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Water drift and tidal rise make the use of bonding mechanisms beneficial for small benthopelagic or interstitial marine
animals. Chemical adhesives for attachment are very common in molluscs; however, only a few cephalopods have glue pro-
ducing organs. The family Idiosepiidae is characterized by an epithelial adhesive organ (AO) located on the posterior part of
the dorsal mantle area. Previous morphological and histological studies described three non-glandular cell types (basal,
interstitial and fusiform cells) and three glandular cell types (goblet, columnar and granular cells) containing protein
and carbohydrate components. However, these studies provide different information about the nomenclature and charac-
teristics of the cell types. The present ultrastructural analyses and a 3D reconstruction of the AO of Idiosepius pygmaeus
and Idiosepius biserialis therefore serve to investigate the cell distribution, the fine structure of the cells and possible inter-
actions between the cells.We found that basal cells form a continuous cell layer along the basal membrane, overlapped by the
other epithelial cells. Embedded in microvilli-covered interstitial cells the glandular cells are more or less evenly distributed
within the AO. Goblet and granular cells are solitary glandular cells without conspicuous morphological characteristics,
whereas the columnar cells are arranged in dense aggregations of 5–15 cells. Each columnar cell is enclosed by a narrow
supporting interstitial cell which contains dense longitudinal filament strands. The secretory process of the cells in the aggre-
gation is synchronized. Each columnar cell aggregate bears approximately two ciliated sensory fusiform cells. The fusiform
cells are connected to a neuronal network, aligned along the epithelium base.The results suggest that the bonding system is
affected by two secretory cell types (granular and columnar cells). Both are similar in content, synthesis and secretory process
but columnar cells are embedded in a particular cell environment. It is unclear in what way this arrangement is associated
with the function of the AO. The neurons in several parts of the AO point to a neuronal control of the bonding mechanism.
Comparisons with the AO cells of other cephalopods provide no indications for a morphological relationship between the
adhesive systems.
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I N T R O D U C T I O N

Several cephalopod taxa possess adhesive mechanisms either
for camouflage, prey capture, egg attachment or to avoid drift-
ing. Attachment is effected by mechanical mechanisms, e.g.
reduced-pressure systems in suckers on the arms and tentacles
(Smith, 1976; Kier & Smith, 2002; Pennisi, 2002) or by chemi-
cal substances produced in special glandular cells. The localiz-
ation and morphology of the adhesive systems vary strongly
according to the species. Chemical adhesives are supposed
for species of the genera Nautilus (Fukuda, 1980; Kier, 1987;
Muntz & Wentworth, 1995), Sepia sp. (Roeleveld, 1972; von
Boletzky & Roeleveld, 2000), Euprymna (Singley, 1982) and
Idiosepius (Sasaki, 1921; Nesis, 1982; von Byern & Klepal,
2006).

The adhesive organ (AO) of Idiosepiidae Appellöf 1898 is
clearly restricted to the posterior area of the dorsal mantle
surface and parts of the fins (Steenstrup, 1881). A first detailed
description was carried out by Sasaki (1921), who classified
two glandular cell types in the AO of Idiosepius: columnar
cells with globular granules (Ø 1 mm) and granular cells
containing closely packed polygonal granules (2–5 mm).
Furthermore, cell types without secretory material are
described as goblet cells, decayed columnar cells and sensory
fusiform cells near the surface. Basal cells form a second cell
layer aligned along the basal membrane.

Histological and histochemical studies of the AO of
Idiosepius (von Byern et al., 2008) indicate that, in addition
to the granular and columnar cells, also the goblet cells
possess secretory components. All three glandular cell types
contain neutral polysaccharides and basic proteins but with
varying amounts.

So far the sparse knowledge about the fine structure of epi-
thelial gland structures in cephalopods, except for the few
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species mentioned above, inhibits extensive comparison to
other molluscs. In the present study ultrastructural analyses
were carried out to investigate the cellular morphology of
the AO of two Idiosepius species. The results help to under-
stand the morphology of glandular cells and allow a more
detailed comparison with chemical adhesive systems in cepha-
lopods as well as other glue-producing marine animals.

Abbreviations used: af, actin filaments; ba, basal cell; bm;
basal membrane; bv, blood vessel; ci, cilium; cl, cell lumen;
cm, cell membrane; co, columnar cell; col, collagen; cs, cytos-
keleton filaments; ct, connective tissue; dm, dermal muscle; ev,
endocytosis vesicle; f, fusiform cell; fi, filaments; fn, fin; fs, fila-
ment strands; gc, glycocalyx; gm, granular material; go, goblet
cell; gol, Golgi; gr, granular cell; gs, granules;i, interstitial cell;
ime, inner mantle epithelium; lm, longitudinal muscle; ly,
lysosome; mi, mitochondrion; mm, mantle musculature; mv,
microvilli; nb, nucleus of basal cell; nc, nucleus of columnar
cell; ne, nerve process; nf, nucleus of fusiform cell; ng,
nucleus of granular cell; ngo, nucleus of goblet cell; ni,
nucleus of interstitial cell; ome, outer mantle epithelium;
rER, rough endoplasmic reticulum; ri, ribosomes; sc, saccular
cell; sc1, secretory cell type 1; sc2, secretory cell type 2; scl,
synapic cleft; si, sinus; sm, secretory material; sv, synaptic
vesicle; tgn, trans-Golgi network; tpv, transport vesicle; tv,
transition vesicles; tw, terminal web.

M A T E R I A L S A N D M E T H O D S

Two species (Idiosepius pygmaeus and Idiosepius biserialis)
were investigated. Collection, cultivation and preparation
were carried out according to von Byern et al. (2008).

The mantle was pre-fixed in toto for 5 minutes at 29–338C
using 2.5% glutaraldehyde in 0.1 M Na-cacodylate buffer (pH
7.3, including 10% sucrose). Main fixation was made at same
temperature for 5–8 hours. Subsequently, the samples were
washed three times for 15 minutes each with 0.1 M buffer sol-
ution and stored for further processing. For post-fixation the
samples were immersed for 1.5 hours in 1% osmium tetroxide
with 0.1 M buffer solution and dehydrated in a graded series
of ethanol.

For transmission electron microscopy the samples were
embedded in Epon resin; ultrathin sections (40–80 nm)
were mounted on copper slot grids coated with formvar in
dioxane, stained with uranyl acetate and lead citrate
(Reynolds, 1963) and examined in a TEM Zeiss 902.

In addition to the standard procedure the following modi-
fications were made: (1) during the first fixation calcium
chloride was added to the buffer solution until the saturation
limit to improve the membrane preservation; (2) for contrast
enhancement 1% potassium ferricyanide was added to
the osmium tetroxide fixative; and (3) after post-fixation
samples were immersed for 40 minutes in 1% tannic acid
and 45 minutes in 1.5% uranyl acetate to enhance visualiza-
tion of lipids and proteins.

For scanning electron microscopy the samples were
washed several times in 100% acetone, immersed in HMDS
(hexamethyldisilazane), dried in air over night, mounted on
stubs, coated with gold in a Polaron 5800 sputter coater and
viewed in the SEM Philips XL 20.

The 3D-reconstruction of the adhesive organ of I. pyg-
maeus is based on a continuous series of 60 semithin sections
(1 mm), stained with toluidine blue and photographed on a
light microscope. Images were edited with the software
program Blender version 2.37a 22.41 using stacks of
UV-textures. Measurement of cells and nuclei as well as the
number of nucleoli in the distinct cell types likewise rely on
this image stack.

Fig. 1. Idiosepius pygmaeus. (A) The dorsal posterior mantle bears the adhesive organ; (B) I. pygmaeus attached to an aquarium glass. The contact surface is
increased by the flattened dorsal mantle; (C) aggregates of columnar cells (circles) are predominantly located on the elevated parts of the surface. Scale bar: 10 mm.

Fig. 2. Schematic drawing of the dorsal mantle tissue. The darker area of the
outer mantle epithelium (above the basal membrane) marks the adhesive
organ. The mantle musculature is recessed in the middle part of the dorsal
mantle.
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R E S U L T S

While the surface of the regular mantle epithelium in
Idiosepius pygmaeus and I. biserialis is smooth, the adhesive
epithelium has deep furrows (Figure 1). As in Sepia and
Loligo the mantle consists of the outer mantle epithelium,
dermal musculature, connective tissue including chromatic
elements (chromatophores, iridophores and reflector cells),
collagen and an inner mantle epithelium (Figure 2).
However, it differs from other cephalopods by a disconti-
nuity of the mantle musculature in the middle part of the
dorsal mantle (Figure 2). A basal membrane (0.5 mm
thick) is located at the base of both the outer and inner
mantle epithelium. The height of the epithelium cells
within the AO (60 mm in I. biserialis and 80 mm in I. pyg-
maeus) are increased in relation to the regular outer mantle
epithelium (30 and 40 mm, respectively). Otherwise no
morphological differences can be found between the two
species.

Characterization of the AO cell types
The outer mantle epithelium including the AO is generally
composed of two cell layers, whereby the proximal layer
exclusively consists of basal cells. In the distal cell layer
three glandular (columnar, granular and goblet cells) and
three non-secretory cell types (interstitial cells, saccular
cells and small ciliated fusiform cells) can be distinguished
morphologically (Table 1; Figures 3 & 4).

The basal cells (Figure 5) adjoin the basal membrane and
form a continuous cell layer (about 5 mm high). The cells
are flat ovoid to cone-shaped and mostly have a globular
nucleus, lacking nucleoli. The cytoplasm is largely full of
vesicles (Ø 0.5 mm), which bud by endocytosis from the
membrane of the cell base (Figure 5B). They contain
electron-dense particles (Figure 5C). The cells have numer-
ous cytoskeleton elements (Figure 5C). Endoplasmic reticu-
lum, ribosomes and mitochondria are rare.

All cell types of the distal cell layer are high-prismatic.
They are isolated from the basal membrane by the basal
cells. Only small extensions (Ø 2 mm) of the interstitial
cells extend between the basal cells up to the basal
membrane.

The columnar cells are elongate pear-shaped. From a
diameter of 10 mm at their base, the cells taper to 4 mm
in the middle region and remain constant in diameter up
to the epithelium surface (Figure 6A). The basally located
nucleus (globular to oval, Ø 5–8 mm) often contains up
to 6 large nucleoli (Ø 1 mm). Around the nucleus, extensive
rough endoplasmic reticulum (rER) is present, interspersed
with mitochondria. Distal to the nucleus the rER releases
transition vesicles, which migrate to the cis-side of the
dictyosomes. On the trans-side of the Golgi cisternae,
secretion-filled vesicles are released, which fuse to larger
granules.

Next to the surface the columnar cells are connected to
the neighbouring interstitial cells via zonulae adhaerentes
(Figure 6B). Along the lateral periphery of the columnar
cells are several strands of filaments. They are anchored lat-
erally in the zonula adhaerens near the apical cell pole and
are restricted to the upper third of the cell. The remaining
cytoplasm is loosely filled with globular, membrane-bound

T
ab

le
1.

O
ve

rv
ie

w
of

th
e

m
ai

n
ch

ar
ac

te
ri

st
ic

s
of

th
e

ce
ll

ty
pe

s
in

th
e

ad
he

si
ve

or
ga

n
of

Id
io

se
pi

us
.

B
as

al
In

te
rs

ti
ti

al
Fu

si
fo

rm
C

ol
um

n
ar

G
ra

n
ul

ar
G

ob
le

t
Sa

cc
ul

ar

Sh
ap

e
U

nd
et

er
m

in
ed

H
ig

h
pr

is
m

at
ic

Pe
ar

-s
ha

pe
d

St
re

ch
ed

pe
ar

-s
ha

pe
d

C
yl

in
dr

ic
al

C
yl

in
dr

ic
al

Sa
ck

to
ba

llo
on

M
ai

n
ch

ar
ac

te
ri

st
ic

V
es

ic
le

s
w

it
h

el
ec

tr
on

-d
en

se
gr

an
ul

es

M
ic

ro
vi

lli
,fi

la
m

en
ts

,G
ol

gi
ne

tw
or

k
C

ili
a,

di
ct

yo
so

m
es

nu
m

er
ou

s
fr

ee
ri

bo
so

m
es

G
ra

nu
le

s
(1

m
m

)
G

ra
nu

le
s

(2
–

5
m

m
)

Fi
ne

gr
ai

ne
d

m
at

er
ia

l
W

it
ho

ut
sp

ec
ifi

c
co

nt
en

t

Lo
ca

ti
on

of
nu

cl
eu

s
U

nd
et

er
m

in
ed

C
en

tr
al

B
as

al
B

as
al

B
as

al
B

as
al

B
as

al
N

uc
le

ol
i

–
Se

ve
ra

l
Se

ve
ra

l
Se

ve
ra

l
Se

ve
ra

l
Se

ve
ra

l
Se

ve
ra

l
E

nd
op

la
sm

ic
re

ti
cu

lu
m

M
ar

gi
na

l
M

ar
gi

na
l

M
ar

gi
na

l
A

bu
nd

an
t

ro
ug

h
en

do
pl

as
m

ic
re

ti
cu

lu
m

(r
E

R
)

ne
xt

to
nu

cl
eu

s

A
bu

nd
an

t
rE

R
ne

xt
to

nu
cl

eu
s

Sp
ar

se
rE

R
ne

xt
to

nu
cl

eu
s

M
ar

gi
na

l

G
ol

gi
ap

pa
ra

tu
s

M
ar

gi
na

l
C

om
e

di
ct

yo
so

m
es

an
d

de
ns

e
G

ol
gi

ne
tw

or
k

So
m

e
di

ct
yo

so
m

es
A

bu
nd

an
t

ne
xt

to
nu

cl
eu

s
A

bu
nd

an
t

ne
xt

to
nu

cl
eu

s
M

ar
gi

na
l

M
ar

gi
na

l

M
ic

ro
vi

lli
–

3
–

–
–

–
–

Se
cr

et
or

y
pr

od
uc

t
–

G
ly

co
ka

ly
x

–
G

ra
nu

le
s

G
ra

nu
le

s
Fi

ne
gr

ai
ne

d
m

at
er

ia
l

–
Se

cr
et

io
n

ty
pe

–
E

cc
ri

n
–

A
po

cr
in

e
A

po
cr

in
e

H
ol

oc
ri

ne
–

Fi
la

m
en

ts
C

yt
os

ke
le

to
n

N
on

-d
ir

ec
tio

na
lc

yt
os

ke
le

to
n

an
d

st
ra

nd
s

of
ac

tin
fil

am
en

ts
C

yt
os

ke
le

to
n

Fi
la

m
en

t
st

ra
nd

s
in

th
e

pe
ri

ph
er

y
–

–
Fi

la
m

en
t

st
ra

nd
s

in
th

e
pe

ri
ph

er
y

D
is

tr
ib

ut
io

n
in

th
e

ad
he

si
ve

or
ga

n
C

om
po

se
th

e
ba

sa
lc

el
l

la
ye

r
Fo

rm
th

e
ba

si
c

sc
af

fo
ld

A
lw

ay
s

as
so

ci
at

ed
w

it
h

th
e

co
lu

m
na

r
ce

lls
R

eg
ul

ar
R

eg
ul

ar
Q

ua
nt

ity
de

cr
ea

se
in

th
e

m
id

dl
e

(in
cr

os
s-

se
ct

io
n)

Ir
re

gu
la

r

P
re

se
nc

e
in

th
e

no
rm

al
m

an
tle

ep
it

he
liu

m
3

3
–

–
–

3
3

studies of the adhesive organ in idiosepius 1501

https://doi.org/10.1017/S002531541100021X Published online by Cambridge University Press

https://doi.org/10.1017/S002531541100021X


secretion granules (Ø 1 mm). Frequently, membrane residues
are visible between the granules.

The granular cells are cylindrical, about 10 mm in diameter
(Figure 6C). As in the columnar cells the nucleus (globular to
oval, Ø 5–8 mm) with 3 to 6 nucleoli is located basally and
surrounded by several rER-layers. The synthesis of the
secretory material is similar to that found in columnar cells
but the granules are larger (2–5 mm) (Figure 6D). In the
loose stage they appear globular but when tightly packed
they convert to a polygonal shape. Frequently, granules fuse
partly and incorporate membrane residues.

The present study shows that in the columnar as well as in
the granular cells only parts of the entire cell content are
released during secretion. In contact with the outer medium
the released granules fuse immediately to a uniform mass
(Figure 6E).

Goblet cells are cylindrical or barrel-shaped with a diam-
eter of 10–20 mm. The oval to sickle-shaped nucleus (about
6 × 3 mm) is likewise located basally. It contains up to 3
nucleoli, which are smaller than in the other glandular cells.
Goblet cells are filled with homogeneous fine granular
material (grain size 20–50 nm). The secretory material is
either densely packed and evenly distributed or shows low
density with a gradient increasing toward the apical pole of
the cell. In cells with mostly loose material the rER is adjacent
to the nucleus, synthesizing secretory material (Figure 7A, B).

With increasing density the synthesis activity decreases. In
uniform, densely packed goblet cells, synthesis can no
longer be observed (Figure 7C, D). In contrast to the columnar
and granular cells, the goblet cells release their secretory con-
tents completely (Figure 7E).

Between the glandular cells are interstitial cells, character-
ized by densely arranged microvilli (0.5–1 mm in length)
(Figure 8A). A glycocalyx covers the surface of the microvilli.
It forms an electron-dense layer at the half length of the
microvilli. The nucleus in the middle of the cell is oblong
(10 × 4 mm) and contains 2 to 4 nucleoli. This cell type
lacks granular secretory material. The cytoplasm contains
numerous dictyosomes and a distinct trans-Golgi network
with increasing abundance of cisternae towards the cell
surface. Loosely distributed non-directional filaments traverse
the cells.

Interstitial cells neighboured to columnar cells show some
modifications: they have a significant smaller cell volume. Cell
processes (Ø 2 mm) extend between the basal cells up to the
basal membrane. Mitochondria and filaments are more
numerous and the density of the trans-Golgi network is
lower. The actin filaments, anchored in the microvilli, are
not terminated in the terminal web as in the regular interstitial
cells but continue inside the cell lumen (Figure 8C, D).
Furthermore, the cell extensions contain filament strands,
anchored in the basal cell pole and traversing the cells longi-
tudinally (Figure 8B). The microvilli of these cells are
increased in length (1.5 mm), forming a microvillous collar,
which surrounds the columnar cells (Figure 8E).

The saccular cells differ morphologically from the other
epithelium cells by a mostly empty central balloon-like
cavity, enclosed by a membrane (Figure 9). The cavity has
no specific content, but contains in several cases material
from the outside medium such as granules (Figures 3 & 9)
or suspended secretory components from the neighbouring
cells or even protozoa. These protozoa are also found in the

Fig. 3. Cross-section showing the cell types present in the adhesive organ of
Idiosepius. Scale bar: 10 mm.

Fig. 4. Schematic drawing of the cell arrangement in the adhesive organ
(adapted from Cyran et al., 2005 and re-published with permission).

Fig. 5. Basal cell of Idiosepius: (A) the basal cells mainly possess transport
vesicles with particles of electron-dense material; (B) endocytosis vesicles
budding from the membrane of the cell base incorporating electron-dense
granules; (C) cytoskeleton elements are predominantly located in the cell
base. Scale bars: (A) 1 mm; (B) 100 nm; (C) 200 nm.
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dermal muscle cells but never in the other epithelial cells. The
saccular cells mostly extend from the epithelium surface just
to the half or 2/3 height of the epithelium, infrequently
contacting the basal cells. The narrow (0.5 mm) cytoplasm
between the cavity and the cell membrane is tightly filled
with filaments (Figure 9B), some mitochondria, little rER
and a narrow sickle-shaped nucleus. The filaments form con-
tinuous strands, lining the whole cell even below the nucleus.

The pear-shaped fusiform cells are about 15 mm long and
always in the surface layer of the epithelium (Figure 10A). The
thicker, proximal part is almost completely filled by an ovate
nucleus containing several nucleoli. The cytoplasm contains
many vesicles, dictyosomes, lysosomes, mitochondria and
some cytoskeletal filaments (Figure 10B). In the nucleus
region there is little rER but abundant free ribosomes
(Figure 10E). One or more cilia (250 nm in cross-section
and 2 mm long) (Figure 10C, D) are positioned on the
apical pole of the cells; their centrioles are 1 mm below the
cell surface. The cilia arrangement seems to be random. In
some cases the distal end of the cilia appears to be widened.
No ciliary root could be detected.

Bundled nerve processes are observable between the basal
cells, and single neurons are joined to each fusiform cell.

The basally located nerve processes, consisting of 5 to 10 den-
drites, have synaptic contact to other neurons in the bundle
and to compartments of epithelial cells (Figure 11).

Distribution of the cell types
The 3D-reconstruction provides an overview of the cell mor-
phology and distribution. Columnar cells always occur in
aggregates of 5–15 cells (Figures 6A & 12). Between them
are narrow interstitial cells, forming a hump with their long
microvilli (Figure 1C & 8E). One or more fusiform cells are
positioned at the periphery of the aggregates (Figure 6A).
These aggregates are regularly distributed in the AO. The
granular cells are regularly distributed as well. Goblet cells
are dominant at the periphery of the AO and less abundant
in the middle part. The saccular cells are irregularly
distributed.

Characterization of the non-adhesive
mantle epithelium
The ventral mantle epithelium is composed of basal, intersti-
tial, saccular and two secretory cell types (Figure 13). The

Fig. 6. Columnar and granular cell: (A) columnar cells in cross-section. Several cells form aggregations with 2 fusiform cells; (B) the actin filaments in the
boundary layer of the columnar cells are anchored in zonulae adhaerentes (arrows); (C) granular cells in cross-section; (D) shows the high activity of
secretory material synthesis in the granular cells; (E) the secretory process of columnar cells belonging to an aggregation always occurs simultaneously. In this
section the material amalgamates with the secretion of the granular cells. Scale bars: (A & C) 10 mm; (B & D) 500 nm; (E) 2 mm.
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interstitial, basal and saccular cells correspond structurally
and in their arrangement to those in the AO. Both secretory
cells are high prismatic, about 20 mm in diameter and
contain a basally located, roundish–oval nucleus with
several nucleoli. In the absence of a terminology they are
called Type I and Type II.

Type I contains spherical to oval granules (Ø 5 mm) of
dense material. In contrast to the secretory material of the
granular and columnar cells, these granules are not membrane
bound and frequently form a uniform mass. Type II contains
fine-granular material often with increasing density toward
the apical pole. The morphology of this cell type resembles
the goblet cells.

Neither columnar, nor granular nor fusiform cells were
detected in the non-adhesive mantle epithelium but, as in
the AO, the synaptic areas of neurons lie between the basal
cells.

D I S C U S S I O N

Previous examinations about the AO of Idiosepiidae described
its morphology (Sasaki, 1921) and the chemical composition
of the glandular cells (von Byern et al., 2008) but left a gap

concerning the cell type classification. The current study
aims to elucidate this question and moreover determine the
distribution and the fine structure of the cells. The results
help to draw conclusions and to compare the adhesive
system of Idiosepius with those in other glue-producing
animals.

Cell types: terminology and relations to other
cephalopods’ adhesive systems
The terminology proposed by Sasaki (1921) largely corre-
sponds with the results of the present study, but differs in
some details (Table 2).

The ‘decayed columnar cells’ (Sasaki, 1921) more closely
resemble the interstitial cells found in Euprymna (Singley,
1982) than the columnar cells because: (1) the apical cell
poles are part of the epithelial surface; (2) the nucleoli are
located centrally as in the interstitial cells of Euprymna
instead of basally as in the columnar cells; and (3) contrary
to the examined columnar cells, which are never completely
decayed, granular material is completely absent in these
cells. Accordingly the proposed decayed columnar cells are
not columnar cells without granules but interstitial cells as

Fig. 7. Goblet cells: (A) shows a state with active secretion synthesis. The material has a uniform lower density; (B) secretory vesicles (arrows) are separated from
the rER; (C) an intermediate state with beginning compression of the secretory material from the apical cell pole, resulting in a density gradient between basal and
apical pole; (D) the secretory material lifts up from the nucleus. No synthesis activity is evident; (E) shows the secretion of a goblet cell. Scale bars: (A) 2 mm; (B)
200 nm; (C) 5 mm; (D) 1 mm; (E )10 mm.
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in Euprymna. The present study points to a further cell type
(saccular cell) which was not described by Sasaki (1921).

The presence of chemical adhesives in different cephalopod
genera raises questions about a common origin of structures
and mechanisms (Table 2). Contrary to Idiosepius, in
Euprymna only two glandular cell types are present in the
adhesive area (Singley, 1982). The goblet cells of Euprymna
resemble the columnar cells of Idiosepius in size, alignment
of granules and location of the nucleus. The goblet cells of
Euprymna, however, are solitary cells, contrary to the colum-
nar cell aggregations in Idiosepius. Whereas the shape and the
nucleus of the ovate cells in Euprymna are similar to the

saccular cells in Idiosepius, their content strongly matches
the fine-grained substance in Idiosepius’ goblet cells. The
interstitial cells of both genera are alike. They contain
strands of filaments, a central nucleus, no granular material
and they are covered with microvilli.

In Nautilus the situation is quite different because the
various cell types are separated into different areas on the
digital tentacles. One glandular cell type (columnar epithelium
cells) (Kier, 1987; Muntz & Wentworth, 1995) has granules
equivalent to the granular cells in Idiosepius. The other cell
type, named as mucus (Muntz & Wentworth, 1995), granular
(Fukuda, 1988) or goblet cells (Kier, 1987) on the thin

Fig. 8. Interstitial cells: (A) the surface is characterized by microvilli with glycocalyx in between; (B) interstitial cells between columnar cells are traversed by
filament strands in longitudinal direction which are anchored basally; (C) the actin filaments, anchored in the microvilli, are not terminated in the terminal
web (as in A); (D) instead they extend into the cell lumen; (E) the longer microvilli (marked area) indicate the columnar cells aggregation. Scale bars: (A & C)
500 nm; (B & D) 200 nm; (E) 1 mm.
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epithelium in the Nautilus tentacle consists of large granules
(J. von Byern, unpublished results). Nautilus has ciliated cells
with cilia like those in Idiosepius, but these cells are separated
from the secretory cells and, furthermore, are also arranged in
non-adhesive areas (Ruth et al., 2002). Their direct connection
with the adhesive mechanism is therefore doubtful.

As pointed out by von Byern et al. (2008), there is some
confusion in the cell terminology, which complicates the com-
parison between several genera.

Some concordances in characters of the glandular cell types
exist, but these do not allow a degree of relationship to be
deduced. A common origin from an originally unspecific epi-
dermis cell seems plausible only for the interstitial cells in
Euprymna and Idiosepius.

The previous reports do not suggest a homology between
the adhesive structures, particularly because the respective
cells belong to different body parts.

Character of the adhesive organ
A predominantly mechanical adhesion or release can be
excluded for Idiosepius. The lack of mantle musculature in
the dorsal mantle area prevents contraction and thus partici-
pation in bonding and/or release from the substrate.
Nevertheless, an influence of dermal musculature on detach-
ment is conceivable, as suggested for Euprymna (Singley,
1982). The furrows in the epithelium may enhance the
strength of attachment by increasing the ability for defor-
mation and generating a sucker like effect (Gay & Leibler,
1999; Gay, 2002). Furthermore, the lack of mantle muscula-
ture in the middle dorsal mantle allows the animal to flatten
the mantle to increase the contact area, as is obvious in
Figure 1B.

While basal, interstitial, goblet and saccular cells occur also
in the non-adhesive epithelium, the columnar, granular and

fusiform cells are restricted to the AO of Idiosepius. This
implies their involvement in adhesion.

The following attributes of the glandular cells support this
hypothesis: both the columnar and granular cells are distribu-
ted regularly in the AO, which is not given for the goblet cells;
and columnar and granular cells secrete only part of their con-
tents as also shown by von Byern et al. (2008). This makes
sense, because the animals can attach and detach several
times per minute (Suwanmala et al., 2006) and need enough
glue for these bonding processes. An ‘all or nothing secretion
release’ would require a certain time for the animal to
re-synthesize and refill the cell, and provide no possibility to
hide during this time under a seagrass leaf.

The cilia in the fusiform cells and the adjacent nerve
process indicate a function as receptor cells. Ciliated
cells comparable to the fusiform cells were also found in
Nautilus (Muntz & Wentworth, 1995; Ruth et al., 2002),
whereby their association with the adhesive mechanism is
not clear.

Although the basal and interstitial cells are not explicit
parts of the AO, they support the functionality of the secretory
cells: the migrating vesicles and the poor presence of ER,
Golgi, ribosomes or nucleoli in the basal cells suggest a trans-
port function for nutrients and other components.

In the interstitial cells adjacent to the columnar cells, the
filaments ranging from the microvilli into the cell lumen
without connection to the terminal web are apparently
actin filaments whereas the filament strands, which are
anchored at the cell base, may be actin or intermediary fila-
ments. It is not clear so far, whether these filaments are con-
nected in the middle region of the cells, but probably they
form continuous strands. They may act as tonofilaments,
bearing the tension of adhesion as indicated for the AO of
Turbellaria (Tyler, 1988). Although evidence of a motor-
protein is still missing, it is also conceivable, that they have
a contractile function and support the secretory process by

Fig. 9. Saccular cell: (A) section of a whole cell containing a single granulum inside the cell lumen; (B) the boundary cytoplasmic area is dominated by parallel
filaments. Scale bars: (A) 5 mm; (B) 100 nm.
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exerting pressure on the apices of the columnar cells as
supposed for the adhesive tissue of Euprymna scolopes
(Singley, 1982).

The long microvilli on the interstitial cells form a collar
around the neck of the adjacent columnar cells. The
so-formed adhesive papilla is similar to the adhesive hump
found in Macrostomida (Tyler, 1976).

As for the goblet cells also the saccular cells are distributed
frequently in the normal epithelium and seem to be not
involved in the adhesion process. The lack of specific contents
in the cell lumen and inclusions from the outer medium was
likewise observed by histological analyses (von Byern et al.,
2008) and provide some questions about whether the cells
in principle produce secretory material or not.

Based on the present data, we could not completely exclude
a possible glandular function. Secretory material such as mucus,
fright- or defence-material might have been released during
capture, cultivation or dissolved during fixation and affect an
intake of the outer medium. However, further analyses,
e.g. with cryo-fixed samples, are necessary and planned to
provide new light on this question and exclude a ‘human error’.

The presence of synapses in the base of the epithelium
suggests a neuronal control of secretion. It remains unclear
where the nerve processes traverse the basal membrane.
Apparently, they are joined together to a strand and pass
the basal membrane only at few sites. Synaptic contacts
between neurons suggest a direct neural connection of
epithelial components.

Fig. 10. Fusiform cells: (A) two fusiform cells, located near the tips of columnar cells; (B) the cytoplasm above the nucleus contains distinct Golgi apparatus,
vesicles and a lysosome near the nucleus; (C) the fusiform cells bear one or more cilia; (D) scanning electron microscopy image of the cilia; (E) a nerve
process is associated with the basal cell pole. Scale bars: (A) 1 mm; (B & C) 200 nm; (D & E) 500 nm.
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Fig. 11. Innervation of the adhesive organ: (A) nerve process adjoining a columnar cell; (B) detail with a synapse to a columnar cell; (C) nerve process next to an
interstitial cell; (D) detail with a neuron to neuron synapse. Scale bars: (A) 1 mm; (B & D) 200 nm; (C) 1 mm.

Fig. 12. A 3D-reconstruction of an aggregation of columnar cells and fusiform cells.
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Composition of the secetory products
The configuration of rER and dictyosomes in the columnar
and granular cells indicates synthesis and packaging of pro-
teins and modifying with carbohydrates. In goblet cells the
proteins, produced by rER are apparently not modified by
the Golgi apparatus. This is evidence for a lower level of carbo-
hydrates in the secretory material. These findings correlate
with the histochemical results (von Byern et al., 2008), con-
firming different potein:sugar ratios (high carbohydrate rates
in columnar and granular cells but a low rate in goblet cells).

Duo-gland or two components glue?
The results suggest involvement of two different secretions,
assembled by columnar cells and granular cells.

Two hypotheses are possible:

(1) the cells work antagonistic as a duo-gland system, whereas
one cell type is responsible for the adhesion and the other
cell type produces secretory substances (mostly strong
acidic) for release (Hermans, 1983). Such a system
is also proposed for Euprymna (Singley, 1982) as well
as other glue-producing animals, e.g. Gastrotrichs
(Tyler & Rieger, 1980), Turbellaria (Tyler, 1976) or
Echinodermata (Flammang, 2006); or

(2) on the other hand a two component system is conceivable,
in which both glandular cells produce commonly the glue.

This process of bonding could be found in Euprymna,
Sepia (J. von Byern, unpublished data) as well as gastro-
pods (Smith, 2006).

So far, we could not say definitely, which type of bonding is
given for Idiosepius. Occasionally observed simultaneous
secretory process of columnar and granular cells much
speaks for a two components system. The lack of acidic com-
ponents (histochemical data by von Byern et al., 2008), which
effect a release of the glue in duo-gland systems, confirms this
observation. Biochemical analyses are necessary to solve this
question finally and provide more knowledge about adhesive
mechanism in cephalopods.

Finally for highly agile animals with rapid response behav-
iour a release from the substrate affected by body movement
seems more effective and generates less expense.
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