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Introduction 

The term "primitive motility," which is part of the title of this 
Symposium, may be understood to cover two subjects: (1) primitive mech-
anisms of motility and (2) motility of primitive organisms. This article 
deals with some aspects of the second subject and is concerned with the 
motile system of fibroblasts. 

T o summarize some facts known from earlier experiments: fibroblasts 
and other nonmuscular cells (Hoffmann-Berling, 1954a), thrombocytes 
(Bettex-Galland and Lüscher, 1961), amebae (Hoffmann-Berling, 1956), 
and probably slime mold plasmodia (Nakajima, 1960) make use of the 
same general mechanochemical principle involved in muscular contrac-
tion for the purpose of generating movement. Evidence in support of this 
view has been gathered by applying the techniques of muscle physiology 
to nonmuscular objects. This includes: (1) extracting the cellular con-
tractile proteins and comparing their reactions to those of actomyosin, 
isolated from muscle; and (2) cytolyzing the cells without further disin-
tegrating the contractile structures. A subtle means of doing this is to 
immerse the cells into cold glycerol. The contractile structures remain 
insoluble; after removing the glycerol their reactions may be compared 
to those of glycerinated muscle fibers or myofibrils. 

Both lines of investigation have rendered corroborating results: 
1. Superprecipitation, dephosphorylation of adenosine triphosphate 

(ATP), solubility reactions, and viscosity changes, i.e., the reactions 
evoked by ATP and characteristic of muscular actomyosin, are exhibited 
by cellular contractile proteins as well. Deviations are quantitative and 
may be explained by a lower specific rate of ATP-splitting of the non-
muscular contractile proteins (Table I) (Bettex-Galland and Lüscher, 
1961; Hoffmann-Berling, 1956; Nakajima, 1960). 

2. Whole cells or cell layers, which by the glycerination procedure 
have been depleted of their endogenous A T P and have been rendered 
permeable to ATP added from outside, shorten or develop tension if 
immersed into an ATP-containing bath. On a unit cross sectional area 
basis, the tensile strength exhibited by a contracting fibroblast amount? 
to one-hundredth that of skeletal muscle (Hoffmann-Berling, 1956). The 
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difference is due to the different concentrations of contractile protein; 
that in a fibroblast, is 100 times less than that in muscle (Table I). 

The physical nature of muscular actomyosin as a complex protein is 
prerequisite to its functioning in muscular contraction and relaxation. 
Evidence that contractile proteins of cellular origin contain an actin-like 
and a myosin-like component is indirect and has been derived mainly 
from viscosity measurements. In only one case has the complex nature 
of a cellular contractile protein been established by separating the com-

T A B L E I 
CONTRACTILITY AND CONTRACTILE PROTEINS OF MUSCLE AND NONMUSCULAR CELLS 

Contractile Active ATPase Shortening 
protein tension activity velocity 

Starting (% fresh (kg/cm2, ( p i M P m g N - i (% standard 
material weight) 20 °C) m i n - i , 2 0 ° C ) length, 20°C) 

Skeletal muscle 12 5 2.4 200 
Smooth muscle 2.5 0.3 0.075 12 
Fibroblasts, 

sarcoma cells 0.2« 0.02« 0.015« 0.2?> 
Thrombocytes — 0.028d — 
Slime mold 

plasmodia — — O.le — 

a Hoffmann-Berling (1956). 
ö Hoffmann-Berling (1954a). 

c Bettex-Galland and Liischer (1962). 
d Bettex-Galland and Liischer (1961). 

ο Nakajima (1960). 

ponents. The contractile protein of human thrombocytes on fractional 
extraction gives rise to two kinds of proteins, which re-establish the ex-
tremely high viscosity of the native complex and the type of viscosity 
reactions characteristic of actomyosin, if the thrombocyte components 
are either recombined or if each of them is allowed to react with its 
complementary component, taken from muscle (Bettex-Galland et al., 
1962). Contractile proteins, cross-reacting in one of the highly specific 
chemomechanical reactions of contractile proteins, cannot be entirely 
different in their molecular organization. Taking all the facts into con-
sideration, there is little doubt that the principle of ATP-induced con-
traction is an elementary, evolutionary acquisition and is not restricted 
to the highly specialized muscle cell. 

Relaxation in Muscle and in Other Cells 

Muscle and other biological systems deliver mechanical work by al-
ternating between activity and rest. A contracted muscle relaxes; a fibro-
blast cell, rounded up in mitosis, returns to its former expanded state. 
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T h e indentity of the contractile mechanisms seems to be well established. 
Is relaxation too—as a process, which originates from inhibition of con-
traction—common to both muscle and nonmuscular cells? The problem 
may be posed more precisely: If in muscle and in other cells contraction 
results from a reaction of the contractile structures with ATP, and if in 
the living object both components, ATP and the contractile protein, are 
in close contact, how do muscle and cells avoid a permanent contraction 
and to what an extent is the inhibitory reaction identical in muscles and 
in other cells? 

The first contribution, bearing on this problem, was made by Marsh 
(1952). He found that muscle homogenates contain an extractable agent 
which hinders contraction, if added in vitro to a system of washed myo-
fibrils and ATP. According to recent investigation the outstanding proper-
ties of the agent are: 

1. It is particulate and can be sedimented out of homogenates by 
high-speed centrifugation (Portzehl, 1957). The particles, which have 
been termed "relaxing grana" probably are the désintégration products 
of the sarcoplasmic reticulum, which is known to penetrate from the 
outer muscle membrane into the interior of the fibers (Weber, 1960). 

2. The grana are not relaxing agents per se. They become so by a 
reaction with ATP and magnesium ions (Hasselbach and Weber, 1954). 
The mechanism of the process which ultimately impedes contraction, is 
a matter of controversy (Briggs and Fuchs, 1960; Weber, 1959), and will 
be discussed here only as far as it has some bearing on the experimental 
behavior of the nonmuscular objects. 

3. If calcium ions in excess of 1 0 - 6 mole/liter are added, relaxation 
ends and contraction starts, despite the presence of active grana. Addition 
of calcium is a convenient means of demonstrating that the contractile 
apparatus under the conditions of physiological relaxation is kept func-
tional. 

We first consider the action of relaxing grana, isolated from skeletal 
muscle and applied to glycerinated fibroblast cells. The cells derived 
either from chicken sclera or from chicken skeletal muscle, had been 
cultivated in vitro. From Fig. 1 it may be seen that 0.5 mg grana pro-
tein/ml are sufficient to reduce the shortening of the extracted cells to 
an insignificant amount. There is full contraction, however, if the experi-
mental system containing cells, Mg-ATP, and grana is treated with 1 0 - 4 

mole/liter of calcium (Kinoshita et al., 1963). 
The inhibitory action, which muscular grana exert on nonmuscular 

cells, could be a reaction having no physiological significance. However, 
if the experimental situation corresponds to the reactions in vivo, fibro-
blast cells on homogenization should release relaxing grana with an 
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activity similar to that of muscle grana. In the experiments cited in 
Fig. 2, grana isolated from sclera fibroblast tissue cultures had been 
applied to glycerinated cells. Comparison with the curves of Fig. 1 
shows that, on the basis of their protein content, the cellular grana 
nearly equaled the efficiency of the muscle grana. The cellular grana 
too are rendered ineffective and the cells contract if calcium ions are 
introduced into the experimental solution (Kinoshita et al., 1963). 

100 

0 1 2 3 
mg grana protein/ml 

FIG. 1. Inhibition of cellular contraction by grana isolated from rabbit skeletal 
muscle. Fibroblast cultures, derived from chicken skeletal muscle and stored in glyc-
erol for 69 days, were incubated 30 min at 30°C in a solution, which contained (in 
moles per liter): KCl 0.08; histidine buffer (pH 7.2), 0.02; MgCl^, 0.005; potassium 
oxalate, 0.005; ATP, 0.005; and the grana concentrations indicated. Each point of 
the curves is derived from 15 to 20 cells and gives the change of the main cellular 
diameter in per cent of the original value. Small, filled-in circles—without calcium 
ions added; open circles with dotted centers—with 10 — 4 mole/liter CaCl 0 added 
before incubation. 

I 2 3 
mg grana protein/ml 

FIG. 2. Inhibition of cellular contraction by grana, isolated from sclera fibroblasts 
cultivated in vitro. The test cells were derived from chicken skeletal muscle, cultivated 
in vitro and were stored in glycerol for 4 days. The other conditions are the same as 
in Fig. 1. Small, filled-in circles—without calcium ions; open circles with dotted 
centers—with 10—4 mole/liter calcium ions. 
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It should be pointed out, that unfractionated suspensions of the 
grana have only a limited effect. Muscle grana in a state of partial 
purity, which, however, possess full activity on muscle preparations, im-
pede cellular contraction only in a narrow range of grana concentration 
(Fig. 3). Relaxation has turned out to be hindered by contaminating 
particles, which probably derive from the muscle or sclera cell nuclei, 
and which are retained in the grana preparations. Since the interfering 
particles sediment faster than the relaxing grana themselves, the sus-
pensions can be cleared from contamination by sucrose density-gradient 
centrifugation. The mode of action of the interfering particles is not 
known; enzymatic analysis indicates that the particles do not impede 

0 1.0 2.0 
mg grana protein/ml 

FIG. 3. Inhibition of cellular contraction by unfractionated suspensions of skeletal 
muscle grana. Conditions are the same as in Fig. 1. 

relaxation by producing adenosine diphosphate (ADP) from ATP. This 
mode of action had been considered, since high concentrations of ADP 
are known to interfere with the activity of the relaxing grana (Makinose 
and Hasselbach, unpublished data). The interfering particles are men-
tioned here because they have precluded cellular relaxation in many of 
the starting experiments. 

Means of Observing the Process of Relaxation 

In muscle the process of relaxation may be followed in more than 
one way: either by recording mechanical activity or by measuring the 
rate of ATP dephosphorylation. Both reactions are intimately linked, 
and the relaxing grana will retard or impede both. In glycerinated non-
muscular cells the contractile dephosphorylation of ATP cannot be esti-
mated since the concentration of the contractile structures and their en-
zymatic activity are extremely low and obscured by ATPases of other 
chemical nature. T o obtain clearer indication that the mechanisms of 
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granar action in muscle and cells correspond, one should compare closely 
muscular and cellular relaxation and the conditions on which they de-
pend. One means of doing this is by applying poisons that are known 
to block granar activity. As an example, I will confine myself to the 
experiments with mersalyl,1 an organic mercury compound which has 
turned out to be an extremely valuable tool. 

Relaxing grana pretreated with mersalyl and applied to myofibrils 
prove to be inactive. The procedure of inactivation may be modified by 
incubating the grana first with ATP and adding the mersalyl later. The 
results of the two procedures are different: Whereas in the first case the 

Preatreatment with Mersalyl of 
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FIG. 4. Inactivation of the isolated relaxing grana (A) and of the relaxing system, 

retained in glycerinated cells ( B ) , by mersalyl. (A) Grana derived from skeletal muscle 
(1,3) or from sclera fibroblast cultures (2,4) were incubated 5 min with 2 χ 10—4 
moles/liter mersalyl in an ice bath. Five minutes later the suspension was made 10 —

2 

M in cysteine. Preincubation was performed either in the absence (1,2) or in the 
presence of A T P (3,4). Granar activity was tested afterward on sclera fibroblasts as 
described in Fig. 1. ( B ) Whole glycerinated fibroblast cells were pretreated with mer-
salyl and cysteine either in an ATP-free or in an ATP-containing solution as de-
scribed under A. After pretreatment the cells were incubated in a suspension of ATP 
and skeletal muscle grana and the shortening of the cells was recorded as in Fig. 1. 

grana are irreversibly deprived of any functional activity and stay in-
effective even if mersalyl is subsequently complexed with cysteine, in 
the second case ATP exerts a protecting effect—the granar function can 
be restored by adding cysteine (Hasselbach and Makinose, 1963). The 
effect of ATP may be compared to the protecting action that some sub-
strates exert on the corresponding enzymes. 

If grana pretreated in one or the other way are applied to cells, the 
results completely parallel those obtained with muscle. There is full 
relaxation of the cells when the preliminary steps of deactivating and 

1 Salicyl-(Y-hydroxymercuri-ß-methoxypropyl-)amidoorthoacetate. 
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reactivating the grana have been performed in an ATP-containing solu-
tion; if ATP was absent during the poisoning procedure cysteine failed 
to restore and the cells contracted. These effects hold, regardless of 
whether the grana have been derived from skeletal muscle or from 
tissue culture cells (Fig. 4) (Kinoshita et al., 1963). 

Since there is no reasonable explanation for the protecting action of 
ATP, the effects do not contribute to a better understanding of the 
mechanism of granar function. However, the phenomena may be taken 
as further evidence that the mechanism of granar action on cells inti-
mately corresponds to their action on muscle. 

Conclusion 

Muscle fibers or glycerinated cells are rather dense objects, into which 
relaxing grana, whose diameter is about 100 ιημ, could hardly penetrate. 
The inhibitory effect of grana, which are kept outside, must be of an 
indirect nature. Two kinds of mechanisms have been considered: relax-
ation may result because some activating agent, perhaps calcium ions, 
indispensable for contraction, are withdrawn from the fibers and stored 
in the grana (Ebashi and Lipmann, 1962; Hasselbach and Makinose, 
1961), or because the grana release some agent, which penetrates into the 
fibers and interferes with contraction (Briggs and Fuchs, 1960; Parker 
and Gergely, 1960). Muscle physiologists are inclined to believe, that 
both processes—the withdrawal of calcium ions and the release of a re-
laxing substance of low molecular weight—play a role. Anyhow, the 
inhibitory influence, which originates in the grana, can penetrate only 
short distances into the contractile structures. Full contractile inhibi-
tion is achieved only if the muscle fibers have been disintegrated and 
evenly dispersed as a suspension of myofibrils (Hasselbach and Makinose, 
1963). 

Contradiction to this statement seems to come from the well-known 
fact that relaxing grana will effectively interfere with the contraction 
of whole glycerinated fibers, i.e., of objects of 50-100 times the diameter 
of a myofibril. However, relaxation of such large objects results from 
an indirect effect. The grana (probably by releasing a cofactor, Briggs 
and Fuchs, 1960; Parker and Gergely, 1960) seem to restore functional 
activity to the fibers' own relaxing system, which have been rendered 
ineffective by the glycerination procedure. It is the endogenous relax-
ing system of the fibers, restored by the grana, which ultimately inter-
feres with contraction (Makinose and Hasselbach, 1960; Hasselbach and 
Makinose, 1963). Crucial evidence comes from experiments in which 
the endogenous system has been irreversibly deactivated by mersalyl. I 
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will not give the details here, but stress the fact that glycerinated cells 
behave much as muscle fibers do. That is to say, glycerinated cells relax 
to the extent that the cell's own relaxing system is restored. Grana 
added from outside the cells are devoid of any inhibitory activity if the 
endogenous system has been destroyed previously, for instance, by pre-
soaking the glycerinated cells in mersalyl and cysteine (Kinoshita et al., 
1963). 

I would not mention these rather complicated facts, if they did not 
have experimental consequences. Earlier experiments have indicated 
that the cytokinesis of a fibroblast is generated (or initiated) by a local 
contraction, which in a glycerinated cell may be provoked by adding 
ATP. In the living and in the glycerinated object, the contractile process 
under the appropriate conditions confines itself to the equatorial parts, 
whereas the polar parts of the cell do not participate in the movement 
and stay relaxed. The experimental facts were consistent with the hy-
pothesis that cells contain a relaxing system, which during cytokinesis 
is confined to the polar parts of the cells, but is lacking or inactive in 
the equatorial area. Experimental evidence seemed conclusive but was 
tedious to gather, since storing the cells in glycerol for more than 1 hr 
deprived the cellular relaxing system of its activity. As a consequence, 
the local constriction process was extended into a uniform cellular con-
traction (Hoffmann-Berling, 1954b). 

Since grana applied from outside produce an effect by restoring the 
cell's own equipment, any uneven distribution of the cellular relaxing 
system in the living cell should produce the original effect if the system 
is inactivated by glyeerination and afterward restored to its former ac-
tivity. As may be seen from Fig. 5, cells killed during the start of cyto-
kinesis, stored in glycerol for a time sufficient to render cytokinesis im-
possible with ATP alone, resume their cleavage movement if incubated 
in a suspension containing ATP and grana. The contraction of the 
equatorial area is localized and does not lead to an over-all shortening 
of the cell. On the contrary, the cleavage effect is optimal if the grana 
are applied in a range of concentration such that shortening of the cells 
is just prevented. In those experiments, where either no grana or in-
sufficient amounts of them had been applied, the contractile process 
spread to the poles and gave rise to a uniform contraction, which me-
chanically interfered with constriction. In those other experiments where 
excessive amounts of grana had been added, constriction was also pre-
vented; grana under these circumstances interfered with the contraction 
of the equatorial area (Kinoshita and Hoffmann-Berling, 1963). 

It is important to note that any agent which impedes the functional 
activity of either the added grana or of the intrinsic relaxing system, 
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gives rise to a uniform cellular contraction and renders cleavage impos-
sible. Uniform contraction results if the glycerinated cells have been 
pretreated with mersalyl and cysteine, which renders the intrinsic system 
inactive. The same result occurs if calcium is added to the incubation 
mixture. This treatment renders the endogenous relaxing system ineffec-
tive and, in addition, interferes with the activity of the grana outside 
(Kinoshita and Hoffmann-Berling, 1963). 

FIG. 5. Constriction of glycerinated fibroblast cells in early telophase under the 
influence of A T P and of grana from skeletal muscle. Skeletal muscle fibroblasts were 
stored in glycerol for 4 days and exposed to the same conditions as in Fig. 1. Each 
point of the curves is derived from measurements on 8-12 cells in early telophase. 
Relative shortening of the cells is recorded as in Fig. 1. Relative constriction (in 
per cent of the maximal transverse diameter of the cells) is given by (at/bt)— (a0/b0) 
χ 100, where the meaning of a and b is indicated by the diagram; 0 indicates the 
values recorded before and t after the incubation in A T P plus grana. 

Taken as a whole, the experiments then produce the following addi-
tional evidence: (1) Inhibition of contraction in fibroblasts and in muscle 
is due to grana of an identical physical nature. (2) The mechanisms of 
granar action in muscle and fibroblast cells correspond. (3) Cells do con-
tract locally. This has been tacitly assumed in many of the lectures given 
earlier in this Symposium. In this respect the behavior of these cells 
differs from that of muscle. (4) Fibroblast cytokinesis results from a 
local contraction, which in the appropriate stage of mitosis is set to work 
by an uneven distribution of the cellular relaxing system between the 
polar and the equatorial regions of the cell. 
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DISCUSSION 

CHAIRMAN MARSLAND: This paper is exceedingly interesting to me. Perhaps I 
might comment initially that these results fit in with the experiments that Dr. Zim-
merman and I have done over the past few years. We have been inducing cleavage 
prematurely, regardless of the state of the nucleus or whether the cell is develop-
mentally "ready to divide" or not, by drastic centrifugation under hydrostatic pres-
sure. Certain granules—and we think we may have identified them—are thrown to 
one pole of the cell where they initiate a solating or relaxing effect, so that the cell 
begins to divide prematurely at any stage of the normal division cycle. 

DR. WOLPERT: I would like to give one piece of evidence that supports, on living 
cells, Dr. Hoffmann-Berling's observation on the localized contractions in cells. As 
you probably know, there is some controversy as to the site of the forces. There is 
one experiment I would like to mention. If you take the sea-urchin egg at the time 
it elongates before cleavage and use a Swann and Mitchison elastimeter, that is, if 
you bring to the surface a small micropipette and suck out a bleb, then by measur-
ing deformation against hydrostatic pressure, you get a measure of the resistance to 
deformation. 

If you place the pipette at the polar region, suck out a bleb, and keep the pressure 
constant, then as cleavage proceeds, the deformation gets larger. However, if you do 
exactly the same experiment but now place the pipette across the furrow region, then 
you find that the bleb gets smaller and can pull right out of the pipette. This seems 
to me to be quite direct evidence that the poles relax and the furrow contracts during 
cleavage. 

DR. EDWIN TAYLOR: DO I understand correctly, that anaphase is prevented from 
taking place by the presence of an intercellular relaxing factor? 

DR. HOFFMANN-BERLING: Are you referring to the contraction of the chromosomal 
fibers? 

DR. EDWIN TAYLOR: Yes. 

DR. HOFFMANN-BERLING: If one tries to evoke this kind of movement in a glyc-
erinated cell, taken from anaphase, the addition of adenosine triphosphate (ATP) 
results in an over-all contraction of the cytoplasm. As a consequence, the spindle is 
compressed, and any possible action of the chromosomal fibers is obscured for simply 
mechanical reasons. If the contraction of the cytoplasm can be prevented by the 
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application of relaxing grana, the way may be opened to study the motions in the 
central parts of the cell. 

DR. EDWIN TAYLOR: Is the contraction of the chromosomal fibers the active step 
in the process or the relaxing step? 

DR. HOFFMANN-BERLING: I cannot tell. To elucidate the role of ATP, a compar-
ison with such systems which require ATP for contraction (muscle) and other systems 
which require A T P for relaxation (Vorticella) would be required. This has not been 
done yet. 

DR. T E R U HAYASHI: I would like to comment on the idea that somehow the acto-
myosin or contractile protein of a slowly contracting cell might be different because 
of its lower ATPase activity. There is another possible explanation. The ATPase 
activity may be quite the same in the slow-contracting cell and the fast-contracting 
muscle, but when the ATPase activity is measured on a milligram protein basis, an 
anomalous low value may be obtained due to the presence of nonenzymatic protein 
which has not been separated from the contractile protein. Ordinary actomyosin 
procedures depend on solubility properties of the protein, and another protein having 
the same solubility properties as actomyosin would be difficult to separate. 

In our laboratory, Dr. Margit Nass has extracted actomyosin from different stages 
of frog embryos and purified them to the utmost according to such procedures. Now, 
if the ATPase activity is measured as Dr. Hoffmann-Berling has indicated, it is found 
to increase with increasing age of the embryo. From this, one might say that the 
different stages of the frog embryo contain different actomyosins. 

However, an additional purification procedure may be employed, using specific 
actomyosin antibody. If each of the extracts from these embryonic stages is treated 
with anti-actomyosin, an antigen-antibody precipitate forms which can be separated 
out and tested for ATPase activity. Progressively more precipitate is obtained from 
later stages, and the enzyme activity of the antigen (actomyosin) is unaffected by the 
antibody. The ATPase activity, per milligram antibody-precipitable protein, is es-
sentially the same for all stages. It seems possible, therefore, that the actomyosin 
from a slowly contracting cell may have just as high ATPase activity as actomyosin 
from muscle, but it is tested under conditions where it is present in low concentration 
mixed with nonenzymatic protein of similar solubility properties. 


