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Introduction 

The "sun animalcule" Actinophrys sol Ehrenberg (Heliozoa) has a 
spherical body usually about 30 μ in diameter, from which project a 
considerable number of "axopods." These axopods are usually regarded 
as the equivalent of pseudopodia, although in fact pseudopodial activity 
is shown by lobes and processes which project from their bases rather 
than by the axopods themselves. There is a single central nucleus in 
Actinophrys, but there are many nuclei in the related form, Actino-
sphaerium. In both genera the ectoplasm is vacuolated, and the endo-
plasm dense. After fixation and staining, each axopod is seen to con-
tain an axial rod (or skeleton) which is rooted deep within the body 
of the organism. In Actinophrys the axopods rest upon the nuclear mem-
brane (Bëlar, 1923), and a similar relation has been reported for Actino-
sphaerium nucleofilum (Barrett, 1953) unlike other species of that genus. 
The axial rods are known to be composed of parallel fibers (Roskin, 
1925; Rumjantzew and Wermel, 1925; Wohlfarth-Bottermann and Krü-
ger, 1954; Anderson and Beams, 1960). 

Actinophrys moves very slowly. If you are lucky, watching Actinoph-
rys down the microscope is about as exciting as watching the minute 
hand of a clock. Although Actinosphaerium has for long been reported 
to roll itself along, Kuhl (1951), using time-lapse photography, has de-
scribed a gliding movement in which the organism appears to row with 
its axopods. When I have seen two Actinophrys separate, as at the close 
of binary fission, the protoplasmic bridge between them has become 
more and more attenuated, as though they were pulling it apart. There 
was no obvious activity of the axopods. 

If small Protozoa collide with the axopods of Actinophrys, they are 
liable to stick (Looper, 1928; Kitching, 1960). Often by their own strug-
gling they come to make contact with the lobose axopod bases or body 
surface, and this contact appears to provoke the quite rapid outgrowth 
of a membranous funnel, which usually comes to surround the prey and 
enclose it in a food vacuole. Occasionally, the prey may appear to 
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move along the axopods toward the body of the Actinophrys as though 
conveyed, but normally the irregular jerks of the prey itself obscure any 
such axopodial conveyor activity as may exist. 

On treatment of Actinophrys with a solution of plasma albumin or 
certain other proteins, a "skin" lifts off from the body surface (Kitching, 
1960, 1962). If the solution has been strong (e.g., 1%), the skin is thick 
and normally remains for some hours in position, separated by a small 
thickness of water from the body of the Actinophrys. If the solution 
has been rather weak (e.g., 0.1%), the skin breaks and is cast off on one 
side of the Actinophrys. It progresses quite rapidly outward along the 
axopods, and in this process draws the axopods together so that the Acti-
nophrys looks as though it were suspended from the cords of a para-
chute (Fig. 1). The remains of the skin are cast off from the tips of the 
axopods. After desquamation, the body surface of the Actinophrys is 
unusually smooth and rounded. 

On treatment with hydrostatic pressures of the order of 4000 psi 
or more (at 15°C), the axopods of Actinophrys collapse and disintegrate. 
Within a few minutes of release of the pressure, new axopods grow out 
again (Kitching, 1957). 

Fine Structure 

Thin sections were prepared from Actinophrys sol fixed in cold, 
buffered osmium tetroxide solution, 5-10 days after feeding, concen-
trated to a pellet, and embedded in Araldite. They were stained with 
uranyl acetate. 

The grosser features of the cytoplasmic structure are illustrated in 
Figs. 2 and 3. (Figures 3 and 4 also illustrate the skin formed in response 
to plasma albumins.) The dense endoplasm contains much tubular re-
ticulum. The ectoplasm is highly vacuolated. Both contain mitochon-
dria and also some electron-dense bodies which are no doubt to be 
identified with Belar's "lipoidal" bodies. These latter lie principally in 
a zone about halfway between the nucleus and the body surface. Smaller 
and even denser granules form, together with small more or less empty 
vacuoles, a single layer at the surface of the body; and similar granules 
and vacuoles extend irregularly over the axopods. Some of these vacu-
oles contain peripherally disposed pegs of dense material. 

The axial rods traversing the cytoplasm of Actinophrys sol are seen 
in transverse section to consist of a number of parallel fibers disposed 
in a very regular way. The profiles of the fibers form a double spiral 
(Figs. 5 and 6), and there are indications of radial links between some 
corresponding fibers in the two spirals. The number of fibers ranges at 
least from 68 to 129, and they are 15-20 πιμ thick. 
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In oblique section the fibers of the axial rods form the characteristic 
pattern shown in Fig. 7. In its middle region the configuration simu-
lates a median longitudinal section of an axial rod, and the fibers are 
well spaced; at each end it grades into a tangential longitudinal section, 
and as it does so the fibers become more densely packed. 

The inner ends of the axial "rods" (or fibrillar bundles) rest upon 
the outer nuclear membrane, but the photographs obtained so far do 
not reveal any further details of this relationship. Tubular elements of 
ectoplasmic reticulum partly surround the axial rods and run parallel 
with them. 

The axial rods have been traced continuously from the nuclear mem-
brane into axopods (Figs. 9 and 14). In those axopods having the largest 
diameter in the sections, and, therefore, presumably cut at no great 
distance from the general body surface, the double spiral arrangement 
of constituent fibrils is well maintained (Figs. 12 and 13). In smaller 
axopodial sections the fibers are less regularly arranged and fewer in 
number, and in the smallest sections—presumably representing distal 
regions of the axopods—the fibers are only faintly discernible, few in 
number, and disarranged (Fig. 11). I do not know to what extent the 
disarrangement may be caused by fixation, but I see no positive reason 
at present to discredit it. In some sections the fibers cut within the body 
appear optically hollow (Figs. 5 and 6). This feature is even more 
strongly marked in some sections through axopods (Fig. 10). The hollow 
appearance is maintained at all levels of focus. 

Movements 

Attempts to study the conveyance of food material from the site of 
capture along axopods to the body surface have so far proved rather 
unsatisfactory. Active kinds of prey thrash about and make contact with 
the body surface of their own accord, and so provoke the outgrowth of 
a membranous funnel, while small inactive species remain stuck in the 
same place for long periods. Accordingly I have studied the more vig-

FIG. 2. Low-power electron micrograph of untreated Actinophrys sol showing nu-
cleus, dense endoplasm, vacuolated ectoplasm, and superficial layer containing many 
small vacuoles and dense surface granules. 

FIG. 3. Actinophrys sol fixed after treatment for 5 hr with 1% bovine plasma 
albumin Fraction V, showing nucleus (bottom right), endoplasmic reticulum, dense 
bodies, mitochondria, vacuoles, empty vacuoles but no surface granules in superficial 
layer, and diffuse skin material. 

FIG. 4. Actinophrys sol fixed after treatment for 5 hr with 1% bovine plasma 
albumin Fraction V. There are very few superficial vacuoles, but a thick layer of 
skin lies outside the body surface. 
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orous process of the removal of skins from the body surface to the axopod 
tips. 

Whatever the process by which skins are first lifted up off the body 
surface in response to a solution of plasma albumin, progression of the 
skin to the axopod tips cannot be explained as a consequence of osmosis. 
Complete skins do not progress, no doubt because they are held in place 
by the body of the organism within them. Only incomplete or broken 
skins move out, and it cannot be supposed that any effective osmotic 
pressure would build up within these. The outward progression of skins 
and debris must be attributed to a conveyance by the surface of the 
axopod itself. Once the skin is free, it may move outward quite rapidly, 
for instance at a rate of 20 μ/min. It therefore seems likely that skins 
are conveyed outward by the movement of the axopod surface itself. 

When the axopods of a living Actinophrys are examined with an 
objective of sufficient resolution, minute granules are to be seen scat-
tered irregularly within them. They appear to correspond with the 
surface granules seen by electron microscopy. It was convenient to ob-
serve the movements of these granules with a Baker interference micro-
scope, using the X 100 water-immersion objective, which shows these up 
well without the inconvenience of the viscous drag on the coverglass 
caused by immersion oil. 

In an untreated Actinophrys the granules in the axopods are mostly 
stationary, but make occasional excursions centrifugally (outward) or 
centripetally along the axopods. During the movement of the skin out-
ward along the axopods there was no sign whatsoever of any movement 
of granules outward. On the contrary there was a well-marked counter-
movement of granules to the bases of the axopods, at a rate of up to 
30 μ/min. It seems likely that this downward movement affects the pro-
toplasm surrounding the axial rods or bundles, and that it accounts for 
the observation (Kitching, 1962, p. 362) that on elevation of a skin the 
axopods become thin and needlelike. 

From these observations we are led to suggest very tentatively that 
a shearing force can be exerted between a very thin layer of superficial 
protoplasm and a slightly deeper layer containing the surface granules. 
The precise depth of these granules within the axopod is hard to de-

FIG. 5. Section through outer endoplasm. The axopodial skeleton is cut in trans-
verse section, showing the double-spiral arrangement of the parallel fibers. Elements 
of endoplasmic reticulum surround the axopodial skeleton and run parallel with it. 

FIG. 6. Section through outer ectoplasm and body surface showing superficial 
vacuoles and axopodial skeleton cut transversely. 

FIG. 7. Oblique section through axopodial skeleton. 
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termine, as it might be disturbed by the process of fixation. Movement 
of ectoplasm upon endoplasm is well established in other materials, as 
reviewed by Kamiya (1959), and the countermovement of ectoplasmic 
horns and of endoplasm in isolated drops of protoplasm from Nitella 
or Chara seem to offer an appropriate parallel. 

Nevertheless, it seems possible or even likely that the movement of 
cytoplasm centripetally from the axopods to the body proper is merely 
one aspect of the striking changes that are induced by a dilute solution 
of certain proteins. I do not know for certain where the skin-forming 
material comes from. It seems too much to be explained by the com-
bination of the skin-provoking protein with an extraneous coat of body 
surface. Thus it is presumably exuded. After prolonged treatment (e.g., 
5 hr) with a solution of plasma albumin, the number of the superficial 
dense granules is reduced (Fig. 3), and in many cases the surface vacu-
oles are also reduced in number or even almost completely missing 
(Fig. 4). Granular cytoplasm now makes direct contact with the plasma 
membrane, and the underlying ectoplasmic vacuoles are larger, as 
though vacuolar confluence had taken place. It seems possible that 
superficial granules and vacuoles have been discharged and that they 
may have contributed the skin-forming substance. The source of the 
superficial granules will require further investigation; the dense pe-
ripheral pegs within the superficial vacuoles may throw some light on 
this. In any case, it is likely that a drastic change takes place in the 
physical condition of the superficial ectoplasm, which may well be asso-
ciated with the centripetal movement of axopodial protoplasm. 

The mechanism of progression of Actinophrys remains unknown, and 
further investigations by time-lapse photography are desirable, as carried 
out by Kuhl (1951) on Actinosphaerium. Kuhl's suggestion that Actino-
sphaerium uses its axopods as oars, pivoted in the body surface and 
actuated by movements of the alveolar ectoplasm, does not appeal to 
me. As a speculation, a mechanism for the centrifugal conduction of 

FIG. 8. Longitudinal section of an axopod. 
FIG. 9 . Axopodial skeleton running from nuclear membrane into an axopod. 
FIG. 1 0 . Transverse section of an axopod, showing optically hollow fibers of axo-

podial skeleton, diminished in number and in partial disarray. 
FIG. 1 1 . Transverse section of two axopods, showing fibers in disarray. 
FIG. 1 2 . Transverse section of an axopod with spiral of fibers and superficial 

granule. 
FIG. 1 3 . Transverse section of axopod with incomplete spiral of fibers and two 

vacuoles. 
FIG. 1 4 . Axopodial skeleton running from nuclear membrane into axopod. Tubes 

of endoplasmic reticulum are seen running parallel with it. 
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rejecta along the axopods could act as a means of repelling the whole 
organism from an unfavorable environmental stimulus locally exerted; 
centrifugal surface movements of axopods in contact with the substrate 
would convey the Actinophrys away from the site of stimulation. In 
the same way, but perhaps less probably, centripetal movements of the 
axopod surface, such as might help to convey prey to the body proper, 
could draw the whole organism toward a favorable area of the environ-
ment. This mechanism would not require central coordination. How-
ever, these suggestions are purely fanciful. 

Function of the Axopodial Skeleton 

The constituent fibers of the axopodial skeleton have about the 
same diameter as the subfibers of the nine peripheral fibers of a cilium, 
and like these are optically hollow. I do not know how they grow, but 
it seems likely that they grow outward from the nuclear membrane. 
This presumably provides an anchorage for them, and perhaps also the 
structural and biochemical organization which leads to the formation 
of fibers. The aggregation of electron-dense material—also recognizable 
in life—at the inner surface of the nuclear membrane may have signif-
icance in this connection. The composition of the fibers of the axopodial 
skeleton is unknown, but they are likely to consist of a protein. The 
reconstitution of the axopods on release from high hydrostatic pressure 
presumably involves the outgrowth of axopodial rods, so that in re-
spect of rather rapid outgrowth there is also a resemblance to the fibrillar 
components of cilia. Although in my Actinophrys the axopods normally 
showed little or no contractile activity, those of Actinosphaerium shorten 
and draw food down into the body (Mackinnon and Hawes, 1961). The 
nature and extent of movements carried out by an organelle such as a 
cilium must depend largely on the disposition of contractile structures 
and on the ability to propagate a contraction, rather than on any out-
standing contractility of the fibers concerned. Thus the fibers of the 
axopodial skeleton could turn out to be rather like those of cilia. Their 
disposition in Actinosphaerium and in other Heliozoa should prove 
interesting. 

The very long thin form of the axopods seems to demand a sup-
porting skeleton. Given that fibers of the kind found in Actinophrys 
are the basic component out of which such a skeleton must be con-
structed, it seems to be of some interest to consider the structural ar-
rangement of these fibers from an engineering point of view. I am 
greatly indebted to Professor Sir Alfred Pugsley, F.R.S. of the Depart-
ment of Civil Engineering, University of Bristol, for his comments on 
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this subject. It is assumed that the fibers are bound together laterally, 
so that they act as a sheet. A closed tube would have the best resistance 
in flexure and torsion, and the fact that a closed tube is not used sug-
gests to me that there are good biological objections to it. Perhaps, 
for instance, the double-spiral structure permits a change of the num-
ber of the constituent fibers, either during growth or in relation to 
anatomical position, without disturbance of the general structure or 
symmetry. A single spiral would have good flexural resistance but 
would tend to twist about a shear center situated outside it and on the 
side away from the opening. In a double spiral, with openings on 
opposite sides, provided that the two spirals were linked by radial rods, 
there would be excellent resistance to flexure and torsion. 
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DISCUSSION 

DR. BOVEE: I would like to thank Dr. Kitching for providing me with a partial 
explanation for the folding phenomenon exhibited by helioflagellates in the transi-
tional state preparatory to the forming of flagella. As nearly as I could estimate, 
these individuals had 32 original axopods which folded (first in groups of four). 
Then all simultaneously shortened to about half of their original lengths. The dou-
ble-spiral arrangement you have suggested could be a good mechanical device allow-
ing not only a telescoping motion to provide for this shortening but also a twisting 
motion as well. 
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DR. KITCHING: I think it is important to study your particular animal and see 
what the fibrillar arrangement is in that. 

DR. COWDEN: Were you ever fortunate enough to catch any of these in the act 
of replication? 

DR. KITCHING: Not yet. 

DR. LING: I am most fascinated by what you have found and would like to 
make a few comments. First, there are some well-known differences between egg 
albumin and bovine serum albumin. One striking difference is that serum albumin 
has very strong binding capacity for negative charges, which the egg albumin does 
not share. Dr. Gustafson has told me that he and also Dr. Ponder have observed 
specific effects of serum albumin on other types of cells. This being the case, then 
perhaps serum albumin reacts with negative charges on the surface of the cells in 
a way which is more intense than egg albumin does. This may lead to the differ-
ence of response. 

Second, I should like to recall what Dr. Nakai reported about the bubbling action 
at muscle cell surfaces in response to contact with the end of a nerve fiber and also 
Dr. Abe's comment that this may bear some resemblance to the formation of pseudo-
podia. Well, let us make a big jump and assume that there are some basic similar-
ities in this phenomenon and the phenomenon of film formation. Is it possible that 
the nerve in the culture is already secreting some cationic component similar, let 
us say, to acetylcholine, and, like bovine serum albumin, will have effect on the sur-
face and produce a similar kind of action as that brought about by bovine serum 
albumin on Heliozoan filopods? 

Finally, I would like to suggest the use of two compounds which are now readily 
available and which we have studied to some extent. One is polylysine and the 
other is polyaspartic acid. We have found polylysine to have enormous effects on 
the cell surface. 

DR. KITCHING: I have already published a paper using this very interpretation 
for differences between the effects of egg albumin and plasma albumin. It may in-
terest you to know that the lifting of the skins can be prevented by the presence of 
certain concentrations of certain salts, of which magnesium sulfate is the most active. 
I suggest that the sulfate is adhering to the albumin and the magnesium to the body 
surface, thus separating the two. 

DR. ALLEN: IS there any structure at the base of these axopods that might re-
semble a centriole? 

DR. KITCHING: The fibers rest upon the outer nuclear membrane. They do not 
appear to cross between the two membranes. I have not been able to resolve any 
further structural information. It is possible that with better technique something 
might be found. 

DR. NOLAND: I think I recall some forms that have the fiagellum and axopodium 
coming off the same basal granule. 

When these organisms are flattened between a cover glass and slide, have you 
noticed that there is locomotion? This occurs even though the cell is much flattened. 

DR. KITCHING: I have never tried this. In fact, I take every precaution to prevent 
any such happening! 

DR. BOVEE: Dr. Allen asked, I believe, if there was any evidence of centrioles 
connected with the axopods. I don't have electron-microscope evidence at all, but 
the helioflagellate that Dr. Noland mentioned has a basal granule. Whatever this 
granule is, it seems to be functioning as a centriole, both in the origin of an axopod 
and as the origin of the flagella. 


