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Abstract-Six human osteosarcoma tumors have been transplanted to and maintained as 
xenografts in serial passage in nude mice. The xenografts, characterized by growth rate, histologic 
appearance, and DNA flow cytometric data, are now in the 6-17 passages in mice. Histologic 
appearances and growth rates of the xenografts were unchanged through all passages except for one 
xenograft in which the growth rate doubled in passage 3. All six tumors had hyperploid DNA 
contents. The ploidy levels were unchanged, compared to their original tumors, in all passages of&e 
xenografts. One xenograft, concomitantly with the increase in growth rate, also doubled the ploidy 

from 2.8 to 5.6C. There was a good agreement between the proportion of S-phase cells and mitoic 
indices of the six xenografts. The growth rate, depending also on cell loss, was less related to the 
proltferative activity of the xenografts. It was concluded that osteosarcomas have a stable aneuploid 
DNA content in nude mice, but polyploidiration can occur after a number of passages. 

INTRODUCTION 
TRANSPLANTATION of human tumors to nude (athy- 
mic) mice has become an important tool in cancer 
research. The rationale for employing this model is 
the supposition that the human xenografts grow 
and respond to trcatmcnt in a similar fashion as the 
original tumor in the patient [l]. It is therefore 
essential that the xenografts retain the charactcris- 
tics of the original tumors, even after scvcral 
passages in mice. The stability of transplanted 
tumors have been evaluated by histologic appcar- 
ante and growth rates [2,3], circulating human 
tumor markers [4], and chromosome analysis [5]. 
Additional means of characterizing xenografts arc 
valuable, particularly if the nude mouse model is 
used for studying antineoplastic agents in human 
tumors [ 11. 

Malignant tumors often exhibit chromosomal 
aberrations leading to increased (hypcrploid) 
amounts of DNA in the ccl1 nuclei, that can be 
quantified by DNA cytometry [6]. Since most 

Accepted 9 December 1985. 
*Supported by grants from the Jonas Bjlirnberg Memorial 
Foundation, the Swedish Children Cancer Foundation, the 
Stockholm’s Cancer Society, and the Swedish Cancer Society 
grant 1841-84. 
tTo whom correspondence and reprint requests should be 
addressed. 

ostcosarcomas have hypcrploid DNA contents 
[7,8], determination of ploidy may bc used to 
characterize osteosarcoma xenografts and compare 
them with their original tumors. Determination of 
S-phase proportion of the cell cycle by DNA flow 
cytometry can be used to measure the proliferative 
activity of the xenografts. 

Histologic appearances, growth rates, and DNA 
cytometric data of six human osteosarcomas, main- 
tained in serial passage in nude mice for more than 
1 yr, are presented. The purpose of the study was 
to determine if xenogenic osteosarcomas retain the 
ploidy of their original tumors, and to investigate 
the relation between growth rate and proliferative 
activity of the tumors. 

MATERIALS AND METHODS 
Animals 

Six to 12 weeks old, female, nu/nu, BALB/c, 
mice (Harlan Sprague-Dawley Inc., Indianapolis, 
Indiana, U.S.A.) were kept in sterilized cages and 
fed a standard laboratory diet. 

Tumors 
Human tumor tissue, for transplantation to nude 

mice, was obtained either at biopsy or resection/ 
amputation. No chemo-, immuno-, or radiotherapy 
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had been given prior to surgery. The ostcosarcoma 
tumors were numbcrcd from Tl to T6. Tl was a 
Grade IV ostcoblastic lesion of the distal femur of 
an 11 year old male. The original tumor was 
characterized by high cellularity with only ncgligi- 
blc mineral and no mature bone. T2 was a Grade 
III osteoblastic lesion of the proximal femur of an 
11 year old male. This tumor contained large 
amounts of osteoid, with smaller arcas of chon- 
droid differentiation, but no mature bone. The 
tumor was poorly vascularizcd but only minute 
areas of necrosis were seen. T3 was a Grade III 
fibroblastic lesion of the distal femur of a 62 year 
old female. The tumor was highly pleomorphic 
with large amounts of mineralized ostcoid. T4 was 
a Grade IV osteoblastic lesion of the proximal 
humerus of an 18 year old malt. Apart from larger 
areas of necrosis, the tumor had a similar appcar- 
ante as Tl. T5 was a Grade IV osteoblastic lesion 
of the distal femur of a 53 year old fcmalc. The 
tumor contained relatively large amounts of 
osteoid in some areas with chondroid diffcrcntia- 
tion, but no mature bone Furthermore the tumor 
displayed a variable mostly moderate cellularity 
and a large number of small vessels. T6 was a 
Grade IV chondroblastic lesion of the proximal 
tibia of a 16 year old malt. The tumor was fairly 
well vascularized and contained modcrate amounts 
of poorly mineralized osteoid. Although variable, 
some areas were cellular with high degree of 
pleomorphism. 

Transplantation 
Tumor tissue was minced, and one or two, l-2 

mm3 pieces were transplanted subcutaneously over 
the flanks through a 5 mm incision. Four to ten 
mice in each passage were inoculated with tumor 
tissue under ether anaesthesia. The mice were 
killed when the tumors reached a diameter of 
approximately 15 mm. At autopsy tumor tissue 
was removed for histologic preparation, DNA flow 
cytometry, and inoculation in new mice. Since 
some tumors contained central necrosis, peripheral 
tumor tissue was chosen for transplantation. There 
was no selection between fast and slow growing 
tumors for transplantation between mice. 

Growth rates 
The diameters of the tumors were measured 

regularly with a caliper, tumor volumes were 
calculated for an elliptical sphere with the formula 
IT x a x b x c/6, where a, b, and c, arc the dia- 
meters in three planes, respectively. The mean 
tumor volume was calculated from the log volumes 
of all tumors in each passage, and plotted on a 
semilogarithmic graph. Growth rate was expressed 
as the volume doubling time (VDT), calculated by 
the formula log 2 X (!I-tO)/log(vl-v0) where v0 was 

the volume at day to, when a measurable tumor 
was first observed, and vl was the volume on day tl, 
when the mice were killed. 

Histologic examination 
Original and transplanted tumor tissue were cut 

into 5 mm thick slices. The tumors were fixed by 
immersion in 2% paraformaldehydc - 2.5% glu- 
taraldehyde in O.lM phosphate buffer pH 7.4 [9] 
for at least 24 hr at room temperature, except for 
the original specimen of T2 which was fixed in 5% 
formalin and primarily embedded in paraffin. 
Some specimens were subsequently demineralized 
in 22% formic acid, 10% sodium citrate in water 
pH 1.9 for l-3 days. The specimens wcrc then 
dehydrated in several washings graded 70-95% 
ethanol and embedded in glycolmethacrylatc (JB- 
4, Polysciences Inc., England). Approximately 
1.5 pm thick sections were cut with a Sorvall JB 4A 
microtome from one to three blocks covering both 
central and pcriphcral parts of the tumor and 
stained with hematoxylin and cosin. The sections 
were examined by qualitative and scmiquantitativc 
light microscopy. The tumors wcrc classified 
according to Dahlin [lo] and graded according to 
Broders et al. [ 111. Mitotic index was counted as 
the number of mitotic figures per 20 high power 
fields of vision (corresponding to approximately 
1500-2000 cells) in the most cellular areas of the 
tumor [12]. 

DNA &w cytometry 
The original tumor specimen and tumor tissue 

from at least two mice in each passage were 
analyzed with DNA flow cytometry by methods 
described in detail previously [ 13,141. The spcci- 
mens were squeezed through a nylon gauze with 
isotonic Tris-EDTA-buffer. After centrifugation 
the cells were fixed in ice cold 96% ethanol. The 
fixed cells were washed in Tris-EDTA-buffer with 
1 pg/ml RNase. Suspensions of single cell nuclei 
were obtained by pepsin treatment and stained 
using 2.5 X lo-“M ethidium bromide in Tris- 
EDTA-buffer with a molarity of 395 m0sm. The 
DNA content of the cell nuclei was determined in a 
flow cytometer ICP 11 (Phyme, West Germany, 
now Ortho Instruments, U.S.A.) equipped with a 
xenon lamp (Osram X BO 75 W). The excitation 
and emission wavelengths were 455-490 nm and 
590-630 nm, respectively. The output was sorted 
with a 256 multichannel analyzer. 

The flow cytometer was standardized with hu- 
man lymphocytes, isolated in a Ficole gradient, 
and subsequently prepared at the same time as the 
tumor material. The amplitude of the light PU~SCS 
from the lymphocytes was adjusted to channel 
number 70. If necessary, the illumination was 
adjusted so that the coefficient of variation was less 
than 3%. The ploidy level of the tumor cell popula- 
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tion was defined as the DNA value of the Gl/GO 
cells in the tumor cell population in relation to the 
DNA value of normal diploid cells 
(lymphocytes = ‘2C). The proportion of cells in 
various phases of the cell cycle was determined 
according to the simplified method of Baisch et al. 
[15] after correction for background. For further 
details see Tribukait [ 161. 

RESULTS 
All six xenografts grew as lobulatcd tumors with 

a surrounding pseudocapsule. The tumors did not 
invade underlying structures and no mctastascs 
were encountered. No host morbidity, that could 
be attributed to the tumors, was observed. The 
take rate varied considerably between different 
passages of all xenografts, but was usually more 
than 50%. 

Even though the histological appearance of each 
tumor varied substantially from one field of vision 
to another the xcnografts retained the basic charac- 
teristics of their original tumors, both as regards 
type and grade. For example T3, a Grade III 
tumor with abundant ostcoid formation, also exhi- 
bited similar amounts of cxtracellular matrix with 
the same degree of mineralization in mice (Fig. 1). 
T4 was originally, as well as in the mouse, highly 
anaplastic with large arcas of necrosis and only 
scanty areas of osteoid without mineralization 
(Fig. 2). The mitotic indices of the original tumors 
were gcncrally lower than their xcnografts, cspc- 
cially T2 in which the original tumor was fixed in 
formalin and paraffin cmbcddcd. 

The range in growth rate of the first five xcnog- 
rafts, expressed as the mean VDT, was 5.8 days 
(Tl) to 14.9 days (T3) (Table 1). Thcrc was no 
sign of altered growth rate with increasing number 
of passages of these five xenografts (Fig. 3). The 
growth rate showed a tendency to diminish with 
increasing tumor volumes. Although the VDT was 
nearly constant, the tumor volume at a certain time 
after transplantation showed considerable variabil- 
ity. This is demonstrated in Table 2 where the 
VDT of nine tumors of Tl in passage 5, togcthcr 
with the tumor volumes 40 days after transplanta- 
tion, are prescntcd. 

T6 grew slowly in the first two passages with 
VDT of 19 and 13 days, respectively (Table 3). In 
passage 3, the VDT was reduced to only 6 days, 
and in the subsequent 2 passages retained this fast 
rate of growth (Fig. 3). The increase in growth rate 
was not accompanied by changes in histologic 
appearance, but the xenograft underwent poly- 
ploidization as described below. 

Five tumor were ancuploid (3.7C, 3.9C, 2.7C, 
2.9C, 2.%C), while one (Tl) was diploid-tctraploid 
(Table 1). The ploidy lcvcls wcrc the same as the 
original tumors in all passages in mice (Fig. 4), 

except for T6. The original tumor of T6 had one 
aneuploid peak at 2.8C and at the double value, 
5.6C, a rather high additional peak was seen 
(Fig. 5). There was an additional small peak at 
1 I .2C, indicating that some of the cells at 5.6C 
were proliferating. In the first two passages ofT6 
the DNA histograms were unchanged, but in pas- 
sage 3 the xcnograft had almost completely lost the 
2.8C peak in all four tumors of this passage 
(Fig. 5). This doubling of the ploidy lcvcl occurred 
concomitantly with a doubling of the growth rate of 
this xenograft (Table 3). In the following two 
passages the xenograft rctaincd this higher ploidy 
level and the 2.8C peak completely disappcarcd. 
The proportion of cells in S-phase of T6 was 
however approximately the same, when calculated 
from the 2.8C peak in passages l-2 and the 5.6C 
peak in passages 3-4. In passage 5 the proportion 
of S-phase cells was lower than in previous pas- 
sages but the growth rate was unchanged. In T3, 
which originally contained a rather low proportion 
of aneuploid cells at 3.9C, the proportion of this 
aneuploid cell population increased considerably 
in passage 8, which may also indicate further 
development towards ancuploidy (Fig. 4). 

For the purpose of evaluating the correlation of 
the different parameters of proliferation, the mean 
proportion of S-phase cells of each of the 6 xcnog- 
rafts was plotted against the mean VDT (Fig. 6a), 
and against the mean mitotic indicts (Fig. 6b). 
There was a poor correlation between the propor- 
tions of S-phase cells and VDT, whereas the mito- 
tic indices and the S-phase proportions were linear- 
ly correlated. 

DISCUSSION 
The six human osteosarcoma xcnografts prc- 

sented here were characterized by histologic 
appearance and ploidy Icvcl. In all initial xcno- 
grafts these parameters wcrc in good agrecmcnt 
with their original tumors. With the exception of 
T6, the growth rates wcrc quite stable through all 
passages, in concurrcncc with reports of different 
tumors transplanted from children to nude mice 
[ 171. Other investigators have noted increased 
growth rate after the first passages [ 18-201. 

The growth rate of individual tumors in the 
same passage was also constant, which contrasts to 
a previous report of ncuroblastoma xcnografts in 
nude mice, whcrc large diffcrcnccs in growth rate 
were observed [21]. This apparent disagrccmcnt 
may actually bc due to diffcrcnccs in defining the 
growth rate. In the referred study the growth rate 
was dcfincd as the tumor arca 3 weeks after 
inoculation, instead of the VDT as in the present 
study. This diffcrcnce in defining the growth rate 
was illustrated by Tl where the VDT of nine 
tumors in passage 5 varied considerably less than 
the final volumes, and there was no correlation 



824 H. C. F. Bauer et al. 

Table 1. Characteristics of thejive human osteosarcomas T1-T5 and their xenografts in nude 
mice 

Tumor 
Passages VDT Mitotic Cells in Ploidy 
in mice (days)* index* t S-phase (%) * level: 

Tl 
Original 28 15 2.0 + 4.oc 
Xenografts 14 5.8 (2.2) 29 (7.1) 22 (3.3) 2.0 + 4.oc 
T2 
Original ‘§ 16 3.7c 
Xenografts 11 7.0 (1.6) 16 (4.1) 14 (2.7) 3.6C (3.6-3.8) 
T3 
Original 4 4 3.9c 
Xenografts 9 14.9 (3.2) 14 (5.7) 7 (2.9) 3.9c (3.8-4.1) 
T4 
Original 24 44 2.7C 
Xenografts 10 8.7 (1.9) 42 (9.6) 25 (4.5) 2.7C (2.62.8) 
T5 
Original 24 21 2.9c 
Xenografts 6 10.2 (1.3) 19 (4.4) 20 (2.9) 3.OC (2.9-3.0) 

* Values are means with standard deviations in parentheses of all passages from untreated 
mice. There were 2-10 tumors in each passage. 

t Number of mitoses/20 high power fields. 
: Diploid cell populations have DNA relative values of 2C. Range in parentheses. 
3 Original tumor was fixed in formalin and paraffin embedded. 

between VDT and tumor size. WC suggest that the 
VDT is the most adequate expression of growth 
rate, since only observed growth is included in the 
calculation, whereas other expressions of growth 
rate include the time from tumor inoculation until 
a tumor is first observed, the so called lag-time. In 
the previously mentioned study of neuroblastoma, 
flow DNA cytometry was also pcrformcd with 
calculation of the size of different cell cycle propor- 
tions. The percentage of cells in S-phase showed a 
small variability and was constant and indcpcn- 
dent of tumor size at 3 weeks, which strengthens 
the view that tumor volume at a specified period 
after transplantation is not a relevant parameter of 
tumor growth. The VDT has however other limita- 

Table 2. VDT, calculated from volumes at 15 and 40 days 
after tran.$antation, and tumor volumes at day 40 of nine tumors 

of T1 in passage 5. There was one tumor per mouse 

Tumor VDT 

(days) 

Volume 

(mm ‘) 

4.8 1469 
5.9 75 
4.4 880 
4.3 3024 
4.1 1762 
5.5 904 
3.8 367 
4.0 2835 
4.0 1232 

Mean (SD) 4.5 (.7) 1394 (1012) 

tions as an expression of the proliferative activity of 
tumors, which will be discussed below. 

In agreement with previous studies of human 
tumor lines in nude mice the histologic appearance 
of the transplanted tumors was similar to the 
original tumors [ 171, and also produced the type of 
extracellular matrix that is characteristic of 
osteosarcoma of diffcrcnt types. We did not observe 
any mouse derived new bone formation surround- 
ing the tumors, as has been dcscribcd after im- 
plantation of lyophylized osteosarcoma tissue to 
nude mice [22]. Although variation occurred, the 
mitotic indices were of the same magnitude from 
passage to passage in each of the six tumors. The 
very low values obtained in the original tumor of 
T2 may be explained by the fact that this tumor 
specimen was fixed in formalin and primarily 
embedded in paraffin. It is well known that such 
fixation and embedding procedure gives rise to 
considerable artefacts compared to paraformal- 
dehydc-glutaraldehyde fixation [9] and subsequent 
plastic embedding [23]. Original tumors wcrc fixed 
2-4 hr after surgery, whereas xenografts were fixed 
immediately upon removal from the mice. This 
may explain the lower mitotic indices in original 
tumors since the recorded mitotic activity is also 
influenced by the mode and rate of fixation [24]. 
Other investigators have also reported incrcascd 
mitotic activity in xenografts as compared to ori- 
ginal tumors [25]. Therefore the higher mitotic 
indices in xenografts may bc due to tumor hcter- 
ogcncity, diffcrenccs in cell loss, and tumor nutri- 
tion. 
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Fig. 1. 7’3 a Grade Illjbroblastic ostcosarcoma. (A) Original tumor; and (B) ajler 6 passages in au& mize. Hemato@n and 
eosin stain. Bar = 30 km. 

Fig. 2. T4 a Grade IV osteoblastic osteosarcoma. (A) Original tamor; and (B) ajier 5 passages in mice. Hematoxylin and eosin 
stain. Bar = 30 pm. 
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Chromosomal abnormalities of malignant change to a different aneuploid DNA content, but 
tumors arc detected by flow DNA cytometry, due only selection of the 5.6C cells. Similarly a colonic 
to increased amounts of DNA [6]. All six osteosar- 
corns were hyperploid; confirming previously rc- 

carcinoma xenograft in nude mice, studied with 
flow DNA cytometry, underwent a selection of 

ported clinical DNA cytometric studies of ostcosar- aneuploid polyploid clones [26]. However the 
coma [7,8]. In five of these, the ploidy levels were change in ploidy from 2.6C to 5.2C of this tumor 
unchanged even after more than 2 yr passage in occurred in passage 56, 4 yr after transplantation 
mice. Thus no subsequent major chromosomal to mice, and not in the first few passages as in T6 in 
changes occurred in these tumors that could bc 
detected cytochemically. The sole exception was 

this study. It thus appears that aneuploid DNA 
content is a relatively stable alteration in the 

T6 in which the 5.6C peak became predominant chromosomal content of these tumors, but a selcc- 
over the 2.8C peak in passage 3. Thcrc was thus no tion of polyploid clones can occur, which was also 
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Fig. 4. Representatioe DNA histograms of osteosarcomas Tl-75. T refers to the original tumors and the ,jigure.r to pas.tage 
number. Note the higher peaks at 4C and 8C of 73 in passage 8. 
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Table 3. Characteristics of the original tumor T6 and tumors of 
the 5 jirst passages in nude mice 

VDT 

(days) 

Mitotic 
index 

Cells in 
S-phase (%) 

Ploidy 
level 

Original 
passage 

I 
2 
3 
4 
5 

I9 
13 
6 
a 
a 

7 23 

34 30 
21 30 
I6 28 
19 26 
21 I7 

2.ac 

2.ac 
2.ac 
5.6C 
5.6C 
5.6C 

suggested in passage 8 of T3. Even if the ploidy 
level of the xenografts were stable during the 
observation period of more than one year, con- 
tinuous monitoring of tumors of subsequent pas- 
sages are necessary to ensure that no clonal evolu- 
tions occur. This is especially important since 
clonal subpopulations may have different scnsitiv- 
ity to antineoplastic drugs [27]. 

S-phase determinations of bone tumors may 
entail difficulties because of debris and necrosis in 
these mineralized tumors. The proportion of S- 
phase cells were however fairly well reproducible. 
The means of the S-phase proportions of all pas- 
sages of each tumor were linearly correlated with 
the means of mitotic indices. These two methods 
quantify independently the proportion of prolifcr- 
ating cells, which strcngthcns the assertion that 
they are relevant for judging the proliferative activ- 
ity. We wish to emphasize that individual tumors 
showed considerable variation in these parameters. 
When relating the proportion of S-phase cells to the 
growth of the tumor it should bc noticed that the 
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growth rate is the net of cell proliferation and cell 
loss, and is further dependent on bleeding and 
cxtraccllular matrix formation. These factors may 
explain the poor correlation bctwcen the S-phase 
proportions and VDT. A doubling of ccl1 volume, 
and protein and RNA contents is normally found 
in G2 cells, compared to Gl cells [28]. An addi- 
tional factor influencing growth rate might be the 
volume of the individual cells. The observation in 
T6 of a doubling of the growth rate simultaneously 
with doubling of the nuclear DNA content, without 

increase in S-phase proportion or mitotic index, 
supports this suggestion. 

The present study has shown that DNA 
cytometric analysis of osteosarcoma tumors, and 
their xenografts, may be a valuable method of 
characterizing tumors maintained in nude mice. 
DNA cytometry provides important information, 
not only in analyzing the effect of chemotherapy, 
but also when investigating the relation between 
growth, cell proliferation, and ploidy level of hu- 
man tumors in nude mice. 
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