluc:coelenterazine reaction is that it d
not utilize any ATP. It is known that the signal wavelength
hRluc:coelenterazine is centered at;482 nm where chance
of attenuation of light from mammalian tissue is great
There are also reports of faster rate of coelenterazine de
dation and inactivation in tissues.19 However, the initial light
yield from the hRL:coelenterazine reaction is so high that
measurable light is significantly higher than that of Fluc r
porter even after attenuation by tissue at the depths and l
tions tested. It should be noted that the signal from the mo
could be controlled by the amount of substrate injected
each animal. There is a significant difference in the subst
dose of coelenterazine and D-Luciferin injected in each gro
of mice. The dose of D-Luciferin is;150 mg/kg body weight
and that of coelenterazine is only;0.7 mg/kg body weight
for most of the studies. With even a 150-fold lower dose
substrate~coelenterazine! we can see;30–40-fold more sig-
nal from C6-hRluc implanted cells as compared to C6-Fluc
cells from thesamemouse at the s.c. site. However, there is
marked decrease in the signal difference when signals
acquired from C6-hRluccells present in deeper tissues such
the lungs. This was compensated for, by injecting high
Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3 585
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Bhaumik, Lewis, and Gambhir
doses of coelenterazine~;5.7 mg/kg! via the tail vein. For the
higher dose of coelenterazine, the signals emitted from C6
hRluccells in lungs were;4-fold higher than C6-Fluc cells
situated in the same location. It should be noted that sinc
equal numbers of cells are used, and there is a difference
transfection efficiency of;30% in favor of pCMV-hRluc, that
a more accurate fold difference is;430.75;threefoldat
the particular doses of coelenterazine and D-Luciferin uti-
lized. However, in order to do an absolute comparison be
tweenRenillaand Firefly luciferase, one would need to know
the exact levels of active FL and hRL, as the levels of tran-
scription are likely different, even though transfection effi-
ciency can be corrected for. The exact dose of D-Luciferin
and coelenterazine are two additional variables that will nee
to be optimized for a given experimental strategy. It will be
important in future studies to also study other deep tissue site
of expression~e.g., liver, brain, etc.!. It is also possible that
D-Luciferin and/or coelenterazine efflux from cells could be
affected by levels ofP-glycoprotein and other multi-drug-
resistance mechanisms, and this will also have to be furthe
investigated. Three repeated doses of coelenterazine as hi
as;3.5 mg/kg body weight and a single dose as high as 5.
mg/kg did not show any toxicity effects of sudden death, leth-
argy, weight loss, and changes in vital signs. Formal toxicol-
ogy studies will be needed to better define any potential tox
icity of coelenterazine as a function of dose and frequency o
administration. Formal toxicology studies for D-Luciferin are
also needed. It should also be noted that our current costs fo
coelenterazine and D-Luciferin are approximately $75/mg
~Prolume Ltd.! and $0.80/mg~Xenogen Corp.!, respectively.
Therefore at the typical doses used for each substrate~micro-
grams of coelenterazine and milligrams of D-Luciferin!, the
costs per mouse study are near equivalent. Additional work t
further characterize relative advantages/disadvantages of Flu
and hRluc in living subjects should help to further accelerate
bioluminescence based research.

The use of bioluminescence in various paradigms in living
subjects including gene delivery, cell trafficking, and trans-
genic models is already possible. We now show hRluc as
more sensitive primary reporter gene as compared to Rluc i
variousin vivo studies. We also show that the hRluc signal is
significantly higher than Fluc at subcutaneous sites unde
transient transfection conditions. For lung imaging, higher
doses of coelenterazine were needed in order to achieve sign
greater than that with Fluc. The current work helps further
clarify the issues surrounding the use of Rluc, hRluc, and Flu
as reporter genes for bioluminescence imaging in living sub
jects.
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