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I. RETROSPECT AND GOAL
During the late nineteenth century, light

microscopes had been developed with greatly 
improved resolution. This resulted in a 
boost in structural light microscopic studies 
throughout biology. Echinoderm research 
also benefited from this, and fundamental 
insights into the internal organization of 
crinoids were gained by several scientists. 
The early studies, such as those of P. H. 
Carpenter (1884) or Hamann (1889), 
to name just a few examples, still form the 
basis of present knowledge on crinoid soft 
part anatomy. These and later structural 
studies were compiled in review articles, 
perhaps the most significant of which were 
those by Chadwick (1907), A. H. Clark 
(1921), Cuénot (1948), Hyman (1955), 
and Nichols (1967).

At the time when Breimer (1978) wrote 
his chapter on the anatomy of crinoids for 
Treatise, Part T, Vol. 2, only this traditional 
knowledge was available. At the same time, 
extended light microscopic methods, for 
example immunohistochemistry and elec-
tron microscopy, were increasingly applied 
for the analysis of crinoid anatomy; among 
the earliest were Goyette (1967) and 
Holland (1969). The knowledge gained 
in the studies of the following three decades 
led to a clearer understanding and reevalua-
tion of the structures previously reported by 
conventional light microscopists. The change 
in perspective is one of three-dimensional 

(3D) analysis, which is readily accessible 
today through computer technology, which 
greatly facilitates spatial understanding of 
the structures. Another reason for the change 
in perspective was mentioned by Breimer 
himself when he wrote: “The section on 
anatomy is largely based on literature data, 
taken from older works on the subject.” He 
also complained about the limitation to a 
single species: “the species Antedon bifida has 
developed in literature … as a model crinoid 
for zoologists,” and he called for a “special 
emphasis on stalked forms belonging to the 
Isocrinida, Millericrinida, Bourgeticrinida, 
and Cyrtocrinida” (Breimer 1978, p. 10).

The aim of this article is to provide as 
up-to-date and comprehensive an overview 
as possible on the anatomy of the entire 
group of recent crinoids. To this end, we 
studied, first, a variety of feather star species 
and, second, several species of the isocrinid, 
bourgeticrinid, and cyrtocrinid groups. 

MATERIAL
This article presents 3D organ models of 

four specimens (Fig. 1), two of which repre-
sent the feather star group and one each for 
the bourgeticrinid and isocrinid group. More 
precisely, these four animals are a Leptometra 
sp. juvenile—already free swimming, a 
juvenile Metacrinus sp., as well as adult speci-
mens of Dorometra nana (Hartlaub, 1890) 
and Democrinus chuni (Döderlein, 1907). 
This material was chosen for its small size; 
the specific name “nana” of Dorometra marks 
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this species as a dwarf among crinoids. This 
allowed the preparation of complete histo-
logical section series oriented horizontally 
and extending from the aboral end of the 
body to the tegmen in Leptometra and Doro-
metra. The Bathycrinus specimen included an 
oral portion of the basals, the radials, and 
the initial segments of the primibrachials. 
In Metacrinus sp., the series of sections 
extended from the very first columnals to 
the level of the esophagus. This was the 
basic material for the creation of various 
organ models using the 3D analysis software 
system AMIRA. The external aspects of these 
preparations are shown in Fig. 1.

In addition to these four species, material 
of the following crinoid taxa (general clas-
sification after Messing, 2023; concerning 
the Suborder Bathycrinina after H. Hess, C. 
G. Messing, & W. I. Ausich, 2011) is used
here to examine specific questions.

These include:  Order Comatulida, 
non-bourgeticrinid: (genera listed only): 
Antedon de Fréminville, 1811; Capil-
laster, A. H. Clark, 1909a; Clarkcomanthus 
Rowe & others, 1986; Comactinia A. H. 

Clark, 1909b; Comatella A. H. Clark, 
1908a; Comatula Lamarck, 1816; Davi-
daster Hoggett & Rowe, 1986; Doro-
metra A. H. Clark, 1917, Himerometra A. 
H. Clark, 1907; Isometra A. H. Clark,
1908b; Leptometra A. H. Clark, 1908b;
Oligometra A. H. Clark, 1908b; Proma-
chocrinus P. H. Carpenter, 1879; and
Anthometrina Eléaume, Hess, & Messing,
2011. Suborder Bourgeticrinina: Bathycrinus
Thomson, 1872; Caledonicrinus Avocat &
Roux in Améziane-Cominardi & others,
1990; and Democrinus Perrier, 1883. Order
Cyrtocrinida: Cyathidium Steenstrup,
1847; and Neogymnocrinus Hess, 2006.
Order Isocrinida: Endoxocrinus A. H. Clark,
1908b; Metacrinus P. H. Carpenter, 1884;
Neocrinus Thomson, 1864; and Saracrinus
A. H. Clark, 1923.

Histotechnical annotation: All sections 
that are stained with Toluidin blue were 
embedded in resine and cut 1 µm thick. All 
others are wax preparations and cut 5–7 µm 
thick. Unless noted otherwise, all figures 
are new and were generated by the authors,  
T. Heinzeller and B. Ruthensteiner.

Fig. 1. 3D models of external view of the specimens. 1, Leptometra sp. (mouth tentacles blue to distinguish ten-
tacles and valves). 2, Dorometra nana (Hartlaub, 1890). 3, Democrinus chuni (Döderlein, 1907). 4, Metacrinus 
sp. (although the boundaries of ossicles become blurred in decalcified specimens, the position of some ossicles is 
indicated in 3 and 4 ). All scale bars 0.5 mm. Labels: A–E =rays, a=anal opening, ci=cirri (truncated), m=mouth 

opening with tentacles. bas=basal, rad=radial, pb=series of primibrachials, st=stalk. Images new, by authors.
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II. COELOMIC SYSTEM
Coelom is generally understood to be 

well-defined spaces within the connective 
tissue lined with a coelothelium containing 
coelomoc fluid. Each type of coelom derives 
from four larval vesicles (hydrocoel, axocoel, 
left and right somatocoel) that develop before 
reaching the doliolaria stage. The main lines 
of development of the crinoid coelom were 
already described in the nineteenth century 
by several authors, for example Bury (1888). 
A general, relatively schematic—and inge-
niously simple—overview was given by 
Holland (1991). A very detailed study 
specifically addressing the development of 
coelomic spaces in Antedon bifida Pennant 
1777 was completed by Engle (2013). 

Nevertheless, the relationship between 
larval and fully developed coelomatic spaces 
and structures remains unclear in several 
respects. This is especially true for the axocoel 
and the two embryonic somatocoelia, because 
these three vesicles merge into a common 
space before further differentiation takes 
place. Consequently, the application of 
embryological terms (hydro-, axo-, somato-
coel) to adult coelomic spaces as used here 
(Fig. 2) has some likelihood of validity but 
remains to be considered with reservation.

HYDROCOEL: THE WATER 
VASCULAR SYSTEM

General features

The distinctive structures of the water 
vascular system are ontogenetically derived 
from the hydrocoel (e.g., Seeliger, 1893; 
Mortensen, 1920). At the latest in the 
cystidean stage, the ends of the horseshoe-
shaped anlage of the water vascular system 
fuse, forming a closed ring canal; the fusion 
point marks the CD interray, which differs 
in several aspects from the other four inter-
rays. At this stage, the ring canal surrounds 
the mouth opening. Later, in the pentacri-
noid larva, five radial arm canals emanate 
from the ring. Branches from the initial 
radial canals grow into the gradually formed 
pinnules. Offshoots in tentacles arise from 
pinnular canals. Because the ends are closed, 
a certain pressure can be maintained in the 
entire, flow-filled canal system. This internal 
pressure is controlled, in part, by the activity 
of the muscles of the canal walls.

Fig. 2. Schematic drawing of the main coelomic com-
partments, vertical section with the A ray on the right and 
the CD interray on the left, axocoel in orange, hydrocoel 
in light blue, somatocoel in green, more precisely: above 
the rosette in light green, below in darker green. Labels: 
aoc=aboral canal, as=axial sinus, cho =chambered organ, 
es=esophagus, goc=gonocoel, hyr =hydrocoelomic ring, 
oc=oral canal, rwv=radial water vessel (modified from 
original drawing in Heinzeller & Welsch, 1994, fig. 10A).
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The water vascular system is made of 
epithelial tubes. Depending on their fluid 
content, these tubes can reach a width of up 
to 100 µm. Juvenile animals regularly have 
20 tentacles arranged around the mouth 
opening; their number may increase with 
growth, commonly at the expense of pentag-
onal symmetry. Ring and radial canals are 
adjacent to a hemal lacuna on the side of the 
epithelium of the upper esophagus or of the 
food groove. The basal lamina of the tube 
can usually be discerned by light micros-
copy because it is strengthened by collagen 
fibrils (Fig. 3.5, Fig. 4.1). The epithelium 
is squamous to columnar, it is sparsely cili-

ated, and it can be very different in height 
on opposite sides of tubes. In addition, the 
proximal portions of the radial canals have 
a high columnar epithelium, which becomes 
lower in the periphery and is lowest in the 
pinnular canals.

Myoepithelial cells are the predominent 
cell type in the hydrocoelomic epithelium. 
These myoepithelial cells contain contractile 
filaments in their basal processes and are 
typically oriented parallel to the axis of the 
tube. Cells of this type allow hydrocoelomic 
tubes to contract and tentacles to swing out 
in any direction. However, bending toward 
the food groove or mouth opening may 

Fig. 3. Hydrocoel, circumoral organization. 1–2, Dorometra nana (Hartlaub, 1890), 3D model. 1, Oral aspect of 
the mouth with inclining mouth tentacles (bright blue) and with proximal food grooves (bright gold ), m =mouth 
opening, E=E ray. 2, Aboral aspect, note the bulbous widenings of the ring canal at the base of each tentacle, rc= 
ring canal, rv=radial vessel. 3, Cyathidium foresti Cherbonnier & Guille 1972, horizontal section of the ring 
canal (rc), scale bar 500 µm. 4 and 5, Antedon bifida Pennant, 1777, horizontal sections; 4, myoepithelial cells 
(arrows) cross the lumen of the ring canal, ese=esophageal epithelium, scale bar 50 µm; 5, cross-sectioned mouth 
tentacle with intensely stained inner cells (star), arrows point to the thickened basal lamina, ese=esophagus, scale 

bar 50 µm. Staining: Azan in 3, Toluidin blue in 4 and 5. Images new, by authors.
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be their strongest activity, caused by cells 
concentrated on the inner side of the tube 
(Fig. 3.5), which are particularly rich in 
myofilaments (asterisk in Fig. 3.5). In the 
ring canal, myoepithelial cells of the inner 
wall can contract the ring and, thus, also 
the mouth opening. Another myoepithelial 
cell type is spindle-shaped and crosses the 
tube from side to side (Fig. 3.4). All these 
muscle cells stabilize the system and help to 
maintain the internal water pressure.

The water canals follow all the branching 
of the arms. In addition, the water canals 

give off one pinnular canal per vertebra, 
alternating to each side. Finally, the water 
canals in the arms and pinnules bear regu-
larly arranged dilatations forming small 
atria. From each of these, a triad of finger-
shaped outgrowths rises to the edges of the 
food grooves. Each outgrowth of a triad 
supplies one tube foot (Fig. 4.2–4.3). Such 
triads are located along the entire food 
groove of arms and pinnules.

During ontogeny, the ring canal forms 
another type of tubular outgrow, the stone 
canals. These canals intrude into the subteg-

Fig. 4. Hydrocoel, canals in arms and pinnules. 1, Antedon mediterranea (Lamarck, 1816), arm in cross section, white 
asterisk marks the hemal lacuna, rv=radial vessel, oc=oral somatocoelomic canal, aoc=aboral somatocoelomic canal, 
fg=food groove, t=tentacle, scale bar 200 µm. 2, Higher magnification of area marked in 1, white asterisk marks the 
hemal lacuna, arrows point to typically thickened basal membrane, fg=food groove, rv=radial vessel, tt=coelomic 
tube of the tentacle, scale bar 50 µm. 3, Dorometra nana (Hartlaub, 1890), longitudinal, section of a pinnule 
slightly lateral to the midline with three roots of tentacle tube triads (arrows), scale bar 100 µm. 4, Cyathidium foresti 
Cherbonnier & Gille 1972, longitudinal section of an arm with three roots of tentacle tube triads (arrows), scale 

bar 100 µm. Staining: 1, Toluidin blue, 2, Hemalum-Eosin, 3, PAS-Hemalum. Images new, by authors.
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minal net of the somatocoel and open into 
the latter by forming an orifice at their tip. 
The earliest (primary) stone canal (Fig. 
6) appears in the CD interray of early 
cystideans. Successively, a large number of 
secondary stone canals are formed all along 
the ring canal, in Antedon, approximately 
30 per interray. Stone canals serve to replace 
leaked water (see Fig. 16, p. 15).

Stone canals
As mentioned above, the stone canals 

run between the hydrocoelomic ring canal 
and the subtegminal net of the body cavity 
is (Fig. 5.2). ~15–30 µm, and the mean 
length is ~100 µm, depending in part on 
the size of the animal. The stone canals lie 
close together on the ring canal (Fig. 5.1) (in 
contrast to the madrepores, which are absent 
in the CD interray). The epithelium of the 
stone canals is identical to that of the ring 

canal, and as in the latter, the basal lamina 
is thickened (Fig. 5.3). Myoepithelial cells 
enable the closure of the canal. The predomi-
nant cell type is high-prismatic, each with 
a kinocilium with an oblique root. In the 
lumen, the kinocilia together form an undu-
lating flame (Heinzeller & Welsch 1994), 
transporting water from the somatocoelomic 
space into the hydrocoelomic ring canal. 
At the site where the stone canals enter the 
somatocoelomic space, they are externally 
sheathed by the coelothelium. As a result, 
the distal parts of the stone canals consist 
of an inner and an outer epithelium with a 
delicate connective tissue lamella between 
them (Fig. 5.4).

Primary Stone Canal

The course of the primary stone canal 
differs from that of the secondary stone 
canals. In the young Leptometra sp., the 

MAT 1 = Fig. 1
COE 1 = Fig. 2
COE 2 = Fig. 3
COE 3 = Fig. 4
COE 4= Fig. 5
COE 5 = Fig. 6
COE 6 = Fig 7
COE 7 = Fig. 8
COE 8 = Fig. 9

Fig. 5. Hydrocoel, stone canals. 1–2, Dorometra nana (Hartlaub, 1890); 1, 3D-model of the oral region, slightly 
oblique aboral view, stone canals in dark green; 2, horizontal section, arrows point to stone canals, es=esophagus, 
rc=ring canal, stn=subtegminal net, scale bar 50 µm. 3a and 3b, Metacrinus levii (Améziane-Cominardi in Amé-
ziane-Cominardi & others, 1990); 3a, cross sectioned stone canals, stn=subtegminal net, scale bar 50 µm; 3b, higher 
magnification of the area marked in 3a, showing a stone canal with numerous kinocilia inside the lumen, arrows 
point to the surrounding coelothelium, arrowheads to the basement membrane, scale bar 10 µm. 4, Himerometra 
robustipinna P. H. Carpenter, 1881a, opening of a stone canal into the coelomic cavity, arrow points to the transi-
tion between somatocoelium and hydrocoelium, ct=coelothelium, scale bar 20 µm. Staining: Hemalum-Eosin in 

2, Toluidine blue in 3–5. Images new, by authors.
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primary stone canal arises from the ring canal 
in the CD interray (Fig. 6.1). According 
to Engle (2013), it terminates in a small 
coelomic space, the so-called small ventral 
coelom—initially axocoelomic, character-
ized by the orifice of the primary madreporic 
canal (Fig. 8).

MADREPORIC CANALS, 
AXOCOELOMIC REMNANTS

Most authors agree that crinoids miss 
a right axocoel (summarized by Scriba, 
2015) and that the left axocoel fuses with 
both left and right somatocoelia to form 
the main body cavity around the digestive 
tract (Hyman, 1955; Holland, 1991). 
Apart from this agreement, the assignment 
of some developed segments of the coelom 
to embryonic sources remains controversial. 
This concerns, for example, the origin of the 
madreporic canals, also termed tegminal 
ducts. 
Hydropore, the primary madreporic canal 

Embryological studies on late doliolarian 
larvae, for example by Seeliger (1893), 
on Antedon rosacea (currently identified 
as A. bifida bifida Pennant, 1777), reveal 
an outgrowing edge of the axocoel, the 
later small ventral coelom that subse-
quently breaks through the integument. 
This opening is called the hydropore and 
represents the first open connection of the 
coelomic space with the overlying sea water. 
In young animals, the hydropore is located 
in the CD interray next to the anal cone 
(Fig. 7.1b). The tubular connection of the 
superficial opening with the small ventral 
coelom is called the primary madreporic 
canal (Fig. 7.2, Fig. 6.2b).

Madreporic canals, the tegminal ducts 
In addition to the primary madreporic 

canal, four other ducts can be observed 
crossing the tegmen in juvenile feather 
stars. Each of them opens on the surface of 
the tegmen in the interradial axis, except 
CD, exactly at the base of the valves—
triangular remnants of the former roof of 
the vestibulum, which disappear during 

further development. Below the tegmen, the 
ducts open into the body cavity, the subteg-
minal net, oralmost part of the axial sinus. 
During further growth, these trans-tegminal 
ducts multiply. In large feather stars, their 
number increases to several hundred, and the 
tegmen as well as the oral side of proximal 
arm segments become sprinkled with their 
orifices (Fig. 8.5). The lumina of these ducts 
are ~10 µm wide, with ampulla-like parts 
near the orifice that can be up to 30–40 µm 
wide. In the ampulla, the epithelium is high, 
rich in apical microvilli, and each cell bears a 
long flagellum. These flagella point outward 
(see Fig. 16). The part of the duct below the 
ampulla is lined with a very flat epithelium. 
Its length varies greatly.

It has been debated—and remains highly 
controversial—whether the multiplicity 
of tegminal ducts derives from a cleavage 

Fig. 6. Hydrocoel, primary stone canal. 1a, Juvenile 
Leptometra celtica M’Andrew & Barrett, 1857, 
horizontal section just below the tegmen, ac=anal cone, 
es=esophagus, C=C ray, scale bar 100 µm. 1b, Area 
marked in 1a at higher magnification, arrow points 
to the origin of the primary stone canal; orange patch 
is axocoelomic small ventral coelom, scale bar 50 µm. 
2a, Horizontal section, approximately 20 µm aboral to 
1a, ac=anal cone, es=esophagus, scale bar 100 µm. 2b, 
Area marked in 2a at higher magnification; the primary 
stone canal (arrow) runs from level 1 to level 2 both 
outward and toward ray D. Continuing upward, it 
changes direction again before extending downward and 
eventually (double arrow) opening into the axocoelomic 
small ventral coelom (orange), scale bar 50 µm. Images 

new, by authors.

MAT 1 = Fig. 1
COE 1 = Fig. 2
COE 2 = Fig. 3
COE 3 = Fig. 4
COE 4= Fig. 5
COE 5 = Fig. 6
COE 6 = Fig 7
COE 7 = Fig. 8
COE 8 = Fig. 9
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of the primary madreporic canal (Balser 
& Ruppert 1993) or represents a de novo 
formation (Engle 2013). The large distance 
between the primary madreporic duct and 
the secondary ducts argues against the split 
hypothesis. Furthermore, assuming that the 
subtegminal network is indeed derived from 
the axocoel, it seems justified to consider the 
secondary madreporic canals extending from 
the subtegminal network to the surface as 
rudiments of the axocoel.

Possible further axocoelomic remnants

In isocrinids, a coelomic pouch extends 
between the axial tubular organ and the 
Reichensperger’s organ (see Section IV), 
which is aborally closed but orally in 
open continuity with the oral axial sinus. 
This coelomic space (Fig. 9.1) has been 
interpreted as axocoelomic by Holland, 
Grimmer, and Wiegmann (1991), an attri-
bution strongly supported by the embryo-
logical work of Engle (2013).

Most crinoids are free spawners releasing 
their gametes by rupturing the overlying 
tissue layers (see Section VI). In contrast, 
in the cyrtocrinid Cyathidium foresti Cher-
bonnier & Gille 1972, gonoducts are used 
for this purpose (Fig. 9.1, Fig. 9.3). Based 
on their location and structure, these ducts 
correlate with the madreporic canals and can 
also be considered axocoelomic remnants.

SOMATOCOEL
In the following, the terms oral and 

aboral are used exclusively in the anatomical 
descriptive sense for the reasons already 
mentioned in the introduction and do not 
represent references to homology of embry-
onic structures of the same name.

In the arms and calyx a complex system 
of coelomic cavities exists, either as a collec-
tion of narrow slits in the connective tissue 
bounded by the coelothelium or as wide 
cavities. The entire system contains a watery, 
typically cell-free fluid that flows rapidly, 
at least in larger cavities (see Circuit of the 
Somatocoelomic Fluid, p. 16).

ORAL SOMATOCOEL IN ARMS
General features

In the arms and pinnules, there are typi-
cally three superimposed coelomic ducts. The 
uppermost is hydrocoelomic, as explained 
previously. The canal immediately below 
it is called the oral somatocoelomic canal, 
and the lowest is the aboral somatocoelomic 
canal. The two somatocoelomic ducts are 
seemingly separated by a horizontal septum, 
but there are numerous widely spread open-
ings through which the somatocoelomic 
canals communicate with each other, (and 
also with the gonocoel, see p. 11). These 
canals branch into arms and pinnules and 
decrease in size proportionally toward the 

Fig. 7. Axocoel, hydropore. 1a–b, Juvenile Leptometra celtica M’Andrew & Barrett, 1857. 1a, Horizontal section 
at the base of the anal cone, ac=anal cone, mo=mouth opening, D=D ray, scale bar 200 µm. 1b, Area marked in 1a 
at higher magnification, arrow points to the hydropore, ac=anal cone, scale bar 200 µm. 2, Section a few microns 
aborally than 1a, showing the junction of the hydropore (arrow) with the axocoelomic small ventral coelom (orange), 

ac=anal cone, scale bar 200 µm. Staining: Toluidine blue. Images new, by authors.
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tip. The horizontal septum does not extend 
to the tips, so near the tip, the lumen of both 
canals is continuous. The oral canal may also 
be subdivided by a middle vertical septum 
in some places; subdivisions of the aboral 
canal were not present anywhere. In cross 
section, the elliptical canal appears more-
or-less oval in profile, or is divided into two 
circular canals, whereas the aboral canal is 
wedge-shaped where it is constricted by the 
flexor muscles (Fig. 10.1–10.2)

Ciliated pits

All somatocoelomic arm canals are lined 
by a cuboidal epithelium whose phago-

cytotic function has been demonstrated 
(Grimmer & Holland, 1979). On the 
luminal surface, the cells bear a fringe of 
microvilli and a single kinocilium each. 
In the aboral midline of the aboral canal, 
there are well-defined pits at regular inter-
vals. Within the pits, the cells bear one 
kinocilium each, but because of the high 
number of these very slender cells, the pit 
is remarkably densely ciliated (Fig. 11.3). 
In cooperation with the numerous kinocilia 
distributed throughout the canal epithelium, 
these ciliated pits presumably generate the 
flow of the coelomic fluid (Grimmer & 
Holland, 1979). 

Fig. 8. Axocoel, madreporic canals. 1–2, Dorometra nana (Hartlaub, 1890), 3D model of mouth region, tentacles 
transparent gray, madreporic canals red, stone canals green. 1, Oral view. 2, Aboral view, slightly oblique; note 
that there are no madreporic canals in the CD interray. 3, Tegminal plate, vertical section with madreporic canal 
opened longitudinally, a=ampulla, stn=subtegminal net, scale bar 50 µm. 4, Juvenile Metacrinus sp., madreporic 
canal showing varying types of epithelium in the ampulla (a) and the connecting duct to the subtegminal net (stn), 
scale bar 50 µm. 5, Promachocrinus kerguelensis P. H. Carpenter, 1879, tangential section through the tegmen, 
sacculi (sac) mark the edge of the food groove, a=ampullae of madreporic canals. Scale bar 100 µm. Staining: 3, 

Hemalum-Eosin, 4 and 5, Toluidine blue. Images new, by authors.
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Fig. 9. Axocoelomic remnants. 1, Metacrinus levii (Améziane-Cominardi in Améziane-Cominardi & others, 
1990), horizontal section. The space between the tubular axial organ (tax) and the Reichensperger’s organ (rei) is 
marked in ochre, scale bar 200 µm. 2 and 3, Cyathidium foresti Cherbonnier & Gille 1972, proximal arm sections 
containing an ovary with purple stained oocytes. Short duct (arrow in 2 ) from the ovary through the body wall (bw) 
with opening at the surface (arrow in 3 ), scale bars in 2 and 3, 25 µm. Staining: 1, Hemalum, 2, Azan, 3, Alcian 

blue. Images new, by authors.

Fig. 10. Leptometra celtica M’Andrew & Barrett, 1857, transverse sections of arms. 1–2, section near articula-
tion showing prominent longitudinal flexor muscles (lm), arrows point to the food groove, asterisks mark the oral 
somatocoelomic canal, aoc=aboral somatocoelomic canal, aon=aboral nerve, scale bars each 100 µm; 3a, section 
in the middle between two joints, arrow points to food groove, stars mark oral somatocoelomic canal, aoc=aboral 
somatocoelomic canal, scale bar 100 µm; 3b area marked in 3a, stars in the oral somatocoelomic canals; aoc=aboral 
somatocoelomic canal, gs=genital strand, gv=genital vessel, goc=gonocoel (orange), scale bar 50 µm. Staining: Tolu-

idine blue. Images new, by authors.
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Gonocoel, genital coelom
Certain sections of arms and pinnules 

contain a genital cord (termed a rachis, see 
Section VI, p. 52). This cord and the hemal 
vessel surrounding it lie in a separate coelom, 
the gonocoel. This coelom occupies the 
middle of the horizontal septum and, if the 
oral canal is divided, the aboral edge of the 
vertical septum (Fig. 10.1–10.2).

Tracing the gonocoel from the arms back 
to the midbody shows that the gonocoel 
splits off from the oral canal at the base 
of the arm and runs separately within the 
calyx wall, eventually entering less well-
defined somatocoelomic regions in the CD 
interray (see Section VI, Fig. 58). During the 
breeding season, the gonocoel completely 
encases the full-grown ovaries or testes 
(Section VI, see Fig. 60, Fig. 61).

Oral somatocoel in the calyx
It is very likely that all somatocoelomic 

cavities in the calyx are in open contact 
with each other. Therefore, the definition of 
compartments is artificial, at least to some 
extent, but facilitates the understanding of 
the complex system.

Overall, the shape of the somatocoel in 
the calyx of a feather star can be compared to 
a sketch of a Roman oil lamp with a central 
filling hole (mouth) and eccentric wick hole 
(anus) (Fig. 12.2). The base and lid of the 
lamp are formed by aboral (deep) and high 
oral (subtegminal) parts of the axial sinus. 

The walls consist all-around of a broad, 
hollow, girdle-like structure, the perivisceral 
coelom. The interior (the oil reservoir of 
the lamp) houses the coiled intestine, and 
in its spindle the mesentery as well as in the 
various mesentery coelomic cavities that 
constitute the central part of the axial sinus. 
To complete the overview, the connection to 
the arm canals must also be considered. An 
overview of the entire structure (Fig. 12) is 
a 3D model of the somatocoel of Dorometra 
nana. Further, closer examination of this 
model reveals the following details:

Axial sinus
The oral part of the axial sinus (Fig. 

12.1b) is the subtegminal net comprising 
mostly small lacunae arranged around the 
esophagus. The target caverns of the madre-
poric canals and the stone canals contribute 
to this net. At its margin, the subtegminal 
net is connected to both the perivisceral 
coelom and to the oral arm canals (Fig. 
12.3). The middle, central part consists of 
several more-or-less tubular, more-or-less 
coaxial, more-or-less voluminous cavities, 
one of which contains the axial organ (Fig. 
13.5; see Section IV). The most voluminous 
of these cavities is of central importance for 
fluid circulation (central mesenteric cavity 
in Fig. 16). The most aboral, deep part of 
the axial sinus (Fig. 12.1b) is located on the 
oral side of the rosette. The aboral arm canals 
originate from this part. Differences of the 

Fig. 11. Ciliated pits in pinnules. 1, Comatella nigra P. H. Carpenter, 1888, longitudinal section of a pinnule 
showing two series of ciliated pits (arrows), scale bar 100 µm. 2, Close-up of two pits similar to 1, scale bar 50 
µm. 3, Antedon bifida Pennant 1777, transverse section through a genital pinnule showing a large ciliated pit (cp) 
with dense ciliation, aoc=aboral canal, aon=aboral nerve, oc=oral canal, test=testis, scale bar 100 µm. Staining: 

Hemalum-Eosin in 1 and 2, Toluidine blue in 3. Images new, by authors.
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axial sinus in groups other than feather stars 
are treated separately (see p. 14).

Perivisceral coelom

A girdle-like coelomic space surrounds 
the viscera, which mainly contains intes-
tine and axial organs (Fig. 12.1a) and lies 
immediately underneath the body wall. Its 
thickness is remarkably constant, probably 
due to the numerous cell bridges tying the 
outer and inner epithelia to each other. The 
outer coelothelium covers the inner surface 
of the body wall, and the inner coelothelium 
covers the outer surface of the gut. The 
inner wall adjacent to the gut merges into 
the mesentery.

Mesentery
The mesentery (Fig. 13) is a connec-

tive tissue plate inside the intestinal coil; 
its connective tissue is disrupted in many 
places by the somatocoelomic cavities of the 
central axial sinus. The mesentery extends 
from the basal axial sinus orally up to the 
subtegminal net. Between the C and D ray, 
it is connected to the body wall, including 
a connection of the mesenteric coelom 

with the perivisceral coelom (Fig. 13.1–
13.3). From an oral view, the mesentery 
rotates counterclockwise, from the outside 
to the inside (Fig. 13.2–13.3, Fig. 13.6), 
performing a full rotation in Dorometra 
nana, a species with endocyclic arrangement. 
The mesentery contains the axial sinus with 
the axial organ, which shifts from a central 
position in the basal axial sinus to an eccen-
tric position in the subtegminal net near 
the root of the anal cone (Fig. 13.1–13.5) 
resulting from the rotation of the mesentery. 
The shape of the mesenteric somatocoelomic 
caverns varies from slits to bulbs to tubes. 
In total, the cavities form a bridge between 
the influx region of the oral arm canals and 
the basal axial sinus. In Dorometra nana, 
the oral-aboral connection is formed by a 
single prominent tube. In most other taxa, 
multiple cavities appear to contribute to this 
connection, which plays an important role in 
the circuit of the coelomic fluid (see p. 16).

Anal cone coelom
In the anal cone, the anal duct mucosa 

is completely surrounded by the somato-
coelomic anal cone coelom. The outer two-

Fig 12. Somatocoel of Dorometra nana (Hartlaub, 1890), 3D model, slightly oblique oral view. 1–3, Three (of 
four) components separated: 1a, perivisceral coelom; 1b, subtegminal net; 1c, deep part of the axial sinus (axial 
organ in 1a, 1b, and 1c in purple); 2a, total model; 2b, aboral half after horizontal crop; 3a, arm canals added (oral 

arm canals in yellow); 3b, aboral view (aboral arm canals in blue). Images new, by authors.
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thirds of the anal cone coelom appears to 
represent the continuation of the perivisceral 
coelom, and the inner third is contributed by 
the mesentery (Fig. 13.5–13.6; Fig. 14.1). 
At the tegminal level, this somatocoelomic 
sheath is indented by a bulge created by the 
stomach, whereas at higher levels it is elliptical 
to circular. In Dorometra nana, this coelomic 
sheath looks similar to the perivisceral coelom 
with some cellular bridges (Fig. 14.2). In 
Comaster schlegelii P. H. Carpenter, 1881b, 
respective cellular bridges are numerous and 
of considerable size (Fig. 14.3), probably due 
to the storage of mucus.

Arm Canals
The oral arm canals (Fig. 12.3a–12.3b) 

enter the body at the subtegminal level. They 
supply both the subtegminal net and the 

central part of the axial sinus (Fig. 15; Fig. 
16). The aboral arm canals emerge from the 
deep axial sinus just above the rosette. They 
extend toward the arm roots from where 
they run together with the oral canals toward 
the periphery.

Supplementary notes to the axial sinus
Feather stars. At the level of the ring 

commissure (Fig. 15.1–15.2), i.e., between 
the radial ossicles, the axial sinus consists 
mainly of vesicular to tubular caverns 
of similar size. Further orally, where the 
coelomic space widens between the primi-
brachials, the axial sinus caverns vary in 
shape and size (Fig. 15.3). It is likely that the 
details of the axial sinus of feather stars vary 
considerably among species or even within 
species depending on size and age.

Fig. 13. Dorometra nana (Hartlaub, 1890), somatocoelomic cavities in mesentery. 1–5, Ascending horizontal sec-
tions with gray tissue, somatocoelomic spaces in mesentery in light green, perivisceral coelom in olive green, capital 
letters mark rays. In 1, the mesentery rests on the deep part of the axial sinus and forms bridges to the perivisceral 
coelom in the A and D rays. Further orally (2–4 ) there is only the bridge to the D ray. In 4–6, note the mesenteric 
contribution to the anal cone coelom (see Fig. 14), r=rectum. In 5, the mesenteric coelom enters the subtegminal 
net embedding the oral parts of the tubular axial organ (tax, circled in red in 1–5), higher magnified in 5b. 6, 3D 
model of mesenteric coelomic spaces, subtegminal net omitted for clarity. Scale bars 500 µm in 1–5, and 100 µm 

in 5b. Images new, by authors.



14 Treatise Online, number 182

Fig. 14. Anal cone coelom. 1, Dorometra nana (Hartlaub, 1890), 3D model of the coelomic walls of the lower 
anal cone, oblique oral view. The outer (green) compartment arises from the perivisceral coelom, the inner (blue) 
from the mesenteric coelom (see Fig. 9.6). 2, Dorometra nana, histological section corresponding to 1, arrows point 
to myoepitheial cells crossing the coelomic cleft, hs=horn of stomach, tax=tubular axial organ, scale bar 200 µm. 
3a, Comaster schlegeli  P. H. Carpenter, 1881b, horizontal section, the coelothelial cells bridging the coelom are 
swollen, scale bar 250 µm; 3b, higher magnification of the area marked in 3a, arrows point to swollen myoepithelial 
cells, the star marks the specific connective tissue replacing the hemal lacuna (see Section V), scale bars 100 µm. 

Staining: Hemalum-Eosin in 2, Azan in 3. Images new, by authors.

Bourgeticrinina. In Democrinus chuni, the 
somatocoel of the calyx is relatively simply 
formed. It does not have clear compartmen-
talization (Fig. 18.2–18.4), but it appar-
ently consists of a common space between 
the body wall and the intestine, which 
sends five extensions into the arms. The 
somatocoelomic space below the gut ends 
blind aborally (Fig. 18.5a). Only in the 
middle does a narrow somatocoelomic cleft 

surrounding the tubular axial organ pene-
trate the sclerite (Fig. 18.5b). In contrast to 
the isocrinids, the oral somatocoel does not 
descend until the chambered organ (Fig. 19; 
Fig. 22.5); where its most oral apex is located 
inside the basals in Democrinus chuni (see 
Bohn & Heinzeller, 1999).

Isocrinida. Unlike the feather stars, there 
is no rosette separating the deep axial sinus 
from the chambered organ in isocrinids, 

Fig. 15. Axial sinus of feather stars. 1, Clarkcomantus albinotus Rowe, Hoggett, Birtles, & Vail, 1986, sagittal 
section, stars mark some caverns of the axial sinus, co=chambered organ, tax=tubular axial organ, an=arm nerve, 
rc=ring commissure. Number 2 marks plane of section 2, scale bar 400 µm. 2, Clarkcomanthus littoralis P. H. 
Carpenter, 1888, horizontal section, stars mark caverns of the deep axial sinus, tax=tubular axial organ, rc=ring 
canal, scale bar 200 µm. 3, Promachocrinus kerguelensis P. H.  Carpenter, 1879, horizontal section slightly oral 
of the ring commissure, tax=tubular axial organ, scale bar 400 µm. Staining: Toluidine blue in 1 and 2, PAS and 

Hemalum in 3. Images new, by authors.

Remember red cx are optional for 
now.
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which are represented here by Metacrinus 
levii (Améziane-Cominardi in Améziane-
Cominardi & others, 1990). Thus, the 
chambered organ projects orally far beyond 
the basalia, and the axial sinus extends 
aborally until the radial-basal boundary.

Cyrtocrinida. In cyrtocrine crinoids, there 
is a coelomic cavity surrounding the gut 
aborally and laterally, similar to the axial 
sinus in other crinoid groups (Fig. 20). 
However, this cavity lacks any oral-aboral 
compartmentation, despite some structuring 
by connective tissue strands. Furthermore, 

because there is no trace of a chambered 
organ, the present axial sinus could be called 
an oral somatocoel.

In cyrtocrinids there are also some pecu-
liarities concerning the arm coelom. In the 
embryonic stage of Cyathidium foresti, only 
a single somatocoelomic canal extends into 
each arm, in contrast to the two canals 
(one oral and one aboral) of other crinoids. 
However, proximal gonochoric arm regions 
of adult animals have three floors: a middle 
one containing the gonads, an oral one 
above, and an aboral one below. These are 

Fig. 16. Dorometra nana (Hartlaub, 1890), 3D model. 1, Aboral view of the oral arm canals (yellow) converging 
within the subtegminal network (light green), central mesenteric cavity (orange) originates in the AB interray. 2, Same 
as 1 with subtegminal network omitted. 3, Model cropped in the plane indicated by the dashed line in 1, viewing 
direction corresponding to arrow “3” in 1, letters mark the sites where the model is cropped: a=oral curvature of the 
arm canal in D ray, b=descending central mesenteric cavity, c=transition from the deep axial sinus (dark green) to 
the aboral arm canal (blue). 4, Viewing direction corresponding to arrow 4 in 1. A–E=rays, counted counterclock-
wise in 2 as seen aborally. The pink structures in 3 and 4 represent the tubular axial organ. Images new, by authors.
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separated by septa, which may represent 
specific (secondary) formations of the Cyrto-
crinoidea.

CIRCUIT OF  
SOMATOCOELOMIC FLUID

The current directions of fluids had been 
assessed by the life observation of rapidly 
transported beads (Grimmer & Holland, 
1979). The circuit can also be inferred from 
morphological data as presented herein for 
recent species or by Saulsbury (2019) for 
fossil material.

For the pattern of the circuit, consult 
Fig. 17. The numbers in brackets in the 
following description refer to the numbers 
in the figure, and red arrows trace the direc-

tion of the flow. Coelomic fluid is driven 
outward by kinocilia in the aboral arm canal 
[1]. It enters the oral canal through leaks in 
the horizontal septa and at the tips of arms 
and pinnules where the two canals converge 
[2]. In the oral canal, it flows inward [3]. 
From there, the fluid is transmitted [4] to 
the descending caverns of the axial sinus 
[5], from where it flows back into the aboral 
arm canals.

The somatocoelomic fluid is in mutual 
exchange with the hydrocoelomic fluid as 
well as with the external environment. The 
stone canals pump water from subtegminal 
caverns [8] into the hydrocoelomic ring 
canal [7] and, thus, stabilize the water pres-
sure required for tentacle movements. The 

Fig. 17. Schematic drawing of the coelomic water circuit in crinoids. mo=mouth opening, sto=stomach, mg=midgut, 
tax=tubular axial organ, aog=aboral ganglion, rc=ring commissure, ci=cirri. 1=aboral arm canal, 2= tip of arm or 
pinnule, 3=oral arm canal, 4=ransition of oral arm canal into axial sinus (5). Enlarged section top left: 6=madre-
poric canal, 7=hydrocoelomic ring canal, 8=cavern of the subtegminal net. Red arrows trace the direction of flow. 

Image new, by authors. 
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madrepores [6] are wider than the stone 
canals and their kinocilia are less dense. 
Therefore, the direction of water transport 
in the madrepores cannot be clearly deduced 
from morphology. One function may be 
postulated, i.e. the compensation of water 
loss through various leaks. Overall, it seems 
clear that the axocoelomic, hydrocoelomic, 
and somatocoelomic compartments work 
together to maintain body fluid balance.

Consideration on functions
The flow of coelomic fluid between the 

arms and calyx can be interpreted in terms 
of adequate distribution of nutrients or 
oxygen. At contact with the gut, the fluid 
may be loaded with absorbed nutrients. 
As it travels to the periphery, it comes into 
close contact with arm muscles that require 
energy sources. Conversely, the fluid in the 
oral canals originates from areas near the 
surface where gas exchange may take place. 
Thus, it may support respiration in the core 
areas of the calyx, at least in large animals. 
Identical conclusions were drawn by Sauls-
bury (2019) from studies of fossils of the 
cretaceous feather star Decameros ricordeanus 
Rasmussen, 1961.

ABORAL SOMATOCOEL
Chambered organ in general

The chambered organ is a unique crinoid 
structure, formed by the aboral coelom. 
The complete absence of this organ has 
been demonstrated only in cyrtocrinids, for 
instance in Holopus rangii d’Orbigny 1837 
(see Grimmer & Holland, 1990) and in 
two species of Cyathidium (Heinzeller 
& Fechter, 1995; Heinzeller & others, 
1996). The organ roughly consists of coaxial 
tubes of the aboral coelom, usually five in 
number (Fig. 21.1), but there are excep-
tions. In Capillaster multiradiatus (Linnaeus 
1758), for example, one can count 15 tubes 
(Fig. 21.1–21.2). As a rule, however, cham-
bered organs are pentamerous. All five tubes 
are closed at both ends.

In isocrinids, the oral end of these tubes 
lay at the level of the radials, from where 

they run aborally, reach the stalk, and 
continue for some distance. In the nodals, 
side branches of the tubes extend into the 
cirri. In feather stars, the five tubes lie below 
the rosette and terminate in the centrodorsal 
cavity, at the base of the bowl-shaped aboral 
ganglion. As in isocrinids, branches extend 
from the tubes into the cirri.

Two main compartments of the cham-
bered organ can be distinguished. The oral 
one is characterized by conspicuous bubble-
like swellings traditionally referred to as 
chambers (or herein, the bulbous compart-
ment of the chambered organ). The compart-
ment supplying the cirri is located farther 
aborally. In isocrinids, these parts are confined 
to the nodals of the stalk. In feather stars, 
all cirrus supplying parts are concentrated 
in a confined space in the aboral ganglion, 
aborally of the bulbous chambered organ. 
This tight concentration of structures can 
be understood as if several nodal parts were 
pushed into each other. This compartment 
of the chambered organ will be referred 
to as labyrinthic. Bulbous and labyrinthic 
compartments together constitute the entire 
chambered organ of feather stars (Fig. 21.3).

In all chambers, the coelothelium produces 
a homogenous substance that stains meta-
chromatically blue in hues ranging from 
light pink to dark purple when stained with 
Toluidine blue. The substance is present 
either in fine-grained dispersion or in the 
form of spherules released from the secretory 
coelothelium (Fig. 21.3–21.6). This mate-
rial is present exclusively in the chambered 
organ, even in its finest extensions, which, for 
example, cross the rosette or extend into the 
cirri. Although these conspicuous spherules 
were observed by several early microscopists 
(e.g., Perrier 1873; Reichensperger, 1905) 
and also analyzed histochemically (Holland, 
1968), their function remains unclear.

Chambered organ in detail
Isocrinids. In isocrinids, as observed in the 

juvenile Metacrinus sp., the bulbous cham-
bers vary in size and are loosely arranged. 
They mark the oral ends of the aboral 
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somatocoelomic tubes and are surrounded 
by caverns of the axial sinus. In the calyx, the 
aboral end of the swellings of the chambered 
organ is at the level of the deepest cavities 
of the axial sinus (Fig. 22.2). In the oral 
direction, the swellings end a considerable 
distance below the level of the ring commis-
sure. Laterally, the chambers keep their 

distance from each other (Fig. 22.7–22.9), 
so that the central hemal space is alternately 
bounded by the chambers and by caverns 
of the axial sinus (Fig. 38.3, see p. 36). 
Below the axial sinus, the tubes taper and 
move close together (Fig. 22.7, 22.10). In 
their middle, they enclose the central hemal 
space with the embedded axial tubules (Fig. 

Fig. 18. Democrinus chuni (Döderlein, 1907). 1, 3D model of specimen with one primibrachial (B) damaged, 
oblique oral view, Pb=primibrachial, Rad=radial, Bas=basal ossicle. Labels 2–6 indicate approximate level of cross 
sections. In 2–5, the primibrachials appear almost fused; bright white: space between arms and the body wall (bw) 
of the calyx that communicates far orally with the external environment; 2, 3, and 4, the oral somatocoel (green) 
extends into the arms (black arrows), white arrows point to the tubular axial organ, black circles mark the arm nerve 
of the E ray, A=A ray, bw=body wall, scale bars each 200 µm. 5a, The central area (magnified in 5b shows the hemal 
lumen (hl) within the tubular axial organ surrounded by a very narrow somatocoelomic space (green), scale bar 200 
µm, 5b, 50 µm; 6 and 7, chambered organ; 6, cross section through basal ossicles; A =A ray, co=chambered organ, 
hl=hemal lacuna of the tubular axial organ, scale bar 200 µm. 7a, 3D model with transparent body wall, oblique 
oral view, Rad=radial, Bas=basal ossicles, rc=ring commissure, co=chambered organ, tax=tubular axial organ; 7b, 

detail at higher magnification. Images new, by authors.
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22.5–22.7). The coelomic tubes branch 
when reaching the stalk, which grows out 
by the formation of new columnals, namely 
nodals, each of which forms five, still-short 
cirri (Fig. 22.2–22.5, 22.7, 22.10). 

Feather stars: Bulbous part. In feather stars, 
the entire chambered organ is positioned 
aboral to the axial sinus, immediately 
below the rosette. The chambers are radially 
oriented and lie close together but do not 
exhibit interconnections. All five are the 
same size and are roughly onion-shaped, and 
as a group they resemble a garlic bulb. The 
oral tip of each chamber continues as a thin 

tube. These tubes traverse the rosette and 
enter the axial sinus where they terminate 
blindly (Fig. 21.4). In the center of the outer 
wall of each bulb sits a pointed projection 
or cusp. Between the chambers are connec-
tive tissue septa that appear star-shaped in 
cross-section (Fig. 23.7). The septa are rich 
in hemal lacunae. These lacunae originate 
in the central hemal column, which lies 
centrally between the chambers and encloses 
the tubular axial complex (Fig. 23.8).

Feather stars: Labyrinthic part. At the aboral 
edge, the walls of the chambers fold and 
form intermediate floors, either horizontal 

Fig. 20. Cyathidium plantei Heinzeller & others, 1996. 1, Sagittal section of a whole animal showing the curled 
arms and their tangle of tentacles covering the suprategminal cavity (stc), es=esophagus, i=intestine t=testes in gono-
coelic cavities. The light green space between the intestine and the aboral body wall can be considered as equivalent 
of the axial sinus, scale bar 1 mm. 2, Sagittal section through mouth (m), esophagus (es), and stomach (sto); arrows 
point to trabeculae in the somatocoel (soc), scale bar 200 µm. Staining: Toluidine blue. Images new, by authors.

Fig. 19. Deep axial sinus of the isocrinid Metacrinus levii (Améziane-Cominardi in Améziane-Cominardi & others, 
1990), cross sections; axial sinus is light green, chambered organ is dark green, hemal vessel embedding the axial 
tubules is red. 1, Level of the radials (R ), scale bar 200 µm. 2, Deepest caverns of the axial sinus, R=radial, scale 
bar 200 µm. 3, Level of basals (B ), the tubes of the chambered organ are the only remaining coelomic structures, 

scale bar 200 µm. Staining: Toluidine blue. Images new, by authors.
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Fig. 22. Chambered organ of an isocrinid (on facing page). Metacrinus sp., juvenile specimen. 1–7, Three-dimen-
sional  models. 1, External aspect of specimen, rad=plane of radials, bas=plane of basals, st=stalk, scale bar 1 mm. 
2, Body surface transparent with gray chambered organ. 3, Region of chambered organ showing the oral swellings, 
five longitudinal tubes, and cirral canals (cic) supplying the two youngest sets of cirri in statu nascendi, at higher 
magnification. 4, Chambered organ isolated, italic numbers show the levels of transverse sections 8–10. 5, The 
base of the axial sinus (copper colored ) marks the level orally of which the tubes swell to bulbs. 6 and 7, relationship 
between the chambered organ and the tubular axial complex (green). 8–10, Transverse sections at the levels indicated 

in 4. Staining: Toluidine blue, scale bars in 4–10 each 200 µm. Images new, by authors.

or sloping toward the periphery. The narrow 
coelomic spaces between the floors are all 
connected to the main lumen of their bulb 
and correspond in number to the generations 
of cirri that developed before. The folding of 
the bulb occurs primarily on its outer wall 
on both sides of the cusp. The folds lace 
off as coelomic tubes and contribute to the 
construction of a new cirrus at the cusp. This 

occurs iteratively, resulting in a confusing 
pattern of clefts beneath the bulb in histo-
logic sections. Overall, this aboral region of 
the chambered organ may be referred to as 
the labyrinth (Fig. 23.9).

CIRRI

The internal structure of the cirrus (Fig. 
24.1) is the same in isocrinids and feather 

Fig. 21. Chambered organ. 1, Metacrinus sp., juvenile specimen, cross section through stalk with coelomic tubes, 
arrows point to secretory cells, tco=tubes of chambered organ, scale bar 50 µm. 2, Capillaster multiradiatus (Lin-
naeus 1758), cross section, chambered organ deviating from usual pentamery, co=chambers, scale bar 200 µm. 3, 
Oligometra serripinna P. H. Carpenter, 1881b, sagittal section showing the two compartments of the chambered 
organ, the bulbous part (bp) with the oral extensions (oe) and the labyrinthic part (lp), aog=aboral ganglion, scale 
bar 100 µm. 4, Clarkcomanthus albinotus Rowe, Hoggett, Birtles, & Vail, 1986, sagittal section, oral extensions 
(oe) of the chambers traverse the rosette together with the tubular axial organ (tax), co=chambers, scale bar 50 µm. 
5a–5b, Comatella nigra P. H Carpenter 1888, cross section through the chambered organ with five septa radiating 
from the center, which contains the tubular axial organ (tax) and the central hemal column (chc). Note the purple 
secretory globules (sph) accumulated in the lumina of the chambers may also be found within the coelotelium at 
higher magnification (5b), scale bars 100 µm in 5a, 10 µm in 5b. Staining: Toluidine blue in 1, 3, 4 and 5a–b, 

Hemalum-Eosin in 2. Images new, by authors.
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Fig. 22. Chambered organ of an isocrinid. See explanation on facing page.
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Fig. 23. Chambered organ of feather stars. 1–6, Antedon bifida Pennant 1777. 1–2, Ortho slices of the calyx of 
µCT data. 1, Horizontal section at the level of the radials, as=axial sinus, co=chambers of the chambered organ. 
2, Sagittal section, radial on the left side, an=arm nerve, cc=canals of cirral nerves, rc=ring commissure. 3–6, 3D 
models from µCT data; 3, oral view; 4, Slightly oral view, oe=oral extensions. 5, Lightly obliquely aboral view, 
bp=bulbous part of chambers, lp=labyrinthic part of chambers. 6, Aboral view with the labyrinthic part in a less 
detailed version. 7–9, Leptometra celtica M’Andrew & Barrett, 1857, 7 and 8, bulbous part. 9, Labyrinthic part. 
7, Horizontal section showing five chambers at their maximum extension, embedded in the aboral ganglion (aog), 
separated from each other by septa (s) containing dark blue stained hemal lacunae (h). The chambers are unusually 
densely filled with secretory spherules that stain red by metachomasia. 8, 3D model, viewed slightly obliquely from 
oral, arrows point to the cusps of the bulbs, cob=chambered organ bulbous part, oex=oral extentions, tax=tubular 
axial complex. 9, Horizontal section of the labyrinthic part, showing numerous baton-like continuations of the 
septal tissue with dark blue hemal lacunae (h) alternating with aboral folds of the chambers marked by the red 
secretion, col=chambered organ labyrinthic part, cl=prospective cirral lacuna. Staining: Toluidine blue. All scale 

bars 100 µm. Images new, by authors.
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stars, regardless of their radiation from an 
isocrinid nodal or from a feather star centro-
dorsal. A hemal lacuna runs internally and is 
bounded by two celomic tubes, one of which 
is typically oral and the other aboral. This 
combination of three tubes forms the central 
cirral unit. This is sheathed by the cirrus 
nerve; together they form the cirrus bundle 
(Fig. 24.1). In proximal regions, the hemal 
lacuna typically occurs with a wide lumen, 
whereas there is no internal space in the 
periphery. Amebocytes occur in high density 
in places on the surface of the cirral nerves 
(Fig. 24.1, 24.3) but rarely in the lacuna.

Cirral roots

Isocrinida. The fine structure of cirrus 
rooting was analyzed by Grimmer, Holland, 
& Hayami (1985) using Metacrinus rotundus 
P. H. Carpenter & L. von Graf, 1885 as 
an example. These will be briefly presented 
here, together with an illustration of Endoxo-
crinus (Diplocrinus) sibogae (Döderlein, 
1907) (Fig. 25). The cirrus articulates at the 
nodal ossicle; this is also the level where the 
aforementioned cirral bundles radiate from 
internal structures of the stalk. The hemal 
lacuna is in continuity with the central 
hemal column. Both coelomic tubes arise 
from the same aboral somatocoelomic tube. 
On their way out, tubes and lacuna cross the 

stalk nerves, from which its branches give 
rise to the actual cirral nerves.

Not shown in the figure, on the side oppo-
site to the hemal lacuna, the coelothelia are 
enriched with neurons and nerve fibers and 
form a considerable intraepithelial nerve 
plexus in addition to the external cirral nerve.

At the aboral margin of the basalia, new 
nodalia develop even after maturation. 
There, the outgrowth of coelomic tubes can 
be observed (Fig. 22.4–22.5, Fig. 25.10).

Feather stars. In feather stars, the laby-
rinthic part of the chambered organ is the 
source of new cirri. At the cusp of a bulb 
(Fig. 29.7–29.8), pairs of new central cirral 
units form. In the 3D model presented here 
(Fig. 26), the pairs were tracked along their 
hemal lacunae, which have recognizable 
lumina from the beginning (although they 
appear as solid red strands in the model, see 
Fig. 31.3, p. 30). In the specimen of Lepto-
metra celtica M’Andrew & Barrett, 1857 
examined here, all and even tiny coelomic 
lumina could be tracked because of the 
presence of the metachromatically staining 
secretion used. 

There are further details observed in this 
species. The developing coelomic tubes 
initially are compressed with a minute 
flat lumen and become only secondarily 
provided with a distinct lumen. The two 

Fig. 24. Feather star cirri. 1, Himerometra robustipinna P. H. Carpenter, 1881a, transverse section through a cirral 
bundle crossing the centrodorsal stereom (ste), cn=cirral nerve, cl=cirral lacuna, a and b=coelomic tubes, scale bar 
20 µm. 2–3, Dorometra nana (Hartlaub, 1890). 2, Longitudinal section through a budding cirrus, cirral bundle 
between arrowheads, scale bar 50 µm. 3, Transverse section through a cirrus near an articulation, the cirral nerve 
(cn) and the amebocytes (ac) are most conspicuous, scale bar 50 µm. 4, Leptometra celtica M’Andrew & Barrett, 
1857, horizontal section through the aboral ganglion below the chambered organ with double tracks of central 

cirral units, scale bar 100 µm. Staining: Toluidin blue in 1 and 4, Azan in 2 and 3.

COE 15 = Fig. 20
COE 20 = Fig. 21
COE 21 = Fig. 22
COE 22 = Fig. 23
COE 23 = Fig. 24
COE 24 = Fig. 25
COE 25 = Fig. 26
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central cirral units look similar to twins 
arising from slightly different planes in the 
oral-aboral direction (Fig. 26.5). Further-
more, the coelomic lumina of level “b” (in 
Fig. 26) belong to the aboral tube of the 
oral central cirral unit and simultaneously 
to the oral tube of the aboral central cirral 
unit. After emergence from the bulb, one 
central cirral unit (CCU) turns to the right, 
the other to the left. Thus, in horizontal 
sections through the deep aboral ganglion, 
the central cirral units have a staggered 
double track pattern (Fig. 24.4).

Function of cirri. The function of cirri 
in both isocrinids and feather stars is loco-
motion and/or holding the animal to the 
substratum. Video recordings (Birenheide & 
Motokawa, 1995) showed that active cirrus 
movements can be triggered by irritation of 
the animal. Because no muscle cells can be 
detected in a cirrus, various mechanisms for 
the active movement have been suggested 
(reviewed by Baumiller & Janevski, 2011), 
including hydraulic pressure in the coelomic 
tubes (Teuscher, 1876). Most substantial, 
however, is the assumption of neural control 
of the mutual connective tissue in the liga-
ments (Birenheide, Yokoyama, & Moto-
kawa, 2000), see Section VII. 

III. HEMAL SYSTEM
Like other echinoderms, crinoids have 

a hemal system (Fig. 27), but circulating 

blood is missing. However, true circulation 
is possible—and actually takes place—in 
fluid filled coelomic spaces (see Somatocoel 
in Section II, p. 8. In addition, a system 
of interconnected spaces exists in crinoids 
called the hemal system, which contains its 
own matrix.

The hemal matrix consists mainly of a fine, 
granular glycoprotein substance with a lipid 
component and also collagen fibrils. In addi-
tion, various types of amebocytes (compa-
rable to blood cells) are present. The viscosity 
of the matrix is assumed to be too high to 
be kept moving in the small lumina of the 
lacunae and vessels. However, the hemal net 
provides a conduit for amebocytes to travel 
to almost all parts of the body. According to 
Grimmer and Holland (1979), this should 
be assumed to be the main function of the 
hemal spaces of crinoids (but there may be 
other functions, which are discussed at the 
end of this section). 

The entire connective tissue space, skel-
eton included, is bordered all around by the 
basal laminae of various epithelia or coelo-
thelia—this also applies to each hemal space, 
with minor exceptions. Therefore, hemal 
spaces may be regarded as a special part of 
the connective tissue—also due to the rare 
places where hemal space and connective 
tissue meet directly. 

Both hemal lacunae and hemal vessels 
lack an inner cell layer comparable to the 

Fig. 25. Cirri of isocrinid crinoids. 1, Endoxocrinus sibogae (Döderlein, 1907), cross section of the stalk at a nodal 
level with five radiating cirral bundles, a=tubes of the chambered organ, scale bar 200 µm. Staining: Toluidine blue. 
2a, Schematic longitudinal section of the stalk. 2b, Cross section of a cirrus. Abbreviations: a=oral coelomic tube, 
b=aboral coelomic tube, ac=accumulated amebocytes, cb=cirral bundle, chc=central hemal column, cl=cirral lacuna, 
cn=cirral nerve, ste=stereom, stn=stalk nerve, tax=tubular axial complex, blue line=coelothelium (modified from 

Grimmer, Holland, & Hayami, 1985, fig. 1,D–E).
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endothelium of mammalian blood vessels. 
Lacunae are typically connective tissue 
spaces bounded by basal laminae of two or 
more epithelia or coelothelia (Fig. 28.1–
28.2), or in some places they merge directly 
into connective tissue. Vessels are formed 

only by eversions of the coelothelium and lie 
freely in somatocoelomic caverns. In some 
places, a tiny stalk connects the vessel to the 
wall of the cavern (Fig. 28.3). A schematic 
overview of lacunae and vessels is provided 
on p. 30 (Fig. 32).

Fig. 26. Roots of two new cirri in Leptometra celtica M’Andrew & Barrett, 1857, 3D model. 1, Lateral view of 
the five bulbs around the central hemal column (note that the anterior bulb started to form new cirri). 2–4, Closer 
look at internal structures through the transparent gray coelothelium, coelomic lumina in shades of green, the more 
aboral, the darker green, hemal lacunae red; a, b, and c=levels of coelomic lumina. 2, Oral view; 3, oblique aboral 
view; 4, horizontal view showing superjacent levels of coelomic lumina and hemal lacunae. Images new; by authors.
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LACUNAE
Lacunar Walls

As mentioned earlier, the lacunar space 
may be in direct contact with the actual 
connective tissue. Such sites are, for instance, 
the peripheral margin of lacunae in the septa 
of the chambered organ (Fig. 29.3, Fig. 
29.5b) or both lateral margins of a cirral 
lacuna (Fig. 24.1). 

Typically, however, a lacunar space follows 
the course of the limiting epi- or coelothelia. 
Accordingly, there are a variety of lacunar 
shapes.

TYPES OF LACUNAE

In general, every space naturally extends 
in three dimensions. However, in simple 
lacunae, one dimension may predominate, 
resulting in tubes or ribbons. When two 
dimensions predominate, laminae result. 
When all three dimensions are well repre-
sented, voluminous spaces result.

Fig. 27. Locations of major hemal spaces in a sche-
matized feather star with A ray on the right and CD 
interray on the left. Hemal vessels and lacunae in pale 
pink, vessels of the spongy organ (spo) in bright red. 
Labels: sel=subesophageal lacuna, rl=radial lacuna, gv= 
genital vessel, sil=subintestinal lacuna, av=axial vessel 
surrounding the axial tubules, chc=central hemal col-
umn, cl=cirral lacuna. (modified from original drawing 

in Heinzeller & Welsch, 1994, fig. 10B).

Fig. 28. Lacuna (1 and 2 ) vs. vessel (3a and 3b). 1, Antedon mediterranea (Lamarck, 1816), lacuna (red ) between 
the intestinal epithelium (ie) and the coelothelium bounding the somatocoelomic cavern (soc), il=intestinal lumen, 
scale bar 50 µm; 2, Himerometra robusstipinna P. H. Carpenter, 1881a, lacuna between intestinal epithelium (ie) 
and coelothelium (ct), ac=amebocytes, scale bar 25 µm; 3a, Antedon mediterranea, large hemal vessels (hv) in so-
matocoelomic caverns (soc), arrows mark stalk-like contact with cavern wall, scale bar 50 µm; 3b, detail of the vessel 
shown in 3a with the single-layered coelothelium (ct) and what appears to be an inner ‘layer’ of amebocytes (ac); 
hl=hemal lumen, scale bar 10 µm. Staining: 1, VIP antibody, Hemalum, 2–3, Toluidine blue. Images new, by authors. 
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Unidimensional lacunae

Unidimensional lacunae are present in 
cirral canals (Fig. 29.2). These lacunae are 
formed by twins of somatocoelomic tubes 
enclosing a lacuna that is elliptical to almost 
circular in cross section (Fig. 24.1). Another 
approximately unidimensional lacuna is the 
ribbon-shaped lacuna between the food 
groove epithelium and the hydrocoelomic 
epithelium (Fig. 29.1). This lacuna is typi-
cally highest in its middle and flattens out on 
either side. It accompanies the food groove 
and extends to the finest tips of pinnules and 
even the tentacles. In the opposite direction, 
it leads to the mouth region, where it joins 
the lacunae of the other arms.

Laminar peri-intestinal lacuna
The lacunae below the food grooves 

merge into the periesophageal and further 
into the peri-intestinal hemal lacuna (Fig. 
28.2). Because the hydrocoelomic epithelium 
terminates in the periesophageal ring, in the 
continuing peri-intestinal lacuna the outer 
boundary is represented by the somatocoelomic 
epithelium. The resulting lacuna encloses the 
entire gut except for the anal cone. On one 
hand, this lacuna envelops the gut as a lamina, 
but it also follows its spiral course.

Voluminous central hemal column
A very voluminous lacuna is the central 

hemal column, located within the aboral 
ganglion of feather stars, aboral to the rosette. 

Fig. 29. Lacunae. 1, Antedon mediterranea (Lamarck, 1816), ribbon-shaped lacuna (asterisk) between food groove 
epithelium (fge) and hydrocoelomic epithelim (hce), scale bar 25 µm; 2, Himerometra robustipinna P. H. Carpenter, 
1881a, longitudinal section through two tube-shaped lacunae (asterisks) connecting cirri with the central hemal 
column, soc=somatocoel. scale bar 25 µm. 3–5b, Leptometra celtica M’Andrew & Barrett, 1857, central hemal 
column. 3, 3D model of the very voluminous aboral central hemal column with radiating cirral lacunae (cl), scale 
bar 100 µm. 4, Oral view of two bulbs of the chambered organ (gray) with the central hemal column (chc) in the 
middle and septa (s) between the bulbs, scale bar 100 µm. 5a, Horizontal section of the chambered organ show-
ing two adjacent chambers (co), scale bar 50 µm. 5b, Magnified area marked by the rectangle in 5a, the hemal 
space (dark blue) is triple bounded, first by the epithelium of the axial tubules (tax), second by the epithelium of 
the chambers, and third by the septal connective tissue (ct), scale bar 25 µm. Staining: 1, 2 and 5: Toluidin blue. 

Images new, by authors
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There, the connective tissue surrounds the 
body axis. It is largely devoid of cells, creating 
the large central hemal column. Oral of the 
rosette, within the axial sinus, this hemal 
column continues as a large vessel containing 
the axial tubules (Fig. 32.2).

In isocrinids, the equivalent of this lacuna 
extends deep into the stalk until the most 
distal cirri-bearing nodal. There the column 
is narrow and elongate, forming radially 
arranged quintuple lacunae in each node. 
In contrast, in comatulids the space within 
the centrodorsal is narrow, and consequently 
the central hemal column extends only from 
the rosette to the base of the aboral ganglion. 
There, the column forms numerous cirral 
lacunae, which, because labyrinthically inter-
twined, contribute to the overall appearance 
of a rhizome (Fig. 29.3).

Formation of cirral lacunae
Two lacunae of the interradial lacunae 

(mentioned in Section II), together form a 
single cirral lacuna in a rather complicated 
way. After emerging from each of two adja-
cent septa, each interradial lacuna divides 
into a left and a right strand. The right 
strand of the first and the left strand of the 
second finally meet at the radius (Fig. 30.3–
30.4). The actual cirral lacuna rises from 
this meeting point of the two strands. In 
conjunction with two somatocoelomic tubes 
and the cirral nerve, the cirral lacuna extends 
outward. Along the way, these composite 
structures bend slightly, alternatively to the 
left or to the right, resulting in a V-shaped 
arrangement in a horizontal plane (Fig. 24.4). 

The pattern of lacuna development reflects 
the development of new cirri. For each 
new cirrus, a lacuna is formed, and the 
new lacuna always arises orally from the 
previous one. The new lacunae become larger 
than the previous ones as the animal grows 
larger during life. The sets of hemal strands 
and lacunae are interleaved one above the 
other. The succession of these generations 
of cirral lacunae is shown here (Fig. 30.3–
30.4). Some of the very early generated 
cirral lacunae terminate blindly within the 

centrodorsal, as A. H. Clark stated in 1921, 
p. 321: “...these are the last traces of cirri 
which have become obsolete and have been 
discarded.” The combination of the two, 
aborally the central hemal column and orally 
the large vessel in the axial sinus, provides a 
continuous hemal connection along the long 
axis of the animals. It might be considered a 
pathway for amebocytes.

VESSEL TYPES
Type 1

Type 1 vessels run freely through wide 
coelomic caverns (Fig. 28.3, Fig. 31.1). 
Their wall consists only of the coelothelium. 
Such vessels contain only hemal matrix and 
amebocytes, which in certain cases appear 
to creep along the coelothelial basement 
membrane, giving the impression of an 
additional inner layer (Fig. 28.3b). Other 
amebocytes may be located in the center 
of the vessel lumen. The diameter of such 
vessels ranges from 5–50 µm. Type 1 vessels 
occur in the oral somatocoel and are concen-
trated in the spongy organ (see below). 

Type 2
Type 2 vessels enclose epithelial tubes. 

This is true in two organ complexes. First, 
in the genital complex, the vessel encloses 
the genital tube, either non-gametogenic or 
gametogenic or differentiated into gonads 
(see Fig. 57.1–57.4). Second, in the axial 
complex, a very wide vessel encloses the tree 
of axial tubes (Fig. 31.2). The diameter of 
the genital vessels ranges from approximately 
30 µm to 1 mm. The axial complex may be 
even larger, shown by Holland (1970) in 
Nemaster rubiginosa Pourtalès, 1869 to be 
a giant hemal vessel. In contrast, this large 
vessel in Himerometra robustipinna P. H. 
Carpenter, 1881a has been interpreted by 
Ezhova and Malakhov (2020) as a plexus 
of multiple vessels.

SPONGY ORGAN

The spongy organ (labial plexus, spongy 
body) represents a particular domain of 
the somatocoelomic caverns of feather 
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stars and isocrinid crinoids, rich in hemal 
vessels. Its main part lies subtegminally 
in the CD interray in close proximity to 
the esophagus and may surround it. The 
structural composition of the spongy organ 

changes gradually from the oral to the aboral 
end. The oral part is an accumulation of 
hemal type 1 vessels (Fig. 33.3–33.4). Such 
a conspicuous oral part of the spongy organ 
has been present in adult specimens of all 

Fig. 30. Leptometra celtica M’Andrew & Barrett, 1857, 1–3, 3D models of the chambered organ and its hemal 
apparatus. 1, Oral view of bulbs (gray) surrounding the central hemal column (red ), with the axial tubules enclosed 
(green); 2, central hemal column (chc), hemal septa (s), and hemal strands arising from the septa; 3, oblique oral 
view of the aboral part of the central hemal column from which the youngest four cirral lacunae arise (“d” marks 
the current one). Lacunae older than “d” have a decreasing rosy to gray color. 4, Schematic illustration of the oral 
view of that aboral part of the central hemal column with hemal strands pattern. The white asterisk in 3 and 4 marks 

the origin of the cirral lacuna “d .” Images new, by authors.
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feather stars studied so far, as well as in the 
bathycrinid Caledonicrinus vaubani Avocat 
& Roux in Améziane-Cominardi & others, 
1990 (Heinzeller, Welsch, & Améziane, 
2010). Vessels of the oral spongy organ open 
into the subesophageal and initial subintes-
tinal lacunae.

Further aborally, the spongy organ narrows 
to a kind of peduncle that runs in close 

contact with the axial tubules. In Promacho-
crinus kerguelensis P. H. Carpenter, 1879, 
the axial tubules almost enclose the deep 
spongy organ (Fig. 33.6). 

In this part, there are only a few larger 
hemal vessels, which are mainly located at 
the edge of the organ that is not covered by 
axial tubules. The vessels that emerge from 
the deep spongy organ ascend orally, increase 

Fig. 31. Type 1 and type 2 hemal vessels. 1a, Metacrinus sp. juvenile, horizontal section showing a long, curved type 
1 vessel in a cavern of the subtegminal net (stn), arrowheads point to stone canals, scale bar 100 µm; 1b, magnified 
detail of 1 showing the small lumen of the vessel (arrows, yellow filling), scale bar 50 µm. 2, Caledonicrinus vaubani 
Avocat & Roux in Améziane-Cominardi & others, 1990, axial tubules (tax) embedded in a type 2 vessel, most of 
the hemal lumen filled in yellow, cep=coelomic epithelium, as=axial sinus, scale bar 50 µm. Images new, by authors.

Fig. 32. Schematic illustration of hemal space types. White capitals: A=subintestinal lacuna, B=lacuna in the connec-
tive tissue of a trabecula between somatocoelomic clefts, C=vessel in contact with connective tissue; in such locations 
lacunae and vessels may have open connections. D=type 1 hemal vessel, E=type 2 hemal vessel. ct=connective tissue, 
soc=somatocoel, cep=coelomic epithelium, int=intestinal epithelium, tub=epithelial tubule. Image new, by authors.
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in number, and finally assemble in the oral 
spongy organ.

REICHENSPERGER’S ORGAN

Reichensperger’s organ, originally described 
by Reichensperger in Pentacrinus decorus 
(currently Neocrinus decorus Thomson 1864) 
in 1905 (Fig. 34.1), apparently replaces 
the aboral spongy organ of feather stars in 
isocrinid crinoids (Welsch, Heinzeller, & 
Holland, 1994). Aspects of location, shape, 
and size, in particular the relationship to the 
tubular axial organ, are treated in detail in 
Section IV (Fig. 42). The main part of this 
organ consists of a pad of densely packed 
specific cells (Fig. 34.2, Fig. 34.5). The pad 
is covered all around by the coelothelium. 
The coelothelium is deeply ingrown into the 
organ and preforms hemal lacunae and/or 
vessels. Oral of the Reichensperger’s organ, 
there are relatively large hemal vessels (Fig. 
34.3–34.4) that resemble the accumulated 
vessels in the spongy organ of feather stars. 
The cells that are specific to this organ are 
large and contain spherical nuclei. Based on 
their electron microscopic pattern, it must 
be assumed that these cells produce either 
matrix components or hemal substances 
(Welsch, Heinzeller, & Holland, 1994). 
Amebocytes are widely scattered among 
the specific cells. This is consistent with 
Cuénot (1948), who also considered the 
spongy organ of feather stars as the source 
of amebocytes.

FUNCTION OF THE HEMAL 
SYSTEM

The function of the entire hemal system, 
and in particular that of the spongy organ 
and the Reichensperger’s organ, is still under 
debate. Not even the seemingly self-evident 
conclusion that these two organs are vasculo-
genetic has been proven beyond doubt. 
Vasculogenesis may also occur at other sites, 
possibly related to functional or develop-
mental requirements. A candidate for this, for 
example, is the CD int`erray, where primor-
dial germ cells arise early during development 

(Russo, 1902; Fedotov, 1930). The genital 
hemal vessels and associated genital strands 
appear to be required for the translocation of 
these cells to the peripheral gonads.

However, morphology alone does not 
seem to be adequate to clarify the question of 
the function of the hemal system, as various 
interpretations have been considered on the 
basis of purely morphological observations. 
The function was assumed as a site of amebo-
cyte origin (Cuénot, 1948) to provide path-
ways for amebocytes throughout the animal 
(Grimmer & Holland, 1979), to be osmo-
regulatory (Balser & Ruppert, 1993), and 
to be secretory, possibly for hemal substances 
(Heinzeller & Welsch, 1994).

Of course, there could be further possi-
bilities of function. For example, it cannot 
be ruled out that the crinoid hemal system 
serves to store nutrients, as in other echino-
derm classes, e.g., starfish (Chia & Koss, 
1994). 

IV. AXIAL ORGANS
In most crinoids, an elongated structure 

has been observed near the central axis of the 
calyx (Bals & others, 1990; Heinzeller, 
Welsch, & Améziane, 2010), traditionally 
called the axial organ or axial gland. This 
organ extends from the depth of the stalk 
(or of the centrodorsal ossicle in feather 
stars) to the subtegminal region of the calyx. 
It is bounded all around by a coelothe-
lium. Its most striking feature consists of 
enclosed epithelial tubules. The axial organ 
is formed early during development; it is 
already present in the pentacrinoid larva 
(Grimmer, Holland, & Kubota, 1984).

The tubules inside the organ resemble 
secretory tubules. For this reason, the organ 
has been interpreted as a gland (Hamann, 
1889: drüsiges Organ; Hyman, 1955: axial 
gland). Electron microscopic studies have 
confirmed this interpretation (Holland, 
1970). Overall, the tubules form a tree with 
a slender trunk in the aboral part and the 
crown in the oral part. Parts of the spongy 
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Fig. 33. Spongy organ. 1 and 2, Dorometra nana (Hartlaub, 1890), 3D model: 1, oral view, most of the organ 
(orange) lies in the CD interray and surrounds the deep esophagus (es) and upper stomach (sto); 2, aboral view, in 
the A ray the spongy organ touches the tubular axial organ (green). 3a, Antedon mediterranea (Lamarck, 1816), radial 
section through the CD interray; the hemal vessels (hv) are concentrated near the esophagus in the somatocoelomic 
subtegminal net (asterisks), scale bar 50 µm; 3b, details at higher magnification,hl=hemal lumen, ct=coelothel, 
ac=amebocytes, scale bar 20 mm. 4–6, Promachocrinus kerguelensis P. H. Carpenter, 1879; 4, horizontal section 
just below the tegmen with wide, branched vessels (arrows) of the spongy organ, scale bar 50 µm; 5, slightly further 
aborally sectioned, numerous vessels (arrowheads) with blue basement membranes clearly visible towards the vessel 
lumen, scale bar 50 mm; 6, horizontal section near the aboral end of the spongy organ (spo) where it is almost 
completely surrounded by the tubular axial organ (tax); hemal vessels (arrows) are only at the uncovered edge, scale 

bar 500 µm. Staining: Toluidine blue in 3, Azan in 4, Alcian blue-Azocarmine in 5–6. Images new, by authors.
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organ and the Reichensperger’s organ are 
attached to the axial organ.

AXIAL ORGAN
Feather stars, oral part, above the rosette. 

Through the central hole of the rosette, like 

through a bottleneck, the tubules orally rise 
(Fig. 35.2). The tubules running through the 
rosette may be only few in small species as in 
Dorometra nana (Fig. 38.3) or numerous in 
large species as in Promachocrinus kerguelensis 
(Fig. 37.1–37.2). 

Fig. 34. Reichensperger’s organ, histology. 1, Original drawing by Reichensperger (1905, pl. III, fig. 1), a=glandular 
organ, b=lumen of the sac containing hemal vessels, c=cell cushion. 2–5, Metacrinus levii (Améziane-Cominardi 
in Améziane-Cominard & others, 1990), adult specimens, horizontal sections: 2a, section at about half calyx 
height, tax=tubular axial organ, sac=coelomic space, rei=Reichensperger’s organ, hv=hemal vessels, eso=esophagus, 
scale bar100 µm. 2b, higher magnification of area marked in black in 2a, showing deep fissures on the inner sur-
face of Reichensperger’s organ and hemal vessels in the lumen of the sac, arrowheads point to the coelothelium, 
ct=connective tissue islet, scale bar 50 µm. 3, section above the oral end of Reichensperger’s organ, arrowheads 
point to stone canals, arrows to hemal vessels contributing to the spongy organ and representing oral continuation 
of those shown in 4, scale bar 50 µm. 4, section slightly further aboral than 3, showing a cluster of large hemal 
vessels (arrows) arising from the Reichensperger’ organ, scale bar 25 µm. 5, deep aboral section of Reichensperger’s 
organ (rei), many hemal vessels (arrows) emanate from its edge, scale bar 100 µm. Staining: Toluidine blue in 2–4, 

Hemalum-Eosin in 5. Images 2–5, new, by authors.
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Above the rosette, within the axial sinus, 
the tubule bundle pivots from the axis into 
the AB interray (Fig. 36.3) and eventually 
approaches the esophagus (Fig. 36.3–36.4). 
A 3-D model of the tubular axial organ of 
feather stars, along with the spongy organ 
and esophagus is included herein (Fig. 36, 
Fig. 41).

The ascending tubules lie inside a large 
type 2 hemal vessel (see Section III, Fig. 
32.2), which in turn is surrounded by 
the axial sinus (Fig. 35.2). The tubular 
complex progressively branches from aboral 
to oral: budding, outgrowth, elongation, 
and branching are observed, and it seems 
likely that proliferation and differentiation 
of progenitor cells take place. Toward the 
oral end, the organ reaches its maximum 
size and highest differentiation (Fig. 37); 
at that point the columnar epithelium has 
grown large and completely fills the lumen 
of the tubule in many places. Most epithe-
lial cells respond positively to Periodic Acid 
Schiff stain (PAS), indicating the produc-
tion of mucopolysaccharides. In addition, 
ultrastructural data clearly indicate a secre-
tory function, probably of components of 
the hemal substance (Holland, 1970). 
However, this so-called gland lacks an excre-
tory duct, and it must be assumed that the 
product of the cells is discharged directly 
into the surrounding hemal space or taken 
over by amebocytes. However, such a func-

tion has not yet been demonstrated by physi-
ological examination.

Feather stars, aboral part, below the rosette. 
In the aboral section of the axial organ, the 
tubules are embedded in the central hemal 
column (see Fig. 30.5). The central hemal 
column and tubules penetrate deeply into 
the basal plate of the aboral nerve ganglion, 
where the aboral tips of the axial tubules are 
present (Fig. 40.1).

A tubular axial organ consisting of both the 
oral and the aboral parts, as described here, 
is present in all feather star species studied so 
far (in adults of the genera Antedon, Comac-
tinia, Comatella, Comatula, Clarkcomanthus, 
Davidaster, Himerometra, Oligometra, Proma-
chocrinus) and in the pentacrinoid larvae of 
Leptometra and Oxycomanthus (Heinzeller, 
Welsch, & Améziane, 2010).

ISOCRINIDS
Within the axial sinus, the tubular axial 

organ resembles that of feather stars (Fig. 
39.1–39.3). Below this, a few or simply 
one axial tubule descend into the stalk (Fig. 
39.4–39.5), accompanied by the tubules 
of the chambered organ and by the central 
hemal lacuna, identical to the central hemal 
column of feather stars.

OTHER STALKED CRINOIDS
The axial organ of most other stalked 

crinoids seems to differ little from that of 
isocrinids.

Fig. 35. Axial organ, mediosagittal sections.1, Antedon mediterranea (Lamarck, 1816), scale bar 200 µm. 2, Clarkco-
manthus albinotus Rowe, Hoggett, Birtles, & Vail, 1986, axsin=axial sinus, tax=tubular axial organ, co=chambered 
organ, , scale bar 100 µm. 3, Comatella nigra P. H Carpenter 1888, arrows point to individual tubules, arrowhead 
points to the coelothelium, scale bar 25 µm. Labels: axsin=axial sinus, tax=tubular axial organ, co=chambered organ, 

ros=rosette. Staining: PAS in 1, Toluidin blue in 2 and 3. Images new, by authors.
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Order Comatulida, Suborder Bourgeti-
crinina. One species from this comatulid 
suborder (Caledonicrinus vaubani) has a 
voluminous axial organ high in the calyx (Fig. 
40.1). In the very slender Democrinus chuni, 
the entire system consists of very few tubules 
even in its widest part; (Fig. 40.2), in Demo-
crinus conifer A. H. Clark,1909b the tubules 
can be traced far downward into the stalk 
(Grimmer, Holland, & Messing, 1984).

Order Hyocrinida. Calamocrinus diomedae 
Agassiz, 1890 has been reported (Holland, 
Grimmer, & Wiegmann, 1991) to possess 
both an axial gland of the isocrinid type and 
a Reichensperger’s organ (see p. 40).

Order Cyrtocrinida. In species of the 
genera Holopus and Cyathidium (both in 
the family Holopodidae), the axial gland is 
completely absent (Grimmer & Holland, 
1990; Heinzeller & Fechter, 1995). 

Fig. 36. Dorometra nana (Hartlaub, 1890), 3D models of tubular axial organ (green), spongy organ (orange), 
esophagus and proximal sections of food grooves (bronze), dashed line=body axis, A–E represent rays. 1, Oral view 
with spongy organ closely attached to the esophagus. 2, like 1, but without esophagus and food grooves, it becomes 
visible that the most voluminous part of the spongy organ is located in the CD interray. 3, Aboral view showing 
the displacement of the axial organ from its aboral beginning exactly in the body axis to the B ray. 4, Lateral view. 

Images new, by authors.
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However, in Neogymnocrinus richeri (Bour-
seau, Améziane-Cominardi, & Roux, 
1987) (Suborder Cyrtocrinina, Family Sclero-
crinidae), the axial sinus contains what can be 
considered an axial organ based on its posi-
tion, although the presence of true tubules has 
not been fully clarified (Fig. 40.3).

RELATIONSHIP AXIAL ORGAN: 
ATTACHED ORGANS 

Although the spongy organ is part of the 
hemal system (see section III), its oral-aboral 
differentiation needs to be addressed in more 
detail in relation to the axial organ, because 
this relationship is different in feather stars 
and isocrinids. For this purpose, it is neces-
sary to briefly review the history and defini-
tion of the term spongy organ.

Spongy organ, oral part
Perrier (1886) described the assembly 

of vessels around the esophagus as a labial 
plexus of a “spongy tissue.” P. H. Carpenter 
(1884) removed part of this labial plexus and 
designated it as the spongy organ. Carpen-
ter’s topological description of the spongy 
organ proves that it is identical to the most 
voluminous part of the spongy organ in our 
3D models in the CD interray. This desig-
nation is consistent with that of Holland, 
Grimmer, & Wiegmann (1991, p. 130), 
who described it as “a hypertrophied region 
of the circumesophageal haemal plexus.” 

Feather stars, aboral part of the spongy 
organ. As already shown by early authors, the 
spongy organ belongs to a vascular system 
that not only spreads around the esophagus 

Fig. 37. Promachocrinus kerguelensis P. H. Carpenter, 1879, transverse sections, growth and extension of the axial 
tubular tree: 1, below the rosette, scale bar 100 µm; 2, in the deep axial sinus, scale bar 200 µm; 3, at a slightly higher 
level than 2, scale bar 200 µm; 4, at a high oral level showing the tubules maximally differentiated with a strong PAS 
reaction of the basal cell compartments, scale bar 200 µm. Staining of 1–4: PAS-Hemalum. Images new, by authors.

Fig. 38. Dorometra nana (Hartlaub, 1890), aboral part of the axial gland, horizontal sections. 1, Roots of axial 
tubules in the aboral ganglion (aog), scale bar 100 µm, in inset 20 µm. 2, Five tubules in the central hemal column 
(blue), co=chambered organ, scale bar 100 µm, in inset 20 µm. 3, Two tubules passing through the rosette, rc=ring 

commissure, as=axial sinus, scale bar 100 µm, in inset 20 µm. Staining: Azan. Images new, by authors.
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Fig. 39. Axial organ of the isocrinid Metacrinus levii (Améziane-Cominardi in Améziane-Cominardi & others, 
1990), transverse sections of the body (1–3) and the oral most stalk region (4, 5). 1, Lateral part of the organ at its 
maximum size, tax=tubular axial organ, rei=Reichensperger’s organ, scale bar 200 µm. 2, Section in the plane of 
the ring commissure, parts of the tubular axial organ (tax) converge to the center, scale bar 200 µm. 3, Section near 
the aboral end of the axial sinus, arrows point to tubular cells in the periphery of the axial organ enclosed by the 
chambered organ (asterisk), scale bar 200 µm. 4a, Section aboral of the axial sinus, stn=stalk nerve, lig=ligament, 
scale bar 200 µm. 4b, Higher magnification of area marked in black in 4a with the axial organ (tax) now consist-
ing of only three tubules (asterisks), chambered organ reduced to five pipes, stn=stalk nerve, scale bar 20 µm. 5, 
Plane of the first cirri, stn=stalk nerve, the elements of the chambered organ (asterisks) begin to extend pointedly 
into the cirri, the tubules of the axial organ have become more slender, scale bar 20 µm. Staining: Toluidine blue. 

Images new, by authors.

Fig. 40. Axial organ, transverse sections. 1, Caledonicrinus vaubani Avocat & Roux in Améziane-Cominardi & 
others, 1990, tax=tubular axial organ, scale bar 100 µm; inset, higher magnification, densely packed tubules, scale 
bar 50 µm. 2, Democrinus chuni (Döderlein, 1907) in the center the sickle-shaped rectum with the very small 
tubular axial organ adhering (arrow in magnification), scale bars 50 µm and 10 µm, respectively. 3, Neogymnocrinus 
richeri (Bourseau, Améziane-Cominardi, & Roux, 1987), tax=presumed axial organ, scale bar 50 µm, in inset 

25 µm. Staining: Toluidine blue. Images new, by authors.



38 Treatise Online, number 182

Fig. 41. Promachocrinus kerguelensis, large adult specimen, 3D model of tubular complex (turquois), spongy organ 
(orange), and esophagus (bronze). 1, C ray view, aborally the tubular complex is anchored in the ventricular organ, 
ascends orally, turns toward the AB interray and terminates at about the level of the esophageal-midgut boundary 
(asterisk). The thin aboral part of the spongy organ nestles closely to the tubular complex. 2, Oblique oral view, 
the oral part of the spongy organ surrounds the esophagus with the main mass in the CD interray. 3, BC interray 
view; 4, D ray view; 5, AB interray view. Black arrows indicate the mouth opening with the direction of the influx 

of food particles. Image new, by authors.
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Fig. 42. Metacrinus sp., juvenile specimen, 3D model of tubular complex (turquois), spongy organ plus Reichens-
perger’s organ (orange), esophagus (bronze). At this development stage, the oral spongy organ still consists mainly 
of two large blood vessels (orange arrows in 4 and 6 ) growing out of the Reichensperger’s organ and beginning to 
surround the esophagus. 1,5a–5b, A ray views; 2, 3 and 4, CD interray views; 6, oral view, model cropped through 
the esophagus. In 1 and 2, black arrowheads mark the transition of the delicate tubular complex into the stalk. 2 and 
4, the surface of Reichensperger’s organ facing the intestine is quite smooth. Note that in 3 and 6, Reichensperger’s 
organ is enclosed between the esophagus and the axial organ. 5a and 5b, the surface of Reichensperger’s organ fac-
ing the axial organ is deeply fissured, numerous hemal vessels are attached and appear to be interconnected (also 

see Fig. 34,2 and 34,5). Images new, by authors.
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but also in the aboral direction. Balser 
and Ruppert (1993) referred to the spongy 
organ (spongy body in their terminology) 
as divided into two distinct regions, thereby 
defining an aboral part that lies lateral to 
the axial organ. This is true for the different 
feather stars studied by these authors and can 
also be observed in the material presented 
herein (Fig. 41.5–41.6). Like the oral part, 
the aboral part is also comprised of hemal 
vessels, which are smaller and denser the 
more aborally they are located.

Isocrinids, Reichensperger’s organ
As for the oral part of the spongy organ, 

there is little difference between feather 
stars and isocrinids. However, in isocri-
nids the aboral part is represented by the 
Reichensperger’s organ. In addition to the 
mass of hemal vessels, this organ consists 
of a large cushion of specialized cells (Fig. 
34). A corresponding structure does not 
seem to be present in feather stars. Thus, it 
seems justified to delineate this cell cushion 
as a “second kind of axial organ” (Holland, 
Grimmer, & Wiegmann, 1991, p. 130), 
rather than a spongy organ (Hyman, 1955).

V. NUTRITION
Crinoids are suspension feeders and collect 

particles by holding a fan-shaped catching 
device in the water current (Macurda & 
Meyer 1974; Meyer 1982). The fan consists 
of arms and pinnules and arrays of tube feet 
that border the food grooves. The smallest 
components of this fan, the tube feet (see 
below), are covered with a sticky secretion 
and capture suspended particles according 
to the aerosol suspension feeding theory 
(Messing, Ausich, & Meyer, 2021). 
Simple sieving of particles from the water 
flow that are larger than the space between 
the tube feet, thus hardly plays a role. In 
uniform flow, the fan usually is held in 
such a way that the aboral arm side faces 
the flow. During short current reversals, 
however, when the oral arm side faces the 
flow, feeding continues, although less effec-

tively (Holland, Leonhard, & Strickler 
1987). The food grooves convey food boluses 
toward the mouth. The total length of the 
food grooves, estimated from the number 
and length of the arms and pinnules, is enor-
mous. For example, it measures about 6.5 m 
in Antedon bifida and reaches almost 30 m 
in Promachocrinus kerguelensis and 35 m in 
Saracrinus angulatus P. H. Carpenter, 1884 
(see Heinzeller, 1998). With its long food 
grooves and elaborate detailed organiza-
tion, the suspension feeding fan of crinoids 
is highly efficient. All components of the 
feeding system—the epithelia of the fan, 
i.e., the tube feet and the food grooves, the 
mouth field with its tentacles, and finally the 
upper esophagus are all of ectodermal origin.

Tube feet / tentacles in general

In juvenile free-swimming animals, the 
food grooves are not yet accompanied by 
tube-feet arrays, but only by undifferentiated 
ridges. The only tube feet already developed 
(following the pentacrinoid stage) are 20 
perioral ones, also called mouth tentacles. 
They are derived from the secondary podia of 
the embryo and persist throughout the entire 
lifetime (Fig. 43). The five primary podia of 
the embryo define the rays and are integrated 
into the developing arms, where they form 
the radial canals of the water vascular system. 
These canals grow and divide in accordance 
with the arms. At the first point of divi-
sion, the canals form the first triads of tube 
feet. Further distally, toward the periphery, 
the tube feet grow out of the ridges along 
the food grooves. In adults, the proximal 
tube feet of the arms are indistinguishable 
in structure from the neighboring mouth 
tentacles. Therefore, the number of mouth 
tentacles often cannot be accurately deter-
mined. Determining the number of mouth 
tentacles is even more difficult when the 
confluence of food grooves has a somewhat 
irregular pattern (Fig. 46.1).

The mouth tentacles bend inward, which 
is probably facilitated by the contraction 
of strong myoepithelial cells (see Fig. 3.5). 
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The function of the mouth tentacles is the 
transport of particles into the esophagus.

Papillae

Both the brachial tube feet and the mouth 
tentacles are peppered with papillae. These 
are rod-like cell bundles ~20 µm long and 
a few µm wide. They have been studied in 
detail (Holland 1969; McKenzie 1992) 
and appear to be largely uniform among 
different taxa. In the center is a slender cell 
with a characteristic bundle of longitudinal 
microtubules that can already be resolved at 
the light microscopic level (Fig. 44.2b). This 
central cell is surrounded by approximately 
one dozen of other cells arranged in two 
circles. All these cells can be characterized 
as sensory-secretory. However, structures 
indicative of sensory function, predominate 
in the cells of the inner circle, whereas signs 
of secretion predominate in the cells of the 
outer circle (Fig. 44.3b). Apically, all these 
cells bear microvilli and a single kinocilium 

Fig. 43. Juvenile Leptometra celtica M’Andrew & 
Barrett, 1857, 3D model of mouth opening and anal 
cone. Mouth tentacles are solid and gold colored, other 
structures are transparent. Oral view of mouth opening 
(mo), anal cone (ac), and anal opening (ao). The arrow 
follows the axis of the anal cone. Italicized capital let-
ters mark the rays and position of the food grooves, the 
margins of which are structureless ridges at this stage. 

Image new, by authors.

Fig. 44. Tube feet. 1a, Antedon mediterranea (Lamarck, 1816), arm part with pinnules in back light illumination, 
scale bar 500 µm; 1b, higher magnification of area marked in white in 1a, showing bright large primary tube feet 
(arrows) and short secondary tube feet (arrowheads), scale bar 200 µm. 2–3, Cyathidium foresti Cherbonnier & 
Guille 1972, primary tube feet; 2a, longitudinal section of tip, p=papillae, n=nodules, scale bar 20 µm; 2b, terminal 
papillae at higher magnification, arrows point to the central bundle of microtubules, scale bar 10 µm; 3a, transverse 
section near base of tube foot, n=nodules, bm=basement membrane of the hydrocoelomic tube (ht), scale bar 20 
µm; 3b, papillae at higher magnification, red arrows indicate secretory granules, scale bar 10 µm. Staining in 2 and 

3: Azan. Images new, by authors.
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each. The nuclei of all papilla cells, except for 
the central cell, lie basally, causing a nodular 
thickening at the base of the papilla. Overall, 
the papillary nodules give the surface of the 
tube feet a tubercular appearance (Fig. 44.2–
44.3). The essential role of papillae in trap-
ping food particles was recognized (Byrne 
& Fontaine, 1981). However, despite the 
assumed sensory capacity of the papillae, 

there is no evidence that the particles are 
selected according to their nutritional value. 
Particles sticking to tube feet are wrapped in 
mucous secretion and delivered to the food 
groove for transport towards the mouth.

Brachial tube feet
Papillary secretions make the tube feet 

sticky, allowing them to catch unsorted 
particles. Tube feet are grouped into triads 

Fig. 45. Epithelium of the food groove. 1a, Comaster schlegelii P. H. Carpenter, 1881b, fg=food groove, arrows 
point to the fringe of kinocilia, b=food bolus, enp=ectodermal nerve plexus, scale bar 100 µm; 1b, area marked in 
1a, a=kinocilia, b=cellular junctions, c=basal bodies of kinocilia, scale bar 25 µm. 2a, Comaster schlegelii, slender 
blue cells extending from the basal lamina to the apical epithelial margin and presumably secretory, fg=food groove, 
hy=hydrocoelomic tube, enp=ectodermal nerve plexus, scale bar 100 µm; 2b, area marked in 2a, scale bar 25 µm. 3a, 
Neogymnocrinus richeri (Bourseau, Améziane-Cominardi, & Roux, 1987), certain segments of the food grooves 
are encapsulated by the arm skeleton all around; thereby the epithelium is basically of the same type all around, 
enriched with numerous goblet cells that turn metachromatically pink, scale bar 100 µm; 3b, area marked in 3a, 

scale bar 25 µm. Staining: PAS in 1, Alcian blue in 2, Toluidin blue in 3. Images new, by authors.
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predetermined by the hydrocoelomic triads. 
A tube foot triad consists of a large primary, 
a shorter secondary, and a very short tertiary 
tube foot (Fig. 44.1b). The primary and the 
secondary tube foot can be used to collect 
particles, while the tertiary tube foot mainly 
scrapes particles from the former two and 
directs the material into the ciliary tract in 
the food groove, where it clumps and forms 
food boluses. Such boluses are kept in the 
food grooves by the secondary tube feet and 
by short sections of the food groove rim 
called lappets. In the rim, the boluses are 
continuously transported down the food 
grooves and eventually reach the mouth. 
Under natural conditions, the mean length 
of primary brachial tube feet was determined 
to be 0.75 mm in several comasterid crinoids 
and 0.65 mm in several non-comasterid 
feather stars (Meyer, 1979). In fixed mate-
rial, tube feet are generally shorter because 
they are contracted. The highly coordinated 
interaction of tube feet has been studied 
in detail by Byrne and Fontaine (1983), 
LaHaye and Jangoux (1985a) and Holland, 
Strickler, and Leonhard (1986).

Food grooves
The food groove (or ciliary groove or nutri-

tional groove or, compared to other echino-
derms, ambulacral groove) is formed by a 
stripe of specialized epithelium (Fig. 45). It 
usually rests on a hemal lacuna (see Fig. 29.1), 
which in turn sits above the radial hydro-
coelomic tube. The single-layered epithelium 
consists of tall, very slender cells, some of 
which are secretory and others, by far the 
majority, bear a large kinocilium. By coor-
dinated beating, the dense lawn of kinocilia 
(Fig. 45.1) transports particles to the mouth. 
Neurons and fibers of the ectoneural nerve 
system are interspersed between the slender 
basal stems of the epithelial cells (Section VII).

Mouth
The confluence of the five main food 

grooves, which in the periphery assembled 
all the food grooves of pinnules and arm 
branches, defines the mouth opening. As 
mentioned earlier, the rows of brachial tube 
feet join the ring of commonly taller oral 
tube feet (mouth tentacles) surrounding the 
mouth opening (Fig. 46).

Fig. 46. Mouth field. Antedon mediterranea (Lamarck, 1816), two specimens in ethanol. 1a, Food grooves con-
verging to mouth opening, margins of food grooves and mouth densely armed with tube feet (contraction due to 
fixation), rays indicated by capital letters. In an unusual way, the food groove of D ray splits already at the edge of 
the mouth, that of E ray twice, mo=mouth opening, ao=anal opening, scale bar 1 mm. 1b, Higher magnification 
of area marked in white in 1a, arrows point to mouth tentacles, scale bar 500 µm. 2, Mouth with regular estuaries 
of all food grooves, es=esophagus, scale bar 500 µm; 3–4, anal cone at higher magnification; 3, axial aspect, arrows 

point to furrows, scale bar 250 µm; 4, oblique view, scale bar 250 µm. Images new, by authors.
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Fig. 48. Exocyclic species (see explanation on next page).

Fig. 47. Single-spiral intestine of an endocyclic crinoid. Antedon bifida Pennant 1777, 3D model from serial 
paraffin sections. 1, Oblique oral view from BC interray direction; 2, oral aspect; 3, aboral aspect, C and D mark 
rays. The green dashed arrow marks the path of food particles or metabolic end products from the mouth opening 
(mo) to the anal opening (ao). In 2 and 3 outgrowths and frills of the intestine wall are indicated by black arrows. 

Images new, by authors.
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ENDOCYCLIC AND EXOCYCLIC 
SPECIES

Regarding the position of the mouth, and 
in turn the anus, two anatomical arrange-
ment patterns are distinguished in crinoids 
(P. H. Carpenter 1884): endocyclic with 
the mouth in the center of the disk and an 
anal cone in the CD interray and exocyclic 
with the anus in the center of the disk, while 
the mouth is peripherally displaced into 
the AB interray. Stalked crinoids with their 
elongate bodies belong to the endocyclic 
type, as do the cyrtocrinids with their stout 
bodies as well as most feather stars, such as 
the antedonid family (Fig. 47). Some species 
of the subfamily Comatulinae, which usually 
have a broad, somewhat flattened body, are 
exocyclic (e.g., Capillaster multiradiatus or 
Comaster schlegelii) and their intestinal tube 
is very long with up to four coils (Fig. 48). 
This type of increase in absorption area by 
lengthening the tube may be related to the 
availability and nutritional value of food.

NUTRITIONAL TRACT, SEGMENTS
Esophagus

The funnel-shaped esophagus of crinoids 
with the endocyclic anatomy descends from 
the mouth in an aboral direction and opens 
into the stomach. However, its axis is not 
perpendicular to the tegminal plane but is 
slightly declined in an oblique angle (Fig. 
49.1), as reported by W. B. Carpenter, 1876, 
p. 229, “oblique or oesophageal portion.” In 
exocyclics, the esophagus runs nearly hori-
zontal. The axis of endocyclics targets the 
CD interray and that of exocyclics the D ray. 
In several specimens, folds are observed to 
constrict the esophageal lumen (Fig. 49.1). 
In Dorometra nana and Leptometra celtica, 
the esophagus narrows at its aboral end and 
forms a slit-like connection to the stomach 
(Fig. 49.1b; Fig. 52).

The esophageal epithelium is the continu-
ation of the food groove epithelium, at least 
in the endocyclic forms studied. At the tran-
sition, both epithelia are very similar (Fig. 

Fig. 49. Epithelial transition between esphagus and stomach. 1, Leptometra celtica M’Andrew & Barrett, 1857. 
1a, Juvenile animal, sagittal section in plane A to CD; the white arrow indicates the obliquely descending esopha-
gus, two lateral folds (black arrows) almost close the esophagus, sto=stomach, mg=midgut, r=rectum, ad=anal duct, 
sto=stomach, scale bar 200 µm. 1b, Higher magnification of area marked in white in 1a, asterisks indicate the 
transition of the epithelium from the lower esophagus to the stomach, mo=mouth, ue=upper esophagus, le=lower 
esophagus, sto=stomach, scale bar 100 µm. 2, Cyathidium plantei Heinzeller & others, 1996, situation similar to 
1, asterisks in 2a and 2b indicate the the transition of the epithelium from the esophagus to the stomach, mo=mouth, 
ue=upper esophagus, le=lower esophagus, sto=stomach, scale bars 200 µm in 2a, 100 µm in 2b. Staining: Toluidine 

blue. Images new, by authors.

Fig. 48. (Fig. on previous page) Exocyclic species Comaster schlegelii P. H. Carpenter, 1881b, horizontal sections 
with the AB interray on the left. 1, Confluence of food grooves forming a lateral mouth, scale bar 0.5 mm. 2–3, 
Further aboral sections showing the narrow esophagus descending within the body wall, es=esophagus, scale bars 
0.5 mm each. 4, Overview of the four clockwise turns (a–d), f=apparently isolated frills of the tube, scale bar 5 mm. 
5, Section further orally than 4, just below tegmen, the fourth turn (d) merges into the anal duct (black asterisk). 
The epithelium of the anal duct is intensely stained red in this preparation and is clearly different from that of the 

preceding turn d, scale bar 1 mm. Staining: PAS in 1–4, Azan in 5. Images new; by authors.
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50.2–50.3), with a rather slender mono-
ciliated cell type dominating. However, 
it should be taken into account that “the 
esophagus is formed by both the ectoderm 
and the endoderm” (Engle 2013, p. 83). 
Roughly speaking, one can distinguish 
between an upper (ectodermal) and a lower 
esophagus (entodermal, also called ventric-
ulus) because the boundary is marked by a 
weak change of the epithelium (Fig. 49.1b). 
Nevertheless, there is a gradual change in 
the epithelium from the upper to the lower 
esophagus, in the form of increasing epithe-
lial height (Fig. 50.2a, 50.3a) and increasing 
abundance of secretory cells. In the lower 
esophagus, the epithelium can reach a height 
of 200 µm, and the thickness of the layer 
containing the cell nuclei is several times 
greater than in the upper esophagus. The cell 
bodies are extremely thin, most clearly seen 
in the very densely packed cell junctions at 
the apical edge of the epithelium (Fig. 50.2b, 
and 50.3b).

As in the food groove, the slender mucous 
cells are intermingled with the ciliated cells. 
But the majority of cells can be classified as 
resorptive, because endocytosis in Oligometra 
serripinna P. H. Carpenter 1881b was 

experimentally demonstrated by LaHaye 
and Holland (1984) for each portion of 
the digestive tract, including the esophagus. 
This is in agreement with electron micro-
scopic observations (Heinzeller & Welsch 
1994).

Ectodermal to entodermal changeover

In addition to the ectodermal unit (food 
grooves and upper esophagus), most of the 
nutritional tract is of entodermal origin. 
This entodermal unit is derived from the 
larval enteric sac and, besides the lower 
esophagus, also forms the stomach, midgut, 
rectum, and, in part, the anal duct. An 
ectodermal contribution to the anal duct 
cannot be ruled out. These segments are 
distinguished by their epithelia, where two 
types of so-called enterocytes predominate. 

Enterocytes

Apart from nerve cells, amebocytes, 
and rare goblet cells, the epithelium of the 
stomach, midgut, and rectum consists mainly 
of two cell types: vesicular enterocytes and 
granular enterocytes (LaHaye & Holland, 
1984), both of which are very slender cells. 
Both cell types were originally described in 

Fig. 50. Dorometra nana (Hartlaub, 1890), comparison of epithelia of foot groove (1), upper esophagus (2) and 
deep esophagus (3), scale bars 50 µm each. The total height of epithelia increases distinctly from 1–3 the esophagus, 
the layer of nuclei increases in height, and the cell shape becomes even more slender; 2b and 3b, margin of the 
epithelia at higher magnification, arrows point to apical cell contacts, its high density is characteristic of very slender 

cells, enp=ectodermal nerve plexus, scale bars 10 µm each. Azan stain. Images new, by authors.
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Fig. 51. Enterocytes. 1, Neogymnocrinus richeri  (Bourseau, Améziane-Cominardi, & Roux, 1987), section through 
the midgut epithelium; the supranuclear part of the epithelium dominated by mucous vacuoles (arrows), typical 
for vesicular enterocytes, scale bar 50 µm. 2, Himerometra robustipinna P. H. Carpenter, 1881a, section through 
the midgut epithelium; granular enterocytes recognizable by the dark granules in the supranuclear part, commonly 
arranged in vertical rows (blue vertical arrows). Large cells with bright cytoplasm (mucus) are interspersed in the 

infranuclear layer (white arrows), scale bar 50 µm. Staining: Toluidin blue. Images new, by authors.

holothuroids (vesicular enterocytes: Feral & 
Massin 1982; granular enterocytes: Farman-
farian 1969). Vesicular enterocytes (Fig. 
51.1) combine, as far as can be concluded 
from the morphology, their ability to absorb 
nutritional material and mucus secretion. 
Apically, each vesicular enterocyte bears a 
single kinocilium. Below the kinocilia fringe, 
the apical cell parts contain densely packed 
mucus droplets leading to the appearance 
of a mucus layer by superimposition in 
thick sections (Fig. 53.1–53.3). Granular 
enterocytes (Fig. 51.2) lack kinocilia. Their 
apex is smooth, and the abundance of large 
product-filled organelles suggests secretory 
activity, potentially consist of the release of 
digestive enzymes.However, the staining of 
the vesicular and granular enterocytes indi-
cates that each of these cells do not represent 
a uniform group, because, for example, 
they stain differently in the stomach than 
in the rectum. This could also apply to the 
granular enterocytes. It seems likely that 

more detailed studies will provide substantial 
differences among these cells.

Esophagus to the stomach
In the entire digestive tract, there is a clear 

demarcation by constriction only between 
the esophagus and the stomach. In addition, 
this border is characterized by a distinct 
change in the epithelium (Fig. 49.1–49.2). 
The epithelium of the stomach is domi-
nated by vesicular enterocytes, resulting in 
an apparent mucus layer at the apical margin 
(Fig. 53.1). In the 3D model of Dorometra 
nana (Fig. 52), the hole connecting the esoph-
agus to the stomach, has a slit-like shape.

Stomach to the midgut
Instead of an abrupt epithelial change 

between stomach and midgut, a smooth 
change in epithelial composition is present. 
Nevertheless, the different epithelial types 
allow the reliable identification of these 
different regions. The differences mainly 
concern the height of the epithelium and 
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Fig. 52. Dorometra nana (Hartlaub, 1890), 3D model of esophagus (green-grey) and stomach (reddisch brown), 
letters indicate rays. 1, Both parts are separated to allow a view on their slit-like openings through which they 
communicate. Top: esophagus, aspect from CD interray; below: stomach, aspect from A ray. The curved arrow 
symbolizes a 180° rotation of the esophagus to achieve congruence of the two slits. 2–3, Both parts united in natural 
position, the white asterisk marks a blind protuberance of the stomach projecting aborally from its oral edge. The 
quarter-turn arrow brings the DE interray forward and shows the wide connection to the midgut (framed by yellow 
line). The short black arrow points to the connection with a second blind outgrowth extending from below, which is 
added in 4. From there, quarter-turns counter-clockwise lead to 5 and 6, first outgrowth with black asterisk, second 

outgrowth with white asterisk. Images new, by authors.

Fig. 53. Dorometra nana (Hartlaub, 1890), comparison of epithelia of stomach (1), midgut (2 ) and rectum (3), 
In 1, the circle marks the apical part of the cells, which is filled with mucous secretory granules. Note also the 
intense staining zone immediately below (asterisk), which is characteristic of the epithelium of the stomach. In 2, a 
dense fringe of kinocilia (circle) is seen. In 3, the epithelial height gradually decreases and a conspicuous number of 
granules (circle) fill the supranuclear space. The apical mucus-rich zone responds intensely blue to staining (Azan), 

scale bars 25 µm each. Images new,. by authors.
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the respective proportions of the cell types. 
For comparison, the epithelia of these two 
segments (and of the rectum) are shown (Fig. 
53), as observed in Dorometra nana.

Stomach. The stomach is a voluminous 
pouch with a folded wall and, in the case 
of Dorometra, two large outgrowths, one 
rising from the aboral floor and the other 
extending downward from the oral wall (Fig. 
52). As already shown (Fig. 49), the stomach 
is separated from the lower esophagus by a 
constriction. Its other end gradually trans-
mutes into the midgut and can be deter-
mined solely by the changing epithelium. 
In the stomach, the epithelium is about as 
high as that of the lower esophagus, but it 
is dominated by vesicular enterocytes with 
a conspicuous apical band of mucus (Fig. 
53.1). Immediately below the mucous band 
is an optically dense zone of intensely stained 
cell organelles that presumably represent 
heterolysosomes.

Fig. 54. Metacrinus levii (Améziane-Cominardi in Améziane-Cominardi & others, 1990), horizontal sections 
through the calyx. 1, Wide, circumferential, intestinal loop (the connection between the violet asterisks is out of 
plane). The left and upper parts clearly represent the midgut, which forms numerous protrusions of its inner wall 
(arrows). The lower part of the loop belongs to the rectum; the black asterisk in 1 (and the one in 3 ) marks the ris-
ing point of the anal duct, es=esophagus, mg=midgut, r=rectum, tax=tubular axial organ, scale bar 500 µm. 2–3, 
Details from a section slightly further aboral than 1; 2, the white arrow points to the connection between the upper 
and the lower part of the loop, (which is not in the plane in 1), mg=midgut, tax=tubular axial organ, scale bar 250 
µm. 3, End of the rectum, densely filled with carapaces of eaten crustaceans, r=rectum, scale bar 250 µm. Staining: 

PAS in 1, Alcian blue in 2 and 3. Images new, by authors.

Midgut. In endocyclic forms, the midgut 
passes through a four-fifths turn between 
the D ray and C ray (Fig. 47) or, together 
with the rectum, almost forms a complete 
circle (Fig. 54). It gradually emerges from 
the stomach, then it passes into the rectum. 
The, presumably resorptive, area of the 
midgut can be enlarged in two ways: first, by 
lengthening the midgut with additional coils 
(exocyclic species, Fig. 48), or second, by 
folding the wall, creating blind outgrowths, 
frills, or folds (Fig. 54). In Dorometra nana 
a partitioned blind outbulge extends halfway 
down from the oral wall (Fig. 56.2, 56.6).

The epithelium of the midgut is largely 
uniform but decreases in height toward 
the rectum. The vesicular enterocytes still 
dominate and bear a fringe of kinocilia, but 
the mucous band is less pronounced than 
in the stomach (Fig. 53.2). The propor-
tion of mucus-secreting cells increases at 
the junction with the rectum. The midgut 
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Fig. 55. Anal cone and duct. 1–4, Leptometra celtica M’Andrew & Barrett, 1857, juvenile specimen. 1, 3D model 
with turquoise stained anal duct, oral aspect, f=longitudinal folds of anal duct. 2, Horizontal section, f=folds of anal 
duct, scale bar 50 µm. 3a, Cross section at the base of the cone at the tegmen, scale bar 50 µm. 3b, Area marked 
within black brackets in 3a, epithelium clearly distinguishable from that in more aboral sections (4a, 4b), scale bar 
25 µm. 3c, Area marked in white brackets in 3a, arrows point to sheet of myoepithelial cells, scale bar 25 µm. 4a, 
Cross section through the recto-anal junction showing the luminal, mucus-rich zone of the epithelium reacting 
metachromatically red as a feature of the rectal epithelium, scale bar 50 µm. This feature disappears in the cone 
(3b). 4b, Area marked in white brackets in 4a, scale bar 25 µm. 5, Comatella nigra P. H. Carpenter 1888, cross 
section through the anal cone, arrows point to sheet of myoepithelial cells, scale bar 50 µm. Staining: Toluidine blue 

in 1–4, Hemalum-Eosin in 5. Images new, by authors.

probably contributes the lion’s share to food 
absorption.

Midgut to rectum to anal duct

There is no sharp boundary between 
midgut, rectum, and anal duct. However, 
epithelia, like those of the other components 
before, exhibit specific properties.

Rectum. The final part of the midgut 
narrows before it merges with the rectum. 
The midgut and rectum form a common 

loop in the horizontal plane. In the CD 
interray, the rectum bends at right angles 
from this plane (Fig. 54) and ascends orally 
to about the level of the tegmen. In Antedon 
bifida, the ascending part resembles a long 
bottleneck (Fig. 47); in Dorometra nana it 
is a flattened tube squeezed by the adjacent 
stomach (Fig. 56.3; also see Fig. 14.1–14.2). 
In the tegminal plane, the tract widens and 
forms the anal duct (Fig. 55.3).The rectal 
epithelium consists only of vesicular entero-
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Fig. 56. Dorometra nana (Hartlaub, 1890), 3D model of the complete nutritional complex (see also Fig. 52.1–52.3); 
1–4 shows the integration of the midgut (light gold) between the stomach (copper) and rectum (turquoise, without 
anal cone). Sites of contact are mutually colored like the associated organs. In 2, a palmate outgrowth (yellow) of 
the midgut extends aborally from the oral edge of the intestine. 4, The entire complex, view from the CD inter-
ray. 5, Oral aspect of the complete model. 6, Oral aspect with oral half cropped; near the center, the stomach 
(copper) and the deepest end of the esophagus (gray) can be seen, as well as the blind sacs of the stomach (dark 
pink) and midgut (yellow). 7, Same aspect as 5 with periintestinal girdle and subtegminal net added (both light 
olive green). 8, Similar crop as in 6 (slightly more aboral), the periintestinal girdle surrounds midgut and rectum; 
in addition, the mesenteric components of the somatocoel are shown in light green (compare with Fig. 12 and 

13). Images new, by authors.
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cytes (Oligometra serripinna; see LaHaye & 
Holland, 1984). This was also observed 
in Dorometra nana (Fig. 53.3), where addi-
tionally crowded granules in the supranu-
clear cytoplasm are a conspicuous epithelial 
feature. These granules might represent 
heterolysosomes; they suggest exocytosis in 
addition to resorption. 

In addition, some mucus-forming cells 
are interspersed basally, in particular, at the 
site where the rectum merges with the anal 
duct. At this location intense mucus secretion 
is evidenced by the metachromatic histo-
chemical reaction in some species (Fig. 55.4).

Anal cone and duct. Already in the penta-
crinoid larva, an anal cone extends above 
the tegmen. It raises the anal opening above 
the level of the mouth throughout the life 
cycle. Typically, the anal cone has several 
outer longitudinal furrows toward the tip, 
with corresponding furrows on the inside 
(Fig. 55.1–55.2). Toward the tip, the furrows 
break through to form a short tuft of separate 
processes of the anal cone wall (Fig. 46.4).

The epithelium of the anal duct inside the 
cone is the extension of the rectal epithe-
lium. Deep in the calyx, where the tube 
rises vertically from the horizontal rectum, 
its epithelium initially corresponds to that 
of the rectum (Fig. 53.3). In Leptometra 
celtica, the anal duct has particularly high 
mucus secretion at this site (Fig. 55.4). 
In the oral direction, the epithelial height 
steadily decreases and the vesicular entero-
cytes become increasingly rare; finally, the 
epitelium merges into the epidermal layer.

The end of the rectal epithelium may 
mark the end of the entodermal parts of the 
digestive system or, conversely, the begin-
ning of the ectodermal part of the anal duct. 
The hemal lacuna, which lies immediately 
underneath the epithelium in the stomach, 
midgut, and rectum (Fig. 35.1), is replaced 
in the anal cone by a special connective 
tissue layer where sclerotization may occur. 
Externally this layer is covered by a muscular 
sheet (Fig. 55.3, 55.5), which is capable of 
constricting and probably completely closing 
the anal duct.

CONCLUSION
Based on epithelial features, a number 

of intestinal segments can be distinguished 
in Dorometra nana. Figure 56 shows the 
arrangement of these segments. This 3D 
model might be taken as a generalization for 
crinoids, at least for endocyclic species. When 
attempting this, it should be considered: 

• There are differences among taxa.
• For many organs, the shape depends on 

the physiological state, which is especially true 
for the digestive system, where the filling state 
strongly modifies lumina and folds.

• Conventional morphological data alone 
cannot clarify whether certain outgrowths 
must be regarded simply as enlargements of 
the intestinal surface or as glandular compo-
nents.

VI. REPRODUCTION
Unlike other echinoderms, asexual repro-

duction does not occur in crinoids. Crinoid 
species are generally bisexual, with only a few 
species exhibiting hermaphroditism (Dan & 
Dan 1941; Mladenow 1986; Vail 1987). 
Externally, the sexes cannot be discerned, 
except for females of some brooding species 
(Mortensen 1920; Haig & Rouse 2008).

Both sexes have an identical leading 
structure that forms either ovaries or testes. 
This structure is a narrow epithelial tube 
within a hemal vessel, which in turn lies in 
a compartment of the brachial somatocoel 
(Fig. 57). During the breeding season, the 
gonocoel completely encases the full-grown 
ovaries or testes (Fig. 60, Fig. 61). Because 
of its narrow, almost invisible lumen, the 
tube was originally called genital strand 
or rachis (herein, called genital tube). The 
corresponding component in the brachial 
somatocoel is the gonocoel between the 
oral and the aboral somatocoelomic canals 
(see Section II). Certain parts of the genital 
tube in arms or pinnules transform into 
gonads. Primordial germ cells are thought 
to originate either subtegminally in the CD 
interray (Fig. 58.1). or locally by a de novo 
generation. At certain times of the year, 
gametogenesis takes place in the gonads. 
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Fig. 57. Gonocoel, genital tube, and genital vessel. 1a and inset 1b, Dorometra nana (Hartlaub, 1890), female, 
transverse section of an arm near the calyx, osc=oral somatocoelomic canal, goc=gonocoel, gv=genital vessel, 
gt=non-gametogenic genital tube, scale bar 20 µm in 1a, and 10 µm in 1b. 2. Antedon mediterranea (Lamarck, 
1816), pinnules in cross section, asc=aboral somatocoelomic canal, other abbreviations as in 1, scale bar 10 µm. 
3, Endoxocrinus parrae (Gervais in Guérin, 1835), gametogenic tube differentiated to an ovary, lu=lumen of the 
ovary, other abbreviations as in 1, scale bar 50 µm. 4, Antedon mediterranea, gametogenic tube differentiated to a 
testis, abbreviations as in 1, scale bar 20 µm. Note that the hemal lumen of the genital vessel (gv) in 3 is wide and 

houses oocytes, whereas in 4 it is compressed. Staining: Azan in 1, Toluidine blue in 2–4.
Images new; by authors.

In most cases gametes enter the open water 
by rupturing of the pinnular wall; such 
simultaneous spawning results in external 
fertilization and development.

GONADAL STRUCTURES AND 
STEM CELLS

Genital tube and gonocoel
In adult animals, the portions of the genital 

tube that are not prospective or active gonads 

are called non-gametogenic and consist 
mostly of inconspicuous, slender, ciliated 
cells, which are presumably sterile. Mixed 
with these cells in gametogenic portions of 
the tube, depending on the season, primor-
dial germ cells and different developmental 
stages up to mature gametes occur. Even 
in silent gonads, the tubular epithelium 
contains germ cells with an ovoid shape and 
a spherical nucleus. These may represent 

to here
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Fig. 59. Location of gonads. 1–2, Anthometrina adriani Bell, 1908 in ethanol, gametogenic pinnules, oral (1) and 
lateral (2) aspects, g=gonad, fg=food groove, both scale bars 1 mm. 3, Antedon bifida Pennant 1777, longitudinal 
section of a pinnule with an ovary extending over at least three pinnular segments as indicated by the interossicular 
muscles (m), scale bar 100 µm. 4, Neogymnocrinus richeri (Bourseau, Améziane-Cominardi, & Roux, 1987), 
longitudinal section of an arm piece with globular gonads (g) in the pinnular bases, scale bar 0.5 cm. 5a, Cyathid-
ium foresti Cherbonnier & Guille 1972, longitudinal section of curled arm, g=small globular or ovoid ovaries in 
the arm at pinnular bases, scale bar 0.5 mm; 5b, ovaries of 5a at higher magnification, scale bar 200 µm. Staining: 

Hemalum in 3, Azan in 4, and PAS in 5. Images new, by authors.

Fig. 58. Genital vessels. Dorometra nana (Hartlaub, 1890), 3D model showing the course of the genital vessels 
(red) in calyx and proximal arm portions. 1, Oral aspect, circle marks (hypothetical) location of primary gonad in 
larvae between mouth (mo) and anal cone (ac). 2a, Lateral view with A ray on left side and CD interray on right 
side. In 1 and 2, calyx and arm portions are transparent, the crown of mouth tentacles is golden; 2b, part of the 
model as marked by brackets in 2a, genital vessel in red, osc=oral somatocoelomic canal, asc=boral somatocoelomic 

canal. Images new, by authors.

primordial germ cells. In mature gonads, 
the mass of sex products causes the organs 
to swell and push aside the somatocoelomic 
canals, including the gonocoel, which can be 
compressed to a narrow slit (Fig. 57.3–57.4).

Primordial germ cells
In larval stages the presence of a special 

c luster of large cel ls  with prominent 

nuclei was already observed in quite early 
studies (Seeliger 1893, Russo 1902) and 
confirmed by several authors in the twentieth 
century (e.g. Mortensen, 1920). These cells 
occur in cystidean or pentacrinoid stages 
in the CD interray, near the primary stone 
canal and the early axocoel (see Fig. 6). The 
cell cluster has been interpreted as part of a 
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Fig. 60. Ovary. 1a, Endoxocrinus parrae (Gervais in Guérin, 1835), pinnule with ovary in transverse section (see 
Fig. 57.3), fg=food groove, asc=aboral somatocoelomic canal, aon=aboral arm nerve, scale bar 100 µm; 1b, detail of 
1a showing the genital tube with a wide lumen (asterisk), free of oocytes; in contrast, large egg cells (large primary 
oocytes with nuclei in the first meiotic division and densely packed yolk droplets in the cytoplasm) are apparently 
located “outside” the tubular epithelium in the hemal space. Arrows point to presumably phagocytotic epithelial 
cells, scale bar 50 µm. 2, Neogymnocrinus richeri (Bourseau, Améziane-Cominardi, & Roux, 1987), ovary with 
primary oocytes (nuclei with prominent nucleoli); accumulated yolk droplets appear as basophilic granules near the 
nucleus (arrows), and they distribute evenly in the cytoplasm during the transition to the ovulating or mature cell 
(double arrows), scale bar 100 µm. 3–5, Tropiometra afra (Hartlaub, 1890); 3, ovaries with a many large mature 
ova in the center (*), and oocytes of various sizes and developmental stages in the periphery, scale bar 400 µm; 4, at 
higher magnification, the spiny surface (arrows) of mature ova can be seen, scale bar 100 µm; 5, tangential section, 
the apparent “spines” result from hexagonally arranged ridges, scale bar 10 µm. This surface pattern is typical for 

many but not all species. Staining: Toluidin blue in 1–2, Hemalum-Eosin in 3–5. Images new; by authors.

primary gonadal anlage that soon disappears 
and cannot be detected in adults (confirmed 
by Engle 2013). However, most authors 
agree that this cluster is a source of primordial 
germ cells. Nevertheless, it remains unclear 
whether they migrate (ameboid as Hamann 
speculated in 1889) to the gonads. In this 
case, they may be guided by the genital tube 
or, more precisely, the hemal vessel with 
the genital tube inside. This hemal vessel 
can be clearly traced from the pinnules and 
proximal arm portions (site of gonads) to 
the subtegminal hemal complex (Fig. 58). 
The other possibility is that primordial germ 
cells develop locally from undifferentiated 
rachis cells, a theory that cannot be excluded 
with certainty even today. In any case, cells 

like those of the embryonic cluster occur as 
oogonia in the ovaries or as spermatogonia 
in the testes. 

GONADS
Location and shape of the gonads

As far as known, all crinoids have their 
gonads in the proximal portions of arms and 
pinnules (Holland 1991), whereas the non-
gametogenic tube also extends peripherally 
to the tips of arms and pinnules. However, 
there are group-specific differences. The vast 
majority of feather stars develop elongated 
gonads in pinnules near the body, except 
for the very first one. Such gonads cause 
the pinnules to swell on the oral side (Fig. 
57.1–57.2). This is the same in isocrinids 
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Fig. 61. 1, Antedon mediterranea (Lamarck, 1816), cross sectioned pinnule showing a testis (t) that has replaced most 
of the somatocoelomic space by functional swelling (see Fig. 57.4), fg=food groove, asterisk=aboral somatocoelomic 
canal, scale bar 100 µm. 2a, Cyathidium plantei Heinzeller & others, 1996, testis with lumen (*) of former genital 
tube full of spermatids (sp), scale bar 100 µm; 2b, detail of 2a (marked with angles), a=zone of spermatogonia and 
bodies of Sertoli-cells, b=zone of differentiating spermatocytes, c=zone of spermatids, lined up linearly along the 
tails (arrows) of Sertoli-cells, scale bar 50 µm. 3–5, Cyathidium foresti Cherbonnier & Guille 1972, horizontal 
sections through the base of an arm; 3, multiple mature testes (t), each loaded with sperm, scale bar 500 µm; 4, 
bundled flagella forming whorls, scale bar 200 µm; 5, gonoduct (gd), comparable to a madreporic canal (see Fig. 9, 

2–9.3), scale bar 50 µm. Staining: Toluidin blue in 1–2; Azan in 3–4; PAS in 5. Images new, by authors.

and all other stalked crinoids, except for the 
very first pinnules, which in these crinoids 
contain gonads. In addition to elongated 
gonads extending over several pinnular 
segments (Fig. 59.3), globular gonads are 
present in the pinnules of certain feather 
star species. In cyrtocrinids (Fig. 59.4–59.5) 
the globular gonads are located in the arms 
at the pinnular bases. There is one large 
gonad in Neogymnocrinus and several smaller 
gonads in Cyathidium.

Production of gametes

Females. In females, the primordial germ 
cells grow within the tubular epithelium 
to large spherical oogonia with round cell 
nuclei that typically have one prominent 
nucleolus (for electron microscopic details 
see Holland [1988] or Heinzeller & 
Welsch [1994]). Further growth of the 

oogonia into primary oocytes results in a 
conspicuous bulge of the tubular epithe-
lium toward the hemal space. In the light 
microscope, these oocytes seemingly lie in 
the hemal space. However, electron micros-
copy studies show that these cells sit on 
the epithelial basement membrane, which 
they share with the rest of the epithelium, 
indicating that these primary oocytes 
stay aligned with adjacent epithelial cells. 
Finally, the oocytes hatch from the epithe-
lial collective (ovulation, according to 
Holland & Dan, 1975) and come to lie 
in the ovarian lumen, where they complete 
the first and undergo the second meiotic 
division (Holland 1991). After a species-
specific, mostly short interval, the resulting 
mature ova are spawned.

Males. In the gametogenic tube of males, 
a specific type of nongerminal cells plays a 
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Fig. 62. 1, Antedon mediterranea Lamarck, 1816, pinnule in cross section with the pinnular ossicle on the right 
side, the food groove with some tentacles on the left side; on top, an embryo (em) cemented to the pinnular flank, 
ov=ovary, fg=food grove, scale bar 100 µm. 2–4, Isometra vivipara Mortensen, 1917. 2. Similar orientation to 1, but 
the body wall (bw) arches over the site where the egg cells leave the ovary (asterisk), forming thereby a marsupium 
(ma), fg=food grove, scale bar 100 µm. 3, Longitudinal section through a pinnule with a marsupium (ma) contain-
ing three oocytes (ooc) and one embryo (em), ov=ovary, bw=body wall, scale bar 100 µm. 4, Doliolaria larva (do) 
in marsupium (ma), bw=body wall, scale bar 100 µm. Image 1, new, by authors, 2–4 courtesy of R. M. Pertossi.

crucial role. Its shape is described as approxi-
mately stellate (Holland, 1991). It rests with 
most of the cytoplasm and the cell nucleus 
on the basement membrane and sends out 
branches in various directions. In particular, 
a slender tail grows apically very long and 
reaches the lumen. Along such slender tails 
the spermatids are lined up in strikingly 
long rows, close together like swallows on a 
telegraph line (Fig. 61.2a). Because of their 
intimate contacts with spermatocytes and 
spermatids, these stellate cells are compared 
to and named after the Sertoli cells in verte-
brate testes.

In the testis, the primordial germ cells 
grow as in the ovaries and become sper-
matogonia within the tubular epithelium, 
still sitting on the basement membrane. 
The spermatocytes resulting from the two 

cell divisions of spermatogonia, or more 
precisely their nuclei, are hardly discernable 
in the light microscope (compare zone b 
in Fig. 61.2b). In contrast, the small dense 
globules of the spermatid nuclei of zone c 
are clearly visible. During their final trans-
formation into mature sperm, the spermatids 
develop a species-specific nuclear shape, a 
long flagellum and further ultrastructural 
peculiarities, as described by several authors, 
for example by Bickell, Chia, and Craw-
ford (1980); (reviewed by Holland 1991).

SPAWNING, FERTILIZATION AND 
DEVELOPMENT

Non-brooding species
In the majority of crinoid species, both 

sexes spawn simultaneously or shortly after 
each other, with females possibly stimu-
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lated by pheromones from spawning males 
(Holland, 1991). Eggs and sperm become 
discharged through a rupture in the pinnular 
wall. In cyrtocrinids, however, which carry 
the gonads at the base of the arm and thus 
close to the tegmen with its madrepores, 
the gametes use these pores to exit. Eggs are 
inseminated in open water, fertilized eggs 
typically sink to the bottom. Exception-
ally, the eggs of Promachocrinus kerguelensis 
remain floating (McClintock & Pearse, 
1987). Whether on the bottom or in open 
water, the eggs develop into a lecidotrophic 
larva (in most cases a doliolaria) that lives 
pelagic (Holland, 1991; Barbaglio & 
others, 2012).

Brooding species
Maternal care requires that the mature eggs 

remain on or in the maternal body. Although 
the number of such species is low, they can be 
categorized by their mode of brooding.

The first mode is realized by only few 
species, for example, Antedon bifida or A. 
mediterranea. The mature eggs break through 
the pinnular wall and are immediately exter-
nally fixed to this wall by the secretion of 
cement glands (Reichensperger, 1908) 
(Fig.79.7; Fig. 62.1). Dozens of eggs can 
be attached to a single pinnula in this way. 
There they become fertilized, and they 
develop within the fertilization envelopes 
until they hatch as doliolaria larvae. After 
spawning, Antedon bifida females exhibit a 
characteristic behaviour of maternal care by 
wrapping their arms closer together over the 
brood (Lahaye & Jangoux, 1985b).

In the second mode, females provide a 
brooding pouch, called marsupium, at the 
gonadal pinnules. This is true for species of 
the genera Isometra, Notocrinus, and Aporo-
metra. The first to describe a brooding crinoid 
(Isometra vivipara Mortensen 1917) was K. 
A. Andersson in 1904. His material has been 
analysed in detail by Mortensen (1920) who 
in turn added Notocrinus virilis to the brooding 
crinoid group. A marsupium represents an 
overarching of the egg exit site by the body 
wall but retaining an opening to the outside. 
There are no signs of any feeding capacity 

(Fig. 62.2). A marsupium has no open 
connection to the lumen of the ovary. The 
question of how sperm can meet ova is still 
under debate (Pertossi & others, 2019). 
The larvae feed on their yolk; the assumption 
of Mortensen 1920 that the giant larvae of 
Notocrinus nourish on additional sterile ova 
was rejected by Haig and Rouse (2008). 

Generally, brooded larvae leave the mater-
nal nest as doliolariae, but in two species, 
development continues until the pentacri-
noid stage: Kempometra grisea (John, 1939) 
and Aporometra wilsoni (Haig & Rouse, 
2008).

A third, special (and possibly unique) 
mode of brooding takes place in Comatilia 
iridometriformis (see Messing 1984), in 
which the larvae develop within the ovary. 
This lead to the assumption that fertiliza-
tion also takes place in the ovary. However, 
the question remains as to which route the 
sperm use to reach the eggs. The larvae hatch 
at an early cystidean stage.

VII. NERVOUS SYSTEM
Traditional tripartite division

In his fundamental study on the histology 
of crinoids (1889), Hamann classified the 
nervous sytem into three subsystems. The 
first is located basally in the food groove 
epithelia (Ambulacralnerven), the second in 
the oral connective tissue (ventrales Nerven-
system), and the third in the aboral connec-
tive tissue (dorsales Nervensystem). With 
explicit reference to Hamann’s work, Hyman 
(1955) again distinguished three subsystems 
corresponding to those of Hamann; she 
called them ectoneural, hyponeural, and 
aboral. These terms, which have since been 
widely accepted, are also used in the present 
description, but the general categorization is 
replaced by a bipartite one (Fig. 63) based 
on fine histological criteria.

Reasons for bipartion rather than tripartion. 

After Hyman (1955), additional nerve cell 
groups and fiber plexus have been reported. 
These have been identified by higher reso-
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Fig. 63. Schematic representation of the nervous system of an isocrinid crinoid, showing the traditional categoriza-
tion into three subsystems (Hyman, 1955) and the grouping of six subsystems into the two categories basiepithelial 
and subepithelial, ec=ectoneural cord, hn=hyponeural nerves, bn=brachial nerve, cn=cirral nerves (modified from 

Heinzeller, 1998, fig 1 and 2).

lution techniques (electron microscopy 
uncovered ubiquitous plexus in coelothelia) 
and with an improved understanding of the 
role of juxtaligamental cells as neurosecre-
tory cells. These new neurons and the plexus 
were not captured by the traditional three 
subsystems and can be considered as three 
additional subsystems (Fig. 63). Moreover, 
the tripartite categorization of the nervous 
system has been related to the concept of 
three germ layers (ectoderm, endoderm, 
and mesoderm). However, in most cases, an 
origin of neurons from specific germ layers 
has not been adequately demonstrated, with 
the exception of the ectoneural subsystem, 
which is clearly derived from the ectoderm. 
If the subsystems are categorized according to 
the location of their associated basal lamina 
as the only criterion, two categories (super-
orders) emerge under the terms basiepithelial 
and subepithelial (Fig. 63).

Basiepithelial nervous tissue is located in 
the ectodermal and entodermal epithelia, as 
well as in the coelothelia; neurons and fiber 
plexus are normally located near the basal 
lamina between the feet of the epithelial cells. 

In addition to the ectoneural strands in the 
food groove epithelium with a circumoral 
nerve ring, the basiepithelial nervous plexus 
is present in the intestinal epithelium and in 
the coelothelia of the somato-, hydro-, and 
the axocoelium.

Subepithelial nervous tissue is located 
in the extracellular matrix below the basal 
lamina. This is the case with the hyponeural 
subsystem with its paired para-radial nerve 
cords in the arms that communicate centrally 
via a nerve ring, further the juxtaligamental 
cells, and finally the aboral subsystem. The 
latter is unique among echinoderms; radial 
nerves extend from a very voluminous aboral 
ganglion into the arms and pinnules and also 
into the cirri.

BASIEPITHELIAL SUBSYSTEMS
Ectoneural subsystem

In simplified terms, the ectoneural subsystem 
consists of as many radial strands as the animal 
has arms, a circumoral ring commissure, and 
the intraepithelial plexus of the (presumably 
ectodermal) upper esophagus. The ectoneural 
tissue is integrated into the food groove 
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Fig. 64. Ectoneural subsystem. 1, Capillaster multiradiatus (Linnaeus, 1758), transverse section through the food 
groove epithelium; nerve fiber plexus lies basally (asterisks), arrowhead points toward a putative neuron (large, 
spherical, bright nucleus); nuclei of primary food groove cells encircled, scale bar 50 µm. 2–4, Circumoral ring 
commissure (arrows); 2, Leptometra celtica M’Andrew & Barrett, 1857, longitudinal section through a mouth 
tentacle, scale bar 50 µm; 3, Antedon bifida Pennant 1777, horizontal section, scale bar 100 µm; 4, Saracrinus nobilis 
P. H. Carpenter, 1884, radial section through the edge of the mouth, basally on a tentacle root, the circumoral 
ring (single arrow) is significantly thicker than the uppermost esophageal nerve plexus (double arrow), scale bar 100 

µm. Staining: Toluidine blue. Images new, by authors.

epithelium (Fig. 64), which merges into the 
esophageal epithelium. The fusion zone is also 
where the neural components of the epithelia 
fuse. We commonly refer to this zone as the 
circumoral ring commissure (Fig. 64.3), 
which is noticeable as a particular thickening 
in some preparations (Fig. 64.2, Fig. 64.4). 
However, this may be partially explained by 
contraction of the perioral musculature.

In the periphery, the radial strands extend 
into the tentacles toward the inner side of 
the tentacles—the outer side of the tentacle 
is supplied by a branch of the hyponeural 
subsystem. This location suggests a role in 

coordinating the movements of the tube feet, 
especially in their well-graded interaction 
(see Section V on Nutrition).

Intestinal subsystem

Structurally quite similar to the ectoneural 
subsystem, the neurons and numerous small 
projections of the intestinal subsystem lie 
between the basal extensions of the primary 
cells of the intestinal epithelium The ecto-
neural/intestinal boundary is likely to be 
that between the upper and lower esophagus 
(see Fig. 50.2–50.3). The nerve plexus is also 
well developed in the lower esophagus but 



Anatomy of Internal Organs 61

Fig. 65. Hyponeural subsystem. 1, Antedon bifida Pennant 1777, horizontal section, rc=perioral ring commis-
sure, hrc=hydrocoelomic ring canal, ues=upper esophagus, scale bar 100 µm. 2, Cyathidium plantei Heinzeller & 
others, 1996, coaxial section through the perioral region showing the hyponeural ring commissure (rc) aborally of 
the hydrocoelomic ring canal (hrc), ues=upper esophagus, scale bar 50 µm. 3–5, Antedon bifida, transverse sections 
through pinnules, single arrows point to the hyponeural nerve, double arrows point to the connection with the ecto-
neural plexus in the food groove epithelium (fge), triple arrow marks the connection with the aboral pinnular nerve 
(apn), scale bars 25 µm. Staining: Toluidine blue (1–3), anti-NGF serum, Hemalum (4, 5). Image new, by authors.

decreases in thickness in the deeper parts 
of the intestine and even disappears as a 
distinct layer. Specific functional data are 
not at hand.

Coelothelial subsystem

As noted by Engle (2013), even the 
cystidean larva of Antedon bifida has num- 
erous neurites located basally in each epithe-
lium, particularly in the coelothelia of the 
extension tubes of the chambered organ 
projecting into the stalk. In some isocrinid 
species, these nerve fiber bundles are also 
observed in adults, e.g., in Neocrinus decorus. 
However, most of them are too fine to be 
resolved by light microscopy.

SUBEPITHELIAL SUBSYSTEMS
Hyponeural subsystem

The central structure of the hyponeural 
subsystem is a circumoral ring commissure 

(without aboral continuation and thus a 
true ring compared to the ectoneural ring 
commissure). The hyponeural ring is located 
peripherally adjacent to the water vessel ring 
canal (Fig. 65.1). Pairs of para-radial nerves 
branch off from the ring commissure and 
accompany the oral somatocoelomic canal 
with some spacing on either side through 
arms and pinnules (Fig. 65.3). Bundles of 
nerve fibers regularly connect the hyponeural 
nerves to both the ectoneural plexus in the 
food groove epithelium and the brachial 
nerves of the aboral subsystem (Fig. 65.4–
65.5).

Juxtaligamental cells

Juxtaligamental cells are neuroendocrine 
cells that play a crucial role in controlling the 
consistency of collagenous structures, partic-
ularly of the so-called mutable connective 
tissue (Fig. 66). In all echinoderm taxa, the 
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Fig. 67. Mesodermal boundary of the aboral subsystem. 1, Leptometra celtica M’Andrew & Barrett, 1857, hori-
zontal section, on the inner side of the aboral ganglion (aog), nervous tissue borders the coelothelium (black arrows) 
of the chambered organ (co), on the opposite side it borders sclerite-forming connective tissue (sfct), scale bar 20 
µm. 2a–2b, Antedon petasus Düben & Koren,1846, transverse section through the arm nerve (an) embedded all 
around in sclerite-forming connective tissue, amebocytes on the surface are marked by black arrows; 2b, higher 
magnification of rectangle marked in 2a, showing many granulated amebocytes in the sclerite-forming connective 
tissue (sfct) on the nerve surface and amebocytes migrating into the nervous tissue (white arrow heads), scale bars 

100 µm in 2a, 50 µm in 2b. Staining: Toluidine blue. Image new, by authors.

Fig. 66. Juxtaligamental cells, Antedon bifida Pennant 1777, longitudinal sections of arm ligament (1, 2a, 2b) 
or pinnular ligament (3). 1, On the right, ligament with thin, dark blue ligament fibers (lf ); on the left, ossicular 
stereom (black asterisks) and groups of juxtaligamental cells in its cavities (white asterisks), scale bar 50 µm. 2a–2b, 
Details of 1, arrows point to the juxtaligamental cell outgrowths between ligament fibers, scale bars 25 µm for both. 
3, Group of juxtaligamental cells in the axilla between the aboral pinnular nerve (apn) and a branch ascending 

obliquely from it (bpn), scale bar 25 µm. Staining: Toluidine blue. Image new, by authors.

mutable connective tissue is a special feature 
that allows the ligaments to stiffen and, 
conversely, to relax. Stiffening is necessary to 
maintain a certain posture for a long period 
of time without expending much energy, 
whereas relaxation facilitates autotomy 
and evisceration. Different types of juxta-
ligament cells have been distinguished on 
the basis of size and vesicle type (Welsch, 
Heinzeller, & Cobb, 1990; Welsch & 
others, 1995). Juxtaligamental cells are in 
contact with the hyponeural and aboral 
subsystems (Mashanov & others, 2016).

Pioneering studies on the regulation 
of mutable connective tissue have been 
performed mainly on the body wall connec-
tive tissue of holothurians (Motokawa, 
2019). Several proteinaceous factors have 
been shown to be responsible for the connec-
tive tissue stiffness (e.g., Trotter & others, 
1996). Moreover, these factors have been 
demonstrated in granules of juxtaliga-
mental cells of Cucumaria frondosa (Keene 
& Trotter, unpublished, cited in Wilkie, 
Candia Cardenali, & Trotter, 2004, p. 
375). Juxtaligamental cells were originally 
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described in brittle stars and named by 
Wilkie (1979) based on their location adja-
cent to ligaments.

In crinoids, clusters of juxtaligamental 
cells are in arms, pinnules, and cirri within 
gaps in the stereom along the attachment 
zone of the ligaments (Fig. 70). The cell 
bodies and nuclei are relatively large. Long 
thin cell processes penetrate the ligaments 
parallel to the collagenous fibers ( Fig. 
70.2a–70.2b). In combination with their 
neural contacts, these juxtaligamental cells 
can enable the above-mentioned, long-
lasting postures as well as autotomy of the 
arms. Wilkie and others (2010) demon-
strated for Antedon mediterranea (Lamarck, 
1816) that autotomy at the syzygies occurs 
under glutamatergic control of cellular 
elements close to the syzygial ligaments. 

A different type of juxtaligamental cells 
has been described in the feather star Hime-
rometra robustipinna by Kalachewa and 
others (2017) in the connective tissue of the 
intercoelomic septa that hold the intestine. 
These juxtaligamental cells are thought to 
be responsible for destabilization of the 
holding collagenous structures and, after 
evisceration, for gut regeneration by trans-
differentiation. 

Aboral (apical) subsystem
The name of the aboral subsystem derives 

from the aboral location of its ganglion; 
(entoneural as a synonym, the “aboral or 
entoneural system” of Hyman, 1955, p. 62) 
is misleading because it evokes the associa-
tion of an entodermal origin. The prominent 
aboral ganglion of feather stars has attracted 
the interest of scientists in the past because of 
its conspicuous size. The ganglion, the stalk 
nerves, and their cirral extensions border the 
coelothelium of the chambered organ and its 
tubular processes into the stalk on one—the 
inner—side. Their outer side is covered by 
mesodermal tissues, either connective tissue 
or sclerites (Fig. 71.1). The arm nerves and 
their pinnular offshoots are completely 
embedded in mesodermal tissues (Fig. 67.2). 
In the marginal area of the nerves, various 
types of amebocytes commonly accumulate, 

in some cases forming an envelope-like layer 
(Fig. 67.2a and 67.2b).

In terms of total volume, the aboral 
subsystem by far exceeds all other subsys-
tems. It consists of prominent brachial 
nerves (radial) and stalk nerves (interradial) 
that meet in the radial ossicles and form 
a ring commissure. Of all the parts of the 
aboral system, this aboral nerve ring is the 
only one that is consistent in all crinoids 
studied to date, whereas the configuration 
of the aboral ganglion varies in shape and 
extent.

Central parts of the aboral subsystem
Bourgeticrinina. In several stalked species 

of the genera Bathycrinus, Rhizocrinus, 
and Democrinus, the organization of the 
aboral subsystem represents what appears 
to be fundamental to crinoids (Bohn & 
Heinzeller, 1999) (Fig. 68). These species 
clearly reveal that a junction of radial arm 
and interradial stalk nerves inevitably lead 
to a ring-shaped, commissural structure. The 
oral processes of the stalk nerves widen to a 
certain degree—varying among species—
during their ascent from the basal ossicle 
into the radial ossicle. In Bathycrinus grac-
ilis Thomson, 1872, the oral processes 
of the stalk nerves (primary interradial 
strands) form a triangular plate (Fig. 68.5). 
In Bathycrinus aldrichianus Thomson, 1876, 
the equivalent strands do not form such a 
triangle but split into pairs of secondary 
interradial strands (P. H. Carpenter, 1884). 
This observation may be valuable for 
comparison with the condition in isocrinids. 
However, no such splitting was observed in 
the material examined for this article.

The question of the presence of an aboral 
ganglion in bathycrinid crinoids remains 
open. In Democrinus chuni, the interra-
dial strands could presumably be traced 
aborally until the chambered organ (see Fig. 
22.6–22.7). This is the site where an aboral 
ganglion would be expected. However, no 
ganglionic swelling could be found there.

Isocrinida. In isocrinid crinoids, the stalk 
nerves run parallel close together, so that in 
cross section through the upper stalk they 
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Fig. 68. Bathycrinus gracilis Thomson, 1872, 3D model of the aboral nervous subsystem. 1, Oral view with cropped 
arm nerves (an). 2, Oral view with cropped aboral nerve ring (anr), 3, Aboral view with cropped interradial nerves 
(in). 4, Oblique lateral view, d=diameter of the aboral nerve ring, approximately 0.4 mm. 5, Lateral view, h=height 

of the model, approximately 0.3 mm, other labels as in 1–3. Image new, by authors.

have the appearance of a homogeneous nerve 
cylinder (Fig. 75.3) The most oral part of the 
stalk nerves and their direct oral extensions, 
the primary interradials (Fig. 69), might be 
considered equivalent to what appears in 
feather stars as a voluminous aboral ganglion 
(Fig. 71). There may be some exchange 
of fibers between the oral parts of stalk 
nerves. Furthermore, cross-connections, 
albeit minute, between primary interradial 
strands as well as between secondary interra-

dial strands have been described (Reichens-
perger, 1905).

The condition in adult isocrinids (Fig. 69) 
reflects that of a very early stage of the free-
swimming feather star Antedon bifida (Fig. 
70) and is strikingly similar to what P. H. 
Carpenter (1884) reported in Bathycrinus 
aldrichianus.

Anatomically, an aboral ganglion as a 
distinct swelling is not seen in bathycrinid 
and isocrinid crinoids. Nevertheless, it must 
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Fig. 69. Metacrinus levii, (Améziane-Cominardi in Améziane-Cominardi & others,1990), 3D model of the aboral 
nervous subsystem. 1, Oral view with cropped arm nerves (an). The connections of the arm nerve roots represent 
the pentagonal aboral nerve ring (anr). Each arm nerve root receives two slender strands (ir2) from two different 
secondary interradial strands (ir1). 2, Oblique lateral view, d=diameter of the aboral nerve ring, approximately 3.5 
mm. 3, Aboral view with central cropped cylinder of stalk nerves (stn). 4, Lateral view, h=height of the model, 

approximately 2.75 mm. New, by authors.

be assumed that this region is essential for 
the exchange of fibers between the stalk, 
calyx, and arms in these crinoids as well.

Feather stars. The voluminous aboral 
ganglion of feather stars represents the most 
significant difference between their aboral 
subsystem and the one of other crinoids 
(Fig. 71). In all feather stars studied so far, 
this ganglion can be compared to two bowls 
on top of each other, with the upper bowl 
inverted. The wall of the lower bowl is very 
thick, and the upper bowl has a large hole in 
the bottom (Fig. 72, Fig. 73, Fig. 74).

In the comparison between feather stars 
and isocrinids, the aboral bowl (eather stars) 

corresponds to stalk nerves (isocrinids) (Fig. 
71, Fig. 73.6). Cirral nerves arise from the 
surface of this bowl. In older animals, the 
central aboral surface is smooth because no 
cirral nerves arise there (Fig. 72.3). During 
the early stages of growth, the first cirri 
developed here, which were reduced and lost 
in later stages.

The oral bowl of feather stars corre-
sponds to the primary interradial strands 
of isocrinids. Here, the equivalents of the 
primary interradial strands are fused (Fig. 
75, Fig. 74.4–74.5), forming an abundance 
of commissural fiber bundles within the 
homogeneous-looking wall of the ganglion. 
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Fig. 71. Schematic representation of components of the aboral nervous system of an isocrinid (left) and a feather 
star (right) for comparison. Labels: anr=boral nerve ring, rn=radial nerve (the other four cropped), ir2=secondary 
interradial strands, ir1=primary interradial strands, stn=stalk nerves, cn=cirral nerves, aog=aboral ganglion, oib=oral 
inverted bowl, aob=aboral bowl, dashed white line in the feather star scheme indicates the roof (invisible from 

externally) above the chambered organ (modified from Heinzeller, 1998).

Fig. 70. Aboral view (1) of a juvenile specimen of Antedon bifida Pennant 1777 (calyx diameter 0.6 mm). The aboral 
nervous subsystem is shown in blue, the anlagen of muscles in red. Detail (2 ) at higher magnification, anr=aboral 
nerve ring, ir1 and ir2 = primary and secondary interradial strands, arrowheads=bifurcation, an=radial arm nerve, 
cn=cirral nerve. The black circle outlines the area between the primary interradial cords that fills with nerve tissue 

as growth progresses, forming the ganglion. New drawings, based on Engle, 2013, fig 20A.
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Fig. 72. Antedon bifida Pennant 1777, 3D model of the aboral nervous subsystem. 1, Oral view, aboral nerve 
ring (anr) surrounds the roof (r) over the chambered organ and its central hole (white asterisk). 2, Vertical crop, 
radial structures on the left (an=arm nerve) and interradial structures on the right, lgw=lateral ganglion wall. The 
bidirectional arrow marks a hole between secondary interradial strands. 3, Aboral view, cirral nerves (truncated) 
radiating in all directions, central smooth area (sa) without cirral nerves. All scale bars 0.5 mm. New, by authors.

Fig. 73. Comatella nigra P. H. Carpenter 1888, aboral nervous subsystem. 1–6, horizontal sections at the planes 
labeled in the 3D model. The model is cropped horizontally through the aboral nerve ring, and frontally to show 
the large chambers of the chambered organ. Planes: 1, aboral nerve ring surrounding multiple coelomic cavities of 
the axial sinus; 2, secondary interradial strands; 3, oral “bowl” of the aboral ganglion, roof with the oral processes 
of the chambered organ (arrow) ascending through the hole (asterisk); 4, oral bowl of the aboral ganglion; 5, aboral 
most part of the oral bowl showing separate stalk nerves; 6, aboral bowl of the aboral ganglion, smaller cavities 
under the large chambers of the chambered organ contain the labyrinth (omitted in the model). Label: an=arm 

nerve. Scale bars in 1–6 each 0.4 mm. Staining: Toluidine blue. New, by authors.

The most oral part of the oral bowl covers 
the chambered organ, and in the middle, 
it holds open the aperture through which 
the oral tubular processes of the chambered 
organ enter the axial sinus (Fig. 72.1–Fig. 
72.2, Fig. 73.3). Further orally, there is no 
fundamental difference between feather stars 
and isocrinids; in both groups, the secondary 
interradial strands remain separate, unlike the 
primary interradial strands, which are fused in 

feather stars, and connect the ganglion orally 
to the aboral nerve ring (Fig. 73).

Relation to the chambered organ. There 
is a small space between the chambers of 
the chambered organ and the bottom of 
the aboral ganglion (Fig. 73.6). This space 
contains the cirrus-related labyrinthic part 
of the chambered organ (see Fig. 23). At the 
same level, on the outside of the ganglion, 
the cirrus nerves arise (Fig. 73.6).
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Fig. 74. Promachocrinus kerguelensis P. H. Carpenter, 1879, 3D model of the main components of the aboral ner-
vous subsystem. 1, Vertical crop at the plane labeled “1” in 2 and 3, unobstructed view of two pairs of secondary 
interradial strands. 2, Horizontal crop just below the aboral nerve ring (plane labeled “2” in 1) showing five pairs 
of secondary interradial strands. 3, Horizontal crop just orally from the nerve ring (plane labeled “3” in 1). Five 
arm nerves (asterisks) run continuously with the five pairs of secondary interradial cords as in the five-armed species; 

five additional arm nerves are intercalated. Scale bar 1.8 mm for all. New, by authors.

The pattern described above is also present 
in the ten-armed comatulid Promachocrinus 
kerguelensis (Fig. 74), but the dimensions 
seem to be particular. The ganglion as such 
is relatively small, as is the space for the 
chambered organ. In contrast, the volumes 
of nerve ring and arm nerves are relatively 
large. This could be due to the ability of 
this species to swim by arm strokes and also 
to cling to the substrate with the aid of the 
arms (see below).

Cyrtocrinida. No evidence of an aboral 
nervous system below the aboral nerve 
ring was detected in either Holopus rangii 
(Grimmer & Holland, 1990) or two 
species of Cyathidium (Heinzeller, 1998). 
Obviously, not only the stalk proper is 
missing in these species, but also all organs 
that are associated with a stalk in other 
species. This concerns, for example, cirri or 
the chambered organ and its aboral exten-
sions (see Section III) or the axial organ (see 
Section IV). Overall, these crinoids lack an 
aboral ganglion along with stalk nerves and 

all other structures assiociated with a stalk 
in other species.

Nerves of the aboral subsystem

Typically, amoebocytes are ubiquitous 
on the surface of these nerves. They may 
occur singly, in groups, or even in the form 
of sheath-like aggregates (as evident in Fig. 
67) or as reported in Gymnocrinus richeri 
(Heinzeller, Améziane-Cominardi, & 
Welsch, 1994). Internally, densely packed, 
mostly longitudinal fibers of quite variable 
thickness and/or vesicle content dominate 
the appearance of the strands. The putative 
neurons, more precisely their nuclei, are 
commonly located in rows in the middle or 
at the surface. Their electron microscopic 
appearance is that of bipolar cells emit-
ting long fibers; synapses are rarely present 
(Heinzeller & Welsch, 1994). 

Roughly speaking, the brachial, pinnular, 
and cirral nerves can be assigned to the 
locomotor system and the hyponeural nerves 
to surface sensibility. Nevertheless, it must 
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Fig. 75. Cirral nerves (compare to Fig. 30 and Fig. 25). 1a–1b, Himerometra robustipinna P. H. Carpenter, 1881a, 
vertical section, in 1a two cirral nerves (cn) arise from aboral “bowl” of the aboral ganglion (aog), co=chambered 
organ; white bar marks the approximate sectional plane of 2, scale bar 200 µm. 1b, Higher magnification of the 
rectangle in 1a; the cirral nerve containing the innermost hemal lacuna (hl) and the associated pair of somatocoe-
lomic canals (soc), scale bar 50 µm. 2, Leptometra celtica M’Andrew & Barrett, 1857, horizontal section through 
the aboral tip of the aboral ganglion showing transversely sectioned cirral nerves, the hemal substance is (unusually 
dark) blue. The white asterisk marks the oral-aboral body axis, scale bar 50 µm. 3, Metacrinus sp. (young specimen), 
internodal transverse section of the stalk showing the stalk nerves (stn) forming a sheath around the quintuplets 
of somatocoelomic tubes (soc), scale bar 100 µm. 4, Endoxocrinus sibogae (Döderlein, 1907), horizontal section 
through a node with five radiating cirral nerves, the right of which has two small branches. The septum (s) separat-
ing the two somatocoelomic canals in each nerve contains the hemal lacuna, scale bar 200 µm. Staining: Toluidine 

blue. Images new, by authors.

NEU 8 = Fig 70
NEU 9 = Fig 71
NEU 10 = Fig 72
NEU 11 = Fig 73
NEU 12 = Fig 74
NEU 13 = Fig 75
NEU 14 = Fig 76
NEU 15 = Fig 77

be assumed that all strands—with varying 
proportions—contain both motor and 
sensory fibers. Most authors agree “that in 
echinoderms there is no ‘real’coordination 
center, and that NS (nervous system) func-
tions and control are more widely dispersed 
throughout the body than in most other 
animals” (Díaz-Balzac & García-Arrarás, 
2018, p. 8 of pdf print). Therefore, a high-
level coordinative capacity of local circuits 
appears likely. However, these should be 
complemented by far-reaching linkages 
to cope with complex behavior such as 
swimming, light-dependent walking, or 
escape from predators. The extensive fiber 
exchanges (Fig. 76) at branching sites and 

at the contact between arm nerves and the 
aboral nerve ring potentially indicate such 
long-distance connections.

Stalk- and cirral nerves in isocrinids. As 
mentioned above, the stalk nerves of isocri-
nids run from the level of the radial ossicles 
through the stalk to almost the holdfast or to 
the free end of a broken stalk. In Metacrinus 
rotundus the stalk nerves can regrow as long 
as the aboral ganglion is present (Nakano 
& others, 2004). 

This ganglion appears to correspond to 
what Nakano, Nakajima, & Amemiya 
(2009) refer to as the nerve center in the 
basal plates in their developmental studies. 
According to this description, the nerve 
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Fig. 76. Aboral arm nerves. 1, Clarkcomanthus albinotus Rowe, Hoggett, Birtles, & Vail, 1986, horizontal sec-
tion through the aboral nerve ring (anr) showing the base of an arm nerve (an), arrows point to nerve fiber bundles 
ascending into arm nerve; ci=circular bundle, scale bar 2 mm. 2, Comatella nigra P. H. Carpenter 1888, bifurcation 
of an arm nerve with regular exchange pattern of fiber bundles, either commissural (co) or crossing to the other 

side (cr); other bundles run uncrossed (ucr), scale bar 2 mm. Staining: Toluidine blue. Images new, by authors.

center, which is indispensable for stalk 
nerve regrowth, must be the transition from 
the stalk nerves to the primary interradial 
strands. Aboral of the basal plates, the nerves 
run shoulder to shoulder and form a cylin-
drical sheath around the five coelomic tubes 
(Fig. 75.3). In each nodal, five branches of 
the stalk nerves extend to two coelomic tubes 
each and form the cirral nerves (Fig. 75.4, 
also see Fig. 25–Fig. 26). 

The main function of cirri—i.e. to cling to 
the ground or even to locomote, including 
crawling (Birenheide, Yokoyama, & 
Motokawa, 2000)—may be controlled by 
these cirral nerves or, rather, by juxtaliga-
mental cells associated with them.

“Stalk” and cirral nerves in feather stars. 
Comatulid crinoids (except Bourgeticrinina) 
are free-living and have no obvious stalk as 
an adult. Their equivalents to stalk nerves, 
characterized by the formation of cirral 
nerves, are regarded as an integral part of 
the aboral ganglion (Fig. 71).

The cirri articulate in sockets with which 
the centrodorsal is paved. Because cirri,  
which develop earliest, are reduced later, the 
apex of the centrodorsal is smoothed. As a 
result, the centrodorsal is typically occupied 
only by peripheral circles of larger cirri (Fig. 

72.3). Like isocrinids, most comatulids can 
cling to the substrate with the terminal claws 
of the cirri. Species such as Promachocrinus 
kerguelensis, which bear few or no cirri, do so 
only with the aid of a few arms (Macurda 
& Meyer, 1983). At each branching, the 
fiber bundles are mutually exchanged and 
recombined in the branches.

Arm nerves and pinnular nerves. Typically, 
arm nerves arise as quintuplets from the 
aboral nerve ring in the radial ossicles and 
bifurcate in the succeeding axial ossicles. The 
stem ascending from the nerve ring clearly 
integrates fiber contingents originating 
from both sides of the ring (Fig. 76.1) but 
also allows commissural fibers to pass at its 
base. At each branching, the fiber bundles 
are mutually exchanged and recombined 
in the branches. Branching in daughter 
nerves apparently follows a strict scheme of 
combination and mutual exchange of fiber 
bundles. Although this crosswise exchange 
of fibers is obvious (Fig. 76.2), the detailed 
internal organization and functional signifi-
cance are still enigmatic.

Between two brachials, the course of the 
nerves is slightly curved (Fig. 77.1) and of 
a constant thickness. In histological longi-
tudinal sections, the curved course may 
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Fig. 77. Antedon mediterranea (Lamarck, 1816), 3D model and ortho slices of an arm nerve and two pinnular nerves 
from µCT data. 1a, Oral view, ortho slice slightly aboral to the nerve, upward = distal; nerves in blue, inter-ossicular 
rings in pale pink show the sites where the nerve is not enclosed by ossicles. 1b, Detail from 1a showing a double 
origin of the pinnular nerve. 2, Distal view along arm axis, the most distal ortho slice showing the two target pin-
nules of the two pinnular nerves. The right pinnule contains an ovary with large dark eggs. Images new, by authors.

give the false impression of an interjoint 
swelling. The nerve is almost completely 
embedded in the brachials. Only in the 
space between brachials, a narrow, annular 
part of the nerve surface makes contact 
with the interosseous connective tissue (Fig. 
77.1) and its ligamentous fibers. The arm 
nerves send branches in all directions, some 
of them probably terminating in the flexor 
muscles, others ascending to the hyponeural 
cords (Fig. 65.5); the thickest one (one per 
brachial) supplies the pinnules (Fig. 77.2). 
The organization of the pinnular nerves 
resembles that of the arm nerves.

VIII. INTEGUMENT
The filigree crinoid body is covered by 

an extensive integument consisting of a 

single-layered epithelium, the epidermis, 
and subepidermal connective tissue. The 
latter may be locally loose or dense, or even 
replenished with sclerites. There is no clear 
boundary between the integument and the 
general connective tissue of the body. There-
fore, the integument is not comparable to the 
skin of vertebrates. Accordingly, it should not 
be called dermis (Holland, 1984).

In detail, the structure of the epithelium 
depends on the particular site, but it is 
generally comprised of three groups of cell 
types: squamous superficial and supporting 
cells, cilated cells, and secretory cells. 

CELL TYPES
Squamous superficial and supporting cells

Most parts of the epidermis are comprised 
of these two cell types, both of which can 
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Fig. 78. Surface cells and cuticle. 1–7, Leptometra celtica M’Andrew & Barrett, 1857; 1–3, flat superficial cells, 
mainly the nucleus is visible with a prominent nucleolus, arrows point to the thin lateral extensions; 4–6, support-
ing cells with stalk below the surface but still in contact (arrows) with the covering layer, 7, Group of ciliated cells 
in the integument of the anal cone; scale bars 1–7, 10 µm. 8–10, Neogymnocrinus richeri (Bourseau, Améziane-
Cominardi, & Roux, 1987). 8, cuticle (arrow) covering the sclerites (*), with neither cells nor a space underneath 
the cuticle; 9, cuticle (arrow) held up by the kinocilia (arrowheads) of a food groove epithelium, ks=kinetosomes,  
sc=secretory cell; 10, cuticle (arrow) held up by large microvilli (mv) on the tegmen; Scale bars 8–10, 20 µm. Stain-

ing: Toluidine blue. Image new, by authors.

be very small. It is known from electron 
microscopic studies (Holland, 1984; 
Heinzeller & Welsch, 1994) that intercel-
lular contacts between these cells make the 
surface layer dense, thus providing a tight 
barrier between inside and outside.

The squamous superficial cells can be 
thought of as fried eggs, with the perinuclear 
compartment with its lenticular nucleus 
representing the yolk, and the peripheral, 
very flat extensions with unidentifiable cell 
boundaries represent the albumen (Fig. 
78.1–78.3). The cell shape can change to 
cuboidal, for example, in the armpit between 
the arm and pinnule. By elongation or, 
conversely, compression, the superficial cells 
of mouth tentacles can achieve any shape 
between aquamous (squamous superficial 
cells), cuboidal, and cylindrical. Cells of 
such a shape resemble—or are identical 
to—typical supporting cells.

Typical supporting cells (Fig. 78.4–78.6) 
are iterspersed among the flat superficial 
cells and contribute to the covering layer by 
a compartment that can be compared to the 
flat umbrella of a mushroom. The stalk of the 
mushroom extends deeply into the connective 
tissue, where its deepest part broadens into a 
tuberous foot containing a round nucleus.

The epidermis is covered by a cell-free 
cuticle, presumably produced by all epithe-
lial cells. This consists of a fine filamen-
tous felt; its thickness and presumably also 
chemical composition may vary among 
species. In some places, the cuticle appears to 
lie immediately above the connective tissue 
or sclerites, with no epithelial layer visible 
(Fig. 78.8). Elsewhere, the cuticle appears to 
hover several micrometers above the epithe-
lium, and the space beneath the cuticle is 
stabilized by kinocilia and/or unusually large 
microvilli (Fig. 78.9–78.10).



Anatomy of Internal Organs 73

Ciliated cells
The majority of the cells of the food 

groove epithelium are ciliated (see Section 
V) (Fig. 45; Fig. 78.9). The same is true for 
the cells in the outer part of the madreporic 
canals (Fig. 8.3–8.4). Elsewhere, ciliated 
cells are present on all parts of the body, 
either individually or in groups. Groups 
may simply consist of loose aggregations of 
a few cells, as in the numerous clusters in 
the integument of the anal cone of a young 
Leptometra celtica (Fig. 78.7). Other groups 
of ciliated cells are firmly integrated into 
the special organization of sensory papillae 
that decorate the tentacles (see Section V). 
In these papillae, the cells of the inner and 
outer circles are ciliated.Each ciliated cell 
bears a single, long kinocilium that extends 
well beyond the cuticle. Of course, the cilia 
in the feeding groove and madreporic canals 
serve for transport. For the other ciliated 
cells, a sensory function is most likely, but 
it is still not known whether a particular cell 
responds to either mechanical or chemical 
stimuli, to both types of stimuli, or even 
to completely different ones. Thus, from 
a morphological point of view, the non-
transporting ciliated cells appear to be a 
unitary group; from a physiological point 
of view, they probably are not.

Secretory cells

The crinoid mode of feeding requires the 
secretion of mucus in and lateral to the food 
groove. Corresponding mucous cells are 
present in the food groove epithelium among 
the ciliated transporting cells (Fig. 79.1). 
Additional mucous cells are accumulated in 
epithelial depressions at the edge of the food 
groove (Fig. 79.2b). At the tip of the sensory 
papillae, the cells of the outer circle release 
a secretion that is thought to be adhesive 
(Flammang & Jangoux, 1992) (Fig. 79.3c).

During development, the first secretory 
structure formed by the doliolaria larva for 
attachment to the substrate is the adhesive 
pit and then its transformed structure, the 
attachment disk. Both structures have been 
studied in detail by Jangoux and Lahaye 
(1990). In addition to the pure sensory 

cells, there are mucous cells, predominantly 
located in the adhesive pit, and cells that 
produce a proteinaceous product, predomi-
nantly located in the attachment disk. The 
product of the latter cements the larva to 
the substrate, even after the glandular cells 
themselves have disappeared (Chia & others, 
1986). In mature female individuals of some 
species, glands with an adhesive secretion 
attach spawned ova to the mother’s surface 
for early larval life (Fig. 79.7, Fig. 62).

In adults, a variety of secretory cells are 
present in the integument (Fig. 79.4, Fig. 
79.8). Mucus cells can be identified—to 
some degree—by the size/shape of the gran-
ules or by staining reactions (PAS, Alcian 
blue, metachromasia with Toluidine blue). 
Unfortunately, in histological preparations, 
the characteristic water binding capacity 
of mucus causes the granules to swell and 
lighten—depending on the fixation method, 
causing morphological artifacts.

An overwhelming number of substances 
of importance and use as pigments or for 
cytotoxicity and antifish activity (Feng, 
Khokhar, & Davis, 2017) have been isolated 
from complete crinoids. It is likely, but not 
yet proven, that some of these substances 
are released by secretory cells of the integu-
ment, such as the black mucus spread on the 
surface of Comatella nigra P. H. Carpenter 
1888 (Fig. 79.6). With some certainty, 
some secretory products can be described as 
mucous based on their histological proper-
ties; all non-mucous products are tentatively 
summarized as proteinaceous. This is most 
likely incorrect in a chemical sense and 
requires further investigations with more 
specific techniques.

SACCULI

Sacculi were discovered by W. B. Carpen-
ter (1876) in Antedon rosaceus (now A. bifida 
bifida) and studied in detail by Reichens-
perger (1912). Despite a number of subse-
quent studies by several authors, they still 
remain enigmatic structures. Sacculi are 
conspicuous, spherical structures of most 
feather stars and some isocrinids, whereas 
they are completely absent in cyrtocrinids. 



74 Treatise Online, number 182

Fig. 79. Secretory cells. 1, Neogymnocrinus richeri (Bourseau, Améziane-Cominardi, & Roux, 1987), solitary 
mucus secreting cells at the edge of the food groove, two types (a, b) differing in granule size and metachromatic 
behavior, scale bar 10 µm. 2, Leptometra celtica M’Andrew & Barrett, 1857, aggregation of mucous cells (ar-
rows) in a pit at the base of a tentacle (t); fge=food groove epithelium, scale bar 10 µm. 3, Neogymnocrinus richeri, 
papillae in cross section with pink staining secretion in cells of the outer circle, scale bar 10 µm. 4, Comatella nigra 
P. H. Carpenter, 1888, tall tegmenal epithelium with different types of secretory cells, one of which (c) releases a 
mucoid product and another (d) a possibly proteinaceous product, scale bar 20 µm. 5, Comatella nigra, large gland-
like cell aggregate (e), here addressed as atypical sacculus, scale bar 20 µm. 6–8, Secretory cells in the integument 
of pinnules. 6, Comatella nigra, cells with a black pigmented secretion (f ), t=tentacle, fge=food groove epithelium, 
scale bar 50 µm. 7, Antedon mediterranea (Lamarck, 1816), cells of the cement gland (g), oral/lateral of an ovary, 
ooc=oocytes, scale bar 20 µm. 8, Cyathidium plantei  Heinzeller & others, 1996, cells with conspicuous spherical 
granules of unknown significance (h), scale bar 20 µm. Staining: Azocarmin in 6, Hemalum in 7, and Toluidin 

blue in all others. Images new, by authors.

Sacculi are positioned in rows on both sides 
of pinnules and arms (Fig. 80.1) and also on 
the tegmen.

Typical structure
The composition of sacculi resembles 

that of a holocrine gland, although they are 

thought to arise from mesodermal or even 
coelothelial cells rather than epithelial cells 
(Nocart, 1993). As far as can be deduced 
from the various histological appearances, the 
formation, maturation, and disintegration of 
sacculi in Antedon may proceed as follows. 
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Fig. 80. Sacculi. 1, Tropiometra afra (Hartlaub, 1890), longitudinal section, of a pinnule, slightly lateral, showing 
the dense row of sacculi (stained red ), scale bar 200 µm. 2, Antedon petasus (Düben & Koren, 1846), sacculus 
showing cells in different stages of transformation, reflected in the different intensity of staining. Arrows point to 
the thin epitheloid cover, scale bar 200 µm. 3, Antedon petasus, sacculus with about ten cells enlarged but still visibly 
separable, two of them artificially framed, scale bar 10 µm. 4, Antedon petasus, sacculus after incomplete depletion, 
scale bar 20 µm. 5, Clarkcomanthus luteofuscum H. L. Clark, 1915, row of atypical sacculi in the tegmen, scale bar 
50 µm. 6, Comatella nigra P. H. Carpenter, 1888, atypical sacculus, probably ready for depletion. The atypical 
sacculi in 5 and 6 appear to be filled with a translucent material, except for some very fine membranes (arrows) that 
can be interpreted as remnants of the former cell boundaries or intercellular material, scale bar 20 µm. Staining: 1, 

Hemalum-Eosin; 2–6, Toluidin blue. Images new, by authors.

Sacculi arise in the form of spherical cell clus-
ters in the connective tissue (Fig. 80.3) that 
initially grow by proliferation. Subsequently, 
cell differentiation proceeds in two ways. 
The principal cells swell by accumulating a 
proteinaceous material in inclusion bodies. 
These grow to several µm in diameter, and 
some acquire prismatic outlines. 

The accumulating material apparently 
undergoes a maturation process that alters 

its staining capacities (Fig. 80.2). The final 
granular inclusions exhibit high light refrac-
tion (Holland, 1967). The cell organ-
elles, including the nucleus, are degraded in 
parallel with the maturation of the globules. 
The second cell type encases the cluster of 
granulated cells with an epitheloid envelope 
(Fig. 80.2) resembling a very flat coelo-
thelium. Sacculi can break through the 
overlying tissue and empty their package 
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of granulated cells (Fig. 80.4); however, the 
initiating stimulus is still unknown.

Atypical sacculi
Several feather stars have structures that 

are very similar to, but not identical to, 
sacculi. In Clarkcomanthus luteofuscum H. 
L. Clark, 1915, for example, such atypical 
sacculi are in aggregations in the tegmen 
epithelium (Fig. 80.5). The tegmen of Coma-
tella nigra is also rich in similar sacculus-like 
structures (Fig. 79.5–79.6.), which appar-
ently open at the body surface to release 
their contents (Fig. 80.6). Whereas in a 
typical sacculus the original composition of 
individual cells or inclusion bodies can be 
recognized even in the extrusion-ready state, 
this is hardly possible in atypical sacculi (Fig. 
80.5–80.6). The material of the granules has 
a finely punctate texture in both typical and 
atypical sacculi, but this texture is much 
more pronounced in typical sacculi.

Function
The fact that there are several groups of 

crinoids without any sacculi complicates the 
formulation of a general function hypoth-
esis. It is obviously not vital to have sacculi. 
But it seems too costly to have sacculi if they 
are not functional. The most popular inter-
pretation, among many others, is an excre-
tory function, as suggested by the earliest 
researchers (e.g., Ludwig, 1877). Because 
there are no physiological results available as 
yet, the statement of Hyman (1955, p. 50) 
is still valid: “The function of these sacculi 
is obscure.” One might add “and probably 
manifold.” A recent observation expands 
the range of possible functions. Biolumi-
nescence has been noted in some abyssal 
crinoid species. In one species of the family 
Thalassometridae, this ability was attributed 
to sacculi. These observations suggest that 
sacculi might represent the luminescent 
organ “in at least some crinoids” (Martinez 
Soares, 2020, personal communication 
from Jerome Mallefet).
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