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a b s t r a c t

In the amoeboid spermatozoa from Caenorhabditis elegans, motility acquisition is preceded by substantial
rearrangement of the plasma membrane. The current genetic model posits a multicomponent complex of
membrane and cytoplasmic proteins responsible for pseudopod extension. This model can be translated
into a physiological context through the involvement of cholesterol-enriched signaling platforms. We
show that discrete cholesterol-enriched microdomains are present in C. elegans spermatids. These
microdomains redistributed towards the cell body upon pseudopod extension resulting in a phospho-
lipid-enriched pseudopod. Cholesterol saturation in the spermatids prevented pseudopod extension
and motility acquisition, whereas cholesterol depletion increased the rate of in vitro pseudopod exten-
sion. This work suggests that plasma membrane cholesterol plays an important role in regulating the
membrane dynamics that precede pseudopod extension and motility acquisition.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Biological membranes are complex cellular structures responsi-
ble for maintaining homeostasis. In particular, the plasma mem-
brane regulates the interactions of a cell to its substrate and
adjacent cells. This regulation ultimately depends on both mem-
brane structure and dynamics which can affect the quality, dura-
tion, and strength of signaling cascades during cytoskeletal
modulation, cell adhesion and motility [1,2].

Spermatozoa from the nematode Caenorhabditis elegans are
highly motile amoeboid cells that must first undergo a series of sub-
stantial membrane rearrangements before motility can be achieved
[3,4]. During this physiological process, a spherical sessile sperma-
tid must extend transient membrane protrusions (‘‘spikes’’) that
can thicken and fuse to coalesce into a pseudopod [5]. Upon pseu-
dopod extension, membrane flow ceases in the cell body, the nem-
atode-specific membranous organelles (MOs) fuse to the cell body
plasma membrane, and pseudopodial membrane flow is initiated
from the tip to the base rendering a highly fluid and dynamic cell
surface [3]. This flow, coupled to dynamic cytoskeleton assembly
and disassembly, results in the maintenance of motility in nema-
tode sperm [6,7]. Interestingly, the cytoskeleton of amoeboid sper-
matozoa does not contain actin or associated motor proteins seen in
typical motile eukaryotic cells, instead, amoeboid sperm motility is
ll rights reserved.
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powered exclusively by the major sperm protein (MSP)-based cyto-
skeleton rendering this cell type as a simple model system to study
the processes of cytoskeletal modulation, cell adhesion and motility
compared to the analogous actin-based cytoskeleton [6].

Genetic screens in C. elegans have identified proteins responsible
for the block/trigger of pseudopod extension. The SPErmatogenesis-
defective group of proteins (also known as the SPE-8 group) func-
tions as a multicomponent complex that promotes the interaction
of membrane (SPE-12, SPE-19 and SPE-29) and cytoplasmic
(SPE-6, SPE-8 and SPE-27) signaling proteins in a common pathway
during pseudopod extension [8–13]. Another group of SPE proteins
(the SPE-9 group: SPE-9, SPE-38 and TRP-3/SPE-41) rearrange their
localization during the spermatid-to-spermatozoa transition [14–
17]. Altogether, these events result in a dynamic exchange of diffus-
ible material within the plasma membrane necessary for motility
acquisition and fertilization [18]. By integrating both the physiolog-
ical and genetic evidence for pseudopod extension in nematode
sperm, we recently proposed a model that considers the involve-
ment of cholesterol-enriched membrane microdomains as plat-
forms responsible for regulating the spatial and temporal signals
during spermatid activation and pseudopod extension [19].

Cholesterol is an important component of the plasma membrane
and its structural characteristics enable it to modulate membrane
organization and permeability [20]. It has been shown that choles-
terol depletion can induce the inhibition of motility in human neu-
trophils [21], T-cells [22] and breast cancer-derived cells [23] as
well as the initiation of a transmembrane signal that results in
capacitation of mammalian spermatozoa [24]. In C. elegans,
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exogenous cholesterol is required for reproduction and survival
since this nematode is unable to synthesize sterols de novo [25].
Furthermore, the distribution of sterols in C. elegans is not uniform
and only a subset of cells, including sperm and oocytes, accumulate
cholesterol [26,27]. In the present work, we investigate the localiza-
tion of cholesterol in C. elegans sperm and the effects of cholesterol
saturation and depletion on in vitro pseudopod extension. Our re-
sults suggest that cholesterol plays an important role in regulating
the membrane dynamics that precede pseudopod extension and
motility acquisition in C. elegans amoeboid sperm.
2. Materials and methods

2.1. Genetic strains, worm synchronization and large-scale sperm
isolation

C. elegans strain CB1489: him-8 (e1489) IV was used since him-8
males produce �40% male progeny compared to �0.1% males pro-
duced by wild type [28] and their sperm are cytologically indistin-
guishable from wild-type sperm [29]. Worms were maintained at
20 �C on NGM plates seeded with Escherichia coli OP50 as described
[30]. Culture synchronization, male separation and large-scale
sperm isolation were performed as previously described [31] with
some modifications (for a detailed description see Supplementary
materials and methods).
2.2. Small-scale sperm isolation method and fluorescent staining

Synchronized young adult males were used to obtain spermatids
by cutting the posterior end of worms (for a detailed description see
Supplementary materials and methods). Spermatids were fixed and
stained with filipin for cholesterol localization or stained with 7-
nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) cholesterol or phosphati-
dylcholine (for details see Supplementary materials and methods).
Cells were observed using a fluorescence microscope and images
were captured using a Dage-MTI CDC 100 camera mounted onto
the microscope and processed using the software Scion Image v.
1.62 from NIH.
2.3. Live cell microscopy

To achieve high magnification video-enhanced contrast (VEC)
microscopy and to facilitate in vitro activation assays in an inverted
microscope, a coverslip perfusion chamber was prepared (see Sup-
plementary materials and methods). For counting purposes, sperm
cells were observed using a Nikon Labophot phase contrast micro-
scope with a 40� objective. Images were captured using a Dage-
MTI CDC 100 camera and software mentioned above. For live cell
imaging purposes, sperm cells were observed using a Zeiss Axio-
vert 10 microscope equipped with DIC optics and a 100� oil
immersion objective (1.3 NA). Images were captured using a Ham-
amatsu C8484-05G digital CCD camera mounted onto the micro-
scope and analyzed using the software SimplePCI v. 6.1 from
Compix Inc., Imaging Systems.
2.4. Statistical analysis

Details on the method used to avoid pseudoreplication in sperm
cell counting can be found in the Supplementary materials and
methods. Curves from pseudopod extension kinetics were fit by
SigmaPlot (Jandel Scientific) using a 4-parameter Hill equation to
calculate the half-time of pseudopod extension. Treatments were
compared to its corresponding control for each in vitro activator
using the Student’s t-test.
3. Results

3.1. Cholesterol-enriched microdomains are present in C. elegans
spermatids

To search for cholesterol-enriched microdomains in the sperma-
tids of C. elegans, we stained fixed cells using the fluorescent
antibiotic filipin that tightly binds to cholesterol in biological mem-
branes. Unactivated spermatids incubated in MSM (to prevent
pseudopod extension) displayed discrete regions where filipin is
localized, suggesting the presence of cholesterol-enriched mem-
brane microdomains (Fig. 1A, i). Treatment of spermatids (previous
to fixation) with the known cholesterol acceptor 2-OH-propyl-b-
cyclodextrin (2-OH-CD) depleted these discrete regions in sperma-
tids (Fig. 1A, ii). Due to their hydrophobic nature, insolubility in
detergents and light buoyancy, the presence of cholesterol-en-
riched membrane microdomains in cells can be biochemically
accounted for by the isolation of detergent-resistant membrane
(DRM) fractions [32]. Thus, we isolated DRMs to corroborate the
presence of membrane microdomains in C. elegans spermatids.
Spermatids isolated in MSM were subjected to detergent extraction
and separated using a continuous multi-layer step gradient (see
Supplementary materials and methods). Light-buoyant DRMs were
observed in the fractions corresponding to 20%, 15% and 10% of the
gradient. These DRMs contained at least three bands that migrated
at �40, 30 and 16 kDa, respectively (see Supplementary Fig. SF1).
Treatment of spermatids with 2-OH-CD (previous to DRMs isola-
tion) depleted these bands from the light-buoyant fraction. As an
indirect way to account for the effect of cholesterol depletion on
spermatids, cells were subjected to subcellular fractionation by
means of differential centrifugation (see Supplementary materials
and methods). Two subcellular fractions can be separated using this
method [33], the putative membrane fraction (P100) that consists
of plasma membrane and membrane bound vesicles and the puta-
tive cytosolic fraction (S100) that contains abundant amounts of
the cytoskeletal major sperm protein. Since cholesterol depletion
promotes a reorganization of the plasma membrane, we expected
to observe a change in the protein pattern or band intensity of trea-
ted spermatids. Indeed, when comparing the P100 fraction from
cholesterol-depleted and untreated spermatids, we observed a de-
crease in band intensities of spermatids treated with 2-OH-CD as
compared to control spermatids (see Supplementary Fig. SF2). In
particular, the intensity of two bands that were also present in
the DRM’s (�40 and 30 KDa) was greatly reduced upon cholesterol
depletion. Altogether, these results indicate the presence of choles-
terol-enriched membrane microdomains in the spermatids of C. ele-
gans and that cholesterol depletion promotes rearrangement of
proteins present in the plasma membrane.
3.2. Cholesterol redistributes during pseudopod extension and controls
spermatid activation

To gain insight on the fate of cholesterol during pseudopod
extension we followed its dynamics by loading spermatids with
the fluorescently labeled cholesterol analog NBD-cholesterol that
localized to discrete regions of the spermatid (see Fig. 1B, i and ii,
arrowheads). Pseudopod extension was induced in NBD-cholesterol
loaded cells using the known in vitro activator Pronase. NBD-cho-
lesterol redistributed uniformly to the cell body of the spermatid
leaving a cholesterol-free pseudopod (see Fig. 1B, iv and v, arrows).
In contrast, spermatids labeled with NBD-phosphatidylcholine
(NBD-PC), showed a uniform labeling that included the pseudopod
upon spermatid activation (Fig. 1B, iii and vi, arrows). This result
suggests that cholesterol-enriched microdomains are present in
spermatids prior to activation and that upon pseudopod extension



Fig. 1. Cholesterol localization and redistribution during pseudopod extension in C. elegans spermatids. A. Cholesterol localization in fixed spermatids. (i) Filipin staining
showed discrete punctae of cholesterol-enriched regions on untreated spermatids while treatment with 2-OH-CD (ii) depleted these regions. B. Cholesterol redistribution in
live spermatids labeled with NBD fluorescent dyes. (i and ii) Spermatids were labeled with NBD-cholesterol showing accumulation on discrete regions (arrowheads). (iv and
v) These discrete punctae redistributed towards the cell body upon pseudopod extension resulting in a cholesterol-free pseudopod (arrows). (iii and vi) Spermatids labeled
with NBD-phosphatidylcholine (NBD-PC) showed an even distribution of the fluorophore in spermatids and an NBD-labeled pseudopod (arrows).
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these microdomains redistribute resulting in a cholesterol-free
pseudopod. Thus, we reasoned that the integrity of membrane
microdomains must be important to regulate spermatid activation.

To test whether the amount of cholesterol in spermatids is
important for the regulation of sperm activation, we used a perfu-
sion chamber to activate spermatids and induce pseudopod exten-
sion. For counting purposes, spermatids were observed by phase
contrast microscopy since the pseduopod of activated spermatids
appears as a phase-dark protrusion from the bright cell body (see
Supplementary Fig. SF3A and Supplementary materials and meth-
ods). Spermatids isolated in sperm medium (SM) showed a low
proportion of cells that undergo spontaneous pseudopod extension
under conditions that promote activation (1.5% ± 0.4 SE for SM; see
Fig. 2 A and Supplementary Table ST1). Pseudopod extension was
then induced using the known in vitro activators Pronase, Monen-
sin and Triethanolamine (TEA) at previously published optimal
concentrations [4,34] (see Supplementary materials and methods).
Spermatid in vitro activation using Pronase induced pseudopod
extension in 96% (±1 SE) of spermatids, while Monensin induced
pseudopod extension in 85% (±3 SE) of spermatids. TEA was the
least effective activator, inducing pseudopod extension in only
52% (±1 SE) of the spermatids. Subsequently, the amount of
cholesterol in spermatids was saturated prior to in vitro activation.
Cholesterol saturation in Pronase-induce activation resulted in the
extension of longer ‘‘spike’’ protrusions and an aberrant pseudopod
in the majority of cells (88% ± 5 SE; see Fig. 2B, Supplementary Ta-
ble ST1 and Supplementary video SV4). In the case of Monensin
and TEA activation, cholesterol saturation reduced pseudopod
extension to 1.3% (±0.5 SE) and 6% (±2 SE), respectively (see
Fig. 2B and Supplementary Table ST1). In these experiments, abol-
ishment of pseudopod extension was specific to the effect of cho-
lesterol saturation since preincubation of 2-OH-CD (to sequester
the cholesterol present in the media) rescued the inhibition of
pseudopod extension (see Supplementary Fig. SF4 and Supplemen-
tary Table ST1).

We also tested whether cholesterol depletion from spermatids
using the known cholesterol acceptors, b-cyclodextrins or Bovine
Serum Albumin (BSA), would increase the proportion of cells
undergoing pseudopod extension. Treatment of spermatids with
2OH-CD, methyl-b-cyclodextrin (m-CD), or BSA did not induce
spontaneous pseudopod extension (see Supplementary Fig. SF4
and Supplementary Table ST1), suggesting that cholesterol efflux
from the spermatid plasma membrane is not sufficient to initiate
spermatid activation. A significant increase in the proportion of
cells that extended a pseudopod was observed only in spermatids
activated with TEA (see Fig. 2B and Supplementary Table ST1). In



Fig. 2. Effect of cholesterol depletion on in vitro-induced pseudopod extension. (A) Proportion of pseudopod extension induced by Triethanolamine (TEA), Monensin or
Pronase in spermatids. (B) Proportion of pseudopod extension for each in vitro activator after cholesterol saturation or depletion. (C) Kinetics of pseudopod extension for each
in vitro activator after cholesterol saturation or depletion. Data represents mean (n = 6) and error bars depict standard errors (SE). Asterisks represent a statistically significant
difference (p < 0.001) compared to the control of each in vitro activator (for a detailed figure legend see Supplementary information).
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this case, the proportion of pseudopod extension increased from
52% (±1 SE) to 82% (±2 SE), 81% (±3 SE) and 78% (±2 SE) for treat-
ments with BSA, m-CD and 2OH-CD, respectively. Together, these
results indicate that cholesterol concentration and its discrete



Table 1
Effect of cholesterol depletion on the kinetics of in vitro pseudopod extension. Spermatids were treated with cholesterol depletors and in vitro pseudopod extension was induced.
The time of initial pseudopod extension corresponds to the time at which the first spermatid transitions from cellular rotation and spike extension to pseudopod protrusion. The
values of half-time and maximum pseudopod extension were obtained after applying a curve fit to a 4-parameter Hill equation. The coefficient of determination (r2) and the chi-
square values for each curve are given. Control experiment for each in vitro activator is in bold followed by their respective treatments. Values are presented in mean ± SE, n = 6.

Treatment Time for initial pseudpod extension
after treatment (mean ± SE)

Half-time of pseudopod
extensiona (mean ± SE)

Maximum pseudopod
extensiona (mean ± SE)

Coefficient of
determination (r2)

Chi-square

Pronase (200 lg/ml) 3.22 ± 0.34 min 2.44 ± 0.075 min 102.53 ± 2.15% 0.99788 0.001557
20H-CD (10 mM) 1.61 ± 0.12 mind 2.68 ± 0.09 min 106.55 ± 2.54% 0.99758 0.001945
m-CD (10 mM) 1.00 ± 0.00 mine 1.28 ± 0.02 minf 99.88 ± 1.15% 0.99703 0.001170
BSA (1 mg/ml) 2.22 ± 0.24 min 1.28 ± 0.04 minf 102.89 ± 1.66% 0.99900 0.000350

Monensin (100 nM) 5.56 ± 0.29 min 17.50 ± 0.84 min 84.73 ± 4.22% 0.99682 0.002595
20H-CD (10 mM) 3.72 ± 0.41 minc 10.29 ± 0.24 minf 83.65 ± 1.83% 0.99873 0.001124
m-CD (10 mM) 4.50 ± 0.37 min 10.16 ± 0.38 minf 80.62 ± 2.82% 0.99733 0.002056
BSA (1 mg/ml) 6.00 ± 0.38 min 8.78 ± 0.53 minf 65.32 ± 3.00% 0.92200 0.002651

TEA (25 mM) 10.5 ± 1.18 min 13.06 ± 1.59 min 80.97 ± 7.47% 0.99578 0.001818
20H-CD (10 mM) 7.44 ± 0.69 min 7.32 ± 0.31 minc 91.46 ± 2.60% 0.99964 0.000171
m-CD (10 mM) 5.67 ± 0.61 minc 9.19 ± 1.22 min 94.83 ± 6.97% 0.99773 0.000889
BSA (1 mg/ml) 6.94 ± 0.65 minb 11.3 ± 1.40 min 67.05 ± 8.93% 0.98078 0.006497

a Values obtained after fitting data using a 4-parameter Hill equation.
b Statistical difference (p < 0.05) of treatment compared to corresponding control.
c Statistical difference (p < 0.015) of treatment compared to corresponding control.
d Statistical difference (p < 0.01) of treatment compared to corresponding control.
e Statistical difference (p < 0.005) of treatment compared to corresponding control.
f Statistical difference (p < 0.001) of treatment compared to corresponding control.
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distribution on the plasma membrane of C. elegans spermatids
play a role in the regulation of sperm activation and pseudopod
extension.

3.3. Cholesterol depletion increases the rate of in vitro-induced
pseudopod extension

In order to learn more about the process of pseudopod exten-
sion after cholesterol depletion, we used live-cell time-lapse
microscopy. Nematode sperm activation can be observed using
DIC microscopy since it allows for the observation of cellular de-
tails (see Supplementary Fig. SF3B and Supplementary materials
and methods). Thus, we followed the kinetics of pseudopod exten-
sion after cholesterol depletion and in vitro activation. Cholesterol
depletion decreased the initial time required for pseudopod exten-
sion and increased the rate at which spermatids extended a pseu-
dopod in most treatments and for the three in vitro activators (see
Table 1 and Supplementary Fig. SF5).

Upon perfusion of Pronase, the spermatids responded rapidly to
the stimulus (after 3.2 ± 0.3 min of perfusion) since membrane rear-
rangements (by cellular rotation), extension of ‘‘spikes’’, pseudopod
extension and membrane ‘‘ruffling’’ in the pseudopod were ob-
served (see Supplementary video SV1). The kinetics of Pronase-in-
duced pseudopod extension showed a half-time of 2.44 ± 0.07 min
and maximum proportion of pseudopod extension (100%) reached
at �15 min (see Fig. 2C and Table 1). After cholesterol depletion,
we observed a �50% decrease in the initial time for pseudopod
extension in the treatments with 2OH-CD and m-CD (see Table 1).
A significant difference was also observed in the activation half-time
of spermatids treated with m-CD or BSA (1.28 ± 0.03 min and
1.28 ± 0.04 min, respectively; see Fig. 2C, Table 1 and Supplemen-
tary Fig. SF5).

In the case of Monensin activation, spermatids responded to the
stimulus after 5.6 ± 0.3 min of perfusion. Membrane rearrange-
ments, pseudopod extension and membrane ‘‘ruffling’’ also oc-
curred and spermatozoa were able to crawl (see Supplementary
video SV2). Interestingly, after motility acquisition, spermatozoa
formed clumps of cells that were disrupted after perfusion of Pron-
ase at the end of the recording. The kinetics of Monensin-induced
pseudopod extension revealed a half-time of 17.5 ± 0.8 min and a
maximum proportion of pseudopod extension (85 ± 4%) reached
at �45 min (see Fig. 2C and Table 1). Significant differences were
observed in the kinetics of cholesterol-depleted spermatids show-
ing a decrease in the initial time of pseudopod extension in 2OH-
CD-treated spermatids (3.7 ± 0.4 min) and activation half-times of
10.16 ± 0.4 min for m-CD, 10.3 ± 0.2 min for 2-OH-CD and
8.8 ± 0.5 min for BSA. Maximum pseudopod extension was reached
at �25 min in all treatments (�20 min earlier than the control; see
Fig. 2C, Table 1 and Supplementary Fig. SF5).

Spermatid activation induced by TEA effected pseudopod exten-
sion slowly after 10.5 ± 1.2 min of perfusion. Membrane rearrange-
ments and ‘‘spike’’ extension were less evident than in Monensin
and Pronase-induced activation and some of the cells engaged in
cycles of pseudopod extension and retraction prior to pseudopod
extension and motility acquisition (see Supplementary video
SV3). The kinetics of TEA-induced pseudopod extension showed a
curve half-time of 13.1 ± 1.6 min and a maximum proportion of
pseudopod extension (81 ± 7.5%) reached at �30 min (see Fig. 2C
and Table 1). In cholesterol-depleted spermatids activated using
TEA, cells treated with m-CD and BSA showed a significant reduc-
tion in the initial time of pseudopod extension of�4 min compared
to the control (see Table 1) and a significant decrease in the activa-
tion half-time of spermatids treated with 2OH-CD (7.3 ± 0.3 min;
see Fig. 2C, Table 1 and Supplementary Fig. SF5).

In summary, cholesterol depletion reduced the initial, half- and
maximun time of pseudopod extension of in vitro activated sper-
matids. Thus, our results indicate that cholesterol in C. elegans
spermatids regulate spermatid activation since saturation of cho-
lesterol inhibits this process and cholesterol depletion enhances
the rate of pseudopod extension.

4. Discussion

Cholesterol-enriched membrane microdomains play a functional
role in the modulation of cytoskeletal dynamics, cell adhesion, and
motility, thus, an intimate association among membrane microdo-
mains and the actin-based cytoskeleton has been previously
suggested [1,2]. In the MSP-based cytoskeleton of C. elegans sperma-
tozoa, proteins from the SPE-8 group form a multicomponent signal-
ing complex that controls the precise timing of pseudopod extension
and motility acquisition [35–37]. Early studies using in vitro activa-
tors have shown that extensive membrane rearrangements and an
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intracellular alkalization are necessary and sufficient to induce
pseudopod extension in C. elegans sperm [3,4,34]. In order to link
the genetic and physiological model of pseudopod extension, we
propose the involvement of cholesterol-enriched membrane micro-
domains. In the present study we have identified discrete choles-
terol-enriched structures and DRM fractions present in C. elegans
spermatids, both serving as correlates for the existence of mem-
brane microdomains. These microdomains redistributed towards
the cell body and their disruption through cholesterol depletion re-
sulted in an increased rate of pseudopod extension. Further, choles-
terol saturation prevented pseudopod extension and the acquisition
of motility in spermatids of C. elegans. Interestingly, an early study
monitored membrane fluidity in C. elegans sperm cells using fluores-
cent recovery after photobleaching (FRAP) [38]. Here the author
showed a difference in the diffusion coefficients and fractional fluo-
rescence recoveries between spermatids and spermatozoa (D �
0.7 � 10�10 cm2/sec and �15% recovery in spermatids compared to
D � 2 � 10�10 cm2/sec and �36% recovery in spermatozoa). This
result and our present data are in agreement with a membrane
microdomains model in which increasing amounts of cholesterol
confer order to the acyl chains of lipids and reduce fluidity of the
bilayer [39].

Transcriptionally-inactive flagellated spermatozoa regulate
motility and successful fertilization by altering membrane fluidity
and permeability through cholesterol depletion [40]. While the
crawling spermatozoa from C. elegans can appear as a morpholog-
ical deviation from the ‘‘typical’’ flagellated spermatozoa, this
amoeboid cell (using a unique MSP-based cytoskeleton) must reg-
ulate motility acquisition and successful fertilization through sim-
ilar mechanisms as its mammalian counterpart. In this scenario,
cholesterol depletion would promote a transition to a fluid state
of the plasma membrane in C. elegans sperm, inducing an increased
rate of spermatid activation, membrane rearrangements, spike
protrusion and proper extension of the pseudopod. The opposite
effect is then achieved by the addition of cholesterol to the plasma
membrane, maintaining a less fluid state and preventing the acqui-
sition of motility in spermatids.

As mentioned previously, exogenous cholesterol is required for
reproduction and survival of C. elegans. Interestingly, spermatids
are part of a subset of cells that preferentially accumulate choles-
terol with a putative effect on the structure and physical properties
of their plasma membrane [26]. Thus, it would be instructive to di-
rect future experiments towards exploring the effect of cholesterol
on physical properties of the membrane such as membrane tension
and/or cytoskeletal dynamics of C. elegans sperm.
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