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Abstract
Tumor metastasis and its impact on the organism are the main causes of death in patients with squamous cell
carcinoma of the head and neck region. The presence of metastasis at the time of diagnosis represents a negative
prognostic parameter of overall survival and correlates with a 50 % mean reduction of life expectancy,
independent of tumor size. The potential for metastasis depends on factors such as the proliferation rate,
neoangiogenesis and invasive capacity in intact tissue structures. Many aspects of the molecular mechanisms
and supportive factors are not understood. To allow the investigation of such factors, we developed an intravital
mouse model for the visualization of tumor cell proliferation, dissemination and lymphatic vasculature by
multiphoton microscopy. This technology offers deep tissue penetration, low phototoxicity, superior image
contrast, and four-dimensional resolution for investigations at the single cell level in a physiological setting.
The human oral cancer cell line OSC-19 was transfected with turbo-red fluorescent protein and implanted in
murine pinna. Lymphatic structures were labeled with a deep red-labeled antibody specific for lymphatic vessel
endothelial receptor-1. In future research, this model might serve as a tool to gain deeper insights in surface
molecules involved in lymphatic metastasis as well as other molecular mechanisms of metastasis and tumor cell
migration.

Keywords: Multiphoton microscopy model, OSC-19 tumor model, Lymphatic metastasis, Tumor cell
migration, Head and neck cancer.

Introduction
Evidence of lymphatic spread is one of the most
important prognostic factors for patients with head
and neck squamous cell carcinoma (HNSCC)
because overall survival can be reduced by more than
50 % given the presence of lymph node metastases,
independently of primary tumor size (1, 2). The

lymphatic system therefore plays a major role as a
route of circulation and dissemination, enabling
cancer cells to circulate and metastasize into
potentially more than 400 lymph nodes in the cervical
region (3). The invasion of cancer cells from the
primary tumor into the surrounding tissue is a critical
step that requires increased cell mobility. Moreover,
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Figure 1. Labeling and migration capacity of OSC-19 tumor cells
(a) Comparison of phase contrast (left) and fluorescence microscopy (right) of OSC-19 cells lentivirally
transfected with tRFP. While the intensity varied, nearly all cells provided a red fluorescent signal
(b) In a Scratch Wound Healing Assay a monolayer of OSC-19 cells was scratched with a sterile 1 ml
pipette tip and observed every 4 hours. After 12 hours, the scratch was nearly closed.

to invade the lymphatic vessels, tumor cells typically
must acquire the ability to degrade the extracellular
matrix (ECM), survive in lymphatic circulation,
extravasate out of vessels, settle and undergo
sustained growth in lymph nodes (4). Until now, the
details of the processes of lymphatic metastasis
remained poorly understood, and due to the relative
lack of efficient and objective methods, research on
lymphatic metastases lags far behind that on
hematogenous dissemination. Recently, multiphoton
laser scanning microscopy (MPM) has provided
insight into the mechanisms of hematogenous
metastatic behavior of diverse entities such as breast
or brain cancer (5). MPM uses longer wavelengths
enabling a deeper penetration into tissue up to
hundreds of µm, depending on the organ and model.
This technique allows for in vivo imaging with fourdimensional (4D) resolution at the single cell level
and for the visualization of the ECM through the use
of second harmonic generation (SHG) phenomenon,
a process that visualizes collagen without labeling (6-

8). The aim of the present study was to establish an
in vivo mouse model for visualization of tumor cell
dissemination and peritumoral lymphatic tissue in a
physiological setting by MPM.

Materials and Methods
Materials
Animals.
Male adult NOD/SCID mice (6-8
weeks) were obtained from Charles River (Sulzfeld,
Germany) and used at a body weight of 25-30 g.
Animals were kept under pathogen-free conditions
on standard laboratory chow and sterile water ad
libitum. All experimental procedures were performed
in compliance with the German legislation for animal
experimentation and approved by the local
government authorities (Regierung von Oberbayern;
animal license no.: 55.2-1-54-2531-172-09)
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Figure 2. Multiphoton microscopy in the
mouse pinna
This projection of 41 images with an axial Zstep size of 1 µm shows the lymphatic
vasculature labeled with a subcutaneous
injection of anti-mouse lymphatic vessel
endothelial hyaluronan receptor-1 (Lyve-1)
antibody coupled to eFluor® 660 in red and
blood vessels labeled by intravenous
injection of high-molecular FITC-dextran in
green. Second harmonic generation (blue)
highlights the connective tissue of the mouse
pinna. This signal originates from the upper
parts of the image stack, whereas the
fluorescent signal indicates vessels from
deeper parts of the image stack. Hair roots
appear as black space. The mouse pinna was
immobilized by surgical clips on a custombuilt stage to allow investigation with a water
immersion objective while maintaining
physiological temperature (see inset).

Cell line and transfection.
The human tongue
cancer cell line OSC-19 was purchased from the
Japanese Collection of Research Bioresources
(JCRB) and cultured in Dulbecco's Modified Eagle
Medium (DMEM)/Ham’s F12 Medium (Gibco®)
supplied with 10 % fetal calf serum (FCS) (Biochrom
AG,
Heidelberg,
Germany)
and
1
%
penicillin/streptomycin. Cells were held in a 5 % CO2
atmosphere at 37 °C and lentivirally transduced to
express turbo-red fluorescent protein (tRFP) (Sirion
Biotech, Planegg-Martinsried, Germany). tRFP has
excitation/emission maxima of 553/574 nm,
respectively. Cells were transduced using LV-UbiqctRFP-IRES-Neo-vector with a multiplicity of
infection (MOI) of 5. Selection of stably transfected
cells was performed by adding 0.25 mg/ml G418
(Sigma-Aldrich, Munich, Germany) after 72 hours
and culturing until all cells in the non-transfected
controls died. tRFP transfection was confirmed by
fluorescence microscopy. Cells were cultured with
half the above-mentioned concentration of G418 and
frequently evaluated for fluorescence.
Fluorophores.
Lymph
vessels
were
visualized using anti-mouse lymphatic vessel
endothelial hyaluronan receptor-1 (Lyve-1) antibody
coupled to eFluor® 660 (eBioscience, Frankfurt,
Germany). The antibody-fluorophore conjugate was
administered 24 hours prior to the multiphoton
experiment by 2-3 microscopic peritumoral
injections of 1-5 µl each at a concentration of 0.05

mg/ml subcutaneously into the pinna of the mouse
using a 1 ml syringe (BD Micro-FineTM, Heidelberg,
Deutschland). Fluorescein isothiocyanate (FITC)labeled dextran (molecular weight 500,000; 0.05-0.1
ml of a 4 % solution in 0.9 % NaCl; Sigma,
Deisenhofen, Germany) was injected intravenously
as a plasma marker to visualize the vasculature.
Experimental Procedure
Cell counting and motility assay.
In
vitro
experiments were performed to characterize the
transfectants and to show proliferation compared to
the wild type cells. Cell numbers were assessed upon
trypan blue exclusion assay in Neubauer counting
chambers. A scratch wound healing assay was used
to detect cell migration. For this assay, homogeneous
single-cell suspensions were added to six-well plates
(2×105 cells/well) and cultured with 1 % FCS for 8
hours to a density of 80 %. Gently and slowly, the
monolayer was scratched with a sterile 1 ml pipette
tip across the center of the well in a straight line to
generate a wound in the confluent cell monolayer.
Thereafter, wells were washed 3 times with PBS, and
3 random sections of 6 scratches were marked at the
rear side of the well. Pictures were taken at 4, 8, 12,
16 and 20 hours after the scratch under an Axiovert
25 microscope (Zeiss, Jena, Germany) with a
Samsung WB750 camera (Samsung, Schwalbach,
Germany). Image J software (9) was used to calculate
the gap area and length of the scratch. The migration
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velocity was calculated independently for all 4-hourintervals until the gap was closed and is shown as an
overall mean. Statistics were performed in Excel
(Microsoft, Redmond, WA, USA).
Tumor cell implantation.
OSC-19 cells were
cultured as described above. First, 5x106 cells were
suspended in 50 µl medium/matrigel mixture with a
ratio of 1:1 (BD Biosciences, Billerica, MA, USA).
Then, 5-10 µl of cells were injected in the right pinna
of 4 mice using a microfine syringe with a needle that
was 0.3 mm in size and 8 mm in length (BD MicroFineTM, Heidelberg, Germany) under observation
with a stereomicroscope. Tumor growth and size
were checked at day 3, 5, 6 and 7.
MPM setup. MPM was performed on a commercial
system from LaVision BioTec (Bielefeld, Germany)
described in detail elsewhere (10). An Olympus
XLUMPlanFl 20 /0.95-WI objective (numerical
aperture NA=0.95) and an optical parametric
oscillator-generated excitation beam at λ = 1140 nm
were used (Chamelon OPO pumped by a Chameleon
Ultra II, both from Coherent, Dieburg, Germany).
Laser power at 1140 nm was set between 110 and 145
mW, as measured behind the objective. While this
power might cause significant damage, e.g., at 800
nm, the reduced absorption of longer wavelengths
allows the application of even higher powers at the
selected wavelength without detectable damage to
the tissue. Dwell time per pixel was approximately 2
µs according to I=16*Pav*NA2/(R*W*π*λ2) (11)
with Pav = average Power 125 mW, R = repetition rate
80 MHz, W = width of pulse 200 fs, the latter two
values taken from the data sheet of the OPO
manufacturer, theoretical peak irradiance I was
calculated as 2.7x1012 W/cm2. This can be regarded
as an upper limit estimate, since actual peak
irradiance is decreased by scattering in the tissue and
decreased optical resolution, introduced for example
by refraction index mismatch of the tissue. The SHG
signal from collagen at 570 nm was strong in the
580/60 nm channel, and tRFP signals were therefore
recorded in the 624/40 nm channel. Lyve-1 staining
was visualized at 665/60 nm and FITC was detected
at 525/50 nm. All signals were recorded with
backward (epi) detection. Hamamatsu H6780-20
photomultiplier tubes were used for all channels.
Tumor localization in the sample before multiphoton
investigation was performed by conventional
epifluorescence microscopy with a Cy-3 filter.
MPM Protocol. At day 7 after tumor implantation,
mice were anesthetized (intraperitoneal injection of
75.0 mg/kg body weight ketamine; 5.0 mg/kg body
weight xylazine) and placed on a small custom-built
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plate allowing immobilization of the pinna by
surgical clips. Body temperature was controlled
constantly. The edge of the tumor was localized by
epifluorescence microscopy (see above). Next, Zstacks of up to 100 µm depth were taken at an area of
up to 400x400 µm (966x966 px) with a repetition rate
of 400 Hz at regions of colocalization of the tumor
and lymphatics. After the experiment, mice were
euthanized by intraperitoneal injection of
phenobarbital (3 ml/kg b.w.). Images were processed
by Fiji software, an ImageJ derivative (12).

Results and Discussion
The metastasis of head and neck cancer is linked to
tumor invasion via the lymphatics and represents a
major unsolved challenge in therapeutic management
because it tightly correlates with a high risk for
reduced long-term survival (2). Despite the clinical
importance of lymphatic metastases in head and neck
cancer, details of the processes and the underlying
molecular mechanisms remain poorly understood.
Previous studies have been conducted in vitro and in
vivo to experimentally explore lymphangiogenesis
using lymphatic endothelial cells and tumor cells in
invasion assays (13, 14). However, animal models are
especially unique in their ability to recapitulate the in
vivo situation, including the tumor microenvironment. Mouse models of oral cancer have been
developed to facilitate the study of factors that impact
invasion and serve as a model for anti-tumor therapy
(15). In these systems, visualization of disseminated
tumor cells has been conducted primarily ex vivo (16)
by conventional histology (15) or with in vivo
bioluminescent methods (17). A primary drawback of
these methods is the inherent inability to accurately
visualize and quantify early tumor cell invasion
arising from the primary site in three dimensions, in
a physiological setting and at the single cell level. In
recent years, MPM has been established and has been
shown to have several technical advantages over
conventional single-photon techniques (18).
Compared to single-photon confocal microscopy,
MPM allows for deeper penetration into tissue;
avoids a pinhole aperture for confocality, resulting in
greater efficiency of fluorescent light; reduces
bleaching of the fluorophores; and visualizes the
ECM by second harmonic scattering (19). MPM has
been used in several studies for in vivo investigations
of the tumor growth and metastatic behavior of
glioblastoma (5), breast cancer (20) and other entities
(21). For head and neck cancer, an orthotopic tongue
carcinoma ex vivo mouse model was recently
published (16); however, in vivo animal models are
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still missing. This absence may be explained by the
fact that, compared to other entities, orthotopic head
and neck tumors are difficult to access with MPM
because immobilization of the soft tissue is almost
impossible due to the inherent movements associated
with the breath and heartbeat. However, heterotopic
in vivo models have also not been published.
Therefore, the major aim of the present study was
to establish and technically describe a heterotopic in
vivo head and neck cancer mouse model to visualize
tumor cell proliferation, early cell dissemination and
lymphatic vasculature by MPM. For this aim, an
intravital MPM model for the visualization of tumor
cells, lymphatic tissue, capillary vasculature and
ECM in the mouse pinna was established.
Injection of OSC-19 cells, a human oral cancer cell
line, into the tongue causes reliable tumor growth and
metastasis formation (22). Therefore, we transduced
OSC-19 cells with tRFP (Figure 1A). In an initial set
of in vitro experiments, the proliferation and
migration capacity of transfected OSC-19 cells was
assessed using a scratch wound healing assay. After
scratching a confluent layer of OSC-19 cells, the
velocity of wound closure was addressed over time.
OSC-19 cells were determined to be highly motile,
and the mean migration velocity was 25.7 µm/h (SD
7.88, n=32). Figure 1B shows a scratch wound
healing assay demonstrating that a scratch of a 1 ml
pipette tip was nearly closed after 12 hours (Figure
1B). Thus, transfected OSC-19 cells were
comparable to the wild type and considered to be
appropriate for MPM investigations. In the first in
vivo experiment, we investigated the possibility of
visualizing the lymphatic system in the pinna of
control mice. After immobilization of the pinna by
surgical clips, anti-mouse Lyve-1 antibodies were
injected subcutaneously. For comparison, we
visualized the blood vessels by intravenous
administration of FITC-dextran. We indeed could
detect lymphatic vessels together with blood
capillaries and the ECM, with the latter detected by
SHG (Figure 2; n=3). In our model, the ECM can be
visualized by SHG as a dense network with a
maximum depth of 60 µm below the epidermis. First,
it is commonly used as a reference point. When
looking at migrating single cells, visualizing the
ECM allows retracking of the imaged areas over time
(23, 24). Additionally, it serves as a reference point
when examining the extra- or intravasation of cells
(25). Secondly, the ECM itself might be of interest
when investigating mechanisms of invasion by tumor
cells. For example, Wolf et al. showed that the
degradation of ECM is not always necessary for
tumor cells to invade, but tumor cells can switch from
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a mesenchymal mode of migration to an amoeboid
mode, leaving collagen intact and squeezing through
gaps between collagen fibers (26, 27). We did not
observe any collagen fluorescence with our
excitation wavelength of 1140 nm. This is in
accordance with the literature showing that twophoton excitation fluorescence of collagen is limited
to excitation wavelengths shorter than 800 nm (28).
The maximum imaging depth we obtained was
~110 µm from the outermost surface. This value
depends on the amount of scattering by the hair and
epidermis. High quality imaging was usually possible
up to an imaging depth of ~80 µm. This is in line with
the literature. Ng et al. describe similar penetration
depths when studying dermal dendritic cells in the
mouse pinna (29).
In the second in vivo experiment, OSC-19 cells
transduced with tRFP were injected subcutaneously
into the pinna of mice (n=4). Tumor growth was
observed over seven days. Macroscopic tumor
growth was visible after a mean duration of 5 ± 2 days
after implantation in all four mice. Tumors appeared
as flat round indurations up to a maximum of 4 mm
in diameter at day seven (Figures 3A and 3B).
Subcutaneous injection of Lyve-1 antibody in mice
with tRFP OSC-19 tumors allowed the in vivo
covisualization of transfected cells next to the
lymphatic vasculature by MPM (Figures 3C, 3D and
3E).
At present, the combination of the immobilized
pinna with tumor growth of a highly motile cell line
allows for physiological visualization of peritumoral
cell dissemination and lymphatic vasculature without
any further surgical manipulation. In the future, this
model might be able to give further insights in cell
migration and surface molecules involved in early
lymphatic metastasis.
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Figure 3. Tumor growth and
Multiphoton imaging of OSC-19
tumor

a

(a) Tumor (Tu) growth in 4 mice in
mm over time: OSC-19 tumor cells
were subcutaneously injected in the
mouse pinna and observed over 7
days. After a mean duration of 5 ±2
days macroscopic tumor growth was
visible and measured.
(b) Seven days before OSC-19 tumor
cells were subcutaneously injected in
the right pinna of the mouse, leading
to macroscopic tumor growth.
(c) and (d) Single Multiphoton
Microscopy XY-images of tumor cells
at the edge of the OSC-19 tumor are
shown in close relation to the
lymphatic vasculature. OSC-19 cells
were injected 7 days prior to imaging.
Tumor cells are shown in red, labeled
with tRFP. Lymphatic vessels are
shown in a pinkish-white color,
labeled with anti-mouse lymphatic
vessel
endothelial
hyaluronan
receptor-1 (Lyve-1) antibody coupled
to eFluor® 660.
(e) A Z-projection (Z=26 µm, 2 µm
axial step size) of Multiphoton
microscopy images shows OSC-19
tumor cells and lymphatic vasculature
7 days after the implantation of tumor
cells. Lymphatic vessels are shown in
a pinkish-white color, labeled with
anti-mouse
lymphatic
vessel
endothelial hyaluronan receptor-1
(Lyve-1) antibody coupled to eFluor®
660. Tumor cells are shown in red,
labeled with tRFP.

MPM
4D
SHG
DMEM
FCS
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MOI
Lyve-1
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Multiphoton
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Scanning
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