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ABSTRACT 

Microtubule organization has been studied in serially sectioned myogenic cells in 
the tail muscle regeneration blastema of Rana pipiens tadpoles. In mesenchymal 
cells and in some premyoblasts, microtubules radiate from centriolar satellites 
in a cell center, while in more mature myoblasts a n d  myotubes the centrioles no 
longer appear to serve as organizing centers for microtubules. In all elongate, 
fusiform myogenic cells, the microtubules are predominately oriented in the lon- 
gitudinal axis of the cell. Counts of microtubules in transverse sections spaced at 
regular intervals along the cells show that the absolute number of microtubules 
is greatest in the thickened midregions of the cells and decreases relatively 
smoothly toward the tapered ends of the cells. Close paraxial association of micro- 
tubules (within 40 nm surface-to-surface) occurs along the entire lengths of cells 
but appears with greatest frequency in their tapered ends. In two myoblasts,  
serial sections were used to trace all microtubules in 8-~m long segments of the 
cells located about midway between the nucleus and one end of the cell. Since 
tracings show that as many as 50% of the microtubules terminate within the 8- 
/zm long segment, it seems unlikely that any microtubules extend the entire 
length of the cell. It is proposed that lateral interactions between paraxial micro- 
tubules stabilize the overall microtubular apparatus and contribute to mainte- 
nance of the bipolar form of the cells. A three-dimensional model of the complete 
microtubular array in one of the 8-urn long segments of a myoblast  has been con- 
structed. The model reveals that a few microtubules within the segment are bent 
into smooth curves and loops that could be generated by sliding interaction be- 
tween paraxial microtubules. 

Microtubules are recognized as cytoskeletal ele- 
ments that play an important role in the mainte- 
nance of cell shape and in the organization of 
cellular cytoplasm (29). The organizational pat- 
terns of microtubules in cells vary with the shape of 
the cell and with its function. A common mi- 
crotubular pattern in cells is a radial dispersion of 

microtubules from the cell center, a region near the 
nucleus which usually contains a centriolar pair. 
Such radially arranged microtubules may be asso- 
ciated with movements of cytoplasmic particles 
towards or away from the cell center (2, 10, 22, 28, 
44) or with secretion (21, 45). A good deal of study 
has been focused on the roles that microtubules 
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play in supporting cell shape, particularly with 
regard to cell elongation (4, 7, 12, 8), and the 

formation and maintenance of long processes from 
the cell surface (36, 41), and it has been shown with 
the use of antimicrotubule agents that disruption 
of microtubules in anisometric cells results in 
reversible cell shortening or withdrawal of cell 
processes (5, 20, 37, 38, 40). In the systems studied, 
the common feature of  microtubule organization is 
an orientation of  microtubules in the axis of the 
cellular anisometry, although there may be varying 
degrees of  more complex interactions among the 
aligned microtubules. 

It is generally assumed that microtubules sup- 
port cellular anisometry by virtue of  an intrinsic 
rigidity. Beyond that, however, there are ma~y 
unanswered questions about the cytoskeletal func- 
tions of microtubules. On the structural level, one 
would like to know more of the detailed organiza- 
tion of the microtubular apparatus in elongating 
cells in order to determine, for example, whether 
microtubules extend the entire length of the cell. 
Do microtubules actively participate in producing 
cell elongation, or do they passively support an 
elongation produced by another mechanism? How 
is the organization of the microtubular apparatus 
controlled in the cell? In order to begin to arrive at 
answers for these questions, a detailed structural 
study of  the organization of the microtubular 
apparatus has been undertaken in a cell that 
undergoes a relatively great elongation during the 
course of its differentiation. This cell is the myo- 
blast that appears in the tail muscle regeneration 
blastema of the Rana pipiens tadpole after tail tip 
amputation. In previous studies of this and similar 
cells, it has been shown that colchicine induces the 
rounding of elongate myoblasts (3), and that 
microtubules in the cells are disrupted by the 
colchicine (43). In the present study, the organiza- 
tional patterns of the microtubular apparatus have 
been examined using serial sections of myogenic 
cells in progressive stages of differentiation and 
elongation. The results of  this examination suggest 
that: (a) as myogenic cells differentiate; there is a 
progressive reorientation of microtubules from a 
radial focus on the centrioles in the cell center to a 
longitudinal distribution in the cell cortex; (b) the 
microtubular apparatus in elongate myoblasts con- 
sists of overlapping microtubules which are indi- 
vidually shorter than the length of the cell; and (c) 
some degree of sliding interaction between parax- 
ial microtubules occurs. 

M A T E R I A L S  A N D  M E T H O D S  

R. pipiens tadpoles (from adult frogs obtained from J. 
M. Hazen, Alburg, Vermont) were cultured in the 
laboratory at 20°C and fed boiled lettuce or powdered 
nettle leaves. Tadpoles 1-2 cm in length were used in this 
study. Regeneration of the skeletal muscle of the tadpole 
tail was induced by amputation of the distal half of the 
tail, and regenerating tails were fixed at intervals of 3-10 
days after amputation. Fixation was done at room 
temperature for 1 h in 3-6% glutaraldehyde in a 
0.05-0.1 M cacodylate buffer (pH 7.3) with 1 mm CaCls 
added. After a .5-h rinse in the same buffer with 10% 
sucrose, the tissues were postfixed for another .5 h in 1% 
OsO~ in 0.1 M cacodylate. The tissues were rinsed briefly 
in 0.05 M maleate buffer (pH 5.2) and stained en bloc 
with 0.5% uranyl acetate in the same buffer for .5 h at 
about 5°C. After a distilled water rinse, the tissues were 
dehydrated in ethanol and embedded in Epon resin. Thin 
sections were further stained with uranyl acetate and lead 
citrate. 

Regeneration of the muscle fibers of the tadpole tail of 
R. pipiens has been described previously (33, 43). In 
brief, the muscle regeneration blastema forms within 3-5 
days (at 20°-22°C) after tail amputation and appears as 
a thin layer of cells just underneath the tail fin epithelium 
along the midline. As the blastema matures, overtly 
undifferentiated mesenchymal cells and elongate myo- 
genic cells may be found within it. The chief advantage of 
the tadpole for the study of microtubular organization in 
elongating cells is that the cells are essentially all oriented 
in the axis oftbe tail. A number of cells may be examined 
conveniently at the same orientation in any one thin 
section of the regenerating tail tip. In the present study, 
all information concerning the organization of mi- 
crotubules comes from transverse serial sections of cells 
within the tail tip. For general evaluation of microtubular 
organization in entire cells, thin sections were cut only at 
2-3-#m intervals along the lengths of the cells and the 
intervening thick sections were saved for light micro- 
scope orientation. Since continuities of individual mi- 
crotubules cannot be followed over 2-3-tzm intervals, sets 
of consecutive serial sections were cut along 8-/zm long 
segments of two myogenic cells. Microtubule continuities 
were then traced by direct comparison of adjacent 
sections. For construction of a three-dimensional model 
of the microtubular apparatus in one of the segments, 
transparent templates of every third serial sections were 
made and holes were drilled in the templates at the locus 
of each microtubule in the templates. String was used to 
connect the appropriate holes in the templates and to 
represent the microtubules. The model itself was con- 
structed to scale, at a ratio of 58,000:1, and the spaces 
between templates in the model represent as accurately 
as possible the distances between the thin sections from 
which the templates were made. Although only every 
third section actually appears in the model, microtubule 
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continuities were traced where necessary during con- 
struction by comparison of microtubule loci on the 
intervening sections, as well as on the templates. 

R E S U L T S  

Cell Types Present in the Muscle 

Regeneration Blastema 

Two basic patterns of cell shape are displayed in 
the differentiating muscle blastema. Initially, the 
blastema is dominated by overtly undifferentiated 
mesenchymai cells that are mononucleate and 
display no apparent axis of anisometry. As myo- 
genesis proceeds, the mesenchymal cells give rise 
to the elongate, fusiform cells characteristic of the 

early stages of skeletal muscle formation (Figs. 1 
and 2). It must be emphasized that cell shape alone 
is not a sufficient criterion by which to distinguish 
the spectrum of cells that differentiate within the 
regeneration zone (18). Thus, any given mesenchy- 
mal cell may or may not be committed to a 
pathway of muscle or connective tissue differentia- 
tion. Among the elongate myogenic cells, three 
types will be distinguished in the present study. Of  
the fusiform mononucleate cells, one type is 
50-150 #m in length and contains no visible 
myofibrils, while the other is greater than 150 #m 
in length and contains at least a few developing 
myofibrils. Using current terminology (18), the 
former will be termed "premyoblasts"  and the 

FIGURE 1 Longitudinal section of a regenerating tadpole tail at 7 days after tail amputation. The plane of 
section passes through the muscle regeneration blastema just below the surface epithelium of the tail. 
Elongate, spindle-shaped cells that appear to be mononucleate myogenic ceils (my) are oriented in the axis 
of the tail (the tip of the tail is towards the left). Stellate mesenchymal-like cells (me) appear at the top of 
the field, x 580. 

FIGURE 2 One of a set of transverse serial thick sections of a 7-day muscle regeneration blastema just 
beneath the surface epithelium (bottom right). The numbered cells are myogenic cells in which microtubule 
distribution along the lengths of the cells was analyzed in corresponding thin serial sections in the electron 
microscope. Cell 4, premyoblast; cell 5, myoblast; cell 8, myotube, x 800. 
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latter "myoblasts." The third type of elongate cell 
is the multinucleate myotube that arises by fusion 
of the myoblasts. While it is recognized that no 
predictions can be made concerning the ultimate 
fate of any of the mesenchymal cells or premyo- 
blasts examined in the present study, it is assumed 
that these cells are representative of the transi- 
tional stages leading to overtly differentiated mus- 
cle fibers, and observations made with regard to 
changing patterns of cell shape and microtubular 
organization will be interpreted within this con- 
text. 

Organization of  Microtubules in Myogenic 

Cells at Progressive Stages 

of  Differentiation 

MESENCHYMAL CELLS: These cells are irregu- 
larly shaped with no apparent axis of elongation 
(Fig. 1). Microtubules in these cells radiate in all 
directions from a generally prominent cell center 
containing a Golgi apparatus, numerous vesicles, 
centrioles, and dense centriolar satellites. It has 
been reported that centrioles may function as 
ciliary basal bodies in similar mesenchymal cells in 
other systems (9), but cilia have not been observed 
on mesenchymal cells in the present study. Mi- 
crotubules radiating from the cell center usually 
appear singly in the cytoplasm, and paraxial 
association between microtubules is not often 
observed. 

B I P O L A R  M Y O G E N I C  C E L L S :  m total of four 
premyoblasts lacking myofibrils (referred to subse- 
quently by number in this report as cells 1-4), three 
myoblasts (cells 5-7), and one multinucleate myo- 
tube (cell 8) have been examined in sets of serial 
transverse sections (Fig. 2) covering a total axial 
distance of 150 ~tm. This distance is sufficient to 
include the entire lengths of the premyoblasts, 
most of the lengths of the myoblasts, but only the 
midregion of the myotube. 

Microtubular organization in the elongate myo- 
genic cells is characterized by certain general 
features. Microtubules are somewhat more promi- 
nent in the cortical regions of the cells (Fig. 3) and 
for the most part are longitudinally aligned. Occa- 
sional microtubules may appear in other orienta- 
tions, especially in the vicinity of centrioles or 
basal bodies in less mature cells. For all elongate 
ceils, without exception, the absolute number of 
microtubules is greatest in the midregion of the 
cells and decreases with relative smoothness to- 

ward the ends of the cells. A more detailed analysis 
of the organization and distribution of mi- 
crotubules and the changes that occur with differ- 
entiation of the myogenic cells follows. 

THE RELATIONSHIP OF MICROTU- 
BULES TO CENTRIOLES: Microtubules 
have been observed to originate from a cell center 
containing a centriole or a basal body in two of the 
premyoblasts examined. In one of these cells (cell 
3), a prominent cell center with a large Golgi ap- 
paratus appears in transverse section near the nu- 
cleus (Fig. 4). A centriole is not visible in this sec- 
tion nor in adjacent sections 3 #m to either side, 
but the existence of a ciliary basal body lying 
nearby within a distance of less than 3 #m may 
be inferred from the presence of an aberrant cil- 
ium projecting from the cell surface (Fig. 4). The 
numerous microtubules in the cell appear to radi- 
ate in all directions from electron-dense satellites. 
This radial pattern of microtubular organization 
in cell 3 is very local, however, since, on the other 
side of the cell, away from the cell center, micro- 
tubules are longitudinally oriented. There is a 
sharp peak in microtubule number at the level of 
the cell center and basal body (graph, Fig. 5), 
which indicates that many of the microtubules 
originating in the cell center must be relatively 
short. The apparent overall organization of the mi- 
crotubules in cell 3 is summarized in a diagram in 
Fig. 5. 

In another, somewhat longer (96 ~m) premyo- 
blast (cell 4, Figs. 6 and 7), a centriole was 
observed in one section taken at the level of the 
nucleus. In this premyoblast, the cell center is less 
well-defined than in cell 3. Only one or two dense 
satellites appear in the section in the vicinity of the 
centriole. Microtubules in the immediate vicinity 
of the centriole are oriented in all axes, whereas the 
microtubules distributed peripherally around the 
nucleus are longitudinally oriented. Microtubule 
number is at a maximum around the nucleus, but 
there is no sharp peak in microtubule number 
associated with the centriole as was seen in cell 3 
(Fig. 8). 

No obvious cell centers or centrioles have been 
detected in the two other premyoblasts (cells l and 
2) or in the three myoblasts (cells 5-7). Any 
centrioles or basal bodies present in these cells 
must have lain in between levels where thin 
sections were taken. 

Since the multinucleate myotubes are formed by 
fusion of myoblasts, they may potentially contain 
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FIGURE 3 One of a set of 76 transverse serial thin sections of a myoblast from which a model of the 
microtubular apparatus in a portion of the myoblast was constructed. Microtubnles are found singly, in 
pairs (arrows), and small bundles around the periphery of the cell. A few microtubules are also associated 
with the Golgi apparatus in the center of the cell. A few very slender myofibrils (mr) with thick and thin 
filaments are present, x 38,000. 

several centrioles or basal bodies. One basal body 
observed in the nuclear  region of cell 8 is not 
associated with an obvious cell center  or with 
satellites. Microtubules  are numerous  in the nu- 
clear region of the myotube.  At  the level of the 

section containing the basal  body they are evenly 
dis tr ibuted around the entire periphery of the cell 
in longitudinal  orientat ion.  Microtubule  number  
fluctuates significantly in the myotube  nuclear  
region (Fig. 8), with the basal  body occurring at a 
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FIGURE 4 Transverse section through the periphery of 
a young myogenic cell (cell 3) in its midregion near the 
nucleus, showing a residual cell center at one side of the 
cell. Electron-dense satellites (S) are associated with the 
Golgi apparatus that fills the field, and microtubules 
radiate in all directions within this region. An aberrant 
cilium (C) projects from the cell surface. × 33,000. 

level of reduced microtubule number, rather than 
at a peak. 

MICROTUBULE COUNTS: Cells appear to 
contain the largest number of microtubules in their 
midregions as may be seen in Fig. 8, which displays 
counts of microtubules from four cells (Nos. 1, 4, 
5, 8) of increasing size and apparent level of 
differentiation. It may also be noted that mi- 
crotubule number increases with increasing level of 
differentiation. Cell 3 (Fig. 5) is exceptional in that 
its maximum number of microtubules (138) is 
greater than the maximum number of mi- 
crotubules (130) observed in any of the more 
mature myoblasts, as for example cell 5 (Fig. 8). It 
has been noted, however, that cell 3 is unique in 
displaying a sharp peak in microtubule number at 
the level of the basal body, while all other cells 

display a broad maximum number of microtubules 
around the nuclei. Another way of comparing 
microtubule numbers among the cells is to con- 
sider the areas under the curves in the graphs as an 
index of the total quantity of microtubules in the 
cells. If these areas are compared and the cell with 
the least area under its curve is arbitrarily assigned 
a value of l, then the values for all eight cells may 
be ordered in the sequence appearing in Table I. In 
this sequence, cell 3 falls within the same range as 
cells 1 and 2, which are premyoblasts of compara- 
ble length to cell 3. In comparing the values for 
cells 5-8, it should be noted that it was not possible 
to count microtubules in the extreme ends of these 
cells, as they lay beyond the limits of the 150-#m 
long sets of serial sections. The values for the areas 
under the curves of microtubule number for these 
cells accordingly contain correction factors derived 
by estimating the slopes of the curves at either end 
and extrapolating to a zero baseline. It may be 
observed that the values for both maximal mi- 
crotubule number and relative total quantity of 
microtubules for cell 8, which contains either two 
or three nuclei, fall within a range that is two to 
three times the maximum values obtained for the 
myoblasts. 

P A R A X I A L  M I C R O T U B U L E  I N T E R A C -  

T I O N S :  Longitudinally oriented microtubules 
in all myogenic cells are commonly found in par- 
axial association along the entire lengths of the 
cells, as may be observed in cell 4 (Figs. 6 and 7). 
At the level of the nucleus, microtubules appear 
in pairs and triplets spaced at approximately 30 
nm (surface-to-surface) from one another. Near 
the end of the cell (Fig. 7), the microtubules are 
clustered together in larger bundles, but the mini- 
mum spacings between individual microtubules 
remain about the same as at the level of the nu- 
cleus. In these and other micrographs, there is an 
apparent lack of bridge interconnections between 
mierotubules in close paraxial association. 

An attempt to quantify the extent of paraxial 
association between microtubules at different lev- 
els in the same cell and between different myogenic 
cells has been made by counting numbers of 
microtubules lying within about 40 nm (surface-to- 
surface) of one another in transverse sections. The 
ratios of paraxially associated microtubules to 
total numbers of microtubules in consecutive 
transverse sections have been plotted as a function 
of cell length for five cells (4, 5, 6, 7, 8) of 
progressive stages of differentiation, three of which 
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FIGURE 5 The graph indicates numbers of microtubules appearing in transverse sections spaced at about 
3-~tm intervals along the length of cell 3. The solid line indicates the region in the cell at which the nucleus 
was sectioned. The diagram above the graph is an interpretation of microtubule organization within the cell 
as determined from analysis of microtubule distribution in the thin sections. B indicates the inferred 
position of a basal body corresponding to the cilium seen in Fig. 4. A sharp peak in microtubule number 
appears at the level of the basal body and satellites (S) in the cell center. 

(4, 7, 8) are presented in a graph (Fig. 9). The 
percentages of microtubules showing paraxial as- 
sociation vary considerably along the lengths of 
the premyoblast (cell 4) and the myoblast (cell 7), 
but are fairly constant over the portion of the 
myotube (cell 8) that is included within the set of 
serial sections. For all cells, however, there is a 
tendency for the percentage to increase from a 
value of 20% to 25% at the level of the nucleus to a 
higher value in the tapering ends of the cells. The 
maximum value observed of 70% occurs in one end 
of cell 4, the least elongate of the three. 

It is conceivable that the higher percentages of 
microtubule association in the ends of the cells are 
simply a function of crowding in the restricted 
cytoplasmic space available. In order to weigh this 
possibility, the extent of crowding of microtubules 
at different levels (nuclei, tapering portions, and 
ends) in myogenic cells has been roughly deter- 
mined by measuring the cytoplasmic area (in ttm ~) 
of the cells in transverse sections and counting the 
number of microtubules appearing within that area 
(Table 11). in determining areas of cytoplasm, no 
attempt was made to exclude mitochondria or 

other organeiles (except the nucleus) since they 
appeared to be uniformly distributed along the 
entire lengths of the cells. For cells 4 and 7, it 
appears that microtubules are more crowded in the 
extreme ends of the cell, where the data of Fig. 9 
indicate paraxial association of microtubules to be 
at a high level. It should be noted, however, that 
there is also an increase in microtubule density in 
the rim of cytoplasm around the nucleus, and in 
this region paraxial association of microtubules 
reaches the lowest level. In cell 8, there is a 
negative correlation between microtubule density 
and paraxial association in the midregion, but the 
ends of the cell are not included within the set of 
serial sections. On the basis of these observations, 
it would appear that other factors besides crowding 
may be involved in determination of the extent of 
microtubule association in different regions along 
the cell. 

A Model of  the Microtubular Apparatus in 

a Portion of  an Elongating Myoblast 

A three-dimensional reconstruction of the mi- 
crotubular apparatus was made from one of two 
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FIGURE 6 One of a set of transverse sections spaced at 2-3-#m intervals along the length of an elongate 
myogenic cell (cell 4). The inset shows the position of this section (6) along the length of the cell. Note the 
microtubules surrounding the centriole or basal body (C). Transverse profiles of microtubules also appear 
around the entire periphery of the cell away from the centriole (arrows). × 26,400. 

FIGURE 7 Transverse section of the tapering portion near the end of cell 4. The position of this section 
along the cell is indicated in the inset of Fig. 6 (7). Microtubules display extensive paraxial association in 
pairs and groups. × 53,000. 

8-#m long sets of serial sections along two myo- 
blasts in order to provide additional insight into 
the following questions. (a) Do individual mi- 
crotubules extend the entire length of the cell? (b) 
Where do microtubules originate in the myogenic 
cells in which there is not a prominent cell center? 

(c) What morphology is observed at the end of a 
microtubule? (d) How do the microtubules interact 
with each other and with other organelles along the 
length of the cell? 

One transverse section belonging to the set of 
serial sections from which the model was con- 
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FIGURE 8 The graph shows counts of microtubules appearing in transverse sections taken along the 
lengths of four cells, two premyoblasts (1, 4), a my•blast (5), and a my•tube (8). The solid lines indicate 
levels at which nuclei appeared in the sections. C indicates positions of centrioles or basal bodies that were 
observed in sections. 

TABLE 1 

Numbers of  Microtubules in Myogenic Cells of  Increasing Length 

R e l a t i v e  M a x i m u m  n o .  

q u a n t i t i e s  o f  o f  m i c r o t u b u l e s  
m i c r o t u b u l e s  in  m i d r e g i o n  M y • f i b r i l s  

C e l l  n o .  p e r  c e l l *  o f  c e l l  C e l l  l e n g t h  N o .  o f  n u c l e i  p r e s e n t  

/.Lm 

1 - Premyoblast ! .0 72 59 1 - 
2 Premyoblast 1.3 96 61 1 - 
3-Premyoblast 1.4 138 69 1 - 
4-Premyoblast 2.3 86 96 1 - 
5-My•blast 4.1 130 > 150 1 + 
6 My•blast 4.5 105 > 150 1 + 
7 My•blast 5.4 I10 > 150 1 + 
8-My•tube 11.0 310 >> 150 2 or 3 + 

* These quantities were estimated by measurement of the areas under the curves representing numbers of microtubules 
at consecutive intervals along the lengths of the cells. 

structed appears in Fig. 3. The my•blas t  at this 
level contains a few slender, peripheral my•fibri ls  
and a central Golgi apparatus.  Microtubules are 
found predominately in the cell cortex, often as 
pairs or in small groups, but they may also appear 
in the center of the cell, particularly at the 
interface between cytoplasm and Golgi apparatus.  

Observation of the model in stereoscopic lateral 

view (Fig. 10) emphasizes the organizational pat- 
tern of microtubules that  is generally apparent  in 
individual transverse sections. The majority of 
microtubules are oriented in the longitudinal axis 
and are commonly aligned in pairs or in small 
bundles. Within these groupings, microtubules 
may approach to within 20 nm (surface-to-surface) 
or less of one another.  A slight kinkiness in the 
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FIGURE 9 Graph indicating the extent of paraxial association of microtubules along the lengths of a 
premyoblast (4), a my•blast (7), and a my•tube (8). Solid lines indicate levels at which nuclei appeared in 
transverse sections. C indicates positions of centrioles or basal bodies along the cell. 

TABLE II 
Microtubule Density (MT/I~m 2) at Midregion, Tapering Regions, and Ends of Myogenic Cells as Determined by 

Counts of Microtubules in Measured Areas of  Cytoplasm in Transverse Sections 

Position of section along cell 

Cell no. End Taper Nucleus Taper End 

4 (premyoblast) 12.5 MT/um 2 3.3 MT/#m ~ 11.5 MT/#m ~ 5.5 MT/#m 2 22 MT/~m ~ 
7 (my•blast) 11.0 3.5 10.6 5.4 16.0 
8 (my•tube) - -  4.0 6.6 3.0 - -  

microtubules is believed to arise primarily as an 
artifact of distortions within the original electron 
micrographs and of small errors in registration of 
the templates from which the model was made. 

The model reveals an aspect of microtubular 
organization in the my•blast that is not apparent 
in thin sections: the existence of individual mi- 
crotubules that are curved and which run obliquely 
across the cell for variable distances before resum- 
ing a longitudinal course. Several such curving 
microtubules may be observed in the lateral view 
of the model. Three microtubules have been ob- 
served that are bent into pronounced sigmoid 
loops, and one of these may be observed at the top 
of the model in lateral view (Fig. 10). 

The average number of microtubules remains 
nearly constant along the length of the model, with 
79 microtubules appearing at one end and 76 at the 
other. Within the model, however, 46 microtubules 
are observed to terminate, and these terminations 
are represented for clarity by the black beads 
affixed to the ends of the strings in the model. The 
length of the my•blast from which the model was 

constructed is estimated to be greater than 150 ~m. 
Thus, if such a large percentage of microtubules 
terminate within the 8-#m segment represented by 
the model, it seems highly unlikely that any 
microtubules extend the entire length of the cell. In 
the set of serial sections from the second my•blast 
in which microtubules were traced individually, 
but for which no model was constructed, only 12 
microtubules terminated out of an average of 62 
microtubules entering the 8-#m long segment from 
either end. Overall cell length for the second 
my•blast is estimated to be greater than 150 #m, 
and thus, while it appears that the frequency of 
microtubule termination is lower in this segment 
from the second cell, the probability of any 
microtubules extending the length of the cell also 
seems very low. In both cell segments, microtubule 
terminations appear to be randomly distributed 
throughout the lengths of the segments. 

Are the observed terminations of microtubules 
representative of the in vivo situation or are they 
created during tissue processing? If breaks are 
induced during fixation, one might expect that 
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broken ends would be found in close proximity to 
one another in the model. In only a very few 
instances, however, can microtubule ends of oppo- 
site polarity in the model be matched reasonably to 
produce one linear microtubule. It may also be 
noted that in the second cell examined, 11 out of 
the 12 microtubule ends in the segment are of the 
same polarity and thus cannot be matched. 

Microtubular Terminations and Bridges 

Microtubular terminations are abrupt, and all 
structural traces of the microtubule wall usually 
disappear within the thickness of one thin section 
or about 100 nm. Microtubules have not been 
observed to unfold into C-shaped sheets or to 
break up into protofilaments, although detection 
of the latter would be difficult in a lO0-mm thick 
section. Occasional ends of microtubules appear to 
lie completely free in the cytoplasm (Fig. 11), but 
more frequently the ends are associated with a 
membranous vesicle (Fig. 12), with cisternae of the 
endoplasmic reticulum, or with the plasma mem- 
brane. Amorphous, electron-dense material resem- 
bling a centriolar satellite has been found at the 
end of a microtubule in only a few instances (Fig. 
13). It may be noted in connection with the 
microtubule illustrated in Fig. 12 that the wall of 
the microtubule becomes indistinct as the mi- 
crotubule ends, and similar modification of the 
tubule wall has been observed in several other 
instances at the ends of tubules in this study. 

Bridging between closely associated mi- 
crotubules in bundles has not been observed, 
although there is an abundance of rather amor- 
phous material in the background cytoplasm that 
often fills spaces between microtubules (Fig. 13). 
Discrete bridges have been observed in only a few 
instances between microtubules and membranes 
such as endoplasmic reticulum (Fig. 14). 

DISCUSSION 

Control o f  Microtubular Organization 

During muscle differentiation in the tadpole tail, 
the radial pattern of cellular organization in the 

mesenchymal cell is converted to the bipolar 
pattern of the myoblast. This change in overall 
cellular organization involves a concomitant shift 
in arrangement of the microtubules from a radial 
focus on the centriolar-satellite complex in the cell 
center of the mesenchymal cell to a cylindrical 
dispersion around the periphery of the elongate 
myoblast. The shift in microtubular organization 
appears to take place gradually, as a few premyo- 
blasts have been found in which some microtubules 
continue to focus radially upon a centriole or basal 
body in the cortex. In the oldest myoblasts and in 
the myotubes that have been examined, no evi- 
dence of radial patterning of microtubules in a cell 
center has been observed. These basic features of 
the change in microtubule organization from mes- 
enchymal cell to myotube are summarized in a 
diagram (Fig. 15). 

The function of centriolar-satellite complexes as 
organizing centers for microtubule polymerization 
has been demonstrated by Tilney and Goddard 
(39), who showed that satellites associated with a 
ciliary basal body in ectodermal cells of sea urchin 
blastula served as foci for microtubule regenera- 
tion after the microtubules were first disrupted by 
cold treatment. Although similar experiments have 
not yet been done with the tadpole cells, it is 
assumed that the radiation of microtubules from 
the centriolar-satellite complexes in mesenchymal 
cells is indicative of a concentration of mi- 
crotubule-initiating sites in those regions. One is 
immediately led to consider the question of the 
extent to which centriolar-satellite complexes in 
myogenic cells continue to function as mi- 
crotubule-organizing centers as the cells elongate. 
In support of such continued function are the 
observations that some microtubules are found to 
radiate from basal body satellites in a few young 
myogenic cells, and that microtubule number in 
myogenic cells is always greatest in the midregions 
of the cells where the basal bodies and satellites are 
located. On the other hand, large numbers of 
microtubules in the midregions of myogenic cells 
appear to pass directly by the centriolar-satellite 
complexes, and in most cells there is no sharp peak 

FIGURE 10 Lateral view of a model of the microtubular apparatus in an 8-#m long segment along the 
length of a myoblast. Stereoscopy may be achieved by eye convergence. The majority of microtubules are 
aligned longitudinally in the periphery of the cell, but a few are seen to course obliquely from one region of 
the cell to another. At the top center and bottom left of the model, looping configurations of 
microtubules are discernible. Note the random distribution of microtubule terminations within the model as 
indicated by the dark beads. The faint line tracings in the core of the model are outlines of the Golgi 
apparatus, x 58,000. 
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FIGURES 11-13 Sets of consecutive serial sections in which longitudinally oriented microtubules in 
myogenic ceils are observed to terminate. 

FIGURE 11 Of six microtubules present in section a, the one indicated by the arrow in b terminates 
abruptly in c. x 88,000. 

FIGURE 12 The somewhat obliquely oriented microtubule indicated by the arrow in a becomes indistinct 
in b and is replaced by a vesicle in c. No trace of the microtubule is seen in d next to the cisterna of 
endoplasmic reticulum, x 103,000. 

FIGURE 13 Of nine microtubular profiles visible in a, the one indicated by the arrow in b is replaced by a 
discrete electron-dense mass (arrow) in c that resembles a satellite. The dense mass is visible in d but 
disappears in e. x 103,000. 

FIGURE 14 Four examples of microtubules that are linked to cisternae of the endoplasmic reticulum by 
distinct bridges (arrows). x 112,000. 

in microtubule  number  that  might  be associated 

with a centriole or basal body. Microtubule  num-  

ber in myogenic  cells apparent ly  cont inues to 

increase somewhat  even as the numbe r  of  mi- 

crotubules  specifically associated with a centriole 

or basal  body becomes  very low. Finally, one mus t  

also consider  the fact that  in older myoblas t s  the 

model  reveals that  ma ny  microtubules  te rminate  in 

the cell some distance away from any centrioles or 

basal  bodies in the midregion.  
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FIGURE 15 A summary of the organizational changes 
in microtubules believed to occur as mesenchymal cells 
(A) differentiate into myoblasts (C) and myotubes (D). 
Microtubules in the mesenehymal cells radiate from a 
ceil center containing centrioles and satellites. In pre- 
myoblasts (B), the centrioles appear to move to the cell 
surface to function as ciliary basal bodies. A residual cell 
center with microtubules radiating from satellites may 
appear around the basal body. In myoblasts and myo- 
tubes, almost all microtubules are longitudinally oriented 
and few, if any, appear to radiate from the basal bodies. 

There are at least two interpretations for these 
observations. One possibility is that microtubules 
continue to be initiated in the general vicinity of 
the centrioles or basal bodies, but that they are 
then displaced from those regions toward either 
end of the cell. A second possibility is that the cell 
center in myogenic cells ceases to function as a 
primary microtubule-organizing region and that 
microtubule-initiating sites, such as satellites, be- 
come more widely dispersed in the cell cortex with 
cell elongation. In this regard, special attention has 
been paid to terminating microtubules as they have 
been observed in the serial sections from which the 
microtubule model was made, but, as noted, only a 
very few microtubules have been observed to 
terminate in material of sufficient density and 
discreteness to resemble a satellite. Except for 
these few instances, satellites have not been ob- 
served to occur away from the centriolar region in 
myogenic cells, although a great deal of relatively 
amorphous, moderately dense material does ap- 
pear in the background of cytoplasm throughout 
the cell. The common occurrence of cytoplasmic 
membranes or vesicles in association with mi- 
crotubule terminations is intriguing and may be 
compared with the occurrence of numerous mem- 
branous vesicles in the Goigi apparatus surround- 
ing the microtubules in the cell center in mesenchy- 

mal cells. The association of microtubule termina- 
tions with vesicles has been noted in other studies, 
and images suggestive of microtubule continuity 
with vesicles in the vicinity of the Golgi apparatus 
(32) and centrioles (30) or of terminal swelling of 
microtubules (17, 47) have been presented. In the 
present study, however, continuity of microtubules 
with vesicles has not been noted. 

Microtubule and Cell Elongation 

The observations made in the present study 
strongly indicate that the microtubules in the 
elongate myogenic cells do not extend the entire 
length of the cell. How, then, does the microtubu- 
lar apparatus contribute to the maintenance of cell 
elongation as is known from previous studies of the 
effects of colchicine on myoblast elongation? This 
might occur through individual interactions of 
microtubules with other elements in the cell cortex, 
such as the plasmalemma or the ubiquitous mi- 
crofilaments underlying the plasmalemma. The net 
result of all such local interactions could be a 
stiffening of the cortical region of the cell along its 
entire length. Alternatively, the entire microtubu- 
lar apparatus could be stabilized by interactions 
between ihdividual overlapping microtubules. This 
second alternative is favored for the reason that the 
paraxial associations of microtubules occur regu- 
larly along the entire length of the cell, in contrast 
to the lack of a consistent pattern of microtubular 
interactions with the plasmalemma or other organ- 
elles. 

The analyses of the extents of paraxial mi- 
crotubule association as a function of cell length 
have indicated that such association occurs at a 
minimum value of 20-25% at any one level in all 
the cells examined. If microtubular associations 
are responsible for stabilizing the overall mi- 
crotubutar apparatus, then this value may repre- 
sent the minimum amount of microtubular in- 
teraction necessary to stabilize cell form as well. It 
seems reasonable that the increased microtubular 
association near the ends of the cells, whether or 
not the association arises from crowding of mi- 
crotubules, might provide additional structural 
stabilization of the slender end regions of the cells. 

The regularity of paraxial microtubular associa- 
tions suggests the existence of physical linkages 
between the microtubules such as have been ob- 
served in other, more highly organized parallel 
microtubular arrays (13, 16, 23, 25, 46). From the 
paucity of bridging elements actually observed, 
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one must conclude at present that any elements 
serving to link microtubules are ill-defined by 
nature or are not adequately preserved and stained 
with the methods employed in the present study. 

Within the context of microtubular associations 
in the myoblasts, the bending and looping mi- 
crotubules are of interest. Profiles of all mi- 
crotubules showing significant bending in the 
model have been traced from lateral view, and five 
representative profiles are reproduced to scale in 
Fig. 16. Although these microtubules appeared at 
different levels within the cell, the order in which 
they have been placed in the diagram is intended to 
show that the sigmoid loops could arise from more 
gently curving microtubules if the ends of the latter 
were displaced in opposite directions as indicated 
by the arrows in the diagram. How might such 
displacements arise? For almost all microtubules 
displaying bends in the model, the longitudinally 

FIGURE 16 The lines in the diagram represent tracings, 
approximately to scale, of curving microtubules as they 
appear in lateral view of the model from different 
positions around the model. The lines are grouped in an 
order meant to indicate that the more pronounced 
sigmoid loops could be generated from the more gently 
curved microtubules if the ends of the latter are displaced 
in opposite directions as indicated by the arrows. 

oriented straight portions of the microtubules are 
observed to interact paraxiaily with other straight 
microtubules. If sliding interaction of opposite 
polarity were to take place along these regions of 
paraxial interaction, then individual microtubules 
could be bent into the sigmoid loops that are 
observed. Sliding interactions between paraxial 
microtubules have now been defined in such mi- 
crotubular apparatuses as cilia (31, 35) and protis- 
tan axostyles (19, 24). It is also conceivable that 
displacements of microtubules might occur as a 
passive response to forces in the cytoplasm exter- 
nal to the microtubular apparatus, as, for example, 
flow of cytoplasm itself. Whatever the actual 
mechanism, it is difficult to conceive how the 
families of bent microtubules could be produced 
other than by shearing forces operating at some 
level within the cell. It seems very unlikely that the 
microtubules, presumably being fairly rigid struc- 
tures, could spontaneously polymerize or bend into 
the very smooth profiles observed. 

Among the various ways in which microtubules 
might contribute actively to cellular elongation is 
the possibility that ordered sliding interactions 
between microtubules could produce a force of 
extension within the cell (7). Although the results 
of the present study suggest that sliding might 
occur, there is no evidence to indicate that it occurs 
in an ordered manner such that the polarities of the 
sliding would lead to an overall net elongation of 
the microtubular aparatus. Sliding, even if disor- 
dered, might be of some significance with regard to 
establishing the patterns of distribution of mi- 
crotubules along the length of the cell. If, for 
example, microtubule-initiating sites were not uni- 
formly distributed throughout the length of the 
cell, then sliding of microtubules could lead to a 
movement of some microtubules to the regions of 
the cell where initiating sites were less numerous. 

From studies of cellular elongation in other 
systems, it now appeard that various microfila- 
ment networks associated with the plasmalemma 
play a prominent role in active extension of some 
cells (1, 6, 27, 34, 48). In systems such as the 
elongating neurite in which both microtubules and 
microfilament networks are present, there is evi- 
dence that microfilaments are most directly in- 
volved in cellular extension at the leading edge, 
whereas microtubules seem to be involved in the 
stabilization of the axis of the neurite behind the 
growth cone (6, 48). This interpretation is rein- 
forced by studies of the effects of colchicine or 
Colcemid upon fibroblast movement and elonga- 
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t ion (11, 15, 42). Normal ly ,  the cells are bipolar  
and display surface membrane  ruffling at the 
leading edge, but after  colchicine t r ea tment  the 
cells cease moving,  round up, and display ruffling 
around their  ent ire  periphery. The function of 
microtubules  in these cells may thus relate most  
directly to stabil izat ion of an axis of anisometry  
ra ther  than  to extension of the cell surface in the 
direct ion of movement .  

Microf i laments  are present in the elongating 
myogenic  cells both  in longitudinally oriented 
bundles and in less discrete subp lasmalemmal  
networks,  and could well part icipate in cellular 
elongation.  If, as seems reasonable,  the microtubu-  
lar appara tus  in these cells is more  directly in- 
volved in stabilizing the axial anisometry,  then it 
would be of great  interest to learn more  concerning 
the nature  of the elusive e lements  tha t  may bind 
the microtubules  together.  At tempts  to character-  
ize such elements  in the more highly organized 
micro tubula r  apparatuses  (14, 26) have been re- 
warding,  but as yet there has been little informa-  
t ion for thcoming related to bridges or other  bind- 
ing e lements  in the relatively primitive cytoplasmic 
micro tubula r  bundles. It has been noted that  in the 
radially oriented micro tubula r  appara tus  of the 
mesenchymal  cells, paraxial  associat ion of mi- 
crotubules  is uncommon ,  whereas it is extensive in 
the bipolar  myogenic cells. If  the reorganizat ion of 
microtubules  into paraxial  bundles is a factor 
contr ibut ing to the initial es tabl ishment  and stabi- 
l ization of the bipolar  axis, then one way in which 
the cell might  control  this change could be the 
synthesis or release into the cytoplasm of factors 
tha t  encourage the associat ion of microtubules  
into bundles. Thus,  in terms of character iza t ion of 
micro tubula r  binding elements,  it would also be of 
interest  to de termine  whether  the amounts  and 
kinds of such elements  vary in the cell according to 
its basic plan of  organizat ion.  
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