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SUMMARY

A lung bioassay method was developed that demon
strated that mammary adenocarcinomas appearing sponta
neously in BALB/c x DBA/8F, female mice, as well as
first-generation transplants of the tumors, gave rise to
secondary pulmonary tumors. In a population of 122 mice
bearing spontaneous tumors, the incidence of lung mÃ©tas
tases was found to correlate with the size of the primary
tumor. The incidence of secondary tumors was 2, 23, 38,
and 73% in mice with primary tumors weighing 0.1 to 0.9,
0.9 to 2, 2 to 4, and 4 to 17 g, respectively.

The incidence of metastasis was relatively constant in a
population of mice bearing spontaneous tumors of a large
uniform size despite a wide variation in growth rate of
individual primary tumors. The variability in growth resided
primarily in the time required for tumors to reach a level of
1 g; thereafter, the growth rates were similar and the
incidence of metastasis at the termination point was con
stant, regardless of the time required for the individual
tumor to reach a particular size. The data are discussed in
the light of ancillary immunological observations.

This tumor-host system should provide a suitable model
in which to study the effects of combined modality therapy
on primary and secondary tumors.

INTRODUCTION

As a model system for the experimental study of therapy
for breast cancer we have utilized a spontaneous mammary
adenocarcinoma growing in the autochthonous host mouse
(2, 6). The neoplasm under study arises spontaneously as a
result of neonatal infection with the mammary tumor virus
via the mother's milk. It resembles clinical breast cancer in

its spontaneous appearance, in its relatively slow rate of
growth, in the "immunological" age at which the animal

shows gross evidence of its presence, and in its general
refractoriness to chemotherapy (7, 9). As an autochthonous
situation, with particular reference to its immunological
implications, this tumor-host system is considered to repre
sent a more realistic model for cancer therapy than various
myltigeneration transplanted tumor systems.

In order to provide greater relevance as a model,
however, the metastatic parameters of this spontaneous
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neoplasm in the host animal should be evaluated and
understood. For this reason, we have initiated studies to
determine the rate of metastasis, as well as some of the
factors that may influence this rate, so as to acquire base
line data for possible elucidation of optimal therapeutic
procedures for breast cancer.

MATERIALS AND METHODS

Mice. The animals used in these experiments were
BALB/c x DBA/8 F, (hereafter called CD8F,) mice bred
and maintained in our laboratories (9). Females of this
strain develop spontaneous mammary tumors at an average
of 10 months at an incidence of about 80%. Tumor-bearing
females are culled weekly from a large holding colony. Male
mice about 3 months of age were used in the 1 experiment
utilizing a Ist-generation transplant of a single spontaneous
mammary adenocarcinoma.

Bioassay for Metastasis. Lungs from females bearing
spontaneous mammary tumors or from males bearing a
Ist-generation tumor transplant were tested for the presence
of metastatic foci by bioassay. The tumor-bearing mice
were sacrificed by cervical disruption and the lungs were
removed aseptically through a midline chest incision. The
lungs were placed in a sterile Petri dish containing sterile
0.15 M NaCl.

A preliminary experiment was performed with 34 mice
bearing a Ist-generation transplant of a spontaneous tumor
to attempt to correlate the occurrence of metastasis (if any)
with the size of the transplanted tumor and the length of
time it had been growing in the host. Beginning 28 days after
the tumor implant and repeated every 7 to 14 days
thereafter for up to 118days, 3 of the mice (4, on 1occasion)
in which large tumors had developed were sacrificed; their
tumors were weighed; and their lungs were examined
grossly, cut into fragments, and pooled for bioassay for the
presence of metastatic foci. Several fragments from the
pooled lungs were inserted together into 5 sterile trocars and
implanted s.c. into the right axillary region of each of 5
normal male mice. The test mice receiving the lung implants
were observed for 135 days. Test mice remaining without a
grossly palpable tumor after 135 days were sacrificed and
examined by dissection for tumor tissue.

Refinements of this technique were used in studies of mice
with spontaneous tumors in which lungs from each animal
were bioassayed individually. The entire lungs from each
mouse were carefully minced and divided into portions,
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which were inserted into 4 sterile trocars. The portions of
minced lung then were implanted s.c. into the left and right
axillary regions of each of 2 recipient male mice. Subse
quently, the test mice were palpated weekly for the appear
ance of tumor in the region of the axillary implant. The test
was considered positive for the presence of lung metastasis if
a tumor developed in at least 1 of the sites of bioassay
implantation. The lung growths were confirmed as mÃ©tas
tases of the mammary adenocarcinomas by histological
examination. In every instance, positive and negative results
were confirmed by dissection and gross inspection of the
axillary site of the implant following sacrifice of the test
mice.

Primary Tumor Measurements. In experiments measur
ing the rate of growth of primary tumors (Chart 1),
individual tumor dimensions were obtained weekly with the
aid of calipers, and the approximate tumor weights (to
about 15% error) were calculated using the formula:

Tumor weight (mg)
= ([Tumor length (mm)] x [Tumor width (mm)2]}/2

where the width was the smaller of the 2 dimensions (3).

RESULTS

Pulmonary MÃ©tastasesin Ist-Generation Transplants of a
Spontaneous Mammary Adenocarcinoma

The results of the experiment are recorded in Table 1.The
presence of tumor mÃ©tastasesin the lung was not grossly
obvious but could be shown by bioassay. MÃ©tastaseswere

Table 1
Incidence of lung mÃ©tastasesin CD8Fi male mice bearing a 1st generation

transplant of a spontaneous mammary adenocarcinoma

METASTASES :
Animals positive/Totalâ€”(2/3) (4/6) (1/4) (3/4)

Percentage â€”¿�67% 67% 25% 75%
(1/2) (2/2)
50% 100%

I 1

456
Weeks of Observation

Chart 1. Growth patterns of 23 individual spontaneous mammary
tumors. Tumors were measured from the time of their detection to the time
they approximated 4 g, at which time the autochthonous host mice were
sacrificed and their lungs were bioassayed for mÃ©tastases.The different
symbols for points of observation simply serve to distinguish the groups of
animals sacrificed at periodic intervals for bioassay.

Primary tumortransplantDays

of
sacrifice

after
transplant283549637077849198108118Individual

tumor wt
at lung

examination

(g)0.4690.6050.8100.5611.7392.0081.0821.5152.5851.3561.6692.9024.5095.4755.5173.4743.9223.9486.2636.8757.0094.6745.5396.4385.1346.6147.6779.1999.74211.36011.4485.9776.3067.015Mean

tumor
wt(g)0.6281.4361.7281.9765.1673.7816.7165.5506.47510.4386.433Evidence

for secondary
lungmetastasisGross

tumor Bioassay
in lungs oflungs-

--

---_

-+i9

_+?

++

first detected by bioassay in the lungs of mice bearing
primary tumors that had grown to approximately 4 g 77
days after the tumor had been implanted. Tumors from the
mice in which pooled lungs were positive for metastatic foci
(Days 77 to 118) ranged in weight from 3.8 to 10.4 g. There
were 2 exceptions. On Test Days 70 and 91, the mean tumor
weights of 5.2 and 5.6 g, respectively, lay within the
aforementioned range but no mÃ©tastaseswere detected. The
chance that an incipient metastasis was not detected at Days
70 and 91 cannot be ruled out since the whole of each lung
was not used in this initial study. It is possible, by chance,
that minute foci of tumor cells in a particular area of the
lung were not selected for transplant. Also, it is possible that
a given microfocus, even if selected for bioassay, can fail to
develop into a tumor; in our experience with transplanting
this tumor, a minimum inoculum of IO5viable tumor cells is

required to initiate a tumor.
These data showed that the primary transplant of a single

spontaneous tumor eventually was capable of metastasizing
to the lung. However, within the range of tumor size
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examined, no definite conclusion relating size of tumor or
length of time of tumor growth to the occurrence of
metastasis could be made. Since the bioassay implants
consisted of pooled fragments usually from 3 lungs, subse
quent growth of tumor at the site of implanted lung
fragments would reflect only that 1of the 3 lungs necessarily
contained a metastasis, indicating a minimum incidence of
33%.

Pulmonary MÃ©tastases in Autochthonous Spontaneous
Mammary Adenocarcinoma

Incidence of Pulmonary Metastasis as Related to Size of
the Primary Tumor and Duration in the Host. Table 2
summarizes the results of a survey by bioassay for the
presence of pulmonary mÃ©tastasesin a population of 122
mice bearing spontaneously arising breast tumors. The
individual mice were tested at various times from 1 to 9
weeks after the gross detection of tumor in the host. The
tumors ranged from 0.1 to 17 g by actual weight.

The incidence of lung mÃ©tastasesdetected in mice bearing
tumors calculated to be from <0.1 to 0.9 g was only 2% (1
of 47), whereas the incidence jumped to 23% (11 of 47) as
the tumors approached and just exceeded l g (0.9 to 2 g). Of

the animals bearing tumors greater than 2 g, those in which
tumors were under 4 g showed a metastatic incidence of 38%
(5 of 13); those in which tumors were 4 g or greater showed a
markedly elevated incidence of mÃ©tastasesof 73% (11 of
15). Detection of metastasis by gross observation also
corresponded with tumor size but was not as sensitive as the
bioassay method. Dividing the tumors by size, as above, 0,
9, 30, and 43%, respectively, were detected grossly as
compared with the 2, 23, 38, and 73% detected by bioassay.

When arbiirarily grouped into 3-week periods following
initial tumor appearance, the rate of metastasis was found
to be 12%( 1to 3 weeks), 25% (4 to 6 weeks), and 55% (7 to 9
weeks). Although the incidence of metastasis increased with
duration of tumor growth, this appeared to be a reflection of
a nearly parallel increase in tumor size. With 1 excep
tion, no mÃ©tastaseswere detected in 47 animals in which
primary tumors were less than 0.9 g at the time of testing,
even when the tumors had been observed in the host for up
to 7 weeks.

Incidence of Pulmonary Metastasis as Related to Rate of
Tumor Growth. Thirty female mice (ranging in age from 301
to 432 days) bearing spontaneous mammary tumors with a
calculated median weight of about 200 mg were held for
observation. These tumor-bearing animals were culled from

Table 2
The effect of tumor size and duration of tumor growth on the incidence of lung mÃ©tastasesin CD8Ft female

mice bearing spontaneous mammary adenocarcinomas

Tumor size
(g) at

bioassayO.I

0.2
0.20.30.3-0.40.4

0.50.5
0.60.6
0.70.7
0.80.8-0.90.9

1.01-22-33-44-55-66-77-88-99

IO10
1111-1212-1313-1414-1515-1616

17No.

of animals with metastases/no. of animals examined at
following wk from gross detection of tumor tobioassay123450/1

0/6 O/ 1
1/4 0/1 0/10/30/2

0/10/30/1
0/10/10/1

0/10/1
0/2 0/10/10/20/1

0/20/10/1

I/I0/60/1
1/6 1/5 2/101/41/2I/I

0/22/21/10/11/160/10/10/20/10/12/72/30/10/10/17890/10/10/13/4

0/11/30/1I/II/I0/11/11/1I/II/II/ITotal0/2"0/8

1/90/60/50/40/50/3Â«-

2%0/5

)1/9

X.7WIO/SS/**4/8

Xâ„¢¿�1/5/'3/3"2/20/10/21/1I/II/I0/11/1I/I'/'

,â€¢â€¢73%

Total 0/3 2/24 3/13 4/30 4/13

12%
v

25%

4/19^ J/15 2/3 2/2^ 28/122

55%
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the holding colony within a single week. Subsequently, all
tumors were measured weekly. When the individual tu
mors reached a calculated weight of about 4 g, the hosts
were sacrificed and their lungs were tested for the presence
of metastatic foci by bioassay.

Chart 1 depicts the results of this experiment. The most
striking aspect of the findings was the wide range in growth
rate among individual tumors as reflected in the time
required for each to reach 4 g. As shown in Chart 1, some
tumors were followed for as long as 10 weeks before they
approximated 4 g, whereas others reached that magnitude
within only 3 weeks. With regard to mÃ©tastases,it was
found that 62% (13 of 21) of the mice had pulmonary
mÃ©tastasesdetectable by bioassay by the time their tumors
had reached a calculated weight of 4 g, regardless of the
time required to reach that size. (Results of the 7-week
bioassay were not available because of an infection in the
test animals.) The percentage of mÃ©tastasesobserved at any
given test time over the 10-week period could not be
correlated with rate or duration of growth. Of the lungs
assayed, the percentages positive for mÃ©tastaseswere as
follows: 67% (2 of 3) at 3 weeks; 67% (4 of 6) at 4 weeks;
25% (1 of 4) at 5 weeks; 75% (3 of 4) at 6 weeks; 50% (1 of 2)
at 9 weeks; and 100% (2 of 2) at 10 weeks. These results
suggested that the rate of metastasis in animals bearing 4-g
tumors is relatively constant regardless of the time required
to attain that magnitude.

The small age differential of the mice obviously was not
large enough to contribute either to the varied growth rates
or to the incidence of mÃ©tastases,since the tumors in the
oldest and in the youngest mouse tested (432 and 301 days
of age, respectively, at the time of tumor appearance) had
each attained a weight of about 4 g in a period of 4 weeks,
and each tumor apparently had metastasized to the lung.

DISCUSSION

The data document the presence of pulmonary mÃ©tastases
in CD8F, female mice bearing spontaneously arising mam
mary adenocarcinomas, as well as in male mice bearing
Ist-generation transplants of such tumors. The bioassay
methodology used proved to be sensitive for the detection of
the lung mÃ©tastaseseven when metastatic foci were not
grossly evident.

In this tumor-host system, the metastatic state of the
autochthonous host mouse was shown to bear a correlation
with the size of the primary tumor rather than with the
duration of tumor growth. As noted in Table 2, animals
bearing spontaneous tumors less than 0.9 g showed only
infrequent mÃ©tastases(i.e., 1 of 47 or 2%), regardless of the
length of time the primary tumor had been evident in the
host. With an increasing primary tumor burden, an in
creased rate of pulmonary metastasis also was observed.
Primary tumors ranging in weight from 0.9 to 2, from 2 to
4, and from 4 g up metastasized at rates of 23% (11 of 47),
38% (5 of 13), and 73% (11 of 15), respectively.

The increase in the incidence of metastasis with increas
ing duration of tumor growth apparently is a reflection that
both tumor size and duration of tumor growth proceeded in
parallel. The very low incidence of metastasis in animals

Metastasis of Spontaneous Murine Breast Tumors

with tumors under 1 g, even when the tumor had been
observed in the host for as long as 7 weeks, favors tumor
size as the more important factor in this system.

Conflict over the relative importance of tumor size and
duration of tumor growth in the incidence of metastatic foci
in experimental systems has existed for years. Wood et al.
(12), utilizing the transplantable sarcoma, T 241, concluded
on the basis of a large number of animals that tumor size
exerted the greater influence. This conclusion was in
opposition to the work of Zeidman, et al. (13), who had
suggested previously, with the same system, that duration of
tumor growth was the important factor.

Sugarbaker and Cohen (10), studying a transplanted
fibrosarcoma originally induced by methylcholanthrene,
correlated increasing mÃ©tastaseswith increasing primary
tumor size. Coman (1) in an early review article also
suggested that a positive correlation between tumor size and
number of mÃ©tastasesmay be expected under controlled
experimental conditions. Further, Lane et al. (5) note that,
in women, the size of the primary tumor is positively
correlated with the chance of lymph node mÃ©tastases.On
the other hand, Wexler et al. (11) concluded from their
studies that the number and size of lung mÃ©tastasesin mice
is directly related to the length of time during which the
primary tumor remained intact and the animal survived.

Fom the present data it is concluded that tumor size is of
prime importance in determining the incidence of mÃ©tas
tases in this system. The larger the tumor, beginning with
the critical size approximating 1 g, the greater is the
incidence of metastasis. Of pertinence are the data repre
sented in Chart 1. There was a wide variation in the length
of time required by individual spontaneous tumors to attain
a calculated weight of 4 g. More detailed study of the
individual tumor growth curves reveals that this variation
essentially resided in the time required for the individual
tumor to reach a calculated size equivalent to 1 g. There
after, the tumors entered the geometric portion of their
growth curve, and the growth rates were similar. In addi
tion, there was relatively little variation in metastatic inci
dence at a tumor size of about 4 g, regardless of when it
occurred in time. Hence, tumor size rather than duration
of tumor in the host is the relevant parameter regarding
metastasis.

The wide variation in time required for individual tumors
to reach 4 g does not appear to be a result of variability in
the time of tumor detection or inaccuracy of early tumor
size measurements. Unpublished studies of Ist-generation
tumor implants of equally sized tumor fragments (or of
equal numbers of viable tumor cells) from a single spontane
ous tumor show the same wide divergence in growth pattern.

The reasons for the interrelationship of tumor size and
metastasis is not yet understood. As suggested by Ketcham
et al. (4), the growth and spread of malignant cells in the
host appears to be controlled by some defense mechanism of
the host. As the tumor reaches 1 g, resistance of the host
seems to be completely overwhelmed and the tumor may
grow and spread at will. That such may be the case in this
spontaneous tumor-host system is supported by the present
data and by other ancillary observations concerning the
state of immunity of the tumor-bearing host.
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One aspect of host defense concerns the antigenicity of
the tumor. As has been reviewed recently (9), tumor
antigens in a tumor-host system of this type are of 2 basic
types: (a) virus-associated neoantigen(s), toward which the
host is at least partially tolerant; and (b) tumor-associated
neoantigen(s), which differ among individual tumors and
against which the host can and does respond immunologi-
cally. It is quite possible that the variation in time associ
ated with a tumor's attaining a magnitude of l g is a

reflection of the degree of antigenicity of the individual
tumor. Thus, those tumors of greater antigenicity would
engender a stronger antitumor immune response which
could more easily limit tumor growth than would those of
lesser antigenicity. Conversely, it might be suspected that
tumors of lesser antigenicity would more rapidly grow to a
large size and, thus would establish metastatic foci earlier.

In addition, other studies (8) in which various aspects of
the antitumor immune response of these animals were
followed kinetically have shown that cell-mediated immu
nity, cytotoxic antibody, and blocking factor are all present
very early in the course of growth of first generation
transplants of this tumor. Of particular pertinence is the
finding that when the tumor reached approximately 1 g,
only cell-mediated immunity no longer could be detected
but went into so-called "eclipse". Cytotoxic antibody and

blocking factor persisted.
Thus, at least 3 major changes occur when this tumor

approximates 1 g: (a) a change (disappearance) in cell-
mediated immunity; (b) a change (increase) in growth rate
of the tumor; and (c) a change (increase) in the incidence of
metastasis. The possibility that these events may be causally
interrelated is currently under investigation.

The data show that this tumor-host system, in addition to
its other attributes (9), also can provide a reasonably
predictable, reproducible model in which to study various
immune factors that may influence tumor metastasis as well
as a model in which to measure the effects of various
therapeutic modalities upon mÃ©tastases.

REFERENCES

I. Coman, D. R. Mechanisms Responsible for the Origin and Distribu

tion of Blood-Borne Tumor MÃ©tastases:A Review. Cancer Res., 13:
397-404, 1953.

2. Fugmann, R. A., Martin, D. S., Hayworth, P. E., and Stolfi, R. L.
Enhanced Cures of Spontaneous Murine Mammary Carcinomas with
Surgery and Five-Compound Combination Chemotherapy and Their
Immunotherapeutic Interrelationship. Cancer Res., 30: 1931-1936,
1970.

3. Geran, R. I., Greenberg, N. H., Macdonald, M. M., Schumacher, A.
M., and Abbott, B. J. Protocols for Screening Chemical Agents and
Natural Products against Animal Tumors and Other Biological
Systems. Cancer Chemotherapy Rept. 3: 51, 1972.

4. Ketcham, A. S., Wexler, H., and Minton, J. P. Experimental Study of
MÃ©tastases.J. Am. Med. Assoc., Â¡98:157-164, 1966.

5. Lane, N., Goksel, H., Salerno, R. A., and Haagensen, C. D.
Clinicopathologic Analysis of the Surgical Curability of Breast Canc
ers: A Minimum Ten-Year Study of a Personal Series. Ann. Surg.,
153.-483 498, 1961.

6. Martin, D. S., Hayworth, P. E., and Fugmann, R. A. Enhanced Cure
of Spontaneous Murine Mammary Tumors with Surgery, Combina
tion Chemotherapy, and Immunotherapy. Cancer Res., 30: 709-716,
1970.

7. Sandberg, J., and Goldin, A. Use of a First Generation Transplant of a
Slow-Growing Solid Tumor for the Evaluation of New Cancer Chemo-
therapeutic Agents. Cancer Chemotherapy Rept., 55; 233 238, 1971.

8. Stolfi, R. L., Fugmann, R. A., Stolfi, L. M., and Martin, D. S.
Synergism between Host Anti-Tumor Immunity and Combined
Modality Therapy against Murine Breast Cancer. Intern J. Cancer,
13: 389 403, 1974.

9. Stolfi, R. L., Martin, D. S., and Fugmann, R. A. Spontaneous Murine
Mammary Adenocarcinoma: Model System for the Evaluation of
Combined Modalities of Cancer Therapy. Cancer Chemotherapy
Rept., 55: 239-251, 1971.

10. Sugarbaker, E. V., and Cohen, A. M. Altered Antigenicity in
Spontaneous Pulmonary MÃ©tastasesfrom an Antigenic Murine Sar
coma. Surgery, 72: 155-161, 1972.

11. Wexler, H., Minton, J. P., and Ketcham, A. S. A Comparison of
Survival Time and Extent of Tumor MÃ©tastasesin Mice with
Transplanted, Induced and Spontaneous Tumors. Cancer, 18:
985 994, 1965.

12. Wood, J. S., Jr., Holyoke, E. D., Clason, W. P. C., Sommers, S. C.,
and Warren, S. An Experimental Study of the Relationship between
Tumor Size and Number of Lung MÃ©tastases.Cancer, 7: 437-443,
1954.

13. Zeidman, L, McCutcheon, M., and Coman, D. R. Factors Affecting the
Number of Tumor MÃ©tastases:Experiments with a Transplantable
Mouse Tumor. Cancer Res., 10: 357 359, 1950.

1920 CANCER RESEARCH VOL. 34.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2393011/cr0340081916.pdf by guest on 19 M

ay 2023


