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Abstract: Intravital (in vivo) microscopy using fluorescently-tagged proteins is a valuable tool for imaging the expres-
sion of a specific protein, its subcellular location and the dynamics of specific cell populations in living animals. 
Recently, multiphoton microscopy including two-photon laser scanning microscopy (TPLSM) has been used in the 
field of tumor biology due to its ability to image target organs at higher magnification and at deeper depths from 
the tissue surface for longer time periods. We developed a method of in vivo real-time imaging for tumor metas-
tasis using TPLSM with an organ stabilizing system, which allow us to observe not only a single tumor cell and its 
microenvironment for a long time, but also to observe the same organ of the same mouse at multiple time points in 
preclinical models. Here, we presented in vivo real-time images of 1) tumor cell arrest, 2) tumor cell-platelet interac-
tion, 3) tumor cell-leukocyte interaction, and 4) metastatic colonization at the secondary organs as representative 
steps of metastatic process of experimental liver metastasis models using TPLSM. 
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Introduction

Cancer is a major health problem worldwide. 
More than 90% of cancer patients will die from 
metastatic disease. Therefore, translational 
metastasis research should be prompted ur- 
gently [1]. The underlying mechanism of tumor 
metastasis has being investigated using molec-
ular biology techniques intensively. Despite of 
accumulating evidence of molecular biological 
mechanisms underlying tumor metastasis, our 
comprehensive understanding is still unsatis-
factory [2]. 

Metastatic process consists of a number of 
steps: the detachment of tumor cells from the 
primary tumor mass, intravasation into blood 
or lymphatic vessels, escape or avoidance from 
the host immune system, survival in the blood-
stream, arrest at the secondary distant organs, 
extravasation of the arrested tumor cells 
through vessels, and successful colonization of 
tumor cells in the surrounding microenviron-
ment different from the primary tumor [3]. The 
underlying mechanism of each step has been 
examined by in vitro and/or in vivo studies. 

Imaging of living animals at microscopic resolu-
tion (intravital microscopy, IVM) represents a 
powerful tool for understanding the dynamics 
of metastatic process in the natural microenvi-
ronment [4, 5]. The development of suitable 
mouse models is also important for intravital 
imaging of metastatic process. 

The dorsal skinfold window chamber model 
remains to be used widely for IVM of invasion, 
intravasation, metastasis process, and tumor 
angiogenesis of implantable tumor [6]. This 
model also makes it possible to take multiple 
imaging sessions over several days and months. 
Since then, mammary window chamber model 
for orthotopic breast tumor [7] and cranial win-
dow chamber model for brain tumor [8] have 
been also developed. 

Intravital imaging of metastatic process using 
multiphoton microscopy 

Multiphoton or two-photon laser scanning 
microscopy (TPLSM) utilizes two-photon excita-
tion restricted to the focal plane by high-power, 
pulsed lasers. The longer-wavelengths as the 
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two-photon excitation source can penetrate 
deeper into tissues, up to 1000 μm [9]. The 
longer-(near-infrared) wavelengths can also 
reduce light scattering, resulting in an increased 
penetration depth. The two lower-energy excita-
tion photons cause less photodamage, or pho-
totoxicity (photobleaching). The absence of out-
of-plane fluorescence can also contribute to 
the reduction of phototoxicity because of the 
two-photon excitation only at the focal plane 
[9]. TPLSM offers the above-mentioned numer-
ous imaging benefits compared with single-
photon confocal laser scanning microscopy 
(CLSM). Thus, TPLSM is thought to be an ideal 
tool for intravital imaging because of its ability 
to keep cell viability during imaging and to allow 
longer imaging time. 

In vivo imaging of murine liver metastasis 
model using TPLSM

GFP-expressing mice 

Enhanced green fluorescent protein (EGFP)-
transgenic C57/BL6-Tg (CAG-EGFP) mice were 
purchased from Japan SLC Inc. (Sizuoka, Ja- 
pan). GFP-expressing nude mice (C57BL/6-
BALB/c-nu/nu-EGFP) were purchased from An- 
tiCancer Japan (Osaka, Japan). 

GFP mice (20-22 g) were bred, housed in 
groups of six mice per cage and fed with a pel-
leted basal diet (CE-7, CLEA Japan Inc., Tokyo, 
Japan). Mice had free access to drinking water. 
They were kept in the animal house facilities at 
Mie University School of Medicine under stan-
dard conditions of humidity (50 ± 10%), tem-
perature (23 ± 2°C) and light (12/12 h light/
dark cycle), according to the Institutional Animal 
Care Guidelines. The experimental protocols 
were reviewed and approved by the Animal 
Care and Use Committee at Mie University 
Graduate School of Medicine. 

RFP-expressing cancer cell line

RFP expressing murine (SL4) and human (HT- 
29) cancer cell lines were purchased from 
AntiCancer Japan (Osaka, Japan). 

The inoculation of RFP-SL4 cells in GFP mice 
was used as a syngeneic tumor model. By con-
trast, the inoculation of RFP-HT29 cells in GFP 
nude mice was used as a xenogeneic tumor 
model. 

Cancer cells were grown in monolayer cultures 
in RPMI 1640 (Sigma-Aldrich, Inc., St. Louis, 
MO. USA) supplemented with fetal bovine 
serum (FBS, 10% (v/v), GIBCO BRL, Tokyo, 
Japan), glutamine (2 mM), penicillin (100000 
units/liter), streptomycin (100 mg/liter), and 
gentamycin (40 mg/liter) at 37°C in a 5% CO2 
environment. For routine passage, cultures 
were spilt 1:10 when they reached 90% conflu-
ence, generally every 3 days. Cells at the fifth to 
ninth passage were used for liver metastasis 
experiments, which were performed with expo-
nential growing cells. 

Murine liver metastasis model

RFP-expressing cancer cells were inoculated 
into the spleens of GFP mice, as a colorectal 
liver metastatic xenograft model [10]. RFP-
HT29 or RFP-SL4 cancer cells at the fifth to 
ninth passage were harvested with trypsin/
EDTA, and washed in serum-containing RPMI 
1640 medium to inactivate any remaining tryp-
sin. The cells were centrifuged and resuspend-
ed in phosphate-buffered saline (PBS). Finally, 
the cells were adjusted to 2×107 cells/mL for 
single cell suspensions. 

GFP mice were anaesthetized using an anaes-
thetic mask with 4 L/min of isofluorane (4%; 
Forane, Abbott, Japan). Anaesthetic mainte-
nance was achieved using 1.5-2% isoflurane 
and 4 L/min of O2. Under direct vision, 2×106 
cells were injected into the spleen using a 
30-gauge needle through a small incision in the 
left lateral abdomen of anesthetized GFP mice. 

Liver stabilization for in vivo imaging using 
TPLSM

Previously we have reported a method of in vivo 
real-time imaging for various murine models 
using TPLSM with an organ stabilizing system, 
which allows high magnification (×600 or high-
er) and high resolution (at the cellular or subcel-
lular level) images in living animals [11-17]. 

Figure 1A shows an overview of liver stabiliza-
tion for in vivo imaging using TPLSM. The upper 
midline laparotomy was made (< 15 mm) in the 
anaesthetized mice. The left lateral lobe of the 
liver was identified and exteriorized through the 
laparotomy (Figure 1B). The liver lobe was then 
put onto a solder lug terminal with an instant 
adhesive agent (KO-10-p20, DAISO, Japan) 
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(Figure 1C). This organ stabilizer minimized the 
microvibration of the observed area caused by 
physiological heart beat and respiratory move-
ments. After the application of PBS to the 
observed area, a thin cover glass was placed 
on the liver surface. After intravital TPLSM, a 
solder lug terminal was removed from the liver 
lobe using a release agent (KO-10-p8, DAISO, 
Japan). The liver surface were extensively 
washed by PBS to remove the residual release 
agent and blood coagulation mass. A sodium 
hyaluronate and carboxymethylcellulose mem-
brane (Seprafilm Adhesion Barrier, Genzyme 
Corporation, Cambridge, MA) was placed be- 
tween the liver and the abdominal wall to pre-
vent postoperative dense adhesion. Body tem-
perature was kept at 37°C throughout the 
experiments using a heating pad. Normal saline 
(200 μL) were administered intraperitoneally at 
1-2 hour intervals for hydration during anes- 
thesia.

TPLSM setup

The detailed procedures for TPLSM setup were 
described as previously [14]. In brief, experi-
ments were performed using an upright micro-
scope (BX61WI; Olympus, Tokyo, Japan) and a 

FV1000-2P laser-scanning microscope system 
(FLUOVIEW FV1000MPE, Olympus, Tokyo, 
Japan). The use of special stage risers enabled 
the unit to have an exceptionally wide working 
distance. This permitted the stereotactically 
immobilized, anesthetized mouse to be placed 
on the microscope stage. The microscope was 
fitted with several lenses with high numeric 
apertures to provide the long working distances 
required for in vivo work, and with water-immer-
sion optics. The excitation source in TPLSM 
mode was Mai Tai Ti: sapphire lasers (Spectra 
Physics, Mountain View, CA), tuned and mode-
locked at 910 nm. The Mai Tai produces light 
pulses of about 100 fs width (repetition rate 80 
MHz). Laser light reached the sample through 
the microscope objectives, connected to an 
upright microscope (BX61WI; Olympus, Tokyo, 
Japan). A mean laser power at the sample was 
between 10 and 40 mW, depending on the 
depth of imaging. Microscope objective lens 
were 4×UPlanSApo (numerical aperture of 
0.16), 10×UPlanSApo (numerical aperture of 
0.4), and 60×LUMPlanFI/IR (water dipping, 
numerical aperture of 0.9, working distance 2 
mm), respectively. Data were analyzed using a 
FV10-ASW (Olympus, Tokyo, Japan). TPLSM 
images were acquired with 512×512 pixels 

Figure 1. Overview of liver stabilization for in vivo imaging using TPLSM: A. Overview of liver stabilization using organ 
stabilizing system; B. Exteriorization of liver lobes; C. Liver stabilization using a solder lug terminal.
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spatial resolution, from 210 μm field of view 
dimension, using a pixel dwelling time 4 μs. 
Two-photon fluorescence signals were collect-
ed by an internal detector (non-descanned 
detection method) at an excitation wavelength, 
to enable the simultaneous acquisition of EGFP 
signal and RFP (DsRed2) signal. Color-coded 
green and red images were imaged at the same 
time, and subsequently merged to produce sin-
gle images. 

Imaging methods 

The surface of the liver was screened at lower 
magnifications by setting out the X/Y plane and 

adjusting the Z axis manually to detect the opti-
mal observation area containing RFP-expre- 
ssing cancer cells (at least five areas). Sub- 
sequently, each area of interest was scan- 
ned at a higher magnification (water-immersion 
objective 60× with or without 2× zoom) by man-
ually setting the X/Y plane and adjusting the Z 
axis either automatically or manually. The scan-
ning areas were 200×200 μm (600×) or 
100×100 μm (600× with 2× zoom) respective-
ly. The imaging depth was determined arbitrari-
ly. The laser power was adjusted according to 
the imaging depth. When imaging at larger 
depths, we increase the laser power level (up to 
near 100%) manually using laser power level 

Figure 2. Visualization of liver metastatic process in xenogenic model: A. Tumor cell-platelet interaction; B. Tumor 
cell-leukocyte interaction; C. Platelets aggregation to the tumor cell; D. Liver metastatic colonization.
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controller. To image the optimal simultaneous 
imaging of EGFP and RFP (DsRed2), detection 
sensitivity (brightness by HV) was adjusted 
manually for EGFP (450-500) or RFP (550-
600), respectively. 

Visualization of liver metastatic process in 
xenogenic model (HT29)

Injection in the spleen or portal vein mimics 
hematogenous spread of tumor cells into the 
liver, which has been used by many research-
ers to create liver metastases. Tumor cells 
which were injected into the spleen circulated 
in the bloodstream (portal route), and then get 
stuck (or arrested) in the hepatic sinusoids. We 
can observe metastatic processes such as the 
tumor cell arrest, tumor endothelial interaction, 
tumor cell extravasation into the liver paren-
chyma, and the metastatic colonization in the 
liver using a liver metastasis model by intras-
plenic injection of tumor cells. 

Tumor cell arrest

In our study, red-colored cancer cells were visu-
alized in the green-colored liver structures of 
GFP mice at the single cell level (at a magnifica-
tion of over 600×). Cancer cells were arrested 
in hepatic sinusoids 2 hours after injection. 
Circulating or rolling cancer cells in hepatic ves-
sels were never observed during the 1 hour 
observation time. However, cancer cells 
appeared to gather into the central zone of 
hepatic lobes. It still remains unclear whether 
tumor cell arrest might be caused by molecular 
adhesion between cancer cells and hepatic 
endothelial cells or size-dependent occlusion. 

Tumor cell-platelet interaction

Figure 2A shows a tumor cell-platelet interac-
tion within hepatic sinusoids. In GFP mice, red 
blood cells were not visualized [18]. Therefore, 
leukocytes were recognized as larger blood 
cells, and platelets were recognized as smaller 
ones within blood vessels. Within hepatic sinu-
soids, we observed that leukocytes including 
Kupffer cells were rolling or flowing in vivo 
real-time. 

The fact that platelets are essential for hema-
togenous tumor metastasis has been demon-
strated more than 4 decades ago and has been 
proven in a lot of experiments [19-21]. The 
interaction of tumor cells with platelets within 

the bloodstream occurs from the moment of 
tumor cell entry into the bloodstream (intrava-
sation) to the moment that tumor cells leave 
from blood vessels (extravasation). Tumor cell 
induced platelet aggregation (TCIPA) is the phe-
nomenon of which tumor cells can aggregate 
platelets. The advantageous role of TCIPA for 
tumor metastasis is thought to be the prolonga-
tion of tumor cell survival in the bloodstream 
and the protection of tumor cell by surrounding 
platelets from host immune system. 

We observed in vivo real-time that platelets 
adhered to the intrasinusoidal (intravascular) 
tumor cells under normal blood flow, indicating 
a tumor cell-platelet interaction. Figure 2C also 
showed that platelets aggregated to the intra-
sinusoidal tumor cells like a protective coat. We 
think that it is thought to be a intravital imaging 
of TCIPA at high magnification and high reso- 
lution. 

Tumor cell-leukocyte interaction

Figure 2B shows a tumor cell-leukocyte interac-
tion. The increase in neutrophil counts or neu-
trophil-to-lymphocyte ratios has demonstrated 
to be predictive value of poor prognosis or dis-
tant metastasis in several human malignancies 
[22, 23]. The presence of circulating tumor 
cells (CTC) has been shown to be a surrogate 
biomarker of hematogenous metastases [24, 
25]. There is increasing evidence of CTC-
neutrophil interaction in vitro. The role of neu-
trophils in CTC recruitment to the metastatic 
organs has been also reported [26, 27]. The 
interaction between tumor cells and neutro-
phils is thought to play an important role in 
tumor metastatic cascade. 

We observed that leukocytes adhered to tumor 
cells within hepatic sinusoids in vivo real-time. 
We previously reported an intravital imaging of 
a leukocyte with ameboid morphology captur-
ing a cancer cell [14]. The leukocyte with reticu-
lar protrusions is thought to phagocytose can-
cer cells in hepatic sinusoids. It remains 
unknown whether the interaction between neu-
trophils and intravascular tumor cells may be 
related to promote metastatic colonization by 
enhancing tumor cell extravasation following 
tumor cell-endothelial interaction or to sup-
press tumor metastasis by phagocytosing 
CTCs. 
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Metastatic colonization at the secondary 
organs

It has been the challenge for long time to image 
in vivo real-time the development of microme-
tastases at the secondary distant organs such 
as liver, lung, and brain using TPLSM because 
of motion artifact due to cardiac and respirato-
ry movement. 

We developed a method of in vivo real-time 
TPLSM imaging for experimental metastasis 
models using an organ stabilizing system, wh- 

ich allows to observe several steps of metastat-
ic cascade at high magnification (×600 or high-
er) and high resolution (at the cellular or subcel-
lular level) in living animals [14-17]. 

We also developed a method of time-series (at 
multiple time points) intravital TPLSM imaging 
in the same mice over the long experimental 
periods by the prevention of abdominal adhe-
sions using a sodium hyaluronate and carboxy-
methylcellulose membrane (Seprafilm Adhesion 
Barrier, Genzyme Corporation, Cambridge, MA). 
Time-series intravital TPLSM imaging allow to 

Figure 3. Visualization of liver metastatic process in syngeneic model: A. Tumor cell arrest; B. Tumor cell extravasa-
tion; C. Liver metastatic colonization showing diffuse growth pattern; D. Liver metastatic colonization with extensive 
stromal reaction. 
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image liver metastatic xenografts of the same 
mice until the formation of non-dissecting 
adhesions between the liver and the abdominal 
wall. We can take time-series images of liver 
metastatic xenografts in the same mice up to 
three time points. 

Figure 2D shows a metastatic colonization of 
RFP-HT29 cells in the liver 2 month after the 
injection of tumor cells directly into the spleen. 
Liver metastases of RFP-HT29 showed multiple 
metastatic nodules macroscopically. Each met-
astatic nodule showed multiple micrometastat-
ic clusters consisting of several tumor cells 
microscopically. 

We couldn’t observe the metastasis formation 
process continuously from a single tumor cell 
to micrometastatic colonization at the second-
ary organ because it is impossible to continue 
intravital TPLSM over 24 hours due to surgical 
stress by liver exteriorization. Therefore, it 
remains to be determined whether a single 
tumor cell retains as dormant state for long 
time or tumor cells directly proliferate within 
hepatic sinusoids (intravascular proliferation) 
or they proliferate in the liver parenchyma after 
the extravasation through hepatic endothelial 
cells [28]. 

Visualization of liver metastatic process in 
syngeneic model (SL4)

Tumor transplantation models of metastasis 
require the inoculation of human (xenograft/

xenogenic) or mouse (allograft/syngeneic) 
cells/tissue into murine hosts. Experimental 
metastasis models by either xenogenic or syn-
genic tumor involve the injection of tumor cells 
directly into the vascular system, which skip the 
formation of a primary tumor (orthotopically or 
ectopically) and the invasion into the local envi-
ronment. Because murine tumor cells are inoc-
ulated into the immunocompetent hosts with 
the same species and genetic background, syn-
geneic tumor models provide a valuable pre-
clinical tool of intact tumor-host interaction by 
intact immune systems in the metastatic cas- 
cade. 

Similar to xenogenic tumor metastasis model 
using RFP-HT29, tumor cell arrest (Figure 3A), 
tumor cell-platelet interaction, tumor cell-leu-
kocyte interaction, and metastatic colonization 
at the secondary organs (Figure 3C, 3D) were 
observed in vivo real-time in syngeneic tumor 
metastasis model using RFP-SL4. 

The space between hepatic endothelial cells 
and hepatocytes is named as the space of 
Disse (or perisinusoidal space). Spindle-shaped 
RFP-SL4 cells were localized in this space 
(Figure 3B). As shown in Figure 3A, RFP-SL4 
cells are round-shaped just after intrasplenic 
injection. Thus, spindle-shaped RFP-SL4 cells 
were thought to be extravasated from hepatic 
sinusoids to the space of Disse 24 hours after 
injection. 

However, we couldn’t observe in vivo real-time 
the process of change in tumor cell morphology 
from a round-shape into a spindle-shape and 
the moment of intravascular tumor cells extrav-
asate into liver parenchyma via vascular 
endothelium. 

Figure 2D shows a metastatic colonization of 
RFP-HT29 cells in the liver 2 month after the 
injection of tumor cells directly into the spleen. 
Liver metastases of RFP-SL4 showed diffusely 
infiltrative growth macroscopically 14 days 
after the injection of tumor cells directly into 
the spleen. Microscopically, RFP-SL4 cells pro-
liferated diffusely with extensive stromal reac-
tion (Figure 3C, 3D). 

Direct visualization of metastatic process at 
the secondary organs by TPLSM

Intravital TPLSM imaging using an organ stabi-
lizing system can allow us to visualize each step 

Figure 4. Tumor vessels of liver metastatic xeno-
grafts. Supplementary movie shows a time lapse 
imaging of a blood flow in the tumor vessels of liver 
metastatic xenografts. 
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of metastatic cascade at high magnification 
and high resolution in living animals [14-17]. 

Time-series intravital TPLSM imaging can also 
allow us to visualize the same organ of the 
same animal at multiple time points (up to 
three times) during the long experimental peri-
ods. Therefore, we can directly visualize meta-
static process at the secondary organs at high 
magnification and high resolution at least three 
times. 

We presented in vivo real-time images of 1) 
tumor cell arrest, 2) tumor cell-platelet interac-
tion, 3) tumor cell-leukocyte interaction, and 4) 
metastatic colonization at the secondary 
organs as representative steps of metastatic 
process of experimental liver metastasis mo- 
dels. 

The spatiotemporal interactions between tu- 
mor cells and host cells during metastatic pro-
cess can be visualized by using time-lapse and 
z-stacks imaging [14, 17]. Figure 4 (supplemen-
tary movie 1) shows a blood flow in the tumor 
vessels of liver metastatic xenografts. As previ-
ously reported [15, 16], the interaction between 
intravascular tumor cells and endothelial cells 
or blood cells except for erythrocytes can be 
also observed. Platelet aggregation in tumor 
vessels and the adhesion of platelet aggrega-
tion to tumor endothelial cells were observed 
as the intravascular abnormalities within liver 
metastatic xenografts. 

Although direct visualization of metastatic pro-
cess at the secondary organs in vivo real-time 
might be valuable, there are still several issues 
which should be overcome. We must try to visu-
alize the moment of each step of metastatic 
cascade at high magnification and high resolu-
tion in living animals. In our procedure, we 
couldn’t observe the metastasis formation pro-
cess continuously from a single tumor cell to 
micrometastatic colonization. We couldn’t also 
observe the moment of change in tumor cell 
morphology or the moment of metastatic colo-
nization by tumor cell division. 

Direct visualization of metastatic process by 
real-time imaging for extended periods (over 24 
hours per session) will help us to understand 
the spatiotemporal tumor-host interaction on 
tumor metastasis at the cellular and subcellu-
lar levels. 
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