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Abstract

Autotomy, the self-induced loss of a body structure, occurs in every living class of echinoderms and is related to the remark-
able regeneration capabilities of the group. It is particularly prevalent in brittle stars (Class Ophiuroidea). Autotomy is
facilitated by mutable collagenous tissue, which undergoes nervous system-mediated changes in tensile stiffness, tensile
strength, and viscosity. The previous investigations of autotomy have been based on observations of the external surface,
surgical manipulation of internal structures, or data on the morphology of structures post-autotomy. We used fast phase-
contrast X-ray synchrotron imaging to visualize full autotomy events in vivo in the arms of specimens of the brittle star
Ophioderma brevispina. This method requires no chemical or surgical manipulation and enabled us to identify several key
stages in the autotomy process. We used this methodology to observe critical changes within the internal structure of the
arm as it transitions from a functional mechanical apparatus to a dysfunctional disarticulated state. This method is the first
in which the full intersegmental plane of the arm can be observed during autotomy. It can be applied to visualize autotomy
and motion in vivo in other brittle star taxa, as well as in other groups such as asteroids and arthropods.
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Introduction

Autotomy, the self-induced loss of a viable body structure
mediated by the nervous system (Wilkie 2001), is a defen-
sive process in which an organism strategically detaches part
of its body in response to a perceived threat, often to avoid
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predation. This phenomenon has been observed in at least
nine phyla (Wilkie 1978a, b; Fleming et al. 2007). Autotomy
may also be integral to the regeneration process, as regenera-
tion of structures from regions other than the autotomy plane
may result in anomalies in taxa such as crinoids and decapod
crustaceans (Wilkie 2001).

Autotomy is the most widespread cause of structural loss
in echinoderms (Wilkie 2001). This process occurs in certain
members of each extant echinoderm class, resulting in the
loss of a range of structures in crinoids (arms, cirri, pinnules,
and stalks), asteroids (arms), ophiuroids (arms, aboral disk
comprising the stomach, gonads, and genital bursae), echi-
noids (globiferous pedicellariae), and holothurians (digestive
tract, respiratory structures, haemal vessels, gonads, feed-
ing tentacles, and the aquapharyngeal bulb) (Wilkie 2001).
There is debate over the influence of autotomy versus other
processes that result in structural loss affecting the crown
and visceral mass in crinoids, the pedicells and papulae in
asteroids, and the spines in asteroids, ophiuroids, and echi-
noids (Wilkie 2001).

As shown in a number of seminal papers by Wilkie
(Wilkie 1978a, b, ¢, 2005; Wilkie and Emson 1987), echino-
derm autotomy is facilitated by mutable collagenous tissue
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(MCT). MCT is a tissue type exclusive to echinoderms and
found in all echinoderm groups (Wilkie 1984). MCT can
undergo drastic nervous system-mediated loss of tensile
strength in a second or less, and stiffen to maintain posture
without expending any energy (Wilkie 1984). Research on
MCT is being applied to advance pharmacology and mate-
rial sciences (Wilkie 2005; Barbaglio et al. 2013; Ferrario
et al. 2017; Goh and Holmes 2017).

Arm loss is commonly found in ophiuroids (brittle stars):
in natural populations, up to 99% of brittle star arms have
been observed to be actively regenerating (Wilkie 1978a).
The segments of most brittle star arms comprise a large
central ossicle (the “vertebra”) surrounded by four smaller
plates on its dorsal, ventral, and right and left lateral sur-
faces. Adjacent segments are connected by MCT, which
makes up the tendons of the four intervertebral muscles, the
intervertebral ligament, and the ligaments connecting the
non-vertebral plates (Wilkie 1978b). The intervertebral areas
of each ossicle, associated with the intervertebral ligament,
meet to form an often complex interlocking interface known
as the intervertebral joint (Clark et al. 2018a). The previous
investigations have shown that autotomy does not exploit
a weak area of the arm, but is the result of a change in the
tensile strength of the otherwise robust tendons and liga-
ments (Wilkie 1978a). Ophiuroids have hundreds of poten-
tial autotomy planes, as they can shed a portion of the arm
at the articulation between any two segments (Wilkie 2001).

Our current understanding of the structural changes and
functional processes underlying ophiuroid arm autotomy
are based on observations of external morphology (Wilkie
1978a, b), investigations of structures post-autotomy (Wilkie
1978b), and surgery or serial sectioning of autotomizing
internal structures (Wilkie 1978a, c¢; Wilkie and Emson
1987). Autotomizing arms were embedded in plasticine to
arrest and observe the arm at different stages of the process
(Wilkie 1978a). Arm segments have been examined to visu-
alize the external structure of the autotomy plane following
autotomy (Wilkie 1978b; Wilkie and Emson 1987). In addi-
tion, several experiments have been conducted to investigate
the physiology of the process (e.g., Wilkie 1978a, c; Wilkie
and Emson 1987). A load was applied to partially dissected
amputated arms to analyze the behavior of the connective
tissue and the effect of various chemical pre-treatments
(Wilkie 1978c). Autotomy was induced in partially dis-
sected amputated arms to observe the behavior of the mus-
culature (Wilkie and Emson 1987). Inducing autotomy in
ophiuroids mounted with free-hanging arms demonstrated
that external contact was not necessary for autotomy to occur
(Wilkie 1978a). All of these techniques have revealed impor-
tant aspects of this process, but they are all limited in one
or more of the following ways: by relying on observations
post-autotomy, revealing external anatomy only, not involv-
ing observations in vivo, or only showing a single stage of
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the process. Until now, it has not been possible to observe
the sequence of events involved in autotomy directly nor to
determine the role, if any, of adjacent segment connections.

We conducted fast phase-contrast edge-enhanced X-ray
synchrotron radiographic imaging to stimulate autotomy
and to image the autotomization process in live ophiuroids.
Autotomy occurred as the animal attempted to shed the part
of the arm being X-rayed. The method presented here is a
new strategy for in vivo visualization. It is the only technique
that reveals the autotomy process from start to finish in vivo,
and allows the internal structure of the segments comprising
the autotomy plane to be visualized throughout.

Materials and methods

We conducted live phase-contrast X-ray synchrotron imag-
ing of brittle star skeletal tissue using beamline 32-ID at the
Advanced Photon Source of Argonne National Laboratory
(Westneat et al. 2003). 65 O. brevispina specimens were
imaged individually. O. brevispina was selected due to its
appropriate size and speed of movement for the imaging
setup and parameters used. Specimens were mounted by
surrounding the disk of the brittle star with cotton soaked
in sea water. The disk was attached to a wooden craft stick
with plastic cable ties. Arms were either free hanging or
loosely constrained with cable ties to promote autotomy in a
particular region. In several specimens, one arm was inserted
into a small plastic tube (2-3 mm in diameter) which was
glued to the end of the craft stick (Online Resource 1), and
in several such specimens the arms that were not in the tube
were removed, as extraneous arm movement entered the
visual field and obscured the area of interest. The craft stick
was oriented horizontally or vertically. The specific setup of
each specimen is noted in “Results”. The specimens were
attached via the craft stick to a plastic clamp on a metal stand
inside the experimental station of 32-ID-C beamline, with
the oral/aboral axis oriented parallel to the beam. The metal
stand was connected to a motorized stage which allowed the
specimen to be positioned with the aid of a video camera
so that the arm would be exposed to the beam and imaged
simultaneously. A remotely operated mechanical shutter
controlled the exposure to the X-ray beam. We used an
X-ray energy of ~25 keV and a sample-detector distance
of 25 cm. We imaged the specimens with 5x (2x) objec-
tives with 2.25x 1.41 (5.63 x3.52) mm? field of view, and
1.17 (2.9) um pixel size, respectively, at speeds between 30
and 87 frames per second. The actual point spread function
(PSF) of the detection system was measured separately to be
about 2.5 um (with the 5X objective) using a knife-edge scan
technique. The brittle star began autotomizing the arm at a
position proximal to the beam (and, therefore, outside the
imaging window) to try to shed the afflicted part. We moved
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the specimen so that the autotomizing area was within the
imaging window to capture the events. We took over one
million images (1,227,728) of 65 specimens of O. brevispina
over approximately 30 h; 1.4% of these images illustrate
autotomy. We captured autotomy in one arm of each of four
specimens and we observed changes in the properties of the
MCT in several specimens differing from those observed in
normal movement.

We did not capture autotomy in most of the specimens
we imaged. Application of the beam generates this response
only in a minority of cases (and never in a small subset that
was submerged in water). Since autotomy tended to occur
proximal to the beam application, several specimens autot-
omized outside the imaging window. Capturing autotomy
involved moving the imaging window proximally within
seconds of applying the beam and observing arm motion.
We imaged specimens with different degrees of arm restric-
tion (unrestricted, restricted with loose plastic cable ties,
and confined within a narrow plastic tube). Some degree of
arm restriction was essential for positioning the arm within
the small imaging window, as the arm could move faster
to escape the beam than the motors used to reposition the
specimen. Restricting the arms also prevented movement of
other arms from blocking the area of interest (as in specimen
2, see Online Resource 3). Maximum activity was ensured
by minimizing the time between mounting and imaging the
specimen. Trial and error determined that the mounting tech-
niques presented here maximized the probability of observ-
ing autotomy.

Results

The beamline experimental parameters (beam energy, sam-
ple-detector distance, etc.) were set up so as to optimize the
contrast and resolution. Most of the details on the collected
images come from the skeleton rather than muscles and liga-
ments; hence, it was necessary to define autotomy in terms
of the position of the ossicles. Autotomy was considered to
have occurred when the morphology of the intervertebral
area became irreversibly inviable for movement. During
normal movement, pairs of the four intervertebral muscles
contract and relax to move successive segments about the
intervertebral joint (Clark et al. 2018a). Because O. bre-
vispina has been observed to maintain articulations between
successive vertebrae even as they approach their maximal
range of motion (Clark et al. 2018a), separation between suc-
cessive vertebrae at the intervertebral area is not a product of
normal motion and involves changes in the tensile properties
of the MCT. We defined movement as no longer viable when
the point of rotation between two successive segments was
no longer at the intervertebral joint (as in normal movement:
Clark et al. 2018a), but had migrated laterally beyond the

vertebrae to the lateral ossicles (Fig. 1c, g). In this configu-
ration, both pairs of intervertebral muscles are extended,
indicating that the intervertebral musculature no longer plays
an effective role in arm motion. In two of the four speci-
mens in which autotomy was captured, we observed several
autotomizations in the same arm. In one specimen, the arm
in which autotomy was imaged was positioned vertically in
a tube (Specimen 1); in the other three, they were oriented
horizontally and loosely constrained by cable ties (Speci-
mens 2-4).

Specimen 1: This arm was constrained vertically within
a tube. We imaged two autotomies and partial separation
of seven intersegmental areas within sixteen segments
(enumerated 1-16 distally to proximally). Segments 1
and 2 separated slightly with minimal movement in their
vicinity, but accompanied by lateral undulation more
proximally which resulted in an autotomy between seg-
ments 2 and 3. Lateral movement led to slight separa-
tion of segments 3 and 4. Flexure of the proximal portion
of the arm to the right led to separation of segments 4
and 5 on that side. Flexure to the left then resulted in
an autotomy between segments 5 and 6, which pivoted
away from each other at the point of contact between the
right laterals. Further movement to the right separated
segments 6 and 7 and then 7 and 8. Subsequent motion
to the left partially separated segments 11 and 12 and a
quick thrash to the right autotomized 12 from 13, which
pivoted away from one another at the point of contact of
the left laterals (Fig. 1). Segments 15 and 16 appeared
to separate partially and become rearticulated. Video of
X-ray imaging data is presented in Online Resource 2.

Specimen 2: This arm was mounted horizontally on a
craft stick and loosely constrained by a cable tie. The
sample mounting process induced an autotomy in the
distal region of the imaged arm. The proximal part of the
arm made a swift vertical motion and released two seg-
ments at the remaining distal extremity. Those segments
separated, as they pivoted away from each other at the
point of contact between the left laterals (the view was
partially obscured by motion of another arm). Video of
X-ray imaging data is presented in Online Resource 3.

Specimen 3: This arm was mounted horizontally on a
craft stick and loosely constrained by cable ties. The brit-
tle star attempted to pull the arm out of the cable ties
resulting in flexure of the proximal arm at about 45° to the
disk and separation of segments at the maximum curva-
ture. Two autotomies occurred in the proximal part of the
arm as a result of the application of the beam in two sepa-
rate places. In the first, the ossicles pivoted away from
each other at the point of contact of the right laterals.
Movement of the proximal arm to the left led to further
separation. The second autotomy occurred between the
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(e) (®

Fig. 1 a—d Radiograph projections of dorsal view of arm segments
of Specimen 1 during autotomization. e-h 3D-printed models dem-
onstrating the autotomy process. a, e Fully articulated arm. b, f Dis-
tal intersegmental area shows partial separation between segments
11 and 12. ¢, g Loss of tensile strength at autotomy plane and lateral
undulation trigger autotomy between segments 12 and 13. Star indi-
cates point of contact of the left laterals. d, h Additional separation
between segments 12 and 13. L lateral ossicle, V vertebra, 1J interver-

two segments proximal to the first one following several
lateral undulations. Video of X-ray imaging data is pre-
sented in Online Resource 4.

Specimen 4: The junction between segments 1 and 2
(numbered from the attachment to the disk) was autoto-
mizing at the start of imaging due to the application of
the beam. A vertical undulation proximally, combined
with the weight of the distal portion of the arm, pivoted
segment 2 away from 3 at the contact of the left later-
als, opening up the right side. Separation also occurred
between segments 3 and 4. Subsequent downward motion
of the arm juxtaposed segments 2, 3, and 4 in their origi-
nal position. Video of X-ray imaging data is presented in
Online Resource 5.

Observations of an additional arm in Specimen 4 and

individual arms in three other specimens revealed a sub-
tler separation of segments that suggest a change in the
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tebral joint, /A intersegmental area, S spines. Segments numbered for
descriptive purposes as in text. Width of segment in X-ray image is
approximately 1 mm. Digital representations of the ossicles for the
3D prints were created by extracting watertight polygonal meshes
from a micro-CT volume of Ophioderma brevispina (Clark et al.
2018a, b) as STL files. The STL files were imported into MakerBot
Desktop (Brooklyn, NY), increased in size by 4000%, and printed
using a MakerBot 3D 5th Generation Replicator

tensile properties of the MCT that did not accompany an
autotomy (Online Resource 6-8). These included separa-
tion of successive ossicles at the intervertebral joint or
partial separation at the joint interface due to excessive
lateral flexion. In Specimen 5, the arm was positioned ver-
tically in a tube. Separation of ossicles at an intervertebral
joint was immediately followed by separation at the next
proximal intervertebral joint. The intersegmental areas
then rearticulated in the reverse order. Lateral undulation
of proximal segments was tracked by similar movements
distally (which does not occur in specimens which have
undergone an autotomy or a complete loss of tensile stiff-
ness of the MCT), suggesting that the MCT had returned
to the original condition. Moving the specimen to image
the more proximal part of the arm revealed additional sep-
arated segments that became rearticulated upon movement
of this portion of the arm.
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Discussion

The autotomization process represents the transition of
sequential arm segments from a complex, articulated
functional apparatus into a dissociated dysfunctional
state. Our methodology allowed us to directly observe
the morphological changes that occurred within the arm
as it engaged in this transition. Despite variation in the
mounting of specimens and the position of autotomies,
two major events seem to be involved in the process of
autotomization:

Step 1: Changes in tensile properties of the tissues at
the autotomy plane. Loss of tensile strength and/or stiff-
ness of the MCT in the autotomy plane was evidenced
by the separation of vertebral ossicles of successive
segments, which does not occur during normal arm
movement (Clark et al. 2018a) (Fig. 1c).

Step 2: Application of force external to the autotomy
plane. Lateral movements of the arm directly proximal
to the autotomy plane facilitated the separation of the
adjacent segments (Fig. Ic, d).

Step 1 occurred slightly before or synchronously with
Step 2. Our observations confirm that the brittle star itself
can induce autotomy, supporting the previous reports that
emphasized the ability of the arm to autotomize in the
absence of any external force or resistance (Wilkie 1978a,
1984, 1988, 2002). The separation of segments was facili-
tated by motion generated by the musculature of the proxi-
mal arm (Specimens 1-4), in some cases assisted by grav-
ity (Specimens 2, 4) and external contact (Wilkie 1978Db).
In one case (Specimen 2), separation was facilitated by
adhesion of two segments to the craft stick at a point distal
to the autotomy plane. In nature, the force could be gener-
ated by a predator. In each autotomy event we observed,
the lateral ossicles and spines of the proximal segment
pressed against those distal to it during lateral flexion,
opening the autotomy plane parallel to the force vector
applied at the point of contact.

The autotomy events that we observed were all associ-
ated with either prior upstream autotomy events or sepa-
rations between successive vertebrae within segments
immediately distal to the autotomy planes. This may have
been due to movement of the point where the beam was
applied from the distal part of the arm proximally. How-
ever, a reduction in tensile stiffness upstream of the even-
tual autotomy plane would theoretically help facilitate
autotomy: instead of moving the entire length of the arm,
lateral flexion in the proximal portion would displace the
segments only as far as the weak upstream zone. This low-
ers the effective mass of the displaced segment(s) which

generate tensile strain on the MCT and facilitate separa-
tion. Thus, the formation of a weak upstream zone reduces
the amount of energy required to cause autotomy. In this
way, one autotomy would facilitate the occurrence of a
second one more proximally. It is clear that changes in
adjacent intersegmental areas may facilitate autotomiza-
tion, even though they may not be evident on the external
surface (Wilkie 1978a, b), but further work is needed to
determine if this is the case or just a product of the meth-
odology used here.

In several instances, a degree of separation at the interver-
tebral articulation evidenced a loss in tensile stiffness in the
ligament but no autotomy occurred. Three states of variable
tensility in MCT have been identified (Wilkie 2002): stiff,
compliant, and friable. The compliant state functions in arm
movement (Wilkie 2002). We observed a loss of tensile stiff-
ness that was not associated with normal movement, but did
not result in autotomy. This confirms Wilkie’s (1988, 2002)
observation that MCT can restiffen and need not proceed
irreversibly to a friable state and rupture, and illustrates the
potential of our method for investigating reversibility during
the autotomy process. The rearticulation observed in speci-
mens 1 and 5 may also reflect this process. Further explora-
tion of the variable tensility and degree of reversibility dur-
ing the stages of autotomy would be an interesting direction
for future work. In addition, many specimens yielded images
showing arm motion in vivo. Thus, this imaging method
could be used to apply XROMM (Brainerd et al. 2010), a
technique to visualize, model, and analyze motion that incor-
porates in vivo X-ray imaging data with 3D-digitized mor-
phology, to the study of animals for which this methodology
has not yet been used due to their small size.

Conclusion

Our experiments demonstrate the utility of rapid high-res-
olution X-ray imaging in investigating the steps underlying
autotomy. The method allows changes within the ophiuroid
arm, including reversals in the state of MCT, to be docu-
mented in vivo in real time. We consistently observed shifts
in the tensile properties of the intersegmental MCT and the
application of force by the animal external to the autotomy
plane. There were indications of potential weakness in the
MCT upstream of the eventual autotomy plane. Promising
directions for further study of brittle star autotomy using the
foundations of our methodology include assessing the pres-
ence of this weak upstream area, varying the imaging param-
eters to capture the changing properties of the soft tissues,
and conducting comparative analyses of additional taxa.
Rapid high-resolution X-ray imaging can also be applied to
the study of brittle star arm mechanics as well as motion in
other echinoderm groups. This imaging technique has the
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potential to provide insights into autotomy and movement
in other organisms such as asteroids and various arthropods
(Fleming et al. 2007).
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