Tissue and Cell 88 (2024) 102417

ELSEVIER

Contents lists available at ScienceDirect
Tissue and Cell

journal homepage: www.elsevier.com/locate/tice

b

TssuesCell

Check for

Histological and scanning electron microscope observations on the e
developing retina of the cuttlefish (Sepia officinalis Linnaeus, 1758)

Alejandro Arias-Montecino “, Antonio Sykes b Guadalupe Alvarez-Hernan © ", José Antonio de
Mera-Rodriguez “, Violeta Calle-Guisado ©, Gervasio Martin-Partido “, Joaquin Rodriguez-Leon ©,

Javier Francisco-Morcillo *

2 Area de Biologia Celular, Departamento de Anatomia, Biologia Celular y Zoologia, Facultad de Ciencias, Universidad de Extremadura, Badajoz 06006, Spain
b Center of Marine Sciences, Universidade do Algarve Campus de Gambelas, Faro 8005-139, Portugal
¢ Area de Anatomia y Embriologia Humana, Departamento de Anatomia, Biologia Celular y Zoologia, Facultad de Medicina, Universidad de Extremadura, Badajoz

06006, Spain

ARTICLE INFO ABSTRACT

Keywords: In this work we present a detailed study of the major events during retinal histogenesis of the cuttlefish Sepia
Cephalopod officinalis from early embryos to newly hatched animals and juveniles. For this purpose, we carried out
D.evelopme-nt morphometric and histological analyses using light and scanning electron microscopy. From St19, the first
g;;gienem embryonic stage analysed, to St23/24 the embryonic retina is composed of a pseudostratified epithelium

showing abundant mitotic figures in the more internal surface. At St24 the first photoreceptor nuclei appear in
the presumptive inner segment layer, while an incipient layer of apical processes of the future rhabdomeric layer
become visible at St25. From this stage onwards, both the rhabdomeric layer and the inner segment layer in-
crease in size until postnatal ages. In contrast, the width of the supporting cell layer progressively decreases from
St25/26 until postnatal ages. S. officinalis embryos hatched in a morphologically advanced state, showing a
differentiated retina even in the last stages of the embryonic period. However, features of immaturity are still
observable in the retinal tissue during the first postnatal weeks of life, such as the existence of mitotic figures in
the apical region of the supporting cell layer and migrating nuclei of differentiating photoreceptors crossing the
basal membrane to reach their final location in the inner segment layer. Therefore, postnatal retinal neurogenesis

Sepia officinalis

is present in juvenile specimens of S. officinalis.

1. Introduction

The eye of cephalopods is a classic example of convergent evolution
between an invertebrate and a vertebrate sensory system (Koenig and
Gross, 2020). However, comparative studies have shown important
anatomical and histological differences (Hanke and Kelber, 2020; Koe-
nig and Gross, 2020; Nilsson et al., 2023). In this sense, the cephalopod
retina is everted instead of inverted. Furthermore, while the vertebrate
retina has a multilayered structure containing several types of photo-
receptors, neurons, and glial cells (Bejarano-Escobar et al., 2014; Kolb
et al., 2001) the cephalopod retina is composed of two nuclear layers
separated by a basal membrane containing photoreceptors and support
cells (Imarazene et al., 2017). More striking differences are found in the
comparison of the retinal development between cephalopods and

vertebrates. The vertebrate retina originates from bilateral evaginations
of the neural tube (Francisco-Morcillo et al., 2014; Moreno-Marmol
et al., 2018), but the cephalopod eye develops from bilateral in-
vaginations of the cephalic ectoderm (Harris, 1997; Koenig et al., 2016;
Napoli et al., 2022; Tomarev et al., 1997). In the case of cell differen-
tiation in the retinal rudiment, retinal progenitors undergo interkinetic
nuclear migration in a pseudostratified epithelium both in cephalopods
(Koenig and Gross, 2020; Napoli et al., 2022) and vertebrates (Aga-
thocleous and Harris, 2009; Alvarez-Hernan et al., 2022a; Baye and
Link, 2007; Norden, 2017), but during nuclear migration, mitosis takes
place in the innermost region of the undifferentiated retina in cepha-
lopods, inverted to that of vertebrates. As development proceeds,
asymmetrical divisions produce migratory retinal progenitors that lose
contact with the apical surface and migrate radially into the vertebrate
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Table 1

S. officinalis embryos and hatchlings used in the present study. The embryos are given
to the developmental stage (St) of Boletzky et al. (2016) and their age (from em-
bryonic day, E10, St19) to the hatching day (E30, St30, postnatal day, PO0).
Hatchlings at different ages were also included (P7, P14, P21).

Embryonic Stage of n  Embryonic(E) Stage of n
day (E) development or posthatch development
(St) (P) day (St)

E10 St19 3 E22 St27 4
Ell St20 3 E23 St28 4
E12 St21 3 E24 St28/29 4
E13 St21/22 3 E25 St29 4
E14 St22 3 E26 St29 4
E15 St22/23 3  E27 St29 4
E16 St23 3 E28 St29/30 4
E17 St23/24 4 E29 St30 4
E18 St24 4  E30-PO St30 4
E19 St25 4 P7 3
E20 St25/26 4 P14 3
E21 St26 4 P21 3

TOTAL SPECIMENS (n): 86

neuroepithelium to their final location, where they differentiate in
different subtypes of neurons (Petridou and Godinho, 2022). As cell
differentiation occurs, the emergence of the retinal layers in the

E11-St20
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vertebrate retina can also be observed, increasing in thickness with the
progression of tissue differentiation (Alvarez-Hernan et al., 2021c).
Migrating progenitors in the developing cephalopod retina can only give
rise to photoreceptors and they migrate towards the base of the pseu-
dostratified epithelium and move further basally through the basal
membrane (Bozzano et al., 2009; Koenig et al., 2016; Yamamoto,
1985a).

Other aspects of visual system development have been described in
cephalopods, such as maturation of eye tissues in cuttlefish Sepiella
japonica (Yamamoto, 1985a), Octopus australis (Wentworth and Muntz,
1992), southern calamari Sepiotheutis australis (Bozzano et al., 2009),
squid Doryteuthis pealeii (Koenig et al., 2016), or retinal development in
the cuttlefish Sepia esculenta (Hao et al., 2010), Cranchiid squid Teu-
thowenia pellucida (Evans et al., 2015), squid Doryteuthis pealeii (Napoli
et al., 2022) and long arm octopus Octopus minor (Ryu et al., 2023).

The European cuttlefish (Sepia officinalis Linnaeus 1758) has been
identified as a cephalopod species potentially suitable for industrial
aquaculture (Sykes et al., 2012, 2006). The development of the
S. officinalis eye has been investigated in some genomic studies (Buresi
et al.,, 2012, 2013; Imarazene et al., 2017), but the timing of the histo-
genesis of the retina in this cephalopod species has not been reported in
detail. The purpose of the present paper is to provide a qualitative and
quantitative detailed description of S. officinalis retinal development

ET4-St23

E21-St26

Fig. 1. Stereomicroscope images of some of the S. officinalis embryos and post-hatched specimens included in the present study showing the external gross
anatomical changes of the eye. The embryos are classified according to the developmental stage (St) of Boletzky et al. (2016), and their age (from embryonic day,
E10, St19) to the hatching day (E30, St30, postnatal day, P0O). Hatchlings at different ages were also included (P7, P14, P21). Arrows point to the eye in the first

developmental stages. Scale bars: 1 mm.
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Fig. 2. Scanning electron micrographs of eye balls in a St29 embryo of S. officinalis, showing the anatomy of the visual system (A,A) and the histology of the retina (B,
B). SEM images (A,B) are digitally coloured (A;B) to clearly distinguish the different regions of the visual system. (A,A) The OpL is located beneath the eye, and the
Co, Ir, L, LB and the Ret are clearly visible in the developing eye. (B,B) The laminar structure of the retina is clearly established and the RL, the SCL, the bm, the ISL,
and the OFL are clearly visible. Abbreviations: bm, basal membrane; Co, cornea; Ir, iris; ISL, Inner segmental layer; L, lens; LB; lentigenic body; Med; central medulla; OFL,
optic fibre layer; OpL, optic lobe; Ret, retina; RL, rhabdomeric layer; SCL, supporting cell layer. Scale bars: 250 ym in A,A; 25 um in B,B.

from early stages of development to early postnatal life, via light and
scanning electron microscopic observations.

2. Material and methods
2.1. Experimental animals

All specimens of S. officinalis used in the present study originate from
a single brood obtained from F4 cultured females at the Ramalhete
Aquaculture Station (Ria Formosa, South Portugal - 37°00'22.39'N;
7°58'02.69"W). Eggs were kept in artificial sea water with aeration at
controlled temperature (17-19 °C). The length of the embryonic period
in cephalopods particularly depends on temperature (Lemaire, 1970;
Mangold-Wirz, 1963). In these conditions, the duration of development
in S. officinalis embryos was 30 days (Buresi et al., 2012). Each day,
individual eggs were taken from the aquarium and embryos were
extracted using thin clips in filtered sea water. All specimens were
anaesthetized in a cold chamber (4 °C) or in ice, observed under a Ste-
reoscopic Microscope SMZ-1000 (Nikon) and photographed using a
Digital Camera DS-5Mc (Nikon). Subsequently, the developmental stage
of the embryos was ascertained following the criteria outlined by
Boletzky et al. (2016). This classification is established using morpho-
logical attributes including eye colour and position, arm structure, and
the distribution of chromatophores. These stages are based on external
anatomical features and numbered from stage 1 (St1) to St30. St30
represents the newly hatched cuttlefish (posthatch day 0, PO) with a
completely reduced yolk sac. A total of 73 S. officinalis embryos and 13
hatchlings (Table 1) were included in the present study, ranging from
St19 to St22, the period of organogenesis (extension phase), and from

St23 to St30, the period of organogenesis (growth phase) (Boletzky
et al., 2016). Fig. 1 shows embryos representing various developmental
stages and diverse hatchling ages whose morphological characteristics
have been previously described (Montague et al., 2021).

2.2. Tissue processing

Retinal histogenesis in S. officinalis was analysed by scanning elec-
tron microscopy (SEM) and light microscopy in semi-thin sections.

2.2.1. SEM study

For SEM study, some S. officinalis specimens were fixed in 4%
paraformaldehyde (PFA) diluted in 0.1 M phosphate buffer saline (PBS)
(pH 7.4) one time for 24 hours at 4 °C and washed three times in the
same buffer during 30 minutes each. Then, embryos were immersed
overnight in a cryoprotective solution (15% sucrose in PBS) at 4 °C
overnight, soaked in embedding medium, and frozen. Specimens were
orientated accurately in a cryostat microtome (Leica CM 1900,
Charleston, SC, USA) and cryosections of 20 um were obtained at regular
intervals. When the desired plane of sectioning (central region of the
eye) was reached, after examination of the sections by a light micro-
scope, the rest of the embryo (still embedded in frozen cryomedia) was
transferred to PBS at 4 °C. Then the embryos were processed for SEM.
They were additionally fixed in 2.5% glutaraldehyde for 90 min at 4 °C
and washed in 0.1 M cacodylate buffer three times during 15 minutes
each. Samples were dried by liquid carbon dioxide critical point, gold
sputter coated and visualized in a Quanta 3D FEG (ESEM-FIB; FEIL
Company, Hillsboro, OR, United States).
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Fig. 3. Toluidine blue-stained semi-thin sections of a newly hatched specimen (P0) of S. officinalis, showing the anatomy of the visual system (A), of the eye (B), and
retinal and OpL layers (C). Arrowheads point the retinal tissue. (A) The OpL are found close to the eyes, and the L and the Ret are clearly visible. (B) A magnified
micrograph of A clearly shows the different parts of the eye: Ret, LB, Ir, and Co. The IL and the OL are clearly distinguished at hatching. (C) The laminar structure of
the retina is well established, showing a pigmented RL and a thin darkly pigmented layer at the base of the outer segment of photoreceptors. The nuclei located in the
SCL rest on a bm that divides them from the ISL. An OFL is also observed, and adjacent to this fibre layer, the more external layer of the OpL, the OGCL located
adjacent to the PL, and finally, the IGCL. Abbreviations: bm, basal membrane; Co, cornea; IGCL, inner granule cell layer; Ir, iris; IL, inner lens; ISL, Inner segmental layer; LB;
lentigenic body; Med; central medulla; OFL, optic fibre layer; OGCL, outer granule cell layer; OL, outer lens; OpL, optic lobe; Ret, retina; PL, plexiform layer; RL, rhabdomeric
layer; SCL, supporting cell layer. Scale bars: 250 um in A; 100 ym in B; 50 ym in C.
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Fig. 4. Toluidine blue-stained semi-thin sections showing early stages of development of the eye rudiment in S. officinalis. The eye vesicles are flattened between St19
and St21 (asterisks in A; B,C). The retina is composed of a PsE during these early embryonic stages. Abundant mitotic figures are seen in the apical region of the
developing retina (arrows). D’ and G’ are magnifications of D and G. Abbreviations: PsE, pseudostratified epithelium. Scale bars: 250 ym in A; 100 ym in B,C; 50 um in

D-G.

2.2.2. Histological analysis

Some S. officinalis embryos and hatchlings were immersed in a
mixture of 2% glutaraldehyde and 2% paraformaldehyde in phosphate
buffer 0.1 M (PB) for 8 h at 4 °C. They were rinsed in PB three times
during 15 minutes each, postfixed in 2% osmium tetroxide for 2 hours,
dehydrated in graded acetone concentrations, rinsed in propylene oxide,
and embedded in Spurr’s resin. Serial frontal 3 pm semi-thin sections
were obtained by a Reichert Jung microtome. The sections were stained
with alkaline 1% toluidine blue in 1% aqueous borax, pH 11.0.

2.3. Morphometric analysis

Digital images of retinal sections from developing S. officinalis were
observed using a Nikon Eclipse-80i photomicroscope equipped with
brightfield and fluorescence and photographed using an ultra-high-
definition Nikon DXM 1200 F camera. Graphical were performed
using Adobe Photoshop (v.CS4). SEM analysis derived images were also
utilized for morphometric analysis.

Width measurements of various retinal layers across ocular ontogeny
were quantified using ImageJ software (v 1.38) (http://rsb.info.nih.
gov/ij/). 20 randomly images per specimen were analysed (three spec-
imens for each developmental phase). Three measurements were taken
per section along the apical-basal axis of the central part of the retina,
around the eye’s main axis.

Statistical analyses were conducted using a Microsoft Excel statistical
add-in, XLSTAT, through nonparametric Mann-Whitney U test. Differ-
ences between groups were assessed using a null hypothesis (Hop) in
which the difference in position between the samples is equal to O,
indicating no difference between them, and an alternative hypothesis
(Ha), in which the difference between samples is not equal to 0, repre-
senting a significant difference between two samples. Significance level
was set at p < 0.05.

3. Results

3.1. Anatomy of the S. officinalis visual system: cytoarchitecture of the
stratified retina

To understand the retinal structure of the S. officinalis, an overview of
visual system anatomy and histology is required (Figs. 2 and 3).
S. officinalis eyes and optic lobes (OpL) are quite voluminous. The eye is
mostly spherical and contains all the major structures identified in the

vertebrate eyes, namely: cornea (Co), iris (Ir), and pupil. Behind the iris
sits a near-spherical lens (L) formed by inner (IL) and outer lens (OL)
(Fig. 3A,B) that develop from the lentigenic body (LB).

The OpL are large structures that are easily recognizable just beneath
the eye (Fig. 2A,A; 3 A). They consist of an outer cortex with two layers
of cell somata that are called outer granule cell layer (OGCL) and inner
granule cell layer (IGCL), separated by a plexiform layer (PL) (Fig. 3B,C).
Internally to the cortex, a central medulla (Med) (Fig. 3A,B) comprising
clusters of cell bodies surrounded by areas of fibres, neuropil, and fine
blood vessels (not shown) is present.

Concerning cephalopod retina, definitions for various layers changed
frequently in the literature. The nomenclature used in the present study
for the retinal layers has been used in Yamamoto, 1985a, Hao et al.
(2010), and Evans et al. (2015). The stratified cephalopod retina is
composed of two nuclear layers divided by the basal membrane (bm)
(Fig. 2B,B; 3 C). Photoreceptor cell bodies (Inner Segmental Layer, ISL)
are located posterior to the bm (further from the lens), while supporting
cell layer (SCL) is found anterior to the bm (closer to the lens) (Fig. 2B,B;
3 C). In the more internal surface of the SCL (apical surface), mitotic
figures can be distinguishable (Fig. 3C). In the more internal layer is
located the rhabdomeric layer (RL) containing the outer segments of the
photoreceptors (Fig. 2B,B; 3B,C). A high amount of pigment granules is
found at the base of the outer photoreceptor segments (Fig. 3B,C).
Externally, the optic fibre layer (OFL) is formed by the photoreceptor
cell axons that exit the eye towards the OpL.

3.2. Retinal development in S. officinalis: qualitative study

The eye vesicle is flattened between St19-St21 (Fig. 4A-C), but from
St21/22 onwards, gradually become spherical (Figs. 3 and 5-9). Mitotic
activity is detected during all the embryonic stages analysed (Figs. 4-8)
and even during the first three postnatal weeks of life (Fig. 9). Mitotic
figures are always located in the apical surface of the non-laminated
retina that is composed of a pseudostratified epithelium (PsE) (Fig. 4),
and in the apical surface of the SCL in the laminated retina (Figs. 3, 5-8).

Between St19-St23/24 (E10-E17), the presumptive cuttlefish retina
is composed of a PsE (Fig. 4). At St24 the first nuclei passed through
narrow breaks of the bm into the incipient ISL (Fig. 5A-D). Therefore,
St24 is the onset of the appearance of the photoreceptor cells. At St25
abundant nuclei crossing the bm are distinguishable and an incipient
layer of apical processes (the future RL) become visible from the distal
margin of the SCL (Fig. 5F). At St25/26 SEM micrographs reveal that the
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Fig. 5. SEM images (A,B) and toluidine-blue semi-thin sections (C-F) of the S. officinalis eye between St24 (A-D) and St25 (E,F). The eye shape is spherical by these
stages and the L is clearly visible (A,C,E). Abundant mitotic figures (double arrowheads in D,F) are found in the apical surface of the SCL. The first differentiated
photoreceptors are located beneath the bm (arrows in B,D,F), initiating the formation of the ISL. The nuclei of migrating photoreceptor precursors are seen crossing
the bm (arrowheads in D,F). Differentiating distal processes of photoreceptors (asterisks in F) are first observed in the apical region of the undifferentiated retina at
St25. F’ is a magnification of F. Abbreviations: LB, lentigenic body; OpL, optic lobe; Ret, retina; SCL, supporting cell layer. Scale bars: 250 ym in A; 200 ym in C,E; 50 um in B,
D,F.
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Fig. 6. SEM images (A-C) and toluidine-blue semi-thin sections (D,E) of the developing S. officinalis eye at St25/26. The main eye structures (Ret, L, LB) are clearly
visible (A,D). The differentiating retina is composed of a SCL and an incipient ISL displaying photoreceptors in a single row (B-E). The nuclei of migrating photo-
receptor precursors (arrowheads in B,C,E) are seen crossing the bm (double arrowheads in B,C). Distal processes of photoreceptors (asterisks in B,E) and mitotic
figures (arrows in D,E) are found in the apical region of the undifferentiated retina. Abbreviations: bm, basal membrane; L, lens; LB, lentigenic body; ISL, Inner segmental
layer; Ret, retina; RL, rhabdomeric layer; SCL, supporting cell layer. Scale bars: 250 ym in A,D; 50 um in B,E; 5 ym in C.
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Fig. 7. Toluidine-blue semi-thin sections (A-F,H,I) and a SEM image (G) of the
developing S. officinalis eye at St26 (A,B), St27 (C,D), St28/29 (E-G), and St29
(H,I). The SCL and the ISL are clearly defined and separated by a bm in all
stages shown. The ISL progressively thickens and becomes multilayered as
development proceeds (B,D,F,G,I). The onset of pigmentation in the base of the
external segment of photoreceptors (asterisks) is detected at St27 (D) and
progressively increases and extends to the RL as development proceeds (E,F,H,
I). Mitotic activity (arrowheads) is detected in the apical region of the differ-
entiating retina and many photoreceptor precursors are seen crossing the bm
(arrows). Abbreviations: bm, basal membrane; L, lens; LB, lentigenic body; ISL,
Inner segmental layer; OFL, optic fibre layer; Ret, retina; RL, rhabdomeric layer;
SCL, supporting cell layer. Scale bars: 200 ym in A,C,E,H; 50 um in B,D,F,G,I.

ISL and the RL continue to grow, and the presence of some photore-
ceptor precursors migrating throughout the bm (Fig. 6A-C). These
morphological features are corroborated in resin sections (Fig. 6D,E).
Between St26-St29 (Fig. 7) abundant photoreceptor precursors
continue to cross the bm (Fig. 7B,D,F,I) and the ISL progressively
become multilayered (Fig. 7B,D,F,G,I). At St27, faint pigmentation in
the base of RL is firstly observed (Fig. 7D) and become darkly pigmented

Tissue and Cell 88 (2024) 102417

as development proceeds (Fig. 7E,F,H,[; 8E,F), even after hatching
(Fig. 9). Furthermore, pigment granules are distributed in the outer
segment of the photoreceptors (RL) from St28/29 onwards (Fig. 7E,F,H,
I; 8E,F; 9). During the last embryo stages (Fig. 8) both the RL and the ISL
progressively increased in width (Fig. 8B,D-F, see below).

In newly hatched animals, many mitotic figures abut the most apical
region of the SCL (Fig. 9B,D,F,H) and migrating photoreceptor pre-
cursors pass through the bm are found during the first 3 weeks of life
(Fig. 9B,D,F,H). It is important to note that light microscopy observation
of toluidine blue-stained semi-thin sections revealed sparse pyknotic
bodies mainly in early embryos (see Fig. 4E).

In sum, our data show that proliferative activity is intense
throughout the embryonic period and is also observed during the first
postnatal weeks. Furthermore, migrating nuclei of photoreceptor pre-
cursors crossing the bm are observed even the post hatching stages. The
emergence of the ISL and the RL occurs at St24 and at St25 respectively,
and the pigmentation of the RL is firstly detected at St27 (see Table 2).

3.3. Retinal development in S. officinalis: quantitative study

Morphometric data on the retinal layers of the embryonic and newly
hatched animal retinas are presented in the Fig. 10. Data on the width of
the retinal layers are obtained from the central region of each retina. The
width of the PsE/SCL increases between St22 and St25/26, but from this
stage the thickness of this retinal layer diminishes progressively until the
postnatal period, reaching the lowest values between P14 and P21
(Fig. 10A). The thickness of the ISL shows a regular increase between
St24 and St29 (Fig. 10B). From this stage onwards, the ISL increases in
height irregularly until postnatal stages (Fig. 10B). Finally, the RL in-
creases in height during all embryonic stages analysed, showing a higher
increase at the perinatal period and during the first days after hatching,
reaching the highest values at P14 (Fig. 10C). Therefore, the width of the
RL and the ISL increases during the embryonic period and even during
the first postnatal stages, but the thickness of the SCL increases until
St25/26 and diminishes progressively until the postnatal period.

4. Discussion
4.1. The retina of S. officinalis hatchlings and juveniles

S. officinalis presents an everted retina with rhabdomeric photore-
ceptors towards the light, showing a histological organization that
closely agrees with that shown in other cephalopod species such as
Octopus vulgaris (Hanke and Kelber, 2020; Yamamoto et al., 1965),
Octopus minor (Ryu et al., 2023), Sepiella japonica (Yamamoto, 1985b),
Sepia esculenta (Hao et al., 2010), Sepiotheutis australis (Bozzano et al.,
2009), Doryteuthis pealeii (Koenig et al., 2016).

The typical cytoarchitecture described in the mature retina of
cephalopods is clearly visible in hatchlings of S. officinalis, but also at
late embryonic stages. It has been described that the timing of visual
system development has implications for visual system capabilities of
newly hatched individuals in fish (Alvarez-Herndn et al, 2019;
Bejarano-Escobar et al., 2014; Evans and Browman, 2004) and birds
(Alvarez-Herndn et al., 2021). In the case of S. officinalis, there is evi-
dence of early visual learning at late embryonic stages (Darmaillacq
et al., 2008). These authors have shown that the exposure of cuttlefish
embryos to crabs for at least a week before hatching induces a preference
for this prey in cuttlefish juveniles. Our results, showing the advanced
morphological maturity of the retina of S. officinalis at late embryonic
stages, support the early acquisition of visual capabilities prior to
hatching.

Our data also show features of postnatal neurogenesis in the retina of
S. officinalis, such as the presence of mitotic figures and the existence of
migrating photoreceptors at least in P21 juveniles. Therefore, the retinal
progenitors cells located in the in the SCL that give rise to photorecep-
tors during development remain active after hatching. In the case of
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Fig. 8. SEM images (A-D) and toluidine-blue semi-thin sections (E,F) of the developing S. officinalis eye during the last embryonic stages: St29 (A,B) and St30 (C-F).
The main eye structures are distinguished (A,C) and the retinal layers are clearly established (B,D,E,F). Intense pigmentation is observed in the base of the outer
segment of photoreceptors and in the RL (E,F). Mitotic activity (arrowheads) is detected in the apical region of the differentiating retina and photoreceptor precursors
are crossing the bm (arrow). Abbreviations: bm, basal membrane; Co, cornea; L, lens; LB, lentigenic body; Ir, iris; ISL, Inner segmental layer; OFL, optic fibre layer; OpL, optic
lobe; Ret, retina; RL, rhabdomeric layer; SCL, supporting cell layer. Scale bars: 250 um in A,C; 50 ym in B,D-F.
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Fig. 9. Toluidine-blue semi-thin sections obtained from retinas of specimens of
S. officinalis at the time of hatching (A,B), P7 (C,D), P14 (E,F), and P21 (G,H).
The main eye structures are distinguished and the OL and the IL are clearly
visible (A,C,E,G). The ISL seems to be thicker than the SCL (B,D,F,H). During
the first three weeks of life, mitotic activity (arrowheads) and photoreceptor
precursors crossing the bm (arrows) are seen in the retina. Intense pigmentation
is observed in the base of the outer segment of photoreceptors and in the RL.
Abbreviations: bm, basal membrane; IL, inner lens; ISL, Inner segmental layer; OFL,
optic fibre layer; OL, outer lens; Ret, retina; RL, thabdomeric layer; SCL, supporting
cell layer. Scale bars: 250 um in A,C,E,G; 50 um in B,D,F,H.

Table 2
Summary of the developmental stages in which takes place the emergence of
the different layers and the onset of pigmentation.

Developmental events Developmental stage

Retina is composed by a PsE St19-St23/24

Emergence of the ISL St24
Emergence of the RL St25
Onset of pigmentation St27
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vertebrates, retinal neurogenesis in mature tissues is detected in the
retina of fish (Centanin and Wittbrodt, 2014; Hernandez-Nunez et al.,
2021; Raymond et al., 2006) and birds (Alvarez-Hern4n et al., 2018,
2021, 2022, Fischer and Reh, 2000, 2001; Gallina et al., 2016). In the
case of mammals, most retinal adult stem cells are remained in a
quiescent state, and therefore postnatal neurogenesis is almost absent
(Sokolova et al., 2023).

This neurogenic capacity in the mature retinal tissues in juvenile
specimens of cuttlefish could also suggests that under neurodegenera-
tive conditions, these stem cell niches could restore the structure and
function of retinal tissue in S. officinalis.

4.2. The differentiating retina of S. officinalis: qualitative and
quantitative studies

Between St19 (E10) and St23/24 (E17), the S. officinalis retina is
composed of a columnar epithelium with nuclei positioned at different
depths, a highly coincident distribution of nuclei described in the un-
differentiated neural tube and retinal neuroepithelia in vertebrates
(Bejarano-Escobar et al., 2014; Norden, 2017). Mitotic activity in the
developing S. officinalis retina occurs on the apical surface, which cor-
responds to the more internal surface (closer to the lens) of the undif-
ferentiated retina in cephalopods (Imarazene et al., 2017; Koenig et al.,
2016; Napoli et al., 2022) and to the more external region (closer to the
pigment epithelium) of the retina in vertebrates (Alvarez-Herndn et al.,
2018, 2020, 2022). A recent paper has shown that retinal progenitor
cells located in the undifferentiated retina of the squid Doryteuthis pealeii
undergo nuclear migration until they exit the cell cycle (Napoli et al.,
2022), similar to the mechanisms of cell proliferation and differentiation
described in vertebrates during retinal development (Agathocleous and
Harris, 2009; Baye and Link, 2008, 2007) and regeneration (Lahne and
Hyde, 2016). Therefore, retinal neurogenesis in the developing retina of
cephalopods shows exceptional similarity to vertebrate processes.

The nuclei of differentiating photoreceptors located beneath the bm
are firstly detected in S. officinalis at St24. From this stage onwards,
abundant nuclei passing through the bm by narrow breaks are
encountered throughout the entire differentiating retina, as has been
described in retinal embryonic tissues in S. japonica (hao, 1985),
Sepioteuthis australis (Bozzano et al., 2009), and D. pealeii (Koenig et al.,
2016). Yamamoto, 1985a described nuclei passing through the bm even
at late stages of development in S. japonica, coinciding with our results.
At St25 the first signs of photoreceptor morphological differentiation
arise and short rhabdomeres become visible in the RL. This early
morphological differentiation of photoreceptors, once they are present
in the ISL, has also been described in the developing retina of Sepioteuthis
australis (Bozzano et al., 2009) Romagny et al. (2012) shown that St25
embryos start to respond to light stimuli. These results provide evi-
dences that support our contribution related with the photoreceptor
differentiation at the same stage.

Once the retinal layers become visible, morphometric data show an
increase in the width of the ISL due to the constant addition of newly
differentiated photoreceptors. However, during the embryonic perinatal
stages and during the first days of postnatal life, the mean values of the
ISL thickness are similar. In contrast, our data show an exponential in-
crease of the thickness of the RL from the embryonic period to the early
postnatal life, as has previously been described in S. japonica (Yama-
moto, 1985a).

In the case of the SCL, the mean values of thickness increased
moderately during the early embryonic period, reaching a peak at St25/
26. From this stage onwards, the values progressively diminish until
early postnatal period. The decrease of the thickness could be related
with programmed cell death events during development as described
before in several vertebrates (Braunger et al., 2014; Candal et al., 2005;
Mayordomo et al., 2003). The continuous thinning of the SCL could be
due to the growth of the ocular tissues during the growth phase.
Furthermore, during this period, mitotic activity detected in the SCL
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Statistical significance is indicated by asterisks (*p<0.05).

11



A. Arias-Montecino et al.

could be mainly involved in generating precursors of photoreceptors,
but not in increasing the number of supporting cells.

5. Conclusions

S. officinalis is an excellent model system to investigate changes in
the histological organization of the retina during development. The
presence of active neurogenesis after hatching suggests the existence of
stem cell niches located in the SCL that could be involved in maintain
retinal tissue growth and homeostasis. Although more extensive
research is needed to assess the potential of proliferating cells in the
postnatal retina of S. officinalis. It is known that neurogenesis takes place
in octopus adult brain (Di Cosmo et al., 2018) so this work opens a new
avenue of investigation regarding regeneration of the nervous system
tissue in invertebrates using retinal neurogenesis as a model.
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