ent and nonadherent populations of cells
for synthesis of spectrin and other eryth-
rocyte-specific membrane proteins and
for decreases in cell volume and conden-
sation of nuclei to see which is correlated
with the loss of fibronectin adhesion. It is
possible that the appearance of band III
protein is itself responsible for the loss of
adhesiveness of the differentiated MEL
cells. It will also be important to deter-
mine whether this phenomenon involves
a decrease in the number of fibronectin
binding sites on the surface of the differ-
entiated MEL cells.

The relevance of our findings to eryth-
ropoiesis in bone marrow remains to be
established. However, we note that fi-
bronectin is found in close association
with hematopoietic colonies in explant
cultures of developing bone marrow (15).
Bone marrow is also bathed by plasma,
which contains the soluble form of fibro-
nectin. It is known that fibronectin pro-
motes cell attachment only when this
glycoprotein is adsorbed as part of the
substrate (16). The fibronectin matrix in
bone marrow may anchor differentiating
erythroid cells, preventing their prema-
ture release into the circulation. If this is
true, loss or modification of fibronectin
binding sites on the surface of the end-
stage cells could underlie their release
into the circulation.

VIKrRAM P. PATEL
HARVEY F. LopisH
Department of Biology,
Massachusetts Institute of
Technology, Cambridge 02139
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Dynamic Heterogeneity: Rapid Generation of Metastatic

Variants in Mouse B16 Melanoma Cells

Abstract. The ability of clonally derived lines of BI6F1 and BI6F10 melanoma
cells to form experimental metastases in C57BL mice after intravenous injection was
examined. Luria-Delbruck fluctuation analysis was applied to the results obtained
with parallel subclones grown to small population sizes before testing for metastatic
ability. The analysis demonstrated that variant cells capable of forming experimen-
tal metastases. were generated in BI6F1 cell populations at an effective rate of about
1.3 X 1073 per cell per generation while in BI6F10 cell populations the effective rate
of production was about 5 X 107> per cell per generation. These results are
consistent with a dynamic heterogeneity model of tumor progression. They suggest
that the majority of cells in both lines are effectively nonmetastatic and that the
higher metastatic ability of the BI6F10 population may be due in part to a higher rate

of generation of metastatic variants.

The concept that generation of diversi-
ty in a tumor cell population leads to
tumor heterogeneity and malignant pro-
gression has gained wide acceptance (I,
2). However, the rates at which aspects
of this progression occur have been mea-
sured in only a few systems (3). We
recently analyzed clonal isolates of
mouse KHT fibrosarcoma cells grown to
small, defined population sizes (4). Most
of the cells were effectively nonmetastat-
ic (as defined by lung tumor formation
after intravenous injection of KHT
cells), and metastatic variants were gen-
erated spontaneously at unexpectedly
high rates. Furthermore, such variants
apparently were lost at even higher rates
when the cells were grown in vitro or in
vivo (5). These findings indicate that one
feature of metastatic disease is a rapid
turnover of metastatic variants and that
the frequency of such variants in the
population is determined by the effective
rates of their generation and loss. This
concept has been termed the dynamic
heterogeneity model of tumor progres-
sion (4). In this study we examined
whether such a model, which had been

studied only in KHT fibrosarcoma cells,
is also applicable to the widely studied
murine B16 melanoma tumor. Specifical-
ly, we measured the rates of generation
of metastatic variants in the relatively
poorly metastatic B16F1 line and the
more highly metastatic BI6F10 line iso-
lated by Fidler (6).

The rate of generation of metastatic
variants was measured by growing clonal
isolates to defined cell numbers before
analysis. When variants are generated
stochastically during the growth of a
clone, a critical population size needs to
be attained before there is a significant
probability that variants will occur in
that population. The critical population
size is related to the rate of variant
generation, as illustrated by the analysis
of drug-resistant variants by Goldie and
Coldman (7). For measurement of rapid
rates the ability to monitor and grow
cells to a predetermined small population
size is crucial; thus we used an in situ
monitoring procedure to identify clones
grown to appropriate sizes for analysis
(Fig. 1).

If the generation of metastatic variants
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in the B16 melanoma system is similar to
that previously determined for KHT
cells, then clones grown to approximate-
ly 10° cells would have just reached the
critical size and a significant number of
clones would contain no detectable
metastatic variants. On the other hand,
clones grown for six to seven more gen-
erations (to 107 cells) would be well past
the critical size and all or almost all the
clones would contain at least some meta-
static variants. The results of an experi-
ment to test this prediction are shown in
Fig. 2. When clones derived from B16F1
cells were grown to a population of
5 % 10° cells, five-ninths of them con-
tained no detectable metastatic variants
as determined by the experimental me-
tastasis assay, and the clones that did
contain metastatic variants produced
only a few lung tumors per mouse. When
clones were grown to 107 cells, all con-
tained metastatic variants. Further-
more, a wide range was observed among
the clones, with some producing a medi-
an of nearly 100 lung tumors per mouse.
These results are consistent with the
dynamic heterogeneity model and indi-
cate that most clonable B16F1 cells ex-
press a nonmetastatic phenotype and
that metastatic variants are generated at
a relatively high rate during clonal ex-
pansion.

A series of cloning experiments similar
to the one described above was per-
formed with B16F1 and BI16F10 cells.
The generation rates of variant cells ca-
pable of forming experimental metastas-
es were calculated by using Luria-Del-
bruck fluctuation analysis, as described
earlier (4) for KHT fibrosarcoma cell
lines (Table 1). In the B16F1 line the rate
at which effective metastatic variant
cells were generated was approximately
1 x 1073 per cell per generation, while in
the B16F10 line the rate was about four
times higher (P < 0.01). To confirm the
higher generation rate of metastatic vari-
ant cells in line B16F10, we grew clonal
isolates of B16F10 cells close to the
critical population size predicted by the
higher rate to determine whether a signif-
icant number of clones without metastat-
ic variant cells would be observed (ex-
periment 11 in Table 1). The clonal iso-
lates were grown to a population size of
only 5 X 10* cells, and essentially all the
cells from each clone were injected into a
single mouse. In this experiment no met-
astatic variants were observed in more
than 20 percent of the clones, yielding an
effective rate of variant production of
7.3 x 107°. A similar experiment with
B16F1 cells (experiment 6 in Table 1)
yielded a rate about three times lower,
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consistent with the other studies. These
results support the hypothesis that most
of the cells in line B16F10 are effectively
nonmetastatic and that the higher meta-
static ability of line B16F10 than B16F1
may be due in part to a higher rate of
generation of metastatic variant cells.
The high generation rates of metastatic
variants measured in this and previous

studies (4, 8) may cast light on the mech-
anism responsible for such rapid
changes. Their spontaneous nature
raises the possibility of a genetic origin.
Genetic changes with generation and
loss rates as rapid as those described
here were recently demonstrated in
markers associated with gene amplifica-
tion (9). It may be sjignificant that the

Fig. 1. Relation between the
mean number of cells per mi-
croscope field and the number
of cells recovered by trypsini-
zation for cells growing in Lin-
bro tissue culture clusters.
B16F1 or B16F10 cells were
seeded at different concentra-
tions in six or 24-well Linbro
clusters in o~minimum essen-
tial medium («-MEM) plus 10

percent fetal calf serum (a-
MEM-S) and incubated for 3
to 6 hours. When the cells had
attached, the number of cells
in the monolayers was esti-
mated by counting the cells in.
three microscope fields (x320)
chosen at random. Cells in the
individual wells were then
trypsinized to prepare a sus-
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pension and suspensions from
the individual wells were
counted with a Coulter

counter. The number of cells recovered by trypsinization was not significantly different from
the number originally seeded. The means of the individual cell counts in the microscope fields
are shown by squares (B16F10) or circles (B16F1). The results of a similar experiment done 3 to
4 months earlier with B16F1 cells are shown by triangles. The individual wells have
approximate surface areas of 200 mm? (24-well cluster) and 900 mm? (six-well cluster). By
growing cells in containers with different cell surface areas, it was possible to obtain clonal
populations with different cell numbers and yet a relatively constant final cell densnty, which
avoids potential variations that may be dependent on cell density (17).

Fig. 2. Number of
lung metastases ob-
served in mice inject-
ed with different
clones of B16F1 cells.
Cells were cloned by
limiting dilution into
24-well Linbro tissue
culture clusters in «-
MEM-S. A well con-
taining a single clone
was identified, and
when the clone
reached approximate-
ly 10% cells it was
trypsinized and the
process of cloning by 0
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limiting dilution was
repeated with the sus-
pension obtained.
Wells containing indi-
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vidual colonies were again identified, and after a number of days the colonies were trypsinized
to allow transfer of the cells to six-well Linbro tissne culture clusters or to a T75 flask.- The
clones were then allowed to grow until they reached a total population of approximately 5 x 10°
cells (Linbro wells) or approximately 107 cells (T75 ﬂasks) The cells were then trypsinized,
resuspended in «-MEM-S, and injected into groups of C$7BL mice (5 x 10* cells per mouse)
For clones grown to approximately 5 x-10° cells the cell number was estimated by using the
results shown in Fig. | so that essentially all the cells could be injected into mice. After 21 days
the mice were killed and examined for metastases, Open circles show the number of Tung
metastases observed in the individual mice injected with cells from the different clones. Closed

circles show the median mouse for each clone.
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appearance of double-minute chromo-
somes, a feature associated with unsta-
ble gene amplification (/0), is commonly
observed in progressed human tumor
cells (I11). Moreover, the concept that
amplification of certain genes or over-
production of certain gene products is
closely associated with malignancy has
gained wide support (12).

Several general models of the meta-
static process have been reviewed by
Weiss (/3). They are the random survival
model, the (stable) preexisting metastat-
ic phenotype model, the site-induced
modulation model, and the transient
metastatic compartment model. The re-
sults presented here provide data that
can be used to test the validity of these
and other models. Superficially, our re-
sults are most compatible with the pre-
dictions of the transient metastatic com-
partment model. However, this model is
general and is not genetic in its original
concept. The dynamic heterogeneity
model we propose on the basis of our
quantitative analyses suggests that a ge-
netic mechanism is involved in the gen-
eration of metastatic variants.

Considerable efforts have been made
to isolate variant cell lines with increased
metastatic ability so that cellular and
biochemical changes responsible for the
metastatic phenotypes can be more

clearly defined (2, 14). Such efforts have
largely proved disappointing, since in
many cases the metastatic lines were
unstable, losing their phenotype within a
short time (2). In other cases a relatively
stable population difference in metastatic
ability has been observed, as with lines
B16F1 and B16F10, but identification of
relevant cellular and biochemical differ-
ences has remained elusive (/4). The
present findings provide a consistent ex-
planation for these observations by es-
tablishing the following points:

1) In lines B16F1 and B16F10 most of
the cells are similar, being effectively
nonmetastatic.

2) Metastatic variant cells are generat-
ed at high rates.

3) The effective frequencies of meta-
static variants in many established popu-
lations are low, being on the order of
1072 to 107* (4, 6, 15). Because the
frequency is dependent on a ratio of the
rates of generation and loss, the meta-
static variant cells must be lost at rates
higher than the generation rates (5).

4) The difference in metastatic ability
between lines B16F1 and B16F10 may
result at least in part from an increased
effective rate of generation of metastatic
variant cells in line B16F10.

Points 1 and 3 suggest that biochemi-
cal and cellular differences associated

Table 1. Summary of rate analysis. Clones were obtained by using the procedure outlined in the
figure legends. Cell numbers were estimated from microscope counts except in experiments 1,
2, 7, 8, and 12, in which clones were transferred to and grown in T75 flasks and cell
concentration was determined with a Coulter counter. The number of parallel clones and the
final number of cells are recorded for each experiment. Parallel clones were injected
intravenously in seven to eight mice in all experiments except 6 and 11, in which one mouse per
clone was assessed. The number of cells injected per mouse was 5 X 10* in experiments 1 to 5
and 8 to 10 and 3 x 10*in experiments 6, 7, 11, and 12. In all experiments except 2 and 5, clones
were obtained from mass cultures of BI6F1 or B16F10 cells. In experiments 2 and 5, clones
were obtained from a subclone of B16F1 that had grown to approximately 10> cells.

Experi- " Nt MIN§ I
ment ¢ Pot (x1075) (x10% (X10%)
Line BI6FI
1 9 0 200 1.5 1.2
2 i1 0 100 3 2.2
3 9 0 5 0.4 0.6
4 8 0 5 0.96 13
5 9 0.56 5 0.04 0.1 0.1)
6 51 0.33 0.5 22 2.8(2.2)
7 6 0 200 0.4 0.38
Line BI6FI10

8 9 0 200 7.4 5

9 9 0 5 42 4.4
10 7 0 5 2.8 32
1 48 0.21 0.5 6.7 733.0)
12 6 0 200 8. 6

*C is the number of parallel clones. 1Py is the fraction of parallel clones with no observed lung colonies.
In experiment 12, 42 of 42 mice had >1 lung tumor. With this result the hypothesis that the P, observed in
experiment 11 arose by chance was rejected (P < 0.001, x? test). FN is the number of cells to which each
clone was grown, §M/N is the observed mean frequency of lung tumors per cell. | The effective rate of
formation of lung tumors, ., was calculated with . In(3.46u.NC) — (M/N) In 2 = 0. In experiments 5, 6, and
11 the Poisson method was also used to calculate u [= —(In Py)/N], as shown in brackets. The effective rates
observed for line B16F1 are significantly lower than the effective rates observed for line BI6F10 (P < 0.01,
Mann-Whitney U-test or Student’s t-test for the difference between the means). The calculation of effective
rate assumes that the metastatic variant cells are 100 percent efficient in forming lung metastases (4). It is not
possible to measure this efficiency directly, but if it is less than 100 percent then the actual rate of variant
production is correspondingly higher.
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with metastatic ability have been difficult
to detect between lines B16F1 and
B16F10 because most of the cells are
similar. Points 2 and 3 provide an expla-
nation for the apparent instability of
many metastatic lines, since the meta-
static ability of such lines may be deter-
mined by rapid turnover of a subpopula-
tion of metastatic variant cells. It seems
possible that the size of this subpopula-
tion can vary dramatically depending on
different factors. In this context, the
observation that clonal interactions and
cell morphology (2, 16) affect the expres-
sion of the metastatic phenotype in B16
melanoma cells deserves further investi-
gation. Point 4 explains how certain
lines, such as B16F10, maintain in-
creased metastatic ability despite their
heterogeneous nature. This phenomenon
seems to result from an increased effec-
tive rate of generation of metastatic vari-
ant cells. Thus, it appears that the dy-
namic heterogeneity model proposed for
KHT fibrosarcoma cells (4) applies to
the B16 melanoma system and that it
may provide a basis for further investiga-
tion of the metastatic process.
R. P. HiLL
A. F. CHAMBERs*
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Ontario Cancer Institute and
Department of Medical Biophysics,
University of Toronto,
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The Respiratory Sinus Arrhythmia: A Measure of Cardiac Age

Abstract. A method developed for quantifying respiratory sinus arrhythmia (RSA)
during voluntary cardiorespiratory synchronization relies on computer-assisted
rhythmometric cosinor analysis of instantaneous heart rate data. The RSA was
present in all subjects tested, 2ven those at advanced ages. The amplitude of the
RSA falls approximately 10 percent per decade. An individual with a transplanted
heart and one with severe diabetic neuropathy each had resting RSA values that
were normal for their ages. The shape and amplitude of the RSA during voluntary
cardiorespiratory synchronization may reflect the suppleness of the heart and its
response to rhythmically changing intrathoracic pressure and the subsequent ebb-
and-flow of venous return. Our technology allows objective quantitative assessment
of the biologic age of the heart and also the effect of any drug, disease, or behavior

that affects the RSA.

In 1733, Hales observed that changes
in blood pressure and pulse were related
in a regular manner to the respiratory
pattern in the horse (/). In 1846, Lud-
wig’s invention of the kymograph al-
lowed his observation of the regular
quickening of pulse with inspiration and
slowing with expiration in the dog (2).
Medical students have been taught for
more than a century that this regular
irregularity of heart beat disappears with
advancing age (3). Since few biologic
phenomena disappear abruptly, it
seemed to us that the inexactitude of
clinical methods for detecting the respi-
ratory sinus arrhythmia (RSA) might be
responsible for its apparent disappear-
ance. Furthermore, any cardiovascular
physiologic end point that changes pre-
dictably with advancing age is of poten-
tial major interest.

Quantitative statistical analysis of this
phenomenon has been made possible by
two discoveries. In 1963, a voluntary
coupling system that allows the subject
to couple breathing pattern to heart rate
(4-6) was developed. The coordination
of pulse and breathing allows straightfor-
ward analysis of resultant instantaneous
heart rate data. Since prior statistical
evaluations of the RSA have relied upon
the assessment of heart rate variance in
the unsynchronized state, only very
gross, usually pharmacologically in-
duced, differences have been perceptible
(7, 8). In 1972, development of the single
cosinor method of analysis made accu-
rate quantification and statistical analy-
sis of rhythmic biological functions prac-
tical (9). Spectral analysis of heart rate
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periodicity and the variance of periods
within a window encompassing the respi-
ratory frequency has been the most
widely used alternative methodology
(10, 11).

Modern microcomputer technology
has allowed us to investigate the repro-
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DISPLAYS BREATHING
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ducibility of this physiologic parameter
and to quantify the effect of advancing
age. We studied a group of 25 healthy
subjects, ranging in age from 20 to 82,
who visited the cancer detection clinic
for routine screening examination. We
also investigated RSA mechanisms in
patients selected because of their unique
cardiovascular anatomy or disease state.

The principal features of this system
include a pulse sensor; a current dis-
criminator and clock to count and time
successive electrical impulses generated
by the pulse transducer that correspond
to sensed heartbeats and determine an
instantaneous heart rate; and driver cir-
cuits to relay the desired ratio pattern of
visual and auditory signals displayed
through a cathode ray tube that advise
the subject to inhale and exhale for each
of the preselected number of heartbeats.
This system is closed when the subject
voluntarily breathes according to the
transmitted instructions. The subject’s
ability to follow visual signals is quanti-
tatively verified by a mouthpiece-mount-
ed thermistor which detects breathing
(Fig. 1).

All data in this report were obtained
using the ratio of two beats for inspira-
tion followed by three beats for expira-
tion, but any desired ratio may be stud-
ied in this way. The beat-to-beat interval
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Fig. 1. The necessary components and basic function of the Sine-o-graph pulse monitor,
including a pulse sensor to count beats and determine instantaneous heart rate, a respiration
sensor for discrimination of inhalation and exhalation and sorting with pulse, interactive
software and display of inhale and exhale signals, a statistical package, and a unit for hard copy

output.
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