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ABSTRACT

We have investigated the lung colonizing ability of four newly estab
lished human metastatic melanoma xenografts, designated CRML1,
CRML2, CRML3, and CRML4 following i.v. tail vein inoculation into
3- to 4-week-old gnotobiotic CD-I athymic mice. The experimental

metastatic potential of the tumors was assessed from the primary tumor
samples through eight progressively growing s.c. passages. CRML1 and
2 were investigated in detail; five sublines (two from CRML1 and three
from CRML2) were established from these tumors with various growth
rates and lung colonizing abilities. The histopathologies of the patients'

biopsies and the s.c. passaged parental lines were compared with these
i.v.-derived sublines as one measure of tumor heterogeneity, in conjunc
tion with the kinetics of lung tumor formation. The frequency and
distribution of extrapulmonary tumor growth was also investigated after
i.v. inoculation. In general, it reflected the clinical distribution of mÃ©tas
tases, although their frequency of appearance was reduced. While
CRML3 was the most aggressive disease clinically, it did not demonstrate
the reproducible experimental metastasis of the other lines. CRML4
produced lung colonies routinely, but with latency periods of 20 weeks or
more. On the other hand, the most rapidly growing sublines of CRML1
and CRML2 essentially replaced the normal lung tissue within 4 to 6
weeks following inoculation of 10* cells.

The two sublines of CRML1 with higher effective metastatic potential
were maximally able to colonize the lungs within only two i.v. cycles in
one case, while the other line required six i.v. to i.v. passages to reach its
maximum ability. In CRML2, two sublines were identified that rapidly
increased in their lung colonizing ability, while another line remained
effectively equal to the parental s.c. line over four cycles of reinoculation
i.v. These results demonstrated that the athymic mouse can serve as a
model for experimental metastasis of human tumors, and that aspects of
the metastatic heterogeneity of these tumors can be investigated by using
this system.

INTRODUCTION

The successful transplantation of human tumors from various
anatomic sites into the athymic mouse has been well established
and documented (Refs. 1-3, and references therein). The low
frequency with which these xenografts will spontaneously me-
tastasize to secondary sites has been also observed and reported
(4-8). Several reports have suggested that the reasons for the
earlier difficulties in observing invasion and metastasis may be
related to factors such as environmental stress to the mice
(disease or other stresses) (9, 10), their age at inoculation and
the related changes in natural killer cell activity (11-14), and
the frequent presence of a fibrous or pseudocapsule around s.c.
implanted tumors (15). Recent studies have also demonstrated
the feasibility of modeling human tumor invasion and/or me
tastasis experimentally in athymic mice by inoculating tumor
cells i.p., intrasplenically, i.v., in organs or sites related to the
original anatomic environment of the tumor, and in instances
even s.c. (15-25).
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Several groups have investigated the nature of the metastatic
process by using the B16 melanoma system, in which both
effectively low (Fl) and high (FIO) metastatic variants have
been identified and characterized (26-29). These and related
experiments have suggested that the metastatic potential of a
tumor is a nonrandom event, in that it resides in a stable
preexisting subpopulation of the heterogeneous tumor cell pop
ulation (27). Further work has concluded that this apparently
nonrandom process of metastasis may actually be due to a
random entry and exit of cells from a phenotypically metastatic
compartment, which occurs sufficiently rapidly so as to appear
to be a stable, nonrandom event (28). An attractive aspect of
this hypothesis is that it does not require phenotypic or geno-
typic stability in metastatic variants, but, rather it postulates
cell entry and exit from a metastatic compartment, thereby
taking into account the genetic instability and progression
frequently observed in tumors.

In order to further investigate disseminated human tumor
models in athymic mice, we have used the i.v. tail vein inocu
lation route with 4 human metastatic melanoma lines of recent
origin.2 We asked whether model systems of human melanoma

could be developed in athymic mice which approximated the
clinical distribution of metastatic disease, and whether human
tumor sublines, analogous to the B16F1 and FIO sublines,
could be identified. We examined the frequency and the kinetics
of lung tumor colony appearance following differently sized cell
inoculations and the relative stabilities of the experimental
metastasis phenotype. Histopathological examinations of the
lungs and other major organs were performed in order to assess
(a) the frequency of secondary metastasis, (b) possible instances
of organotropism, and (c) tumor heterogeneity as judged mor
phologically.

The data demonstrated that the experimental metastasis
model of i.v. tumor cell inoculation in young, gnotobiotic
athymic mice is suitable for human melanomas, and that tumor
cell sublines with both equivalent, and relatively higher, effec
tive metastatic potential compared to the parental lines could
be recovered by repeated cycles of lung tumor/i.v. inoculation.

MATERIALS AND METHODS

Tumor Cell Lines and Mice. The four samples of human metastatic
melanoma were obtained under sterile conditions from Boston area
hospitals following surgical resection of lesions. CRML1 was derived
from a secondary tumor site in the brain, CRML2 was from a lymph
node metastasis, CRML3 was from a secondary groin lesion, and
CRML4 was from a cutaneous secondary site on the forearm. All 4 of
these xenografts have human chromosome complements, and have
shown sustained, progressive growth in the s.c. site. The details of the
establishment and characterization of these tumors will be presented
elsewhere.

Congenitally athymic mice on a CD-I background were bred in
CRASF-associated gnotobiotic isolators by crossing homozygous (UH/

2R. J. Zimmerman, E. T. Gaillard, R. Wilson, J. M. Corson, W. P. Peters, A.

A. Sandberg, F. P. Li, and A. Goldin. Establishment and characterization of 4
new human metastatic melanoma xenografts in athymic mice, manuscript in
preparation.

2305

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/9/2305/2431251/cr0470092305.pdf by guest on 19 M

ay 2023



EXPERIMENTAL METASTASIS OF HUMAN MELANOMAS

nu) males with heterozygous (nu/+) females. When weaned at 3 weeks
of age, the athymic mice were sterilely transferred to microisolator
units (Lab Products) in the laboratory and maintained at 24V, 50 Â±
2% relative humidity, with a 12 h light, 12-h dark cycle. All food,
bedding, water bottles, and water and cage components were sterilized,
and the mice were manipulated under horizontal laminar flow hoods
by sterile-gloved hands. All experiments were done using mice between
21 and 28 days of age. Mice were segregated by sex at no more than 5
per cage.

Tumor Cell Preparation and Inoculation. Tumor-bearing mice were
sacrificed by CO2 asphyxiation and aseptically dissected to obtain the
tissue of interest. After initially cutting the tumor tissue into small
pieces with scalpels, single cell suspensions were prepared by 0.2%
collagenase digestion (Cooper BiomÃ©dical)in RPMI 1640 (GIBCO)
containing 10% fetal bovine serum (HyClone) at 37V for 1 h. Several
layers of sterile gauze were then used to filter out remaining clumps of
cells. Following 3 cycles of centrifugation and resuspension in Hanks'

balanced salt solution to wash out enzyme and serum, a viable cell
count was determined by trypan blue exclusion. Every effort was made
to use a single cell suspension for i.v. inoculations, such as preliminary
screening of various collagenase lots to reduce cell clumping and
mechanical agitation of the cells immediately prior to inoculation. As
detailed in "Results," generally 10s or 10*were inoculated in the lateral
tail vein in 0.2 ml of Hanks' balanced salt solution.

Lung Tumor Colony QuantitÃ¤ten and Histopathology. Quantitation
of lung colonies was performed by careful gross examination of all
lobes. In cases of massive involvement, one or two major lobes were
counted, and the number of colonies was then multiplied by the appro
priate factor (4 or 2, respectively) to provide as quantitative an estimate
as possible for those cases with over 100 colonies in the lungs. As it
was deemed inaccurate to count over 200 colonies in a meaningful
manner, no attempts were made to do so, and the data were recorded
in the 200 category.

At the indicated experimental times, inoculated mice were sacrificed
and examined for gross lesions in all major organs. In all experiments,
suspected lesions were collected for histolÃ³gica! examination, and in
some experiments, as noted, the liver, kidney, spleen, and brain were
collected in addition to the lungs, whether or not there was gross
evidence of possible tumor involvement. Tissues were fixed in 10%
buffered formalin, embedded in paraffin, sectioned at 5 urn, and stained
with hematoxylin and eosin. A minimum of 4 sections was examined
per tissue by light microscopy.

RESULTS

Lung Colony Formation from Clinical Biopsies. Table 1 sum
marizes the results obtained following the i.v. tail vein inocu
lation of tumor cells derived directly from the biopsies or s.c.
xenografts of CRML1, 2, 3, and 4. Although all 4 tumor
samples were obtained from melasi at ic sites, the tumors varied
greatly in their lung-colonizing ability. CRML1 and 2 produced
large numbers of pulmonary colonies in 70 and 80% of the
mice, respectively. CRML4 demonstrated an intermediate abil
ity to form experimental metastatic colonies, and a longer time

Table 1 Summary of results following i.v. inoculation of s.c. tumors CRML
1,2, 3, and 4

Single cell suspensions were prepared from s.c. tumors and inoculated i.v. at
109/mouse. Mice were sacrificed either at timed intervals or when they became
moribound. The number of lung colonies was determined by visual examination
at time of sacrifice.

Tumor*CRML1

CRML2
CRML3
CRML4No.

ofwk
postinoculation

examined
(range)4-33

4-32
11-34
12-32Positivemice/no,

inoculated44/62

26/32
3/69

21/61Median

no.
of lung colo
nies(range)18

(1->200)
35 (1->200)

1.5 (1-2)
15(1-50)

"Tumors (s.c.) were tested from the following passages: CRML1: patient
sample, 5; CRML2: patient sample, 6; CRML3: 1-8; CRML4: 1-5.

period was required to observe their appearance as compared
to CRML1 or 2. On the other hand, CRML3 was essentially
unable to colonize the lungs following tail vein inoculation,
although in several clinical respects, such as the extent and
rapidity of metastatic spread, it was the most aggressive disease
of the 4 tumors biopsied.

Further, a sufficient amount of the primary tumor sample
was available for CRML1 and 2 to perform i.v. inoculation
experiments with cells directly from the patients' biopsies. No

evidence of lung colonies was observed, however, in either case
over a 33- and 32-week period, respectively, despite the ability
of tumor cells derived from the first successful s.c. xenografts
to colonize the lungs. While in some respects the tumors
apparently undergo an adaptation phase in order to grow in the
nude mice, these selection pressures did not morphologically
alter the tumors (see below), although an apparent shift in lung-
colonizing abilities was observed in CRML1 and 2.

Formation of Extrapulmonary Tumors. While it generally
lacked lung-colonizing capability, CRML3 formed extrapul-

monary tumors in 3 of 77 mice, as shown in Table 2. In contrast,
both CRML1 and 2 readily colonized the lungs, but secondary
extrapulmonary involvement was only observed in the former,
in 18 of 357 mice. Attempts to demonstrate organ-specific
homing by recovery of these extrapulmonary lesions and rein-
oculation i.v. have been unsuccessful (data not shown). The
relative frequency and distribution of secondary sites were
representative of the clinical disease, in that lymph node and
kidney involvement was found experimentally (Table 2). On
the other hand, more frequent brain and liver involvement is
observed in melanoma patients than was seen here experimen
tally (30).

Since the appearance of extrapulmonary tumor involvement
was only about 4-5%, it might be concluded from the data in
Table 2 that extrapulmonary mÃ©tastasessimply arose from
established lung colonies, or that occult colonies may have
become grossly visible after long postinoculation periods. How
ever, the data in Fig. 1 illustrated that secondary tumor involve
ment was an independent event, not necessarily related to the
number of lung colonies or the number of weeks postinoculation
in the CRML1 and 3 tumors. The scatter of the points in Fig.
1 suggested that a random and relatively inefficient process was
involved. Further, histolÃ³gica! examination of all major organs
was routine in these experiments, which reduced the possibility
that micrometastases were missed. As seen in Fig. 1, there were
instances of secondary site involvement associated with no lung
colonies at short (8-week) and long (21-week) times postinoc
ulation for both CRML1 and 3. While large numbers of lung
colonies were also found to be associated with extrapulmonary
tumors at both short (4-week) and long (15-week) periods, the
fact that only 6% of the mice with lung tumors in CRML1 had
secondary tumors, argued against the number of colonies per se
as a causative factor. The lack of extrapulmonary tumors in the
highly effective lung colonizer, CRML2, further argued against
lung colonies routinely giving rise to secondary mÃ©tastases.

Lung Colony Formation from Subpopulations. The tumor cells
recovered from the lungs were investigated for their ability to
form lung colonies upon subsequent i.v. inoculation. The first
letter of the designations given to the various sublines identifies
the s.c. passage from which they were originally derived for i.v.
inoculation (e.g., A, first from the s.c. primary take; C, third
passage s.c., etc.). The letter V signifies that these are from i.v.
inoculations; the next number is the number of times the cells
have been cycled i.v. to i.v. For example, BV3 would be from
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Table 2 Comparison of total pulmonary and extrapulmonary colonies (i.v.)
Single cell suspensions were prepared from either s.c. tumors, or tumor-bearing lungs of previously i.v. inoculated hosts, and injected i.v. Mice were inoculated

with 10"to IO9cells in the lateral tail vein in 0.2 ml Hanks' balanced salt solution; microscopic examination was performed on liver, kidney, spleen, and lungs; other
grossly evident lesions were also collected. Data are for inocula derived from the primary tumor sample up to 7 s.c. and/or lung colony-derived passages.

TumorCRML1

CRML2
CRML3
CRML4Pulmonary

colonies"300/357

216/2443/77

25/70Wkpost-in

oculation*4-33(7.5)

4-32(7.2)
11-34(15)
9-32(16)Extra-pul

monary
sites'18/357

0/244
3/77
0/70Wk

post in
oculation*4-16(10)

16-21 (17.7)Frequency

of second
ary site in
volvement5.0%

3.9%Site

of extrapulmonary metastaticinvolvement'Lymph

nodesBrain

AxillaryInguinal1

2 2

2Cervical

Kidney3

8

1Liver

Spleen Heart SQAbdomen11

43

1

* Number of tumor-bearing mice/total number inoculated.
' Range of times of sacrifice; numbers in parentheses, average week of sacrifice.
' Number of times an extrapulmonary site was positive; some mice had multiple secondary sites.
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Fig. l. Random relationship of lung colony number and weeks postinoculation
with the appearance of extrapulmonary tumors. At time of sacrifice, mice were
examined grossly and histologically for evidence of tumor lesions following an
i.v. inoculation of 10* tumor cells at week 0. Number of lung colonies was
determined as described in "Materials and Methods." O, CRML1; A, (KM IA

Numbers in parentheses next to the symbols are the number of mice with
extrapulmonary lesions at that point.

>200

6 8 10
WEEKS POST-INOCULATION

12 14 16

Fig. 2. Kinetics of enhancement of lung-colonizing ability in experiments with
the AV line of CRML1. Mice were inoculated with 111'cells i.v., and at time of
sacrifice the number of lung colonies was determined as described in "Materials
and Methods." O, AVI; â€¢,AV2; A, AV5; A, AV6. Number of mice/point: AVI,

7; AV2, 2; AV5,6; AV6, 9. AV5 data were from 2 independent experiments and
AV6 data were from 3 independent repeats.

the second s.c. mouse passage since the primary grew in mice,
and would have been passed 3 times i.v. to i.v.

The data illustrating the recovery and growth kinetics of 2
subpopulations, designated AV and CV, from the lung tumor-
derived cells for CRML1 are presented in Figs. 2 and 3. The
data for the 3 sublines from CRML2 lung tumors, designated
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Fig. 3. Kinetics of enhancement of lung-colonizing ability in the CV line of
CRML1. Mice were inoculated with 10*cells i.v.; at time of sacrifice the number
of lung colonies was determined. O, CV1; A, CV2; â€¢CV3; T, CV4. Number of
mice: CV1, 8; CV2, 9; CV3, 30 (3 repeats); CV4, 9.

Table 3 Stahle lung colonization potential of the CV line ofCRML2
Single cell suspensions were prepared from the third s.c. passage since the

primary tumor growth (CV1), and thereafter from positive tumor-bearing lungs
of i.v. inoculated hosts (CV2, CV3, and CV4).

Passage
(i.v.)
no.CV1

CV2
CV3
CV4Median

no.
of lung
colonies(ranger"27

(20-35)
18(1-64)
15(1-56)
30 (5-53)Median

no.
of lung

colonies
(range)*3(1-13)

4(1-30)
4 (1-20)
5(1-30)

* Data are from 8- and 10-week combined sacrifice times following 10* cells

inoculated; numbers of animals were as follows: CV 1, 5; CV2, 6; CV3, 11; CV4,
6.

* Parallel experiments, except that 10* cells were inoculated; numbers of

animals: CV1, 3; CV2, 6; CV3, 12; CV4, 6.

CV, DV, and EV, are presented in Table 3 and Fig. 4. As
detailed below, both tumors gave rise to sublines with higher
effective abilities to form lung colonies after repeated i.v. inoc
ulations, although with varying kinetics of recovery. The CV
line, however, from CRML2, produced about the same number
of lung colonies as the original s.c. passaged parental line over
the 4 cycles of reinoculation of lung tumors studied.

Attempts to increase the frequency of lung colony tumor
formation have been unsuccessful with CRML4, as shown in
Table 4, in contrast to the results obtained with CRML1 and
2. We are investigating the possibility that these isolates rep
resent effectively less metastatic sublines, as one might predict
the existence of both high and low metastatic sublines in a
heterogeneous tumor cell population (31).

Fig. 2 illustrates the derivation of the AV subline from
CRML1 by 6 repeated cycles of recovery of lung colonies and

2307

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/9/2305/2431251/cr0470092305.pdf by guest on 19 M

ay 2023



EXPERIMENTAL METASTASIS OF HUMAN MELANOMAS

2 4 6 8 10 12 14 16
WEEKS POST-INOCULATION

Fig. 4. Kinetics of enhancement of lung-colonizing ability in CRML2. Mice
inoculated with IO9cells i.v. were sacrificed at the indicated points and the number
with >200 tumor colonies were counted, or mortality was recorded when observed.
O, DV1; Â».DV2; D, EVI; O, EV2; â€¢EV3. Numbers of mice sacrificed at each
point: DV1, 4 at 12 weeks, 3 at 15 weeks. DV2, 6/point (2 independent experi
ments using 3/point) and EVI, 3 at 9 weeks; 4 at 12 weeks. EV2, 3/point at 4,
6, 8, and 10 weeks. EV3, 3/point. Regression lines are shown for DV1, DV2,
EVI and EV2 combined, and EV3.

Table 4 Unsuccessful enhancement of lung-colonizing ability in CRML4

Tumor
passage"AVIAV2BV1BV2CV1CV2CV1-IIDV1-IDV2-IDV1-IIEVIwk*201228122012281232912201220131512251227Positive

mice/total
inoculated2/52/50/44/54/51/51/32/54/50/60/50/52/52/30/51/41/50/50/50/3Lung

colonies/
animal15,

172,
16,

2, 1,41,50,21,15211,2050,

3, 50,5015,251,5032

Totals

VI
V2

12-32
9-28

21/61
5/32

16.6 (l-50)c
1.8 (l-3)c

"VI designates the first i.v. inoculation from s.c. tumors; V2 cells were derived

from positive lungs from V1 experiments; s.c. passage levels are designated by A,
B, C, etc. Roman numerals I and II were repeated experiments in C and D.

0 Week of sacrifice postinoculation of I()' cells.
' Range.

reinoculation of the tumor cells in the tail vein. Data are
presented for the first s.c. to i.v. inoculation (AVI) and the
subsequent second, fifth, and sixth cycles of lung to i.v. inocu
lations (AV2, AV5, and AV6). The first i.v. inoculation from
the s.c. xenograft at passage 1 produced about 20 lung colonies
at 16 weeks. With repeated cycles, the number of lung colonies
increased and the length of time to macroscopic appearance
decreased, until by AV6, the enhancement effect leveled off.
For graphic simplicity, the AV7 data were not presented, but
were comparable to that obtained in the AV6 cycle, further
evidence that the maximum enhancement effect had been
achieved. Parallel experiments using a IO4cell inoculum were

performed, and similarly shaped curves were obtained for the
enhancement phenomenon (data not shown). Quantitatively,
the difference in the number of lung colonies was about 3- to

4-fold lower for the 10" inocula as compared to the IO5inocula

shown in Fig. 2.
The CV subline of CRML1 showed no further enhancement

of its ability to colonize the lungs after only 2 cycles of reinoc-
ulation, as illustrated in Fig. 3. The first s.c. to i.v. inoculation
was done with cells from the third s.c. passage (CV1), and was
comparable to the results of the AVI experiments in that about
a 4-month postinpculation period was required to observe lung
colonies in the hosts. However, the enhancement of effective
lung-colonizing ability stabilized in the next round of lung to
i.v. inoculations, CV2. As seen in Fig. 3, no significant differ
ences have been found over the CV2, CV3, and CV4 cycles, in
contrast to the AV line (Fig. 2).

A detailed histopathological analysis was performed during
the course of the CRML1 experiments, in order to address the
question of tumor heterogeneity by asking if morphological
differences were observable between (a) the parental s.c. lines
used to derive the AV and CV subpopulations, (b) the AVI and
AV7 subpopulations, and (c) the CV1 and CV4 subpopulations,
all relative to the original patient biopsy, as well as to each
other.

The results showed that the morphology of the mouse-carried
s.c. xenografts was essentially identical to that of the patient's

biopsy, although a suggestion of an increase in the growth rate
was observed. One to 2 mitotic figures were present per x500
field in the xenografts, whereas in the patient's biopsy, they

were rare. The tumor was characterized by dense sheets of
pleomorphic cells, with considerable variations in the size,
shape, and numbers of nuclei.

When the AVI and AV7 sublines were compared morpho
logically, they were also both indistinguishable from the clinical
sample and s.c. xenografts. However, the CV1 and CV4 tumor
cells were distinguished from the others examined by the pres
ence of a somewhat more homogeneous cell population. The
10-15% of cells with either a single huge hyperchromatic
nucleus or multiple medium-sized hyperchromatic nuclei pres
ent in the s.c. parental line were absent in the CV1 and CV4
tumor samples. While the significance of this finding is at
present unclear, the results provided some evidence of differ
ences in the AV and CV lines of CRML1 beyond their lung-
colonizing abilities. Studies are under way to examine further
these lines for other markers.

In the CRML2 experiments, as indicated above, 3 sublines
were investigated for their ability to form pulmonary colonies.
Cells derived from s.c. xenografts at the third, fourth, and fifth
passages of CRML2 were inoculated i.v. to begin the CV, DV,
and EV lines, respectively. Fig. 4 illustrates both the enhance
ment in the lung-colonizing ability as expressed by the number
of dead or moribund animals, and the decrease in time frame
required to reach this end point, for the DV and EV CRML2
sublines following various cycles of recovery and reinoculation.

The DV subline of CRML2 was similar to the CV isolate
from CRML1 in its enhancement kinetics, in that by the second
i.v. cycle, DV2, all of the inoculated hosts were either dead or
moribund by 10 weeks, and further attempts to decrease the
time required have been unsuccessful (data not shown). The EV
line was of moderate ability to colonize the lungs after EVI
and EV2, but the EV3 passage showed a more marked increase
in its lung-colonizing ability, although to a lesser degree than
the DV line (Fig. 4).

The CV line of CRML2 produced approximately the same
number of pulmonary colonies as the parental s.c. xenograft
through 4 cycles of reinoculation when either IO4 or IO5 cells

were inoculated, as shown in Table 3. Similar attempts to
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increase the frequency of lung colony tumor formation have cells into a host have been investigated, such as intrasplenic,
been unsuccessful with CRML4, as shown in Table 4.

DISCUSSION

The data presented here demonstrated that 3- to 4-week-old
gnotobiotic athymic mice were reliable hosts for the develop
ment and investigation of an experimental metastasis model of
human melanoma. While it is clear that the i.v. inoculation
model does not represent all the stages of the spontaneous
metastasis process, it nonetheless is more than a mechanical
trapping phenomenon, since selectivity with respect to lung
colony formation was observed for the different tumors in these
experiments.

For example, CRML3 was essentially unable to form exper
imental lung mÃ©tastases,CRML1 and 2 were very effective at
doing so, and CRML4 was of intermediate ability (Table 1).
Further, intratumoral differences were demonstrated among
the 5 sublines studied in CRML1 and 2 with respect to both
the kinetics of recovery of these variants and the number of
lung colonies recorded (Figs. 2-4; Table 3). The observation
that cells derived from positive lungs in CRML4 (Table 4)
exhibited lowered lung colonization potential in some instances
in the subsequent i.v. inoculation cycle was suggestive of a
model in which cells with lower metastatic potential could be
identified, as well as higher (31). Further experiments with
CRML4 may allow more complete characterization of this
phenomenon.

The metastatic origin of a primary tumor sample did not
appear to determine the subsequent ability to colonize the lungs
following tail vein inoculation (Table 1). The published data
are equivocal in this regard (4, 10, 14, 16-20, 23-25, 31). In
our own experience with 9 other human carcinomas in this
model, mostly of gastrointestinal origin, only one instance has
been found in which a tumor derived from a nonmetastatic site
developed the ability to form experimental metastasis. The
converse was not true, however, as also illustrated here, in that
tumors of metastatic origin did not always give rise to lung
colonies following tail vein inoculation.

As seen in Table 2, the frequency of extrapulmonary organ
involvement was low (4-5%), but the distribution was somewhat
comparable to clinical observations (30). While the inability of
those extrapulmonary tumor cells to demonstrate organ-spe
cific homing upon subsequent i.v. inoculation could have been
due to trivial factors such as interindividual differences in the
outbred mice, this did not seem to be a significant variable. It
may more likely be a function of the inherent properties of the
tumors themselves (20), interactions of the mixed tumor cell
populations (32-35), or the metastatic process in general, such
as its high inefficiency or randomness (29, 31, 36). Further
support for this interpretation was the less than 10-fold reduc
tion in lung colonies observed when 10" and 10s cell inocula

were compared in parallel experiments, and the random rela
tionship of lung colony number and time postinoculation shown
in Fig. 1. Sharkey and Fogh (17) have reported that the spon
taneous metastatic potential of human tumors was similarly
transiently expressed, although 3 examples of spontaneous
metastasis and organotropism have been described in human
melanoma xenografts (18, 19).

The mechanical trapping and destruction in the lungs or
circulation of i.v. inoculated cells also probably contributed to
the low frequency and ineffective recovery of extrapulmonary
tumors (31,37). In order to circumvent these inherent problems
of tail vein inoculations, other manners of introducing tumor

i.p., intracardiac, and specific organ sites (15-25, 38). The i.v.
tail vein model may be particularly suitable for melanoma
models, however, as nearly 90% of patients had pulmonary
involvement in a recent survey (30). This organ specificity
correlation may help explain the relatively higher metastasis
frequency of human melanoma under various conditions in
athymic mice in comparison to tumors from other histological
classifications (4, 16, 18-20, 25, 39). Our own experience with
human gastrointestinal tumors in the i.v. model supported this
interpretation as well, in that only 2 of 7 tumors reproducibly
gave rise to lung colonies, the number of colonies was reduced
significantly in comparison to the melanomas, and the latency
periods were 2- to 5-fold longer (40).

The results reported here demonstrated that experimental
models of human tumor metastasis can be developed relatively
easily in appropriate athymic hosts. The ability to manipulate
these models should result in a greater understanding of their
relationships to the spontaneous process, and to the study of
the cellular and molecular aspects of human metastasis in an
in vivo system. From a practical perspective, these and similar
models may also find utility in preclinical antineoplastic screen
ing programs. Since the hosts succumb to disseminated disease,
the end point of increase in life span could be used as an
indication of efficacy. Tumor imaging may also be performed
under these conditions, particularly in those models which
demonstrate organ-specific homing to extrapulmonary sites.
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