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Complex Visual Adaptations in Squid
for Specific Tasks in Different
Environments

Wen-Sung Chung * and N. Justin Marshall

Sensory Neurobiology Group, Queensland Brain Institute, The University of Queensland, St Lucia, QLD, Australia

In common with their major competitors, the fish, squid are fast moving visual predators
that live over a great range of depths in the ocean. Both squid and fish show a variety
of adaptations with respect to optical properties, receptors and their underlying neural
circuits, and these adaptations are often linked to the light conditions of their specific
niche. In contrast to the extensive investigations of adaptive strategies in fish, vision in
response to the varying quantity and quality of available light, our knowledge of visual
adaptations in squid remains sparse. This study therefore undertook a comparative study
of visual adaptations and capabilities in a number of squid species collected between
0 and 1,200 m. Histology, magnetic resonance imagery (MRI), and depth distributions
were used to compare brains, eyes, and visual capabilities, revealing that the squid eye
designs reflect the lifestyle and the versatility of neural architecture in its visual system.
Tubular eyes and two types of regional retinal deformation were identified and these eye
modifications are strongly associated with specific directional visual tasks. In addition,
a combination of conventional and immuno-histology demonstrated a new form of a
complex retina possessing two inner segment layers in two mid-water squid species
which they rhythmically move across a broad range of depths (50-1,000 m). In contrast
to their relatives with the regular single-layered inner segment retina live in the upper
mesopelagic layer (50-400 m), the new form of retinal interneuronal layers suggests that
the visual sensitivity of these two long distance vertical migrants may increase in response
to dimmer environments.

Keywords: magnetic resonance imagery, retinal deformation, dual-layered inner segment, complex squid retina,
mid-water, optic lobe, signal convergence

INTRODUCTION

Fish and squid are both successful visual predators. Having high sensitivity is one requirement
for visual predators in foraging under the low light conditions and for detecting fast-moving
objects. The light intensity in the aquatic world is largely determined by two factors, time of day
(availability of sunlight) and depth (scattered and absorbed by waters) (Denton, 1990; Johnsen,
2012). After dusk, the light level at the surface drops by 8 log units compared to mid-day. Another
important feature of underwater light condition is that the intensity of the downwelling sunlight is
depth-dependent, with a 10-fold drop in brightness with every 75 m depth increase, even in clear
open ocean (Denton, 1990). In addition, the spectral range is gradually tuned to nearly constant
blue spectra over increasing depths and in clear ocean to around 475 nm (Figure 1). In more
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FIGURE 5 | Tubular eyes and fovea of B. abyssicola and potential function. The fovea and tubular eyes could maintain binocular stereopsis and preserve both
resolution and sensitivity over a restricted frontal area where is critical for searching prey or mates. (A-D) The fovea of B. abyssicola. Arrows indicate the fovea. (D) A
histological section of the fovea which the longest photoreceptor is c.a. 500 pm. (E) lllustration of potential function using the tubular eyes in detecting bioluminescent
point sources. Scale bar: 500 wm.

FIGURE 6 | Regional retinal specialization of S. spirula and potential function. With a large photophore emitting light upwards, the pecten-like structure
located in the naso-ventral retina combined with its unique head-down posture could be used to detect the object moving overhead. (A) The natural head-down
posture of live specimen. (B) A large photophore at the rear side of mantle. (C-E) The retinal ridge. (C) The back of the retina is invaded by connective tissue. (D) The
ridge is located at the naso-ventral side of the eye. (E) Histological section of the retinal ridge. (arrow head: the retinal ridge; star: connective tissue). Scale bar: 200
um. (F) lllustration of a potential foraging strategy to search for prey.

whales) illuminated by ambient bioluminescent flashes (Nilsson  are certainly useful to increase light capture, there are constraints
et al., 2012). Many small mesopelagic squid also possess large  on eye design (especially maximal eye size) such that an extended
eyes relative to their body. For instance, relative eye size given  receptive field rarely increases more than 3 log units of sensitivity
by the eye diameter relative to mantle length was much larger ~ (Land, 1981). Using an enlarged eye alone is therefore unlikely to
in the firefly squid species studied here (a ratio of ~0.22, 2  maintain optimal vision during long distance vertical diving or
species) than those found in lantern fish of similar body size  over the day-night cycle. It is for this reason, among others, that
range (eye diameter vs. standard length, between 0.05 and 0.12,  many mesopelagic fish in fact migrate up and down in the water
61 species) (de Busserolles et al., 2013). Although enlarged eyes  column (de Busserolles et al., 2013).
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FIGURE 7 | Variation in thickness of the screening pigment layer in squid. Differentials of screening pigment density and movement are relating to their living
light conditions. In contrast to coastal squid which possess dense and dynamic moving screening pigments to avoid bright sunlight, absence of screening pigment in
mid-water squid maximize the amount of light reaching the retina. (A) A sample of dynamic movements of screening pigment granules in a coastal squid (S.
lessoniana). L indicates the light-adapted retina; D as the dark-adapted retina. (B) A sample of absence of screening pigment movement in deep-sea squid (A. falco).
Scale bars: 10 wm. (C) Varieties of thickness of the screening pigment layer at the ventral retina of the dark-adapted specimens. Black bars represent the thickness of

the screening pigment layer in percentage relative to the length of the rhabdomeric layer.

The use of moveable screening pigments at the level of
the photoreceptors as well as light-evoked pupillary activities
in coastal squid allows a two-stage light attenuation capability
and can theoretically tune different retinal regions to different
light flux (Young, 1963; Douglas et al., 2005). The two coastal
squid studied here possessing the crescent- or w-shaped pupil
and its dynamic activities are likely able to offset the vertically
uneven luminance from their natural habitat, filtering out large
amounts of direct sunlight and improving image contrast in the
visual scene as the similar mechanism suggested in cuttlefish by
Mithger et al. (2013).

Deep-sea squid eye design aims to maximize the amount
of light reaching the retina at all times. In oegopsid squid,
the absence of a corneal membrane and a reduced amount of
screening pigment granules discovered in this study minimize
these light-attenuated factors (Figure 7). Interestingly, sympatric
competitors, fish, have developed a further optical adaptation,
the tapetum. This reflective layer located below the retina
allows the light that has not been absorbed by photoreceptors
to pass through the retina a second time (Warrant and
Locket, 2004). Although the reflection of deep-sea squid eye
appears light red color, no such reflective layer analogous to
the tapetum has been found in any squid studied so far.
As the rhabdomeric photoreceptors of squid directly face to
the light source and at 200-500 pwm are much longer than
known fish photoreceptors which are around 10-30 pm (even
the extended or multi-bank rods of deep sea fish, which are

around 100 pwm), having a tapetum is probably not needed in
squid.

The fovea of Bathyteuthis was previously described only
briefly in Chun (1910) and Young (1972). The anatomical
measurements provided here indicate this fovea or area is
morphologically equivalent to those described in deep-sea fish.
Over 50 deep-sea fish species are known to possess an area
of higher resolution and this retinal region is presumed to be
locked on objects of interest by eye or body movements, in
a way similar to the use of the human fovea (Wagner et al,
1998; Warrant and Locket, 2004). The foveal structure (defined
as a pit or mound as well as a local increase in photoreceptor
density) found in some fish and in Bathyteuthis may increase
the detection threshold for small bioluminescent object and/or
the maintenance of binocular fixation to improve stereopsis
(Pumphrey, 1948). Both the tubular eye and fovea in B. abyssicola
seem to parallel these strategies in deep sea fish. As well as
increasing resolution with a fovea-like structure, tubular eyes
deliver higher sensitivity over a restricted angular area. So this
eye (and those similar in deep-sea fish) provides both increased
sensitivity and resolution (Land, 1981).

Aside from the optical adaptations of squid eyes found in the
current study and previous investigations (Young, 1963; Sweeney
et al., 2007), the molecular basis of spectral tuning in visual
pigment has also evolved in response to the dominant spectra of
their environment (Chung and Marshall, 2016). Providing both
functional and opsin phylogenetic evidence, Chung and Marshall
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FIGURE 8 | Comparisons of the maximal density of nuclei amongst 7 squid species inhabiting different depths. (A) A sample of the previously recognized
single inner segment layer of squid retina (S. lessoniana). (B) A sample of the new form of dual-layered inner segment squid retina (A. falco). (C) Blue bars indicate the
squid which possess the regular single inner segment layer (nuclei density between 44 + 3.98 — 68 + 5.12 per unit). The retinal cell density showed no difference.

Green bars represent the mid-water vertical migrants (distribution depth between 50 and 1000 m) (nuclei density between 143 + 16.76 — 176 + 21.61 per unit). Error
bars are + S.D. *Indicates that these two species possess significant increased cells in the inner segment layer rather than the other five squid. BM indicates basal
membrane, inner segment layer (ISL), retinal plexus (RP), rhabdomeric layer (RL). (D) Immuno-staining of the regular single inner segment layer of S. lessoniana. DAPI
(blue florescence) enhanced morpholgical feature of nuclei. DIO (Green fluorescence) showed nerve fibers in the retina plexus layer. (E) A schematic drawing of the
single-layered inner segment retina. (F) Immuno-staining of the dual-layered inner segment retina of A. falco. The oval-shape nuclei are below the basal membrane

and the round nuclei are located at the lower level of the inner segment layer. (red arrow: oval nucleus; green arrow: round nucleus). Positive synapsin labeling (arrow
heads) (red florescence) represents synapse connections. (G) A schematic drawing of the dual-layered inner segment retina. Scale bar: 10 um.

(2016) recently found that squid have evolved depth-dependent
spectral tuning, including 4 species in this study, with maximal

sensitivity to Amax at 500 nm in coastal squid and blue-shifted
Amax of 485 nm in most known mid-water squid.

The optical sensitivity of squid studied here range between

3.91 and 6.73 wm? sr were relatively uniform given the great

diversity of depths and habitat, and were similar to the previous
Frontiers in Physiology | www.frontiersin.org

estimate of octopus (4.23 jum? sr) in Land (1981). This optically
12
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TABLE 3 | Optical properties of squid visual system.

Species Focal length (wm)  Aperture (bm) Receptor diameter (Lm) Receptor length (Lm)  Absorption coefficient  Absolute sensitivity
I. notoides 740 580 4 200 0.0067 4.78
S. lessoniana 3,800 3,100 4 250 0.0067 5.34
A. falco 2,090 1,480 4 240 0.0067 3.96
P. margaritifera 3,510 2,930 4 210 0.0067 5.19
S. spirula 5,190 4,330 4 170 0.0067 4.67
L. reinhardti 5,770 4,560 4 150 0.0067 3.91
B. abyssicola 1,836 1,530 4 600 0.0067 6.73
Human? (cone) 16,700 2,000 2 30 0.035 0.02
(Rod) 8,000 20 30 0.035 36.81

aThe optical properties of human from Land (1981).

calculated sensitivity is close to the cone cell of pelagic fish such
as the blue marlin (1.5-5.6 wm? sr) (Fritsches et al., 2003).
Surprisingly, the value of sensitivity of deep-sea squid is far
less than the value of deep-sea shrimp (i.e., with Oplophorus,
3,300 pm? sr) (Land, 1981). Once optical improvement reaches
its physics threshold (i.e., with the multibank retina alone,
Scopelarchus guntheri is unlikely to increase the sensitivity up to
3 log units), the development of neural summation mechanisms
(i.e., spatial or temporal summation) is a more efficient way to
increase sensitivity (Warrant and Locket, 2004). For instance,
visual sensitivity is improved by a high convergence ratio of
photoreceptors to ganglion cells (i.e., the blue marlin, 40:1 at
the foveal region) (Collin, 2008). Two mid-water squid species
studied here possess a new form of complex retina that contains
more and morphologically different nuclei in their dual-layered
inner segment layer compared to those which have a regular
single retinal layer. As the number of nuclei far exceeds the
number of rhabdoms (® = 3-4 um) (Figure 8), we suggest
this new form of squid retina could be correlated with the
development of a convergent neural circuits potentially providing
the dynamic sensitivity adjustment mechanism needed for such a
lifestyle.

A series of coleoid cephalopod vertical distribution studies
in 1970s revealed that at least four families of mesopelagic
squid (Chiroteuthidae, Cranchiidae, Enoploteuthidae, and
Histioteuthidae) exhibit extensive diurnal vertical migration
between the surface and the bottom level of the mesopelagic
realm (c.a. 1,000 m depth) (Clarke and Lu, 1974, 1975; Lu and
Clarke, 1975a,b). It is intriguing to note that the new type
of the retinal circuit discovered here is associated with squid
distribution depths, rather than any phylogenetic relationship.
Although two enoploteuthid squid species have a close
phylogenetic relationship (Young and Harman, 1998), their
retinal design appears to be adapted to their photic ecology or at
least depth range. P. margaritifera which is predominantly found
between 50 and 400 m shows a regular, single-layered retina,
while the other species, A. falco, possessing the dual-layered
inner segment retina inhabit a greater range of depths (Table 1
and Figures 1, 8). Developing a retinal region over which
photon catch is pooled (at the expense of spatial resolution)
or with increased integration time (at the expense of temporal
resolution) has been reported in a great range of taxa (Warrant

and Locket, 2004). Thus, the species possessing the dual-layered
inner segment retina indicates that they could have signal
integration steps. Theoretically, the species with this new form
of retinal networks may be more sensitive than those with a
single-layered regular squid retina which could only have one
convergent process from receptors to the optic lobe (Young,
1974). The neural connections within this type of squid retina are
similar to the signal convergence mechanism of photoreceptors
to ganglion cells known in deep-sea fish (Wagner et al., 1998).

The proposed signal summation of the dual-layered squid
retina theoretically increases sensitivity, a likely adaptation to
life in dim environments, but one which comes at the cost of
losing spatial resolution. Neural superposition, or at least neural
summation is known in the compound eyes of insects to enhance
light sensitivity and resolution in nocturnal or crespuscular
species, or to drive specific behaviors (Land, 1981; Warrant and
Locket, 2004; Agi et al., 2014). The actual function of the dual-
layered squid retina needs further evidence to determine and
other functions such as polarization e-vector segregation or other
signal processing remain possible.

Unique Visual Adaptations in Squid
Here we documented a second coastal squid, I. notoides, has
the retinal bump resulting in intentional hyperopic defocus over
a half of the frontal scene. Following the squid range-finding
mechanism described by Chung and Marshall (2014), the retinal
bump and the resulting image blur combined with head bobbing
behavior is likely to provide reliable object size and distance
information. In contrast to the retinal bump of S. lessoniana
which disappears at the mature stage (Chung and Marshall,
2014), the retinal bump of the pygmy squid, I notoides, appears
in both juvenile and mature stages. This small predator has an
adhesive organ to glue itself to the underside of seagrass and waits
for prey. Along with this unique sit-and-wait behavior, their head
bobbing driven by rhythmic breathing has been clearly recorded
(Supplementary Video S5). Visually tracking prey combined with
their accurate tentacular strikes despite this defocus suggests
that retinal deformation and the resulting new range-finding
mechanism might be more common in coastal squid than we
expected.

The «cranchid squid, L. reinhardti, possesses
hemispherical eyes (Figure4). Given the eye orientation

non-
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and the associating receptive visual scene, their vision might
be largely restricted in lateral range. It is worth noting that
cranchid squid often show significant ontogenetic changes of
their morphology in both body shape and eyes (i.e., tubular eyes
in larval stage but regular hemispherical eyes in adult) (Young,
1975b; Voss, 1980). Therefore, this non-hemispherical eye may
only exist in juvenile stage but return to a regular hemispherical
eye shape in adults. The relative requirements for vision at each
life stage remain unknown.

The location of the pecten-like structure of S. spirula in the
naso-ventral retina is unique among coleoids (Figure 6). The
gas-chambered shell inside the posterior mantle cavity of S.
spirula, enables this small cephalopod to float tentacles down in
the oceans, resulting in a unique swimming posture of vertical
jerky movements (Schmidt, 1922; Brunn, 1943) (Supplementary
Video $6). A large photophore at the posterior end of the
body may glow continuously, directed upwards (Figure 6). This
photophore might work as a light lure to attract prey or as its own
torch to emit light for foraging. Theoretically, the glow of its large
photophore could result in a strong reflection from animals with
tapetum-containing eyes (Warrant and Locket, 2004). Spirula
might therefore notice the bright reflection from fish eye,
enabling a unique foraging strategy. For example, as a point
silhouette passes above the animal, the sharp retinal ridge would
exaggerate the motion of the moving object (Pumphrey, 1948).
In addition, Spirula possesses a densely-packed photoreceptor
region on ventro-posterior retina as the retinal topography of
many mid-water squid (Makino and Miyazaki, 2010), suggesting
that this retinal region with its fine optical resolution are
important for tentacular strikes (Figure 4E). Without behavioral
observation, however, this remains a speculation for future
investigation.

CONCLUSION

A combination of MRI and histology has discovered several new
adaptations of squid eyes, including deformation of modification
of eye shape, new photoreceptor arrangements, screening
pigment movements, regionally differentiated retina, and a form
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