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A quantitative model  for spontaneous bone 
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A new model for the study of spontaneous bone metastasis has been developed which allows for the 
quantification of metastatic tumor burden and cancer cell growth rate, and which describes the progressive 
changes in bone morphology. Walker 256 (W256) cells or vehicle were injected into the left upper thigh 
muscle of male Fischer rats, which were killed 7, 10 or 14 days later. By day 7, metastases had appeared in 
the distal femur, in the glomeruli of the kidney, and diffusely throughout the liver and lungs. The extent of 
tumor burden in these organs increased over time. In the femur, 14 days of tumor burden was associated 
with a 53 _+ 10% decrease in trabecular bone content, a 6 1 _  15% increase in osteoclast surface, and a 
95 _+ 10% decrease in osteoblast surface, as compared with non-tumor-bearing controls. By autoradio- 
graphy, metastatic tumor cells in all organs were determined to have greater growth rates than did cells in 
the primary tumor. However, within the femur, W256 cells located adjacent to trabecular bone surfaces 
had a 33 + 7% greater growth rate than did W256 cells located >50 /~m from bone surfaces (P < 0.05), 
suggesting a mitogenic effect of bone. 
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I n t r o d u c t i o n  

Metastasis is a multistep process involving a cas- 
cade of events which results in the formation of 
colonies of tumor cells at locations which are 
distant from the primary tumor. The circulatory 
system provides a common route for cancer cells 
to disseminate throughout the body. Primary 
human malignancies often have distinct, predict- 
able patterns of metastasis which are independent 
of the first capillary bed encountered by circulating 
tumor cells [1]. Thus, the pattern and location of 
metastatic foci cannot always be explained in terms 
of their anatomical relationship with the primary 
tumor. 
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Bone is a frequent site of metastasis for several 
common human malignancies, including breast, 
prostate, lung, and thyroid carcinomas. Bone 
metastasis is frequently associated with extensive 
osteolysis and hypercalcemia [2-4]. An explana- 
tion for the phenomenon of selective skeletal 
metastases may be related to the unique metabolic 
properties of bone. Bone metabolism involves con- 
stantly alternating phases of formation and break- 
down. These processes result in the release of 
organic and inorganic components of bone mineral 
and matrix into both the bone microenvironment 
and the circulation. Some of these components, 
including collagen fragments [5] and transforming 
growth factor-fl (TGF-fl) have been shown in vitro 
to be potently mitogenic [6] and chemotactic [7] 
for the Walker 256 (W256) carcinosarcoma, a rat 
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tumor of monocytoid origin [8] which produces 
extensive skeletal metastases [9, 10]. Similar effects 
were also identified in conditioned culture media 
obtained from resorbing fetal rat calvaria. The 
ability of bone-derived conditioned media to 
stimulate growth and chemotaxis correlated 
directly with the extent of bone resorption 
[6, 7, 11-14]. The responses of the W256 cells to 
conditioned media could be largely inhibited by 
the addition of anti-TGF-fl antibody [6, 7]. 

This work has suggested that bone-derived 
growth factors including TGF-fl, released by 
remodeling bones, might attract tumor cells to 
bone and subsequently stimulate their growth rate. 
To investigate this hypothesis in vivo, we have 
developed a model of spontaneous bone metas- 
tases by W256 tumor cells in the rat which is 
amenable to the analysis of bone remodeling, and 
which allows for the evaluation of tumor burden 
and cancer cell growth response. This model has 
permitted us to establish the pattern of spread of 
tumor cells, their growth rates in primary and 
metastatic sites, and their effects on the structure 
and metabolism of bone. We argue that this model 
is more relevant to mechanisms of bone metastasis 
than other in vivo models which involve direct 
invasion of bone from contiguous intramuscular 
tumor [15, 16], intraosseous injection of W256 cells 
[17] or non-spontaneous metastasis via intra-arter- 
ial injection [10, 15, 18-20]. This is the first de- 
tailed study to describe the spontaneous hema- 
togenous spread of W256 cells from a solid prim- 
ary tumor over time, and provides quantified his- 
tologic analysis of distant metastatic target organs, 
including bone and soft tissues. 

Materials and methods 

Animals and cell lines 
Female Fischer 344 rats (150-175 g) were pur- 
chased from Charles River Laboratories (St Con- 
stant, Quebec, Canada). Animals were kept under 
a 12-h light/dark cycle and were provided rodent 
chow and water ad libitum. The properties, main- 
tenance, and isolation of the Walker 256 cells 
(Flow Laboratories) have been described previ- 
ously in detail [21]. 

Model design 
Three groups of rats (n = 6/group) were injected 
intramuscularly in the left upper thigh with 2 x 107 
Walker 256 cells suspended in 0.5 ml 1 x Hanks' 

solution. Control animals ( n - - 6 )  were injected 
with 0.5 ml 1 x Hanks' solution without tumor 
cells. Animals were killed on day 7, 10 or 14. Two 
hours prior to death, tumor-bearing animals were 
injected intraperitoneally with 2/zCi of [3H]thymi- 
dine (Dupont, Canada) (sp. act. 81 Ci/mmol) for 
the subsequent autoradiographic determination of 
tumor cell growth rate. The right and left femurs 
were removed, dissected free of soft tissue, and 
fixed with a solution of dimethylsulphoxide 
(DMSO) containing 10% formalin. Primary tu- 
mors, lungs, liver, and kidneys were also removed 
and fixed in 10% formalin/DMSO. After 24 h of 
fixation the distal third of each femur was bisected 
longitudinally and fixed for an additional 24 h. 
Undecalcified bones and primary tumor samples 
were then dehydrated in ethanol and impregnated 
with Historesin (LKB, Bromma, Sweden). Tissues 
were sectioned with a Sorvall JB-4A microtome 
(Dupont, Newtown, CT, USA), and only those 
sections which were essentially devoid of crush 
artifact were used for morphometry. A 2/.~m prim- 
ary tumor section and sections of bones from each 
animal were attached to the same slide. Several 
2/zm sections of each tissue were cut. One slide 
was stained with 1% Toluidine Blue (pH 6.9), and 
used for morphometric analysis, and another was 
used to compare the autoradiographic labeling 
indices of the primary tumor and metastatic cells 
in bone. A 10% formalin-fixed sample of each 
primary tumor was processed with the sections of 
lung, liver, and kidney and embedded in paraffin. 
Three /zm sections were prepared and used for 
autoradiographic determination of [3H]thymidine 
incorporation. 

Bone morphometry 
Bone morphometry was performed on the 2/zm 
undecalcified, longitudinal sections of the distal 
third of both femurs. A Mertz graticule [22] was 
used to obtain measurements for bone morpho- 
metry. The area of bone proximal to the distal 
epiphyseal growth plate was analysed under oil 
immersion light microscopy (× 1000 magnifi- 
cation). The percentage of each microscopic field 
(100 fields/bone section) occupied by mineralized 
trabecular bone was determined by recording the 
presence or absence of trabecular bone at 36 point 
measurements (trabecular bone content). Values 
for tumor cell content were obtained by recording 
the presence or absence of W256 cells at each of 
36 point measurements taken in 100 fields. The 
percentage of trabecular bone surface occupied by 
osteoblasts, osteoclasts, and W256 cells were ob- 
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tained by recording their presence or absence 
where a trabecular bone surface was intercepted 
by the grid of the Mertz graticule. Osteoblast 
surface, osteoclast surface, and W256 cell surface 
were calculated as the length of trabecular bone 
surface occupied by osteoblasts, osteoclasts, and 
W256 cells, respectively, divided by the total 
trabecular bone length, the quotient of which was 
multiplied by 100 [23]. All analyses were per- 
formed at distances of 100, 200, 300, 400, 500, and 
600/xm from the epiphyseal growth plate, in order 
to control for the variation of bone morphology 
and metabolism with proximity to the growth plate 
of growing animals. For statistical comparison, 
measurements for all the distances from the 
growth plate were pooled, and the overall means 
were compared. Measurements of tumor burden 
were obtained for each organ by counting the 
number of tumor cells per high power field, which 
represented 0.0133 mm 2 of tissue. 

Measurement of  tumor cell growth rate 
Slides of primary tumor, bone sections, and soft 
tissue organs were coated with NTB2 autoradio- 
graphic emulsion (Kodak, Canada). Plastic- 
embedded sections of primary tumor and bones 
were stored at 4°C for 8 weeks after exposure to 
radiographic emulsion, and the paraffin-embedded 
sections of primary- tumor, lung, liver and kidney 
were stored similarly for 2 weeks. The different 
incubation periods were required due to the differ- 
ence in densities of the paraffin and plastic embed- 
ding media. Slides were developed, fixed, and then 
stained with either 1% Toluidine Blue (pH 6.9) for 
the plastic-embedded tissue or hematoxylin and 
eosin for the paraffin-embedded tissue. 

Cellular uptake of [3H]thymidine was detected 
by the appearance of black grains on the photo- 
graphic emulsion over the cells. The number of 
grains visible above 100 cells from each primary 
tumor, bone, lung, liver and kidney section were 
counted. Two compartments of tumor cells in bone 
were analysed: those tumor cells immediately adja- 
cent to trabecular bone and those tumor cells 
which were located >50/xm from trabecular bone, 
as determined with an ocular micrometer. The 
number of grains required for a cell to be con- 
sidered positive varied according to the degree of 
uptake in each animals' primary tumor cells. For 
each primary tumor, the mean number of grains 
per W256 cell plus one standard deviation was 
calculated and this number was used as the 
minimum for a primary or metastatic cell to be 
counted as positive. Non-specific [3H]thymidine 

uptake was determined by counting grains on areas 
of tissue which had been exposed to emulsion but 
which were devoid of cells. 

Statistical analysis 
Values for tumor-bearing rats at each time point 
were compared to those of non-tumor-bearing con- 
trols using the Student's t-test with a 95% level of 
confidence. All data presented represent mean 
+S.E.  

Results 

Bone morphometry 
Since no morphometric differences were observed 
between the femurs ipsilateral to and contralateral 
to the site of tumor injection, all morphometric 
data presented represent observations from the 
contralateral femur. By day 7 after tumor injection 
there was histologic evidence of bone metastasis in 
the distal femur of all tumor-bearing animals. The 
proportion of area of the distal epiphyseal growth 
plate region occupied by tumor cells increased 
from 0.8 + 0.2% at day 7 to 3.1 + 0.2% at day 10 
and to 9 .6+0.6% at day 14 (Figure la). The 
involvement of bone by tumor cells was associated 
with a decrease in area occupied by trabecular 
bone, from 40 + 3% in control rats to 19 + 3% 
after 14 days of tumor burden (Figure lb). The 
relative distribution of cells on the surface of bone 
trabeculae was also altered by bone metastasis. 
W256 cell surface increased progressively to 
11 + 1% by day 14 (Figure 2a). Increases in osteo- 
clast surfaces were seen at 10 days (30+ 2% 
increase) and at 14 days (29+4% increase) 
compared to non-tumor-bearing controls 
(Figure 2b). These increases were accompanied by 
dramatic decreases in osteoblast surface, which 
declined from 22 + 2% in control rats to 2 _+ 0.3% 
at day 10, and to 1 + 0.2% at day 14 (Figure 2c). 
W256 cell surface increased progressively to 
11 _+ 1% by day 14 (Figure 2c). 

Tumor burden 
The number of tumor cells per nLITl 2 of tissue was 
determined morphometrically in the liver, kidney, 
lung and distal femur (Table 1). At day 7, there 
was an average of 365 + 31 W256 cells/mm 2 in 
bone. The tumor burden in the liver and lung at 
this time point was similar, and in the kidney was 
significantly less (18 + 6 cells/mm2). Tumor bur- 
den in bone increased after day 7, to 922 + 118 
cells/mm 2 by day 14. While the liver developed an 
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Figure 1. The percentage of total epiphyseal area occu- 
pied by (a) W256 cells and (b) trabecular bone. Rats 
were injected intramuscularly with 2 x 107 W256 cells, 
and were killed after 7 (O), 10 (11) or 14 (V) days, and 
an additional group (A) was killed 14 days after vehicle 
injection. 

equally dramatic increase in tumor burden by day 
14, tumor  burden in the lung and kidney increased 
to a lesser extent. 

[3 H]Thymidine incorporation 
The relative growth rates of metastatic tumor cells 
in bone,  liver, lung and kidney were compared to 
those of cells from the primary tumor (Table 2). 
The relative labeling index represented the propor-  
tion of positive W256 cells in each metastatic site 
divided by the proport ion of positive W256 cells in 
the primary tumor.  Labeling of W256 cells in bone 
was 6-fold greater  than in cells of the primary 
tumor.  The labeling index of W256 cells in bone 
and in other  soft tissue target organs was approxi- 
mately the same. The relative labeling index of 
tumor cells adjacent to bone (6.2 + 0.5) was signi- 
ficantly greater (33 + 12%) than that of tumor 
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Figure 2. The percentage of total trabecular bone sur- 
face length occupied by (a) W256 cells, (b) osteoclasts, 
and (c) osteoblasts. Rats were injected with 2 x 10 -7 
W256 cells and killed after 7 (O), 10 (11) or 14 (V) 
days, and an additional group (Z~) was killed 14 days 
after vehicle injection. 
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Table l .  W256 tumor burden in bone and in non-osseous organs. Values 
represent mean + S.E.M. 

No. of W256 cells/ram 2 of tissue 

7 Days 10 Days 14 Days Overall 

Bone 365 + 31 454 + 35 922 + 118 580 _.+ 83 
Liver 460 + 95 682 + 46° 1175 + 69 780 + 106 
Kidney 18 + 6 ~ 28 "+" 9 a 34 + 6 ~ 27 + 5 ~ 
Lung 433 + 10 542 + 75 482 + 57 a 485 _+ 44 

aSignificantly different than bone tumor burden (P < 0.05). 

cells located >50 ~ m  f rom trabecular  bone sur- 
faces (4.8 + 0.3, P < 0.05). A photograph  of  a 
typical tumor-bear ing bone  section p repared  for 
autoradiography depicts this phenomenon  
(Figure 3). 

Discussion 

This study describes a quanti tat ive model  for 
investigating the spontaneous metastasis of  tumor  
cells to bone.  This model  analyses the spontaneous 
hematogenous  metastasis of  intramuscularly- 
injected W256 tumor  cells to bone  and other  
organs, with detailed h i s tomorphometry  of bone  
and comparison of pr imary and metastat ic  tumor  
cell growth rate. The W256 carcinosarcoma has 
been  well established as a tumor  model  which 
consistently invades [16, 17] and metastasizes to 
bone [18,20], where it causes significant osteo- 
penia [9, 10, 17, 18] and often hypercalcemia 
[9, 18, 19]. This study is the first to describe the 
spontaneous hematogenous  spread of W256 cells 
f rom a solid pr imary tumor  over  t ime, and which 

provides detailed, quantified histologic analysis of  
distant metastat ic target  organs, including bone 
and soft tissues. The  model  represents  a significant 
advance for the study of bone  metastasis compared  
to other  in vivo models which involve the invasion 
of bone f rom contiguous intramuscular tumors 
[15, 16], the intraosseous injection of W256 cells 
[17], or  non-spontaneous metastasis via intraar- 
terial injection [10, 15, 18-20]. Fur thermore ,  sev- 
eral W256 models  have employed non-quanti tat ive 
[15, 17] and/or  non-histologic methods  [9, 16, 18] 
such as X-ray analysis [15-18] in the a t tempt  to 
detect osteolysis or  bone  metastasis. 

In the right femur,  as with liver and lung, a 
progressive increase in tumor  burden was observed 
over  a 14-day period following the intramuscular 
injection of W256 cells into the left upper  thigh, 
while colonization of the kidney was negligible at 
all t imes observed.  Although tumor  burden has 
not been  previously quantified histologically in 
multiple organ sites, Schmidt-Gayk et al. [19] 
repor ted the absence of histologically evident bone  
metastases 8 days after intra-aortic injection of 
8 x 105 W256 cells. Details of  histologic processing 

Table 2. Growth rates of W256 cells in various target organs relative to growth 
rate of primary W256 cells. Values (mean + S.E.M.) represent the labeling index 
of metastatic W256 cells divided by the labeling index of primary W256 cells 
from each rat (see Materials and Methods for calculation of labeling index) 

Labeling indices of metastatic/primary W256 cells 

7 Days a 10 Days a 14 Days a Overall 

Bone 5.8 _ 0.5 5.6 + 0.4 7.2 + 1.0 6.2 + 0.5 
Marrow 4.8 + 0.1 4.3 + 0.6 5.1 + 0.7 4.8 __. 0.3 b 
Liver 6.8 + 0.8 5.5 + 0.8 6.6 + 1.0 6.3 _+ 0.3 
Kidney 6.6 + 0.8 5.5 + 0.7 6.3 + 0.7 6.2 _ 0.2 
Lung 5.4 + 0.4 5.7 + 0.9 5.0 _ 0.5 5.4 + 0.2 

aAt 7 days, 12.5 + 0.9% of primary W256 cells were labeled, 14.3 + 1.5% at day 
10, and 12.8 + 2.2% at day 14. 
bSignificantly less than bone labeling index (P < 0.05). 
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Figure 3. Autoradiographic section of a femoral epiphysis demonstrating the typical pattern of [3H]thymidine uptake 
by W256 cells in bone. Arrows demonstrate a W256 cell adjacent to trabecular bone (TB) with extensive nuclear 
[3H]thymidine incorporation (indicated by black grains) and a W256 cell located >50/~m from the bone surface which 
has less extensive [3H]thymidine uptake. Bar = 10/xm. 

and analysis were not provided, but lack of visible 
metastases may be due to the smaller number  of 
tumor cells injected, and the shorter duration of 
tumor burden. At  a comparable duration of tumor 
burden in the present study, less than 1% of the 
femoral epiphysis was occupied by W256 cells. 
W256 cell content at this site progressed to appro- 
ximately 10% of total area by day 14. 

In this study, occupation of bone by W256 cells 
was accompanied by a dramatic decrease in 
trabecular bone volume. This osteopenia might be 
explained by a 61 ___ 15% increase in osteoclast 
surface at day 14 in tumor-bearing compared to 
non-tumor-bearing animals. This explanation is 
confounded by a significant colonization of the 
trabecular bone surfaces by W256 cells at day 14. 
Like osteoclasts, the W256 tumor has recently 
been shown to be of monocytoid origin and to 
stain intensely for acid phosphatase activity [8], 
which suggests that it may be capable of resorbing 
bone directly. This study suggests a third possible 
mechanism of osteopenia which may be indepen- 
dent of osteoclast- or tumor-induced osteolysis. 
The nearly complete disappearance of osteoblasts 
after 14 days of tumor burden could contribute to 
the observed decrease in trabecular bone content 
by preventing bone formation in the presence of 
unimpaired or stimulated bone resorption. While it 
is possible that the disappearance of osteoblasts is 

a secondary event in response to enhanced resorp- 
tive activity, it is more common for episodes of 
enhanced bone resorption to result in reactive 
bone formation [24], which was not observed in 
our tumor-bearing animals. While it is possible 
that poor  nutrition, cachexia, or other  paraneo- 
plastic effects contributed to demineralization in 
tumor-bearing rats, these animals did not appear 
to be cachectic or to be suffering from poor  
nutrition until days 8-10 of tumor burden. It is 
likely that influences subsequent to this point 
would contribute minimally to the extensive os- 
teopenia we observed in these animals. 

After  14 days of tumor burden,  animals did not 
become hypercalcemic, despite a significant loss of 
trabecular bone. The W256 tumor has been 
reported to cause hypercalcemia within the time 
frame of the present study [9, 17-19]. This discre- 
pancy may be due to the different routes of tumor 
cell inoculation employed with previous animal 
models. Some models employed subcutaneous 
[19], intra-arterial [18], or intra-osseous [17] injec- 
tion of W256 cells, which may influence the devel- 
opment  of hypercalcemia as a function of the more 
direct route of administration compared to in- 
tramuscular injection. 

The growth rate of metastatic tumor cells in 
different organs, as determined autoradiographic- 
ally by [3H]thymidine incorporation, was not rel- 
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ated to tumor burden in the corresponding organ. 
While the lung had a significantly greater tumor 
burden than did bone or liver, and while the 
kidney had negligible metastases, the relative 
growth rates of  W256 cells in these organs were 
not different. Tumor  growth rate is only one of 
several determinants of tumor burden,  and several 
factors, including blood flow [25], protease activity 
[26], and adhesion [27], also contribute to the 
establishment of metastases. 

All metastatic tumor cells had significantly 
greater growth rates compared to the primary 
tumors f rom which they originated, suggesting that 
the metastatic subpopulation of W256 cells may 
have an inherently greater growth rate than the 
parent  population. The metastatic phenotype of 
the Lewis lung carcinoma has been reported to 
possess this property in vitro independent  of the 
addition of exogenous growth factors [27]. Alter- 
natively, organs which support  metastasis may in 
some way stimulate the growth rate of dissemin- 
ated W256 cells. The ability of organ cultures to 
preferentially support  or stimulate the growth of 
the metastatic tumor  cells lines which consistently 
colonize them is well documented [28-30], and it 
is possible that each target organ elaborates fac- 
tors(s) which are mitogenic to circulating tumor 
cells. While we did not at tempt to determine the 
cause for increased [3H]thymidine uptake by 
metastatic tumor cells compared to primary tumor 
cells, it is also plausible that this observed phe- 
nomenon is related to vasculature and blood sup- 
ply, which might favor the delivery of oxygen and 
nutrients to metastatic cells. 

Within the femur,  the growth rate of W256 cells 
in direct contact with trabecular bone was signifi- 
cantly greater than that of W256 cells located 
>50 /zm from bone.  The growth rate of tumor 
cells distant from bone was lower than that of all 
other  metastatic tumor  cells, which may indicate 
inhibition of these metastatic cells by a factor(s) 
located in the marrow. It is difficult to resolve why 
such inhibition would not act on tumor cells adja- 
cent to bone,  which are also bathed in marrow and 
in contact with marrow cells. An alternative 
possibility is that trabecular bone stimulates 
growth of the W256 cells in contact with them. 
This explanation would be consistent with reports 
that the products of resorbing bone can stimulate 
the chemotaxis [5 ,6 ,11-13]  and the growth 
[6, 11, 14] of W256 cells. Recently,  factors released 
from bone fibroblasts have been implicated in the 
accelerated growth rate of human prostate cancer 
cells in nude mice [31]. Similar factors released 

from bone cells into their microenvlronment may 
accelerate the growth of W256 cells in their prox- 
imity. 

This study provides the first in vivo evidence for 
a role of  bone in the regulation of the growth rate 
of metastatic tumor cells, and suggests that if a 
factor(s) secreted by remodeling bones is involved, 
it is effective over a relatively short distance. The 
increase in resorptive bone surfaces seen in tumor- 
bearing animals may establish a servomechanism 
whereby the degradation of  bone by tumor cells or 
tumor cell-activated osteoclasts provides a stimulus 
for chemotaxis and growth of metastatic cancer 
cells. 
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