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The optic lobe is the largest structure in the cuttlefish brain. While the general morphology

of the optic lobe in adult cuttlefish has been well described, the 3D structure and

ontogenetic development of its neural organization have not been characterized. To

correlate observed behavioral changes within the brain structure along the development

of this animal, optic lobes from the late embryonic stage to adulthood were examined

systematically in the present study. The MRI scan revealed that the so called “cell islands”

in themedulla of the cephalopod’s optic lobe (Young, 1962, 1974) are in fact a contiguous

tree-like structure. Quantification of the neural organizational development of optic lobes

showed that structural features of the cortex and radial column zone were established

earlier than those of the tangential zone during embryonic and post-hatching stages.

Within the cell islands, the density of nuclei was decreased while the size of nuclei was

increased during the development. Furthermore, the visual processing area in the optic

lobe showed a significant variation in lateralization during embryonic and juvenile stages.

Our observation of a continuous increase in neural fibers and nucleus size in the tangential

zone of the optic lobe from late embryonic stage to adulthood indicates that the neural

organization of the optic lobe is modified along the development of cuttlefish. These

findings thus support that the ontogenetic change of the optic lobe is responsible for

their continuously increased complexity in body patterning and visuomotor behaviors.

Keywords: ontogenetic development, neural connections, cell islands, visuomotor control, visual lateralization,

cephalopods

INTRODUCTION

Cephalopods have the most sophisticated central nervous system (CNS) among all invertebrates
(Nixon and Young, 2003). These complex brain structures reflect their intricate behaviors (Hanlon
andMessenger, 1996). Within their CNS, a pair of optic lobes takes up about two-thirds of the total
brain mass and these are known to have functions in visual processing and visuomotor control
(Boycott, 1961; Young, 1962, 1974). Characterizing the neural structure of the optic lobes is thus
essential for our understanding of the neural basis of cephalopod behavior.

The optic lobe in cephalopods is a kidney-shaped brain structure located behind the eye
ball (Figure 1A). It can be divided into two parts, the outer cortex and the central medulla
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FIGURE 1 | The optic lobe of the cuttlefish, Sepia pharaonis. (A) A schematic diagram showing the position of the optic lobe (yellow area) relative to the eye (green

dashed outlines) in a top view of the cuttlefish. The red line depicts the plane of the cross section. (B) A cross section of the optic lobe showing the general

morphology. This cryosection of the left optic lobe of a cuttlefish (ML = 22.5 cm) was counterstained with a nuclear dye to visualize the cell organization. Green,

cortex; Yellow, radial column zone (R.z.); Blue, tangential zone (T.z.); Purple, optic tract region. Inset, a high magnification image of the optic lobe from the same

location of a different cuttlefish (ML = 8 cm) showing the various distinct zones. Arrow, cell islands; Arrow head, an area occupied mostly by neural fibers. D, dorsal;

A, anterior. Scale bar, 2 mm (Inset, 200 µm).

(Boycott, 1961; Figure 1B). The cortex, also called the deep retina
(Cajal, 1917), receives visual signals directly from the retina.
It consists of two cell-rich granular layers with a single fiber-
rich plexiform zone in-between (Young, 1962, 1974). It covers
most of the optic lobe surface except for the optic tract region.
In contrast, the medulla can be separated into two regions, the
outer radial column zone and the central tangential zone (Young,
1962, 1974). The radial column zone, which contains numerous
columnar structures of stacked cells and radially arranged neural
fibers, lies beneath the outer cortex. When neural fibers from the
radial column zone extend deeper into the center of the medulla,
most of these fibers become tangentially arranged, thus this area
is called the tangential zone (Young, 1974). Cell bodies within
the tangential zone are clumped together into characteristic “cell
islands” that are surrounded by neuropil, and there is no obvious
histological differentiation in this region (Boycott, 1961; Young,
1962, 1974). Furthermore, it has been confirmed using phalloidin
and alpha-tubulin staining that the space other than cell islands
in the tangential zone are fully occupied by neural fibers in pygmy
squids (Shigeno and Yamamoto, 2002; Wollesen et al., 2009). In
cuttlefish, direct electrical stimulation of the cortex results in no
obvious behavioral change, but stimulating the medulla evokes a
range of body patterns unilaterally or bilaterally (Boycott, 1961).
In addition, electrical stimulation of the medulla also produced
various types of locomotive behavior (Chichery and Chanelet,
1976, 1978). These early experiments suggest that the cortex is
responsible for visual information processing and the medulla
is the motor command center for dynamic body patterning
(Messenger, 2001). Despite our overall understanding of optic
lobe structure and function, the detailed neural organization
and the mechanisms underlying its control of body pattern
generation have not been fully characterized.

“Live fast and die young” is an aphorism that well describes
most modern cephalopods (O’Dor and Webber, 1986). Various
lines of evidence indicate that most cephalopods complete their
life cycles in one to two years (Boyle, 1983). This life style suggests
that their brains must develop rapidly to meet their behavioral

needs. Thus, characterizing the ontogenetic changes within the
optic lobe in cephalopods and comparing with other fast growing
animals may provide insights into the evolution of neural
adaptation. Furthermore, it is known that early visual experience
in embryos or hatchlings is important for the development
of various visual behaviors (Dickel et al., 2000; Poirier et al.,
2005; Darmaillacq et al., 2006; Lee et al., 2010, 2012; Guibe and
Dickel, 2011; Romagny et al., 2012). Thus, examining the optic
lobe structure from late embryonic to juvenile stages may also
shed light on the neural plasticity of these observed behavioral
adaptations. Earlier ontogenetic studies of brain structure in
other cephalopod species are informative as they have helped
to elucidate the growth pattern of the optic lobe (Meister, 1972;
Marquis, 1989). In sepiolid squids, it has been found that both
the volume of the optic lobe and its proportion in the brain keep
increasing throughout the animal’s embryonic stages (Kerbl et al.,
2013). In oegopsid, lolignid, and pygmy squids, structural studies
also revealed that, in the optic lobe, neuropil appear earlier in
the cortex and tangential zone than in the radial column zone
(Shigeno et al., 2001b,c; Yamamoto et al., 2003). Furthermore,
it has been shown that the tangential zone of oegopsid and
lolignid squids undergo a significant morphological change as
they move from the embryonic to the juvenile stage (Shigeno
et al., 2001a; Kobayashi et al., 2013). Despite the success of these
early descriptive studies in squids, a systematic and quantitative
study of the optic lobe from embryonic stage to adulthood
in cuttlefish is crucial for correlating the observed behavioral
plasticity with the optic lobe structure at various developmental
stages of the animal.

In addition, behavioral lateralization was recently reported in
the cuttlefish wherein the animals show side-turning preferences
in a T-shape apparatus (Jozet-Alves et al., 2012b). This observed
visual lateralization is task and age dependent in juvenile
cuttlefish. It has been suggested that the turning bias in cuttlefish
results from an eye use preference. Further analysis has revealed
that there is an individual variation in the magnitude of the optic
lobe asymmetry (Jozet-Alves et al., 2012a). Although the cerebral
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correlates of visual lateralization are apparent, it is important to
further compare the internal structures of the left and right sides
of the optic lobe in developing cuttlefish and to determine the
structural basis of this observed visual behavioral asymmetry.

In the present study, the optic lobes of the pharaoh cuttlefish
Sepia pharaonis were collected at different time points from
late embryonic stage to adulthood. An MRI scan was used
to reconstruct the internal structure of the optic lobe in
an adult cuttlefish and the so called “cell islands” in the
medulla of cephalopod’s optic lobe were found to be contiguous.
Histological examination of the optic lobes confirmed that
the morphological features of the cortex and radial column
zone were established earlier than those of the tangential zone
during the embryonic and post-hatching stages, and neural fibers
and cellular organization in the tangential zone increased and
modified along the development of the cuttlefish. Furthermore,
comparing the internal structures of the left and right optic lobes
revealed that lateralization is evident in the cortex and radial
column zone during the embryonic and juvenile stages. These
morphological observations are discussed with respect to the
behavioral development of the cuttlefish and adaptation by the
cuttlefish.

MATERIALS AND METHODS

Animals
Embryonic and early post-hatching cuttlefish, S. pharaonis, were
reared from eggs collected at Keelung, Taiwan. All eggs were
transported to the National TsingHuaUniversity andmaintained
in the laboratory using two closed-circulation aquarium systems
(700 L each; water temperature approximately 24◦C). The room
was kept on a 12 h light and 12 h dark cycle. Sub-adult and
adult cuttlefish (sex undetermined) were obtained from local
fishermen at Keelung, Taiwan. For embryonic and juvenile
cuttlefish, the optic lobes were collected when they attained
an appropriate stage or the required mantle length (Table S1).
The embryonic stages were determined based on developmental
characterizations of S. pharaonis (Lee et al., 2016) and S. officinalis
(Lemaire, 1970). The post-hatching stages (juvenile, sub-adult,
and adult) were determined based on developmental processes
recorded in a previous S. pharaonis culture study (Minton et al.,
2001). In a separate experiment, additional optic lobes from
cuttlefish of embryonic stage 24 (N = 6), mantle length 2.8 cm
(N = 2), 4 cm (N = 2), 17.7 cm (N = 2), and 19 cm (N = 2) were
used for immunostaining studies (see below). These samples were
also included in the analysis of cell size in the optic lobe.

Histology
All animals were anesthetized using 3% MgCl2 added to sea
water (Mooney et al., 2010). Each pair of optic lobes located
behind the eyes (Figure 1A) was carefully dissected out and
fixed immediately using 10% formalin in sea water for at least 3
days. The samples were then placed in 70% ethanol for storage.
A day before cryosectioning, the optic lobes were incubated
with a mixture of OCT (tissue freezing medium) and 30%
sucrose solution. Immediately before sectioning, the samples
were embedded in OCT and placed on the stage of a cryostat

(CM3050S, Leica). A series of 30 µm slices was cut along
the sagittal plane from the lateral side to the medial side of
the optic lobe (Figure 1). To visualize the internal structure
of the optic lobe consistently, only the middle section (50%
of sections from the lateral side) was collected, unless stated
otherwise. In a separate experiment, 10 µm slices were collected
for the immunostaining study. The optic lobe slices were rinsed
using PBS (phosphate-buffered saline), and then stained with a
nuclear dye, either DAPI (4′,6-diamidino-2-phenylindole) or PI
(propidium iodide), to visualize the cell organization (Table S1).
In the immunostaining experiments, the optic lobe slices were
incubated with 10% normal donkey serum, 0.5% Triton X-100,
and 0.1% sodium azide in PBS for 1 h at room temperature. After
blocking, the slices were incubated with the primary antibody
against acetyl α-tubulin (dilution 1:200; T7451, Sigma) for 1
day at 4◦C to label neural fibers (Klagges et al., 1996; Shigeno
and Yamamoto, 2002). After extensive rinsing with PBS, the
secondary antibody, donkey anti-mouse IgG conjugated with
DyLight fluorophore 488 (dilution 1:250; Jackson), was applied
overnight at 4◦C to visualize the immunoreactivity. To ensure
the specificity of the primary antibodies, a control experiment
of only the secondary antibody without the primary antibody
was conducted. The results confirmed that neural fibers in the
optic lobe can be labeled only when the primary antibodies
were applied (data not shown). Finally, after rinsing with PBS,
the samples were mounted with glycerol mounting medium for
fluorescent imaging.

Image Acquisition
Histological and immunostaining images of the optic lobe slices
were acquired on an upright fluorescent microscope (Axioskop 2
mot plus, Zeiss) using either a 5X (A-Plan, 0.12 NA, Zeiss) or a
10X (Plan-Neofluor, 0.3 NA; Zeiss) objective lens depending on
the sample size, or on a fluorescent dissecting microscope (Stemi
SV11, Zeiss). The high resolution fluorescent images of showing
nuclei and neuropil were acquired on a confocal microscope
(LSM 510, Zeiss) using a 40X objective lens (Plan-NEOFLUAR,
NA 0.75, Zeiss). In addition, the left optic lobe of a sub-adult
cuttlefish S. pharaonis (ML = 16 cm) was subjected to the
MRI scanning at the Kaohsiung Chang Gung Memorial Hospital
(9.4T, Bruker BioSpec 94/20 USR) to obtain its 3D structure.
Before scanning, the sample was embedded in agar containing
ferric ions to reduce background noise. TheMRI scanning system
is made up of a self-shielded magnet with a 20 cm clear bore and
a BGA-12S gradient insert (12 cm inner diameter) that offered
a maximal gradient strength of 675 mT m−1 and a minimum
slew rate of 4,673 Tm−1s−1. The optic lobe was imaged at
high resolution with TurboRARE-3D-torun sequence (TR/TE
= 3,000/48 ms, NEX = 2). The stack of MRI data was then
processed to make a movie of the stereo image of the optic
lobe.

Image Analysis
Quantifications of neural organization from the histological
images of the optic lobe slices were done using ImageJ (National
Institutes of Health, USA). The thicknesses of the cortex and of
the radial column zone were measured separately (Figure 1B).
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The width of the radial column was determined by measuring
the lateral spread of the columnar-like stacked nuclei, and the
density of the radial columns was obtained by counting the
number of radial columns along the circumference of themedulla
in the optic lobe. The cross-sectional areas of the optic lobe,
medulla, tangential zone, and cell islands were also determined
accordingly (Figure 1B). Since all measurements from the left
and right optic lobes were monotonically related (assessed by the
Spearman’s rank correlation coefficients; Table S2), the data from
both left and right optic lobes were combined during analysis.
However, to assess the optic lobe lateralization of individual
cuttlefish, the measurements from the left and right sides were
compared at each developmental stage.

To quantify the complexity of the cell islands in the MRI scan,
the tree-like structure (see below) was analyzed by measuring
the shortest distance of each branch point from the optic tract
region. To examine the proportions of neural fibers in the optic
lobes of cuttlefish at different ontogenetic stages, fluorescent
signals of the immunostaining images were first thresholded and
the areas were then measured. To quantify the cell size and
density in the cell islands, the tangential zone was divided into
two groups, peripheral and central areas, except for the optic
lobe of embryonic stages where the cell islands are relatively
homogeneous. The average nucleus size in the cell islands was
determined for cuttlefish at each different ontogenetic stage
by measuring the areas of randomly selected individual nuclei
(N = 30) in the peripheral and central regions separately.
Similarly, the average nucleus density in the cell islands was
determined by counting the number of nuclei within three
randomly assigned ROIs in the peripheral and central islands
separately. The average nucleus size in the cortex and the radial
column zone was also determined using the similar approach. For
statistical analysis, the one-way ANOVA and post hoc Tukey’s test
were used to determine the significant difference after assessing
the data normality with the Shapiro-Wilk test (SigmaPlot, NA).

RESULTS

Cell Islands Are Contiguous throughout the
Medulla of the Optic Lobe
The present study showed the detailed neural organization in
the optic lobe of the pharaoh cuttlefish S. pharaonis, which is
consistent with the early Cajal staining study of functional brain
organization of the common European cuttlefish Sepia officinalis
(Boycott, 1961). However, the MRI scan of the optic lobe from
a sub-adult S. pharaonis revealed for the first time that the
so called “cell islands” present in the medulla (Young, 1962,
1974) are contiguous and have a tree-like structure (Figure 2A;
see the Movie S1 in the Supplementary Information). A careful
examination of these cell islands showed that this tree-like
structure spread out from the optic tract region (OTR) with a
continuously increasing number of branch points until reaching
the radial column zone (Figure 2C).

Detailed examination of the histological images of the optic
lobe slices showed that the cellular organization and fine
structures are conserved throughout the optic lobe, except for

FIGURE 2 | Cell islands in the medulla of the optic lobe are a continuous

structure. (A) A pair of stereo images enhanced and reconstructed from the

MRI scan showing the 3D structure of cell islands (light areas) in the medulla of

the left optic lobe of a cuttlefish (ML = 16 cm). Note that the small opening on

the left side of the optic lobe was an artifact caused by the electrode

penetration from a separate study. (B) Three cross cryosections at different

percentages from the lateral to the medial side of the right optic lobe of a

cuttlefish (ML = 19.5 cm) showing the distinct morphologies of the cell islands.

D, dorsal; A, anterior. Scale bar, 2 mm. (C) The branch point numbers of the

3D structure of cell islands shown in (A) increase steadily as the distance from

the optic tract region (OTR) increases.

the optic tract region (the main output region of the optic
lobe) which is located closer to the medial and dorsal sides.
Furthermore, the radial column zone (the main input region
which receives visual signals from the eyes) is slightly thicker on
the lateral and ventral sides of the optic lobe. As a result, the
tangential zone could hardly be observed in the sagittal section of
the optic lobe at 25% from the lateral side (Figure 2B, left), and
the boundary between the radial column zone and the tangential
zone were difficult to discern in the section at 75% from the
lateral side (Figure 2B, right). Since the middle section of the
optic lobe slices (50% from the lateral side) exhibits the general
characteristics of the optic lobe morphology most clearly, such as
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the cortex, radial column zone, and tangential zone (Figure 1B),
which represents a canonical view or a vantage point of the
optic lobe, only the middle sections were used to examine the
ontogenetic changes that occur during the development of the
neural organization of the optic lobe.

Features of the Cortex and Radial Column
Zone Are Established Earlier than Those of
the Tangential Zone during Embryonic
Development
Since the retina of cuttlefish embryos becomes reddish and the
optic lobes become enlarged at stage 22 (Lee et al., 2016), the
morphological development of the optic lobe was examined from
this stage onward (Figure 3). At stage 22, the entire optic lobe
was filled with cells and there was hardly any space for neuropil.
The boundary between the cortex and the medulla was less
distinct. Similarly, the boundary between the radial column zone
and tangential zone was unrecognizable at this stage. At stage
23, although the characteristics of the radial column zone were
still missing, space for neuropil appeared in the center of the
medulla. The boundary between the cortex and the medulla was
discernible and the two granular layers of the cortex were distinct.
At stage 24, the feature of the radial column zone first appeared
and the tangential zone had even more space for neuropil. The
size of the optic lobe was also found to have enlarged significantly.
The basic structures of the optic lobe were established at this
embryonic stage. From stage 25 to stage 29, while the size of the
optic lobe only increasedmoderately, the space for neuropil in the
tangential zone continuously expanded. Note that the optic lobe
in stage 27 appeared to be slightly larger than those in stages 28
and 29 due to individual size differences (Figure 3). Nevertheless,
this observation supports that the size of the optic lobe does
not increase significantly at late embryonic stages. At hatching
(or stage 30), the size of the optic lobe was much larger than
during previous embryonic stages, and the boundaries between
the cortex andmedulla, as well as between the radial column zone

and tangential zone were much more distinct when compared
with the embryos.

To quantify morphological changes of neural organization
during the development of the optic lobe, the thickness of
the cortex and radial column zone was measured from stage
22 to hatching (Figure 4A). It is apparent that the cortex
increased steadily during embryonic development except from
stage 29 to hatching, but the radial column zone was not
recognized until stage 24 and showed a steeper increase in size
throughout the latter embryonic stages. A careful examination
of the organization of the radial column zone showed that the
width of radial columns decreased significantly throughout the
late embryonic development (Figure 4C). As a consequence,
the density of radial columns increased steadily from stage 24
to hatching (Figure 4D). When the areas of the optic lobe,
medulla, tangential zone, and cell islands were compared, the
results confirmed previous observations that the size of the optic
lobe showed two distinct fast growing periods, from stage 23
to stage 24 and from stage 29 to hatching (Figure 4B). While
the areas of the medulla and tangential zone followed a similar
growing pattern to that of the optic lobe, the area made up of
the cell islands increased relatively slowly. As a consequence, the
proportion of the cortex and medulla in the optic lobe remained
moderately stable throughout embryonic development, but the
radial column zone took up a significant space from stage 24
onward and the tangential zone became relatively smaller as the
embryos grew (Figure 4E and Table S3). Since the increase in
the cell islands was slower than that of the tangential zone, this
resulted in the density of cell islands in the tangential zone of
the optic lobe decreasing continuously throughout embryonic
development (Figure 4F and Table S3).

Neural Fibers in the Tangential Zone
Increase Continuously from Post-hatching
to Adulthood
Although the general morphology of the optic lobe from different
sizes of cuttlefish was similar to the one observed in late embryos,

FIGURE 3 | The distinct structures of the optic lobes gradually appear during the late embryonic stages. Middle sections of the left optic lobes from different

embryonic stages of cuttlefish. Nuclear staining was used to visualize the cell organization in the optic lobe. D, dorsal; A, anterior. Scale bar, 1 mm.
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FIGURE 4 | The features of the radial column zone first appear at stage 24, while the proportion of cell islands decreases throughout the embryonic development of

the optic lobe. (A) The thickness of the cortex and radial column zone (R.z.) of the optic lobe steadily increases during embryonic development. (B) Various areas of

the optic lobe (OPL), medulla, tangential zone (T.z.), and cell islands gradually increase throughout embryonic development. (C) The width of the radial column steadily

decreases during embryonic development. (D) Density of the radial columns gradually increases throughout embryonic development. (E) The proportions of the

cortex, radial column zone, and tangential zone within the optic lobe change during embryonic development. (F) Density of cell islands in the tangential zone of the

optic lobe decreases as the embryo develops. h, hatchling.

the proportion of neuropil in the tangential zone was found to
transform continuously throughout the entire post-hatching life
(Figure 5). Specifically, much of the size increase of the optic
lobe was a result of an expansion of the medulla rather than
the cortex, and much of the area expansion of the medulla at
adulthood was due to the growth of the tangential zone rather
than the radial column zone. Furthermore, the space for neuropil
in the tangential zone enlarged steadily, indicating that there was
a continuous increase in neural fibers among the cell islands as
cuttlefish grew.

To quantify these morphological changes in the neural
organization during the development of the optic lobe, the

thickness of the cortex and radial column zone was measured
from animals of mantle length 1.0–30.2 cm (Figure 6A). The
results showed that both the cortex and radial column zone
have two distinct growth phases, the first one being when the
cuttlefish’s mantle length is below 5 cm, and the second one
being when the mantle length exceeds 5 cm. It should be noted
that the relation between size and age of the animals is not
strictly linear (Minton et al., 2001), thus the observed two
growth phases may not correlate with the cuttlefish’s age. When
the cuttlefish were in the post-hatching stages, the thickness
of the cortex and radial column zone increased significantly,
but when the cuttlefish reached the sub-adult and adult stages,
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FIGURE 5 | The neural organization within the medulla of the optic lobe changes continuously from hatching to adulthood. Middle sections of the left optic lobes from

different mantle lengths (ML) of cuttlefish. Nuclear staining was used to visualize the cell organization in the optic lobe. D, dorsal; A, anterior. Scale bar, 2 mm.

the thickness of the cortex and radial column zone remained
relatively stable. A careful examination of the organization of the
radial column zone revealed that both the width and the density
of radial columns did not change drastically from hatching to
adulthood (Figures 6C,D). When the areas of the optic lobe,
medulla, tangential zone, and cell islands were compared, the
results showed that the expansion of the optic lobe, medulla,
and tangential zone was fast when the mantle length was below
5 cm, and continued even when cuttlefish reached sub-adult

and adult stages, though the size increase in the tangential
zone was relatively slower at these later stages (Figure 6B). In
contrast, the expansion of the cell islands was steady during the
juvenile stage, but stopped after the mantle length of cuttlefish
was above 5 cm. As a result of these relative area changes, the
proportion of the cortex in the optic lobe showed a continuous
decrease as cuttlefish grew (Figure 6E and Table S4). However,

the proportion of the radial column zone increased significantly
when the mantle length was less than 5 cm, but decreased
gradually when cuttlefish reached adult stage. Furthermore, the

proportion of the tangential zone was increased moderately
after cuttlefish reached the sub-adult and adult stages. Since the
increase in cell islands was slower than that of the tangential

zone, the density of cell islands in the tangential zone decreased
continuously throughout the entire post-hatching development
period (Figure 6F and Table S4). It should be noted that the
density of cell islands decreased from 60% to about 40% when
the mantle length of cuttlefish was below 5 cm, indicating that
the tangential zone is transformed from cell soma dominant to
neuropil dominant. In addition, the density of the cell islands
continued to decrease from about 40–20% when the mantle
length was above 5 cm, indicating that neural fibers among
cell islands are increasing without there being significant cell
proliferation during the sub-adult and adult stages.

The development of the Optic Lobe Is
Accompanied by Increases of Cell Soma
Size and Neural Fibers
To verify the observation that the expansion of the neuropil
area is indeed a result of the increase of neural processes in the
tangential zone, acetyl-α-tubulin which labels neural fibers was
used to visualize the development of the optic lobe in embryonic,
juvenile, and adult cuttlefish (Figure 7). Complementary to
the images in Figures 3, 5 which showed the distribution of
the cell somata, immunostaining images of acetyl-α-tubulin
revealed neural processes in the optic lobe. It is apparent that
the neural fibers increased continuously in the tangential zone
throughout different developmental stages. To distinguish the
origin of the increased neural fibers in the tangential zone during
development, the neural fibers in the input region (the cortex
and radial column zone), the tangential zone, and the output
region (the optic tract region) of the optic lobe were characterized
separately at three different developmental stages. It was found
that the proportion of neural fibers of the tangential zone
remained stable throughout developmental stages (Figure S1 and
Table S5). This suggests that the increase of neural fibers in the
tangential zone as cuttlefish growing is equally contributed by the
fibers from the input region, tangential zone, and output region
of the optic lobe.

In addition to the increase of neural fibers during
development, the cell soma size in different areas of the optic
lobe was also expanded. It is apparent that the cell soma size
and cell density in the cell islands appeared smaller and packed,
respectively, when cuttlefish were in earlier developmental stages
(Figure 8). This observation indicates that the organization
and cell size within the cell islands of the optic lobe change
continuously from the embryonic stage to the adulthood. To
quantify the morphological and organizational changes down
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FIGURE 6 | The proportion of cell islands in the medulla decreases continuously from hatching to adulthood, while the growth of the cortex and radial column zone

remains stable. (A) The thickness of the cortex and radial column zone (R.z.) of the optic lobe increases when the mantle length of cuttlefish is less than 5 cm, but

stops increasing during the sub-adult and adult stages. (B) The areas of the optic lobe (OPL), medulla, and tangential zone (T.z.) increase continuously throughout

post-hatching development, but the area of cell islands stops increasing after the mantle length of cuttlefish exceeds 5 cm. (C) The width of the radial column stays

relatively constant during most of post-hatching stages. (D) Density of the radial columns also maintains in a moderate range throughout most of post-hatching

stages. (E) The proportion of the radial column zone increases steadily when the mantle length of cuttlefish is less than 5 cm, but decreases gradually when cuttlefish

reach the adult stage. (F) The density of cell islands in the tangential zone of the optic lobe decreases continuously as cuttlefish develop into adulthood.

to the cellular level in the optic lobe during development,
the nucleus size (a proxy to estimate the cell soma size) and
the nucleus density in the cell islands were estimated. The
nucleus size in the cortex increased only from juvenile to
adult cuttlefish (Figure 9A), while that of the radial column
zone increased significantly from embryonic stage to adult
cuttlefish (Figure 9B). In addition, it is evident that the average
nucleus size in the cell islands of the peripheral region increased
significantly from juvenile to adult cuttlefish (Figure 9C). In
contrast, the average nucleus size in the cell islands of the central

region increased significantly from embryo to juvenile cuttlefish.
Similarly, the average nucleus density in the cell islands of the
peripheral region decreased significantly from juvenile to adult
cuttlefish (Figure 9D). In contrast, the average nucleus density
in the cell islands of the central region decreased significantly
throughout all three developmental stages. These findings
suggest that the entire optic lobe, especially the cell islands, have
gone through a significant change during development and this
reorganization in the optic lobe may be important for behavioral
changes throughout the life.
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FIGURE 7 | Neural fibers in the tangential zone are complementary to the cell islands in the optic lobe. Fluorescence images of acetyl-α-tubulin which labels the neural

fibers in the tangential zone of embryo (stage 24), juvenile (ML = 4 cm), and adult (ML = 17.7 cm). Inset shows the enlarged image of the optic lobe in embryo.

D, dorsal; A, anterior. Scale bar, 1 mm (Inset, 200 µm).

Lateralization of the Optic Lobes Is Evident
in the Cortex and Radial Column Zone
during the Embryonic and Juvenile Stages
Previous studies on visual lateralization in the common
European cuttlefish S. officinalis found that the sizes of the
left and right optic lobes were not identical and this cerebral
asymmetry creates a bias with respect to their side-turning
behavior (Jozet-Alves et al., 2012a,b). In the present study,
although the developmental pace of the left and right optic lobes
in pharaoh cuttlefish S. pharaoniswas similar at various life stages
(Table S2), we found that the internal structures of the optic
lobe in S. pharaonis showed a prominent variability in left/right
asymmetry when the two sides of the brain were compared
throughout the embryonic and juvenile stages (Figures 10, 11).
Specifically, the relative areas of the cortex and radial column
zone showed a large variation with respect to the lateralization
index throughout all late embryonic stages (Figures 10A,B)
and when the mantle length of cuttlefish was less than 5 cm
(Figures 11A,B). Interestingly, the internal structures of the optic
lobe on the two sides of the brain became more symmetrical
during the sub-adult and adult stages. Note that the sample size
for the ML > 5 cm was small, thus the data should be treated
cautiously. In contrast, the relative area of the tangential zone and
the density of the cell islands were largely symmetrical during
the late embryonic stages (Figures 10C,D) and throughout all
post-hatching life (Figures 11C,D). These findings regarding the
optic lobe indicate that the visual processing areas (the cortex
and radial column zone) are more prone to lateralization than
the visuomotor control area (the tangential zone) during the
development of the cuttlefish.

DISCUSSION

Ontogenetic Development of the Optic
Lobe
The present study reveals that the maturation of the various
different regions in the optic lobe of cuttlefish is a non-uniform

process. Specifically, morphological changes are most significant
around embryonic stage 24, hatching, and at the time when the
mantle length reaches 5 cm (Figures 4, 6). In other words, the
basic neural organization of the cuttlefish optic lobe is established
when the animals are still young, but neural fibers among
cell islands increase continuously from juvenile to adulthood.
This type of brain maturation pattern is common in other
animals. For example, mice complete neuronal differentiation
and migration within the cerebral cortex a few days before birth,
while neural connections among the various different cortical
areas continue to form well beyond birth (Johnson et al., 2002).
It has also been reported that most neurons in the ventral nerve
cord of adult fruit flies are created during the larval stage, but
the neural connections are continuously increased during later
developmental stages (Truman and Bate, 1988).

Cuttlefish are a semelparous species, which means that eggs
and juveniles develop without parental care. As a consequence,
eggs are very vulnerable, and hatchlings need to cope on their
own to find food and avoid predators. At embryonic stage 24,
the layered structure of the optic lobe becomes evident with
the first appearance of the radial column zone (Figure 3). This
time point corresponds roughly to the observation that the visual
system is functional from stage 25 of the cuttlefish S. officinalis
(Romagny et al., 2012). More importantly, it is known that
embryonic visual experience has a significant impact on the
development of post-hatching behavior (Darmaillacq et al., 2006,
2008; Guibe and Dickel, 2011). Thus, early development of
the visual processing area within the optic lobe, including
the cortex and radial column zone, is crucial to allowing
cuttlefish to detect visual stimuli and adapt to different visual
environments very early in life. In addition, the finding that
the radial columns decrease the width and increase the density
throughout embryonic development (Figures 4C,D) suggests
that the spatial resolution of the visual information processing
is also continuously increased before hatching. Future studies of
examining the effect of visual deprivation on the development of
optic lobes and visual behaviors of hatchlings will provide further
evidence of neural plasticity at this critical stage.
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FIGURE 8 | The organization and cell size within the optic lobe change significantly from the embryonic stage to the adulthood. (A) A positive correlation (R2 = 0.454,

p < 0.001) between the nucleus size (estimated from the DAPI staining images) and the cell soma size (estimated from the acetyl-α-tubulin staining images and

confirmed with the DIC images) obtained from the measurements (30 nuclei) of the cell islands in a juvenile cuttlefish (ML = 4 cm). This relationship allows us to use

the nucleus size as a proxy to estimate the cell soma size in the cell islands. (B) The DAPI staining image of the cortex and radial column zone (R.z.) at the embryonic

stage 24. (C) Nuclei (DAPI staining) in the tangential zone are not yet separable into the cell islands at the embryonic stage 24. (D–F) The DAPI staining images of the

input region (the cortex and radial column zone) as well as cell islands in the peripheral and central regions of the optic lobe from a juvenile cuttlefish (ML = 4 cm),

respectively. (G–I) The DAPI staining images of the input region as well as cell islands in the peripheral and central regions of the optic lobe from an adult cuttlefish

(ML = 17.7 cm), respectively. Scale bar, 50 µm; Arrowhead, the granular layer of the cortex; Arrow, the stacked nuclei in the radial column zone.

From hatching to a mantle length of 5 cm is another fast
growing period that involves a significant increase in the size of
the optic lobe (Figure 5). However, much of this size increase
in the optic lobe is attributable to an expansion of the medulla
rather than of the cortex. Although previous developmental
studies of the squid’s brain have shown that the neuropil appear
earlier in the tangential zone than in the radial column zone

(Shigeno et al., 2001b,c; Yamamoto et al., 2003), the area of radial
column zone actually grows faster than that of the tangential
zone before the mantle length reaches 5 cm (Figure 6). Despite
the slower expansion rate of the tangential zone, this area is
gradually transformed from cell soma dominant to neuropil
dominant. These results suggest that neural fibers among cell
islands are increasing without significant cell proliferation. It
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FIGURE 9 | The nucleus size in the optic lobe increases while the nucleus density in the cell islands decreases during development. (A) The average nucleus size in

the cortex of the optic lobe increases significantly from juvenile to adult cuttlefish. (B) The average nucleus size in the radial column zone of the optic lobe increases

significantly throughout all developmental stages of cuttlefish. (C) Due to the volume difference of the cell islands at various regions of the tangential zone in juvenile

and adult cuttlefish, the peripheral and central regions were analyzed separately. The average nucleus size in the cell islands of the peripheral region increases

significantly from juvenile to adult cuttlefish. In contrast, the average nucleus size in the cell islands of the central region increases significantly from embryo to juvenile

cuttlefish. (D) The average nucleus density in the cell islands of the peripheral region decreases significantly from juvenile to adult cuttlefish. In contrast, the average

nucleus density in the cell islands of the central region decreases significantly throughout all three developmental stages. ***p < 0.001; **p < 0.01; *p < 0.05.

has been well documented that post-hatching visual experience
is important to shape the visual behavior of juvenile cuttlefish
(Dickel et al., 2000; Poirier et al., 2005; Lee et al., 2010, 2012).
The finding that the radial column zone and neural fibers
among cell islands are disproportionally increased during this
post-hatching period further supports the hypothesis that visual
perception and visuomotor control of body patterning are crucial
to juvenile cuttlefish as part of their camouflage and other
defensive behaviors (Hanlon and Messenger, 1988).

After the mantle length reaches 5 cm and beyond, the optic
lobe of cuttlefish continues to grow, but much of the size
increase is a result of tangential zone growth rather than radial
column zone growth (Figure 6). Furthermore, the density of
the cell islands continuously decreases, suggesting that neural
fibers among cell islands are increasing continuously without
significant cell proliferation during the sub-adult and adult
stages. It is known that the function of body patterning in
cuttlefish continuously changes from hatching to adulthood;
specifically there is a change from primarily being used for
concealment as a defensive behavior to being mainly used for

visual communication during reproductive behavior (Hanlon
and Messenger, 1996). The observation that the tangential zone
and the neural fibers among the cell islands are increased during
the sub-adult and adult stages further supports the hypothesis
that visuomotor control of dynamic body patterning depends on
neural processing among the cell islands in the medulla of the
optic lobe. These results are similar to studies on birds in which
it has been found that the brain size is highly correlated with
the development of novel foraging techniques (Overington et al.,
2009). Furthermore, it has been shown that the volume of the
song-related nuclei and the size of the associated neural tissues
in songbirds are correlated with their song length and repertoire
size (Garamszegi and Eens, 2004). These examples support a
strong correlation between neural reorganization and behavioral
modification throughout the life of animals.

In a close examination of cell morphology and fibers
distribution in the optic lobe (Figure 7), we found that the
proportion of neural fibers of the tangential zone remains stable
throughout developmental stages (Figure S1). This suggests that
the origin of the increased neural fibers observed in the tangential
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FIGURE 10 | Lateralization of the optic lobe is more pronounced in the cortex and radial column zone during the embryonic stages. The lateralization index is defined

as Right/Left. (A,B) The relative areas of the cortex and radial column zone show a large variation in lateralization index throughout all late embryonic stages.

(C,D) The relative area of the tangential zone and the density of cell islands are mostly symmetric across the various embryonic stages.

zone during development (Figures 4, 6) is equally contributed
by the growth of neural processes from the input and output
regions as well as within the tangential zone itself. It also supports
that information transfer in and out of the tangential zone is
increased proportionally with the information processing within
the tangential zone during cuttlefish development. Surprisingly,
by examining the nucleus size in different areas of the optic lobe
and the density of the cell islands at different developmental
stages, we found that the organization and cell size within the
optic lobe change significantly from the embryonic stage to
adulthood (Figures 8, 9). This finding suggests that specific areas
in the optic lobe, especially the cell islands, are continuously
reorganized to account for behavioral changes throughout life. It
has been reported that the robust nucleus of the archistriatum
(RA), an anatomically discrete brain region that is known to
be involved with song production in birds, increase greatly
in volume during a restricted period of song development in
male zebra finches, and the growth of the RA is due to an
increase in the cell soma size and a decrease in the cell density
(Bottjer et al., 1986). This result suggests that the cells in the
RA are undergoing fundamental maturational changes as the
song behavior is beginning to acquire its adult form. This
observation in the RA of zebra finches is parallel with our

finding in the optic lobe of cuttlefish. The increase in the cell
size may indicate that the metabolic activity of these neurons
is increasing, whereas the decrease in the cell density may
indicate that the dendritic arbor of these neurons is increasing,
and/or that neural fibers from other regions are growing into
this area. Further studies are needed to elucidate the underlying
mechanism of morphological changes in the optic lobe during
cuttlefish development.

Neural Basis of Visual Lateralization
In the present study, we confirmed that lateralization of the
optic lobe may be a general feature of cuttlefish and that it
is age dependent. Our results are consistent with the previous
study showing that there is individual variation in the magnitude
of the optic lobe asymmetry among the common European
cuttlefish S. officinalis (Jozet-Alves et al., 2012a), and we have
also shown that the lateralization indices vary greatly in both
the cortex and radial column zone during the embryonic and
juvenile stages of the pharaoh cuttlefish S. pharaonis. In contrast
to the above, the variation was much less in the tangential zone
and in the density of the cell islands (Figures 10, 11). In the
aforementioned study, these authors found that these anatomical
brain asymmetries were correlated with behavioral asymmetries,
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FIGURE 11 | Lateralization of the optic lobe is more apparent in juvenile cuttlefish. (A,B) The relative areas of the cortex and radial column zone show a large variation

in the lateralization index when the mantle length of cuttlefish is less than 5 cm. (C,D) The relative area of the tangential zone and the density of cell islands have a

reduced lateralization index variation compared to the cortex and radial column zone.

that is the larger the right optic lobe, the stronger the bias
toward turning leftwards (Jozet-Alves et al., 2012a). In a separate
study, it was also suggested that this left-turning bias observed in
juvenile cuttlefish was the result of an eye use preference (Jozet-
Alves et al., 2012b). Although, we did not carry out behavioral
experiments to examine the correlation between anatomical
asymmetry and turning bias, the fact that the cortex and radial
column zone (the visual processing areas) are more prone to
lateralization than the tangential zone (the visuomotor control
area) in the optic lobe of developing cuttlefish supports the
idea that eye use preference brings about the visual experience-
dependent enhancement of side-turning preference. This is akin
to neural plasticity observed in primate visual cortex and frog
tectum (Hubel and Wiesel, 1977; Constantine-Paton and Law,
1978).

Neural Organization of the Optic Lobe
Earlier morphological studies of the optic lobes in octopus
and squid (Young, 1962, 1974) suggested that the columnar
organization of the radial column zone is likely to retain
retinotopic information and thus it functions as a visual feature
processing center. This neural organization pattern is similar to
the visual cortex of the mammalian brain (Hubel and Wiesel,

1977), and the lamina and outer medulla of the insect’s optic
lobe (Strausfeld, 1970), which suggests a convergent evolution
of these animal’s brain organizations. Despite this similarity,
there are some obvious differences in their neural systems
(Breidbach and Kutsch, 1995). For example, the axons from
the retina of cephalopods and insects do not form a bundle
before projecting to the optic lobe, and the dorsoventral chiasma
located behind the eye of cephalopods reverses the optically
inverted image back in the optic lobe (Young, 1974). This
latter feature ensures that the cortex and radial column zone in
cephalopods retain upright retinotopic information, unlike the
one in the visual cortex of mammalian brains. Furthermore, the
optic nerves are mostly projected to the ipsilateral side of the
optic lobe in cephalopods and insects, while they are largely
projected to the contralateral side of the brain in vertebrates
(Nixon and Young, 2003). These observations suggest that the
visual system of cephalopods and insects are more alike when
compared with vertebrates, despite the convergent evolution of
the optics of the eyes in cephalopods and vertebrates (Packard,
1972).

In the tangential zone during the present study the so
called “cell islands” (Young, 1962, 1974) were found to be
contiguous in the MRI data, forming a tree-like structure
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(Figure 2A). Since the internal organization of the optic lobe
is quite conserved in most species of cephalopods (Nixon
and Young, 2003), this 3D structure of the optic lobe from
a sub-adult cuttlefish suggests that such an organization of
neurons within the tangential zone could be a general feature
in all optic lobes of cephalopods (Boycott, 1961; Young, 1962,
1974). By electrically stimulating the medulla of the optic lobe,
previous studies have shown that various body patterns can be
evoked unilaterally or bilaterally in cuttlefish (Boycott, 1961).
Further studies have shown that the medulla is responsible
for producing various types of locomotive behavior (Chichery
and Chanelet, 1976, 1978). Our recent study also supports that
various body pattern components can be selectively activated
together when the medulla of the optic lobe from the oval
squid Sepioteuthis lessoniana was stimulated electrically (Liu
and Chiao, 2017). These findings suggest that the medulla,
specifically the tangential zone, is the motor command center
for locomotion and dynamic body patterning in cephalopods
(Messenger, 2001). The motor signals generated by the medulla
are the major input for the basal lobe, which is also an
important motor controlling center in cephalopods and have
been suggested to be functionally similar to the basal ganglia
in vertebrates (Gleadall, 1990). Collectively, the functions of
the tangential zone of the optic lobe and the basal lobe in
cephalopods seem to be similar to that of the basal ganglia in
vertebrates, where the primary function is to receive the sensory
signals from various cortical layer, and generate motor signals
to downstream brain structures for controlling and regulating
the activities of the motor and premotor cortical areas during
voluntary movements (Alexander et al., 1986; Reiner et al.,
1998). However, the neural organizations of these two motor
command centers are significantly different. In the optic lobe
of cephalopods, neurons are clustered together and formed a
contiguous tree-like structure, whereas neural organization in the
striatum of basal ganglia have no apparent regional differences
despite of the perfect topography and neurotransmitter-related
neuronal distribution in different regions or nuclei (Squire et al.,
2003). Nevertheless, both brain structures receive information
from the sensory areas and select actions by sending control
signals to the motor areas. Thus, the optic lobe with the
downstream basal lobe in cephalopods and the basal ganglia
in vertebrates are both crucial to the control of the motor
movements required for specific behaviors. Alternatively, it has
been suggested that the optic tectum of vertebrates, particularly
fish and amphibians, has many output neurons to the midbrain
territories that regulate motor programs (reaction, orientation,
attack, and escape, etc.), thus the function and projection might
be similar between the optic lobe in cephalopods and the optic
tectum in fish and amphibians (Butler and Hodos, 2005). Finally,
it has been suggested that the arthropod central complex and
vertebrate basal ganglia circuitries that underlie the selection and
maintenance of behavioral actions are evolutionarily conserved
(Strausfeld and Hirth, 2013; Fiore et al., 2015). Thus it is possible
that the optic lobe of cephalopods shares deep homology with

the central complex of arthropods and the basal ganglia of
vertebrates.
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Figure S1 | Proportions of neural fibers of the input region (the cortex and radial

column zone), the tangential zone (T.z.), and the output region (the optic tract

region) of the optic lobe have no significant difference among different

developmental stages.

Table S1 | The optic lobe samples and their nuclear staining methods.

Table S2 | All measurements from the left and right optic lobes are monotonically

related.

Table S3 | Standard errors not shown in Figures 4E,F.

Table S4 | Standard errors not shown in Figures 6E,F.

Table S5 | Standard errors not shown in Figure S1.

Movie S1 | A pair of stereo images enhanced and reconstructed from the MRI

scan showing the 3D structure of cell islands (light areas) in the medulla of the left

optic lobe of a cuttlefish (ML = 16 cm). This MRI scan reveals for the first time that

the so called “cell islands” present in the medulla (Young, 1962, 1974) are

contiguous and have a tree-like structure.
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