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INTRODUCTION 

In many systems one of the first signs of differentiation is the devel
opment of an asymmetric cell form (see Gustaf son and Wolpert, 1967). 
Frequently this precedes chemical differentiation, which is the trans
lation and transcription of the genetic code to produce a particular pro
tein or a particular group of proteins. The elongation of cell form, for 
example, is associated with such fundamental events as gastrulation, 
neural plate formation, and induction of the lens placode. In essence 
what occurs is the emergence of pattern or order, not only in regard 
to the overall shape of the cell, but within the cell as well, for or-
ganelles and inclusions are being positioned nonrandomly and cyto-
plasmic streaming is being compartmentalized. The shifts in form are 
the product of intracellular forces rather than of differential rates of 
cell proliferation or localized compression. Since the plasma membrane 
is not recognized as a rigid form-producing structure, attempts have 
been made to locate intracellular structures that might be responsible 
for the development of cell shape. 

With the exception of the 9 + 2 configuration of fibrils ( micro
tubules ) in cilia and flagella, no such intracellular structures had been 
identified either chemically or morphologically until five years ago. 
However, with the introduction of improved procedures for the fixa
tion of the fine structure of animal and plant cells (Sabatini et al., 
1963), numerous long, unbranched, apparently hollow cylinders 
(microtubules) were found in a wide variety of cell types in orienta
tions and in sufficient numbers to account for the development of an 
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anisotropic cell form. The report of Byers and Porter (1964) was one 
of the first relating these elements to the development of cell shape 
in the elongating cells of the induced lens rudiment. Since that time 
the literature correlating cell shape with microtubules has grown 
explosively. 

It now appears that the microtubule is a ubiquitous organelle in 
eucaryotic cells ( see Slautterback, 1963; Porter, 1966 ). It was originally 
defined by morphological criteria such as its diameter, about 210-
250Â (slight differences in diameter are probably due either to the 
methods of measuring these structures or to differences in the fixation 
and/or embedding procedures) its cross sectional morphology, its 
tendency to assume a straight form (elastic characteristics), its rigid
ity ( in negatively stained preparations it tends to break rather than to 
bend sharply), and its substructure, being composed of globular sub-
units with a longitudinal component which gives rise to 11-13 longi
tudinal strands (Pease, 1963; André and Thiery, 1963; Barnicot, 1966; 
Grimstone and Klug, 1966; Kiefer et al, 1966; Gall, 1966). Additional 
similarities such as the size, molecular weight, and amino acid com
position of the isolated monomers are now apparent through efforts 
made to characterize the microtubule in vitro (Stephens, 1968a; 
Renaud et al, 1968; Kiefer et al, 1966). 

In this review I would like first to consider the evidence relating 
microtubules to cell shape and then to consider the factors that order 
the distribution of microtubules and thus ultimately pattern the shape 
of the cell. 

EVIDENCE RELATING MICROTUBULES TO THE 
DEVELOPMENT OF CELL FORM 

Intracellular Occurrence 
Numerous reports have been published pointing out that micro

tubules parallel the longer axis of the structure or cell in which they 
reside. Selected examples include cilia and flagella (Gibbons, 1961), 
the mitotic spindle (Robbins and Gonatas, 1964), certain types of 
spermatozoa (Silvera and Porter, 1964; Robison, 1966), neurons 
(Peters and Vaughn, 1967; Porter, 1966), elongating embryonic cells 
(Byers and Porter, 1964; Arnold, 1966), and diverse structures present 
in the protozoa such as suctorian tentacles (Rudzinska, 1965), helio-
zoan axopodia (Kitching, 1964; Tilney and Porter, 1965), and ridges 
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in the pellicle of flagellates and ciliates (Sommer, 1965; Allen, 1967). 
When the microtubules are randomly oriented or when they radiate 
in all directions from a central point in the cell, such as the centro-
sphere, no particular cell form is imparted. An example of this is the 
newly formed primary mesenchyme cell of sea urchin gastrulae (Gib-
bins etal, 1968). 

Although most of these reports demonstrate that the microtubules 
are related spatially to the asymmetry of the cell or cell extension, we 
still cannot say whether the microtubules assemble once the asym
metry of the cell has developed, or if these units assemble at the same 
time as the development of the anisotropy. There are, however, a few 
reports of the presence of microtubules at the initiation of cell or proc
ess elongation that are in orientations such as to account for the devel
oping asymmetry. For example, microtubules are present in the cell 
cortex in the earliest stages of elongation and are oriented parallel to 
the direction of elongation in both chick (Byers and Porter, 1964) 
and squid (Arnold, 1966) lens primordia. Similar patterns are found 
during the elongation of the bristles of insects (Overton, 1966), the 
elongation of developing myoblasts (Fischman, 1967), the develop
ment of flagella (Renaud and Swift, 1964), and the elongations of 
mammalian spermatids ( Porter, 1966 ). 

An interesting array of microtubules encircling the nucleus of chick 
spermatids has recently been described (Mclntosh and Porter, 1967). 
These elements are present only at the time of nuclear elongation. In 
abnormally developing spermatids the portion of the nucleus not in 
contact with the tubules does not undergo an alteration in shape, while 
that portion of the same nucleus in contact with the tubules does. 

Another instance relating microtubules to the development of an 
asymmetric structure is that reported for the mitotic spindle. It is 
generally acknowledged that the chromosomal fibers, the interzonal 
fibers, and the astral fibers are composed largely of microtubules 
(Robbins and Gonatas, 1964; Porter, 1966; Harris, 1962; de Thé, 1964; 
Rebhun and Sander, 1967; Inoué and Sato, 1967; Roth, 1967; Roth and 
Daniels, 1962; Roth et al, 1966). Thus far there is no discrepancy 
between the spindle fibers visible with the light microscope and 
bundles of microtubules in fixed cells. In ciliates (Jenkins, 1967; 
Carasso and Favard, 1965), yeast cells (Robinow and Marak, 1966), 
and certain higher animal tissues (Behnke and Forer, 1966) division 
takes place within the intact nuclear envelope. In such cases prior to 
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FIG. 1. Photomicrograph of a living Actinosphaerium. Slender processes, or 
axopodia, radiate from the cell body. Within each axopodium is a biréfringent core 
or axoneme. X100. 
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division the nucleus becomes populated with microtubules oriented in 
the direction of the ensuing elongation. 

Through such circumstantial evidence microtubules have been re
lated, at least temporally and spatially, to the production of cell shape. 

Experimental Studies 
In order to show a stronger relationship between the microtubules 

and the development and maintenance of cell form, we investigated 
the protozoan Actinosphaerium nucleofilum. This organism is par
ticularly suited to experimental studies on microtubules. Extending in 
all directions from the surface of this organism are numerous long, 
slender pseudopodia, referred to as axopodia ( Fig. 1 ). With these cell 
extensions, measuring 5-10 μ in diameter at the base and projecting 
for distances of up to 400 μ into the surrounding water, Actino
sphaerium collects food. After adherence to one or more axopodia, 
the prey is transported to the surface of the cell body by a "melting" 
of these axopodia. Here it is engulfed in a food vacuole. Soon there
after new axopodia form. 

Within each axopodium is a biréfringent core or axoneme that 
extends from the tips of the axopodium to the medullary region. 
Transverse sections of this structure show it to be composed of two 
interlocking coils of microtubules, each about 220 Â in diameter ( Fig. 
2 ). The number of tubules making up the double coil reaches a maxi
mum ( about 500 ) at the base of the axopodium ( Fig. 3 ), and gradu
ally decreases in number as sections are cut further and further from 
the base. Within the axoneme the microtubules are precisely spaced, 
a separation of 70 Â between microtubules in each coil and a 300 Â 
separation between adjacent coils. More grossly one observes that the 
axoneme forms a 12-sided figure. This is particularly obvious in the 
larger axonemes (Fig. 3). In longitudinal sections the microtubules 
parallel the long axis of the axoneme ( Fig. 4 ). 

FIG. 2. Transverse section through an axopodium of Actinosphaerium. The 
axoneme, within the center of the axopodium, is constructed of microtubules ar
ranged into two interlocking coils. Peripheral to the axoneme but within the limit
ing plasma membrane can frequently be found electron opaque granules ( G ) . 
From Tiiney and Porter ( 1965). X 60,000. 

FIG. 3. Cross section of an axoneme near the base of the axopodium. It is pos
sible in this micrograph to resolve the axoneme into twelve sectors. From Tiiney 
and Porter (1965). X74,000. 
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FIG. 4. Longitudinal section of an axopodium. Within the plasma membrane 
are microtubules in parallel array. From Tilney and Porter (1967). X43,000. 
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In this organism we seem to have an ideal cell with which to investi
gate the role microtubules might play in the development of cell form, 
for there is little else in the slender cell extensions that could reason
ably account for the support of these extremely long, yet rigid 
structures. 

If indeed there are structural similarities between microtubules in 
different organisms or in different cell types, then agents known to 
affect the integrity of microtubules in one system, for example the 
mitotic apparatus, might be useful in analyzing the function of bundles 
of microtubules in other systems. We therefore tested on Actino-
sphaerium the effect of several antimitotic agents known to cause the 
disintegration of the spindle. If the microtubules in these two systems 
are related, then the application of these agents should cause the dis
assembly of the axonemal tubules. Thus these elements should undergo 
disintegration as fast or faster than axopodial retraction, and, after the 
removal of these agents, axopodia should not reform in the absence 
of oriented microtubules. 

We used three antimitotic agents: hydrostatic pressure, low tem
perature, and colchicine. The effects of these agents are completely 
reversible. Within minutes after the application of hydrostatic pressure 
axopodia undergo "beading," followed by complete retraction (Figs. 
5 and 6A). If cells are fixed under pressure [3 minutes at 6000 psi, in 
the apparatus described by Landau and Thibodeau (1962)] and 
sections cut of the beads, no microtubules can be seen—all that is left 
in the position formerly occupied by the axoneme is an amorphous 
material ( Fig. 6B ). Cells released from hydrostatic pressure and fixed 
during the initial stages in axopodial reformation invariably show an 
axoneme composed of organized arrays of microtubules (Fig. 7). 

Similar results to those reported for hydrostatic pressure were 
obtained using low temperature. In this case, however, additional 
information can be extracted with the polarization microscope (with 
hydrostatic pressure neither sufficient magnification can be achieved, 
nor can polarization microscopy be applied, for one must use thick 
glass or sapphire windows in the pressure "bomb"). Stages in the 
disappearance of the birefringence of the axonemes are presented in 
Figs. 8A and 8B. The birefringence of the axoneme gradually disap
pears, and concomitantly the axopodium shortens. Thus sections of 
cells fixed when the axopodia have fully retracted reveal that all the 
microtubules have disappeared. In their place is found a randomly 
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FIG. 5. Drawing representing the changes observed in living Actinosphaerium 
before, during, and after application of hydrostatic pressure. The row on the far 
left illustrates the form of Actinosphaerium prior to compression. The row on the 
far right illustrates these organisms 10 minutes after the release of pressure. From 
Tilney et al (1966) . 

oriented tubule about 340 Â in diameter. This structure is not a micro-
tubule, but appears to represent a breakdown product of the micro-
tubule (to be discussed below). If the cells are returned to room 
temperature and the early stages of recovery are studied with the 
polarization microscope, it can be shown that the axonemes form in 
the cell body prior to the appearance of a developing axopodium 
(see the arrows in Fig. 8C). When the axopodia do form, they 
initiate at the cortical tips of the axonemes. To eliminate the possi-
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FIG. 6A. Light micrograph of a living Actinosphaerium during compression 
with 6000 psi for 3 minutes. Note the prominent beading along the axopodia. 
From Tilney et al. (1966) . X95 . 

FIG. 6B. Transverse section through an axopodium at the level of a bead. This 
organism was fixed under pressure after 3 minutes at 6000 psi. In the central por
tion of the bead is a finely fibrillar material. No microtubules are present. Toward 
the periphery are mitochondria ( M ) , electron dense granules ( G ) , and "excre
tion" bodies ( E ) . From Tilney et al (1966) . X40,000. 

bility that these axonemes are not composed of organized clusters of 
microtubules, we fixed cells during very early stages in the recovery 
period, stages in which axopodia had not yet begun to reform. In 
these stages we found, in every case, organized arrays of microtubules 
(see Fig. 17). Thus the axoneme, which is composed of an organized 
array of microtubules, forms in the cell body prior to axopodial for
mation. Furthermore, in cells fixed when the axopodia were a fraction 
of their normal length, a biréfringent axoneme, composed of organized 
arrays of microtubules (Fig. 9) , could be seen extending from the tip 
of each axopodium to the medulla. 

Although completely consistent with the effects of low temperature 
and hydrostatic pressure, the action of colchicine is more complex. 
This is because the axonemal bases do not totally disassemble. Never
theless, when Actinosphaerium is placed in colchicine, the portion of 
the axoneme in the axopodium breaks down, the microtubules under-



FIG. 7. Longitudinal section through a re-forming axopodium of a specimen 
fixed after 10 minutes' recovery following 10 minutes at 6000 psi. Individual 
microtubules can be followed the entire length of the micrograph. Electron opaque 
granules are situated peripheral to the axoneme. From Tilney et al. (1966). 
X40,000. 

1% 
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FIG. 8. These 4 micrographs were taken of the same living organism with a 
Zeiss polarizing microscope. The large biréfringent spot is an ingested rotifer. 
From Tilney and Porter ( 1967). X140. 

(A) Actinosphaerium at the beginning of exposure to 4°C. The biréfringent 
axonemes extend from the medulla to the tip of each axopodium. 

(B) After 2& hours at 4°C. Note the almost complete absence of axopodia. In 
four instances slender axonemes extend from the corticomedullary boundary into 
short axopodia; the other axonemes have disappeared. 

(C) Micrograph taken after 3 minutes at room temperature following 2/4 hours 
at 4°C. Short axopodia have begun to re-form, within each is a biréfringent 
axoneme. The arrows point to small axonemes that are reforming in the cell cortex. 

( D ) Micrograph taken after 15 minutes at room temperature. Short axopodia 
are now present. Within each is a biréfringent axoneme which extends from the 
tip of the axopodium to the medullary region. The small axonemes present in the 
previous stage have elongated to form the axonemes of this stage. 



74 LEWIS G. TILNEY 

FIG. 9. Transverse section through an axopodium in an early stage in the 
recovery period following low temperature administration. Within the limiting 
plasma membrane is a partially ruptured granule ( G ) and an axoneme consisting 
of a double coiled array of microtubules. From Tilney and Porter ( 1967). X60,000. 

going disassembly. Likewise in recovering organisms a biréfringent 
axoneme, composed of bundles of microtubules, is present in every 
axopodium (Tilney, 1968). 

From the preceding results it seems clear that microtubules are 
involved in both the production and maintenance of cell shape, for if 
the tubules are made to disassemble, the axopodia retract and do not 
redevelop in the absence of microtubules. In the case of cells recov
ering from low temperature where the time scale of recovery can be 
lengthened, organized arrays of microtubules are formed in the cell 
body prior to the elongation of the axopodia. Axopodia are then 
formed at the cortical tips of these radially arranged axonemes. 

We have recently extended these observations to a multicellular 
system, the development of the primary mesenchyme cells of the sea 
urchin Arbacia punctulata. Figure 10 depicts the sequence of changes 
in shape which each primary mesenchyme cell undergoes during its 
formation and subsequent differentiation. In the early blastula all the 
cells assume a long, conical shape (stage 1). As the blastocoel en
larges certain cells at the vegetal pole begin to resorb their cilia and 
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FIG. 10. The upper half of this drawing illustrates, in black, the changes in 
cell shape that each primary mesenchyme cell undergoes during its formation and 
differentiation. Stage 1, early blastula; stage 2, late blastula; stage 3, newly formed 
primary mesenchyme cells; stage 4, exploratory stage of the primary mesenchyme 
cells; stage 5, formation of the cable syncytium. 

In the lower half of the drawing is shown the distribution of microtubules at 
each stage in the sequence. Note that these elements parallel the long axis of the 
asymmetry of the cell. When the cell is spherical (stage 3 ) , they radiate radially 
from a central spot. From Gibbins et al. ( 1968). 
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to evolve characteristic protrusions on their basal surfaces (stage 2). 
These cells then migrate into the blastocoel, where they are now 
referred to as primary mesenchyme cells (stage 3) . Initially the pri
mary mesenchyme cells assume a nearly spherical shape, but shortly 
thereafter they send out long pseudopodia often up to 40 μ in length, 
with which they wander around the blastocoel (stage 4) . Ultimately 
the tips of these pseudopodia fuse and a cable is developed (stage 5) , 
each cell being connected to the cable syncytium by slender stalks. 
The calcium carbonate skeleton of the future pluteus will be deposited 
within the cable. 

The distribution of microtubules at each stage in this sequence is 
shown in the lower half of Fig. 10. In all cases these elements parallel 
the asymmetry of the cell; if the cell has no apparent asymmetry, as 
the newly formed primary mesenchyme cell, then the microtubules 
appear to radiate in all directions from the centrosphere (Gibbins 
et al, 1968). 

To test the involvement of microtubules in the development of cell 
form in this sequence of shape changes, we treated the embryos with 
colchicine and hydrostatic pressure. To other embryos deuterated 
water (D 2 0 ) was applied, a treatment known to stabilize the micro
tubules and thus prevent their disassembly. When either colchicine 
or hydrostatic pressure is applied to the gastrulae, the progressive 
development of the primary mesenchyme ceases, microtubules disap
pear, and the cells tend to spherulate. Treatment with D 2 0 also arrests 
development. In this case, however, the tubules remain and cell asym
metry persists. It is likely that both types of inhibiting agents block 
development primarily by interrupting the ordered disassembly and/or 
reassembly of the microtubules into new patterns. Thus in a multicellu-
lar system as with Actinosphaerium, microtubules appear to play an 
important role in the determination of cell form (Tilney and Gibbins, 
1966,1968). 

There is a third system in which the microtubules appear to be re
lated to the development of the cell form, the blood platelet. Its dis-
coidal form arises as the result of a band, termed the marginal band, 
which encircles the cell and has been shown to be composed of micro
tubules. When blood platelets are exposed to low temperature, the 
microtubules depolymerize and the cell assumes a spherical form. 
Upon subsequent warming the microtubules begin to reappear. Grad
ually the marginal band forms as the tubules associate with one 
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another; this appears to be coupled with the reformation of the dis-
coidal shape (Behnke, 1967). 

These examples of microtubule development in three systems widely 
separated phylogenetically suggest that the microtubule provides a 
fundamental structural foundation necessary for the development of 
cell form in many systems. 

Do the microtubules themselves exert the force required to deform 
the cell surface in the formation of a cell extension, or do they play 
a more passive, yet nevertheless crucial role? Before attempting to 
answer this question we should mention that there is some evidence 
which suggests that microtubules elongate by the addition of subunits 
to their growing tips. If flagella are amputated at selected distances 
along their lengths (Rosenbaum and Child, 1967) and the regrowth 
of these flagella is studied with autoradiography, it can be demon
strated that newly synthesized protein, protein essential for flagellar 
elongation, is transported to the flagellum where it is incorporated at 
the cut end. One cannot conclude from these experiments that the 
radioactive leucine is incorporated in the tubule monomer and not 
solely in material surrounding the ciliary axoneme or in the membrane. 
Nevertheless, it seems likely that the elongation of microtubules is 
accomplished by the addition of monomeric material to their growing 
tips. It is possible that the cell surface immediately in front of the 
elongating microtubule is deformed by other forces, such as cytoplas-
mic movement. The deformed cell surface would then allow more 
monomeric material to be added to the tips of the tubules. This proc
ess could occur repeatedly, and thus the cell extension would grow. 
Whether or not the cell surface is deformed by the microtubules them
selves or by some other mechanism, the elongation of the microtubule 
is obviously an essential part of the elongation of a cell or cell process. 

CONTROL OF MICROTUBULE PATTERN—FACTORS THAT ORDER 
THE DISTRIBUTION OF MICROTUBULES IN CELLS 

If the microtubules are involved in the production of cell shape, then 
those factors governing the distribution and assembly of these ele
ments in the cell assume tremendous importance. Before discussing 
the factors or structures that may be involved in the control of the 
orientation of microtubules in cells, it is necessary to review the avail
able information on the assembly of microtubules, 
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FIG. 11. Portion of the cortex of Actinosphaerium which had been exposed to 
D20 for 20 minutes. Peripheral to the axoneme proper are large numbers of micro-
tubules most of which parallel or nearly parallel the axoneme proper. X40,000. 
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Precursor Pool 
Since Actinosphaerium is constantly changing the length of its 

axopodia during feeding or under environmental influences such as 
changes in temperature or oxygen tension, we might expect there to 
be a pool of microtubule precursor material (monomer). However, 
in other systems such as the flagellate investigated by Rosenbaum 
and Child (1967), a negligible pool exists, for protein synthesis is 
necessary for the regrowth of new flagella. This apparent contradic
tion in different systems relates, as will be seen shortly, to how dy
namic the equilibrium between the polymer and the monomer is. If 
the polymer is very stable, as in cilia and flagella, biologically there 
is no need for a precursor pool. However, if the polymer is frequently 
breaking down, then a pool is important. By use of deuterated water, 
evidence has been obtained that such a precursor pool exists both in 
Actinosphaerium and in cells undergoing mitosis. 

The birefringence of the mitotic spindle, for example, is enhanced 
reversibly by the use of D 2 0 (Inoué and Sato, 1967). Electron micro
graphs comparing the metaphase spindle of untreated cells with that 
of deuterated cells show that the total number of microtubules in
creases 2- or 3-fold in the deuterated spindle. Since the action of the 
D 2 0 is extremely rapid ( 80% complete within 40 seconds ), net protein 
synthesis alone could not account for this remarkable increase in the 
number of microtubules. Increases in numbers of microtubules were 
also found in deuterated Actinosphaerium. In most cases these 
organelles were aligned parallel to existing axonemes, although not 
patterned into the double coiled configuration (Fig. 11). 

Evidence for the Re-Use of Tubule Monomer Rather Than 
de novo Synthesis 
The best evidence indicating that the tubule monomer can be reused 

comes from in vitro studies that show that the outer doublet fibers 
(microtubules) of flagella, when disassociated, will reaggregate under 
certain conditions to form microtubules (Stephens, 1968b). Experi
ments with Actinosphaerium indicate that such a phenomenon exists 
in vivo. Cold-treated Actinosphaerium exposed to inhibitors of protein 
synthesis such as puromycin or cyclohexamide, will reform their 
axonemes and axopodia when returned to room temperature. Also in 
dividing cells the mitotic apparatus will reform in the presence of 
puromycin following colchicine induced disassembly (Inoué and 
Sato, 1967). 
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Equilibrium between the Polymerized State and the 
Tubule Monomer 

It has been suggested that spindle fibers (Inoué and Sato, 1967; 
Went, 1960; Inoué, 1964) and other fibrous structures in cells, all 
of which are composed largely of microtubules, are in an equilibrium 
between the polymerized state and their disassociated monomeric 
units (the precursor pool). As already demonstrated for Actinos-
phaerium, and as is also true for the mitotic spindle, this equilibrium 
is temperature and D 2 0 sensitive. Using birefringence as a measure 
of the amount of oriented material, in particular microtubules (see 
Rebhun and Sander, 1967), measurements were made on the 
mitotic spindle subjected to changes in temperature (Inoué, 1964; 
Carolan et al., 1965). There is a marked resemblance of these thermo-
dynamic properties to model systems: the polymerization of tobacco 
mosaic virus protein (TMV) and G to F actin transformation. More
over, these model systems appear sensitive to hydrostatic pressure 
(Ikkai and Ooi, 1966) and D 2 0 (Khalil et al, 1964). In the case 
of TMV polymerization, which incidentally polymerizes as a tubule 
(see Lauffer, 1964), it has been demonstrated that water is released 
from the monomer during polymerization (Stevens and Lauffer, 
1965). One possible explanation for the action of D 2 0 on the 
microtubules of both Actinosphaerium and the mitotic apparatus, 
is that the D 2 0 affects the equilibrium between the monomer and 
the polymer primarily by influencing the bound water associated 
with the tubule monomer (Carolan et al., 1966). 

We conclude from the preceding observations that the equilibrium 
between the monomer and the polymer is under sensitive control. 
An understanding of the factors in the cell which influence this 
equilibrium locally may give us some clues as to the control mechanism 
of microtubule distribution in cells. 

Substructure of Microtubules, Possible Mechanisms of Assembly and 
Disassembly, and Chemical Composition 

The microtubule appears as a closed cylinder about 210-250 Â 
in diameter. Under certain conditions this can be resolved into a 
cylindrical array of filaments (see Porter, 1966; André and Thiery, 
1963; Barnicot, 1966; Pease, 1963; Gall, 1966; Behnke and Zelander, 
1966; Grimstone and Klug, 1966). The number of filaments appears 
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to be 12 or 13, yet there is reason to believe that in certain cases 
this number may be smaller [in the doublets present in cilia, flagella, 
and certain types of insect spermatozoa (Ringo, 1967; Phillips, 
1966)]. The filaments themselves can be further resolved into rows 
of globular units each about 40 Â in diameter (Grimstone and 
Klug, 1966; Kiefer et al, 1966; Barnicot, 1966). These globular units 
in adjacent filaments appear to be aligned laterally to form a perio
dicity in which the angle of inclination approximates 10 degrees 
(Pease, 1963; Porter, 1966; Grimstone and Klug, 1966). The most 
likely model for the formation of a microtubule, then, would be by 
the addition of the globular units in a helical array. In order to 

FIG. 12. Proposed model for the assembly of a microtubule. In this model the 
globular subunits add in a helical array, yet would stack one on top of another so 
that the wall of the microtubules would be made up of linear strands. 

maintain the longitudinal component, the subunits would have to 
stack one on top of another (Fig. 12). Such a mechanism is very 
similar to the assembly of the subunits of the TMV protein (Casper, 
1963). It would account for the ability of a tubule to assume any 
length and would also account for the ease with which it can 
lengthen and shorten. Yet microtubules do not necessarily use such 
a mechanism where they depolymerize. This is based on two ob-
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servations. First, incomplete or C-shaped tubules have been re
ported in platelets (Behnke, 1967), in insect spermatids (Phillips, 
1966), and in the axopodia of Actinosphaerium (Tilney, 1968). From 
these incomplete tubules one must suppose that part of the wall 
can disassemble more quickly than other parts. Such C-shaped 
tubules have also been reported during the reassembly of microtubules 
(Tilney, 1968; Behnke, 1967). Although these structures may be 
related to the assembly process, it is possible that the fixative damages 
the incompletely formed tubules (see Tilney, 1968). Second, in 
cold-treated Actinosphaerium (Tilney and Porter, 1967) and in cells 
treated with colchicine (Tilney, 1968) a tubule of enlarged dimensions 
(about 340 A in diameter), can be seen. We have suggested a 
mechanism by which a 220 A microtubule may transform, under the 
proper conditions, to a 340 A tubular unit (Tilney and Porter, 1967). 
This model is based on the facts that the 340 A tubule is 50% larger 
in diameter than the 220 A microtubule, that no tubules of inter
mediate diameter are found, that the wall thicknesses of the 340 A 
and the 220 A tubules are similar, and that diagonal striations are 
present on the wall of the 340 A tubule. We would like to suggest 
that a 340 A tubule is formed by twisting the 220 A microtubule 
in such a way that adjacent filaments which make up the wall of the 
tubule slide relative to each other. It can be demonstrated with 
models that if each filament were to slide past another by approxi
mately 50 A relative to the subunit on its left, then a 340 A tubule 
would be formed having a banding of 45° to the long axis (see 
Fig. 13). Furthermore, the absence of intermediate-sized tubular 
profiles can be explained by the fact that when the filaments slide 
past one another, the only position where the globular subunits 
which make up each filament would align with the globular sub-
units of an adjacent filament would occur when the tubule was 50% 
larger. This hypothesis is presented in Fig. 13. 

There have been some exciting developments relating to the 
chemical characterization and reassembly of isolated tubule "mono
mers." The globular units revealed originally by negative staining 
of intact tubules, probably correspond to the proteins isolated from 
the outer doublet microtubules of cilia (Renaud et al., 1968), the 
outer doublet microtubules of flagella (Stephens, 1968a), and the 
mitotic apparatus (Stephens, 1968a). The proteins from all three 
sources have an identical calculated molecular weight (60,000) and 
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FIG. 13. This drawing depicts our conception of how the 340 Â tubule is 
formed. We suggest that the globular subunits which make up each filament, 
which in turn aggregate to form the wall of the microtubule, have discrete bond
ing sites along their surfaces. This is depicted in this drawing by the black con
necting bars. When the microtubules begin to transform into the 340 Â tubular 
units, these bonds break and the filaments begin to twist and at the same time to 
slide past each other. Once the filaments have slid past one another by approxi
mately 50 Â, then the bonding sites on adjacent globular subunits along the length 
of the filaments are in register again so bonding can occur. When this happens, 
the filaments lie at a 45-degree angle to the long axis of the tubular unit. Thus, 
each globular subunit has slid only one subunit past its neighbor on an adjacent 
filament. From Tilney and Porter (1967) . 

appear to have a similar if not identical amino acid composition. 
Other proteins, believed to be related to microtubules (Borisy and 
Taylor, 1967a,b; Shelanski and Taylor, 1968; Kiefer et al, 1966) from 
a variety of cell types are probably related to the 60,000 molecular 
weight protein even though they have different sedimentation con
stants; these probably represent dimers, tetramers, or disassociated 
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units of the 60,000 molecular weight unit (Stephens, 1968a). It 
appears that the 22 S protein isolated from unfertilized eggs by 
Kane (1967) and Stephens (1967) represents something else. Of 
greatest interest is the recent demonstration (Stephens, 1968b) 
that the 60,000 molecular weight protein, isolated from the outer 
doublet microtubules of flagella, will reassemble in vitro. 

The amino acid composition of this 60,000 molecular weight pro
tein closely resembles that of muscle actin, as does its molecular 
weight and its characteristic binding of 1 mole of nucleotide per 
60,000 gm of protein. It is tempting to speculate that perhaps the 
microtubules and the 50 A filaments present in many cells, including 
muscle (see Fawcett, 1966, for examples) are alternate modes of 
aggregation of the same subunit and that this subunit is actin or 
actin-like. Differences in the type of bound nucleotide (ADP for 
actin, GTP for the microtubule protein) may be related to dif
ferences in their aggregated state. Actually this idea is not new. 
It has been suggested before on morphological grounds (Fawcett, 
1966; O'Brien and Thimann, 1966), but with these chemical simi
larities the idea becomes increasingly attractive. 

The Control of Microtubule Pattern by Inherent Properties of the 
Microtubules and the Nature of Links Connecting Adjacent Mi
crotubules 
In this section and the two that follow we would like to present 

three mechanisms that either individually or in some combination 
may control the distribution of microtubules in cells. 

To illustrate the first of these mechanisms, the control of tubule 
pattern by inherent properties of the tubule and the nature of links 
connecting adjacent tubules, we will consider the axoneme of Actino-
sphaerium. This system, more than any other, gives us insight into 
this mechanism. It appears likely that each cytoplasmic microtubule 
is composed of 12 or 13 rows of identical subunits. From the 12-
sided symmetry of the axoneme of Actinosphaerium and the precise 
spacing of the tubules in the axoneme, we might deduce that spe
cific linkages connect the globular subunits of adjacent tubules, and 
thus maintain the axonemal unit. Recently MacDonald and Kitching 
(1967) reported the presence of links between tubules in an axoneme; 
this is illustrated in Fig. 14. No electron micrographs were presented. 

It is conceivable that much of the axonemal pattern might be 
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FIG* 14. This drawing of an axoneme of Actinosphaerium was taken from 
MacDonald and Kitching (1967). Of greatest interest are the links connecting 
the tubules. 

due to intrinsic properties of the units making up the axoneme 
(tubules and links) rather than simply a pattern imposed by another 
component of the cell such as orienting centers (Inoué and Sato, 
1967) or initiating centers (Porter, 1966; Gibbins et al, 1968). To 
examine this hypothesis and to study the rules of assembly laid 
down by innate properties of the building blocks, we attempted to 
force the equilibrium from the monomeric to the polymeric form 
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so that some of the subtle control mechanisms of the cell would no 
longer be operative. 

Actinosphaerium was exposed to low temperature (0°C) for a 
sufficient period to ensure disassembly of all the microtubules. We 
then treated the cell with normal temperature (22°C) and D 2 0, two 
agents known to favor the polymerized state. At intervals thereafter 
we fixed the cells. In another experiment we gradually warmed up 
the cells, fixing them at a series of intervals prior to axopodial for
mation. Examination of thin sections of cells in both cases showed 
that in the earliest stages large numbers of microtubules were present, 
but completely unoriented. Occasionally these elements formed small 
clusters (Fig. 15). Although we were not able to "see" the links 
described by MacDonald and Kitching (1967), presumably due to 
differences in the procedures such as fixation, embedding, and heavy 
metal staining, links of some type must be present, for in these tubule 
clusters as in a mature axoneme ( see Fig. 2 ) the tubules are spaced at 
approximately the same intervals ( 70 and 300 Â ). 

To illustrate how such tubule patterns, as seen in Fig. 15, could 
arise we have made models approximately to scale (Fig. 15) in 
which microtubules are depicted as small cylinders, each about 1 
cm in diameter and in whose walls are 12 equally spaced grooves 
meant to represent the globular subunit bonding sites. These units 
are connected with plastic pieces of two sizes, one to represent the 
short link (70 Â) or "tangential link" of MacDonald and Kitching, 
and the other a long link (300 Â), the link between rows. Although 
MacDonald and Kitching have described two such long links, a 
"radial" and "secondary," these differ by only 20 Â, a value that does 
not seem significant. Later on it will become obvious that it is not 
necessary to have two such links (radial and secondary). Because 
of the 12- or 13-fold symmetry of a microtubule it would be possible 
to form maximally 12 or 13 links around the circumference of a 
tubule, assuming that there is only one link per subunit. Thus links 
should not form closer than 30 degrees, and larger angles would be 
multiples of 30 degrees. (In order to simplify this discussion let us 
assume that each tubule is made up of 12 subunits as suggested by 
MacDonald and Kitching, rather than 13. If 13, the angle would be 
about 28 degrees. A difference of 2 degrees will not affect our model. 
It would only indicate that the links are able to stretch slightly.) 
Taking into consideration the diameter of the tubule, it would 
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FIG. 15. Actinosphaerium. The top row illustrates representative clusters of 

microtubules present in organisms which had been exposed to 0°C for 3 hours and 
then fixed at a very early stage after removal to room temperature. In the third 
row are representative clusters present in organisms similarly cold treated, but 
fixed 10 minutes after immersion in warm 70% D 2 0 . In the second and fourth rows 
are models which depict these assemblies of microtubules. The tubules are repre
sented as small cylinders in whose surfaces are cut 12 grooves meant to represent 
the subunit bonding sites. Adjacent tubules are connected by plastic pieces of two 
sizes, meant to represent the links of MacDonald and Kitching. Note that with 
these building blocks we can easily construct these configurations. X 64,000. 

be impossible for two short links to form on the same microtubule as 
close as 30° without having an overlap of tubules. Two long links 
or a long and short link could form at 30° angles to each other, not 
closer. Theoretically it would be possible for the wall of adjacent 
tubules to come in contact; in this case links would form at an angle 
between 30 and 60 degrees. Such a situation has never been seen. 
There is the possibility that the macromolecules which presumably 
form the links may themselves limit the angle between the two types 
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FIG. 16. The top row illustrates clusters of tubules present in cells which have 
had an even longer time to recover from the cold than those shown in Fig. 15. 
The photograph at bottom right represents a cluster present in a cold-treated 
organism fixed 15 minutes after immersion in warm D20. Beside these clusters are 
their corresponding models. X 64,000. 
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of links, thus limiting the types of tubule aggregations that can 
form. It may be significant, therefore, that not only in small clusters, 
but also in an axoneme, the short links are invariably separated from 
the long links by at least 60 degrees. We have illustrated five in
stances in which different configurations of triplets connected by 
short links were encountered (Fig. 15). 

As seen in the models, the tubule patterns present in Fig. 15 can 
be easily constructed using the plastic building blocks, even though 
configurations such as the triangle, the parallelogram, and other 
patterns are never present in an axoneme. More complex clusters 
of microtubules, some of which resemble early stages in axoneme 
formation, can be found in cells that have had a greater time to 
recover from the cold (Fig. 16). In these clusters the characteristic 
spacing of the long link appears more frequently. Most of the clusters 
that resemble early stages in axoneme formation are abnormal in one 
or more respects. For example, axonemes in which there are three 
pairs of tubules in the center rather than two and axonemes in which 
microtubules diverge from the axoneme proper at a sharp angle are 
common. Nevertheless, as seen in the accompanying models (Fig. 16), 
these configurations can easily be constructed with the material used 
before, and thus they can be interpreted as resulting simply from 
structural characteristics of the subunits. It can be seen, as predicted, 
that in all these instances the long links do not form closer than 30 
degrees, the short links no closer than 60 degrees and a short and 
long link no closer than 60 degrees. 

Are the rules imparted by the inherent properties of the tubules 
and the links sufficient to account for the construction of an axoneme? 
In Fig. 17 we have illustrated what appear to be stages in the normal 
development of an axoneme. In the accompanying models (Fig. 17) 
we have shown how these early stages in axoneme formation can 
be constructed using only the "information" in the building blocks. 
The 12-sided symmetry of a large axoneme may also result from such 
processes. This is most easily recognized by a careful consideration 
of Fig. 14. It can be seen that each tubule within each of the 12 
sectors is bound to others by 4 links, those on the radii by 5 links. 
Because the long links within a sector are all parallel to each other 
and thus form a 30 degree angle with the long links of adjacent sectors 
and of the radii of adjacent sectors, each row of tubules within a 
sector, instead of lying on an arc of a circle, actually form the secant. 
This spider web pattern, then, is a product of the parallelism of the 
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FIG. 17. On the left-hand side of the figure are what we believe to be stages 
in the normal assembly of an axoneme. To the right are the corresponding models. 
X64,000. 

long links in each sector which in turn is determined by the propor
tionality between the lengths of the links and the diameter of the 
tubules. It is possible to account for the scalloping effect, present in 
the outer sectors of large axonemes (see Fig. 3), as well, but this is 
beyond the scope of this review. 

Although the intrinsic properties of the building blocks appear 
to be suflBcient to account for the axonemal pattern, there are at 



MICROTUBULES AND DEVELOPMENT OF CELL FORM 91 

least two unexplained observations. First, in the early phases of 
axonemal development, nonaxonemal tubule arrays can be found. 
Since these configurations occur infrequently in cells fully recovered 
from induced axonemal breakdown or in untreated cells, there must 
be a mechanism eliminating incorrect assemblies. This could be 
carried out by a mechanism other than the system of links and tubules. 
Alternatively the equilibrium between the polymerized and the 
disassembled state might itself control the elimination of an incorrect 
assembly by selecting the energetically most stable configuration, 
which we assume is the axoneme. Thus in time, the axoneme would 
be selected for all other possible configurations of tubules, the less 
stable forms depolymerizing. In support of this possibility is the 
observation that, among all conformations of tubules thus far en
countered in Actinosphaerium, the tubules which compose the 
axoneme, as seen in the models, contain more links per tubule than 
any other cluster. As seen in Fig. 14, the tubules at the inner ends 
of the two interlocking sheets contain 7 links per tubule, the next 8 
tubules have 5 links per tubule. In all other assemblies found in 
nature the tubule clusters have significantly fewer links. This point 
is best illustrated in the models (Figs. 15 and 16). It is conceivable 
therefore that the perfect axoneme may be selected above any othei 
types of clusters, as well as over imperfect axonemes, because it is 
an energetically more favorable configuration. 

We do not wish to suggest that in Actinosphaerium there are no 
control mechanisms. Certainly this is not the case, for the smallest 
assemblies of microtubules are not oriented, yet we know that when 
true axonemes appear, just prior to axopodial formation, the axonemes 
are radially arranged in the organism. We can speculate on the nature 
of these mechanisms, but at this time such a discussion seems of 
little value in view of the complete lack of evidence. We should 
point out, nevertheless, that it is possible that this control is ac
complished by rather subtle factors operating in the cell rather than 
complex theories of organizers or initiators. 

This in Actinosphaerium we have described the involvement of 
the substructure of tubules and of specific types of links between 
tubules in the determination and maintenance of the pattern of an 
axoneme. Links have been described morphologically in other systems 
as well, for example, in the axostyle of Saccinobaculus (Grimstone and 
Cleveland, 1965), in the cortical bundles of microtubules in ciliates 
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(Allen, 1967), in the bundle of microtubules that surround the fowl 
spermatid nucleus (Mclntosh and Porter, 1967), and between the 
tubules in the ciliary or flagellary axoneme (Gibbons, 1961). These 
links may also, as in Actinosphaerium, be at least in part responsible 
for maintaining patterned assemblies of microtubules in cells. 

Nucleating Centers in the Control of Microtubule Pattern 
The prototype of the microtubule in higher organisms is the bac

terial flagellum. This tubule is of smaller dimensions than a micro
tubule (140 Â) and is made up of 8 or 10 (depending on the species) 
longitudinal strands of globular subunits (Lowy and Hanson, 1965). 
Certain aspects of the polymerization of bacterial flagella (Oosawa 
et al., 1966) may be applicable to an understanding of the control 
of the distribution of microtubules in higher organisms. Flagella can 
be readily obtained from a solution of flagellin by the addition of 
small bits of native flagella which act as seeds or nuclei [flagellin 
molecules will reaggregate without seeds as well (see Lowy and 
McDonough, 1964)]. If these nuclei, chosen from strains which 
possess a curly flagellum, are added to a solution of flagellin isolated 
from normal Salmonella, the resulting polymer is curly. Thus the 
nature of the nucleus appears to control the polymerization of the 
subunits irrespective of their source. 

This principle appears to be operative in eucaryotic cells as well. 
For example, the structure of the cilium or flagellum appears not 
only to be derived from its basal body, but to grow out of it ( Renaud 
and Swift, 1964), and thus one conceives of the basal body as a type 
of nucleating site. Embedded in the wall of this structure and making 
up the most prominent part of it, are short pieces of microtubules 
arranged in the form of 9 triplets. Transverse sections of cilia or 
flagella reveal a similar organization, in this case 9 peripheral doublets 
surround a central pair. These doublets are continuous with two 
of the triplets of the basal body. The 9 outer doublets of the ciliary 
or flagellary axoneme, as those in the basal body, appear to share 
a common wall (Behnke and Forer, 1967; Phillips, 1966; Ringo, 
1967). However, when these outer doublets are isolated, depolym-
erized, and allowed to redevelop in vitro without the basal body, 
single microtubules are formed (Stephens, 1968b). Thus, starting 
with the same monomeric molecules two distinctly different types of 
tubules can be derived depending upon the origin of the nucleating 
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source. Other examples of nuclei or seeds which appear to control 
the spatial orientation of microtubules have been found in a group 
of protozoa known as suctoria. They have long tentacles used in 
the capture of food. These tentacles possess highly organized bundles 
of microtubules. The pattern is dependent on the species; in Toko-
phrya (Rudzinska, 1965) there are 7 groups of 4 surrounded by 7 
groups of 3. These organisms have a free-swimming stage, referred 
to as the swarmer, in which no tentacles can be found. Nevertheless, 
within the cytoplasm of these motile cells are small pieces of the 
mother's tentacle (organized arrays of microtubules) which, when 
the swarmer itself settles on the substrate, are used to form new 
tentacles (C. Bardele, personal communication). 

In these instances, therefore, nucleating centers appear to be active 
in controlling the initial assembly and thus the pattern of the micro
tubules. How these sites reproduce and in certain instances how 
they form apparently de ηουο, is beyond the scope of this review. 
Yet once the nucleation has begun, in all instances adjacent tubules 
must attach to one another by some kind of link in order to maintain 
a highly ordered complex. In fact, in favorable sections, threadlike 
links can be seen connecting the groups of microtubules in suctorian 
tentacles and connecting the central pair with the peripheral pairs 
in cilia and flagella. In the case of the latter these links appear as 
spokes (Gibbons, 1961). Thus the organization of the microtubules 
in the ciliary or flagellary axoneme and in the suctorian tentacles 
appears to be accomplished both by specific nucleating centers 
which possess small pieces of microtubules and by links between 
tubules. 

The suggestion has been made that there are in cells foci, other 
than the basal body or the suctorian tentacle precursor, which initiate 
the assembly of cytoplasmic microtubules and thus control their 
distribution (Porter, 1966; Gibbins et al, 1968; Inoué and Sato, 1967). 
The basis for this suggestion is that microtubules have been seen 
emanating from the lateral surfaces of centrioles or from small 
satellites which are frequently in some association with centrioles 
or basal bodies (Szollosi, 1964; Bernhard and de Harven, 1960; 
Robbins and Gonatas, 1964; de Thé, 1964; Tilney and Gibbins, 1966; 
Gibbins et al, 1968; Fawcett, 1966), or from sites not directly re
lated to the centriole [Porter (1966) for the caudal sheath of sper-
matids; Satir and Stuart (1965) and Bassot and Martoja (1965) for 
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FIG. 18. These sections illustrate the distribution of microtubules in the apical 
portion of ectodermal cells of an early blastula (stage 1 of Fig. 10). The section 
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membrane-associated sites in insect cells; Robinow and Marak (1966) 
for the dividing nucleus of yeast cells; Robbins and Gonatas (1964) 
for the kinetochore and the midbody in dividing cells]. These foci 
appear to be composed of a dense, finely divided material, the precise 
characterization of which has not been made. 

Unlike the nucleating centers, none of the sites (with the ex
ception of the centriole) contain small pieces of tubules or anything 
that morphologically resembles a tubule, if examined during a period 
when microtubules are not generally present. Examples of this would 
be during treatment of the cell with colchicine, low temperature, 
or hydrostatic pressure (Tilney and Gibbins, 1968) or during periods 
of the natural cell cycle when the cell is not in mitosis (Robbins et 
al., 1968). Furthermore, unlike the basal body or the suctorian 
tentacle, the microtubules may not be precisely ordered relative to 
a particular site (Robbins et al., 1968). Around the centriole, for 
example, some of the microtubules approach at an oblique angle, 
others appear to miss it altogether. These two observations do not mean 
that these sites do not operate to initiate microtubule assembly, but 
merely indicate that the mechanism of tubule growth or the mechanism 
of orientation of the tubules from these sites, may be different from 
that in cilia and flagella and in the suctorian tentacles. 

The concept of initiating sites is an attractive one because in many 
instances microtubules make direct contact with discrete parts of 
the cell. Moreover, during the cell cycle and in certain developing 
cell types, the microtubules follow a program of changes which in
volve their assembly and disappearance relative to such sites. The 
developing system to which we refer is the formation and differentia
tion of the primary mesenchyme cell. Figures 18-20 illustrate regions 
of cells from stages 1, 3, and 5 (see Fig. 10). Figure 18 is an electron 
micrograph of the apical portion of ectodermal cells prior to their 

on the left is cut through the basal body; on the right the section passes parallel 
to the basal body. From Gibbins et al. ( 1968). X55,000. 

FIG. 19. In the newly formed primary mesenchyme cells ( stage 3 of Fig. 10 ), 
the microtubules make direct contact with the centriole. Illustrated here are 2 
centrioles, one of which is cut near its basal surface. From Gibbins et al. (1968). 
X55,000. 

FIG. 20. When the mesenchyme cells have joined together to form the cable 
(stage 5 of Fig. 10), the microtubules do not appear to converge on focal points 
in the cells. Thus centrioles, when found, have no microtubules associated with 
them. X50,000. 
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migration into the blastocoel (stage 1). The microtubules appear to 
converge on 3 equally spaced or 2 unequally spaced sites or satellites 
situated in close association with the basal body. In the newy formed 
mesenchyme cells (stage 3) the microtubules appear to make direct 
contact with the centrally situated centriole and from here radiate in 
all directions (Fig. 19). When the cable has been formed and the 
deposition of the skeleton has begun (stage 5), the centrioles, which 
lie parallel to each other, do not have microtubules associated with 
them (Fig. 20). Thus at different times in this developmental sequence 
the microtubules appear to be organized at different regions of the cell. 
Unfortunately there is too little information even to speculate on 
the control of these patterns. 

Microtubule Distribution Related to the Polymer-Monomer Equilib
rium and to Existent Cellular Organization 
It was pointed out that the large numbers of microtubules that 

form upon the addition of D 2 0 to Actinosphaerium and to the 
mitotic apparatus (Inoué and Sato, 1967), tend to parallel the 
existing oriented structures (axoneme or the spindle fibers). Thus, 
provided the equilibrium conditions are right, tubules might assemble 
relative to physical structures such as other microtubules, the cell 
membrane, portions of endoplasmic reticulum, cellular inclusions, 
or even existing axial gels (such as defined by microtubules, see 
Tilney et al., 1966). Chemical factors as well, such as local gradients, 
might serve to orient tubules thereby altering the equilibrium. All 
these factors, then, could lead to a nonrandom distribution of tubules. 
If the above suggestions are at all justified, then one would except 
that in certain cells the ends of many microtubules would not contact 
satellites, basal bodies, or any postulated initiating site. Also, in 
certain cells, provided the precursor pool was sufficient, one would 
expect to see large numbers of tubules oriented parallel to each 
other with no particular function and no particular orientation relative 
to the asymmetry of the cell. There have been a number of reports 
of such aggregates (Morales et al., 1964; Hoffman, 1966; Bassot and 
Martoja, 1965; O'Brien, 1967). 

SUMMARY AND CONCLUSION 

In the first part of this review we presented evidence that attempts 
to relate the microtubule to the development and maintenance of 
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cell form. Although we enumerated a number of instances in which 
microtubules are present in orientations and at the proper time to 
account for the development of the anisotropy, no system provides 
better evidence for a functional responsibility than Actinosphaerium, 
for there is nothing else that could serve to support its long, rigid 
axopodia. We have relied heavily, therefore, on our own studies on 
the reassembly of microtubules and the redevelopment of axopodia 
following experimentally induced disassembly. From these studies 
and the others mentioned, it seems reasonable to conclude that the 
microtubules play an important role in the development of cell 
form. If this is true, then what controls the assembly and pattern 
of microtubules in cells ultimately determines cell shape. Based on 
the dynamic equilibrium concept introduced by Inoué (1964) and 
others, we have suggested that the distribution of microtubules may 
be controlled by at least three mechanisms. The first is related to 
specific sites in cells that nucleate or initiate the polymerization of 
microtubules. Since these sites are distributed nonrandomly in cells, 
they in turn can pattern the distribution of microtubules by controlling 
the initial direction of assembly. Included in this category of "sites" 
are basal bodies, centrioles, satellites (either associated with the 
basal body or centriole or free in the cytoplasm), kinetochores, and 
the midbody. Many of these "sites" appear to be active only at 
certain periods in the cell cycle, or at specific stages in the dif
ferentiation of a cell. The second mechanism for the control of 
microtubule pattern relates to inherent properties of the tubule itself 
and to the nature of links connecting adjacent tubules. A mechanism 
of this type appears to be active in the development of the axoneme 
of Actinosphaerium. This complex pattern of microtubules is thought 
to result from the substructures of the tubule, the nature of links 
connecting adjacent tubules, and the selection of the energetically 
most stable configuration of tubules. In other systems where a 
patterned assembly of microtubules is present, much of the or
ganization may also be related to the links connecting adjacent 
microtubule subunits. Frequently this mechanism operates in con
junction with nucleating sites. The third mechanism relates the 
assembly of microtubules to preexisting physical and/or chemical 
factors in the cytoplasm of the cell. Thus microtubules may assemble 
in relation to oriented structures such as other microtubules, asym
metric gels, the cell membrane, and a variety of cytoplasmic or-
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ganelles and inclusions, provided the equilibrium between the poly
meric and monomeric forms is favorable. Furthermore, local gradients 
of high or of particularly low concentrations of certain substances, 
may lower this equilibrium locally which in turn would lead to 
nonrandom polymerization. In many cells all three mechanisms 
may work together in ordering the distribution of microtubules. 
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