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ABSTRACT
The structural basis for the function of microtubules and filaments in cell body contractility
in the ciliate Stentor coeruleus was investigated . Cells in the extended state were obtained for
ultrastructural analysis by treatment before fixation with a solution containing 10 mM
EGTA, 50-80 mM Tris, 3 MM MgSO4 , 7.5 mM NH 4C1, 10 mM phosphate buffer (pH 7.1) .
The response of Stentor to changes in the divalent cation concentrations in this solution sug-
gests that Ca+ 2 and Mg+2 are physiologically important in the regulation of ciliate con-
tractility . The generation of motive force for changes in cell length in Stentor resides in two
distinct longitudinal cortical fiber systems, the km fibers and myonemes. Cyclic changes in
cell length are associated with (a) the relative sliding of parallel, overlapping microtubule
ribbons in the km fibers, and (b) a distinct alteration in the structure of the contractile fila-
ments constituting the myonemes . The microtubule and filament systems are distinguished
functionally as antagonistic contractile elements . The development of motive force for cell
extension is accomplished by active microtubule-to-microtubule sliding generated by
specific intertubule bridges . Evidence is presented which suggests that active shortening of
contractile filaments, reflected in a reversible structural transformation of dense 4-nm
filaments to tubular 10-12-nm filaments, provides the basis for rapid cell contraction .
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INTRODUCTION

The generation of oriented movements in eukaryo-
tic nonmuscle cells has been associated with two
basic classes of fibrous elements, microtubules and
filaments . Microtubules have been implicated as
the structures responsible for chromosomal move-
ment (31, 37), ciliary and flagellar beating (9, 48),
and axoplasmic transport (7) . At the same time,
filamentous structures have been associated with
such cellular processes as cytokinesis (50, 52),
protoplasmic streaming (44, 63), and morpho-
genetic cell movements (5, 10, 61) . Although it is
well documented that both microtubules and

filaments play a role in cell motility, the structural
basis and mechanism(s) by which motive force is
generated by these fibrous elements remain an area
of intensive investigation .

To shed light on the structural basis for the
motile functions of microtubules and filaments we
have undertaken an analysis of the contractile
process in the heterotrichous ciliate, Stentor coeruleus .
Stentor is characterized by extreme changes in cell
body length, associated with rapid cell contraction
and extreme cell extension . The contractile
capabilities of this protozoan are comparable to
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those displayed by highly differentiated muscle
cells ; Stentor can contract to 20-25 % of its extended
length in milliseconds (33, 64) .

Stentor's striking contractility has been
tributed to two prominent longitudinal fiber
systems found in the cell cortex . These two fiber
systems, termed by Randall and Jackson (46) the
km fibers and myonemes (or M fibers), are char-
acteristic of all contractile heterotrichous ciliates
and differ in their fibrous composition (for a re-
view, see reference 42) . The km fibers consist of

at-

ribbons of microtubules,
are

parallel, overlapping
while the myonemes
bundles of filaments .

Both cortical fiber systems in Stentor are
ganized parallel to the longitudinal axis of
cell and undergo dimensional changes accom-
panying changes in cell length . A detailed light
microscope analysis of the behavior of the fibers
during the contractile process has been presented
by Bannister and Tatchell (6) . During cell con-
traction both km fibers and myonemes remain
straight, becoming shorter and thicker with de-
crease in cell length . The behavior of the fiber
systems differs during the extension process . At
the onset of cell elongation the myonemes are
thrown into lateral folds and only with increase in
cell length do they straighten . The km fibers, in
contrast, remain straight during the entire course
of cell elongation, becoming longer and thinner
with increase in cell length .

Previous attempts to determine the structural
basis for the contractile behavior of the km fibers
and myonemes, as well as their functional dif-
ferentiation, have been hindered by the problem
of preserving cells in the extended state for ultra-
structural analysis . One of the characteristics of
Stentor and related contractile ciliates is to con-
tract rapidly upon fixation.

During the course of this study a method was
developed which serves to induce cell extension
and inhibit contraction of extended cells when
exposed to fixatives . Utilizing this method of
preserving Stentor in the extended state, we have
analyzed the structural changes in the km fibers
and myonemes that accompany changes in cell
length. This study has shed light on the functional
differentiation of the two cortical fiber systems in
the contractile process and the mechanisms by
which they may generate the motive force for
changes in cell length .

In the context of eukaryotic contractile

represented by dense

or-
the

mechanisms, observations on ciliate contractility
provide evidence for two distinct models of con-
tractility, the first based on microtubule-to-
microtubule sliding generated by intertubule
bridges, and the second based on active shortening
of contractile filaments.

A preliminary report of this work was presented
at the 10th Annual Meeting of the American
Society for Cell Biology (26) .

MATERIALS AND METHODS

Stentor Cultures

Stentor coeruleus cultures were grown from stocks
kindly supplied by Doctors V. Tartar and W. Bala-
muth. The cultures were maintained in sterile pond
water or modified Peter's solution (11) containing a
heterogeneous population of microorganisms fed
on powdered milk and wheat grains as recom-
mended by Tartar (53) .

Pretreatment of Cells for
Electron Microscopy

Cells in the extended state were obtained by treat-
ment before fixation with solutions containing 10
mM ethylenebis(oxyethylenenitrilo)tetraacetic acid
(EGTA), 50-80 mM Tris, 3 mM MgSO4, 7 .5 mM
NH4Cl, 10 mM phosphate buffer (pH 7.1) . Partially
extended specimens were obtained by treatment with
the above solution in which the MgSO4 concentra-
tion was lowered to 0 .5-1.0 mM. After exposing cells
to the relaxation solutions for 15-20 min, the fluid
was drawn off and fixative added. Contracted cells
were mechanically stimulated to contract as fixative
was added .

Preparation for Electron Microscopy

During the course of this study, several different
fixation procedures were used . The various methods
did not produce any detectable differences in the
ultrastructure of the contractile fiber systems, al-
though each procedure did preserve certain cellular
features better than others. The fixation methods
were all based on initial fixation with glutaraldehyde
alone or in combination with phosphotungstic acid
(PTA) or the nitrogen mustard derivative Tris-(1-
aziridinyl)-phosphine oxide (TAPO) . All fixations
were carried out at room temperature and, unless
otherwise indicated, the fixatives were buffered with
0.1 M cacodylate (pH 7.3) . (a) Glutaraldehyde
fixation (G) : cells were fixed in 3% buffered glutaral-
dehyde for 1 h, rinsed briefly in buffer alone, and
postfixed in 1 % buffered osmium tetroxide for 30
min. (b) Glutaraldehyde-PTA fixation (GP) : a

B. HUANG AND D. R. PITELKA Ciliate Contractility

	

705



FIGURES 1 and 2 Light micrographs of living Stentor coeruleus in the free-swimming (Fig . 1) and con-
tracted (Fig. 2) states . The cell surface bears a series of longitudinal bands consisting of alternate clear
and pigmented stripes . X 180 .

modification of a fixation procedure reported by
Schafer-Danneel (49) . Cells were initially exposed
to 12.5% glutaraldehyde + 1% PTA (pH 7.0
adjusted with I N KOH) for 1-2 min . The fixation
solution was then diluted 1 :1 with 4 0 0 osmium
tetroxide + 1 % PTA (pH 7.0 adjusted with 1 N
KOH). The cells were fixed in this solution, which
has a final concentration of 6 .25% glutaraldehyde,
2% osmium, and 1 % PTA, for 20-30 min. (c)
Glutaraldehyde-TAPO fixation (CT) : a modifica-
tion of a fixation procedure reported by Williams and
Luft (62) . Cells were initially fixed in 3% buffered
glutaraldehyde in the presence of I % TAPO for 20
min. This was followed by fixation in fresh 3%
buffered glutaraldehyde for 2 h. The cells were
then rinsed briefly in the buffer and subsequently
postfixed in I % buffered osmium for 30 min .

After fixation, the cells were dehydrated in a
graded series of ethanol, passed through propylene
oxide, and embedded in Epon 812 . Thin sections cut
on a Porter-Blum MT-2 were stained with uranyl
acetate and lead citrate and examined in a Siemens
Elmiskop I at 80 kV .
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Descriptive Conventions

The following directional terminology will be
used for describing the cortical ultrastructure in
Stentor . Anterior and posterior refer to positions on the
body of the whole organism. Right and left denote the
two sides of a kinety (longitudinal row of ciliary
basal bodies) as viewed by an observer standing
inside of the cell looking outward . Electron micro-
graphs of longitudinal sections of the cell cortex are
oriented to show components as they would appear
to an observer standing inside of the cell looking
outward, the anterior end of the cell always toward
the top of the picture . Electron micrographs of
transverse sections of the cell cortex show compo-
nents as they would appear to an observer looking
from the anterior end of the cell posteriad. Using these
conventions, the descriptive directions right and
left in all electron micrographs correspond to the
reader's handedness. Only in Fig . 12, which is a
schematic diagram of the cortex as viewed from
outside of the cell, are the right and left sides of a
kinety the reverse of the reader's .



RESULTS buffer (pH 7.1) . Exposure to this relaxation
solution induces free-swimming cells gradually to
extend to lengths comparable to those observed in
nature, 1 .0-1 .5 mm. Subsequent fixation with
glutaraldehyde does not result in any detectable
length changes or distortion of the cell shape
(compare Fig. 4 with Fig . 3) . While cell extension
in nature occurs in several seconds, cells in the
relaxation solution require 10-15 min to attain
maximum extension ; otherwise the behavior of the
cortical fiber systems during extension in the re-
laxation solution is identical with that observed by
light microscopy in untreated, living cells .

Summarized in Table I are the effects of varying
the EGTA and divalent cation concentration on
the behavior of the cells and the subsequent results
of fixation . The degree of cell elongation occuring
in the relaxation solution is dependent on the
MgSO4 concentration . In the absence of MgSO4
the cells do not undergo any appreciable increase
in cell length . The presence of 0 .5-1 .0 mm MgS04
induces cells to extend to approximately two times
their contracted lengths . These partially extended
cells are generally conical, resembling cells in the
free swimming state (see Fig. 1) . Raising the
MgSO4 concentration to 2-3 mM results in
extension to the elongated trumpet shape .

To prevent contraction of extended cells upon
fixation requires the direct inhibition of the
generation of motive force for cell contraction . In
recent years it has been suggested that calcium
plays an important role in the initiation of con-
traction in ciliates . Glycerinated models of
vorticellid ciliate stalks have been shown to be
highly sensitive to changes in Ca +2 levels (2, 25,
35) . Recently, Ettienne (12) has demonstrated a
direct relationship between intracellular free Ca +2
levels and the onset of contraction in the ciliate
Spirostomum . In ciliates microinjected with
the calcium-sensitive bioluminescent protein,
aequorin, Ettienne recorded an increase in internal
Ca+2 levels associated with the initiation of cell
contraction .
The presence of the Ca +2-chelating agent

EGTA in the relaxation solution at a minimum
level of around 10 mM effectively prevents ex-
tended cells from contracting when exposed to
glutaraldehyde (Table I) . This inhibitory effect
of 10 mM EGTA is counteracted by the addition
of 3-5 mM CaC12 to the standard relaxation
solution. When the CaC1 2 concentration is raised

EGTA/Mg+2 Relaxation Solution

Stentor in its free-swimming form approximates
a gently rounded cone (Fig . 1), from which the
cell can contract to a sphere (Fig . 2) or extend
to an elongated trumpet shape (Fig . 3) . Rapid
contraction is elicited by chemical, electrical, or
mechanical disturbances, while elongation to fully
extended lengths is generally associated with at-
tachment of cells to a substrate .

Cells in the extended state were obtained by
treatment, before fixation, with a solution con-
taining 10 mM EGTA, 50-80 mM Tris, 3 mM
MgSO4 , 7.5 mM NH 4Cl, 10 mM phosphate

FIGURE 3 Light micrograph of a living cell in the
extended state with characteristic elongated-trumpet
shape. X 90 .
FIGURE 4 Light micrograph of a cell extended in the
EGTA/Mg+2 relaxation solution and subsequently
fixed in glutaraldehyde . X 90 .
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TABLE I

Effects of Varying EGTA, Mg+', and Ca +2 Concentrations in the Relaxation Solution

above 5 mM the cells undergo repeated cycles of
slow contraction and extension, eventually con-
tracting when exposed to fixatives . The action of
EGTA in inhibiting contraction is presumably at
the level of lowering intracellular, rather than
simply extracellular, calcium levels . This is evi-
denced by the fact that the contractile capabilities
of Stentor are not altered when cells are bathed in
calcium-free medium.

The relaxation solution used in this study has
been adapted to preserve the contractile hetero-
trichs Condvlostoma and Spirostomum in the extended
states (Huang, unpublished results) . The wide-
range effectiveness of this solution emphasizes the
possible physiological importance of divalent
cations in the regulation of ciliate contractile
systems .

Organization of the km Fibers

and Myonemes

Accounts of the cortical ultrastructure in Stentor

have been previously published (6, 13, 14, 20, 30,
46). A detailed description of the organization of
the km fibers and myonemes is presented here as
background for subsequent descriptions of changes
in their structure with changes in cell length . New
observations on the morphology of the fibers are
included in this section .
KM FIBERS : The cell surface of Stentor

coeruleus bears a series of longitudinal bands con-
sisting of alternate clear and pigmented stripes
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(Fig . 5) . Single rows of cilia, or kinetics, are dis-
posed within the clear zones . The km fibers are
longitudinally arrayed immediately below the cell
surface in the area of the clear stripes . Between
adjacent km fibers, the pigment granules which
constitute the pigmented stripes are seen . The km
fibers extend the entire length of the cell body and
hooklike processes diverge periodically from the
fibers toward the row of cilia lying to their left .

In a low magnification electron micrograph of a
longitudinal section taken at this level (Fig . 6) the
km fibers are found to be composed of parallel,
overlapping ribbons of microtubules . Each fiber
lies to the right of a row of basal bodies (kinety) .

In a higher magnification, longitudinal view of a
single km fiber (Fig . 7) the rigid association of the
microtubule ribbons and accompanying kinety is
seen. Each ribbon is attached at its anterior origin
to the posterior, nonciliated basal body of a re-
peating cortical unit based on a pair of basal
bodies. A diagrammatic representation of a single
cortical unit is seen in the inset of Fig . 7. The
ribbons pass from their origin toward the cell
surface, twist to the right, and eventually come to
lie in parallel overlapping array with ribbons
originating from more anterior and posterior
cortical units of the same kinety . In a longitudinal
section individual ribbons have been followed for a
maximum distance of 15 µm . Accompanying the
microtubule ribbon as it passes to the right are two
sets of densely staining fibers. These fibers extend
along the edge of the ribbon for a distance of

EGTA MgSO4 CaClz Behavior Effect of fixation

MM MM MM

Standard solution 10 3 Extension Remain extended

Varying Mg+ 2 conc . 10 Contract
10 0 .5-1 .0 Partial extension Remain partially

extended
10 2 .0-3 .0 Extension Remain extended

Varying EGTA conc . 0-5 3 Extension Contract
6-8 3 Extension Variable
9-12 3 Extension Remain extended

Varying Ca+' conc . 10 3 1-2 Extension Variable
10 3 3-5 Extension Contract
10 3 6-10 Cycling Contract



FIGURE 5 Nomarski interference-contrast photomicrograph of the km fibers in a living cell . The fibers
extend the entire length of the cell body immediately below the cell surface . Hooklike processes period-
ically diverge from the fibers toward rows of cilia not visible within the focal plane . Alternating with the
km fibers are bands of dense pigment granules . X 1,200 .

FIGURE 6 An electron micrograph of a longitudinal section taken at the level of the km fibers (km) from
a partially extended cell . The fibers consist of parallel, overlapping microtubule ribbons arising in close
association with rows of basal bodies (bb) lying to their left. Between the fibers, spherical pigment gran-
ules (p) are seen . Fixation GT . X 16,000.

around 0.7 µm. Other accessory fiber systems,
based on the anterior, ciliated basal body, include
an anterior ribbed fiber sheet and a ribbon of
left transverse microtubules .

A cross section taken through a single km fiber
(Fig. 8) reveals the high degree of organization
within individual microtubule ribbons .In most of
the ribbons 20 microtubules are arranged in a
curved row with a single microtubule lying to the
right of the most peripheral microtubule . As pre-
scribed by Bannister and Tatchell (6) the micro-
tubules are numbered 1-21 from the peripheral
edge to the internal edge. Toward the side of the
km fiber farthest from the accompanying kinety

the number of microtubules per ribbon decreases,
with progressive loss of tubules from the internal
edge. Since these ribbons represent those tran-
sected distal to their origins, it appears that the
ribbons are tapered at their ends. Occasionally
single microtubules are seen lying free on the right
side .

The curvature of the ribbons making up a km
fiber is not constant. At the peripheral edge of the
km fibers adjacent ribbons are regularly spaced at
center-to-center intervals of around 50 nm . Passing
internally, the spacing between adjacent ribbons
is variable, dependent upon the relative curvature
of neighboring ribbons.
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FIGURE 7 An electron micrograph of a longitudinal section of a single km fiber from a contracted cell .
The parallel, overlapping organization of the component microtubule ribbons is seen. A repeating cortical
unit which lies to the left of the km fiber is schematically diagrammed in the inset . Each microtubule rib-
bon of the km fiber originates in close association with the no . 4 triplet of the posterior basal body of the
cortical unit . The ribbons extend to the right and eventually come to lie in overlapping array with the
ribbons originating from the more anterior and posterior cortical units . Accompanying the micro-
tubule ribbons as they pass from their origin are two sets of densely staining fibers . Other accessory fiber
systems, which are based on the anterior ciliated basal body, include an anterior ribbed fiber sheet and
a ribbon of left transverse microtubules . Fixation GP . X 72,000 .
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FIGURE 8 An electron micrograph of a transverse section of a single km fiber from an extended cell . Each
complete microtubule ribbon consists of 21 tubules arranged in a curved row. As seen on the diagram to
the left, the microtubules within a ribbon are numbered consecutively from the peripheral to the internal
edge of the ribbons. Fixation G . X 120,000 .

The microtubules of the km fibers measure ap-
proximately 26-28 nm in diameter, with a wall
thickness of 5-6 nm . At higher magnification
(Fig. 9) the arrangement of globular subunits
within the wall of the microtubules is evident. An
unusual feature in the km fibers is the presence of
defined substructure within the core of the com-
ponent microtubules . In most transverse images
this internal differentiation is resolved simply as a
dense dot in the center of the tubules . Occasionally,
however, it appears as a well-defined, 5-6 nm
wide, curved septum or bridge across the core of
the tubule, always passing in a direction parallel
to the curved ribbon axis . The septum does not
appear to extend the entire length of the micro-
tubules . In the inset of Fig. 9 we see a km fiber in
which the ribbon at the left edge is cut close to its
origin, indicated by the presence of associated
dense fibrous material. While the microtubules in
this ribbon are devoid of internal substructure,
microtubules in adjacent ribbons cut more distal

to their origins appear to possess a core dif-
ferentiation .

The microtubules within each ribbon are linked
by cross-bridges, intraribbon bridges (Fig . 9) .
Between microtubule nos . 3-21 these measure
approximately 5 nm in length . The center-to-
center spacing of microtubule nos. 1, 2, and 3 is
constant, approximately 38 nm, but cross-bridges
between these microtubules are not always clearly
resolved . When identified, they measure ap-
proximately 10 nm in length .

Cross-bridges between adjacent ribbons, inter-
ribbon bridges, are a constant feature at the level
of the peripheral no . 3 and 4 microtubules . These
interribbon bridges, 5-6 nm in width and 18-20
nm in length, always originate from the wall of
the no. 3 microtubule of each ribbon and pass to
the left toward the no . 4 microtubule on the ad-
jacent ribbon. While the interribbon bridges
generally appear straight, they have been ob-
served occasionally to be curved or hooked .
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The interribbon bridges do not extend the
entire length of the no. 3 microtubules . They arise
only after the ribbons come to lie in parallel over-
lapping array . This is indicated by the fact that
interribbon bridges on the no. 3 microtubules are
not observed on ribbons transected close to their
origin (inset, Fig. 9). On the other hand, the
interribbon bridges do appear to extend to the
posterior, tapered tip of the ribbons. As seen in the
inset of Fig . 9, the interribbon bridge is present on
a ribbon represented only by microtubule nos .
1-3 .
In transverse images of the km fibers in ex-

tended cells (Figs. 8, 9) the interribbon bridges
generally appear to be attached at their distal
ends to the wall of the no . 4 microtubule on the
adjacent ribbon . Examples of detached bridges in
extended cells are seen in Fig . 9 . Quantitative data
on the occurrence of attached vs . detached inter-
ribbon bridges in cells fixed at different stages of
the contractile process are presented in a sub-
sequent paper .'
MYONEMES : The myonemes, which consist of

dense bundles of filaments, lie immediately below
the km fibers (Fig. 10) . Unlike the km fibers, the
myonemes do not extend the entire length of the
cell body ; in the anterior third of the cell they taper
and lose their fiber organization . The spatial
relationship between the two fiber systems is seen
in a cross section of the cortex of an extended cell
(Fig. 11) . The myonemes are surrounded on three

' Huang, B. The contractile process in the ciliate,
Stentor coeruleus. II . Axial displacement of micro-
tubules and the role of intertubule bridges . In
preparation .

sides by swollen channels of smooth endoplasmic
reticulum and occasionally are penetrated by
membranous cisternae. The membrane system
has often been observed to be continuous with
ballooning cisternae of smooth endoplasmic
reticulum from the deeper-lying endoplasm . The
only structure identified within the cisternae sur-
rounding the myonemes are densely staining bodies
ranging from 0 .1-0.5 µm in diameter. Groups of
mitochondria are frequently localized in the cell
cortex. Mitochondria with distensions of the inner
and outer membranes are characteristic of cells
exposed to the EGTA/Mg+ 2 relaxation solution .
Fig. 12 is a three-dimensional diagram of the cell
cortex illustrating the organization and spatial
relationship of the contractile fiber systems .
INTERCONNECTIONS : A system of intercon-

nections extending between the microtubule
ribbons of the km fiber and the myonemes has been
identified (Fig. 13) . In a longitudinal section of a
km fiber cut parallel to the cell surface (Fig . 13 A),
fine 4-nm filaments pass from the right edge of
the microtubule ribbons toward the deeper-lying
myonemes. These filaments are present only along
the anterior length of each ribbon for a distance of
around 0.7 µm. In a more oblique section (Fig .
13 B) the interconnections are seen to ramify as
they pass internally into a more diffuse network . A
longitudinal section perpendicular to the cell
surface (Fig . 13 C) reveals how the connecting
filaments pass from the microtubule ribbons to
interdigitate randomly with the contractile fila-
ments of the myonemes ; no specialized attach-
ments have been observed.

FIGURE 9 A high magnification electron micrograph of the km fiber microtubule ribbons cut in cross
section . The microtubules within a ribbon are linked by intraribbon bridges . Passing between adjacent
ribbons are distinct interribbon bridges. In extended cells (as seen in this micrograph) the interribbon
bridges generally appear attached at both ends. On occasion, a bridge which appears to be detached
at its distal end can be seen (*) . The central core of the microtubules contains dense substructure . In
appropriate images this internal differentiation is resolved as a curved septum extending across the core
of the tubule (arrow) . Fixation GP . X 300,000. Inset: a transverse section of a single km fiber from an
extended cell . The microtubule ribbon lying farthest to the left is cut close to its origin, as indicated
by the presence of dense fibers (*) lying along its edge . The microtubules within this ribbon are devoid
of internal structure . In addition, no interribbon bridge extends from the no . 3 microtubule on this
ribbon (arrowhead) . The microtubule ribbon lying farthest to the right is cut close to its distal end .
In this region, in which the ribbon is represented by only three microtubules, a distinct interribbon
bridge is seen to extend from the no. 3 tubule. Fixation GP . X 80,000 .
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FIGURE 10 An electron micrograph of a longitudinal section of the myonemes from the stalk region
of an extended cell . The narrow fibers consist of dense bundles of filaments. Fixation GT . X 19,500 .

FIGURE 11 An electron micrograph of a transverse section of the cortex from an extended cell. The
myonemes lie immediately below the more superficial km fibers . Ballooning cisternae (C) of smooth
endoplasmic reticulum surround the myonemes on three sides . The only structures identified within
these distended channels are densely staining bodies . Mitochondria (M) are localized in the cell cortex .
Fixation GP. X 9,000 .



FIGURE 12 A three-dimensional drawing of the somatic cortex in Stentor coeruleus illustrating the spatial
relationships of the cortical fiber systems . The anterior end of the cell is toward the top of the drawing ;
the right side of a given kinety is toward the observer's left as viewed from the outside . The various coin-
ponents are labeled as follows : a, pellicular alveolus ; p, pigment granule ; A, anterior ciliated basal body ;
P, posterior barren basal body ; km, km fiber ; r, microtubule ribbon ; afs, anterior fiber sheet ; t, transverse
microtubules ; my, myoneme ; M, mitochondrion ; c, cisternae of smooth endoplasmic reticulum ; db, dense
body.

Structural Basis for the Contractile
Activity of the km Fibers
and Myonemes

The organization and structure of the
ponent microtubule ribbons in the km fibers are
not altered with changes in cell length . The basis

com-

for the contractile activity of the microtubule
system is a variation in the axial position of the
parallel, overlapping ribbons relative to one
another .

A longitudinal section of a contracted km fiber
and its accompanying kinety is seen in Fig . 14.
The adjacent basal body pairs within the kinety
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are closely apposed with 0 .3 µm center-to-center
spacing. The overlap of the microtubule ribbons in
the km fiber is so extensive that 40 or more rib-
bons are included in a given cross section of the
fiber. The width of the contracted km fibers varies
along the length of the cell, increasing posteriorly .
In the extreme posterior region, the fibers reach a
maximum width of around 2µm, with a maximum
number of 78 overlapping ribbons observed in a
given km fiber .

In comparison with contracted cells, the km
fibers in extended cells are characterized by a
striking decrease in the overlap of the microtubule
ribbons and a concomitant increase in the distance
between adjacent basal body pairs within a kinety .
In a longitudinal section through several km fibers
from an extended cell (Fig . 15) the basal body
pairs, and therefore the points of origin of adjacent
microtubule ribbons, are spaced approximately
3µm apart . The narrow km fibers consist of only
four to six overlapping microtubule ribbons .
Along the length of extended cells a minimum of
two overlapping ribbons per km fiber has been
observed . At the posterior end of the cell, the
microtubule ribbons terminate a short distance
from the cell membrane .

Changes in cell length are associated with
alterations in the structure and organization of the
contractile filaments in the myonemes. As pre-
viously described by Bannister and Tatchell (6),
the contracted myonemes in Stentor are densely
packed with tubular-appearing filaments . In a
high magnification longitudinal section through a
contracted myoneme (Fig. 16) the highly ag-
gregated state of filaments measuring 10-12 nm
in diameter is seen . While the contracted filaments
are generally oriented along the longitudinal axis
of the fiber they are not strictly parallel in array .
Most frequently, individual or groups of filaments
are seen oriented at slight angles to one another .
In a given section the contracted filaments can be

followed for only short distances of not more than
0.1 µm. Analysis of serial sections suggests that this
is an accurate reflection of their maximum lengths .
Occasionally, small groups of filaments running
parallel to one another can be identified . These
filaments always appear to be separated along
their length by a narrow clear zone .

In transverse images of contracted myonemes
(inset, Fig. 16) the tubular nature of the contracted
filaments is clearly resolved . The wall of the
filaments measures 4-5 nm in width and often
appears to be made up of four to six globular
subunits .

In contrast to contracted myonemes, which
reach a maximum width of approximately 2 ,um,
the fibers in extended cells measure no more than
0.5 µm in diameter. As seen in Fig. 10, the
straight and narrow extended myonemes consist
of dense bundles of filaments which are clearly
oriented along the longitudinal axis of the fibers .
The aggregated state of the extended filaments
makes an accurate determination of their size and
length difficult even at higher magnifications
(Fig . 17) . While the extended filaments are well
oriented, they are somewhat sinuous along their
length. As a consequence, in most transverse
sections of the myonemes (inset, Fig. 17) the
filaments are cut in a variety of planes, producing
a meshwork appearance . The dense extended
filaments measure approximately 4 nm in diam-
eter. Larger tubular filaments identified in con-
tracted cells are never seen within extended
myonemes .

During the initial stages of cell extension the
myonemes are thrown into sinuous folds . This
convoluted state of the myonemes is clearly re-
solved on the light microscope level with Nomarski
interference optics (Fig . 18 A) . In a longitudinal
section passing through a single fold of a myoneme
from a partially extended cell (Fig . 18 B), dense
bundles of filaments identical with those observed

FIGURE 13 Electron micrographs of longitudinal sections of the cell cortex illustrating the organiza-
tion of fine filaments that extend between the microtubule ribbons of the km fibers and the deeper-
lying myonemes. In a section taken parallel to the cell surface (A), fine filaments (arrow) extend period-
ically from the right edge of a microtubule ribbon as it passes from its origin . In a more oblique section
(B) these filaments ramify into a more diffuse network as they pass internally (arrows) . In a section
taken parallel to the cell surface (C) the filaments form diffuse connections with the deeper-lying my-
onemes (arrows) . The connecting filaments only extend from the edges of the microtubule ribbons as
they curve to take on their longitudinal orientation (*) . Fixation GP . A, X 64,000 ; B, X 49,000 ; C,
X 42,000 .
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FIGURE 14 An electron micrograph of a longitudinal section through a single contracted km fiber . In a
given cross-sectional area of the fiber, 40 or more overlapping microtubule ribbons are seen . The distance
between the origins of adjacent ribbons (arrows) is around 0 .3 µm . Fixation GP. X 42,000 .

in extended cells are seen . The filaments are
oriented along the longitudinal axis of the fiber,
closely following its convoluted course . In a
transverse section of the cortex from such a cell
(Fig. 18 C) the sinuous nature of the 4-nm dense
filaments is evident. Larger tubular filaments have
not been identified in these cells . In contrast to the
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apparent identity in configuration of myoneme
filaments in partially extended and extended cells,
the morphology of km fibers in partially extended
cells resembles that in contracted cells . The km
fibers in Fig . 18 C measure around 1 .7 µm in
width and are composed of 25 or more overlapping
microtubule ribbons .



FIGURE 15 An electron micrograph of a longitudinal section through several extended km fibers . In a
given cross-sectional area of the fibers, only four to six overlapping microtubule ribbons are seen . The dis-
tance between the origins of adjacent ribbons (arrows) is around 3 .0 µm . Fixation GP. X 40,000.

DISCUSSION

Antagonistic Contractile Roles of
the km Fibers and Myonemes

Since the first identification of the cortical km
fibers and myonemes in Stentor, it has been sug-
gested that they serve as the contractile elements

(for reviews, see references 53, 55, 58) . However,
differentiation of their roles in the contractile
process has been difficult . Attempts to selectively
disrupt the activity of alternate systems in the
living cell have been unsuccessful . Microtubule-
disrupting agents, such as colchicine and vin-
blastine, have been found to have no effect on the
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contractile behavior of the cell or the preformed
structure of the km fiber microtubules (27) . At the
same time the drug cytochalasin B reported to
inhibit movement and to selectively disrupt
microfilaments in a variety of cell types (61) does
not inhibit contractility in Stentor or alter the
structure of the myonemes (27) .
There are, however, several lines of evidence

which suggest that the two fiber systems in Stentor
may function as antagonistic contractile elements,
the filamentous myonemes generating the motive
force for cell contraction, and the microtubule km
fibers functioning as the active components in cell
extension.

Evidence that the myonemes generate the ten-
sion for cell shortening comes from a comparative
analysis of the ultrastructure of extended, iso-
tonically contracted, and isometrically contracted
cells . In the present study the extended and con-
tracted configurations of both the km fibers and
myonemes have been described (for a detailed
discussion, see subsequent sections) . Bannister and

7 20

FIGURE 16 An electron micrograph of a longitudinal section through a contracted myoneme . The
densely packed filaments are 10-12 nm in diameter . While the filaments are generally oriented along the
longitudinal axis of the myoneme fiber, they are not strictly parallel in array . Individual or groups of
filaments are oriented at slight angles to one another (arrows) . In transverse sections (inset) the 10-12-nm
filaments appear tubular in profile, with a wall thickness of 4-5 nm . The wall of the filaments sometimes
appears to be made up of four to six subunits (arrows) . Fixation GP . X 180,000 .
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Tatchell (6) have previously described the ultra-
structure of Stentor coeruleus fixed in the state of
isometric contraction . In these cells, which are
stimulated to contract while actual change in cell
length is mechanically prevented, the morphology
of the km fibers resembles what we have described
as characteristic of extended cells, i .e ., minimum
overlap of the parallel microtubule ribbons . In
contrast, the substructure of the myonemes in
isometrically contracted cells closely corresponds
to that observed in contracted cells. Instead of the
longitudinally oriented 4-nm dense filaments
identified in extended myonemes, tubular 10-12-
nm filaments typical of cells fixed in the contracted
state are seen . This observation that the develop-
ment of tension for cell shortening is specifically
associated with contraction of the myonemes
clearly indicates that the filament system generates
the motive force for cell shortening. This conclu-
sion is further supported by recent high speed
cinematic analysis of Stentor contraction in which
it has been observed that shortening of the



FIGURE 17 An electron micrograph of a longitudinal section through an extended myoneme . The densely
aggregated filaments are clearly oriented along the longitudinal axis of the fiber . In transverse sections
(inset) the somewhat sinuous 4-nm filaments are cut in a variety of planes, producing a meshwork appear-
ance. Fixation GP . X 180,000 .

myonemes immediately precedes decrease in cell
length (40) .

As we have previously noted, Stentor displays the
ability to vary its extended length from the free-
swimming conical form to the elongated trumpet
shape . This property of differential extensibility
suggests that cell elongation requires an active
tension-developing system and is not simply a
passive recoil phenomenon. While the myonemes
apparently play an active role in cell contraction
they do not appear to be actively involved in the
extension process . Immediately after a contraction
phase and before increase in cell length occurs, the
myonemes are observed to undergo folding . In
cells fixed in the state of partial extension, the
substructure and organization of the filaments in
the convoluted myonemes are identical with those
observed in extended cells . In contrast, increase in
cell length has been found to be strictly correlated
with the degree of extension which occurs in the
km fibers.' These observations, coupled with
structural evidence of possible active and passive
phases in the activity of the km fibers,' support the
hypothesis that the generation of motive force for

cell extension resides not in the myonemes but in
the microtubule km fibers.

In order for the km fibers and myonemes to
function as opposing elements, the forces developed
by each fiber system must be transmitted to the
alternate system . In the present study the two
fiber systems have been observed to be intercon-
nected by fine filaments extending from the
anterior region of each microtubule ribbon . Since
elongation of the myonemes precedes extension of
the km fibers, this spaced series of attachments
accounts for the myonemes being forced into
lateral folds early in the extension process . With
elongation of the km fibers, the distance between
the series of myoneme attachments increases,
resulting in the gradual unfolding of the myonemes .
We suggest that during cell contraction, shortening
of the myonemes is translated into the displace-
ment of the km fiber microtubule ribbons via this
same system of attachments.

Microtubule-to-Microtubule Sliding

During the contractile process, the organization
and structure of the overlapping, parallel micro-
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FIGURE 18 (A) A Nomarski interference-contrast photomicrograph of the convoluted myonemes in a
living, partially extended cell . X 3,000 . (B) An electron micrograph of a longitudinal section through a
single myoneme fold of a partially extended cell . Dense bundles of 4-nm filaments are oriented along the
longitudinal axis of the fiber, closely following its convoluted course . Fixation GT . X 15,000. (C) An elec-
tron micrograph of a transverse section through the cortex of a partially extended cell. Approximately 25
overlapping microtubule ribbons are found within the km fibers . The sinuous nature of the 4-ran dense
filaments of the myonemes is seen . Fixation GT. X 3Q,000 .
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tubule ribbons that make up the km fibers is
rigidly maintained . Variations in cell length are
correlated with changes in the degree of overlap of
adjacent ribbons relative to one another. To ac-
commodate these observed changes, longitudinal
displacement or relative sliding of the microtubule
ribbons must occur. This sliding-filament model
was initially proposed by Randall and Jackson
(46) and supported by observations made by
Bannister and Tatchell (6) on differences in ribbon
overlap in contracted and isometrically contracted
cells .

In the km fibers in Stentor, each microtubule
ribbon slides relative to adjacent ribbons so that
concomitant with change in the degree of overlap
of the ribbons are (a) change in the distance be-
tween origins of adjacent ribbons and (b) change
in the number of overlapping ribbons found within
a given km fiber cross section (see Fig. 19) . It is
this latter change that accounts for the dimensional
change in the km fibers accompanying changes in
cell length .

The parameters for ribbon displacement are
governed by the geometry of the system . Since
each ribbon is attached at its anterior end to the
posterior basal body of a cortical unit, maximum
shortening can be defined by the minimum center-
to-center spacing between adjacent basal body
pairs, around 0.3 Mm. In the posterior region of
contracted cells the ribbons approach this maxi-
mum degree of overlap, with 78 the largest ob-
served number of overlapping ribbons found in a
given km fiber cross section .
The maximum sliding that can take place

between adjacent ribbons during the contractile
process is defined by the length of the sliding
components. In thin sections individual ribbons
have been followed for distances of up to 15 µm .
However, multiplying the maximum number of
ribbons found in a km fiber cross section (78
ribbons) by the minimum spacing between adja-
cent basal body pairs (0 .3 Mm) we arrive at a

doo6~~5d-~~
00000000000

CONTRACTED

STENTOR KM FIBER

FIGURE 19 A diagram illustrating the relative sliding of the microtubule ribbons in the kin fibers that
occurs with changes in cell length .

figure of around 24 µm for the maximum length
of the ribbons . Data obtained from quantitative
analysis of ribbon overlap in Stentor fixed in the
contracted and extended states' suggest that the
actual distance that adjacent ribbons are dis-
placed with changes in cell length falls far short of
this maximum figure . This study reveals that with

a fourfold increase in total cell length, each micro-
tubule ribbon in the km fibers slides relative to
adjacent ribbons for an average distance of around
2.0 µm .

The microtubules of the km fibers fall into the
class of stable microtubules (8, 60) in that they
resemble those of the ciliary and flagellar axoneme
in their response to various antimitotic agents .
Exposure of Stentor to colchicine or vinblastine
sulphate at concentrations of 10-s to 10-IM
have no effect on the contractile properties or
structure of the km fiber microtubules (27) .
However, at similar concentrations these agents
will inhibit the regeneration of cortical micro-
tubules in Stentor and related ciliates (22, 39, 54) .

In comparison with axonemal microtubules,

those of the km fibers appear to possess a higher
degree of linear rigidity. When the microtubule
ribbons in Stentor are subjected to longitudinal
compression, rather than curving or bending, they
undergo sharp breaks along their length (27). A
septum-like structure has been identified in the
electron-lucent core of the km fiber microtubules .
The presence of similar internal structure has been
previously reported in neurotubules, but assigned
no functional significance (41) . In the km fibers
this core structure is distinctly absent at the
anterior region of the fibers where the micro-
tubules curve and then twist upon themselves to
take on their parallel, longitudinal orientation .
The absence of the internal structure in the region
in which the microtubules display linear flexibility
and its presence along the rest of their length
suggests that it may serve to reinforce the longi-
tudinal rigidity of microtubules, providing the
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required framework for a sliding-filament system
of active extension.

Fundamental to the sliding-filament model of
motility as originally proposed for vertebrate

striated muscle is the observation that the over-
lapping fibrous elements themselves are not con-
tractile, but that motive force is generated by
cross-linkages or bridges between the sliding com-
ponents (for a review, see reference 29) .

The occurrence of cross-bridges between micro-
tubules is wide-spread among both protozoan and
metazoan cells but their function is still largely
unknown. There is evidence that in some instances
intertubule bridges are important in the de-
velopment and maintenance of specific patterns of
microtubule arrays (for a review, see reference 56) .

It has also been proposed that in microtubule-as-
sociated systems of motility, intertubule bridges
may provide the motive force for relative sliding
of parallel arrays of microtubules . Such systems
include ciliary motility (47, 48, 51), chromosomal
movement (37), nuclear elongation of fowl
spermatids (38), and the undulatory motion of the
axostyles of oxymonad flagellates (21, 36) .

In Stentor the 21 microtubules within each ribbon
of the km fibers are joined by intraribbon bridges .
These bridges serve to cross-link the microtubules
into a rigid structural and functional unit. In
1968 Bannister and Tatchell (6) were the first to
describe cross-bridges between adjacent micro-
tubule ribbons. These interribbon bridges measure
18-20 nm in length and 5-6 nm in width . They
extend from the wall of the no. 3 microtubule and
are generally angled toward or attached to the
no. 4 microtubule on the adjacent ribbon . The
bridges appear in pairs along the length of the
no. 3 microtubule with an alternate 9 nm/14 nm
center-to-center spacing .' These bridges have been
observed only along the no. 3 microtubules in the
region in which axial displacement of the ribbons
can occur. They are distinctly absent along the
anterior curved length of the ribbons .

The position of these bridges between the sliding
components in the km fibers excludes the possi-
bility that they represent permanent structural
cross-linkages. We propose, as has been previously
suggested by Bannister and Tatchell (6), that the
3/4 intertubule bridges are active, mechano-
chemical units capable of functioning in a fashion
analogous to muscle cross-bridges to push the

ribbons past one another . This hypothesis is sup-

ported by evidence that the structure and orienta-

tion of the interribbon bridges differ in cells fixed
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in various stages of the contractile process .' The
variation in bridge morphology has been inter-
preted to suggest that during cell extension the
bridges on the no . 3 microtubules react with
active sites along the no . 4 microtubules to generate
a relative sliding force between adjacent ribbons .
The evidence further indicates that, during cell
contraction, the bridges are detached to allow for
the passive displacement of the ribbons .

While there is no direct evidence that the inter-
ribbon bridges in Stentor contain enzymes capable
of releasing chemical energy from compounds
such as ATP, as is found in the cross-bridges in
striated muscle (28), there is clear evidence that
proteins with enzymatic activity can be associated
with microtubules in the form of projections
extending from the tubule wall . The best char-
acterized of the microtubule-associated ATPases
have been identified in cilia and flagella (18) .
The major axonemal ATPase, dynein, is found in
pairs of arms which project from the wall of each
outer fiber toward adjacent fibers (16, 19) .
Activation of ATPase activity in cilia is dependent
on the presence of Mg+2 or Mn+2 (15, 17). As
previously noted, the effectiveness of the relaxation
solution used in this study in inducing cell exten-
sion requires the presence of Mg+ 2. By analogy
with activation of ciliary motility, in the km fibers
in Stentor a protein similar to dynein with Mg'+-
dependent ATPase activity may be associated with
the activation of microtubule sliding during the
extension process .

Filament Contraction Model

Recent studies on the functional role of fila-
ments in cell motility have focused attention on
the possibility that the mechanism of force genera-
tion in "primitive" systems of movement parallels
that of differentiated muscle cells (43) . This
hypothesis has been supported by the identifica-
tion of actin-like filaments in nonmuscle cells (32),
and the isolation of actin- and myosin-like pro-
teins from such diverse sources as sea urchin eggs
(24), amoebae (45, 59), intestinal brush border
(57), and blood platelets (1) .

The question that remains, however, is whether
the basis for all motile processes in eukaryotic cells
can be defined by the principles of metazoan
muscle contraction. Specific physiological prop-
erties and morphological changes in the contractile
filaments in Stentor appear to be inconsistent with a
two-component sliding filament mechanism of
motility.



The generation of motive force for cell contrac-
tion in Stentor is correlated with an alteration in
the structure of the myoneme filaments . The
narrow, extended myoneme fibers consist of
longitudinally oriented dense bundles of 4-nm
filaments. Although the exact length of the in-
dividual extended filaments could not be de-
termined in sectioned material, they appear to be
quite long . In contrast, the contracted myonemes
are characterized by densely aggregated, tubular-
appearing, 10-12-nm filaments of relatively short
lengths (less than 0 .1 µm) . While the chemical
identification of the myoneme filaments awaits
their isolation and characterization, the di-
mensional correlation between the 4-5 nm wall
thickness of the contracted filaments and the
diameter of the extended filaments leads us to
propose that the two filament forms may repre-
sent different contractile states of a single fibrous
element.

The basis for the filament-to-tubule transforma-
tion may reside in either linear aggregation or
helical coiling of the dense extended filaments .
While linear aggregation would account for the
subunit organization observed in the wall of the
contracted filaments, it would not explain the
apparent length differences between the two
filament forms . In contrast, a transition involving
coiling of individual extended filaments upon
themselves would effectively result in their simul-
taneous shortening and tubularization . In analogy
with other fibrous proteins, such as F-actin (23)
and the protofilaments of microtubules (4), the 4-
nm extended filaments may represent a fibrous
polymer of globular subunits . Helical coiling of
such filaments would give rise to a subunit ap-
pearance in the wall of the resulting tubule .

The proposed filament transformations and the
initiation of contraction in Stentor are highly
dependent upon calcium ion concentrations, but
do not appear to require the enzymatic hydrolysis
of adenosine triphosphate (ATP). Studies on
glycerinated models of Stentor reveal that in the
absence of added ATP extended cells are acti-
vated to contract when the free Ca+2 concentration
in the bathing solution is raised above a threshold
level of 10-7 M. 2 Similar observations have been
made on glycerinated models of vorticellid ciliate
stalks (2, 25, 35, 60) . Stalk models will undergo

2 Huang, B., and D. Mazia. The contractile process
in the ciliate, Stentor coeruleus . III . Active shorten-
ing of contractile filaments. In preparation.

repeated cyclic changes in length when the con-
centration of free Ca +2 is altered between 10 -6 and
10-8 M (2) . Calcium-activated contraction of
such models can be elicited even in the presence of
the inhibitors salygran, KCN, dinitrophenol, and
2,4-dinitro-l-fluorobenzene (2, 25) .

Observing that ATP-splitting and metabolic
activity are not required for activation of con-
traction in model systems, Hoffman-Berling (25)
was the first to suggest that the generation of
motive force for ciliate contraction is associated
with a configurational change in the contractile
filaments brought about by the direct charge
interaction of Ca+2 with reactive sites along their
length. The significance of the charge properties
of calcium in the activation of ciliate contraction is
evidenced by the observation that contraction in
Stentor, as well as in vorticellid stalks, can be in-
duced by replacing Ca+ 2 with equal concentrations
of Ba+2 or Sr+2 (25, footnote 2) . In the case of
Ba+2- and Sr+2-initiated contraction in Stentor, a
structural change in the contractile filaments
identical to that observed with Ca+ 2-activated
contraction is seen . 2 In contrast with these other
divalent cations, Mg+ 2 at concentrations as high as
10-2 M will not induce contraction of Vorticella or
Stentor models (2, footnote 2) . This suggests some
degree of specificity in the activity of Ca+ 2

While these studies on the physiology of contrac-
tion in Stentor and vorticellid ciliates suggest a
common mechanism for force generation, changes
in the substructure of the contractile filaments
similar to those described in Stentor have not been
observed in related ciliates . In the contractile
heterotrichs Spirostomum and Condvlostoma the
extended myonemes consist of a network of fila-
ments similar to those observed in Stentor fixed in
the extended state (34 ; Huang and Pitelka, un-
published results). Contraction in these cells has
been found to be associated with only a slight
increase in aggregation of the extended filaments,
without the appearance of larger tubular forms .
Similar observations have been made on living
and glycerinated models of vorticellid ciliate stalks
(3; Huang and Hamamoto, unpublished results) .

While evidence of active shortening of the con-
tractile filaments in related ciliates has eluded
thin section electron microscopy, studies on
changes in the birefringence of the contractile
fiber (spasmoneme) in vorticellids tend to support
such a model (2) . In the extended state, the con-
tractile fiber in the living stalks of Carchesium is
positively birefringent with respect to its length .
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With contraction the birefringence falls and the
spasmoneme becomes totally isotropic . This loss
in birefringence may be a reflection of a change in
filament configuration that is not resolved with
thin section electron microscopy .

The evidence of dimensional changes in the
contractile filaments in Stentor, coupled with
observations on the physiology of ciliate contrac-
tion are interpreted to suggest that in some
systems of motility motive force may be generated
by the active shortening of a contractile fibrous
polymer. Confirmation of this hypothesis awaits

further analysis and characterization of these
contractile filaments.
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