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ABSTRACT

Spermiogenesis in chicken has been examined in order to see whether the radical
changes observed in cell shape can be related to the presence of cytoplasmic microtubules.
A highly ordered array of tubules has been found which surrounds the nucleus as it elon-
gates from a sphere to a slender cylinder. The structure of the array has been determined
by following the tubules through 12-14 adjacent serial sections, and it is a left-handed
double helix. Faint cross-bridges connect consecutive turns of the two helices. After the
change in nuclear shape is complete, the helical system of microtubules disappears and is
replaced by a set of almost straight tubules which run parallel to the long axis of the nucleus.
These tubules remain while the spermatid nucleus condenses isotropically to its final size.
We suggest that the helix is the agent which effects nuclear elongation and that the subse-
quent system of paraxial tubules determines the curvature of the final sperm head. Evidence
for these suggestions is found in the form of spermatids which have failed to develop properly.
In an appendix we consider the kinematics of single and multiple helix systems and dis-
cuss the revelance of these models to the morphogenesis of chicken spermatids.

INTRODUCTION

The frequent discovery of microtubular elements
in the cytoplasm of asymmetric cells has suggested
the hypothesis that microtubules are of general
importance in the development and maintenance
of biological anisometry (3, 15, 21). One class of
asymmetric cell to which the hypothesis should
apply is the sperm cell, for the unusual shapes of
many mature sperm heads attest to radical trans-
formations of the originally spherical spermato-
cytes (16). Spermiogenesis in chicken provides an
example in which the nucleus changes from a
sphere into a long, slender cylinder, tapered at one
end and bent into a gentle curve throughout its
length. Experience with other asymmetric cells led
us to expect to find a system of microtubules as-
sociated with the development of this anisometry.

A careful description of spermiogenesis in
chicken has been made with the light microscope
by Zlotnik (22); Nagano (14), using the electron

microscope, has presented a detailed account of
some aspects of sperm development as seen in
specimens fixed with cold osmium tetroxide or
acrolein. The formation of the acrosome and
development of the tail structure are covered in
these papers, and Nagano has described a man-
chette of tubular elements which appears after the
nucleus is fully elongated. Neither of these papers
discusses the labile microtubules which are too
small to be resolved in the light microscope and
which require special methods of fixation to be
seen with the electron microscope. The present
paper is an account of chicken spermatid develop-
ment as seen in the electron microscope after
glutaraldehyde fixation, a method known to pre
serve microtubules in diverse types of cells (1).

METHODS

Adult roosters were killed by dislocation of cervical
vertebrae and their testes were immediately removed.
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The tissue was cut into blocks of 3 mm in 39, glu-
taraldehyde (19) buffered to pH 7.5 with 0.1 m so-
dium cacodylate. After fixation for 14 hr at room
temperature, the partially fixed blocks could be cut
into pieces small enough to insure good fixation and
embedding. A total fixation time of 2 hr was found
to be sufficient. The tissue was rinsed in buffer for
2 hr, postfixed at room temperature in 19 OsOy
buffered with 0.1 M sodium phosphate at pH 7.0
for 1’4 hr, and embedded in Epon according to
the methods of Luft (11). Sections were cut on a
Huxley or a Porter-Blum microtome, stained with
uranyl acetate and Reynolds’ lead citrate (17), and
examined on a Siemens-Elmiskop I. When high
resolution microscopy was planned, the tissue was
rinsed in water for !4 hr after osmium fixation and
then stained in 197 aqueous uranyl acetate at room
temperature for 14 hr (C. Franzini-Armstrong.
Personal communication). The rest of the procedure
was the same.

For serial sections LKB slot grids were used, coated
with a gray film of Formvar. Ribbons of 15 sections
were picked up on the coated grids from beneath the
surface of the water in the boat, stained as usual, and
then given a thin coating of carbon.

When measurements were made with the electron
microscope, a meter indicating the current in the
intermediate lens was calibrated with pictures taken
of a replica grating ruled at 33,000 lines per inch.
Distances were measured on the plates with a Nikon
Shadowgraph model 6C. The standard deviation of
measurements of a given structure in different prep-
arations was found to be about 89, of the mean, so
the measurements are thought to be reliable to ap-
proximately 10%,.

OBSERVATIONS

The magnitude of the transformation which occurs
during spermiogenesis may be seen by comparing
the spermatocytes with the mature spermatozoa.
The sizes given here are approximate. At the onset
of the transformation, the spermatocytes are
roughly spherical with a cellular diameter of 10
p# and a nuclear diameter of 6 u. In the mature
sperm the nucleus, which almost fills the head, is
I1 p long and 0.5 p in diameter. It is bent to a
radius of curvature of 7 p throughout its length,
but the curve is not necessarily planar and helical
heads are frequently seen. Therefore, during
spermiogenesis the nucleus decreases in volume
from 110 p® to 2 w?, changes in axial ratio from
I:1 to 22:1, and acquires a defined curvature.
These radical changes in shape and volume
come after a series of cytological developments.
First, the Sertoli cells send out long processes
which completely engulf the spermatocytes (22).
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The Golgi apparatus then starts the proliferation
of membrane-bound vesicles which, with their
contents, form the acrosome (2, 22), and one of the
centrioles comes to serve as the basal body for the
developing flagellum (14). A few scattered micro-
tubules can be seen at this time (Fig. 1). The
acrosome and the basal body take up positions at
opposite ends of the nucleus and the nuclear ma-
terial changes in texture. This transformation of
the nucleus is accompanied by a decrease in the
nuclear volume from about 110 u? to about 25 u?
without any substantial change in its spherical
shape.

As the nucleus becomes smaller, more micro-
tubules appear and are seen to run in bands
around the nucleus (Figs. 2 and 3). The bands
show a radius of curvature of about 134 u. They
lie in planes approximately perpendicular to a
line drawn from the acrosome to the basal body,
and, as the nuclear material becomes more com-
pact, the tubules form into an ordered array.
During this stage, the nucleus loses its spherical
form and becomes a prolate ellipsoid whose axial
ratio increases as spermiogenesis proceeds.

The bands of tubules are observed as long as the
axial ratio of the nucleus is changing, and in the
final stages of nuclear elongation there is an ex-
ceptionally regular system of microtubules running
around the now almost cylindrical nucleus (Figs.
4 and 5). When the plane of section is perpendicu-
lar to the axis of the spermatid, the individual
loops are seen to have a constant radius of curva-
ture (Fig. 4, insert); when the section contains the
axis, the regularity of the spacing between the
tubules is evident (Fig. 5, inserts).

No single electron microscope picture of the
array can disclose the exact structure of this
orderly system of tubules, for any one micrograph
could be interpreted either as a set of closed rings
stacked on top of one another or as a set of one or
more helices with the same sense, i.e., a right- or
left-handed screw. For example, in Fig. 4 the
tubules appear to form closed loops, but since the
section includes at least two layers of tubules, the
image could equally well be the result of the over-
lapping of consecutive turns of a helix.

We have been able to decide between these
alternatives by cutting serial sections parallel to
the long axis of the spermatid. 12-14 serial sections
showing silver as an interference color provided
enough depth to allow us to follow one tubule all
the way around the nucleus.
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Ficure 1 An early spermatid before nuclear elongation, with a tail developing from the
centriole (C). A few microtubules are seen near the centriole and the nuclear envelope
(arrows). X 25,000.

Tracing any given tubule from picture to picture
was difficult, for there are no special features which
distinguish one tubule from another. We there-
fore identified specific tubules by their position
with respect to structural features which could be
followed clearly from one picture to the next: an

acute bend in a membrane running perpendicular
to the plane of section, imperfections in the tubule
array, or points of symmetry in an organelie such
as a mitochondrion. Figs. 6 a and & is a pair of
adjacent sections with eight identifiable structures
marked on each picture. Distances can be meas-

J. R. McInrosu anp K. R. Porter Microtubules in Fowl Spermatids 155



Ficure 2 The acrosomal cap (A) is attached to the nuclear envelope, the chromatin has changed in
texture, and nuclear elongation has just begun. Tubules are now present in the region around the basal
body of the tail, and a few bands of tubules already encircle the nucleus (arrows). The radius of curvature
of the tubules around the nucleus is 114 x. X 40,000,



Fieure 3 A cross-section of the developing nucleus showing the bands of tubules just outside the
nuclear envelope (arrow). The radius of curvature of the tubules is 1 u. X 20,000.

ured from these points to any chosen tubule on
one micrograph and then can be mapped out on
the next section in order to identify the correspond-
ing tubule. It is necessary to remember that struc-
tures which are not running perpendicular to the
plane of section will have shifted position in a
predictable fashion from one section to the next.
A full set of 13 plates is not published here for
reasons of space, but Figs. 7 a-m shows a small
region from each plate in a complete serial
sequence. Figs. 7 f and 7 g are subregions of Figs.
6 a and 6 b, so the relationship between the size of
the full plate and of the subregion can be seen. The
arrows in Fig. 7 indicate the corresponding tubule
in each picture, since there is not sufficient area
shown for the reader to establish the sequence for
himself in all cases.

The tracing of tubules through serial sections
was carried out in two or more regions of nine
different spermatids. In almost every case, we
found that when a given tubule completed its
circuit around the nucleus, it did not return to its
original location, but rather had moved two
tubules along the length of the nucleus. The
simplest interpretation of this observation is clearly
that the system of tubules which surrounds the
nucleus is a double helix. (A displacement of one
step would indicate a single helix; a return of each

tubule to its starting point would indicate a stack
of rings unconnected to one another.) The sense of
the helices has been determined in seven sperma-
tids: it was left-handed in each case.

Only two instances were found in which the
tubule did not move two places in one circuit
around the nucleus. Both appear to be aberrations
from the normal pattern and are interesting
examples of the kinds of error which occur at this
level of biological order. In one case, the displace-
ments in three successive turns around the nucleus
were three, one, and two steps. In this region of
the helix, there were two loops of tubule in the
same plane, one outside the other, so the mistake
is probably related to the extra loop. The second
aberrant pattern showed a displacement of four
steps in a single circuit, but an obvious dislocation
in the lattice at this point probably accounts for
the shift. During its next trip around the nucleus,
this tubule was displaced the normal two steps.

When the nucleus has reached its maximum
length, the helices run from the base of the acro-
some to the caudal end of the basal body (Fig. 5),
a distance of about 24 u. The center-to-center
spacing of the tubules in the helices is 300 A +
10%. Since there are two helices present, the pitch
of each helix is 600 A. The diameter of the helices
in their final form is about 1 u, so the angle of
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Fieere 4+ A Sertoli cell engulfing
several spermatids with bands of or-
dered microtubules avound the nuclei
(arrow). The radius of curvature of
the tubules is less than Y4 g, X 18,0005
insert, X 51,000,
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Fieure 5 An axial section of the spermatid after complete nuclear elongation showing the extent of the
tubule array. Note that the array is interrupted (arrows). X 9,400. The inserts are taken from another
plate of higher instrument magnification; they show comparable areas from a different spermatid.
X 56,000.
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inclination of each helix is approximately 1.1°.
Each spermatid at this stage of development,
therefore, contains about 2,500 p of cytoplasmic
microtubular material.!

The center-to-center spacing of the tubules oc-
casionally deviates widely from the mean value of
300 A. These gaps generally occur in pairs on
either side of the nucleus and seem to represent
breaks in the helices (Fig. 5, arrows); all helices
appear to be divided into segments by such gaps.
The length of the segments is, however, not uni-
form.

When the center-to-center spacing of the tubules
in the helix is regular, the tubules would seem to
run around the nucleus without interruption. A
helix segment containing uniform center-to-center
spacing will frequently extend for 2 u along the
nucleus, suggesting that one tubule can be as long
as 100 u.

The tubules themselves have the same diameter
as previously reported cytoplasmic microtubules
which have been fixed in glutaraldehyde and
embedded in hard plastic (15). They have an
outside diameter of 240 A + 109 and an inner
diameter of 110 A + 109,. The diameter of the
tubules is more consistent than the experimental
error would indicate. Using a Nikon Shadow-
graph, we measured the dimensions of 20 tubules
on each of three plates which we had micrographed
with care to minimize distortion effects, and, in
all cases, the standard deviation of the measure-
ments was approximately 4%, of the mean for the
plate.

No precise statement can be made about the

1 Since the pitch of the helix is small in comparison
with the circumference, each turn of the helix contains

symmetry of the tubules, for it has not been pos-
sible to resolve the subunits clearly in sectioned
material. After counting the apparent number of
subunits in a large number of tubules and using
Markham’s (12) method for reinforcement of
rotational symmetry, we can say that the structure
possesses an axis of rotation which is 13-fold =+ I.
This is consistent with the information available
for microtubules found in plant cells (10).

The pitch of the helices seems to be as precisely
determined as the diameter of the tubules them-
selves. We calculated the standard deviation of the
center-to-center spacing of the tubules in the
helical array by taking 20 measurements on each
of three plates and found that it was again only 49,
of the mean for the plate. The regularity of the
periodicity implies that some structure is present
which governs the relative position of successive
turns of the helices. Pictures of good resolution
show a fine connection between the tubules (Fig.
8 a and b and Fig. 6 a and b). These bridges may
serve to determine the regular spacing of the
tubules.

The connections between the tubules are similar
to the ones described by Grimstone and Cleveland
(5) in the axostyle of several flagellates, but are
not so well defined as the bridges seen by Robison
(18) in the sperm syncytium of a scale insect. In
the previously described systems, the position of
the bridges suggests that they are part of a motile
mechanism. It is possible that this is also true of
the connections seen in the helices of microtubules
found in chicken spermatids. When the con-
nections are visible between turns of the helices,
they are spaced at intervals of about 600 A along
the tubule (Fig. 8 a), but, in general, the quality
of structural preservation does not permit definite

about 2 1r = 3.1 u of tubule. The total length of ] -
cytoplasmic tubule in the spermatid is conclusions about periodicity.
helix extent When the spermatid nucleus reaches its full
2 X helix pitch X length per turn = length of 22 u, itis 1 u in diameter and, therefore,
9 % 240,000 % 3.1 A 2,500 . larger in all dimensions than .the ma‘tuf'e sperm
600 head. The final stages of spermiogenesis involve a
F1cure 6 A pair of adjacent serial sections with eight structures marked which can be
traced from one picture to the next (stars). Figs. 6 a and b show almost all the original
plates from which Figs. 7 f and g were taken. A tubule may be chosen on one picture
and identified in the next by measuring the relative distances from structures such as
those marked. It is necessary to allow for the fact that if the identifying structure is not
running perpendicular to the plane of section, it will have moved to a new position which
is predictable from its initial orientation. X 58,000,
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Ficure 7 a~g (for legend see opposite page)



Figure 7 h—m

Ficure 7 a-m Cut-outs of small regions on plates of 13 consecutive serial sections approximately 900 A
thick. The arrows follow one tubule to the far side of the spermatid and back again. X 58,000.
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condensation of the nuclear material into a state
which stains with heavy metals to total electron
opacity. After nuclear elongation is complete,
dense granules about 400 A in diameter appear in
the nucleus (Figs. 4 and 5, and Fig. 9), and they
coalesce to form the dark-staining material which
constitutes the mature sperm head (Fig. 10). Con-
comitant with this change is a decrease in nuclear
volume. The shrinking seems to be isotropic, since
the ratio of final size to the size at the stage of
maximum length is approximately the same in all
directions.

Shortly after the dark-staining granules begin
to appear in the nucleus, the system of helically
arranged tubules disappears and is replaced by a
new array of almost straight tubules lying parallel
to the long axis of the spermatid (Fig. 9). Judged
by the infrequency with which transition stages
are found, the change is rapid in comparison with
the remainder of the process. This set of straight
tubules has been described by Nagano (14) and
corresponds to the manchette seen in the light
microscope. The tubules of this array extend from
the region of the cytoplasm immediately around
the acrosome past the basal body of the flagellum
and into the bag of cytoplasm which surrounds the
sperm tail. There is no apparent consistency in
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either the number of tubules or the spacing be-
tween them. 30 spermatids contained an average
of 200 tubules per sperm with a standard deviation
which was 209, of the mean. Their center-to-
center spacing was 600 A + 409,

The tubules of the manchette display consider-
able variation in the thickness of their walls. When
they first appear, the tubules have an outer diam-
eter of about 240 A, an inner diameter of 110 A,
and a rotational symmetry of about 13: they are
thus morphologically similar to the tubules of
the helix. The same measurements made on
tubules surrounding very dense nuclei show that
although the inner diameter is about the same and
the symmetry is not observably changed, the outer
diameter is now between 350 and 400 A. If the
staining properties of the nucleus are accepted as
an adequate clock to order the events of spermio-
genesis, the variation in the tubule wall can be
attributed to a gradual thickening as the spermatid
matures (Fig. 10 a—¢). Fig. 10 d shows that the
thickening of the tubule wall also occurs in the
portion of the manchette which surrounds the tail.

We measured the tubules described by Nagano
(14), which he fixed with cold osmium tetroxide
or cold acrolein, and found them to be similar in
size to the thick-walled tubules which we pre-

Ficure 8 Pictures of the helical
tubules in longitudinal section (8 a, X
135,000) and in cross-section (8 b, X
200,000), showing a fine connection
between adjacent tubules.
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TIGURE9 After nuclear elongation is complete, the helix disappears and is replaced by a system of tubules
which runs parallel to the axis of the nucleus. This is the manchette seen in the light microscope. X 18,000.



served with glutaraldehyde. The thin-walled
tubules of the earlier stages must, therefore, be
unstable under the methods of fixation which
Nagano employed. It is not surprising that glu-
taraldehyde fixes both kinds of tubules, but we
have found that acrolein, when used at room
temperature, will preserve the helix and all stages
of manchette tubules. Since cold acrolein does not
preserve the helix, temperature seems to be a
factor in the stability of these tubules. Apparently
the thin-walled tubules possess the positive entropy

of polymerization described by Inoué (7) for the
birefringent elements of the mitotic spindle, by
Lauffer et al. (9) for the protein of the tobacco
mosaic virus coat, and by Tilney (20) for the
tubulesin the axopods of the protozoan Actinosphae-
rium.

Before the manchette appears, the axis of the
nucleus is nearly straight. Any minor bends which
occur do not turn the spermatid systematically one
way or the other. After the manchette has devel-
oped, however, the nucleus assumes a curve with

Fi1GURE 10 a—¢ A group of successively darker nuclei and hence successively later spermatids. The
thickness of the tubule wall seems to increase as the spermatid develops. The method of fixation and
staining is the same in each case, although the samples do not come from the same preparation. Fig. 10 d
shows the thickening of the tubule wall in the region of the manchette around the tail. X 54,000.
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a radius of 7 u (Fig. 9). The curve is sometimes
planar and sometimes helical, but the curvature
is consistent within the accuracy of measurement.
This is the shape of the mature sperm head as seen
in the light microscope.

The manchette surrounds the nucleus through-
out the period in which the granular condensation
of the chromatin takes place. When, however, the
nuclear material has reached a state indistinguish-
able from the head of the mature sperm, the num-
ber of tubules seen in the manchette is markedly
reduced. Thus, in Fig. 10 & there are about 250
tubules (i.e., more than the mean number of 200),
whereas in Fig. 10 ¢ there are only 38. Some of the
tubular material apparently dissolves into the
ground substance of the cytoplasm, and the few
remaining tubules are probably sloughed off with
the residual cytoplasm.

DISCUSSION
A. Function of the Tubule Systems

The development of two separate tubule systems
at distinct stages in the process of spermiogenesis

J. R. McIntosu anp K. R. Porter Microtubules in Fowl Spermatids

Figure 11 A representation of what may
be happening to the helix of tubules as the
nucleus is elongating.

suggests that the arrays have different and well
defined functions. We believe that after the initial
decrease in nuclear volume, the helix of tubules
effects the change in nuclear shape, perhaps by
means of the faint cross-bridges seen between ad-
jacent tubules. In muscle cells, it is probable that
the cross-bridges act to force the thin filaments
past the thick ones. If the tubule cross-bridges
acted in an analogous fashion, we should expect to
see the pitch of the helices remain constant while
the diameter decreased and the over-all length of
the helices increased (see Appendix).

We have observed that the intertubule spacing
is consistently 300 A during the stages of develop-
ment in which the helices are well established, and
even at the earliest stage of helix formation when
only isolated groups of tubule loops are present,
the spacing between the tubules within a group is
300 A. The diameter of the helix, however, does
not remain constant. In the early stages, the radius
of curvature of the loops of tubules is about 2 u,
whereas the final helix radius is less than 14 pu.
Further, during nuclear elongation the length of
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Ficure 12 Two aberrant spermatid nuclei which show mistakes in the arrangement of the helical
tubules. Fig. 12 a shows a nucleus whose chromatin is in the stage normally contemporaneous with a
fully elongated nucleus. No such elongation is seen, and the many tubules present are in conspicuous
disarray. X 85,000. In Fig. 12 b, the arrows show the point at which the helix appears to end, and at just
that point a bulge occurs in the nucleus. X 88,000.



the helix grows from a few bands of tubules to
about 700 turns.

We suggest, therefore, that the cross-bridges are
involved in forcing successive turns of the helices to
slide over one another. According to this inter-
pretation, the sliding would develop a radial
component of force which would constrict the
nucleus, reducing its diameter and forcing it into
a cylindrical shape. Fig. 11 shows a model of
helical sliding in order that the geometry of the
situation may be plainly seen: the question of
cross-bridge mechanism is put aside by employing
a team of modified Maxwellian demons. A more
detailed account of the motions and the forces
developed in the model is given in the appendix
of this paper.

Evidence supporting the suggestion that con-
striction by the helical array is necessary for
nuclear elongation is found in the tubule systems
of spermatids which have failed to develop prop-
erly. Two classes of aberrant cells have been seen
which pertain to the helical tubules. We have
found several nuclei which showed the dense
granules characteristic of the final condensation
stage which occurs after nuclear elongation, but
which were several times larger in diameter than
normal nuclei at this stage and which were ir-
regular in shape rather than cylindrical (Fig. 12
a). Apparently, the mechanism for changing
nuclear shape had failed in these spermatids.
There were many microtubules present in the
malformed cells, but they showed no ordered ar-
rangement such as the helical array of the normal

spermatids. A second mistake in spermiogenesis

J. R. McIntosr anp K. R. Porter Microtubules in Fowl Spermatids

associated with the helix was a case in which a
small region of the nucleus had bulged out to 114
times the normal diameter, although the rest of
the nucleus was normal in size and shape (Fig. 12
). The helix of tubules was regular except for the
area of the bulge, at which point it was absent.
Both these examples of misshapen nuclei corrob-
orate the suggestion that the helix is a determinant
of nuclear shape.

We suggest further that the manchette of tubules
serves to maintain the long form of the nucleus as
the granular condensation of the chromatin occurs.
The inherent rigidity of tubular structures (15)
would enable the manchette to support the ex-
tended and flexible nucleus until it had condensed
into a state sufficiently rigid to maintain its shape
without external reinforcement.

There are aberrant spermatids whose malforma-
tions seem to be related to mistakes in the organi-
zation of the manchette. It is not uncommon to
find spermatids in which the nucleus has coiled up
after elongation (Fig. 13). This image was actually
seen often enough by two early investigators using
the light microscope for them to propose uncoiling
as part of the normal process of spermiogenesis (6,
22). We have found that insuch cells the manchette
of tubules either was separated from the nucleus
and lay in another part of the cell, or was missing
altogether. Since the nucleus coils in the absence
of the manchette, it is probable that the straight
tubules function to maintain the elongated form.

The mature nucleus is not, however, entirely
straight, and the manchette may well be involved
in the establishment of the defined curvature. If

Ficure 13 An aberrant spermatid nucleus
which does not have a manchette. A nucleus
with chromatin in this condition would
normally be curved in a gentle arc of 7-u
radius. A tight curve such as this is found
only in the absence of a manchette. X 25,000.
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the tubules of the manchette were naturally
straight and if the nucleus tended to coil as it
_condensed, a static equilibrium would result from
the stress imposed by the curving nucleus upon the
straight manchette. The fact that the nucleus does
coil tightly in the absence of the manchette sup-
ports the idea that the normal curvature is the
result of the interaction between the nucleus and
the system of microtubules.

B. Relation between the Tubule Systems

We propose that the major structural compo-
nent of the microtubules in both of these systems
is a protein. Our suggestion is based on an analogy
with better studied systems such as the TMV coat
(8), the nine-plus-two structure of cilia (4), and
hemoglobin from sickle-cell erythrocytes (13).
Each of these contains tubular structures which
have been shown chemically to consist of protein.

It would be interesting to know whether the
structural material of the two types of cytoplasmic
tubules found in chick spermatids is the same. We
have no experimental evidence on this point at
present, but several considerations favor the view
that the subunits of the helical tubules are re-used
to make up the nearly straight tubules of the
manchette. These points are: the morphological
similarity of the tubules in the two systems; the
fact that in the transition phase one array appears-
as the other disappears; the difficulty of synthesiz-
ing a large amount of macromolecular material at
a time when the cytoplasmic volume has been
substantially reduced and when the cytoplasm
which is left contains few of the free ribosomes
generally associated with synthesis; and the im-
probability that the material needed to make the
tubules of the manchette (about 107 macromole-
cules?) would be presynthesized and stored in a

2 The average tubule in the manchette will be slightly
longer than the median nucleus length during this
phase. Using the very approximate figure of 13 u as
the length per tubule and 200 as the mean number of
tubules per spermatid, we estimate that there are
about 2600 u of manchette tubule. Unpublished pic-
tures of isolated manchette tubules negatively stained
with uranyl acetate show that the center-to-center

APPENDIX

The way in which a helical system of microtubules
could give rise to forces which would both constrict
the diameter of the nucleus and guide its elonga-
tion can be elucidated by looking at several models
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cell in which the cytoplasmic volume is being
reduced by a factor of 8.3

If the material of the different tubule systems is
the same, clearly the subunits must change their
pattern of assembly at the stage of transition from
one form of tubule to the other. The thickening of
the wall of the second type of tubule may be related
to this change in assembly, since the rearrangement
of bonding sites might easily expose previously
hidden chemical groups which would gradually
bind material from the ground substance, thereby
changing the staining properties of the wall.

It seems probable that the tubules of both sys-
tems exhibit the property of self-assembly charac-
teristic of the folding of polypeptide chains and the
polymerization of the TMV coat. According to
the self-assembly model, the proper physical con-
ditions would induce the tubules to form as a solid
state of the subunits which had been free in solu-
tion. Presumably, however, some organizing
system must exist in the spermatocytes to control
tubule polymerization. This system would need to
have two distinct properties: the ability to establish
at the appropriate time the correct environment to
initiate assembly of the subunits, and some mecha-
nism to order the position of the tubules as they
form. It will probably be necessary to investigate
both these aspects of the organizing system before
we can elucidate the details of the mechanisms by
which the spermatids change their shape. Work is
now in progress to isolate the tubule material from
chicken testis and measure some of the physical
and chemical properties of the subunits.

spacing of the subunits along the axis of the tubules

is about 50 A, There are, therefore, about 13 subunits

for every 50 A of tubule length. The total number of
2600

morphological units is thus about 13 X 5% 10 =
6.7 X 108, on the order of 107.

¥ The initial shape of the cytoplasm may be approxi-
mated by a hollow spherical shell with an outside
diameter of 10 u and an inside diameter of 6 u. The
volume of such a shell is 410 u® The cytoplasm at
the time of manchette formation is approximately a
cylindrical shell 22 u long with an outside diameter
of 2 u and an inside diameter of 1 . This shell has a
volume of 52 u3, about 14 of the initial volume.

of helix behavior. Consider first a microtubule of
length L wound into a single helix of radius r, and
pitch p (See Fig. 4). The length of each turn of the
helix is \/ 4 4,2 + p? which, for7 > p, asin the
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helix surrounding the spermatid nucleus, is ap-
proximately 2 7r,. The number of turns in the
helix, 2,, is given by

_ L
—21rro’

M

Ny

and the axial length of the helix, 4,, is given by

by = nop. 2

fmay be expressed as a function of r by combining
(1) and (2) to give

h=L 3)

If each turn of the helix is made to slide over the
adjacent turn while the pitch is held constant, the
arc length per turn of the helix is changed by
an amount equal to the slide per turn. Since
2 w1, is the arc length per turn, a decrease in arc re-
quires a decrease in 7. If s is the amount of slide
for each turn relative to the one below it, then
27r, — 2mr = s, or

s

ryr=r — 2w . (4)
Using (4) in (3), we find that
pL
A= ——n,
2@, — s ®)

We can now examine the relationship between
a single helix and a system of several helices by
comparing the helix described above with a set of

J. R. McIntose anp K. R. PortEr Microtubules in Fowl Spermatids

m intertwined, coaxial helices of the same sense,
all lying on the same cylindrical surface. Let each
helix have a radius 7, equal to the radius of the
single helix and the same axial length A,; let p be
the constant axial spacing separating adjacent
helices. Every helix in the set will have a pitch
mp. From (2) we see that each one has % turns
m

and from (1) that the length of each helix must be
L
—. Note that the total number of turns in the whole
m
system is n, and the total length of helix is L, just
as in the single helix case.

The relation between & and r for each helix in

the multiple helix system may be found by sub-
stituting the values for pitch and length into (3) to

give
L
(mp) <~>
m) _ oL @)

b= = .
2@ 2 @r
Since £ is the axial length of the whole system and
r is the system radius, it is clear from the identity
of (3) and (3’) that the same relation governs the
dependence of % upon 7 in either a single or a
multiple helix system.

The dependence of r and % on s, however, is
altered in the multiple helix case. If there are m
helices and s is the slide of one turn over the ad-
jacent turn below, 2 77, — 2 mr = ms so long as
r 3> mp. (4) is now modified to give

4"

T=70—2“—1r.

Substituting (4') into (3’) we find that

b= __ (59

2 7re — ms
for a multiple helix system.

We have seen that the dependence of # on r is
the same in the two cases, which is to say that, as
the turns slide over one another, the shapes of the
two systems will change in the same way. How-
ever, a comparison of (4) and (5) with their
counterparts for the multiple helix system shows
that a given amout of sliding of one turn relative
to the adjacent one will produce m times as great
an effect in the multiple helix system.

A force acting between turns of a helix which
acts to move adjacent turns past one another can
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thus cause a reduction in helix diameter. If solid
material opposes the diameter decrease, a static
equilibrium will be established between the out-
ward-directed, radial force in the solid and a
tension in the helix (See Fig. B). The relation be-
tween these quantities can be calculated either by
the principle of virtual work or by a force triangle.
Both methods show that 7" = 7F where T is the
tension in the helix, 7 is the radius of the helix, and
F is the outward force from the solid per unit arc
length along the helix. Here again we assume that
r>p.

,mumulmulnmunmlnmnnun
I

(S

ity

7“lmmu

|||||H'"”"
4.
Lo

If the material within the helix cannot maintain
T .
an outward force of — per unit arc length, the
r

helix will constrict in radius and increase in
length, imposing a change of shape upon the
enclosed space. When the space contains material
which is plastic in nature, it will be squeezed out
along the axis of the helix where the inward-
directed force is absent. We cannot write an expres-
sion relating the rate of deformation of the con-
tents to the tension in the helix without knowing
both the structural properties of the enclosed
material and the physical nature of the mechanism
which generates the tension in the helix; this in-
formation is not experimentally available at
present.
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