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ABSTRACT

The normal incidence of metastasis was determined in 207 ( 31 I/I le
and 42 031 If/lie mice with spontaneous mammary tumors. The effects
of early versus delayed surgical removal of the tumors on the incidence
of metastasis were studied in the f 31 I/He mice. The presence of mÃ©tas
tases was determined by histological examination, primarily of the lungs.
The incidence of metastasis was proportional to the size the primary
tumors were allowed to reach before surgery, with the highest incidence
in mice not surgically cured. Tumors that developed early in the life of
the mice had the greater tendency to metastasiÂ«;.Immunogenic and non-
immunogenic tumors occurred with similar frequency among 16 metas-
tasizing tumors tested. Primary tumors and their mÃ©tastaseswere equally
immunogenic. All of 95 metastasizing adenocarcinomas grew extensively
within pulmonary vessels with no tendency for active extravasation. In
contrast, each of six metastasizing mammary sarcomas extravasated
actively and probably extravasated early because intravascular growth
was never observed.

INTRODUCTION

There is much information from laboratory investigations
using tumors selected for heterotopic growth and metastasizing
characteristics on the mechanics of the intravasation, the dis
semination, the arrest, and the extravasation of cells from
implanted tumors or cells injected in suspension (1). There is,
however, information only on the incidence of naturally occur
ring mÃ©tastasesderived from the study of autochthonous tu
mors (2-5).

Because the mouse mammary tumor model is one of the
most commonly used models in cancer research, it seemed
important to try to establish, for the first time, some basic facts
about spontaneous metastasis from autochthonous spontaneous
tumors in situ. Therefore, the purpose of this investigation was
to determine the incidence of metastasis when the mice were
surgically cured of spontaneous tumors of different sizes and
also when mice carried their first spontaneous tumor to a near-
terminal stage. The tissue of tumor origin (mammary epithe
lium or mammary stroma) and the immunogenicity of randomly
selected metastasizing tumors were also determined. With this
survey, it was hoped to learn about the incidence of unassisted
metastasis from autochthonous tumors and to learn about the
influences on metastasis of tumor size, tumor characteristics,
host age, and the length of survival from the appearance of the
first tumor.

MATERIALS AND METHODS

Mice. The tumor-producing mice were breeding or retired pedigreed
females of 2 sublines of the C3H strain, the exogenous (milk transmit
ted) mouse mammary tumor virus-infectedC3H/He and the aforemen
tioned virus-free C3Hf/He. To ensure genetic similarity between the 2
sublines, the C3H/He line had been re-derived from pedigreed C3Hf/
He mice in 1973, 1976, and 1979 by foster-nursing on C3H/He mice.

The mice used in tumor immunogenicity studies were 8- to 10-week

Received 8/13/86; revised 10/2/86; accepted 10/9/86.
The costs of publication of this article were defrayed in pan by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1Supported by National Cancer Institute Grant CA-29660 and by Concern

Foundation.
2To whom requests for reprints should be addressed.

old line-bred female C3H/He and C3Hf/He mice. All of the mice in
this study were raised and kept in air filter-covered cages (Lab Products,
Maywood, NJ).

Surgery. Primary mammary tumors and implanted tumors were
excised with the use of an ophthalmic platinum-tipped cautery and with
wide excision margins to prevent recurrences. The primary C3H/He
tumor hosts were selected to tumor size groups approximately 5, 9, and
12 mm in diameter, by random choice. Tumors were removed from
mice under the short-acting methoxyflurance inhalation anesthetic
Penthrane (Abbott Laboratories, N. Chicago, IL). The skin incisions
were closed with wound clips. Because C3H/He mice have a high
incidence of tumors, the mice in the surgery categories were subjected
to repeated surgery (see Table 2). Each primary tumor host, in surgery
and in nonsurgery categories, was killed by f'O: asphyxiation when she

appeared moribund.
Immunogenicity Tests. Tissue from pulmonary mÃ©tastasesand also

from the primary tumor when the origin of the mÃ©tastaseswas certain
was implanted into the right No. 4 mammary glands of 10 mice using
an 18-gauge biopsy needle. After a period of growth (usually to 10 mm),
the immunizing tumor was removed under Penthrane anesthesia. Di
rectly after tumor removal, the 10 cured mice and 10 normal mice
received implants of tissue from the removed tumors into the left No.
4 mammary gland. Tumor growth was measured twice weekly with
calipers. Each test was terminated (CO; asphyxiation) when any of the
mice reached an early stage of cachexia. The tests were repeated 1-3
times, using tumor tissue from one of the mice in the normal control
groups.

Histology. The lungs of all of the primary tumor hosts, and other
organs when suspected of containing mÃ©tastases,were examined his-
tologically. The specimens were formalin fixed and paraffin embedded.
Stepwise, 3-/Â¿mserial sections were taken of each of the 5 lobes of the
lungs. Organs which were only rarely the site of metastasis (ovaries,
adenals, liver, draining lymph nodes) were in most cases only inspected
by gross examination at autopsy. The histological stain was hematox-
ylin-eosin. The quantity of mÃ©tastasesfound by gross examination at
autopsy and in histological sections was graded on a scale from 1 to 5
shown in Table 1.

Keratin and Vimentin Assays. The cellular origins of metastasizing
and nonmetastasizing mammary tumors were determined by keratin
content (adenocarcinomas of epithelial origin) and vimentin content
(sarcomata of histiocyte or fibrocyte origin) of the cells in frozen
sections of primary tumors and grossly visible pulmonary mÃ©tastases.
The assay procedures were described in a recent publication (6).

Statistical Analysis. Differences in tumor incidences and metastasis
incidences were evaluated with the x" test. Differences in mean tumor
size, age at first tumor, and host survival were evaluated with Student's

t test. Differences in the quantities of mÃ©tastasesfound were evaluated
with the Mann-Whitney test. Differences in the extravasating charac
teristics of tumors were evaluated with Fisher's exact test.

RESULTS

Metastasis. The results presented in Table 2 show that in
C3H/He mice, the incidence of metastasis to the lungs was
related to the size that the tumors were allowed to reach. There

Table 1 Quantitative grading of pulmonary mÃ©tastases
1 = 1-3 small mÃ©tastases(Â«0.1mm in diameter).
2 = 4-10 small or 1 medium (0.1 -0.2-mm) mÃ©tastases.
3 = >10 small, or 2-5 medium, or 1 large (0.3-1.0-mm) mÃ©tastases.
4 = >5 medium, or >1 large mÃ©tastases.
5 - mÃ©tastasesvisible grossly or with a dissecting microscope, and histologically

confirmed.
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Table 2 Incidence of metastasis from primary mammary tumors in progressive growth or with repeated surgical cures

Group1AIB2A2B3A3B4A4B5ASBMousestrainC3H/HeC3H/HeC3H/HeC3H/HeC3H/HeC3H/HeC3H/HeC3H/HeC3Hf/HeC3Hf/HeMÃ©tastases(quantitativevalue)"3.8*05"04.9a03.8"04.80No.

ofmice(%)Â»8(18)36

(82)9(22)32

(78)24(51)23

(49)50
(67)25
(33)10
(24)32

(76)Mean

tumorsize(mm)
Â±SEatsurgery

orat
deathAt

surgery, 5.3Â±0.1At
surgery, 5.5 Â±0.1At
surgery, 9.1 Â±0.2At
surgery, 9.1Â±0.2At
surgery,11.8Â±0.5At
surgery, 11.4Â±0.5At
death, 28.5 Â±0.8*At
death, 28.0 Â±0.9At
death, 16.6Â±0.9*At
death, 17.1 Â±1.1Mean

no.oftumors/mouse'17.316.515.012.69.78.31.82.31.81.8Age(days)atfirst
tumor348

Â±38350
Â±25308

Â±21360
Â±27369
Â±22408
Â±32292
Â±16'347

Â±18667
Â±36711Â±23Survival

(days)from
firsttumor274

Â±57273
Â±25289
Â±37266
Â±26182

Â±20173
Â±2455

Â±2.f39
Â±2.5100

Â±3381
Â±16

Â°See "Materials and Methods" for the calculation of values.
* Groups 1A and 2A versus Groups 3A and 4A, P < 0.01.
' Number of tumors is 10-15% higher than the frequency of surgical procedures per mouse.
* No significant difference between the 4 groups.
' Group 4A versus Group 4B, P < 0.05.
'Group 4A versus Group 4B, P < 0.001.
* Mean size of the first tumor at the time of death.

was a significant difference in incidence between the 5- and 9-
mm groups compared to the 11- and 28-mm groups. There was
a general tendency for metastasizing tumors to develop earlier
than nonmetastasizing tumors, but this distinction was signifi
can i (P < 0.05) only in the group of mice (Group 4) that carried
their tumors without surgery. The metastasizing tumors in
Group 4 were significantly slower growing (longer survival with
similar mean tumor size at death) than the nonmetastasizing
tumors (P < 0.001). There were no significant differences
between the quantitative values of mÃ©tastasesbetween Groups
1 to 4.

Because of the differences in viral etiology, tumor incidence,
tumor morphology, and age at tumor development between
C3H/He and C3Hf/He mice (6), statistical comparisons were
not made between the 2 sublines. It is noteworthy, however,
that in the old C3Hf/He mice in Group 5, mammary tumors
had a relatively low incidence of metastasis (24%) compared to
the C3H/He mice in Group 4 (67%) and were relatively slow
growing (long survival of tumor hosts).

Immunogenicity. The results presented in Table 3 show that
of 16 metastasizing tumors that had been repeatedly tested for
immunogenicity in syngeneic mice by intramammary immuni
zation and challenge, 9 produced a significant level of protection
against reimplantation of the same tumor. The primary tumors
41, 49, and 85 had the same immunogenicity as their mÃ©tas
tases. This observation on the immunogenicity of sponta
neously metastasizing tumors agrees with the results of earlier
studies (7, 8). Those studies showed that the pulmonary trans-
piani ahi lily (via tail vein injection) of syngeneic C3H/He mam
mary tumors was also not related to tumor immunogenicity.

Tumor Morphology and Pulmonary Growth. Of the 207 C3H/
He tumor hosts studied, 91 were found to have mÃ©tastasesin
the lungs (Table 2). All of the mÃ©tastasesfound were type A
(mainly aduar structure) or type B (varied structure, mainly
nonacinar) (9) adenocarcinomas of epithelial origin (keratin
positive, vimentin negative). None of the 91 metastasizing
adenocarcinomas, including 7 that caused perivascular cuffing
by monocytes and neutrophils at the sites of intravascular
growth, showed any tendency to actively extravasate from pul
monary blood vessels but grew progressively within vessels
(Figs. 1 and 2). Extravasation occurred only at points where
blood vessels may have been ruptured by tumor expansion (Fig.
2).

Of the 42 C3Hf/He mice studied, 10 were found to have
mÃ©tastasesin the lungs (Table 2). Four of the 10 tumors were

Table 3 Transplantation immunogenicity determinations for metastasizing
mammary tumors

Each metastatic tumor was tested from 2 to 4 times in successive transplant
generations and the results are summarized. The immunogenicity of primary and
metastatic tumor tissue was compared in 3 tumors. Differences in tumor incidence
between immunized and control mice were significant at P < 0.05 and P < 0.01
levels by the x2 test.

ImmunizedTumor454141

(primary)4863657228344949

(primary)9132130708585

(primary)Incidence

ofgrowth31/3822/2412/2018/3018/2019/2012/2012/205/20Â°13/19Â°17/35Â°11/20Â°20/30*0/20*6/30*10/20*0/20*9/19*16/30*Av.
size

(mm)9.17.69.710.110.89.212.06.57.29.18.311.34.94.54.74.37.1ControlIncidenceofgrowth27/2922/2213/2015/3014/2020/2014/2016/2014/2020/2020/2519/2030/3020/2020/2019/2011/2020/2030/30Av.
size

(mm)9.78.89.410.79.410.410.78.38.912.19.710.25.46.46.110.711.310.113.5

type B adenocarcinomas and grew exclusively in the pulmonary
vessels without active extravasation. The remaining 6 tumors
were mammary sarcomas of histiocyte or fibrocyte origin (vi
mentin positive, keratin negative). In contrast to the adenocar
cinomas, the pulmonary mÃ©tastasesfrom the sarcomas were
always seen growing outside blood vessels (Fig. 3) and probably
had the ability and tendency to actively extravasate soon after
intravascular arrest.

DISCUSSION

The results presented in Table 2 show the following, (a) The
incidence of lung metastasis in C3H/He Groups 1-4 was related
to the size the tumors were allowed to reach. This observation
differs from the conclusion reached by Price et al. (IO) in their
study of the metastatic potential of C3H/A mammary tumors.
There was a significant difference in metastatic incidence (P <
0.01) only between Groups 1 and 2 versus Groups 3 and 4,
suggesting that a critical tumor mass favoring metastasis was
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Fig. 1. Metastatic tumor from mammary adenocarcinoma growing in a pul- Fig 3 Extravascular growth of pulmonary mÃ©tastasesfrom a mammary
monary vein. H & E. Bar, 50 Â»im. sarcoma. H & E. Bar, 100 ion.

from mammary tumors. On the contrary, a general relationship
between earlier development and greater malignancy was ob
served among C3H/He and C3Hf/He mouse mammary tumors.

A considerable proportion of C3H/He mammary carcinomas
have the potential to produce mÃ©tastases.Assuming that only
1 tumor of the average 1.8 tumors per mouse in Group 4A,
Table 2, had produced the mÃ©tastasesfound at autopsy, it
follows that 37% (67%/1.8 tumors) of all large tumors produced
mÃ©tastases.This is in close agreement with the 43% incidence
of spontaneous mÃ©tastasesfound by Pitelka et al. (4) in 160
retired breeding mice of 7 strains that were carrying large
spontaneous mammary tumors. The metastasizing potential of
the tumors was, however, not fulfilled in the surgically cured
mice (Table 1). MÃ©tastaseswere observed in only 1% (18%/
17.3 tumors) of the tumors removed with an average diameter
of 5.3 mm; in only 1.5% (22%/15 tumors) of the tumors
removed at an average of 9.1 mm; and in only 5.3% (51%/9.7
tumors) of the tumors removed at an average of 11.8 mm. Even
if it should not be quite correct to assume that the mÃ©tastases
found in a mouse cured of multiple tumors came from only one
of the tumors, the trend from 18% incidence in Group 1A to
67% incidence in Group 4A is still clear. It is important to
recognize that the average quantitative values of the mÃ©tastases
found in the 4 C3H/He groups were not significantly different
and that mÃ©tastasesdid develop from some small primary
tumors. This suggests that while the large size of a tumor is not
the single dominant factor in the dissemination of cancer cells,
a large tumor burden is known to be an important factor in the
neutralization of both immune (11) and natural (12) resistance
to the development of mÃ©tastasesfrom mammary tumors. In
other words, a mouse that is kept healthy by early surgical cures
of its tumors can continue to suppress the development of
potential mÃ©tastases.A second possible mechanism of metas
tasis promotion is that the higher incidence of mÃ©tastasesin
mice with large tumors could be due to growth-promoting
tumor products known to be produced by a proportion of C3H/
He mammary carcinomas (13).

The question remains whether host immune factors influence

Fig. 2. Extensive intravascular growth and extravasation by the rupture of a
pulmonary vein. H & E. Bar, 100 *jm.

reached somewhere between 9 and 12 mm. (b) The tumors that
developed earlier had the greater tendency to metastasize, but
only in Group 4 was the earlier development of metastasizing
primary tumors statistically significant (P < 0.05). The signifi
cantly longer survival of the mice in Group 4A compared to
Group 4B (P < 0.001) may have been a contributing factor in
the histolÃ³gica! detectability of some micrometastases. (c) The
long survival and high tumor number and the very low incidence
of mÃ©tastasesfor the mice in Groups 1 and 2 do not support
the suggestion of Price et al. (5) that mÃ©tastasesare mainly
established while the primary tumor is still very small, (d)
Greater age did not increase the risk of developing mÃ©tastases
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the metastatic process and whether nonimmunogenic tumors
are therefore more metastatic. The lack of relationship between
the immunogenicity and the metastasizing potential of the
tumors in Table 3 suggests that an immune response against
mammary tumors may have little inhibiting effect on the devel
opment of spontaneous mÃ©tastases under normal circum
stances. (This excludes information influenced by preimmuni-
zation or experimental immuno-suppression.) One reason why
neoplastic metastasis may show little relationship to tumor
immunogenicity may be the fact that effective primary systemic
immunity develops slowly even against strongly immunogenic
mammary tumors (14, 15) and may not develop in time to
prevent the establishment of disseminated tumor cells.

Since the microcinematographic studies of the initial stages
of the metastatic process in rabbit ear chambers by Wood et al.
(16) in 1961, destruction of the basement membrane and early
extravasation after intravascular arrest has been considered an
essential step in metastatic tumor growth (17-20). The concept
of extravasation has significantly influenced research on the
metastatic process, particularly the interest in fibrin and em
bolie tumor cell arrest and the interest in lytic enzymes pro
duced by neoplastic cells. However, in 1967, Fisher and Fisher
(21) suggested that the importance of these factors in the
metastatic process may have been exaggerated. Wallace et al.
(22, 23) showed that intravascular growth was typical for the
Walker 256 carcinoma. Dingemans and Mooi (24) studied
tissue invasion in 43 cases of human bronchogenic carcinoma
without observing any evidence of destruction of alveolar epi
thelial basal lamina at the periphery of the invasive tumors.
The present microscopic studies of the pulmonary mÃ©tastases
from 95 mammary adenocarcinomas and 6 mammary sarcomas
(Table 2) show that, without exception, the adenocarcinomas
grew extensively within pulmonary vessels before extravasation
by expansion (Fig. 2). On the other hand, pulmonary mÃ©tastases
from the mammary sarcomas were always found outside blood
vessels (Fig. 3). Active extravasation of the sarcomas probably
took place soon after arrest, because intravascular growth of a
metastatic sarcoma was never seen. This clear distinction (P <
0.0001 by Fisher's exact test) in the manner of establishment

of mÃ©tastasesfrom 2 different morphological types of mouse
mammary tumors may reflect that the histiocyte or fibrocyte
precursors of mammary sarcomas have natural invasive capac
ities, while the epithelial cell precursors of mammary adenocar
cinomas do not.
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