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In this study, we examined the hypothesis that early
pulmonary metastases form within the vasculature.
We introduced primary tumors in immunocompro-
mised mice by subcutaneous injection of murine
breast carcinoma cells (4T1) expressing green fluo-
rescent protein. Isolated ventilated and perfused
lungs from these mice were examined at various
times after tumor formation by fluorescent micros-
copy. The vasculature was visualized by counterstain-
ing with 1,1-dioctadecyl-3,3,3�,3�-tetramethylindocar-
bocyanine (DiI)-acetylated low-density lipoprotein.
These experiments showed that metastatic cells de-
rived by spontaneous metastases were intravascular,
and that early colony formation was intravascular.
The location of the tumor cells was confirmed by
deconvolution analysis. This work extends our previ-
ous study1 that sarcoma cells injected intravenously
form intravascular colonies to spontaneous metasta-
sis and to a carcinoma model system. Many of the
tumor cells seen were single implying that tumor cells
may travel as single cells. These results support a
model for pulmonary metastasis in mice in which 1)
tumor cells can attach to lung endothelium soon after
arrival; 2) surviving tumor cells proliferate intravas-
cularly in this model; and 3) extravasation of the
tumor occurs when intravascular micrometastatic
foci outgrow the vessels they are in. (Am J Pathol
2002, 161:749–753)

We recently reported direct observations of the sequence
of events in pulmonary metastasis after injection of fluo-
rescent tumor cells into the venous circulation using flu-

orescent microscopy of isolated perfused lungs.1 Be-
cause endothelium has receptors for oxidized or
acetylated low-density lipoprotein (LDL), the pulmonary
endothelium can be precisely visualized in these prepa-
rations through infusion of DiI-acetylated LDL. Because
the lung is translucent, these methods allow high-resolu-
tion imaging of the microvasculature of the lungs at up to
100-�m depth beneath the pleural surface and enable
the precise localization of the tumor cells. We used these
methods to show in a mouse experimental metastasis
model that tumor cells attach to the pulmonary endothe-
lium and proliferate intravascularly.

We have also demonstrated that differences in apo-
ptosis of tumor cells in vivo correlated to differences in
metastatic potential.1–3 Based on these observations, we
proposed a new model for pulmonary metastasis in which
endothelium-attached tumor cells that survived the initial
apoptotic stimuli proliferate intravascularly. A principal
tenet of this new model is that extravasation of tumor cells
is not a prerequisite for metastatic foci formation.1–3

Because the initial experiments were based on intra-
venous injection of tumor cells, it was possible that the
results were an artifact of this mode of introduction of the
tumor cells or of the relatively large numbers of cells
infused simultaneously. To determine whether our obser-
vations in an experimental model of metastasis were valid
for cells that metastasize spontaneously from a primary
tumor, we have tested our hypothesis using a spontane-
ous metastasis model. Our previous results were ob-
tained using fibrosarcoma cells, so we sought to extend
this hypothesis to carcinoma cells by using the breast
carcinoma cell line 4T1.4 The results indeed indicate that
extravasation is also rare after spontaneous metastasis.
These observations confirmed that metastasizing tumor
cells proliferate intravascularly within the lung. This sug-
gests that drug discovery efforts could be directed to
blocking the metastatic cascade at the steps of the initial
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attachment of tumor cells to lung endothelium and intra-
vascular proliferation.

Materials and Methods

Cells and Cell Culture

4T1 cells were derived from a single spontaneously aris-
ing mammary tumor from a BALB/cfC3H mouse. Primary
4T1 tumor cells injected into mammary fatpad of mice
spontaneously metastasize to both the lung and liver.4

Cells were cultured at 37°C in 5% CO2 in Dulbecco’s
modified Eagle’s medium (Life Technologies, Inc., Grand
Island, NY) supplemented with penicillin-streptomycin
(Life Technologies, Inc.) and 10% fetal bovine serum
(Hyclone Laboratories, Inc., Logan, UT).

Spontaneous Metastasis Assay

Female NCR-nu/nu mice (4 to 6 weeks old) were obtained
from Taconic Farms (Germantown, NY) and stored in the
rodent facility of the Institute for Human Gene Therapy at
the University of Pennsylvania under appropriate condi-
tions. Cells used for injection were grown to subconflu-
ence, subjected to brief trypsin treatment, washed, and
resuspended in serum-free Dulbecco’s modified Eagle’s
medium. Mice were injected subcutaneously in the right
flank with 5 � 105 cells in single cell suspension in
100-�L of serum-free Dulbecco’s modified Eagle’s me-
dium. Tumors were measured using Vernier calipers for
calculation of tumor size. After 1, 2, or 3 weeks, the mice
were sacrificed and in situ fluorescent microscopy was
performed on their lungs.

Isolated Lung in Situ Fluorescent Microscopy

This assay was performed as described.1 Briefly, mice
were sacrificed by an intraperitoneal sodium pentobarbi-
tal-induced anesthesia followed by exsanguination. A
cannula connected to a rodent ventilator dispensing a
mixture of 5% CO2 in air was attached to the trachea of
the mouse. The chest was opened and pulmonary circu-
lation was cleared of blood by gravity flow of perfusate
through a cannula inserted in the main pulmonary artery,
exiting from the transected left ventricle. The perfusate was
Krebs-Ringer bicarbonate solution (118.45 mmol/L NaCl,
4.74 mmol/L KCl, 1.17 mmol/L MgSO4.7H2O, 1.27 mmol/L
CaCl2.2H2O, 1.18 mmol/L KH2PO4, 24.87 mmol/L NaHCO3,
pH 7.4, 10 mmol/L glucose, 5% dextran). To visualize lung
vasculature, the lungs were infused with DiI-conjugated,
acetylated LDL (Molecular Probes, Inc; Eugene, OR) for 5

minutes. The lungs were removed and examined under an
inverted fluorescence microscope. Images were analyzed,
and three-dimensional reconstruction of tumor colonies
were created using MetaMorph Imaging software (Univer-
sal Imaging, West Chester, PA) and Openlab software (Im-
provision, Coventry, UK).

Results

Tumor Cells Spontaneously Metastasize to the
Lungs as Single Cells

To determine whether spontaneously occurring tumor
cells colonize at intravascular locations in the lung, we
implanted 5 � 105 4T1 mouse breast carcinoma cells
subcutaneously into the flanks of female nu/nu mice. After
1, 2, or 3 weeks, the entire surface of each lung from 13
mice with subcutaneous tumors was scanned by epiflu-
orescence microscopy for green fluorescent protein-ex-
pressing tumor cells using the isolated lung preparation
(Table 1). At 1 week after subcutaneous injection (prima-
ry tumor diameter, 4 to 6 mm), no tumor cells were
detected in subpleural vessels in the four animals stud-
ied. At 2 weeks (primary tumor diameter, 6 to 8 mm; four
animals), one to three solitary tumor cells were found
inside the subpleural vessels in each lung. At 3 weeks
(primary tumor diameter, 8 to 15 mm; five animals), 3 to
10 solitary tumor cells were found attached intravascu-
larly in the lung endothelium in each lung with the excep-
tion of one mouse in which 38 individual cells were found.

Figure 1. Intravascular location of spontaneous lung metastases. 4T1 tumor cells that spontaneously metastasized into the lung were visualized by high-resolution
digital video microscopy as described in Materials and Methods. In A, B, and F, the lung endothelium has been labeled with a red fluorescent dye, DiI-acetylated
LDL. A: Solitary tumor cells (green) attached within the precapillary arterioles. B: Solitary tumor cell attached in a capillary. C: Colony of �10 cells within a blood
vessel. The endothelial margins, indicated by arrows, are visible because of reflection and scattering of green fluorescent protein fluorescence from tumor cells.
D: Large colony of tumor cells within the lung vasculature. E: Another large colony that probably has outgrown the vessel of initial attachment continues to exhibit
intravascular growth along capillaries around alveoli (Alv). Note how the outline of the alveolar wall is formed by strings of green fluorescent protein-expressing
tumor cells. F: Front projection of a three dimensional-reconstructed image of a small colony shows intravascular location. The endothelium was labeled with
DiI-acetylated LDL (red). Fifty planes of a stack of images taken separately in the green and red fluorescence channels taken along the z axis spanning a depth
of 50 �m were overlaid.

Table 1. Spontaneous Metastasis of 4T1 Tumor Cells to the
Lung

Age of
primary tumor

Mouse
no.

Number of
single cells

Number of large colonies
(100 to 200 cells)

1 week 1 0 0
2 0 0
3 0 0
4 0 0

2 weeks 1 2 0
2 3 0
3 1 0
4 1 0

3 weeks 1 38 1
2 4 2
3 7 0
4 3 1
5 4 2

The spontaneous metastasis assay was performed as described in
Materials and Methods. At 3 weeks, the diameter of the primary
subcutaneous tumor was 8 to 15 mm. The number of tumor
cells/colonies present in the entire mouse lung, up to a depth of about
100 �m from the surface was counted.
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These solitary tumor cells were attached to the vascula-
ture and every one was observed to be intravascular. The
cells were found in both larger, precapillary or postcap-
illary vessels (Figure 1A) and in capillaries (Figure 1B).
This suggests that 4T1 tumor cells mainly detach from the
primary tumor as single cells, rather than as an aggre-
gate of several cells.

Presence of Multicell Colonies in the Lung

In addition to individual tumor cells, colonies of varying
sizes were also found at 3 weeks of primary tumor age
but not earlier (Table 1). Small colonies, ranging from
those with only 5 to 10 cells (Figure 1C), to large colonies,
�100 to 200 cells could be seen (Figure 1D). Lungs from
each mouse contained one to two large colonies (�100
cells). These large colonies exhibited vascular boundary
destruction, and at the periphery, linear growth inside
capillaries (Figure 1E). At 2 weeks, lungs from two ani-
mals contained one small colony each (�10 cells). This is
similar to our observation in an experimental model for
metastasis that intravascular colonies increased in size
throughout time.1

Intravascular Location of Tumor Cells

In addition to direct visual observation, the intravascular
position of the single cells and the small colonies was
ascertained by three-dimensional reconstruction of
stacks of images acquired at various z axis positions.
Figure 1F shows a reconstruction that reveals a small,
intravascular colony of cells located entirely within in a
precapillary arteriole.

Discussion

The presence of tumor cells circulating in the vasculature
has long been documented in human patients.5,6 Many of
these cells become nonviable and will not be able to
complete the metastatic cascade and develop into a
secondary tumor.6,7 However, a small number of circu-
lating cells complete the metastatic process. Our evi-
dence suggests that the initial proliferation takes place
within the blood vessels. The ability of tumor cells to
proliferate intravascularly has also been reported by
other investigators. Crissman and colleagues8 observed
the formation of thrombi aggregates within 2 minutes of
tumor cell adhesion to the lung endothelium, and that
proliferation of tumor cells occurred within 24 hours, be-
fore extravasation of the intravascular colony after 48 to
72 hours. Although extravasation of tumor cells has been
demonstrated in the sinusoids of the liver and indeed of
all cells observed in a chorioallantoic assay for metasta-
sis,9 there have also been observations that early tumor
growth occurred within the vasculature in the liver in the
presinusoidal portal vein branches.10,11 It may certainly
be the case that some tumor cells may lie dormant in the
lungs or other organs.12–14

Is the lung vasculature an attractive environment for
metastatic tumor growth? There have been reports that
the organ microenvironment can influence metasta-
sis.15–17 It is generally accepted that angiogenesis and
neovascularization are required for tumor growth. Al-
though our metastasis assay is not orthotopic, the intra-
vascular location of the tumors in the lung, in a region with
easy access to oxygen and other blood-borne nutrients,
raises the possibility that tumor-host interactions resulted
in the proliferation of attached tumor cells instead of
extravasation from the blood vessels. This idea can be
supported by a recent study showing that aggressive
melanoma cells express the endothelial-specific gene
VE-cadherin, resulting in formation of vasculogenic net-
works in culture.18 Another study showed that colon car-
cinoma cells implanted in mice induced formation of new
blood vessels consisting of both tumor and endothelial
cells.19 The ability of the tumor cells to form colonies
within the lung vasculature suggests another mechanism
for the tumor to ensure that it is vascularized. Because
the dye DiI-aceylated LDL could be seen both proximal
and distal to small colonies of tumor cells, we can con-
clude that the presence of these intravascular colonies
does not entirely obstruct blood flow. As the colonies
become large however, the vascular boundaries are no
longer intact as evidenced by seepage of the endothelial
marker into the surrounding tissues and alveoli. Because
the proliferation of tumor cells does not prevent blood
flow, this suggests that as the colony grows in size, it
might be able to recruit existing blood vessels and incor-
porate them into the tumor. The ability to co-opt existing
blood vessels by glioma and mammary carcinoma cells
in the rat brain and Lewis lung carcinoma cells in the
mouse lung has been described.20,21 Although the co-
opted vessels regressed, the accompanying expression
of Ang-2 and vascular endothelial growth factor led to
renewed angiogenic response.20

The results described herein are consistent with our
observations using experimental metastasis assays.1–3

Our evidence suggests that the initial proliferation takes
place within blood vessels, at least in this model system
of spontaneous metastasis assay. This provides addi-
tional support for a pulmonary metastasis model in which
1) tumor cells can attach to lung endothelium soon after
arrival; 2) the majority of tumor cells undergo apoptosis;
3) surviving tumor cells begin to proliferate, expanding
intravascularly; and 4) extravasation of tumor occurs.
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