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When normal mammalian cells are 

serially cultivated they retain their nor- 
mal characteristics for a limited period; 
during this time they are termed a cell 
strain (1). Cell strains are either lost 
after a variable number of subcultiva- 
tions (2), or they spontaneously develop 
altered morphology, karyotype, and 

growth properties (which include un- 
limited capacity for multiplication) char- 
acteristic of cell lines (3, 4). The ease 
of spontaneous establishment of a cell 
line appears to be species-dependent; 
spontaneous establishment of a cell line 
from a human cell strain rarely if ever 
occurs (2), while in practically all cases 
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murine cell strains develop spontane- 
ously into cell lines within 3 months of 
culture (3, 4). When cultivated under 
conditions of extensive cell-to-cell con- 
tact, spontaneously established lines of 
mouse cells usually have, in addition to 
abnormal in vitro growth properties, in 
vivo malignant potential (4-6). We 
have reported that activated peritoneal 
macrophages from mice, unlike nor- 
mal macrophages, appear to cause in 
vitro the selective destruction of cells 
with abnormal growth properties-that 
is, tumor cells and a cell line-by a 

nonimmunologic mechanism (7-9). We 
have suggested that the activated macro- 
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have suggested that the activated macro- 

phage may have a homeostatic role in 
destroying cells that develop abnormal 
growth properties in vivo (9, 10). 

In the experiments reported here we 
used mouse fibroblasts as target cells, 
before and after spontaneous trans- 
formation, and showed an altered in 
vitro reactivity of the activated macro- 
phages to newly established lines of 
mouse fibroblasts. We report that the 
cytotoxocity of activated C3H/HeJ 
macrophages for fibroblast target cells 
appeared to be related to the acquisi- 
tion of abnormal growth properties by 
the fibroblasts, which include loss of 
contact inhibition of cell division, rath- 
er than to antigenic differences between 
the activated macrophages and target 
cells. Activated C3H/HeJ macrophages 
did not destroy allogeneic fibroblast cell 
strains that have cell surfaces of high 
immunogenic potential, but were mark- 
edly cytotoxic to both syngeneic and 
allogeneic cell lines. We propose that 
the cytotoxic effect of activated macro- 
phages for fibroblast cell lines that have 
developed under subcultivation condi- 
tions of extensive cell-to-cell contact 
may reflect a fundamental host reaction 
to abnormal cell growth. 

Primary cultures of mouse fibroblasts 
were prepared from 17- to 19-day em- 
bryos by the method of Reinhold (11). 
Cells were cultured in Eagle's minimal 
medium with Earle's salts, streptomycin 
(100 /Ag/ml), penicillin (100 unit/ml), 
and 10 percent fetal calf serum (Gibco, 
Berkeley, California). All cultures were 
maintained on a rigid transfer schedule 
in 950-ml prescription bottles, subcul- 
tures at a 1: 2 ratio being made every 
7 days. Medium was changed on day 3. 
Cells were detached for transfer by 
adding 0.25 percent trypsin to the 
monolayers and incubating for 15 
minutes at 37?C. Action of trypsin was 
stopped by adding 4 ml of medium con- 
taining serum. When spontaneous trans- 
formation to a cell line occurred, 
changes in morphology and growth 
characteristics included loss of fusiform 
shape and parallel orientation of the 
fibroblasts, cell overgrowth, increased 
saturation density, and ability to grow 
at low inoculation density. By these 
criteria, cell lines were present by sub- 
culture 16 in the case of C57BL/6J 
fibroblasts, by subculture 17 for BALB/c 
fibroblasts, and by subculture 20 for 
C3H/HeJ fibroblasts. 
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as described (8). Medium 199 (Gibco) 
with 20 percent fetal calf serum, strep- 
tomycin (100 /ug/ml), and penicillin 
(100 unit/ml) was used for incubation 
of cells in the cytotoxicity test. 

Table 1 gives results obtained when 
target cells were mouse fibroblast cell 
strains that had Deen growing for one 
to eight passages in vitro. In all cases 
activated macrophages caused little or 
no cytotoxicity to the fibroblast cell 
strains, while they were cytotoxic for 
the L cell line and mouse mammary 
adenocarcinoma cells (EMT-6 cells). 
Table 1 also shows results for the same 
mouse fibroblasts after they had spon- 
taneously transformed to cells with the 
altered morphology and growth proper- 
ties of a cell line. Activated macro- 
phages produced a marked cytopathic 
effect in the newly established fibroblast 
cell lines. The cytopathic effect was 
equal to or greater than that seen when 
L cells or EMT-6 cells were target 
cells. However, activated macrophages 
caused little or no damage to freshly 
prepared strains of fibroblasts which 
had been growing in vitro for eight pas- 
sages or less. Figure 1 shows the effect 
of normal and activated C3H/HeJ 
(H-2k) macrophages on a C57BL/6J 
(H-211) cell strain and a C57BL/6J cell 
line. 

It is not likely that the destruction of 
tumor cells and cell lines mediated by 
activated macrophages is merely a func- 
tion of prolonged growth of the target 
cells in tissue culture; activated macro- 
phages had a marked cytopathic effect 
on primary cultures of mouse sarcoma 
cells and EMT-6 cells (8). (The mouse 
L cell line used in our in vitro cytotox- 
icity studies was found to be free of 
mycoplasma contamination in the labo- 
ratory of L. Hayflick, Stanford Univer- 
sity.) 

In order to document differences in 
the in vitro growth properties of the 
cell strains and cell lines studied (Table 
1), growth at low inoculation densities 
and the cumulative increase in number 
of cells per plate were measured at the 
same point in time that the cytotoxicity 
test was performed on other cells from 
the same lines and strains. Cells from 
healthy confluent monolayers were sub- 
cultivated in 60-ml plastic petri dishes 
(Falcon Plastics, Los Angeles, Califor- 
nia) at varying dilutions and in dupli- 
cate. The medium was changed on day 
3, and the cells were grown for 3 more 
days and then detached with trypsin 
and counted. At an inoculum density of 
1 X 104 cells per plate, there was no 
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Table 1. Action of activated macrophages on mouse fibroblasts before and after spontaneous 
transformation of fibroblasts in vitro; 0, little or no target cell destruction; +, marked target 
cell destruction. Peritoneal cells (2 X 106), obtained as described (16), were pipetted onto 
sterile cover slips that had been placed in 35 by 10 ml tissue culture dishes (Falcon Plastics). 
The dishes were incubated for 2 hours at 37?C in air containing 5 percent CO2 to allow for 
adherence of cells. The cover slips were washed five times with a total of 20 ml of normal 
sterile 0.15M NaCl to remove nonadherent cells. Target cells and their preparation have been 
described (8). A suspension of target cells, 1 X 105 cells in 0.1 ml of medium, was added to 
cover slips containing the washed monolayers of adherent peritoneal cells (macrophages) 
from which medium had been removed. Additional medium was added to dishes after target 
cells were allowed to settle onto the adherent peritoneal cells for 20 minutes, and the tissue 
culture dishes containing mixed macrophages and target cells were incubated for 60 hours 
at 37?C in atmosphere containing 5 percent CO,. The cover slips were then fixed in methanol 
and stained with Giemsa stain. Purity of macrophages in control monolayers was determined 
to be greater than 99 percent by the criterion of phagocytosis of heat-killed Candida albicans. 

Source of effector cells 
[C3H/HeJ (H-2k) peritoneal macrophages] 

Target cells Chronic Treated with 
Toxoplasma complete 

gondii Freund's Control 

infection adjuvant 

Before transformation 
C3H/HeJ fibroblast strain (H-2k) 0 0 0 
BALB/c fibroblast strain (H-2d) 0 0 0 
C57BL/6J fibroblast strain (H-2b) 0 0 0 
L cell (H-2k) + + 0 
EMT-6 mammary adenocarcinoma (H-2d) + + 0 

After transformation* 
C3H/HeJ fibroblast cell line + + 0 
BALB/c fibroblast cell line + + 0 
C57BL/6J fibroblast cell line + + 0 
* No destruction was noted of freshly prepared C3H/HeJ, BALB/c, and C57BL/6J cell strains used as controls for experiments with spontaneously formed cell lines. 

net growth of any of the cell strains but from them at the strongly antigenic H-2 
all the cell lines were capable of grow- locus. In contrast, these macrophages 
ing maximally (Table 2). There was a were markedly cytotoxic for the same 
significant difference between the growth allogeneic fibroblasts (and also for syn- 
potential of cell strains and cell lines at geneic fibroblasts) after the fibroblasts 
all inoculum densities tested (up to had spontaneously developed abnormal 
1 X 106 cells per plate). Increased in growth properties that included loss of 
vitro growth potential correlated well contact inhibition of cell division. Be- 
with target cell destruction by activated cause H-2 antigens are more immuno- 
macrophages. genic than tumor-specific transplanta- 

The spontaneous conversion of fibro- tion antigens (12), this study strongly 
blasts to cells with abnormal growth suggests that a change associated with 
properties eliminates the added variable the acquisition of abnormal growth 
of an exogenous carcinogen and may be properties, rather than a change in anti- 
more representative of spontaneous de- gens, is probably responsible for the 
velopment of neoplasia in situ. Aaron- altered reactivity of the activated macro- 
son and Todaro (6) demonstrated that phage (8, 9). There is evidence that the 
spontaneous loss of contact inhibition genetic information for C-type virus 
of cell division by mouse fibroblasts in production is present in every mouse 
vitro correlates well with tumorigenicity. cell (13), and that some of the mouse 

We found that activated C3H/HeJ fibroblast cell lines that develop spon- 
macrophages did not destroy two allo- taneously in culture begin to release 
geneic fibroblast cell strains that differed C-type virus. Virus production de- 

Table 2. Cell strain and cell line growth kinetics. Results are given as the ratio of the number of cells in culture after 6 days to the number of cells inoculated (S, cell strain; L, cell line). 
Number of cells inoculated 

Cells 5 X 10 1 X 105 5X 10 1 X10 

S L S L S L S L 
L cell 20 24 7.4 5.0 EMT-6 48 29 6.2 5.1 
C3H/HeJ 0 29 1.5 23 3.6 9.0 3.6 5.9 
BALB/c 5 32 8.5 27 3.6 10.4 3.6 8.5 
C57BL/6J 7 37 6.5 22 3.7 11.5 3.2 7.5 
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veloped only in cells that had lost 
normal control of growth (14). It is pos- 
sible that in our experiments the acti- 
vated macrophage is reacting to C-type 
virus. This explanation for the reactivity 
of activated macrophages against 
mouse cell lines is probably insufficient, 
because the spontaneous development 
by cells of abnormal growth properties 
in vitro is not always associated with 
the release of C-type virus (14). 

We showed earlier that mice having 
a population of activated macrophages 
with increased in vitro cytotoxic capabil- 
ity (8, 9) also have increased resistance 
to autochthonous and transplanted 
tumors (7, 10, 12, 15). These results, 
coupled to those reported here for the 
in vitro system, provide further evidence 
that the activated macrophage may have 
a role in the control of newly emergent 
cells with abnormal growth properties 
in vivo (8, 9). 
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paleoenvironmental conditions. 

Fourier analysis quantifies shape dif- 
ferences among zooecial chambers of 
fossil bryozoans. Genetics, growth, 
orientation, and packing control shape 
components. The sixth harmonic re- 
flects packing and gross colony form; 
the second reflects orientation and, in 
ramose forms, ontogeny. Distance from 
a monticular center controls the fourth, 
fifth, and sixth harmonics. The other 
harmonics vary little within a colony, 
but widely among evolving taxa. 

Ehrlich and Weinberg (1) have 
shown that two-dimensional closed 

shapes can be characterized to any 
desired degree of precision by using 
the harmonic coefficients of the Fourier 
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series as shape descriptors (2). Younker 

(3) and Kaesler and Waters (4) have 
demonstrated the utility of Fourier 
harmonics in the study of ostracode 

carapaces. Each harmonic makes an in- 

dependent contribution to the total 

shape: The first describes the contribu- 
tion of an offset circle, the second of a 

figure eight, the third of a trefoil, and 
the fourth of a quatrefoil. The nth 
harmonic describes the contribution 
made to a given shape by a "clover" 
with n leaves. All equilateral polygons 
with n sides yield a high amplitude in 
the nth harmonic and in higher 
harmonics that are multiples of n. 

Harmonic spectra from tangential 
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Harmonic spectra from tangential 

sections of a large hemispherical colony 
of A mplexopora filiasa (Fig. 1) show 
considerable shape variation among 
genetically identical zooids (5). The 
chambers fall into three shape fami- 
lies: monticular zooecia (megazooecia), 
zooecia in the aureole surrounding each 
monticule (6), and zooecia of the inter- 
monticular areas. Megazooecia are gen- 
erally quadrate, and so have a high 
fourth harmonic. Zooecia in the mon- 
ticular aureole are generally pentagonal, 
displaying a high fifth harmonic. Inter- 
monticular zooecia, however, most 
commonly hexagonal, have a high 
sixth harmonic (Fig. 2A). The second 
harmonic also varies within a colony. 
Megazooecia and aureole zooecia are 
both more elongate than intermonticu- 
lar zooecia, and so have higher second 
harmonics. Their elongation results 
from the elevation of the monticule 
above the colony surface, forming a 
wartlike protuberance in which the 
tubes are inclined to the colony sur- 
face and therefore appear elongate in 
section. The second harmonic measures 
the deviation from the perpendicular. 
In variously oriented cross sections of 
the same zooecial prism, only the sec- 
ond harmonic changes; the others re- 
main constant. 

When most densely packed, circular 
cylinders pressed together will become 
hexagonal prisms (7), and their ampli- 
tude spectra will display prominent 
sixth harmonics. Intracolonial spectra 
(Fig. 2A) suggest that packing is lowest 
in the monticules and increases toward 
the intermonticular regions; the spectra 
show a radial packing gradient corre- 
sponding to a decrease in zooecial 
diameter. This gradient, and the space- 
filling structures (denser wall material 
and "mesopores") in the monticular 
centers (Fig. 1), suggest that monticules 
represent the budding centers of the 
colony, and that the packing gradient 
indicates successive stages of zooecial 
ontogeny. As the cylinders extend 
themselves distally, new zooids are 
budded interstitially in the monticules. 
As more zooids are budded, they are 

pushed away from the monticule into 
the monticular aureole, and finally into 
the densely packed intermonticular 
area. In ontogeny, the zooids decrease 
in size, change orientation, and de- 

velop additional sides until their cross 
sections ultimately become equilateral 
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The mean harmonics of different 
colonies illustrate the variation among 
different taxa and growth forms (Fig. 
2B). The amplitude spectra of three 
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Genetic Meaning of Zooecial Chamber Shapes in 

Fossil Bryozoans: Fourier Analysis 

Abstract. Fourier harmonic amplitudes quantitatively characterize chamber 

shapes of fossil tubular bryozoans. The odd-numbered harmonics, particularly the 

seventh, carry evolutionary information. The phenotypically plastic second and 
sixth harmonics measure zooecial orientation and packing, respectively. As a 
mneasure of crowding, the sixth harimonic reflects mechanistic growth response to 
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