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Arm loss through separation at a specialised autotomy plane in echinoderms is inextricably linked
to regeneration, but the link between these phenomena is poorly explored. We investigated nervous
system regeneration post autotomy in the asteriid seastar Coscinasterias muricata focusing on the
reorganisation of the radial nerve cord (RNC) into the ectoneural neuroepithelium and neuropile
and the hyponeural region using antibodies to the seastar-specific neuropeptide SALMFamide-1
(S1). Parallel changes in the associated haemal and coelomic vessels were also examined. A new
arm bud appeared in 3-5 days with regeneration over three weeks. At the nerve stump and in the
RNC immediately behind, the haemal sinus/hyponeural coelomic compartments enlarged into a
hypertrophied space filled with migratory cells that appear to be involved in wound healing and
regeneration. The haemal and coelomic compartments provided a conduit for these cells to gain
rapid access to the regeneration site. An increase in the number of glia-like cells, indicates the
importance of these cells in regeneration. Proximal to the autotomy plane, the original RNC
exhibited Wallerian-type degeneration, as seen in disorganised axons and enlarged S1-positive
varicosities. The imperative to regrow lost arms quickly is reflected in the efficiency of regeneration
from the autotomy plane facilitated by the rapid appearance of progenitor-like migratory cells. In
parallel to its specialization for defensive arm detachment, the autotomy plane appears to be
adapted to promote regeneration. This highlights the importance of examining autotomy induced
regeneration in seastars as a model system to study nervous system regeneration in deuterostomes
and the mechanisms involved with the massive migration of stem-like cells to facilitate rapid

recovery.

1. Introduction

The Echinodermata is characterised by extraordinary regenerative powers harnessed as a
mechanism for clonal reproduction and for replacement of damaged body parts [1-3]. Complete
regeneration of autotomised or surgically amputated seastar arms has attracted attention for over
100 years [4-9]. Echinoderms are basal deuterostomes, and in this phylogenetic position are a
model group, key to understanding the evolution of regenerative abilities and constraints as in
chordate nervous system regeneration [10,11]. Although echinoderms are not cephalised, they have
a well-developed central nervous system (CNS) [12]. The ectoneural portion has a distinct
neuroepithelium containing neuronal cell bodies and an underlying neuropile that contains axons,
analogous to the grey and white matter of the vertebrate spinal cord, respectively, as well as in the
presence of radial glia as the supporting framework [12-16]. Morphogenesis of the regenerating

echinoderm CNS is well-studied following surgical ablation and amputation [5-9]. In holothuroids,
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neural regeneration depends on proliferation of the radial glia [14]. In crinoids, a blastema of
proliferative cells is formed [2]. Recovery of the asteroid RNC appears to involve morphallactic
processes including direct outgrowth from the nerve stump in parallel with migration of cells to the
regeneration site [5,6,9]. Local proliferation also occurs and there is evidence for the involvement
of progenitor/stem cells sourced from distant proliferative sites [7].

In stellate echinoderms, autotomy is by far the commonest cause of arm loss in nature,
inextricably linking autotomy and regeneration, although the relationship between these phenomena
is not well explored [1,17,18]. We investigated arm regeneration in the asteriid asteroid
Coscinasterias muricata following autotomy, with a focus on the RNC and the associated haemal
system which is suggested to be a conduit for migratory cells involved in regeneration [19]. This
species readily discards its arms through rupture at a specialised autotomy plane near the base of the
arm which is morphologically designed to minimise tissue trauma [17,18]. Indeed, the
comparatively prompt appearance of a new arm bud in C. muricata within days of autotomy [19],
much faster than recovery following traumatic amputation in seastars [5,6,8], points to an adaptive
link between autotomy and efficient regeneration, as proposed by Wilkie [17]. We explored this
here in the first study of regrowth of the seastar RNC and associated tissues following autotomy.
Asteroids are particularly amenable to investigation of CNS regeneration because the RNCs are
located on the ectodermal surface, rather than being internalized in development as they are in the
other echinoderms [12].

The echinoderm nervous system and associated neuroendocrine factors play an important
role in regeneration with neuropeptides playing key roles as signalling molecules and
neurotransmitters [20-23]. We used antibodies to the asteroid specific neuropeptide SALMFamide-
1 (S1; GFNSALMF-NH,) [24] to follow RNC regeneration into the differentiated architecture of
the outer ectoneural neuroepithelium and neuropile and the inner hyponeural layer. This
neuropeptide is widely distributed in the asteroid nervous system [6,16,25,26]. We focus on the S1-
IR neurons which together with histology were used to document regeneration of the nervous
system and associated haemal and coelomic vessels. Autotomy and regeneration are routine features
of the biology of C. muricata and so we expected that arm regrowth might exhibit responses that
differ from those reported following surgical amputation [9]. As all previous studies of CNS
regeneration in seastars have involved amputation, the novel contribution of this study was to link
nerve cord regrowth to the more natural phenomenon of autotomy, thereby addressing Wilkie’s [17]
hypothesis of the importance of this link. We examined the original nerve proximal to the newly
growing RNC with respect to the potential for Wallerian-type (anterograde) degeneration, as occurs

following axon damage in the vertebrate nervous system [27].
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2. Material and methods

(a) Specimen collection and induction of autotomy and regeneration

Coscinasterias muricata (4-6 cm diam) (n = 35) collected near Sydney, Australia were induced to
autotomize (figure 1a,b) and placed in individual aquaria to follow arm regeneration for 3 weeks at
18-21°C. They were fed ad libitum with mussels and the regenerating arms photographed. Intact
and regenerating arms (days 3, 5, 7, 8, 11, 14, 19 and 21 post-autotomy, n = 4) were dissected from
animals relaxed in 7% MgCl, and fixed for histology and immunocytochemistry (ICC) in Bouin’s
fluid, which also decalcified the tissue. The tissues were wax embedded and sectioned (5 um thick)
from the tip of the regenerate to the autotomy site and ~ 300 um into the original RNC. The
sections were stained (haematoxylin and eosin — H/E or toluidine blue) or used for ICC. Glia-like
cells with cell bodies dispersed among axons are a prominent morphological feature of the
echinoderm CNS [5,13] and we counted these cells in random 50 pm? portions of intact and
regenerating (day 7) RNCs (n = 4). These data were compared by Student’s t-test. For scanning
electron microscopy (SEM) arms were fixed in 2.5% glutaraldehyde in filtered seawater for 3 h, cut

in cross section, dehydrated, critical-point-dried and viewed with a JOEL JSM-35C SEM.

(b) Immunocytochemistry

An antiserum against S1 (BLIII) [24] was used to characterise a neuropeptidergic system of the
intact and regenerating RNC. Tissue sections were processed for ICC using the rabbit S1 antiserum
employing 3,3’-diaminobenzidine (DAB) as substrate for peroxidase conjugated to secondary
antibodies for the colour reaction. The sections were dehydrated through a graded ethanol series to
100% methanol and blocked for endogenous peroxidases in 100% methanol containing 3%
hydrogen peroxide for 45 min at room temperature (RT) in a moist chamber followed by three
rinses each in 100% methanol, 50% methanol in PBS, and 1xPBS. Nonspecific antibody binding
was blocked with 5% goat serum in PBS containing 0.1% BSA for 30 min at RT in a moist
chamber. Sections were incubated overnight at 4°C in S1 antiserum diluted 1:10,000 in PBS/0.1%
BSA. They were then rinsed three times in PBS and incubated in a 1:200 dilution of peroxidase
conjugated goat anti-rabbit immunoglobulins in PBS/0.1% BSA for 1.5 h in a moist chamber. After
a rinse in PBS for 1 hour they were incubated in DAB solution until brown staining was observed.
The sections were rinsed in distilled water for 30 min and then coverslips were mounted on 1:1
PBS: glycerol. Controls included omission of 1) primary antiserum, 2) secondary antibodies, and 3)

both of these (peroxidase controls) and 4) replacement of primary antiserum with preimmune rabbit



116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149

serum.

3. Results

(a) Autotomy, wound closure and anatomy of arm regeneration

Arm autotomy in Coscinasterias muricata occurs at the arm base between the 5™ and 6™ ambulacral
plates (n = 35) with the arm detaching as the mutable connective tissue ligaments softened (Figure
la,b,2a). Muscle contraction seals the wound within 30 min to restore haemostasis. The wound was
then sealed off by a thin layer of connective tissue (figure 1c-e).

By day 3-5 the presence of a complete epithelium over the nascent arm was evident in a
small raised bump in the middle of the wound site (figure 1f). A new arm bud was evident by days
5-7 as a short (200-300 um) projection with the terminal tube foot at the leading edge (figure 1g).
The arm bud was almost transparent with the developing water vascular canal running down the
middle evident. A terminal red spot marked formation of the ocellus. By days 11, 14 and 19 the arm
bud was ca. 800 pum, 1.5 mm and 2.0 mm in length, respectively (figure 1h,i). New skeletal plates
were evident by day 9 and new tube feet by day 14. Small spines appeared at the end of the arm
during days 14-16 and the number of ocellar pigment spots increased. By day 21 the new arm (X =

3.0 mm long, SE = 0.1, n = 4) had well-developed plates, spines and tube feet (figure 11).

(b) Differentiated radial nerve cord
The RNC extends along the oral surface between the tube feet and has the characteristic V-shaped
profile of this structure in seastars (figure 2b-e). It has two regions, the outer ectoneural system and
the inner hyponeural system (figure 2d-f). The ectoneural portion (100-150 um diam) has two
layers, a compact intensely basophilic outer pseudostratified neuroepithelium (30 pm diam), which
includes neuronal cell bodies and support cells [see 12] and an inner neuropile (figure 2d-f). Glia-
like cells were present among the axons (X = 6/50 um* SE = 2, n = 4). Radial glia form the
supporting framework in processes that extended across the neuropile [see 13] (figure 2f). The
hyponeural system formed a thin layer (20 pm thick) along the inner side of the RNC (figure 2d).
The haemal sinus is a connective tissue compartment forming an ill-defined structure that runs
along the “V” space of the RNC in the hyponeural coelom (figure 2d-¢). The radial water canal and
hyponeural coelom run parallel to the RNC along the arm.

S1-immunoreactivity (IR) was conspicuous in the ectoneural system, where it was intense
throughout the neuropile in small varicosity-like structures and so the IR appeared slightly granular

(figure 2e). S1-positive cells were present in the neuroepithelium and were also scattered along the
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hyponeural layer (figure 2e).

(d) Regeneration of the radial nerve cord and associated structures

The new arm bud on day 3 had an epithelial cover and contained aggregation of cells that had the
coelomocyte/phagocyte morphology (figure 2g). At the nerve stump these cells occurred where the
hyponeural system, hyponeural coelom and haemal sinus would normally reside. By day 7-8 the
RNC of the new arm was beginning to organise. The neuroepithelial cell bodies (figure 3a) were not
as compact as in the fully differentiated state (figure 2d,e). At the regenerating RNC, and
immediately behind, the space where the haemal sinus and hyponeural coelom would normally
reside was hypertrophied and filled with migratory cells (~150-200 nuclei per section) (figure 3a-c).
It appears that the haemal sinus/hyponeural coelomic compartments and the migratory cells that
occupied these compartments became embedded in the ectoneural tissue (figure 3a-c,e,f). Glia-like
cells were conspicuous in the neuropile and increased in number compared with the control (see
above) RNC (X = 14/50 um?, SE = 2, n = 4; significant difference t-test, p = 0.01) (figure 3d). There
was minimal S1-IR at the regeneration site and IR was irregular at the autotomy site (figure 3e,f).
S1-IR in the neuropile at the RNC stump was sporadic and varicose. The original RNC proximal to
the autotomy plane also had an irregular S1 staining in the ectoneural neuropile with large
varicosities (figure 3g). Changes to the original RNC were evident for distance of 150-250 um
proximal from the wound site.

By day 11-14 the neuroepithelium had a pseudostratified arrangement, stacked 4-6 cells
deep, but was yet to achieve the compact structure that characterises the fully formed RNC (figure
4a). The haemal sinus/hyponeural coelomic compartment remained as a core of tissue embedded in
the ectoneural tissue that contained migratory cells, now less abundant (figure 4b). Glia-like cells
were conspicuous in the neuropile. The neuropile contained disorganised axons and scattered S1-
positive varicosities (X = 4.2 pm diam, n = 20) (figure 4d,e). The original RNC looked quite normal
with H/E histology, although the neuroepithelium was not compact (figure 4c). With SI-IR in
comparison, the neuropile appeared disorganised with punctate IR in large varicosities and an
irregular staining pattern (figure 4f).

The regenerate attained the normal RNC profile by day 19-21, with further development of
the neuroepithelium, although this layer was still not as compact as in the fully formed RNC (figure
5a). This time point also marked the first appearance of S1-IR cells in the neuroepithelium (figure
5b). In the neuropile S1-IR was more uniform, but still varicose. The hyponeural system was now a
distinct layer with S1-IR cell bodies (figure 5a,b). The haemal sinus returned to its normal profile as

a separate structure positioned in the now evident hyponeural coelom. Normal morphology of the
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RNC behind the newly regenerated region took ca. 3 weeks, although the S1-IR in the neuropile
(figure 5c) was still not as uniform as in the fully differentiated RNC (figure 2e).

4. Discussion

Asteriid seastars exhibit a great propensity for arm autotomy with detachment near the base of the
arm, a feature associated with their stellate-narrow armed anatomy, close association between
collagen loop strands and the skeleton and the mutable connective tissue of the autotomy plane [1,
17,18,28,29]. In contrast, seastars that do not readily autotomize their arms (e.g. Echinaster sp)
often have a defensive strategy in a more robust body wall [30]. As the autotomy plane is designed
for rapid detachment with minimal tissue trauma and promotes regeneration [17,18,29], we
expected to see features associated with regeneration post autotomy that differed from arm growth
following amputation [9]. Indeed, the aggregation of migratory cells in the haemal sinus/hyponeural
coelom compartments does not occur in the fully differentiated arms of C. muricata nor is this
evident in the regenerating arm following amputation in this (Mazzone, pers obs) or other seastars
[5,6,9]. The presence of a new arm bud within days of autotomy shows the rapid recovery response
in C. muricata.

The structure of the autotomy plane promotes swift sealing of vessels restoring haemostasis
and wound closure through muscle contraction. The presence of migratory cells that likely have a
phagocytic function at the wound site is typical of asteroids where these cells are involved in wound
healing [5,6,9,10]. Migratory cells that occur in coelomic and haemal channels include immune
cells that mount the first line of cellular defense in response to stress through phagocytosis and
formation of multicellular aggregates that form clots [31,32].

The haemal sinus that runs along the hyponeural coelom in the normal RNC is a thin ill-
defined strand of connective tissue. By contrast, in the wound healing and regeneration state, the
haemal sinus/hyponeural coelom compartments were transformed into a conspicuous space filled
with migratory cells. These cells were embedded in the ectoneural tissue, occluding the location
where the haemal sinus, hyponeural system and the hyponeural coelom are normally found and
appear to exude into the wound and the nascent arm bud. It is clear that thousands of cells migrate
through the haemal/coelomic compartment to gain rapid access to the wound site. In the initial
wound-healing period this appears to contribute to the invasion of phagocytic cells involved in
repair. The migratory cells remained prominent throughout RNC regeneration until tissue
architecture was restored into distinct ectoneural and hyponeural regions. As the RNC

differentiated, the number of the migratory cells decreased. The haemal sinus and the hyponeural
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coelom started to return to their normal profile after day 14, coincident with the appearance of the
hyponeural system.

While cell migration appears essential for arm regeneration in C. muricata, the identity and
origin of these cells is not known, as is the case for seastar regeneration in general due to the
difficulty of tracking these cells [9]. The massive influx of cells throughout the repair and
regenerative phases in C. muricata indicates that these cells are probably a mixed population [see
71, potentially including, immune-phagocytic repair-healing cells and progenitor-like stem cells. It
will be important to characterise and identify these cells with molecular markers. These cells are
likely to be generated in proliferative centres proximal to the autotomy plane, but their source is not
known. Wounding and arm autotomy in 4. rubens induce cell proliferation in haemopoietic regions
including the Tiedemann body, the axial organ and the coelomic epithelium, structures long-
hypothesized to be the source of coelomocytes in asteroids [7,33,34]. These haemopoietic centres
are candidate sources for the migratory cells in C. muricata regeneration.

In addition to cell migration, the increase in the number of glia-like cells during regeneration
indicates that they were undergoing local proliferation and are important in neural regeneration.
Glial cells in the asteroid CNS are suggested to provide ‘niches’ to support growth of axons in RNC
regeneration [5]. In holothuroids, glial cells are the main proliferative population in the intact and
injured CNS, as are their counterparts in vertebrates [ 14]. Dedifferentiated glial cells create a
scaffold along which neuronal processes migrate to populate new area of the nerve cord in
holothuroid regeneration [14]. In vertebrate development, glial cells provide a path for migration of
neurons during CNS development and regeneration [36,37]. After arm amputation local
proliferation of cells occurs in the neuroepithelium and around the regenerating arms of 4. rubens
and L. hexactis [5,6].

The intensity of S1-IR in the CNS of C. muricata is similar to that found in other seastars
[6,16,26]. Strong neuropeptide immunoreactivity occurs throughout the echinoderm CNS
[16,26,38], indicating multifunctional modes of activity for these neurochemicals. During neural
regeneration there were marked changes to the distribution of S1 in the RNC proximal to the
autotomy plane from its relatively homogeneous distribution in small varicosities to one that was
less organised and with large varicosities. Varicosities were also more numerous, larger and more
intensely stained in the regenerating regions of the RNC compared with the intact seastar RNC [6].
Ultrastuctural studies show that small varicosities are a normal feature of the asteroid RNC and are
suggested to be sites of neurotransmitter release [35]. The enlarged varicosities in the regenerating

RNC of A. rubens are probably sites of neuropeptide release and it has been postulated that the S1
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neuropeptide in these structures has an active role in regeneration [6]. Accordingly, neuropeptides
can act as neuromodulatory hormones in control of cell proliferation [39].

Changes in the neuropile of the original nerve cord proximal to the autotomy plane is similar
to axonal injury in vertebrates where following injury to the distal end of the cell, degeneration
occurs towards the anterior end of the cell (Wallerian degeneration) [27]. Injury-induced axon
damage may be important in stimulating regeneration in C. muricata as shown in neural
regeneration in other animals, a process that also involves development of varicosities along axons
[11,40,41]. Motile varicosities appear characteristic of regenerating nerve fibres where they are
suggested to play a role in transport of organelles and growth resources to axon terminals and as the
location of microRNA expression which may be involved in recovery of vertebrate peripheral
nerves after injury [11,40,41]. The function of the varicosities in seastar RNC regeneration warrants
investigation.

In C. muricata, S1-IR cell bodies appeared in the neuroepithelium of the regenerating RNC
by day 14, late in regeneration, as also for 4. rubens [6]. This marked the return of this cell layer
back towards its normal state. With conventional histology (H/E), the 3-week old regenerate RNC
appeared normal. However, S1-IR was still irregular and in large varicosities. Thus, while the
distinct tissue architecture of the RNC was largely restored, the neurochemistry was not. The RNC
had restored the ectoneural and hyponeural layers and the associated haemal and coelomic systems
indicating that it was close to the differentiated state, with the caveat that we do not know how long
it would have taken for the peptidergic system to fully differentiate.

Regeneration following autotomy in C. muricata with a new arm bud appearing within a
few days is faster than that reported for seastars following surgical amputation [5,6] and following
amputation in C. muricata where the arm bud stage is delayed for 7-10 days (Mazzone, pers obs).
This is not surprising as the autotomy plane of asteriid seastars has specialisations for breakage that
minimizes trauma and damage to the body wall, skeleton and associated complex tissues [29].
Efficient regeneration post autotomy in C. muricata suggests that this is a natural adaptive strategy
in seastars that readily discards arms. Mutable connective tissue is a specialised feature of autotomy
and may also be involved with natural (not amputational) arm regeneration [17].

The process of regeneration is categorized into the process of morphallaxis, which involves
cell migration and epimorphosis where new cells proliferate and differentiate into other cell types
[42]. Growth of the arm bud involves extension of the RNC and haemal system and coelomic
structures as the terminal tube foot becomes more distal to the autotomy site. These morphallactic
processes occur in arm regeneration in other seastars [5]. Regeneration is suggested to involve

extension of axon growth cones; a process associated with remodelling of the cytoskeleton [8]. The
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massive influx of migratory cells and the increase in the glia-like cells indicate that epimorphosis
and morphallaxis are both important in arm regeneration in C. muricata, as in other seastars [9].

Autotomy and regeneration are fundamental aspects of echinoderm biology. For asteriid
seastars, virtually all of which are apex predators, these phenomena are adaptive features that
contribute to their success [43]. The imperative to regrow arms quickly is reflected in the efficiency
of arm regrowth from the autotomy plane compared to amputational loss. This prompts an
expectation that in parallel to being adapted to break, the autotomy plane also has adaptions to
promote regeneration, perhaps in association with proliferative stem cell centres, as suggested by
Wilkie [17] and seen here in the thousands of cells that promptly arrive at the regeneration site. This
appears to be a key specialisation for regeneration in C. muricata. While our results provide an
overview of the process of regeneration in C. muricata, the cellular and molecular mechanisms
underlying regeneration remain to be explored.

The relatively rapid neural regeneration in C. muricata and other echinoderms, contrasts
with the limited CNS regeneration capacity of the closely related Chordata. With the intense interest
in stem cells in the invertebrate deuterostomes [44], particularly with respect to neural regeneration,
our results highlight the importance to consider regeneration post autotomy in seastars as a fruitful
model system. Neural regeneration in C. muricata provides an interesting system to study CNS
regeneration in deuterostomes for biomedical research, especially in parallel with molecular
investigations [45-46] to generate insights into the cellular and genetic mechanisms underlying

neural regeneration in echinoderms.
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Figure legends

Figure 1. Arm autotomy and regeneration in C. muricata. (a-b) Holding the arm induces autotomy
near the base. (c-¢) Muscle contraction closes the opening as the oral and aboral body walls meet
within 30 min (arrows). (f) Day 5 post-autotomy, regenerating arm is a small growth covered by
epithelium (arrow). (g) Day 7, arm bud and terminal tube foot (ttf). (h) Day14, arm bud with the
water vascular canal (wvs), terminal tube foot (ttf) and red pigment in the developing ocellus. (i)
Day 21, pairs of tube feet (tf), spines (s) and ocellus (arrow) are evident. g, gonad; o, ossicle. Scale

bars (A,B) 5 cm (C-E) 1 mm (F,G,I) 100pm (H) 150um

Figure 2. (a-b) Schematic and histology cross sections (b,f, toluidine blue; d,g. H/E; e, S1-IR). (a)
Autotomy occurs between the 5™ and 6™ ambulacral plates. The radial nerve (rnc) runs along the
oral surface, external to these plates. The box around the arm shows the location of the histology
and SEM cross sections in (b) and (¢) where the nerve runs along the body surface between the tube
feet (tf) and oral to the ambulacral plates (ap). (d) Cross section of the radial nerve showing the
ectoneural neuropile (ec) and compact neuroepithelial cell body layer (arrow), the hyponeural
system (hn) and the strand-like haemal sinus (hs) running along the hyponeural coelom (hnc). (¢)
S1-IR in the neuropile is relatively homogeneous. S1-IR cells are present (arrow) in the
neuroepithelium and hyponeural (hn) system. (f) Ectoneural system with supporting processes from
radial glia (arrow) and scattered glia-like (g) cells among axons. (g) Regenerating arm on day 5 has
a complete epithelial covering (arrow) and an aggregation of migratory cells (mc) at the wound site.
a, ampulla; gon, gonad; pc, pyloric caeca. Scale bars (a) 500 um (c) 750 um (c,e) 100 pm (f) 10 um
(g) 50 um

Figure 3. Day 8 post-autotomy (a) Cross-section of the RNC ~ 50 um proximal to autotomy plane
showing the hypertrophied haemal sinus/hyponeural coelom compartment filled with migratory
cells (mc) embedded in ectoneural (ec) tissue. The neuroepithelium is less compact than in the fully
formed RNC. (b) Section of RNC further proximal to the autotomy plane. (c) Migratory cells in the
haemal sinus/hyponeural coelom compartment (d) Glia-like cells (¢) RNC showing large
compartment filled with cells (arrow) and no specific S1-IR. (f) Section of RNC at the autotomy
site showing the hypertrophied haemal sinus/hyponeural coelom compartment (hs) and
disorganized axons and varicose S1-IR. (g) The original RNC appears disorganized and contains
varicose S1-IR, but the haemal sinus and hyponeural coelom (hnc) appear normal. gc, glia-like

cells; wvs, water vascular system. Scale bars (a,b) 50 um (c¢,d) 20 um (e-g) 100 um.
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Figure 4. Day 14 post-autotomy. (a) Cross-section of the RNC distal to the autotomy plane. The
haemal sinus/hyponeural coelom compartment (*) is still hypertrophied but has reduced in size and
has fewer migratory cells (mc). There is no evidence of the hyponeural layer. In the ectoneural
layer (ec) the neuroepithelial cell body layer is not compact (arrow and insert). (b) Migratory cells
in the haemal sinus/hyponeural coelom compartment. (c) In the RNC proximal to the autotomy site
the hyponeural (hn) layer and sinus (hnc) are evident. The neuroepithelium (arrow) is not compact.
(d) RNC immediately proximal to the autotomy site, the neuropile appears disorganized with
scattered S1-IR varicosities (v). (¢) Varicosities (f) The original RNC still lacks the normal S1-IR.
The haemal sinus (hs) appears normal and the hyponeural system (hn) and coelom (hnc) are
evident. gc, glia-like cells; wvs, water vascular system. Scale bars (a,c,d-f) 60 um (a insert) 20 pm

(b) 20 pm (e) 10 pm.

Figure 5. Day 19 post-autotomy. (a) The neuroepithelium its distinct but is still less compact than
in the fully differentiated state (compare with Figure 2a). The haemal sinus (hs) has returned to its
normal profile and the hyponeural system (hn) and coelom (hnc) are evident. Coelomocytes are
present in the water vascular system (wvs). (b) With S1-IR, the ectoneural region is still developing,
but S1-IR cell bodies are again present in the neuroepithelium (arrowheads). The hyponeural
system (hn) is present. (c) In the RNC proximal to the autotomy plane the S1-IR is closer to normal
with IR cell bodies in the neuroepithelium (arrowheads) and in the hyponeural (hn) layer. Scale bars

(a-c) 80 pm.
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Figure 1. Arm autotomy and regeneration in C. muricata. (a-b) Holding the arm induces autotomy near the
base. (c-e) Muscle contraction closes the opening as the oral and aboral body walls meet within 30 min
(arrows). (f) Day 5 post-autotomy, regenerating arm is a small growth covered by epithelium (arrow). (g)
Day 7, arm bud and terminal tube foot (ttf). (h) Day14, arm bud with the water vascular canal (wvs),
terminal tube foot (ttf) and red pigment in the developing ocellus. (i) Day 21, pairs of tube feet (tf), spines
(s) and ocellus (arrow) are evident. g, gonad; o, ossicle. Scale bars (A,B) 5 cm (C-E) 1 mm (F,G,I) 100pm
(H) 150pm
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Figure 2. (a-b) Schematic and histology cross sections (b,f, toluidine blue; d,g. H/E; e, S1-IR). (a) Autotomy
occurs between the 5th and 6th ambulacral plates. The radial nerve (rmc) runs along the oral surface,
external to these plates. The box around the arm shows the location of the histology and SEM cross sections
in (b) and (c) where the nerve runs along the body surface between the tube feet (tf) and oral to the
ambulacral plates (ap). (d) Cross section of the radial nerve showing the ectoneural neuropile (ec) and
compact neuroepithelial cell body layer (arrow), the hyponeural system (hn) and the strand-like haemal
sinus (hs) running along the hyponeural coelom (hnc). (e) S1-IR in the neuropile is relatively homogeneous.
S1-IR cells are present (arrow) in the neuroepithelium and hyponeural (hn) system. (f) Ectoneural system
with supporting processes from radial glia (arrow) and scattered glia-like (g) cells among axons. (g)
Regenerating arm on day 5 has a complete epithelial covering (arrow) and an aggregation of migratory cells
(mc) at the wound site. a, ampulla; gon, gonad; pc, pyloric caeca. Scale bars (a) 500 um (c) 750 pm (c,e)
100 pm (f) 10 pm (g) 50 pm
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Figure 3. Day 8 post-autotomy (a) Cross-section of the RNC ~ 50 pm proximal to autotomy plane showing
the hypertrophied haemal sinus/hyponeural coelom compartment filled with migratory cells (mc) embedded
in ectoneural (ec) tissue. The neuroepithelium is less compact than in the fully formed RNC. (b) Section of
RNC further proximal to the autotomy plane. (c) Migratory cells in the haemal sinus/hyponeural coelom
compartment (d) Glia-like cells (e) RNC showing large compartment filled with cells (arrow) and no specific
S1-1IR. (f) Section of RNC at the autotomy site showing the hypertrophied haemal sinus/hyponeural coelom
compartment (hs) and disorganized axons and varicose S1-IR. (g) The original RNC appears disorganized
and contains varicose S1-IR, but the haemal sinus and hyponeural coelom (hnc) appear normal. gc, glia-like
cells; wvs, water vascular system. Scale bars (a,b) 50 pm (c,d) 20 pm (e-g) 100 pm.
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Figure 4. Day 14 post-autotomy. (a) Cross-section of the RNC distal to the autotomy plane. The haemal
sinus/hyponeural coelom compartment (*) is still hypertrophied but has reduced in size and has fewer
migratory cells (mc). There is no evidence of the hyponeural layer. In the ectoneural layer (ec) the
neuroepithelial cell body layer is not compact (arrow and insert). (b) Migratory cells in the haemal
sinus/hyponeural coelom compartment. (c) In the RNC proximal to the autotomy site the hyponeural (hn)
layer and sinus (hnc) are evident. The neuroepithelium (arrow) is not compact. (d) RNC immediately
proximal to the autotomy site, the neuropile appears disorganized with scattered S1-IR varicosities (v). (e)
Varicosities (f) The original RNC still lacks the normal S1-IR. The haemal sinus (hs) appears normal and the
hyponeural system (hn) and coelom (hnc) are evident. gc, glia-like cells; wvs, water vascular system. Scale
bars (a,c,d-f) 60 pm (a insert) 20 pm (b) 20 pm (e) 10 pm.
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Figure 5. Day 19 post-autotomy. (@) The neuroepithelium its distinct but is still less compact than in the fully
differentiated state (compare with Figure 2a). The haemal sinus (hs) has returned to its normal profile and
the hyponeural system (hn) and coelom (hnc) are evident. Coelomocytes are present in the water vascular

system (wvs). (b) With S1-IR, the ectoneural region is still developing, but S1-IR cell bodies are again
present in the neuroepithelium (arrowheads). The hyponeural system (hn) is present. (c) In the RNC
proximal to the autotomy plane the S1-IR is closer to normal with IR cell bodies in the neuroepithelium
(arrowheads) and in the hyponeural (hn) layer. Scale bars (a-c) 80 pm.
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