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ABSTRACT

We studied the correlation between the formation of brain metastasis
and the malignant growth potential of seven human melanoma cell lines,
isolated from lymph node mÃ©tastases(A375-SM, TXM-1, DM-4) or
from brain mÃ©tastases(TXM-13, TXM-18, TXM-34, TXM-40), and the
potential of three variants of the mouse K-1735 melanoma. Growth rates
in different concentrations of fetal bovine serum and colony-forming
efficiency Â¡nsemisolid agarose were measured, and the tumorigenicity
and metastatic ability were determined in nude mice (for the human
melanoma cell lines) or in C3H/HeN mice (for the K-1735 variants). The
ability to form brain metastasis was tested by injection of cells into the
carotid artery. A high colony-forming efficiency in agarose, especially at
concentrations of agarose greater than 0.6%, corresponded with high
tumor take rates, rapid tumor growth rates, and metastatic colonization
of the lungs of the recipient mice. For the human melanomas, the lymph
node metastasis-derived cells were more tumorigenic and metastatic than
the brain metastasis-derived cells. In the K-1735 mouse melanoma, the
tumorigenic and metastatic behavior of the cells after i.v. and s.c. injection
corresponded with growth in agarose cultures. However, for growth in
the brain after intracarotid injection, the different melanoma cell lines
showed similar frequencies of tumor take, regardless of tumorigenicity in
other sites of the recipient mice, although mice given injections of brain
metastasis-derived cells survived longer than mice given injections of
lymph node metastasis (human melanoma) or lung metastasis (K-1735
M-2)-derived cell lines. The results from the human and mouse melanoma
cell lines show that the brain metastasis-derived cell lines were not more
malignant than the lymph node or lung metastasis-derived cells. These
data imply that the production of brain metastasis is not always the final
stage of a metastatic cascade.

INTRODUCTION

The lungs, liver, and brain are the most common sites for
metastasis of solid tumors; central nervous system metastasis
in particular is responsible for the majority of life-threatening
neurological complications in cancer patients (1,2). Regardless
of therapeutic intervention, the prognosis for patients with
brain metastasis is poor, with a median survival time of 6
months after diagnosis (3, 4).

Clinical observations have suggested that brain mÃ©tastases
produced by many solid tumors occur late in the disease (5) and
have raised the question of whether brain mÃ©tastasesare pro
duced by cells populating lymph node or visceral mÃ©tastases,
i.e., metastasis of mÃ©tastases.Indeed, it has been proposed that
metastasis by solid tumors occurs by the initial spread of cells
to a generalizing site, such as regional lymph nodes, where
malignant cells proliferate and then spread to additional organs.
This process has been termed the "metastatic cascade" (6, 7).

One consequence of this process is that metastasis can occur
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after a primary lesion has been surgically removed because the
generalizing site remained intact (8). For the pathogenesis of
brain metastasis this is not an academic issue. If brain metas
tasis occurs by the metastasis of mÃ©tastases,then aggressive,
prophylactic resection of lymph node or visceral mÃ©tastases
may reduce the risk of development of fatal brain lesions. On
the other hand, if brain metastasis occurs by the direct spread
of specialized metastatic cells from the primary lesion (9, 10),
then prophylactic dissection of extracranial mÃ©tastasesmay not
prevent brain metastasis from occurring. Thus, it is important
for neurooncologists to determine whether or not brain metas
tasis represents shedding from generalizing site mÃ©tastasesor
the primary tumor. One surrogate for that determination is the
metastatic potential of the cells.

A recent report from this laboratory described the develop
ment of an animal model to study cerebral metastasis following
the injection of tumor cells into the internal carotid artery of
mice (11, 12). The same technique was applied to a number of
human melanoma cell lines injected into nude mice. Cells from
eight melanoma cell lines were injected by an identical proce
dure, yet the different cell lines produced experimental mÃ©tas
tases in different regions of the nude mouse brain. Most strik
ingly, two melanoma cell lines that were isolated from brain
mÃ©tastasesproduced large lesions, predominantly in the paren
chyma of the nude mouse brain. In contrast, the cell lines
isolated from s.c. and lymph node mÃ©tastasesformed experi
mental mÃ©tastasesmore frequently in the mÃ©ninges,choroid
plexus, and ventricles than in the parenchyma (13). In the
current report we have increased the number of brain metasta
sis-derived cell lines to further examine the tumorigenic and

metastatic properties of these cell lines, in comparison with cell
lines isolated from lymph node mÃ©tastases.The malignant
properties of the different human melanoma cell lines have
been assessed by the growth in tissue culture and in semisolid
agarose, by tumorigenicity, and by metastatic growth in the
lung and the brain of nude mice.

Comparisons between cell lines isolated from mÃ©tastasesof
different patients will always be confounded by the issue of
heterogeneity; we were not able to obtain mÃ©tastasesfrom
different organ sites in the same patient for this study. To try
to overcome this problem we performed the same analyses of
the in vitro and in vivo growth properties, but using three
variants of the K-1735 mouse melanoma: a nonmetastatic

clone; and two cell lines from mÃ©tastasesisolated from the lung
and the brain (14, 15).

The growth of the brain metastasis-derived cells, of both

mouse and human melanomas, did not display the most ag
gressive phenotype, as would be expected for cells that had been
selected by first metastasizing to a generalizing site (6. 7). Thus,
brain mÃ©tastasesdo not necessarily represent the end stage in
metastatic cascade but may instead originate from the direct
spread of cells from the primary tumor.
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MELANOMA BRAIN METASTASIS

MATERIALS AND METHODS

Mice. Six- to 8-week-old, specific-pathogen-free inbred male C3H/
HeN mice and 4- to 5-week old athymic male NCr-nu/nu mice were
purchased from the Animal Production Area, NCI-Frederick Cancer

Research Facility (Frederick, MD). The care and use of the animals
were in accordance with institutional guidelines.

Human Melanoma Cell Lines. All of the human melanoma cell lines
were originally isolated from mÃ©tastases.The TXM-designated cell
lines and DM-4 were established from surgical specimens from mela
noma patients at The University of Texas M. D. Anderson Cancer
Center (Houston, TX). TXM-18, TXM-13, TXM-34, and TXM-40
were isolated from brain mÃ©tastases.TXM-1 and DM-4 were isolated
from lymph node mÃ©tastases.The A375 cell line, isolated originally
from a lymph node metastasis, was injected i.v. into nude mice, and a
variant designated A375-SM was cultured from the resulting lung
mÃ©tastases(16). The A375-SM cell line produces significantly more
experimental lung mÃ©tastasesthan the original cell line when injected
i.v. into nude mice.

K-1735 Melanona Cell Lines. The original K-1735 melanoma was a
gift from Dr. Margaret L. Kripke (The University of Texas M. D.
Anderson Cancer Center). The K-1735 M-2 (M-2) was derived from a
lung metastasis produced by the K-1735 parent tumor-growing s.c.
(15). K-1735 BB-1 was isolated from a melanotic brain metastasis in a
mouse given an i.v. injection of K-1735 parental line cells (17). K-1735
clone 10 (C-10) was isolated in vitro by double dilution cloning of the
parental cell line and was shown to be tumorigenic but nonmetastatic
(14).

Cell Culture. The tumor cells were maintained in tissue culture in
MEM' supplemented with 10% FBS, sodium pyruvate, nonessential
amino acids, L-glutamine, and 2-fold vitamin solution (G1BCO, Grand
Island, NY). The cultures were maintained on plastic and were incu
bated in 5% CO2-95% air at 37Â°Cin a humidified incubator. All

cultures were free of Mycoplasma and the following murine viruses:
Reovirus type 3; pneumonia virus; K virus; Theiler's encephalitis virus;

Sendai virus; minute virus; mouse adenovirus; mouse hepatitis virus;
lymphocytic choriomeningitis virus; ectromelia virus; and lactate de-
hydrogenase virus (all assayed by M.A. Bioproducts, Walkersville,
MD).

Tumor cells were harvested from subconfluent cultures (50 to 70%
confluency) by rinsing the monolayer with a 0.25 trypsin-0.02% EDTA
solution. After 1 min, the flask was tapped to dislodge the cells, serum-
supplemented medium was added, and the suspension was pipeted to
produce a single-cell suspension. Cells for inoculation into mice were
washed and then resuspended in HBSS. Only single-cell suspensions
greater than 90% viability (determined by Trypan blue dye exclusion)
were used for in vivo studies.

In Vitro Growth Rates. Tumor cells were suspended in MEM con
taining 10% FBS and plated at a concentration of 10" cells/well in 6-

well tissue culture plates (Costar, Cambridge, MA). After 24 h incuba
tion at 37Â°Cthe wells were washed with HBSS. The number of cells

was determined from trypsinization and a harvest of 3 wells; this was
the day 0 cell count. MEM containing 5, 1, 0.5, or 0.1 % FBS (v/v) was
added to groups of 3 wells. Three wells of cells cultured in each
concentration of FBS were trypsinized, and cell numbers were counted
on days 1, 3, 5, and 7.

Agarose Cultures. Agarose (Sigma Chemical Co., St. Louis, MO)
was dissolved in distilled water and autoclaved at 120Â°Cfor 20 min.

MEM with 10% FBS and 0.6% agarose was plated in 30-mm-diameter
plastic dishes to provide a base layer (1 ml/dish). Suspensions of
melanoma cells were filtered through SO-^m Nitex nylon mesh (Tetko,
Elmsford, NY) to remove any clumps of cells and mixed with MEM
containing 10% FBS and different concentrations of agarose. This
mixture was overlaid on the base layers. The cell number per dish in
1.5 ml was 5 x 10' for cultures of 0.3 and 0.6% agarose, 10" cells in

3The abbreviations used are: MEM, Eagle's minimum essential medium; FBS,
fetal bovine serum; HBSS, Hanks' balanced salt solution without calcium and
magnesium: CFE, colony-forming efficiency; i.d.. intradermal: i.a., intracarotid
artery injection.

0.9% agarose, and 2 x IO4 cells in 1.2% agarose. The culture dishes
were incubated at 37Â°Cin a humidified incubator in a 5% CO2-95%

air atmosphere. The numbers and diameters of tumor colonies exam
ined 21 to 30 days after plating were determined with a microscope
equipped with a Filar micrometer (Cambridge Instruments, Deer Lake,
IL). Only colonies with a diameter greater than 50 Mmwere counted.

Tumorigenicity and Production of Metastasis from s.c. Tumors. Each
human melanoma cell line was injected s.c. into the lateral thorax of
nude mice, at a dose of IO6cells/mouse. The mice were examined twice

weekly, and the tumors were measured. When tumors reached a mean
diameter of 1.5 cm the mice were anesthetized, the tumors were resected
under aseptic conditions, and the incision was closed with wound clips.
The mice were killed when moribund or up to 150 days after tumor cell
injection and examined for mÃ©tastases.

Three doses of each K-1735 melanoma cell line (IO5, 5 x IO4, and
2.5 x 10") were injected s.c. and i.d. into C3H/HeN mice, with 5 mice/

group. The mice were examined twice weekly, and the tumors were
measured until a mean diameter of 1.5 cm was reached. At this stage
the tumors were resected from anesthetized mice, and the incision was
closed with wound clips. The mice were killed when they were moribund
from melasi atic tumor or 100 days after injection of the cells. In one
experiment, IO5cells of each cell line were injected s.c. into groups of

5 nude mice, and the resulting tumors were measured twice weekly.
Experimental Lung Metastasis. Human melanoma cells were injected

i.v. into the lateral tail vein of nude mice (IO6 cells in 0.2 ml of HBSS).
The mice were killed up to 90 days after injection. Two doses of the K-
1735 melanoma cells suspended in HBSS (10s or 5 x 10" in 0.2 ml)

were injected into the lateral tail vein of C3H/HeN mice, with 5 mice/
group. The mice were killed 15 to 50 days after injection, depending
on the cell dose and cell line. The lungs were removed, rinsed in water,
and fixed in Bouin's solution for 24 h to facilitate counting of tumor

colonies. The number of surface tumor colonies was counted with a
dissecting microscope. Sections of the lungs were stained with hema-
toxylin and eosin to confirm that the colonies were of melanoma and
to monitor the presence of micrometastases.

Experimental Brain Metastasis. Suspensions of human melanoma
cells, at a concentration of IO5cells in 0.1 ml of HBSS, were injected

into the internal carotid arteries of nude mice, 10 to 20 mice/cell line,
with the technique described previously (11, 12). The mice were killed
when they were moribund or up to 200 days after the injection of the
tumor cells. The brains were removed and fixed in 10% buffered
formalin solution. Each brain was sectioned at 16 levels, stained with
hematoxylin and eosin, and examined for the presence of mÃ©tastases.
Single-cell suspensions of different numbers of K-1735 mouse mela
noma cells in 0.1 ml of HBSS were injected into the internal carotid
artery of 5 C3H/HeN mice/group. The cell doses were from IO3to IO5
for M-2 cells, 10" to IO5for BB-1 cells, and 2.5 x IO4to IO5for C-10.

The mice were killed when they were moribund or by 90 days after
injection. The brains were fixed and sectioned for histolÃ³gica! exami
nation as described above.

RESULTS

Growth in Tissue Culture. In the first set of experiments, we
determined whether the ability of melanoma cells to grow in
vitro correlated with their metastatic potential. With the excep
tion of the in vivoselected A375-SM cells, the human melanoma
cell lines showed a dependence on the presence of FBS for
rapid proliferation in tissue culture. When cultured in MEM
containing 0.5% FBS, A375-SM, TXM-1, DM-4, and TXM-
13 cells grew, while the three other cell lines remained viable
but did not proliferate. In MEM with 0.1% FBS, A375-SM
cells grew rapidly and DM-4 cells remained viable, while the
remaining 5 cell lines did not. The order ranking for rapidity
of growth in 5% FBS was: A375-SM > TXM-1 > DM-4 =
TXM-13 = TXM-18 > TXM-34 > TXM-40.

When cultured in medium containing 5% FBS, the doubling
times of the K-1735 melanoma cell lines did not differ signifi-
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MELANOMA BRAIN METASTASIS

Table 1 Colony-farming efficiency uf human melanoma cells in different
concentrations of agarose

Single-cell suspensions of human melanoma cells were mixed with agarose
and plated as described in "Materials and Methods." Colonies were counted on

day 21.
CFEÂ°

CelllineA375-SMTXM-1DM-4TXM-1

3TXM-1
8TXM-34TXM-400.3%39.063.30.117.04.81.933.120.6%21.32.00.038.643.461.321.440.9%8.13I.I0.032.981.20.810.531.2%8.18O.I0.020.770.560.260.26

"The cell number seeded per dish was as follows: 5 x 10' in 0.3 and 0.6%
agarose; 1 x 10" in 0.9% agarose; 2 X IO4 in 1.2% agarose. The values are the

average numbers of colonies in 5 replicate dishes and are the representative results
from repeated experiments.

Table 2 Colony-forming efficiency of mouse melanoma cells in different
concentrations of agarose

Single-cell suspensions of K-1735 melanoma cells were mixed with agarose
and plated in 35-mm dishes, as described in "Materials and Methods." Colonies

were counted on day 30.
CFE"

CelllineM-2

BB-1
C-100.3%22.9

8.2
0.620.6%11.6

6.7
0.160.9%4.4

1.20.021.2%1.4O.I0

"The cell number seeded per dish was as follows: 5 x 10' in 0.3 and 0.6%
agarose; 1 x IO4 in 0.9% agarose; 2 x IO4 in 1.2% agarose. The values are the

average numbers of colonies in 5 replicate dishes, and are representative results
from repeated experiments.

cantly. However, when the serum concentration was reduced,
the doubling time of the BB-1 cells increased markedly; these
cells did not survive in medium containing less than 0.5% FBS.
Proliferation of C-10 cells was maintained (with an increased
doubling time) even at the lowest serum concentration tested
(0.1%), while M-2 cells cultured in 0.1% FBS were viable but
did not proliferate.

Colony Formation in Semisolid Agarose. A previous study
from our laboratory demonstrated that the ability of tumor cells
to grow in dense agarose correlated with their malignant poten
tial in patients (16). We therefore examined whether the cells
isolated from different melanoma mÃ©tastasesdisplayed this
property. All of the human melanoma cell lines plated in 0.3%
semisolid agarose were capable of forming colonies, although
the CFE varied considerably among the seven cell lines (Table
1). At higher concentrations of agarose the CFE was reduced,
and again the frequency of colony formation varied between the
different cell lines. Only the highly metastatic, in v/Yo-selected
A375-SM cells showed a high CFE at all four concentrations
of agarose used. Unlike A375-SM, DM-4 and TXM-1 cells,
which produced high numbers of lung colonies after i.v. injec
tion (see Table 3), did not have a high CFE in agarose.

Plating the K-1735 melanoma cells in four concentrations of
agarose revealed remarkable differences between the three lines
in CFE and in the sizes of the colonies formed (Table 2). M-2
had the highest CFE and produced the largest colonies in all 4
concentrations of agarose. BB-1 cells formed fewer and smaller
colonies than the M-2 cells, and only an average of 20 colonies
were counted in the cultures of 1.2% agarose, in contrast to the
280 in the comparable cultures of M-2 cells. C-10 cells showed
very low CFE in any concentration of agarose, demonstrating
that growth rates in monolayer culture do not necessarily cor
relate with the ability to grow in a semisolid medium.

Tumorigenicity and Metastasis of Human Melanomas in Nude
Mice. In the next set of experiments, we examined the in vivo
biological behavior of the melanoma cells. The seven human
melanoma cell lines all formed tumors in nude mice following
injection of IO6cells s.c. The tumor take and the incidence of

experimental (i.v. injection) and spontaneous (s.c. injection)
metastasis are recorded in Table 3, and the relative growth rates
of the different s.c. tumors are shown in Fig. 1. The three lymph
node metastasis-derived melanoma cell lines grew more rapidly
in the nude mice than the brain metastasis-derived cell lines.
The former group of cell lines also produced more experimental
lung mÃ©tastasesfollowing i.v. injection of cells into nude mice
than the brain metastasis-derived cell lines (Table 3). No differ
ences in spontaneous metastasis were detectable among the
seven human melanoma cell lines.

Tumorigenicity and Metastasis of K-1735 Melanoma Variants.
M-2 melanoma cells gave a 100% tumor take at each of the
three doses injected into C3H/HeN mice (s.c. and i.d. injec
tions) and in nude mice (only one cell dose was injected s.c.).
Tumor growth was rapid, producing tumors with diameters
greater than 1.5 cm in less than 30 days. Lung mÃ©tastaseswere
found in 60% of the C3H/HeN mice bearing M-2 tumors, with
numbers of mÃ©tastasesranging from 20 to 40 (Table 4). The
tumor take rate of the BB-1 cell line was similar to that of the
M-2 cells, although the growth rates of the s.c. and i.d. tumors,
in syngeneic and nude mice, were slower. Lung mÃ©tastaseswere
found in 20% of the tumor-bearing mice, and the maximum
number of mÃ©tastaseswas 8 (Table 4). C-10 cells were the least
tumorigenic and as reported previously were nonmetastatic
(14). Subcutaneous or i.d. tumors grew only in the mice given
injections of IO5cells, and not in mice treated with lower doses.
In comparison with the M-2 and BB-1 tumors, the C-10 tumors
grew more slowly in both C3H/HeN and the nude mice.

The i.v. injection of M-2 cells produced a median number of
more than 200 lung colonies; the mice became moribund by 20
days after the injection of 5 x IO4cells. The i.v. injection of 5
x 104BB-1 cells produced a median number of 18 lung colonies,
while the injection of 10^ BB-1 cells produced a median of 34

colonies; these mice were killed 30 days after injection. Only 1
of 10 animals given injections of IO5C-10 cells had experimen

tal lung metastasis, and even in that case there was only 1
tumor nodule (Table 4).

Experimental Brain Metastasis. In the final set of experi
ments, we determined whether the melanoma cell lines pro
duced a different incidence of experimental brain metastasis.
All seven human melanoma cell lines injected i.a. into nude
mice formed experimental brain mÃ©tastases(Table 5). The
incidence of tumor growth in the brain varied from 25 to 90%
of injected mice. Since increasing the tumor cell dose injected
also increased the immediate mortality rate, it was not possible
to test whether the tumor take for TXM-18 cells would increase
at a higher inoculum. A small number of animals in 6 of the 7
groups of mice injected i.a. with human melanoma cell lines
developed microscopic foci of tumor in the lungs (Table 5).

While the overall incidence of tumor take was not different
for cell lines isolated from lymph node mÃ©tastasesor brain
mÃ©tastases(Table 5), the sites of growth did differ. The local
ization of the brain metastasis-derived cell lines was predomi
nantly in the parenchyma of the nude mouse brains, whereas
the three lines from melanoma lymph node mÃ©tastasesformed
at least as many (and often more) lesions in the meninges and
ventricles as in the parenchyma of the nude mice. Moreover,
the mice injected i.a. with brain metastasis-derived melanoma
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MELANOMA BRAIN METASTASIS

Table 3 Tumorigenicity and production of mÃ©tastasesby human melanoma cell lines injected into nude mice
Cells of each human melanoma cell line (IO6) were injected s.c. and i.v. into groups of nude mice.

CelllineLymph

nodemÃ©tastasesA375
SM*TXM

1DM4Brain

mÃ©tastasesTXM-18TXM-13TXM-34TXM-40Tumortake10/1010/1010/108/810/105/103/10s.c.

injectionIncidence

ofmetastasis"3/102/101/104/81/100/100/10Median
no.(range)

oflung
mÃ©tastases0(0-10)0

(0-8)0
(0-4)1

(0-5)0
(0-4)i.V.Incidence

ofexperimentalmetastasis"10/1010/1010/103/57/86/92/10injectionMedianno.(range)
oflung

nodules250(150-300)100(80-150)110(70-200)5

(0-20)39
(0-200)6(0-12)0

(0-20)
Â°Number of mice with metastasis/number of mice injected.
*5 x 10'cell inoculum.

10 20 30 40 50 60 70 80

Days after tumor cell injection
Fig. 1. Growth of human melanoma cells following s.c. injection in nude mice.

Cells (1 x 10') were injected over the lateral thorax of 6-week-old nude mice, and
tumor growth was measured weekly. â€¢,A375 SM; A, TMX-1; â€¢TXM-13; T.
TXM-34; *, TMX-40. Points, mean tumor diameter from groups of 5 mice.

cells tended to survive longer than the mice given i.a. injections
of the lymph node-derived cell lines.

The incidence of brain metastasis formation following i.a.
injection was similar for all of the K-1735 melanoma variants
(Table 6). All of the melanoma lesions in the brains of the
C3H/HeN mice were highly pigmented. Thus, in contrast to
the results of the s.c., i.d. and i.v. injections, the C-10 cells
injected i.a. produced the same tumor take as the M-2 and BB-
1 cells, with 80% of injected animals developing brain mÃ©tas
tases. Growth rate in the brain, as indicated by the survival
times of the animals, showed a trend similar to that of growth
rates in other sites, with M-2 animals succumbing to the tumor
burden sooner than BB-1- or C-10-injected mice (Table 6).

DISCUSSION

Many studies have shown that the metastatic phenotype is
heritable (18) and that the process is selective (15, 19). These
principles imply that cells populating "final site" mÃ©tastases

have enhanced metastatic properties compared with cells in the
primary tumor or in the initial mÃ©tastasesin the so-called
generalizing sites. The generalizing sites for human carcinomas
and melanomas are commonly thought to be the regional or
draining lymph nodes (6, 20). The presentation of brain mÃ©tas
tases is considered to be a late event in the disease relative to
the presentation of extracerebral lesions (2, 21). It is not clear,
however, what causes this late presentation; it could be that the
mÃ©tastaseswere seeded from a metastasis in another site, or

alternatively that the cells in brain mÃ©tastases,although estab
lished contemporaneously with the extracerebral mÃ©tastases,
proliferated more slowly.

To answer this question we analyzed the relative malignant
properties of seven human melanoma cell lines, three of which
were isolated from lymph node mÃ©tastasesand four from brain
mÃ©tastases.The conclusions of any comparative study of cell
lines isolated from different patients must be tempered by the
caveat that the differences found may be solely the result of
interpatient heterogeneity. Even when cell lines have been iso
lated from different mÃ©tastasesof the same melanoma patient,
phenotypic heterogeneity was recorded (13, 22). Thus, in ad
dition, we performed the same analyses on three variants of the
K-1735 mouse melanoma. These studies were done in parallel
with those on the human melanoma cell lines to test whether
the findings from the two species were comparable and to make
comparisons within a system from which cell lines isolated
from mÃ©tastasesof a single tumor, but from different organs
(lungs and brain) were available.

Two in vitro assays were used: (a) growth rates were compared
in monolayer culture, in limiting dilutions of serum, as a
measure of the ability of the tumor cells to proliferate in the
absence of exogenous growth factors (23); (Â¿>)the ability to
grow in semisolid agarose; this laboratory has previously shown
that colony formation in cultures of 0.6 to 1.2% agarose distin
guishes tumor cells with enhanced metastatic properties (16).
Metastatic potential was assayed by several techniques: spon
taneous metastasis from s.c. and i.d. tumors; experimental lung
metastasis formation after i.v. injection of tumor cell suspen
sions; and experimental brain metastasis formation by cells
injected into the internal carotid artery (11, 12).

The relationship between in vitro growth properties and the
tumorigenic and metastatic phenotypes is not a simple one. In
general, the ability of cells to grow in an anchorage-independent
manner is associated with the transformed phenotype (24), yet
it does not in all instances correspond with the tumorigenic
phenotype (25, 26). Increasing the concentration of agarose
used in the test cultures, and thus potentially applying a greater
selection pressure (27), identifies subpopulations of cells with
metastatic properties in both rodent and human tumor cell lines
(16, 28). The seven human melanoma cell lines cultured in
agarose showed a range of CFE that, with the exception of the
TXM-1 and DM-4 cell lines, corresponded with tumorigenic
and metastatic properties in the nude mouse assay. The TXM-
1 and DM-4 cells showed relatively low CFE in agarose, yet
were of relatively high tumorigenicity and experimental met
astatic potential. The ability to grow in agar or agarose can be
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MELANOMA BRAIN METASTASIS

Table 4 Tumorigenicity and production of metastasis by K-1735 mouse melanoma variant lines

K-1735 melanoma cells were injected s.c. or i.d. and i.v. (doses as shown) into groups of C3H HeN mice.

s.c./i.d.injectionNo.

cells
Cell lineinjectedM-2

2.5 x IO4
Sx 104

10BB-1

2.5 X IO4
5 x 10"

10'C-10

2.5 x 10"
5 x 10"

10'Tumorigenicity10/10

10/10
10/108/9

9/10
10/100/90/9

3/10Incidence

of lung
mÃ©tastases"4/10

6/10
8/101/9

1/10
2/100/90/9

1/10Median

no.(range)

mÃ©tastases0

(0-20)
10(0-40)
18(0-39)0

(0-4)
0 (0-3)
0(0-11)00

0(0-1)Survival

in
days, median

(range)*42

(30-50)
35 (26-50)
28(19-50)58

(40-70)
58 (40-70)
45(38-70)100r

100f
100rIncidence

of
experimental
mÃ©tastases"10/10

10/109/9

10/101/10

1/10i.v.

injectionMedian

no.
(range) of

lungnodules160(18-200)

>200(>200)18(10-38)

34(14-110)0(0-1)

0(0-1)Survival

in
days, median

(range)*20(15-25)

18(14-22)35

(27-50)
30(27-40)50*

50r

Â°Number of mice with lung metastases/number of mice injected.
* Moribund animals were killed and necropsied.
c Mice were killed on day 50 (for i.v. injections) or day 100 (s.c./i.d. injections) of the experiments.

Table 5 Experimental brain metastasis in nude mice after i.a. injection of human melanoma cell lines
Cells of each human melanoma cell line (10!) were injected Â¡.a.into groups of nude mice.

CelllineLymph

nodemÃ©tastasesA375
SMTXM-1DM-4Brain

mÃ©tastasesTMX-18TMX-13TMX-34TMX-40Brain

mÃ©tastases"8/105/97/93/1216/197/209/10Location
of

brainmÃ©tastases*V>M,

PM>PM.

P>VPP>M>

VPP>MLung

mÃ©tastases"2/102/92/91/124/191/200/10Survival
(days)

median(rangef26(22-31)65

(50-82)90
(84-90)120(30-185)64

(44-92)77
(35-200)100(65-165)

" Number of mice with tumors/number of mice injected into carotid artery.
* The location of tumor lesions in different parts of the nude mouse brain. P. parenchyma; M. meninges: V. ventricles. Multiple sections of the brains of tumor-

bearing mice were examined, and the location of tumor lesions was recorded. The frequencies of lesions in different regions were ranked in decreasing order; i.e.,
A375-SM cells produced more lesions in the ventricle than in the meninges and parenchyma.

c Survival time of mice is recorded for mice with brain tumors. Asymptomatic animals were killed 200 days after injection.

Table 6 Production of experimental brain metastasis by K-1735 variant lines

K-1735 melanoma cells were injected into the internal carotid artery of C3H/
HeN mice, doses as shown.

LungmÃ©tastasesCell

lineM-2BB-1C-10No.
of cells

inoculated2.5
x IO3

2.5 x IO410"

2.5 x IO4
10'2.5

x 10'
10'Median

survival
in days

(range)26

(25-27)
1639

(37-57)
29 (23-35)
3176

(57-90)52
(47-59)Growth

in brain
(incidence)"4/5

6/107/9

3/4
3/43/54/5Incidence5/5

9/101/93/4

4/41/5

0/5No.

of
nodules
(range)6(6-11)

25(0-120)0(0-1)

5 (0-6)
1(1-4)0(0-1)

0
Â°Number of mice with tumor/number of mice injected.

influenced by the presence of galactosidase-specific lectins on
the tumor cell surfaces (29). In the presence of antibodies to
the endogenous lectins, mouse tumor cells show decreased CFE
in 0.3% agar and reduced ability to form lung mÃ©tastasesafter
i.v. injection in syngeneic mice (30). Differences in CFE in
agarose by the human melanoma cell lines may be related to
differential expression of molecules similar to those galactosid
ase-specific lectins that could facilitate growth in the semisolid
medium.

CFE in agarose by the K-1735 melanoma cells correlated
with their tumorigenicity and metastatic ability; the latter was
assessed by dissemination from s.c. tumors and lung coloniza
tion after i.v. injection. For each of these tests the cell lines

were ranked as M-2 > BB-1 > C-10. For the two remaining
assays, the growth in monolayer cultures and the formation of
brain mÃ©tastasesafter i.a. injection, the ranking of the K-1735
cell lines did not coincide with metastatic ability. BB-1 cells
showed a greater dependence on the presence of FBS for growth
in monolayer culture than M-2 or C-10 cells, two cell lines with
markedly different metastatic properties (14). Thus while ex
ogenous growth factor independence has been shown to be an
indicator of metastatic ability for some cell lines (31, 32), this
is not so for K-1735 melanoma cells (33).

This result is in contrast to those from studies on human
melanocytes and cells isolated from the different stages of
melanoma progression, which show that the acquisition of in
vitro growth properties (anchorage-independent growth, inde

pendence of exogenous growth factors) is related to increasing
metastatic potential of the melanoma lesions (34-36). In the
present report and in published studies, the tumorigenic prop
erties of human melanomas, and especially of variants selected
from mÃ©tastasesin nude mice (34, 37), correspond with an
ability to grow in reduced serum conditions and with a high
CFE in semisolid media. Further studies are necessary to test
how the mouse K-1735 melanoma differs from human mela
noma cell lines and other rodent tumor systems in the growth
factor requirements of the metastatic and nonmetastatic var
iants. One possibility is that some clones of this heterogeneous
tumor cell line (14) are capable of autocrine growth factor
production (34, 38).

The frequency of brain metastasis formation in nude mice by
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the human melanoma cells and by the K-1735 variants in C3H/
HeN mice did not correlate with the results of the other assays
for malignant potential. For the mouse melanoma cell line, the
nonmetastatic C-10 cells were as capable of forming brain
mÃ©tastasesas the brain or lung metastasis-derived lines, al
though there was a similar ranking in growth rate of the brain
lesions (by survival time of the injected mice) and of tumors in
other sites. Also, the brain metastasis-derived BB-1 cells did
not show a greater ability to form brain mÃ©tastasesthan the
lung metastasis-derived M-2 cells or the nonmetastatic C-10
cells. Overall the BB-1 cells were not more tumorigenic or more
metastatic than the lung metastasis-derived M-2 cells, and
showed lower growth rates in vivo and in vitro. Thus in this
mouse melanoma system, cells in a brain metastasis were rela
tively less malignant and grew more slowly than cells from lung
mÃ©tastases.

A comparison of the different human melanoma cell lines
shows in general that the four brain metastasis-derived cell lines
had a slower growth rate than the lymph node-derived cell lines,
yet as in the rodent system, there was no overall difference in
tumor take between the two groups of cells when injected i.a.
A difference was seen, however, in the localization of the lesions
growing in the brain. As noted for two of these cell lines in a
previous report (13), the brain metastasis-derived cell lines
formed lesions predominantly in the brain parenchyma, and
not so often in the meninges and ventricles as the lymph node
metastasis-derived lines. This result suggests that the brain
metastasis-derived cell lines have a high affinity for arrest and
growth in the brain environment of the nude mouse, although
the growth may still be at a relatively slow rate.

The results of these and other studies reflect the phenotypic
heterogeneity of the K-1735 melanoma cell line. This hetero
geneity in tumor cell populations allows for the selection of
variants that metastasize to different organs, including the brain
(10, 39, 40). Some cell lines selected from melanoma brain
mÃ©tastases,when compared with the original tumor cell lines,
show elevated expression of certain membrane proteins (10,
41 ). The unique properties of other tumor cells that metastasize
specifically to the brain have not, however, been fully defined.

Brain metastasis by murine melanoma cell lines is a relatively
rare occurrence, and it should be noted that the BB-1 variant
used in this study was isolated from the brain of a mouse given
an i.v. injection of the original K-1735 cell line. It may be
argued that the process that resulted in the formation of the
BB-1 cell line, the release of cells directly into the circulation,
was less selective than that involved in the genesis of the M-2
variant, a metastasis from a s.c. tumor (15). Thus it may not be
unexpected that the BB-1 cells showed a less malignant profile
than the M-2 cells. On the other hand, dissemination of cells
to extrapulmonary sites after i.v. injection involves passage
through the pulmonary capillary bed, a process that may apply
an additional selection pressure (7), which only a few cells with
specialized properties can survive. The studies on brain metas
tasis-derived variants of the B16 mouse melanoma do suggest
that these represent specialized subpopulations of the tumor,
with an affinity for growth in the brain (40, 41), and as such
our analysis of the K-1735 BB-1 variant, in the absence of a
brain metastasis-derived cell line generated by "spontaneous"
rather than "experimental" metastasis, may provide valid in

formation on the growth potential of brain mÃ©tastasesin con
trast with visceral mÃ©tastases.

There are clinical reports showing that some brain mÃ©tastases
have a relatively slow growth rate, and that a solitary intracra-

nial metastasis does not necessarily indicate a poorer prognosis
(42-47). In experimental systems, a high incidence of brain
mÃ©tastasesoccurred only after the animals had been treated
with anticancer agents to reduce or remove extracranial tumors
(21). It may be inferred from these and our own results that
brain mÃ©tastasesare not necessarily the most malignant and
aggressive manifestation of cancer.

The brain has been described as an immunologically privi
leged site that can be a sanctuary for tumor cell growth (48,
49). The results of several studies using the technique of i.a.
injection may give the impression that once any tumor cells
reach the brain parenchyma they can proliferate rapidly and
uncontrollably. While the immune-privileged status of the brain
does provide a favorable environment for the growth of tumor
cells (especially immunogenic cells), different patterns of brain
metastasis were produced by human carcinoma and melanoma
cells injected i.a. into nude mice (12) and mouse melanoma
cells injected i.a. into syngeneic animals (17). Clinical observa
tions also show some site preferences in the brain mÃ©tastases
from tumors of different origins (50). These results all suggest
that the growth of mÃ©tastasesis the result of an interplay
between the neoplastic cells and factors in the normal tissue
environment. Growth-regulatory factors have been detected in
brain-conditioned media that inhibited the growth of many
tumor cells (51). Whether such factors contribute to the local
growth regulation of melanoma brain mÃ©tastaseshas yet to be
determined. Studies of the response of the brain metastasis-
derived cell lines described in this study to purified growth
factors may elucidate the role of these factors in the growth of
brain mÃ©tastases.
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