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ABSTRACT Escape of cancer cells from the circulation
(extravasation) is thought to be a major rate-limiting step in
metastasis, with few cells being able to extravasate. Further-
more, highly metastatic cells are believed to extravasate more
readily than poorly metastatic cells. We assessed in vivo the
extravasation ability of highly metastatic ras-transformed
NIH 3T3 cells (PAP2) versus control nontumorigenic non-
transformed NIH 3T3 cells and primary mouse embryo fi-
broblasts. Fluorescently labeled cells were injected intrave-
nously into chicken embryo chorioallantoic membrane and
analyzed by intravital videomicroscopy. The chorioallantoic
membrane is an appropriate model for studying extravasa-
tion, since, at the embryonic stage used, the microvasculature
exhibits a continuous basement membrane and adult perme-
ability properties. The kinetics of extravasation were assessed
by determining whether individual cells (n = 1481) were
intravascular, extravascular, or in the process of extravasa-
tion, at 3, 6, and 24 h after injection. Contrary to expectations,
our results showed that all three cell types extravasated with
the same kinetics. By 24 h after injection >89% of observed
cells had completed extravasation from the capillary plexus.
After extravasation, individual fibroblasts of all cell types
demonstrated preferential migration within the mesenchymal
layer toward arterioles, not to venules or lymphatics. Thus in
this model and for these cells, extravasation is independent of
metastatic ability. This suggests that the ability to extravasate
in vivo is not necessarily predictive of subsequent metastasis
formation, and that postextravasation events may be key
determinants in metastasis.

Metastasis, the spread of cancer cells from a primary tumor to
distant sites, is the major cause of death from cancer. Mortality
results from the direct anatomical and physiological effects of
metastases on other organ systems (e.g., brain and liver) or
sometimes from complications associated with treatment (1,
2). The metastatic process is thought to include the following
steps: detachment of cancer cells from the primary tumor,
invasion of surrounding tissue, entrance into blood or lym-
phatic vessels (intravasation), transport to new sites, escape
from the microvasculature (extravasation), invasion of target
tissue, and growth of metastatic tumors (3-5). Cancer cells also
must evade the immune system throughout the metastatic
process.

Extravasation is thought to be a major rate-limiting step in
metastasis, with only a few cancer cells capable of degrading
the basement membrane and extracellular matrix to escape
from microvessels. Moreover, poorly metastatic cells are be-
lieved to extravasate less readily than highly metastatic cells (4,
6-38). Our recent results from intravital videomicroscopy have
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raised questions about these views. Using in vivo assays with a
variety of cell types (including melanoma and mammary
carcinoma) in chicken embryo chorioallantoic membrane
(CAM) and mouse liver, we found that the majority of
observed cancer cells had extravasated within 24 h of intra-
venous injection and that cells with different metastatic abil-
ities exhibited the same time course of extravasation (9-11).
Moreover, when a “cell accounting” procedure was used to
quantify the proportion of the total number of injected cells
that had extravasated from the CAM microvasculature by 24 h
after injection, we found this proportion to be >80% for
melanoma cells of varying metastatic abilities (9). These
findings suggested that the ability to extravasate can be inde-
pendent of the metastatic potential and led us to question the
general applicability of this phenomenon. Therefore, in the
present study, we assessed the extravasation ability of highly
metastatic H-ras-transformed NIH 3T3 cells (PAP2) versus
nonmetastatic control NIH 3T3 cells, in the CAM. The CAM
is an appropriate model for studying cell extravasation from
the microcirculation since, at the embryonic stage used, the
microvasculature has continuous endothelium and basement
membrane and adult permeability properties (12-14). In an
attempt to test cells that would not be expected to extravasate
(and since NIH 3T3 cells are immortalized embryonic mouse
fibroblasts), we also used a second control, primary fibroblasts
cultured directly from mouse embryos (MEFs). While embry-
onic fibroblasts in general are very motile, the cells used in the
present study have been shown to differ in their in vivo and in
vitro properties. NIH 3T3 cells are poorly invasive in vitro and
nontumorigenic and nonmetastatic in chicken embryo and
mouse (15-18) and were predicted to have limited ability to
extravasate. Similarly, MEFs were predicted to show little or
no ability to extravasate. In contrast, PAP2 cells express high
levels of H-ras oncogene, are invasive in vitro, and are tumor-
igenic and metastatic in chicken embryo and mouse (15-18).
PAP?2 cells were thus predicted to have the highest ability to
extravasate.

MATERIALS AND METHODS

Cell Culture and Fluorescent Labeling Procedures. PAP2
cells (H-ras-transformed NIH 3T3 cells) and NIH 3T3 (non-
transformed but immortalized murine fibroblasts) were main-
tained in tissue culture in Dulbecco’s minimal essential me-
dium (Life Technologies, Burlington, Ontario, Canada) plus
10% calf serum (Life Technologies), as described (15). These
cells were grown for no more than 4-6 weeks in culture.

Abbreviations: MEF, mouse embryo fibroblast; CAM, chorioallantoic
membrane; p.i., post-injection.
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Primary mouse fibroblasts were cultured directly from 13- to
14-day-old embryos (NIH Swiss mice; Harlan-Sprague—
Dawley). Single cell suspensions of fibroblasts were obtained
by trypsinization (0.25% trypsin in phosphate-buffered saline
minus Ca?* and Mg?*). The cells were removed from the
trypsin solution by centrifugation (1000 X g), resuspended in
a-minimal essential medium plus ribonucleosides (Life Tech-
nologies) with 10% fetal calf serum (HyClone), penicillin (100
units/ml), and streptomycin (100 ug/ml; Life Technologies),
and plated in T150 flasks in an atmosphere of 5-7% CO,. The
cells were allowed to undergo no more than three passages
before use and were harvested at subconfluence.

Cells were fluorescently labeled using Fluoresbrite carbox-
ylate microspheres of 0.05- to 0.07-um diameter (Polysciences)
or Calcein-AM (Molecular Probes) as described (10, 19).
Membrane integrity of the labeled cells was assessed before the
experiments by adding a drop of ethidium bromide (0.01
mg/ml) to an equal volume of cell suspension on a coverslip.
Cells were scored by fluorescence microscopy as either ex-
cluding ethidium bromide (green fluorescence) or as having
taken it up (red fluorescence) as described (11). For all three
cell types, >95% of the cells excluded ethidium bromide
immediately before injection. The mean in vitro cell diameter
was 17 um for all cell types.

Intravital Videomicroscopy. We used intravital videomi-
croscopy of the CAM, the respiratory organ of the chicken
embryo, which provides an immune-deficient model easily
accessible for observation without the need for surgery (19).
An immune-deficient host allows the study of steps in metas-
tasis independent of host immune responses, modeling the
clinical situation in which some cancer cells evade the immune
system. Eggs containing 12-day-old embryos were removed
briefly from the incubator and a small window was cut in the
shell over a vein, leaving the CAM intact, as described (19, 20).
Cells were injected into a CAM vein (106 cells per embryo in
0.1 ml of OptiMEM; Life Technologies); no damage was
inflicted on the CAM during injection, as judged by lack of
bleeding and intact appearance of the CAM vasculature by
intravital videomicroscopy. The window was then resealed and
the egg returned to the incubator pending further observation.
At 3, 6, and 24 h postinjection (p.i.), the shell and outer shell
membrane of individual eggs were removed from the air sac
region (i.e., a different area than that used for cell injection).
The inner shell membrane was rendered transparent with
mineral oil to permit observation of intact CAM vessels and
surrounding tissue. A lateral window on the shell allowed
oblique transillumination via a fiber optic guide, providing
high-contrast images. In vivo videomicroscopy was carried out
using an epifluorescence inverted microscope (Diaphot TMD;
Nikon), with the CAM positioned above the objective lenses
(X10-x100). Episcopic illumination with fluorescence exci-
tation wavelength 450-490 nm was used alone or superim-
posed on the image from transillumination. Images were
viewed using a black and white video camera (model WV1550,
Newvicon; Panasonic) and television monitor. A character
generator added time, date, and stopwatch information to the
video signal, and the combined signal was recorded on SVHS
videotapes. In addition to the analysis at 3, 6, and 24 h p.i., we
observed in real time the process of initial arrest of cells within
the CAM microcirculation during injection, in several exper-
iments.

By means of intravital videomicroscopy, one can clearly
observe the arrangement of the CAM microcirculation and
direction of blood flow in different vessel types, including
views in the z-direction (above and below an initial plane of
focus) obtained by “optical slicing” (for details see ref. 19). A
rich capillary plexus lies directly beneath the inner shell
membrane, exhibiting structural similarity with mammalian
lungs (14, 21). This capillary plexus appears as a network of
short, highly interconnected capillary segments, providing for
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almost a continuous sheet of blood except where tissue “posts”
function as spacers (see figures 2 and 3 in ref. 19). The plexus
is served by interdigitating arterioles and venules, seen by
focusing on the mesenchymal layer just beneath. An extensive
system of lymphatic vessels is also observed within the mes-
enchyme. Arterioles can easily be distinguished from venules
based on their branching pattern together with the direction of
blood flow. The flow is divergent in arteriolar branches,
ultimately reaching the capillary plexus and draining into small
venules, at which point the flow becomes convergent as venules
join and lead into veins. Lymphatics are recognized by their
thin endothelial walls and absence of blood flow, although
infrequently individual red blood cells or leukocytes can be
observed moving very slowly within these vessels.

At the time of the intravenous injections (12-day-old chicken
embryo), the capillaries of the CAM have a continuous
endothelial lining and a complete basement membrane, with
permeability properties of mature vessels (12-14). Interactions
between injected cells and the CAM microcirculation of living
embryos were visualized, recorded, and quantified from the
real-time video images. Cells were identified as intravascular
(totally inside the microvasculature), in the process of extrav-
asation (partially inside the microvasculature, with extravas-
cular projections), or extravasated (completely outside of the
microvessels). We established the proportions of fibroblasts in
each of these positions at 3, 6, and 24 h p.i. We also studied the
postextravasation migration of these cells through the mesen-
chyme tissue during the first 24 h p.i. by analyzing cell position
relative to arterioles, venules, and lymphatics.

Statistical Analysis. Kruskal-Wallis one-way analysis of
variance on ranks or Student’s ¢ test was used to statistically
compare the analyzed populations, depending on whether the
data distributions were normal or not and on the number of
populations being compared. A level of P < 0.05 was regarded
as statistically significant.

RESULTS

Intravital videomicroscopy allowed us to directly observe and
compare cell interactions with the microvasculature (which
proved to be similar for each of the three cell types) immedi-
ately following injection and at various times later. This made
it possible to monitor cells from initial arrest (Fig. 1.4 and B)
right through to postextravasation migration within the mes-
enchyme (Fig. 1 C and D). Initial arrest always occurred by
trapping of individual cells within microvessels on the basis of
size restriction. All cells we observed entering the CAM
microcirculation were trapped in this way, and none passed
through the plexus to the venous outflow or attached to the
walls of vessels larger than the cell diameter. Most of the cells
were trapped in capillaries, but a few were first arrested within
terminal arterioles (Fig. 1 A and B) and moved gradually from
there into the capillaries. Cells lodged in the microvasculature
blocked the blood flow at the site of arrest, and active cellular
deformation and pseudopodial extensions were often observed
within the vessel lumen, as the cells squeezed further into the
capillary plexus. This cell deformation was required because
the mean cell diameter before injection was 17 um for all
fibroblast types, whereas the mean capillary diameter is 9 um
(19). In summary, no differences in these processes of initial
arrest and early interactions with the microvasculature were
found among the three cell types. In no instance did we observe
lysis of cells arrested within the microvasculature. Cells began
to escape from the microcirculation (process of extravasation)
within several hours of initial arrest.

Extravasation. Extravasation was observed exclusively from
the capillary plexus, and cells of all three types always extrav-
asated singly. The earliest event seen during this process was
the fermation of pseudopodia, which extended through the
capillary wall into the mesenchyme layer. This was followed by
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FiG. 1. Extravasation of fibroblasts viewed by intravital videomicroscopy. Cells fluorescently labeled with Calcein-AM are seen interacting with
the microcirculation and the mesenchyme layer of chicken embryo CAM. Similar images were obtained from all three cell types. (4) Primary MEF
(*) arrested at an arteriolar orifice leading to capillary plexus (which lies at a different plane of focus), seen by transillumination plus epifluorescence,
3 h p.i. Part of the cell remains within the arteriole (a) and part projects (—) into a capillary. (B) The same cell (*) shown by transillumination
only. (C) MEF (*) extravasated from the capillary plexus, located in the mesenchyme (m) ~40 um distant from an arteriole (a) at 8 h p.i.
Transillumination alone. (D) Extravasated MEF (*) observed at 6 h p.i., located in the mesenchyme (m) adjacent to a terminal arteriole (a).
Transillumination plus epifluorescence. By focusing up and down with the microscope, long projections could be seen extending from the cell toward
or over the abluminal surfaces of the arterioles in both C and D. These projections could be identified from the video monitor, but were seen even

more clearly through the eyepieces. (Bars = 20 um.)

transit of the cell body through the vessel wall. The extrava-
sating cells had the appearance of sinking gradually from the
plane of the plexus, allowing blood flow to resume progres-
sively over top of them. No visible damage to the vessel wall
was apparent during or after extravasation.

PAP2, NIH 3T3, and MEF cells extravasated equally well
with the same timing of extravasation. By 3 h p.i., only ~40%
of the observed cells remained wholly intravascular (Fig. 24).
These numbers fell dramatically over the next 3 h, and, by 24 h
p.i., virtually none of the cells remained intravascular (Fig.
2A). The mean percentages of cells in the process of extra-
vasation fell from ~40% to <10% between 3 and 24 h p.i. (Fig.
2B), with a concurrent increase in percentages of cells that had
completed extravasation (Fig. 2C). By 24 h after injection, the
mean percentages of PAP2, NIH 3T3, and MEF cells that had
extravasated were 89%, 96%, and 96%, respectively (Fig. 2C).
These values were not significantly different (0.34 < P < 0.63),
indicating that the ability of these cell types to extravasate was
independent of metastatic ability.

Migration Postextravasation. After extravasation, individ-
ual fibroblasts of all three cell types demonstrated, to the same
degree, the ability to migrate within the mesenchymal layer.
Extravasated fibroblasts were generally observed in the vicin-
ity of arterioles (Fig. 1 C and D). In many cases, such cells
exhibited multiple extensions encircling or spreading along the
abluminal surfaces of the vessels. By focusing up and down
with the microscope, these extensions could be seen very
clearly, although they were not so obvious in views from a
single plane of focus. Fig. 3 shows the mean percentages of
observed cells that were in contact with or close to (within 1-20

pm) arterioles, venules, or lymphatics at 24 h p.i. The per-
centages of cells at any particular category of vessel were not
significantly different for the three cell types (0.32 < P < 0.83;
Kruskal-Wallis analysis). However, what was noteworthy was
the marked preferential migration of fibroblasts of all three
cell types to arterioles, rather than to venules or lymphatics
(0.001 < P < 0.004; Student’s ¢ test).

DISCUSSION

Metastasis is known to be a complex multistep process,
involving the interaction of many factors (including immune
surveillance). Our focus in the present investigation was
primarily on extravasation, which is thought to be a major
rate-limiting step in metastasis. To study extravasation inde-
pendently of host immune responses, we used an immune-
deficient host, modeling the cancer cells that evade the im-
mune system in the clinical situation. The chicken CAM
provides a good model for studying extravasation. Although it
is embryonic, its capillaries have a continuous endothelial
lining and a complete basement membrane, exhibiting adult
permeability properties at the time we injected the cells (12-14).
It should be noted that the present study analyzes extravasation
of intravenously injected cells from intact microvessels within
the undamaged CAM, as opposed to invasion assays, which are
performed by placing cells on the surface of the chorionic
epithelium, using intact or wounded CAMs. We (22) and
others (e.g., refs. 23 and 24) have shown that the integrity of
the. CAM is important for invasion studies, since wounded
CAMs do not pose a barrier to invading cells.
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Fic. 2. Kinetics of extravasation of highly metastatic ras-
transformed NIH 3T3 cells (PAP2), control nontransformed NIH 3T3
cells, and primary MEF cells from the CAM microcirculation. Per-
centages of cells which were intravascular (4), in process of extrava-
sation (B), or had extravasated (C) are shown at 3, 6, and 24 h p.i.
Different sets of experiments (involving different embryos) were
performed at the stated time points. A total of 1481 cells were
individually analyzed (average of 38 per experiment). Numbers of cells
analyzed at 3, 6, and 24 h p.i., respectively, were as follows: PAP2, 124,
145, and 202; NIH 3T3, 123, 179, and 300; and MEF, 123, 163, and 122.
The data showed no significant differences (Kruskal-Wallis one-way
analysis on ranks) among the three cell types, at any of the stated time
points, for cells which were intravascular (4, 0.48 < P < 0.99), in
process of extravasation (B, 0.28 < P < 0.68), or extravasated (C,
0.34 < P < 0.63). By 24 h p.i., >89% of observed cells of all three cell
types had completed the process of extravasation. Bars represent
means * SE.

We tested the hypothesis that the ability of cancer cells to
extravasate is related to their metastatic potential. Contrary to
current expectations, our results show that there was no
difference in the ability of highly metastatic ras-transformed
versus nontransformed but immortalized NIH 3T3 fibroblasts
to extravasate from the microcirculation. In fact, nonimmor-
talized embryonic fibroblasts, which one would expect to
exhibit little or no ability to extravasate, showed the same
kinetics of extravasation as the other two cell types. Thus, we
conclude that extravasation of ras-transformed versus control
fibroblasts from the CAM microcirculation does not correlate
with the metastatic ability or even transformed status of these
cells.

It is noteworthy that the nontransformed (and nonmeta-
static) cells not only extravasated but, thereafter, migrated
through the mesenchymal layer to the same degree as the
highly metastatic cells. In general, more metastatic cells are
believed to be more invasive and motile than less metastatic
cells (4, 25). In vitro studies have shown that PAP2 cells are
more invasive than NIH 3T3 cells (17). Moreover, although
embryonic fibroblasts exhibit high motility, perhaps reflecting
their migratory role in embryonic morphogenesis, H-ras-
transformed NIH 3T3 cells have been shown to be more motile
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with (spreading around or along) and/or close to (within 1-20 pm)
arterioles (A), venules (V), and lymphatics (L) at 24 h p.i. A total of
316 cells from 12 embryos was analyzed. Bars represent means + SE.
A marked preference for arterioles rather than venules or lymphatics
was shown by all three cell types (0.001 < P < 0.004, Student’s ¢ test).
No significant differences were found among the three cell types for
any of the vessels (0.32 < P < 0.83, Kruskal-Wallis one-way analysis
of variance on ranks).
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in vitro than control NIH 3T3 cells (26). Therefore, we had
expected the PAP2 cells to be more motile in vivo than NIH
3T3 cells. The fact that this was not the case shows that in vitro
findings cannot always be extrapolated to the in vivo situation.
It is interesting to note that primary MEF cells migrated after
extravasation to the same degree as the other cell types
analyzed. Our results show that for the cells and the model
used in this study, postextravasation migration in vivo is not
related to metastatic ability or transformed status of the cells.

This study shows quantitatively that after extravasation, the
three types of fibroblasts all migrate preferentially to arte-
rioles, rather than to venules or lymphatics, and encircle or
spread over their abluminal surfaces. Since in a respiratory
organ, such as the CAM, the O; saturation of blood is lower
in arterioles than in venules, the cell migration toward arte-
rioles cannot be explained on the basis of need for O,. One
might expect cells to migrate to regions rich in fibronectin,
laminin, and collagen type IV (1, 3, 4, 25, 27). However, the
distribution of these proteins appears to be the same in CAM
arterioles and venules (28). Our studies with melanoma cells in
the CAM have shown that they also migrate preferentially to
arterioles and wrap around them (11, 19), indicating that this
directed migration is not restricted to fibroblasts but is of more
widespread significance. The reason for preferential binding to
arterioles and the molecular basis of these events remain to be
determined. Attachment of cells to various extracellular matrix
components has been shown to confer protection from apo-
ptosis (29), raising the possibility that attachment of extrava-
sated cells to arterioles may in some way promote their
survival. Periarteriolar locations are preferred sites of growth
in the CAM for PAP2 cells (data not shown) and other
metastatic cell lines (11, 20).

The steps in the metastatic process observed here are not
unique to this model. The processes of initial arrest, extrava-
sation, and migration exhibited by the three fibroblast cell
types are similar in other cell lines we have studied: melanoma
(9, 11, 19, 20, 30, 31) and mammary carcinoma (10). All the
injected cells observed within the circulation were trapped by
size restriction within microvessels at the inflow side of the
microcirculation, and the cells withstood lysis by hemodynamic
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forces. These same features are observed in chicken CAM
(9-11, 19, 20), as well as in mouse liver (10, 30, 31) and muscle
(30). For all cell types we have studied, the mechanism of
extravasation in CAM and liver involves the escape of cells
singly as opposed to intravascular replication followed by
destruction of the vessel wall and extravasation of cells en
masse.

Only a few of the cells that enter the circulation from a
primary tumor successfully form metastases (32, 33). A num-
ber of mechanisms have been proposed to contribute to this
metastatic inefficiency, including mechanical destruction of
cells within the circulation and inability of cells to extravasate
(3, 4, 32). However, our results from direct in vivo observation
of cells during successive steps in metastasis show that major
contributions to metastatic inefficiency may occur after ex-
travasation. By means of a new experimental procedure to
quantify the survival or loss of injected cells, we recently
reported that >80% of all injected melanoma cells (two lines
of different metastatic abilities) survived and successfully
extravasated by 1 day p.i. in CAM (9). We also showed that the
cell lines in that study did not differ in their rates of extrava-
sation (11).

In summary, our study used intravital videomicroscopy to
directly observe and quantify the ability of cells with very
different in vivo and in vitro properties to extravasate from the
chicken CAM microcirculation. The data demonstrate for the
first time in vivo that highly metastatic ras-transformed PAP2
cells and nontransformed control cells (NIH 3T3, MEF)
extravasate with the same kinetics from the CAM microcir-
culation. In addition, all three cell types show the same pattern
of migration through the host tissue after extravasation. These
results question the generally accepted dogma that metastatic
potential is positively correlated with the ability of tumor cells
to extravasate. Here we show that the ability to extravasate in
vivo is not necessarily predictive of subsequent metastasis
formation, pointing to postextravasation events as potential
key determinants of metastatic ability.
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