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SUMMARY

20014

and (c) to compare
regressing tumors.

The rate of tumor cell shedding into efferent tumor blood
was measured in growing and regressing MTW9 rat mam
mary carcinomas. The hormone-dependent
tumor, grown as
an â€œisolatedâ€•
preparation (8), permitted collection of all of
the efferent blood. Regression was induced by reduction of
mammotropin level in the host. Tumor cells were differenti
ated from normal leukocytes by indirect immunofluores
cence. Growing tumors shed 3.2 x 106 and regressing
tumors shed 4. 1 x 106 cells per 24 hr per g tissue. Cell
shedding rates ofgrowing versus regressing tumors were not
significantly different over a tumor size range of 2 to 4 g.
The number of tumor cells in the arterial blood was 12-fold
smaller than in the efferent tumor blood. It is concluded
that: (a) cell shedding via blood probably plays only a minor
role in the total cell loss by growing MTW9 carcinomas; (b)
hormone-induced
tumor regression does not depend on in
creased cell shedding; (c) tumor cells are rapidly cleared
from circulating blood; and (d) a 2-g MTW9 carcinoma
pours enough cells into the host circulation to transplant
the tumor every 24 hr.
INTRODUCTION

MATERIALS

rates of cell shedding

in growing and

AND METHODS

Tumors. MTW9 mammary carcinomas were trans
planted in Wistar-Furth
inbred female rats. These tumors
grow only in hosts with high levels of mammotropins which
are normally induced by transplanting
a 2nd tumor of
pituitary origin in a region removed from the mammary
carcinoma. Upon castration and ablation of the pituitary
tumor, 3- to 5-g MTW9 carcinomas consistently regressed
to about one-half of their initial size within 3 days.
Induction of MTW9 (I 3) and physiopathological character

istics of the regressionprocess( 10) have been reported.
MTW9 mammary carcinomas were transplanted at the
distal end of an ovarian pedicle and were grown in an s.c.
pouch. The tumor was enveloped in a paraffin sack and
completely isolated from surrounding tissues. Thus, all of
the efferent blood of the tumor was drained by a single vein
and was collected and measured (8) (Chart I).
Sampling Procedure. The heparinized rat (1 mg/200 g
body weight) was anesthetized with urethan (I mg/g, i.p.),
the abdominal cavity was opened, and the tumor vein was

Since Engell's documentation
of tumor cells in blood in
1955 (3), the problem of identifying these cells in the blood
of tumor-bearing
animals has been approached by many
workers using cytological (7, 14) or immunological methods

(12,25).However,therehasbeennoagreement
concerning
the reliability of these methods or their applicability to
human cancer therapy (15, 27). In none ofthese experiments
with blood drawn from peripheral veins (2, 27), vena cava
(6), or tumor efferent veins (3, 20, 26) has there been a
quantitation of the rate of neoplastic cell shedding from the
entire tumor. Identification andquantitation
ofthese blood
borne cells would help to clarify the role of whole cell
shedding into blood in the processes of tumor growth and
regression, as opposed to cell loss by intracellular processes
described by Gulhino et a!. (9-Il).
The purpose of this study was therefore 3-fold: (a) to
differentiate tumor from nontumor cells in the bloodstream;
(b) to quantitate the number of cells shed by entire tumors:
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Chart I . Diagram of the experimental arrangement for collection and
measurement
of tumor efferent blood. See â€œSampling Procedureâ€• de
scribed under â€œMaterials and Methods.â€•
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Quantitation
cannulated with a PE 50 catheter (Clay-Adams,
Parsip
pany, N. J.). The tumor remained in the s.c. pouch and was
not disturbed during surgical manipulations. A 2nd cathe
ter, inserted into the thoracic aorta through the left common
carotid artery, was connected to a manometer for continu
ous monitoring of arterial pressure; from this catheter,
aortic blood was drawn as needed. A 3rd catheter, intro
duced into the right external jugular vein, was connected to
a reservoir of heparinized blood drawn from normal intact
female rats. Replacement of blood lost through the tumor
vein was accomplished by a pump adjusted to maintain
constant aortic pressure during the sampling period. Blood
entering the animal flowed through a minilung system that
adjusted pH and pCO2 to physiological levels, thus avoiding
acid-base imbalance in the host. This perfusion system has
been described in more detail (8).
Each blood sample consisted of 6 to 10 ml collected
continuously within 15 to 30 mm. Aortic blood (1.0 ml) was
withdrawn at about midinterval of each venous sample.
Hematocrits of venous and arterial samples were measured;
leukocytes were counted in a hemocytometer and classified
from May-Griinwald-Giemsa-stained
slides of whole blood.
Tumor blood flow rates were calculated for each collection.
Preparation of Blood Samples. Leukocytes and neoplastic
cells from tumor efferent and aortic blood samples were
concentrated by a modification of the dextran sedimenta
tion method of Skoog and Beck (22). A 3% solution of
dextran (M.W. 200,000 to 300,000) in 0.45% NaCI solution
was added to blood (2: 1), and erythrocytes were removed by
two 45-mm sedimentations at 1 x g. Pellets were washed 3
times with 0.15 M NaCI + 0.01 M phosphate buffer, pH 7.4,
and the remaining erythrocytes were removed by hypotonic
lysis. Four ml of distilled water were added to 4 ml of eryth
rocytes in 0.15 M NaCl + 0.01 M phosphate buffer, pH 7.4;
the mixture was shaken vigorously for 45 sec and then
brought back to isotonicity with 12 ml of 3.6% NaCl solu
tion. The remaining cells were centrifuged at 100 x g for 20
mm, washed 2 times in 0. 15 M NaCl + 0.01 M phosphate
buffer, pH 7.4, counted, and diluted to 5000 cells/z1.
Twenty-@tl aliquots (100,000 nucleated cells) were placed
on glass slides to evaporate, fixed in methanol for 20 mm,
and stored at 4Â°until used for immunofluorescence.
Preparation of Antiserum. The ascites form of MTW9
carcinoma was 1st obtained from the solid tumor and whole
ascites cells were used as antigens. Ascites fluid was
processed by dextran sedimentation and hypotonic lysis to
remove erythrocytes,
as with the blood samples. MTW9
ascitescells (5 x l0@)were injected at weekly intervals in 2
ml 0. 15 M NaC1 solution into 3-kg female New Zealand
rabbits. A total of 4 injections were given, the 1st 2 i.v.
followed by 2 s.c. in complete Freund's adjuvant. Serum
obtained 7 days after the last injection was inactivated at
56Â°for 30 mm. -)â€˜-Globulinswere precipitated with ammo
nium sulfate, dialyzed, absorbed (6 times against normal rat
leukocytes, 4 times against rat bone marrow, and 2 times
against
against

rat liver),
and titrated
MTW9
cells. The best

normal
3 The

NaC1 solution,
abbreviation

gated anti-rabbit

MARCH

used

globulin.

is:

for activity
antiserum,

was chosen
FITC-Ab,

fluorescein

and specificity
diluted
1:8 with

for use. FITC-Ab3
isothiocyanate-conju

of Tumor Cell Shedding

(Baltimore Biological Laboratories,
Baltimore, Md.) was
diluted 1:10 in 0.15 M NaCI + 0.01 M phosphate buffer, pH
7.4 and absorbed 1 time against normal rat liver and 2
times against leukocytes before use.
Preparation of Slides for Immunofluorescence. Slides
were hydrated in 0.15 M NaCI + 0.01 M phosphate buffer,
pH 7.4, incubated with rabbit anti-MTW9 globulin for 30
mm, washed 3 times in 0. 15 M NaCI + 0.01 M phosphate
buffer, pH 7.4, incubated with FITC-Ab for 30 mm at 37Â°,
washed 3 times with 0. 15 M NaCl + 0.01 M phosphate
buffer, pH 7.4, counterstained
with 0.01% Evans blue,
mounted in 9: 1 glycerol-0. 15 M NaCI + 0.01 M phosphate
buffer, pH 7.4, and covered with cover slips. The slides were
examined for immunofluorescent
cells with an American
Optical Fluorolume Microscope and photographed
on a
Zeiss 35-mm photomicroscope
with barrier filters 50 and
44, excitor filter II, and Ansco 500 film.
Reliability of Measurements. The immunofluorescent
reaction was considered â€œpositiveâ€•
only when the cell
margin appeared as an unbroken fluorescent ring. Cells
having only sector or spot fluorescence were not counted as
positive.

No fluorescein-positive cells were found on slides of
leukocytes, marrow cells alone, or MTW9 tumor cells that
lacked treatment with either rat anti-MTW9 globulin or
goat FITC-Ab (Table I).
To determine the sensitivity of this method, slides were
prepared from MTW9 cells, either alone or mixed with
leukocytes. In slides of MTW9 cells alone, 20 to 25%
exhibited unbroken ring fluorescence; the remainder showed
sector, spot, or negligible fluorescence. To duplicate more
closely the actual assay conditions, MTW9 cells were mixed
with normal rat leukocytes in I: 100 and 1:200 ratios. From
this mixture, slides were prepared with aliquots of 100,000
nucleated cells, containing I,000 or 500 tumor cells, respec
tively. Tumor cells were stained by the immunofluorescence
technique and counted.
An average of 18.7% of tumor cells could be positively
identified using the strict criterion of ring fluorescence. Such
a factor was determined for each tumor perfusion and was
used to correct the number of tumor cells observed in blood
samples to the actual number of tumor cells present. To
ensure that tumor efferent and arterial blood samples were
handled in the same way as controls, each slide tested
contained a 100,000-cell ahiquot oftumor efferent or arterial
cells and a 100,000-cell control aliquot. For every tumor
perfusion, cell counts were made of 6 to 10 samples each of
aortic, tumor efferent blood, and 2 controls (I :100 and I :200
ratios).
To determine tumor cell recovery, whole blood, contain
ing both normal rat leukocytes and suspensions of tumor
cells, was subjected to the dextran sedimentation
and
hypotonic-lysis

procedures.

Cell counts

on a hemocytometer

showed 60% recovery of both leukocytes from whole blood
and tumor cells from the suspension. Furthermore,
106
tumor cells were added to whole blood containing 108
leukocytes, and samples of this mixture were subjected to
the entire cell concentration procedure and immunofluores
cence reaction. Recovery of both tumor cells and leukocytes
was again approximately 60%, as determined by immuno
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TableI
Immunofluorescence

controls

Negative
MTW9ceIls0.I5MNaC10.I5MNaCIMTW9
NaCIFITC-AbMTW9
cells0.

15 M

serumFITC-AbMTW9
cellsNormal

rabbit

cells

anti-MTW9
absorbed versusMTW9

FITC-AbNormal
Normal
rat WBCRabbit

Rabbit anti-MTW9FITC-Ab

anti-MTW9FITC-AbPositiveMTW9Rabbit
rat bone marrow cellsRabbit
anti-MTW9FITC-AbMTW9
anti-MTW9FITC-AbMTW9
cells 1:4 with WBCRabbit
anti-MTW9FITC-AbMTW9
cells I : 100 with WBCRabbit
anti-MTW9FITC-Ab

cells 1:200 with WBCRabbit

fluorescent
and hemocytometer
counting,
respectively.
More importantly, the ratio of tumor cells to normal
leukocytes was not altered by the cell concentration method
used, whether afferent or efferent blood was analyzed. Thus
the number of tumor cells was expressed per 100,000
leukocytes (number counted corrected for the sensitivity of
detection). The number of tumor cells per ml blood and rate
of cell shedding per hr were calculated as follows:
(No. of tumor cells detected! 100,000 cells)
x (No. of leukocytes/mI) = tumor cells/mi
(tumor cells/ml)

x perfusion rate (ml/hr/g)
=

tumor

cells/hr/g

(This number was extrapolated to 24 hr to yield a rate of
tumor cells shed per 24 hr per g tumor.)
RESULTS
MTW9 carcinomas in the weight range of 2 to 4 g showed
no central necrosis and a blood supply that was within the
limits previously reported ( 10). An increased blood flow was
often observed in regressing tumors but, generally, the val
ues did not differ significantly from the blood flow of grow
ing tumors (Table 2). Hematocrits and leukocyte counts of

growing and regressing tumors were also similar. However,
an unexpected difference in both parameters
was found
between afferent and efferent blood of the same tumor. A
comparison of paired samples of arterial and tumor venous
blood from each animal showed that the differences in
hematocrits
and leukocyte counts were consistent and
significant at a level of p < 0.01 for both growing and
regressing tumors.
For all tumors the number of neoplastic cells in the
efferent blood was many times higher than the number of
neoplastic cells in the arterial blood entering the tumor
(Table 3). Both in terms of number of cells per ml of efferent
blood and total number of cells lost by each tumor over a
24-hr period, the regressing tumors did not differ from their
growing counterpart. Thus, regression could not depend on
a substantial increase of neoplastic cell loss via blood. No
correlation was found between the rate of cell shedding and
either tumor size or regression time.
Attempts to evaluate the viability of neoplastic cells
isolated from the blood with our procedure have been
fruitless. The dye-exclusion
test suggested by Yip and
Auersperg (28) using glutaraldehyde fixation and Alcian
Blue yielded extremely variable results and poor quality
preparations with our cells. From the experience gained in
handling MTW9 ascites cells, we concluded that treatment
of the neoplastic cells by the dextran concentration proce

Table2
Characteristics

mm)Growingtumor8.0

Blood flow
(ml/hr/g)Tumor

Â±2.4a3.7
1,530Regressing
1.7 Â±2.72.6
tumorI
value>0.2<0.05>0.02>0.02>0.02>0.02a

920p

Mean

514

wt
aortic
(g)Hematocrit
Â±0.330.9
Â±0.331.3

of tumor blood
of

of

of
aortic blood
@b)Leukocytes
(cu mm)Leukocytes

bloodHematocrit
tumor efferent

blood
Â±1.432.5
Â±1.035.2

Â±1.314,600
Â±1.813,400

Â±1,65016,020
Â±85015,300

of
tumor efferent
blood (cu
Â±

Â±

Â± S.E.
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Table 3

Tumor cells in blood
blood
Afferent blood
hr/g)Growingtumorâ€•l,290Â±339@16,830Â±7,5903.18Â±
(no/mi)Total
(no./ml)Efferent
10'Regressing
tumorâ€•936

@

0 Seven

experiments

b Mean

Â± SE.

with

Â±2.7420,270
growing

tumors

and

cells released
(no./24
I.45x
0.23 x 10'

Â±4,9704.05
7

experiments

with

regressing

tumors.

cells being shed into the bloodstream. Even if the cell loss
were only 20%, a low figure for solid tumors, I I .8 x 10
cells is 8.3% of the loss rate. These calculations suggest that
cell loss during both growth and regression of MTW9 is
DISCUSSION
primarily the result of cell destruction or necrosis within the
tumor and is consistent with the findings that the amino acid
The principal objective of this study was a quantitation of nitrogen lost by regressing MTW9 via blood can account for
neoplastic cells shed into the efferent blood by mammary 60 to 90% of tumor protein loss during regression (1 1). The
carcinomas studied during growth or regression produced
actual rate of tumor cell shedding into blood for each g of
by hormonal deprivation of the host. The experimental
tumor tissue remains relatively constant whether the tumor
approach utilized a preparation in which blood from the is growing or regressing.
entire tumor was collected by a single vessel cannulated
The usual inoculum needed to obtain 100% takes in
without manipulation of the tumor itself; Identification of MTW9 transplantation
is 10 x 106 tumor cells. Thus, 2- to
neoplastic cells was made by immunofluorescence, because 4-g tumors pour enough cells into the host circulation to
distinction between neoplastic and mononucleated cells of transplant the tumor every 24 hr. assuming that the released
host blood by normal cytological techniques was not cells are all alive, a fact that we were unable to ascertain.4
satisfactory. Three conclusionscan be drawn from the data On the other hand, MTW9 does not metastasize over a
obtained: (a) MTW9 mammary carcinomas lost 3 to 4 growth period of several weeks. Although the kinetics of
million cells/day for each g of tissue when tumors were 2 to tumor cell clearance from blood cannot be calculated by this
4 g in size; (b) cell loss into blood did not change during
method, the total number of circulating tumor cells calcu
hormone-induced
tumor regression; and (c) neoplastic cells lated from arterial concentration represents about 3% of the
were rapidly cleared from the circulation.
hourly input or 0. 1% of the average daily output of tumor
MTW9 carcinomas of the size utilized regressed at a rate cells into efferent blood. This is consistent with the data of
of about I g/day. The average 24-hr cell loss via blood for Fidler (4), who found that only 1% of [â€˜25115-iodo-2-deoxy
whole regressing tumors was calculated as follows:
uridine-labeled B16 melanoma cells survived for 24 hr after
i.v. injection in mice.
4.05 x l0@cells
2.6 g
x
= 10.53 x 106
Several investigators have reported finding circulating
24 hr/g
tumor
tumor cells in patients with nonmetastatic cancer (16â€”18).
From our data it is obvious that the presence of large
tumor cells per 24 hr per whole tumor
numbers of tumor cells in blood is not, by itself, a sufficient
If it is assumed that I g of tumor contains approximately
condition for metastasis to occur. Descriptions of neoplastic
100 million cells, then cell loss via blood comprised about
cells found in blood of patients have been reported under a
10% of tumor weight loss. At the time the measurements
variety of circumstances (2, 3, 5, 16â€”19, 27), but we have
were made, growing MTW9 mammary carcinomas gained
been unable to find a quantitation of the actual load of
about I g in weight every 24 hr. This growth represented circulating neoplastic cells due to the presence of a tumor.
both cell proliferation and cell loss. The rate of cell loss Our data permit such a quantitation.
The unexpected
dure and hypotonic lysis inflicted such damage that the test
of cell viability was meaningless.

as a fraction of the rate of cell production in a tumor has increase in concentration
been calculated by Steel (23, 24) and others ( 1, 2 1) for a
number of tumors. Detailed cell cycle studies have not been
reported for MTW9; therefore, the cell loss factor cannot be
calculated.
However, MTW9 is similar to the 7,l2-di
methylbenz(a)anthracene-induced
mammary carcinomas of
rats, although the latter grow more slowly than does the
MTW9 tumor. Steel (24) has estimated
from kinetic

analysis that 7,12-dimethylbenz(a)anthracene carcinomas
have an 86% cell loss and hence that growth of 1 g would
require mitotic production of 710 x l0@cells while 610 x
106 cells

are

being

lost.

If these

rates

apply

to the

MTW9,

then only I 1.8 x 106 cells or 2% ofcell loss occurs by intact

of erythrocytes and leukocytes in
efferent versus afferent blood is probably due to hemocon
centration. Results of studies on this problem will be
reported later.
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