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Abstract  Cephalopods encapsulate their eggs in
protective egg envelopes. To hatch from this enclosure,
most cephalopod embryos release egg shell-digesting
choriolytic enzymes produced by the Hoyle organ (HO).
After hatching, this gland becomes inactive and rapidly
degrades by programmed cell death. We aim to
characterize morphologically the development, matu-
ration and degradation of the gland throughout embry-
onic and first juvenile stages in Sepia officinalis. Special
focus is laid on cell death mechanisms and the presence
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of nitric oxide synthase during gland degradation.
Hatching enzyme has been examined in view of metallic
contents, commonly amplifying enzyme effectiveness.
HO gland cells are first visualized at embryonic stage
23; secretion is observed from stage 27 onwards.
Degradation of the HO occurs after hatching within
two days by the rarely observed autophagic process,
recognized for the first time in cephalopods. Nitric oxide
synthase immunopositivity was not found in the HO
cells after hatching, suggesting a possible NOrole in cell
death signalling. Although the HO ‘life course’ chronol-
ogy in S. officinalis is similar to other cephalopods,
gland degradation occurs by autophagy instead of
necrosis. Eggs that combine a large perivitelline space
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and multi-layered integument seem to require a more
complex and large gland system.

Keywords Hatching gland - Autophagy - Nitric
oxide - Nitric oxide synthase

Introduction

Cephalopods have a great variety of egg encapsulation
mechanisms that can consist of from a single chorionic
coat without protective jelly envelopes in octopodi-
formes to a multi-layer spirally coiled jelly coat in
most decapodiformes (von Boletzky, 1986). Eggs can
be released individually or in egg masses, which size,
shape, structure and consistency also vary substan-
tially among species (von Boletzky, 1986, 1998).

The hatching gland in cephalopods, referred to as
the HO (Hoyle organ) (Wintrebert, 1928; Yung Ko
Ching, 1930), represents a co-adaptation of the
embryo to overcome the barrier imposed by the egg
envelopes, across which it has to move freely during
hatching. A close association is expected between egg
encapsulation design and the morphology of the HO
(von Boletzky, 2012). Therefore, detailed information
on the morphology and the process of formation and
degradation of the HO should have special value in
clarifying how the gland system has evolved among
species with assorted encapsulation mechanisms. This
in turn would provide a foundation for the under-
standing of the ecological and evolutionary signifi-
cance of the HO.

In cephalopods, the HO is an epithelial organ
restricted to the posterior part of the dorsal mantle
surface. Shortly before hatching, the HO is fully
developed and releases proteolytic enzymes (Denuce
& Formisano, 1982) that weaken the egg integument so
that it becomes permeable to water, resulting in an
increase in osmotic pressure within the perivitelline
space (von Boletzky, 2003). Instantly after hatching, a
bulk degradation of the gland takes place and is
accomplished within a few hours to a few days (von
Orelli, 1959).

The HO generally consists of only one type of
glandular cells, which synthesize electron-dense gran-
ules, spherical to polygonal in shape (depending on the
charging level) (Cyran et al., 2013). In several decapod-
iform species (e.g. Sepiella japonica Sasaki, 1929,
Sepia officinalis Linnaeus, 1758, Loligo sp. Lamarck,
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1798, Sepioteuthis lessoniana Férussac [in Lesson],
1831, Architeuthis sp. Steenstrup, 1857), these granules
differ in the later stage of development by containing
electron-lucent inclusions (Matsuno & Ouji, 1988;
Arnold & Singley, 1989; Cyran et al., 2013) named
“bipartite dense granules” (Arnold & Singley, 1989).

No information is available on the metal ion content
of the hatching enzyme of cephalopods and the
environmental and biological factors that regulate its
availability. Detailed examinations of hatching
enzymes have been carried out for teleosts (Ogawa &
Ohi, 1968; Yamagami, 1973; Yasumasu et al., 1988).
The fish-hatching enzyme, referred to as chorionase
(Yamagami, 1973), was found to be composed of two
distinct components, a chorion swelling HCE (high
choriolytic enzyme) and a subsequent chorion-digest-
ing LCE (low choriolytic enzyme); both enzymes
contain Zn, Mg and Ca (Yasumasu et al,
1988, 1989a, b). Marine trace metal concentrations
and their availability are strongly influenced by
anthropogenic effects such as ocean acidification that
has the potential to cause chances in trace metals
solubility (Gledhill et al., 2015). Even small changes in
essential trace metal availability can have a significant
impact on organism function (Eide, 1998; Morel et al.,
2003; Stockdale et al., 2016). Moreover, changes in pH
have the potential to severely impact the aerobic
performance of cephalopods (Portner & Zielinski,
1998), with late embryos and paralarvae being cer-
tainly more susceptible. Low pH values can even cause
an ionic and acid-based imbalance that leads to
changes in the bioaccumulation of metals (D’ Aniello
et al., 1989; Lacoue-Labarthe et al., 2011).

The three most common types of cytoplasm-degrada-
tive processes are apoptosis, necrosis and autophagy
(Kerr et al., 1972; Wyllie et al., 1980; Clarke, 1990;
Berry & Baehrecke, 2007). In cases of bulk degradation
of tissues or organs, mostly autophagic cell death
(Arbeitman et al., 2002; Berry & Baehrecke, 2007;
Mcphee et al., 2010) or necrosis-like programmed cell
death (Leist & Jaattela, 2001; Guimaraes & Linden,
2004) has been observed. However, genetically trig-
gered cell death strategies are complex and exhibit
overlapping characteristics, which moreover flexibly
diverge according to environmental and metabolic
influence (Galluzzi et al., 2012).

Currently, the HO-degradation process has not been
satisfactorily investigated with respect to the execut-
ing cell death strategy. In Idiosepius sp. Steenstrup,
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1881, characterization of the degradation process to a
specific cell death mode was first attempted (Cyran
et al., 2015). The authors identified an unspecific
degradation of the entire cytoplasm and the loss of
desmosomes between the glandular cells (Cyran et al.,
2015) and hypothesized that this occurred via a hybrid
cell death mode with an almost necrotic appearance.
Similar characteristics were described earlier in Loligo
pealei Lesueur, 1821 (Arnold & Singley, 1989) and
Sepiella japonica (Matsuno & Ouji, 1988). Since the
HO in S. officinalis is large in comparison to the
aforementioned species and the egg is encapsulated in
a thick multi-layer envelope (von Boletzky, 1986), we
suppose to witness the rather effective autophagic cell
death strategy, observed for instance several times
during Drosophila development (Arbeitman et al.,
2002; Berry & Baehrecke, 2007).

Among the physiological mediators, nitric oxide
(NO) has been reported to be involved in different
processes in metazoans (Palumbo, 2005; Comes et al.,
2007; Castellano et al., 2014; Migliaccio et al., 2014).
This gaseous molecule, synthesized from L-arginine
by the enzyme NO synthase (NOS), plays key roles in
neurotransmission, defence system and development
in S. officinalis (Palumbo et al., 2000; Fiore et al.,
2004; Di Cristo et al., 2007; Mattiello et al.,
2010, 2012, 2013). The spatial pattern of NO and
NOS is very dynamic during cuttlefish development
(Mattiello et al., 2012). An initial weak NO signal and
NOS immunopositivity have been detected in the HO
area at embryonic stage 26 (Mattiello et al., 2012). As
development proceeds (stages 28-29), the NO signal
is amplified in the anchor-shaped HO area. Also the
density of NOS-immunopositive cells increases in the
HO between stages 28 and 29. Considering the role of
NO as cell death inhibitor (Leise et al., 2004), an
increase in NO levels in the HO at late stages would
ensure enzyme synthesis until hatching occurs. In this
context, we would expect a dramatic decline in NO
concentration after hatching and, consequently, acti-
vation of cell death signals and glandular degradation.

The aim of this study is to determine the first
morphological indications for cell proliferation asso-
ciated with the HO, to track the morphological
differentiation of the HO cells and the associated
ciliary cells throughout their lifetime and to charac-
terize and define the cell death processes by means of
morphological criteria. Additionally, NOS detection
by immunohistochemistry has been carried out on the

HO to examine the NO presence during HO degrada-
tion. A first enquiry into the involvement of metallic
components in hatching enzymes in cephalopods also
has been performed on mature gland content (embry-
onic stage 29) and contrasted to available data for
metal ions in hatching enzymes of teleosts. We use S.
officinalis as a “model” because its embryonic
development is well described (von Orelli, 1959;
Fioroni, 1990; Nixon & Mangold, 1998; von Boletzky
et al., 2016) and both the embryo and the hatching
gland structure are relatively large compared to those
of loliginids and octopods.

Materials and methods
Embryo collection

Fertilized eggs laid by S. officinalis females were
allowed to develop in tanks with oxygenated sea water
(20°C; pH 8.1; salinity 38 ppt) at the Marine
Resources for Research service of the Zoological
Station Anton Dohrn. Different embryonic stages
(from 20 to 30, according to Lemaire (1972) as well as
1- and 2-day-old juveniles were selected. The embryos
were isolated from the egg capsule, vitelline layers and
chorion and anesthetized in 3% ethanol.

Fixation and microscopy

For ultrastructural analyses, the egg layers and animals
were fixed in 2.5% glutaraldehyde with 0.1 M sodium-
cacodylate buffer (pH 7.4, plus 10% sucrose) for 5 h at
25°C and post-fixed for 1.5 h in 1% osmium tetroxide
with 0.1 M buffer solution and dehydrated in a graded
series of ethanol. For TEM (transmission electron
microscopy), the samples were embedded in Epon
(Agar 100 resin); ultrathin sections (50-70 nm) were
mounted on copper slot grids coated with formvar in
dioxane, stained with gadolinium triacetate (Nakakoshi
et al.,, 2011) and lead citrate (Reynolds, 1963) and
examined in a Zeiss Libra 120 with LaBg filament and a
bottom mount camera Olympus Sharp:eye TRS
(2 x 2 k). For SEM (scanning electron microscopy),
the samples were washed several times in 100%
acetone, dried in a critical point drier (Leica EM CPD
300), mounted on stubs, coated with gold in a sputter
coater (JEOL JFC 2300 HR), and viewed in a JEOL IT
300.
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For analyses of the elemental composition, semi-
thin sections (2.5 pm) of the resin blocks were
prepared for EDX (energy-dispersive X-Ray tomog-
raphy) with an EDAX System (Software Team,
Version 4.3, Co. Ametek Germany) on the SEM.
Additionally, sections of 40 nm thickness were
mounted on copper grids for EELS (electron energy
loss spectroscopy) measurements and EFTEM (energy
filtered TEM) mapping on the TEM Zeiss Libra 120
with an in-column Omega filter.

For pCT (micro-computed tomography), the glu-
taraldehyde-fixed samples were washed in aqua bidest
and dehydrated in a graded series of ethanol. Subse-
quently, the samples were contrasted for 36 h in 1%
(w/v) PTA (phosphotungstic acid) in EtOH. The
animals were imaged with an Xradia MicroXCT
system (90 keV/8 W tungsten x-ray source, cooled
1 k x 1 k CCD camera).

Nitric oxide synthase detection

Tissues of just hatched juvenile were prefixed in 4%
PFA (paraformaldehyde) in PBS (phosphate buffered
saline, 0.1 M, pH 7.4 for 2 h at 25°C), washed three
times in PBS and then embedded in albumin-gelatine.
After fixation overnight in 4% formalin and several
washings in distilled water, slices of 100 pm sections
were obtained using the vibratome Leica VT1200S
(Leica Biosystems GmbH, Germany). Primarily, an
antibody against universal NO synthase (uNOS) (Co.
Thermo Scientific USA, Cat. Nr. PA1-039) was used
at a dilution of 1:300; then the secondary Alexa Fluor-
labelled antibody (Invitrogen USA, Cat. Nr. A 11008)
was used at a dilution of 1:500 (see protocol in
Wollesen et al., 2009). Imaging was carried out with a
laser confocal microscope Leica TCS SP5X with a
white light laser (excitation wavelength 488 nm,
detected at 510-530 nm).

Results

Morphological transformation of the egg and its
integument during development

The eggs of S. officinalis consist of the chorion
membrane, several vitelline layers (Fig. 1A) and a
multi-layered egg capsule with a fixation ring. All
layers show a filamentous organization with a strand
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Fig. 1 Egg composition of Sepia officinalis. A The egg isp
enclosed in a chorion membrane and several vitelline layers
(stage 23, egg capsule removed). B A multi-layered egg capsule
composed of numerous layers (outermost on top) serves as outer
protection (stage 23), whereby a clear distinction between
capsule and vitelline layers cannot be established. C The
outermost capsule layers contain the highest amount of
incorporated ink droplets and other, exogenous inclusions,
presumably bacteria (arrowheads) (stage 23). The inset points to
the internal, variably orientated, filamentous structure, which is
emphasized with stronger contrast. D The left-hand layers are
highly compressed, whereas the inner layers (bracket) are
intermediated by lower density areas (stage 30). ch chorion, id
ink droplet, vi vitelline layer. Scale bars 200 pm (A), 100 pm
(B), 1 pm (C), 10 pm (D)

diameter of about 10 nm. The layers of the egg capsule
as well as the vitelline layers contain ink droplets and
other exogenous inclusions (Fig. 1B-D). The outer-
most capsule layers seem to exhibit the highest
abundance of ink (Fig. 1B). A section through the
entire egg integument did not reveal any morpholog-
ical differences between the vitelline layers and those
of the capsule.

Up to embryonic stage 24, the egg integument
exhibits a predominantly uniform density (Fig. 1B),
while before hatching the individual layers are com-
pressed and clearly distinguishable (stage 30,
Fig. 1D). Areas with material of lower density appear
between the vitelline layers, which are not observable
between the capsule layers (Fig. 1D). These less dense
areas almost lack ink and other inclusions.

During the last 2-3 days prior to hatching, the egg
integument expands by about 30%. The vitelline
layers and internal parts of the egg capsule disintegrate
increasingly until at hatching only the outermost
capsule layers and the chorion membrane remain,
while the layers in-between lose their cohesion
completely. Steady body movements of the embryo
before hatching finally lead to a collapse of the egg
integument.

HO development

The following section describes the chronological
sequence of the formation and differentiation of the
HO cells, the synthesis and secretion of the glandular
content and the subsequent cellular decay of the organ.
The development of the HO appears to be asyn-
chronous: initially, the lateral bands arise, starting
from the central crossing point of the anchor (Fig. 2A,



Hydrobiologia (2018) 808:35-55 39

A

WEACE

» & s 3 A
St P
o [ SR e S 2]

@ Springer



40

Hydrobiologia (2018) 808:35-55

Fig. 2 Embryonic stages 23 (A—C) and 24 (D-I): A at stage 23,
the lateral bands of the Hoyle organ are clearly pronounced in
relation to the normal mantle epithelium, while only a short part
of the dorsal band has developed so far. Ciliary tufts are visible
below the posterior mantle pole and along the anterior mantle
edge (arrows). B The development of the Hoyle organ can be
recognized by the elevated epithelium surface. Initial accumu-
lations of secretory granules already occur in the apical region of
the gland cells. C The synthesizing organelles display a high
activity in assembling secretory material. Tubules are aligned
along the vertical cell axes. The arrow shows the migration
direction of the granules (towards the apical cell pole). D At
stage 24, the three bands of the Hoyle organ are clearly visible
externally. Ciliary tufts cover the whole mantle evenly. E Shows
a part near the distal end of the dorsal band at stage 24, where a
very initial differentiation of the Hoyle organ cells can be
observed. The cell height has not yet increased but within the
epithelium several cell divisions can be observed by means of
the beginning chromatin condensation (arrows). F A constricted
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nucleus (arrow) in telophase with a centriole at the nuclear pole
(arrowhead). The aborning Hoyle organ cells are accompanied
by a degradation of other epithelium cells, which display a
conspicuous degradative chromatin condensation, apparently
associated with cell death (stars). G Cross section of a proximal
region of the dorsal band. The recessed middle part displays the
tips of the secretory cells, accompanied laterally by continuous
ciliated epithelial cells. H Distally in the secretory cells,
accumulations of spherical secretory granules are evident.
Basally in the cell the granules have low density but condense
increasingly during their migration towards the cell tips while
becoming more electron dense and smaller in size (finally
1-1.5 pm). I The movement of the granules is apparently
realized by longitudinal microtubules acting as sliding elements.
cc ciliated cells, ch condensed chromatin, fi fin, go Golgi bodies,
HO Hoyle organ, ma mantle, mi mitochondrion, mt micro-
tubules, mv microvilli, 7ER rough endoplasmic reticulum, sg
secretory granules, za zonula adherens. Scale bars 200 pum (A,
D), 50 um (B), I um (C, I), 2 um (E, H), 5 pm (F), 50 pm (G)
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Fig. 3 Embryonic stages 25-26 (A-C) and 27 (D-F): A pos-
terior view of the Hoyle organ (SEM) and an associated virtual
micro-CT cross section (inset). B The granules have a uniform
density but electron transparent areas indicate the beginning
bipartity of the granules. Microvilli cover the cell surface.
C Above the nucleus the synthesis is still highly active within
the secretory cells, indicated by the bulk of endoplasmic
reticulum and the assembling secretory granules. D At stage 27,

D) at stage 23. The dorsal band occurs later (not before
stage 24), while the lateral bands continuously extend
sideways (Fig. 2D). As a clear indication of gland
development, the epithelium height increases locally
from 15 to 30 um (Fig. 2A, B). In the apical cell area,
accumulations of electron-dense secretory droplets
appear in the emerging HO cells. Basally and centrally
within the secretory cells, the synthesis of the hatching
enzymes takes place, as evidenced by the presence of
the rough endoplasmic reticulum and Golgi bodies.
The first secretory granules, accompanied by micro-
tubules, can already be observed at this early stage
(Fig. 20).

At stage 24, a high abundance of dividing cells
signalizes an epithelial reorganization, also at the
distal ends of the dorsal band (Fig. 2D-F). In contrast

the dispersion of the ciliated cells, lining the dorsal band of the
Hoyle organ, changes to a feather-like pattern. E The cross
section of this region illustrates the presence of several rows of
ciliated cells (arrows). F First indications of a secretory process
are obvious at stage 27. mv microvilli, 7ER rough endoplasmic
reticulum, sg secretory granules, sm secreted material. Scale
bars 200 pm (A), 1 pm (B), 2 um (C, F), 50 pum (D), 20 pm (E)

to the arising gland cells, neighbouring epithelial cells
show signs of apoptosis such as nuclear chromatin
condensation as well as cytoplasm compression and
vacuolization (Fig. 2F). At this stage, near the HO
crossing point a local heightening of the epithelium,
twice of that of the regular cells, can be observed
(Fig. 2D, G), as was seen earlier for the lateral bands.
In cross section, the secretory cells of the gland form a
triangular shape. The secretory material accumulates
in membrane-bound spherical granules (1-1.5 pm in
diameter) apically in the cells (Fig. 2H). Abundant
microtubules illustrate the migratory movements of
the granules from the basal synthesis region towards
the apical cell surface (Fig. 2I). On the apical pole of
the secretory cells are numerous microvilli (approx-
imately 1 um in length, sometimes branched). Beside
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Fig. 4 Embryonic stages 28 (A-C), 29 (D-F) and 30 (G-K):
A cross section of the Hoyle organ showing the mature gland
cells and the laterally bordering ciliated cells (stage 28). The
inset shows a related virtual micro-CT section. B Apical pole of
a secretory cell, tightly packed with granules and covered with
microvilli and glycocalyx on the surface. C Synthesis area of a
gland cell showing endoplasmic reticulum, Golgi bodies and
forming secretory granules. D SEM illustration of a stage 29
embryo. The erosion of the epithelial cells is clearly visible
laterally from the dorsal band (arrow heads). Some areas
completely lack epithelial cells (arrow) and expose the basal
membrane. E Cross section (stage 29) showing a distinct
reduction of the gland in relation to stage 28, effected by
continuous secretion and stagnating synthesis. Moreover, the
epithelial cells tend increasingly to be empty. F Detail of the
surface view illustrating the ciliated cells around the Hoyle
organ which form a feather-like pattern. The arrows indicate the

numerous scattered ciliary fields across the mantle
surface, a continuous lateral boundary of the secretory
cells by ciliated epithelial cells starts to be present
(Fig. 2G).
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secretory cell areas. G SEM illustration of a stage 30 embryo.
The areas of eroded epithelial cells are labelled by arrow heads.
H The apical areas of these epithelial cells are completely
dissolved. The arrows indicate the secretory cell areas. I An
intact epithelium area near the posterior pole with the final
appearance of the ciliated gland border before depletion of the
organ and its accompanying structures. The arrows indicate the
secretory cell areas. J Cross section of the Hoyle organ (stage
30). The volume of the secretory cells is significantly decreased.
K Although the synthesis seems to be finished, the endoplasmic
reticulum still appears intact. cc ciliated cells, ci cilia, cf ciliary
tufts, db dorsal band, ec epithelial cells, gc glycocalyx, go Golgi
bodies, HO Hoyle organ, mv microvilli, nu nucleus, rER rough
endoplasmic reticulum, sc secretory cells, sg secretory granules.
Scale bars 20 pm (A, E, J), 1 pm (B, C, K), 500 um (D, G),
50 pm (F, H, I). Image 4A reprinted from Cyran et al. (2013)
with permission from Elsevier

With ongoing embryonic development (stages
25-26) (Fig. 3A), the apical cell areas show large
accumulations of secretory granules (Fig. 3B). Fur-
thermore, increasing condensation leads to ‘empty
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Fig. 5 Degradation of the Hoyle organ, one day after hatching.
A Light microscopic image of the dorsal mantle epithelium. The
remaining Hoyle organ (label) is considerably reduced after one
day. B The secretory cells are characterized by autolysosomes
containing membrane stacks, mitochondria, ribosomes and parts
of granules. The single-membraned autolysosomes illustrate the

areas’ in the granules, termed earlier as ‘bipartite
granules’. As the replenishment with fresh material
decreases within the cell apices, the previously
dominant microtubules are not evident anymore.
Within the cell base, the enzyme synthesis is proceed-
ing as observable by means of active protein synthesis,
vesicular transport and obvious assembling of secre-
tory droplets (Fig. 3C).

Around stage 27 (Fig. 3D-F), the upper two-thirds
of the gland cells are largely filled with granules and

stage after the cytoplasm-incorporating autophagosome fuses
with a lysosome and is subsequently digested. C During
autophagic degradation, Golgi bodies are reactivated and bud
off numerous vesicles. al autolysosome, ct connective tissue, ec
epithelial cells, go Golgi bodies, gv Golgi vesicles. Scale bars
50 pm (A), 1 pm (B), 500 nm (C)

the ongoing condensation intensifies their bipartite
character, especially in the distal cell areas (Fig. 3F).
While the synthesis of granules in the basal cell parts
continues unchanged, the first indications of secretory
activity are observable as cell content is found
deposited outside the body surface (Fig. 3F).

At stage 28, the glandular area of the HO reaches its
largest dimension (in cross section) (Fig. 4A) with a
height of 50 um, twice that of the regular epithelium
cells, and a width of 40 um. The ciliated lateral
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boundary cells as well as their glycocalyx are partic-
ularly pronounced at this stage (Fig. 4A, B). In cross
section, around five gland cells are neighbouring each
other within a band and are tightly filled with secretory
material up to their distal poles (Fig. 4B). The gland
appears at this stage to be more barrel-shaped than
triangular in cross section. No evidence of an inter-
ruption in the synthesis process was observable
(Fig. 40).

The following embryonic stages are characterized
by a regression of the HO, caused by continuous
secretion in combination with a reduced synthesis rate.
At stage 29 (Fig. 4D-F), the secretory cells are
substantially condensed and increasingly narrower
(Fig. 4E). Major parts of the remaining secretory
material are released during stage 30 (Fig. 4]) before
hatching occurs. The rough endoplasmic reticulum
below the nucleus still appears intact (Fig. 4K),
although indications of material synthesis could no
longer be observed.

HO degradation

After hatching, the remnants of the secretory material
and cell organelles degrade. The secretory cells, with

Fig. 6 Degradation of the Hoyle organ in a two-day-old
juvenile. A, B Overview of the regressing gland. The connective
tissue is still slightly elevated. C Detail of the degrading
secretory cells showing a late phase of digesting autolysosomes.
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an overall width of 40 um at stage 28, are collapsed to
a joint width of 10 um (Fig. SA). They contain
numerous distinct single-membraned autophagic vac-
uoles (autolysosomes) enclosing cytoplasmic ele-
ments such as membrane stacks, mitochondria,
ribosomes and secretory granules (Fig. 5B). Con-
comitantly, the increase of Golgi bodies and an
abundant budding of Golgi vesicles are evident
(Fig. 50).

Two days after hatching, the previously prominent
elevation of the HO has disappeared almost entirely
and only a slightly elevated (about 20 pum) ridge is left,
provoked by the still thickened connective tissue
(Fig. 6A). The cellular residues are further reduced
and restricted to a narrow area in the basal parts of the
cells (Fig. 6B). Ingested organelles in the autolyso-
somes have been degraded almost beyond recognition
(Fig. 6C), and the recently emerging Golgi bodies
have already disappeared.

Nitric oxide synthase
Newly hatched embryos showed no NOS immunopos-

itivity within the gland cells of the HO (Fig. 7). By
contrast, immunofluorescence could be observed in

The previously massively increased Golgi body abundance,
visible one day after hatching, no longer exists. al autolysosome,
ct connective tissue, ec epithelial cells, HO Hoyle organ. Scale
bars 50 pm (A), 20 pum (B), 1 pm (C)
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Fig. 7 Vibratome cross section (100 um thick) of the HO with
the surrounding epithelium and connective tissue in a hatched
specimen. Positive labelling of NOS (overlaid with a light
microscopic image) is highlighted in green, showing a high

some individual epithelial cells in close proximity to
the HO and with a scattered dispersion within the
connective tissue.

Related modification of the normal mantle
epithelium

From stage 28 onwards, an increasing erosion of the
regular epithelial cells could be observed on the dorsal
mantle surface. Apart from a few residues of secretory
material, the cells are empty (Fig. 4E) in contrast to

presence within some epithelium cells and an even dispersion in
the connective tissue. By contrast, the cells of the HO are not
stained. ¢t connective tissue, ec epithelial cells, HO Hoyle
organ. Scale bar 100 um

earlier stages (Figs. 2G, 3E, 4A). Numerous epithelial
cells appear abraded or even completely etched off
(Fig. 4D, F-I), in particular those close to the dorsal
band of the HO (Fig. 4H). However, indications for a
triggered cell degradation mechanism pertaining to the
epithelial cells could not be observed in this study.

Ciliated epithelium cells and their alterations

Ciliated epithelium cells make up the abundant ciliary
tufts (Fig. 8A) on the mantle and head, as well as the

Fig. 8 Ciliated mantle epithelium cells. A SEM image of a
group of ciliary tufts dorsally on the mantle (stage 22). B The
ciliated cells are characterized by a small cell volume but a
considerable dense cytoplasm, dense microvilli and a conspic-
uous glycocalyx (stage 28). C Later in development (late stage
30), the formerly dense cytoplasm of this ciliary tuft cell

loosens. Indeed, the close association of the ciliary roots with
mitochondria becomes visible. cc ciliated epithelium cell, ce
centriole, ci cilia, cr ciliary root, ct ciliary tuft, gc glycocalyx, go
Golgi bodies, mi mitochondria, mv microvilli. Scale bars 10 pm
(A), 2 pm (B), 500 nm (C). Image 8C reprinted from Cyran
et al. (2013) with permission from Elsevier

@ Springer



46

Hydrobiologia (2018) 808:35-55

Table 1 EDX evaluation

. Measurement points Element Weight % Error %
of metal contents (iron and
copper) in the integument Area 1 Negative control Fe K - -
around the hatching gland CuK N N
according to the reference
in Fig. 7A (embryonic stage Area 2 Regular epithelium cells Fe K - -
29, Area 1-5) and in the egg Cu K - -
Integument (emb.ryonlc Area 3 Hoyle organ, secretory content Fe K 0.21 35.82
stage 24). The high error 2 )
levels are caused by the low CuK 0. 38.8
concentration of iron and Area 4 Hoyle organ, synthesis area Fe K 0.19 32.29
copper in relation to the Cu K 0.16 59.90
detecFlon limits of this Area 5 Connective tissue Fe K 0.15 45.24
technique
Cu K 0.13 60.02
Egg integument Fe K 0.04 56
Cu K 0.08 34.79

ciliated HO boundary. Those cells differ from the
regular epithelial cells by exhibiting a denser cyto-
plasm, a more electron-dense nucleus with sharply
bounded nucleoli, numerous Golgi bodies and mito-
chondria but with a lower amount of cytoskeleton
elements (Fig. 8B). The nucleus is frequently located
in the apical cell region near the epithelial surface and
the cytoplasm is then reduced to a thin margin. In some
cells, ciliary roots appear to be connected to the outer
membrane of the mitochondria (Fig. 8C). On the
mantle surface, a glycocalyx (pronounced at stage 29
and later) with branching fibrous appendices adheres
to the microvilli. Only the length of the microvilli
differs between the cilia from the tuft (10 um) and
those that are associated with the HO (5 um).

After hatching, both types of ciliated cells disap-
pear simultaneously with the HO. While one day after
hatching just a few remaining ciliated cells could be
found, there is no evidence of the latter after two days.

SEM observations discovered an alteration in the
pattern of ciliated cells on the mantle surface during
embryonic development.

HO periphery

Along the secretory cells, the ciliary border appears at
stage 24, after the secretory cells assemble the first
secretory droplets. Initially, a small band of cilia is
established on each side of the gland. Beginning from
stage 26 onwards, the ciliated area along the HO is no
longer aligned in parallel to the secretory cells, but
expands laterally in several short lines (50-100 um
length) in an increasing angle to the secretory cell
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bands (15° at stage 27, 20° at stage 29, 90° at stage 30),
resulting in a feather-like pattern which is clearly
visible from stage 27 onwards (Figs. 3D, E, 4A, F, I).

Ciliary tufts

The ciliary tufts on the mantle surface have a relatively
constant size of about 10 um and each of them belongs
to one or a few epithelial cells. We observed changes
in the number and distribution of these tufts. In the
earliest observed stage (23), only the head is evenly
covered with them. Dorsally, the mantle is almost free
of ciliary tufts, except for some sporadic tufts along
the anterior mantle edge. A band of these structures is
present on the ventral mantle surface, beginning at the
posterior pole (Fig. 2A). Later in development, the
ciliated areas rapidly spread around the mantle. Up
until stage 24, the whole mantle is uniformly covered
with ciliary tufts (Fig. 2D).

Trace metals in the embryonic tissue

In both the secretory cells of the hatching gland as well
as in the subepithelial connective tissue, small
amounts of copper (0.24/0.13%) and iron (0.21/
0.15%) (Table 1; Fig. 9) could be measured at
embryonic stage 29; none of these metals were present
in the regular epithelium cells. Measurements on the
egg integument at embryonic stage 24 revealed
approximately half the value for copper and a quarter
of the value for iron in relation to the HO. Detailed
EFTEM mapping shows the distribution of copper in
the secretory granules of the gland (Fig. 9C).
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Fig. 9 Distribution of copper and iron in the Hoyle organ and
adjacent tissues (embryonic stage 29), evaluated by energy-
dispersive X-ray spectroscopy (EDX): A backscatter image
indicating five measuring areas on a 2-pm-thick resin sec-
tion. Point 1 is the negative control beyond the tissue without
copper or iron. Point 2 is an almost empty epithelium cell, also
lacking both metals. Points 3 and 4 (HO) as well as 5 (connective

Discussion

This study provides the first comprehensive infor-
mation on the processes of formation, differentia-
tion and degradation of the HO in S. officinalis. It
indicates that the rarely observed autophagic cyto-
plasm-degradative process is responsible for the
disappearance of the entire HO within two days
after hatching. By nature, hatching and the days
that follow represent a critical transitional period in
the early life history of cephalopods pointed out by
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tissue) contain small amounts of iron and copper (Table 1).
B EDX spectrum of point 3. C TEM image of granules of the
Hoyle organ combined with an EFTEM copper distribution map
in yellow. D EELS spectrum of a relating Hoyle organ granule.
ct connective tissue, ec epithelial cells, HO Hoyle organ, sg
secretory granules. Scale bars 50 pm (A), 500 nm (C)

high mortalities (von Boletzky, 2003; Vidal et al.,
2014). During this very short period, S. officinalis
hatchlings go through complex morphological,
ecological and behavioural milestones, such as the
transition from endogenous (yolk) to exogenous
(prey) food sources accompanied by maturation of
the digestive gland and mastering predatory and
swimming abilities (Boucaud-Camou et al., 1985;
O’Brian, 2017). Thus, it is of significance that
concurrently with these major events, the HO goes
through complete degradation.
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The HO in S. officinalis late embryos is an anchor-
shaped conspicuous feature, containing relatively
large amounts of enzymes to digest a multi-layer
thick egg integument with large perivitelline space.
These seem to be the main congruent features of the
HO in all decapodiform cephalopods studied so far
(von Boletzky, 2012; Cyran et al., 2013). The gland
system, however, differs between species in its outer
morphology. It is elevated in S. officinalis and most
studied species, infolded in Loligo and accompanied
by a terminal spine in Euprymna scolopes Berry, 1913
and Rossia macrosoma (Delle Chiaje, 1830) (von
Boletzky, 1991; von Byern et al., 2016).

It is of evolutionary relevance, however, that sub-
stantial morphological dissimilarities occur between
taxonomic groups. In octopodiformes, represented by
Tremoctopus gracilis (Souleyet, 1852), Octopus vul-
garis Cuvier, 1797 and Argonauta hians Lightfoot,
1786, the HO gland system consists of a discreet single
horizontal band with relatively few glandular cells,
while in the later two species, it is not even clearly
visible (Cyran et al., 2013). The eggs in this group lack
protective envelopes and show limited chorionic expan-
sion and thus perivitelline space, making late-stage
embryos tightly surrounded by the chorion, what
perhaps facilitates the action of HO enzymes. In
comparison, in decapodiformes, the perivitelline space
is in general large and there are many jelly layers to be
also digested. A combination of large perivitelline space
and a multi-layer egg integument seems to be a
necessary prerequisite for a more complex and large
gland system. In this regard, the HO seems to have
evolved high complexity and importance in decapodi-
formes in general and in S. officinalis in particular.

Egg integument

The disintegration of the egg capsule and the vitelline
layers appears to take place from the centre outwards
in accordance with the proposed effect of the hatching
enzymes. The first changes in the egg integument
occur concomitantly with the first secretion of
enzymes at stages 27-28. It has been shown that the
increase of the chorionic space during late embryonic
development leads to the shrinkage of the inner egg
envelopes (Jecklin, 1934; Gomi et al., 1986; Cyran
et al., 2013), whereby the individual layers become
clearly visible in contrast to earlier developmental
stages (Fig. 1D). The observed lower density areas
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between the vitelline layers are almost devoid of the
inclusions located in the dense areas such as ink and
bacteria. Since such inclusion-free areas were not
observed at earlier embryonic stages, they apparently
arise in the course of the reorganization of the egg
integument.

Enzyme production

Initial alterations in the mantle epithelium with respect
to the upcoming HO take place relatively early in
embryonic development (embryonic stage 23) com-
pared to other cephalopods (von Orelli, 1959; Arnold
& Singley, 1989; Cyran et al., 2013). This may be
related to the large embryo and large perivitelline
space of the egg. A large embryo size (Fioroni, 1978)
should induce a comparatively large spatial expansion
of the gland in relation to other teuthid or octopod
species. A higher amount of egg shell weakening
enzymes also should be required in view of the large
perivitelline space (von Orelli, 1959) and the many-
layered egg integument (von Boletzky, 1986).

Our observations confirm that the synthesis of
enzymes occurs until shortly before hatching, as also
observed for Loligo and Sepiella (Matsuno & Ouji,
1988; Arnold & Singley, 1989). The fact that unspent
secretory material remains in the cells during hatching
is due to the supposed high redundancy in enzyme
volume to ensure hatching under all circumstances
(von Orelli, 1959; von Boletzky, 2012).

Bipartite granules

We suppose that the less electron-dense areas in the
secretory granules (Fig. 3B, F) appear as a conse-
quence of the incremental material density. The
condensed secretory material requires less volume,
leaving voids in the granules. In contrast, Matsuno &
Ouji (1988) assumed the existence of two discrimina-
tive components as an explanation for the bipartity in
granules of S. japonica. We could not find any
evidence for the synthesis of two different secretory
products within the HO cells of S. officinalis.

Evidences for autophagic cell death
in the degrading HO

Before the knowledge of the numerous metabolic
triggering molecules within the cells (Tsukada &
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Ohsumi, 1993; Thumm et al., 1994), electron micro-
scopic imaging was the only way to investigate
cellular degradation events in detail (Clark, 1957;
Ashford & Porter, 1962; Novikoff & Essner, 1962).
This technique is still reliable to classify cell death
strategies by their morphological features before
performing the subsequent molecular pathways anal-
yses (Eskelinen, 2008; Eskelinen et al., 2011).

Previous observations of the degradation of the HO
cells in cephalopods revealed a rather unspecific
cellular degradation without any clear reference to a
specific cell death type. The morphological features of
the observed degradation suggest that a necrotic cell
death mechanism is most probable in Loligo, Idiose-
pius and Sepiella (Matsuno & Ouji, 1988; Arnold &
Singley, 1989; Cyran et al., 2015).

In the present study, the HO cells of S. officinalis
display during their degradation the typical vacuolated
appearance as commonly described for autophagy
(Levine & Klionsky, 2004). An autophagic vacuole
can be morphologically distinguished according to its
degradation level in either (a) a double-membraned
initial autophagic vacuole (AVi) before lysosome
fusion and yet without evidence of degradation, (b) a
single-membraned degradative autophagic vacuole
(AVd) with highly degraded content or (c) an inter-
mediate level (AVi/d) (Dunn, 1990a, b; Liou et al.,
1997). In the present study, we observed exclusively
single-membraned AVd’s in the HO (Figs. 5B, 6C).
Furthermore, there were partly degraded but still
recognizable organelles, which can be referred to as
type AVi/d, shortly after fusion with lysosomes.

A similar degradative autophagic process could
also be observed in other molluscs (Kiss, 2010)
associated with cell degradation (Folkis et al., 1984),
antiviral response (Green et al., 2015), depletion of
reactive oxygen species (ROS)-damaged proteins and
organelles during oxidative stress (Moore et al., 2007;
Moore 2008; Abele et al., 2009) or as protection
against microbial infection (Moreau et al., 2015).

Although autophagic activity is not intended to
eliminate whole cells or even organs in the majority of
cases (Kroemer & Levine, 2008), in the present case
the extinction of the entire HO is clear evidence for the
rather seldom observed autophagic cell death (ACD)
(Levine & Yuan, 2005; Berry & Baehrecke, 2007;
Galluzzi et al., 2008). The ultrastructural observations
further confirm the expected accompanying features
relating to ACD, such as the secondary enlarged Golgi

bodies and the loss of microvilli and junctional
complexes (Clarke, 1990; Berry & Baehrecke, 2007,
Klepal et al., 2008).

Since autophagic activities require an unimpaired
cellular metabolism to assemble phagophores and
lysosomes, the following question arises: ‘What
happens with the remaining cell compartments (nu-
cleus, Golgi, lysosomes) after the autophagic deple-
tion of the cytoplasm?’ Our observations did not
provide answers to this outstanding issue; perhaps this
final degradative period is of markedly short duration.
Several studies provide indications that in the case of
bulk cell degradation the expression of autophagic
genes can induce caspase-dependent apoptotic fea-
tures (Yousefi et al., 2006; Maiuri et al., 2007; Scott
et al., 2007) to clean up cell remnants. In the salivary
gland degradation of Drosophila larvae, the steroid
hormone ecdysone plays an important role for induc-
ing the expression of both the ATG genes and caspases
during tissue remodelling (Berry & Baehrecke, 2007).

Another observed ACD pathway leads to the
activation of RIPK3 (receptor-interacting protein
kinase)—dependent necroptosis (Basit et al., 2013;
Bonapace et al., 2010). Alternatively, phagocytes are
implied to eliminate the remaining cellular parts
(Tsujimoto & Shimizu, 2005). Autophagy also leads
to the degradation of catalase, a key enzyme in
eliminating ROS (Sohal & Orr, 1992; Mates et al.,
1999); the subsequent ROS accumulation causes
membrane peroxidation, the loss of membrane
integrity and cell death (Yu et al., 2006).

Apparently, the different molecular pathways have
numerous crossing points and collaborate in various
combinations, depending on species and requirements
as well as the current physiological and metabolic
conditions. Current studies on the molecular pathways
of ACD and participating molecules (Johansen &
Lamark, 2011; Klionsky et al., 2011, 2012) in several
model organisms provide opportunities for upcoming
investigations. Future efforts should focus on setting
up the protocols for cephalopods.

Nitric oxide synthase

Our results show that after hatching the HO cells do
not exhibit any NOS immunopositivity, which might
be the consequence of cell degradation by pro-
grammed cell death. On the other hand, this finding
together with the presence of NOS and NO in the HO

@ Springer



50

Hydrobiologia (2018) 808:35-55

at later developmental stages before hatching (Mat-
tiello et al.,, 2012) could also suggest a possible
involvement of NO in preventing cell death signalling
(CDS). The action of NO as a cell death inhibitor has
likewise been reported in the apical ganglion of the
gastropod Ilyanassa obsoleta (Say, 1822), whereby
this structure disappears by apoptosis at metamorpho-
sis induction (Leise et al., 2004). Moreover, the
increasing NO levels in the HO before hatching also
could be related to the metabolism of the gland, and
NO might positively affect the activity of the gland in
producing the lytic enzymes necessary to digest the
chorion (Fioroni, 1990). Concurrent evaluation of NO
and CDS on embryos before, during and after the
hatching phase may be helpful to correlate an antag-
onistic presence in the different tissue regions and at a
specific embryonic stage.

Eroded epithelial cells

The content of the epithelial cells is mainly dis-
charged, both in late embryonic stages (stage 27
onwards) (Fig. 4E), and in hatchlings (Figs. 5A, 6A).
This phenomenon has been repeatedly described for
other cephalopods (Faussek, 1901; Fioroni, 1963;
Cyran et al., 2015) and imaged in further studies (von
Orelli, 1959; Boletzky, 1982; Shigeno et al., 2001).
Moreover, epithelial abrasions were observed in late
embryonic stages on the posterior and dorsal mantle
(Fig. 4D, G, H). Other areas as head, ventral and
lateral mantle remained intact. Similar observations of
a “individual or groups of epithelial cells loss” in
relationship to the HO degradation were made for L.
pealei (Arnold & Williams-Arnold, 1980; Arnold &
Singley, 1989). Although a fixation-related artefact
cannot be excluded, a collapse of the epithelium due to
the absence of internal cell content and the insufficient
intercellular stability (Fioroni, 1963) in connection
with a sliding behaviour of the HO along the chorion
also has to be taken into account.

Ciliary tufts and the ciliated HO border

The presence of numerous ciliary tufts on the mantle
surface have been associated with the continuous flow
in the perivitelline fluid in particular during late
embryonic development (von Boletzky, 1979, 1986;
Arnold & Williams-Arnold, 1980), whereas the cili-
ated bands along the HO with their short cilia are
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supposed to provide a locomotory aid during hatching
(von Boletzky, 1986) or even a kind of adhesion effect
(Arnold & Singley, 1989). The feather-like expansion
of those ciliated bands from stage 26 onwards
(Figs. 3D, 4F, I) is suspected to provide a more
efficient dispersion of the enzymes along the chorion,
similar to the microvilli border in Idiosepiidae (Cyran
et al., 2011). The complete regression of both types of
ciliary cells within about one day after hatching fits
well with their ascribed role in supporting hatching.

Such continuous alterations in the pattern of ciliated
cells are related to the changing conditions and
requirements during embryonic development such as
the growing perivitelline space and the required flow
of the perivitelline fluid. Similar observations were
made for other decapods such as L. pealei (Arnold &
Williams-Arnold, 1980), where the ciliated cells
increasingly form longitudinal bands as the embryo
gets closer to hatching. This arrangement generates a
flow towards the head, giving support to hatching
(Arnold & Williams-Arnold, 1980). Functionally, the
emerging ciliated branches along the dorsal band of S.
officinalis HO seem to resemble the ciliary bands in
Loligo and may thus be responsible for the hatch-
supporting current.

The close association of the ciliary rootlets with the
outer membranes of mitochondria (Fig. 8C) illustrates
the high energy requirement for generating the periv-
itelline flow and is strongly reminiscent of the
observations in Loligo vulgaris yolk sac envelope
(von Boletzky, 1973).

Metallic contents in the hatching gland enzymes

The present study confirms the presence of metals
such as Fe and Cu within the HO and connective
tissue. The normal mantle epithelium lacks these
elements; a metal contamination by the surrounding
water could thus be excluded. Also, it is proposed that
Fe and Cu cannot pass through the egg integument
(von Boletzky, 1966, 1973; Paulij et al., 1990),
excluding an accumulation during embryonic devel-
opment. The digestive gland (hepatopancreas) of
cephalopods is considered to be the storage site of
metals (Miramand & Bentley, 1992; Bustamante et al.,
2002). Measurements of metal concentrations in this
gland in S. officinalis (Miramand & Bentley, 1992;
Miramand et al., 2006) and O. vulgaris embryos
(Villanueva & Bustamante, 2006) indicate that Fe and
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Fig. 10 Development
phases of the Hoyle organ:
the drawing illustrates the
overall chronology of the
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Cu as well as Zn occur in significantly higher
concentrations than other metals. Also, high amounts
of Cu and Cu-containing proteins are found in mature
S. officinalis eggs extracted directly from females
ovaries, although the Cu belongs to a large extent to
the Cu-cored hemocyanin (Wolf & Decleir, 1980).
Due to the lack of data, comparison with hatching
enzyme-associated metals of other cephalopods is
currently not possible. However, in the teleost Oryzias
latipes (Temminck & Schlegel, 1846) a catalytic
effect of the metals Zn and Mg (1.24 and 1.64 pg/mg)
occurs in the hatching enzymes (Yasumasu et al.,
1989a). In S. officinalis, the detected Fe and Cu ions
may achieve a comparable catalytic effect. The
assumption of metalloproteases contribution in the
HO of cephalopods is being strengthened by success-
ful inhibition of the enzymatic activity of the hatching
medium by the metal chelator EDTA in Loligo
vulgaris (Paulij et al., 1992). EDTA rips out and
complexes metal ions from the treated medium and so
inactivates metalloproteases.

Conclusion

The results presented above provide an overview of
the lifetime of the HO in S. officinalis. The first
evidences for cell proliferation are recognizable
within the epithelium at embryonic stage 22-23, while
first secretory vesicles can be observed at stage 23 and
secretion of chorion-digesting enzymes is evident at
stage 27 ( Fig. 10). Degradation of the HO is
completed two days after hatching, whereby an
autophagic process has been recognized for the first
time in cephalopods to explain HO cell degradation.
Based upon NOS detection results, NOS

immunopositivity was not found in the HO cells after
hatching, suggesting a possible NO role in cell death
signalling. Given that the presence of Fe and Cu was
confirmed in the HO and connective tissue (but not in
the normal mantle tissue) of S. officinalis embryos,
they may likewise be related to the enzymatic activity
of the HO. These results will contribute to the planning
of upcoming molecular biological investigations of
key cell death proteins to provide a better understand-
ing of the complex processes of cytoplasmic degrada-
tion and developmental cell death in cephalopods.
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