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Abstract

:

The outward migration of ommin pigment granules from the bases to the tips of the photoreceptors in response to light has been reported in the retina of several (mostly coastal) squid species. Following exposure to light and then dark conditions, we collected and processed retinal tissue from juvenile specimens of a deep-sea oegopsid squid, Gonatus onyx. We aimed to determine whether the ommin pigment returns to baseline, and to investigate the presence of glutamate neurotransmitter signaling under both dark and light conditions. We confirmed the presence of ommin granules but observed variability in the return of pigment to the basal layer in dark conditions, as well as changes in glutamate distribution. These findings provide support for the migration of retinal ommin pigment granules as a mechanism for regulating incoming light.
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1. Introduction


Eye evolution in animals that are primarily active under dark conditions has followed several strategies. The ability to moderate the intensity of light entering the eye may be particularly important for species exposed to a wide range of light conditions, such as shallow-dwelling organisms exposed to regular day/night cycles, or species that inhabit diverse oceanic layers across their lifespan. One physiological response to changing light conditions, reported in several cephalopods to date, is the migration of ommin pigment granules within the retina, providing a visual screening effect akin to ‘biological sunglasses’.



In cephalopods, evidence of ocular screening pigments has existed since the late 19th century [1]. In 1959, Butenandt [2] identified the ommochrome pigmentation as ommin in the retinas of two squids (Todarodes sagittatus and Alloteuthis subulata), the European common cuttlefish (Sepia officinalis) and two octopuses (Octopus vulgaris and Eledone moschata). Daw and Pearlman [3] showed that in the coastal market squid Doryteuthis pealeii, ommin granules could migrate to the distal end of the of the outer retinal layer, providing a filter equivalent to 0.6 log units. This outward migration had a spectral sensitivity equivalent to rhodopsin and occurred in 5–15 min, once 3–10% of the rhodopsin had isomerized. After the light stimulus was removed, the pigment granules returned to their original basal position over a further 5–15 min. However, if more than 10% of the rhodopsin was isomerized, the screening pigment instead took several hours to fully migrate inward under restored dark conditions. Notably, pigment migration occurred only when light fell directly on the rhabdomeres, and not during the illumination of the granules themselves [4]. These observations supported the prevailing hypothesis that outward ommin migration occurs during bright ambient light conditions to block intense light and prevent photoreceptor oversaturation, with a quick return to the ommin layer upon the return to darkness.



In cephalopods, screening pigments have mostly been found in better-studied nearshore and shallow-water species, which experience changing light conditions due to daylight cycles [3,5,6,7]. However, screening pigment granules were also recently recognized in the oegopsid (deep-sea) ‘glass’ squid Teuthowenia pellucida, and their position within the retina suggested different stages of light/dark adaptation at the time of specimen preservation [8]. In deep-sea squids, migratory pigment granules could provide an advantage during diel vertical migrations, or during descent into deeper layers as they mature. The mechanisms governing pigment migration during dark adaptation are different from the mechanisms controlling migration during light adaptation [9] and may even differ among species of the same group.



In the present paper, we investigated the timing of ommin pigment migration under dark conditions, and whether glutamate neurotransmitter levels change during dark adaptation, which is believed to be under the control of dopaminergic efferent innervation regulating the retraction of ommin. Enzymes that synthesize glutamate, an excitatory neurotransmitter (the same neurotransmitter used by vertebrate photoreceptors), have been found within the photoreceptors of the hummingbird ‘bobtail squid’, Euprymna berryi [10]. Additionally, glutamate levels in the retina of Sepia officinalis can be influenced by light/dark environments [11].



This study investigates retinal screening pigment migration in a pelagic oegopsid squid species primarily found throughout the North Pacific. Gonatus onyx, known as the ‘black-eyed’ squid, is the most encountered gonatid near California, and is frequently observed at depths of 375–925 m (maximum 1975 m) by remotely operated vehicles operating in the Monterey Canyon [12]. Like many deep-sea oegopsids, G. onyx inhabits deeper oceanic strata as it matures [13]; females have been observed brooding egg masses at depths of 1250–2500 m [13,14]. This species therefore experiences a range of light conditions across its lifespan (and potentially across shorter timeframes), prompting us to investigate the possibility of screening pigmentation migration in a cohort of juveniles under a controlled series of light/dark exposures.




2. Materials and Methods


2.1. Specimen Acquisition


Live juvenile gonatid squid (Gonatus onyx, ML 10–20 mm; Figure 1) were trawled after sundown at a depth of 350 m by the Monterey Bay Aquarium Research Institute (MBARI) aboard the RV Western Flyer over the Monterey Canyon (36°41.4–42.8′ N, 122°10.3–13.3′ W for individuals G01, G12–G13; 36°32.3–35.4′ N, 122°31.8–35.3′ W for G02–G11) in March 2013. Thirteen individuals were used in this study.




2.2. Experimental Design


After net retrieval, the 13 juveniles were sorted while exposed to ambient light under bright fluorescent bulbs (F24T12 35W linear fluorescent tube, 4200 k, 380–760 nm, OSRAM Sylvania, Wilmington, NC, USA) with an illuminance of 350 lux measured with an LX-103 Digital Light Meter (Lutron Electronic Enterprise, Taipei City, Tawain). During experiments, each specimen was sorted from the trawl catch and placed into a small container of seawater, in which it was exposed to light for a total (including sorting time) of 20, 30 or 90 min, and subsequently moved into a lightless room for variable periods of time. Of the 13 juvenile G. onyx processed under light, 11 specimens were selected to assess the migration and return of the pigment granules within the retina after subsequent dark adaptation. The remaining two specimens were used to identify the presence of the neurotransmitter glutamate in the retina (Table 1).




2.3. Pigment Migration


Five individuals were exposed to 350 lux of fluorescent lighting for 20 min (G02–G06, Group 1), while five individuals were exposed to the same light for 30 min (G07–G11, Group 2). The light exposure paradigm was determined by the time required to sort the catch. The 10 min difference in processing time provided an opportunity to compare pigment migration differences; an extra 10 min light exposure could have a significant impact according to a previously reported dark/light adaptation study [3]. After light exposure, specimens were then placed into individual containers within a darkened cold room (<60 lux), with one individual euthanized at 15 min and every 15 min interval thereafter until 75 min (Group 1) or after 20 min and every 10 min thereafter until 60 min (Group 2). Two specimens appeared moribund at the time of euthanasia and were subsequently removed from the results (Group 1, 30 min dark adaptation, G03; Group 2, 40 min dark adaptation, G09).



Specimens were immediately fixed whole after euthanasia in 5% buffered formalin to preserve the position of ommin pigment granules. Later, a single eye from each fixed specimen was removed and fixed again in 4% formaldehyde in phosphate-buffered solution (PBS) for 30 min, rinsed in PBS and stored until sectioning. The contralateral eye was fixed in glutaraldehyde. Unfortunately, glutaraldehyde fixation did not preserve the ommin pigment well, and these samples were not processed further.



One specimen (G01, ML 30 mm) served as the negative control for pigment migration analysis; this individual was exposed to 90 min of light at 350 lux, then subjected to darkness for 24 h, then euthanized. However, the PFA-fixed eye was damaged beyond use and only the contralateral eye preserved in 2.5% glutaraldehyde was used, which resulted in the poor preservation of the ommin pigment granules, although some pigment granules survived in the negative control.



Prior to sectioning, all formaldehyde-fixed tissues for pigment migration analysis were immersed in 30% sucrose solution for at least 24 h before embedding them in optimum cutting temperature medium and sectioning at 12 µm thickness using a cryostat (Leica CM3050 S, Wetzlar, Germany). Dorsal, central and ventral sections were obtained from the specimen adapted to the dark for the longest duration (G06, 20 min light/75 min dark) and from the specimen with the most exposure to light and shortest duration of dark adaptation (G07, 30 min light/20 min dark). For comparison among individuals in a group, vertical sections were obtained from the retina’s central region. All samples were stained with toluidine blue.




2.4. Neurotransmitter Expression


To determine whether changes in neurotransmitter presence are discernable between different dark adaptation paradigms (i.e., less than a day of dark adaptation), two juvenile squids (G. onyx, G12 and G13, ML 15 mm) were exposed to 30 min of light at 350 lux. G13 was immediately euthanized after light exposure with no subsequent dark adaptation. After light exposure, G12 was placed in a darkened container for 90 min to allow for partial or full dark adaptation of the retina. The eyes were then preserved in conditions identical to those for specimens analyzed for pigment migration. Samples were placed in 2.5% glutaraldehyde with 1% formaldehyde in PBS for 1 h and dehydrated in an ethanol series of increasing concentration. Fixation in glutaraldehyde rendered most of the ommin pigment granules unperceivable. These glutaraldehyde-fixed samples were then processed by epoxy resin (EPON) embedding following a standard protocol [15,16] and placed in a 3:1 resin–acetone mixture overnight. Next, the tissues were submerged in 100% EPON and placed in an oven at 60 °C for at least 24 h to polymerize the resin. The resin-embedded samples were cut into 250–500 nm thick vertical sections using a glass knife (made with a Leica EM KMR2, Wetzlar, Germany) and an ultramicrotome (Leica Ultracut UCT, Wetzlar, Germany). Sections were placed on Teflon-coated slides and processed for immunogold labeling of glutamate.



The retinas were prepared for the identification of neurotransmitters following the silver-intensified immunogold labeling procedure described by Marc et al. [15,17]. Single consecutive 250 nm sections were collected in separate wells and labeled with antibodies. The primary antibody, rabbit anti-glutamate (1:1000, ab9440, Abcam, Cambridge, UK), was used. Controls for each treatment were produced by taking retinal sections and processing them under the same conditions as the experimental samples, excluding the primary antibodies. This allowed for the assessment of any non-specific staining or background signals present without specific antibody binding. A 1.4 nm Nanogold® conjugate goat anti-rabbit secondary antibody (1:100, #2003; Nanoprobes, New York, NY, USA) was used to detect the primary antibody in a silver-intensified reaction procedure [17,18].




2.5. Imaging


All images were captured with a Leica CTR MIC microscope (Wetzlar, Germany) and a Leica DC 500 camera (Wetzlar, Germany) using either 10×, 20× or 40× objectives. Images were acquired using the same parameters of exposure, contrast and brightness.




2.6. Barcoding


Small tissue snips were taken from the mantle of each specimen and stored separately in 95% ethanol. Due to the presence of multiple Gonatus species in this region, DNA barcoding (cytochrome c oxidase subunit 1 [CO1]) was used to confirm this material as G. onyx (>99% match to other G. onyx material from the same region, using the Barcode of Life Database [BOLD]; [19]). DNA was extracted and prepared at the AUT Lab for Cephalopod Ecology & Systematics (ALCES) following the protocols outlined by Braid and Bolstad [20], then sequenced at Macrogen, Korea.





3. Results


3.1. Pigment Migration


The transverse cross-sections of the juvenile G. onyx eyes revealed a typical cephalopod eye structure (Figure 2), consisting of an everted retina with the distal ends of the outer segment of the photoreceptors directed anteriorly (Figure 2a). A basal membrane and supporting cells separated the outer and inner segments of the photoreceptor cells, while a limiting membrane separated the outer segment of the photoreceptors from the vitreous body (Figure 2b). In the dark-adapted eye, the ommin layer would be expected to be concentrated at the base of the outer segment of the photoreceptors. In the ventral and dorsal anterior sections of the eye, the retina was supported by a cartilaginous sclera (Figure 2d), which continued anteriorly to the body of the iris (Figure 2c).



The photoreceptors were arranged in groups of four, forming rhabdomeres, appearing as a lattice arrangement (Figure 3). In the negative control specimen (G01), exposed to 90 min light followed by 24 h in darkness, the ommin pigment granules were dispersed throughout the outer photoreceptor layer, with most of the pigment granules found near the base of the ommin layer and in the layer of supporting cells (Figure 4).



From specimens G06 (20 min light/75 min dark) and G07 (30 min light/20 min dark), the dorsal, central and ventral horizontal sections were obtained to determine whether the return of pigment to the ommin baseline was uniform across the retinal regions.



The specimen exposed to the longest light and shortest dark treatments (G07), showed scattered ommin granules distributed along the photoreceptors after 20 min of dark adaptation (Figure 5). However, all regions of the retina showed similar stages of pigment return, as nearly all the ommin granules had returned to the baseline.



In the two specimens with the longest dark adaptation periods (G06, 75 min, Figure 6; and the negative control, G01, 24 h, Figure 4), most of the ommin granules appeared to return to the basal layer, and only a few remained distributed along the photoreceptor length based on the percent length of migration (more in G06 than in G01). The visual observations for each segment of G06 showed that this trend was consistent throughout all the retinal regions.



In the two individuals where the dorsal, central and ventral retinal sections were analyzed (G06, G07), the proportions of ommin granules in the basal layer and along the photoreceptor length appeared to be consistent within each eye, regardless of their location.



In the central retinal section of all the experimental samples (G02–G11), a substantial proportion of the ommin pigment granules was concentrated within the basal layer of the photoreceptors (Group 1, Figure 7; Group 2, Figure 8). In all the samples, some granules were also distributed along the photoreceptors’ length, with some variation observed among individuals.



In Group 1 (individuals exposed to 20 min of light and then periods of darkness increasing by 15 min; Figure 7), similar results were observed among the individuals returned to darkness for 15, 45 and 75 min, with most of the pigment evident in the basal 25% of the photoreceptor length. In the individual that was subjected to darkness for 60 min after light exposure (G05), the returning granules were more concentrated and positioned closer to the ommin layer, within the basal 10% of the photoreceptor length.



In Group 2 (individuals exposed to 30 min of light and then periods of darkness increasing by 10 min; Figure 8), most of the specimens showed widely distributed ommin pigment granules in the photoreceptors. The individuals that were returned to darkness for 20 and 50 min post light exposure (G07 and G10, respectively) exhibited granules across the basal 40–50% of the photoreceptor length; in the 60 min dark-exposed individual (G11), the migrated granules spanned the majority (basal ~80%) of the photoreceptor length. In the individual exposed to 30 min of darkness (G08), the granules were more concentrated near the ommin layer, within the basal 10% of the photoreceptor length.




3.2. Neurotransmitter Expression


The G12 and G13 retinas were labeled with an anti-glutamate antibody, and both specimens exhibited glutamate labeling within both the inner and outer segments of the photoreceptors (Figure 9). This technique involves the deposition of silver in cells in proportion to the quantity of antibody present, leading to the formation of various shades of grey in different areas. To ensure the specificity of the labeling, each tissue sample was processed with and without the anti-glutamate antibody. The ‘silver only’ negative controls in specimens G12 and G13 showed uniformly low and weak silver staining (top and bottom row, Figure 9a). However, the samples that were treated with the anti-glutamate antibody showed strong staining through the tissue and clearly identified cells were positive for glutamate labeling, with the highest concentration of glutamate appearing within the inner photoreceptor layer (top and bottom row, Figure 9b). The qualitative assessment of the two conditions appears to show that in the specimen allowed to adapt to darkness for 90 min (G12, top row, Figure 9b), glutamate labeling occurred in discrete cells; in comparison, the specimen with no subsequent dark adaptation period after light exposure (G13, bottom row, Figure 9b) exhibited similar labeling in all its inner photoreceptor cells.





4. Discussion


Recent studies have revealed an intriguing phenomenon in the migration dynamics of ommin pigment within cephalopod photoreceptors. While the migration of pigment to the distal tips is well documented, the return of pigment to the baseline is an area of growing interest. This return to the baseline may indicate a regulatory mechanism that maintains pigment distribution within the photoreceptor outer segments, ensuring optimal visual performance under varying light conditions. This study aimed to investigate the mechanisms underlying this pigment redistribution to improve our understanding of the adaptive strategies of cephalopod visual systems.



The results support the presence of migratory ommin pigment within the retinas of juvenile Gonatus onyx, suggesting that these animals can screen light in illuminated conditions. Unlike in coastal specimens, where dark adaptation results in the return of all pigment granules to the ommin layer, some pigment granules were clearly visible within the photoreceptors even after prolonged periods of darkness, providing the first experimental result of this mechanism and its potential time delay within a deep-sea oegopsid squid.



The use of ommochromes as a screening pigment has been reported in the retinas of major invertebrate groups including insects (Drosophila melanogaster [21]; Deilephila elpenor [22]; Manduca sexta [23]), crustaceans (Procambarus clarkia [24]; Orconectes limosus [25]), and chelicerates (Limulus polyphemus [9]), all of which are shallow-water or terrestrial species with pigments that migrate in coordination with the day/night cycle. Extensive studies, mostly on D. melanogaster, have shown that ommochromes are photosensitive colored compounds derived from tryptophan metabolism [26]. They are synthesized and stored in lysosome-related organelles called ommochromasomes, and are categorized into three groups, ommatin, ommin, and ommidin; for the latter two, little is understood of their chemistry and structure [27].



In juvenile Gonatus specimens exposed to light for 20 or 30 min, most pigment (but not all) returned to the basal layer under dark conditions, suggesting that an extended light response occurs, and may take more than 24 h to reverse. If the mechanisms controlling the return of the pigment granules to the photoreceptor bases are the same in G. onyx as in Doryteuthis pealeii, as described by Daw and Pearlman [3], then it is likely that the light adaptation conditions of 350 lux were strong enough to isomerize more than 10% of rhodopsin, which would elongate the time required for the pigment to fully return to its basal layer. Since G. onyx juveniles are typically distributed around 300–400 m deep [13], illumination at 350 lux is likely far brighter than any natural condition they would encounter. Furthermore, the spectral distribution of light emitted from fluorescent bulbs, such as those used in this study, typically has a spectral peak near 480–500 nm, aligning well with the spectral absorbance of most cephalopod photopigments, which may be linked to inducing pigment migration [28]. Therefore, exposure to fluorescent lighting with an illuminance of 350 lux and a spectral emission inclusive of the 480–500 nm range for around 20–30 min does appear sufficient to trigger light adaptation in G. onyx, but the restoration of full dark adaptation may take far longer than the duration of our trials. Additionally, dark adaptation may take significantly longer in deep-sea cephalopods exposed to abrupt bright light. It is also possible that the duration and intensity of light conditions in this study irreversibly damaged the retina, preventing a return to full dark adaptation. Alternatively, some ommin granules may consistently be found within the outer photoreceptor layer under all conditions. In some species of blowflies (Lucilia spp.), ommochromes help maintain the photoreceptor by transporting degraded rhabdomere membranes [27].



This study also provided novel evidence that glutamate is present within the retina of G. onyx. Glutamate does appear to decrease after a longer duration in the dark, which agrees with the findings of D’Aniello et al. [11]. They identified significant levels of neurotransmitters in the retina of cephalopods; glutamate was shown to decrease under dark conditions. However, D’Aniello et al. [11] examined adults of shallow-water species, with a relatively different eye structure, that were subjected to darkness for five days, making their results and the results of this study difficult to compare directly. Whether neurotransmitters used in cephalopod vision differ among lineages, among species occupying different environments with distinct light regimes, or between adults and juveniles remains to be seen.



The life history of G. onyx makes it an interesting study subject for light/dark adaptation. Females brood their eggs for six to nine months at depths of up to 2500 m, where they sometimes release their hatchlings, but have also been observed doing so near the surface [14,29,30]. Brooding at such depths under aphotic conditions may reduce predation risks for the female and her eggs/hatchlings, while extended post-spawning egg care may allow for relatively large and precocious young to hatch, capable of migrating vertically to nutrient-rich shallow water [31]. Retinal screening pigments could be advantageous as the young squid traverse a range of light conditions between the aphotic zone and the nutrient-rich euphotic zone, and across their subsequent exposure to regular day/night cycles.



As hatchlings mature into juveniles, they appear to settle into a regular diel cycle, distributed across a broad depth range during the day (100–800 m, peaking at 300–400 m) and a narrower range during the night (0–400 m, peaking at 200–300 m) [13]. Juvenile G. onyx have higher metabolic rates than their adult counterparts, which may influence their schooling behaviors and daily vertical migrations [13]. Their screening pigment may support visual acuity across the broad range of light conditions to which they may be exposed throughout the day and night and may protect the retina during ascents into shallower water during crepuscular hours.



At about 30–35 mm ML, juveniles begin to descend into greater depths. Their metabolisms slow to accommodate a less mobile, more solitary lifestyle, and they are most frequently observed at 300–1000 m (peaking at 700–800 m) during the day, and 100–800 m at night (peaking at 400–500 m) [13]. Thus, adult G. onyx may not experience the same diel range of light conditions, and screening pigment may play a less significant role. One exception may be females releasing hatchlings, which have been observed in near-surface waters [30]. It has been theorized that observations of deep-sea releases are the result of external stressors, such as net capture or predation, forcing the brooder to release her clutch prematurely, which has also been observed in octopods [29,32]. Females that release eggs in shallow water may benefit from screening pigment as they pass potential predators while migrating through brighter conditions. To determine whether ommin pigment migration occurs past the juvenile stage, more morphological investigations of adult G. onyx must be conducted.



The migration of these pigment granules in octopuses is controlled by melatonin circadian rhythms and varies during dark and light exposure [33]. Dopaminergic signals also act to modulate the basal migration of the granules, simulating dark adaptation conditions; efferent nerve cells release dopamine that acts on the retina and triggers the inward migration of the screening pigment, allowing maximum photoreceptor activity [6]. This study provides the first report of confirmed ommin pigment migration in an oegopsid squid. Evans et al. [8] reported an observation of apparent arrested screening pigment migration in the retinas of preserved juvenile Teuthowenia pellucida. This glass squid similarly inhabits well-lit shallow waters during its early life stages, then descends to greater depths as adults. Evans et al. [8] did not observe any ontogenetic variation in the thickness of the ommin layer, despite a disproportionate increase in photoreceptor length compared to the overall growth, and it remains unclear whether screening pigment migration remains possible and/or advantageous for deep-sea dwelling adult T. pellucida. However, the findings from the current study and Evans et al. [8] suggest that ommin migration does occur in at least some deep-sea squids across life stages that dwell primarily below the photic zone.



More research is required to fully understand the complex mechanisms governing screening pigment migration in the retina of deep-sea squids and the role neurotransmitters play. Future research on G. onyx screening pigment and its potential correspondence to dopamine levels should aim to determine a more precise time scale for light and dark adaptations in the retina and investigate a wider range of ontogenetic stages. Additionally, if interindividual variation exists, and if the mechanisms controlling ommin migration undergo ontogenetic modifications that are linked to visual transmission, those phenomena can start to be deciphered. More broadly, future research may aim to identify the variation in screening pigments among closely related species, and whether this mechanism is present in other oegopsids.







Author Contributions


Conceptualization, M.L.A. and K.S.R.B.; methods, J.K. and M.L.A.; formal analysis, M.L.A., R.B.H. and J.K.; investigation, K.S.R.B., R.B.H. and J.K.; resources, M.L.A. and K.S.R.B.; data curation, M.L.A., R.B.H. and J.K.; writing—original draft preparation, R.B.H. and K.S.R.B.; writing—review and editing, M.L.A., K.S.R.B., R.B.H. and J.K.; visualization, M.L.A. and R.B.H.; funding acquisition, M.L.A., K.S.R.B. and R.B.H. All authors have read and agreed to the published version of the manuscript.




Funding


Sample collection was facilitated by the Monterey Bay Aquarium Research Institute (MBARI). R.B.H. is supported by the Vice Chancellor’s Doctoral Scholarship from the Auckland University of Technology.




Institutional Review Board Statement


Although ethics approval is not needed for cephalopods in the United States of America, special effort was made to minimize suffering and distress in caught specimens. All specimens in this study were collected under valid US State and Federal Scientific Collecting Permits.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data have been included in the manuscript.




Acknowledgments


We thank the Monterey Bay Aquarium Research Institute for providing access to the specimens and facilities, and in particular B. Robison, R. Sherlock, K. Reisenbichler, S. Bush, and H.J.T. Hoving. We also thank user @HadalDweller from the Deep-Sea Podcast Discord for assistance in confirming technical details.




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of the data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Rawitz, B. Über Pigmentverschiebungen Im Cephalopodenauge. Zool. Anz. 1891, 14, 157–158. [Google Scholar]

	



Butenandt, A. Wirkstoffe Des Insektenreiches. Naturwissenschaften 1959, 46, 461–471. [Google Scholar] [CrossRef]

	



Daw, N.W.; Pearlman, A.L. Pigment Migration and Adaptation in the Eye of the Squid, Loligo pealei. J. Gen. Physiol. 1974, 63, 22–36. [Google Scholar] [CrossRef]

	



Hagins, W.A.; Liebman, P.A. Light Induced Pigment Migration in the Squid Retina. Biol. Bull. 1962, 123, 498. [Google Scholar]

	



Young, J.Z. Light- and Dark-Adaptation in the Eyes of Some Cephalopods. Proc. Zool. Soc. Lond. 1963, 140, 255–272. [Google Scholar] [CrossRef]

	



Gleadall, I.G.; Ohtsu, K.; Gleadall, E.; Tsukahara, Y. Screening-Pigment Migration in the Octopus Retina Includes Control by Dopaminergic Efferents. J. Exp. Biol. 1993, 185, 1–16. [Google Scholar] [CrossRef]

	



Wolken, J.J. Retinal Structure: Mollusc Cephalopods: Octopus, Sepia. J. Biophys. Biochem. Cytol. 1958, 4, 835–837. [Google Scholar] [CrossRef]

	



Evans, A.B.; Acosta, M.L.; Bolstad, K.S. Retinal Development and Ommin Pigment in the Cranchiid Squid Teuthowenia pellucida (Cephalopoda: Oegopsida). PLoS ONE 2015, 10, 11. [Google Scholar] [CrossRef]

	



Kier, C.K.; Chamberlain, S.C. Dual Controls For Screening Pigment Movement In Photoreceptors of The Limulus Lateral Eye: Circadian Efferent Input And Light. Vis. Neurosci. 1990, 4, 237–255. [Google Scholar] [CrossRef]

	



Gavriouchkina, D.; Tan, Y.; Ziadi-Künzli, F.; Hasegawa, Y.; Piovani, L.; Zhang, L.; Sugimoto, C.; Luscombe, N.; Marlétaz, F.; Rokhsar, D.S. A Single-Cell Atlas of Bobtail Squid Visual and Nervous System Highlights Molecular Principles of Convergent Evolution. bioRxiv 2022, 2022.05.06.490366. [Google Scholar] [CrossRef]

	



D’Aniello, S.; Spinelli, P.; Ferrandino, G.; Peterson, K.; Tsesarskia, M.; Fisher, G.; D’Aniello, A. Cephalopod Vision Involves Dicarboxylic Amino Acids: D-Aspartate, L-Aspartate and L-Glutamate. Biochem. J. 2005, 386, 331–340. [Google Scholar] [CrossRef] [PubMed]

	



MBARI’s Deep Sea Guide-Data Artifacts for Gonatus onyx. Available online: http://dsg.mbari.org/dsg/plots/concept/Gonatus%20onyx/Global (accessed on 20 April 2023).

	



Hunt, J.C.; Seibel, B.A. Life History of Gonatus onyx (Cephalopoda: Teuthoidea): Ontogenetic Changes in Habitat, Behavior and Physiology. Mar. Biol. 2000, 136, 543–552. [Google Scholar] [CrossRef]

	



Seibel, B.A.; Robison, B.H.; Haddock, S.H.D. Post-Spawning Egg Care by a Squid. Nature 2005, 438, 929. [Google Scholar] [CrossRef] [PubMed]

	



Marc, R.E.; Liu, W.L.S.; Kalloniatis, M.; Raiguel, S.F.; Van Haesendonck, E. Patterns of Glutamate Immunoreactivity in the Goldfish Retina. J. Neurosci. 1990, 10, 4006–4034. [Google Scholar] [CrossRef] [PubMed]

	



Kalloniatis, M.; Loh, C.S.; Acosta, M.L.; Tomisich, G.; Zhu, Y.; Nivison-Smith, L.; Fletcher, E.L.; Chua, J.; Sun, D.; Arunthavasothy, N. Retinal Amino Acid Neurochemistry in Health and Disease. Clin. Exp. Optom. 2013, 96, 310–332. [Google Scholar] [CrossRef] [PubMed]

	



Acosta, M.L.; Kalloniatis, M. Short- and Long-Term Enzymatic Regulation Secondary to Metabolic Insult in the Rat Retina. J. Neurochem. 2005, 92, 1350–1362. [Google Scholar] [CrossRef] [PubMed]

	



Nivison-Smith, L.; Collin, S.P.; Zhu, Y.; Ready, S.; Acosta, M.L.; Hunt, D.M.; Potter, I.C.; Kalloniatis, M. Retinal Amino Acid Neurochemistry of the Southern Hemisphere Lamprey, Geotria australis. PLoS ONE 2013, 8, e58406. [Google Scholar] [CrossRef] [PubMed]

	



Ratnasingham, S.; Hebert, P.D.N. Bold: The Barcode of Life Data System (http://www.barcodinglife.org). Mol. Ecol. Notes 2007, 7, 355–364. [Google Scholar] [CrossRef] [PubMed]

	



Braid, H.E.; Bolstad, K.S.R. Cephalopod Biodiversity of the Kermadec Islands: Implications for Conservation and Some Future Taxonomic Priorities. Invertebr. Syst. 2019, 33, 402–425. [Google Scholar] [CrossRef]

	



Lo, M.V.C.; Pak, W.L. Light-Induced Pigment Granule Migration in the Retinular Cells of Drosophila melanogaster: Comparison of Wild Type with ERG-Defective Mutants. J. Gen. Physiol. 1981, 77, 155–175. [Google Scholar] [CrossRef]

	



Hamdorf, K.; Höglund, G.; Juse, A. Ultra-Violet and Blue Induced Migration of Screening Pigment in the Retina of the Moth Deilephila elpenor. J. Comp. Physiol. A 1986, 159, 353–362. [Google Scholar] [CrossRef]

	



White, R.H.; Banister, M.J.; Bennett, R.R. Spectral Sensitivity of Screening Pigment Migration in the Compound Eye of Manduca sexta. J. Comp. Physiol. A 1983, 153, 59–66. [Google Scholar] [CrossRef]

	



Arechiga, H.; Banuelos, E.; Frixione, E.; Picones, A.; Rodriguez-Sosa, L. Modulation of Crayfish Retinal Sensitivity by 5-Hydroxytryptamine. J. Exp. Biol. 1990, 150, 123–143. [Google Scholar] [CrossRef] [PubMed]

	



Schraermeyer, U. Further Evidence for Synthesis of Screening Pigment Granules Involved in the Photosensory Membrane Turnover of the Crayfish Photoreceptor. Pigment. Cell Res. 1990, 3, 279–289. [Google Scholar] [CrossRef] [PubMed]

	



Summers, K.M.; Howells, A.J.; Pyliotis, N.A. Biology of Eye Pigmentation in Insects. Adv. Insect Phys. 1982, 16, 119–166. [Google Scholar] [CrossRef]

	



Figon, F.; Casas, J. Ommochromes in Invertebrates: Biochemistry and Cell Biology. Biol. Rev. 2019, 94, 156–183. [Google Scholar] [CrossRef] [PubMed]

	



Hansen, A.G.; Beauchamp, D.A.; Schoen, E.R. Visual Prey Detection Responses of Piscivorous Trout and Salmon: Effects of Light, Turbidity, and Prey Size. Trans. Am. Fish. Soc. 2013, 142, 854–867. [Google Scholar] [CrossRef]

	



Seibel, B.A.; Hochberg, F.G.; Carlini, D.B. Life History of Gonatus onyx (Cephalopoda: Teuthoidea): Deep-Sea Spawning and Post-Spawning Egg Care. Mar. Biol. 2000, 137, 519–526. [Google Scholar] [CrossRef]

	



Okutani, T.; Nakamura, I.; Seki, K. An Unusual Egg-Brooding Behavior of an Oceanic Squid in the Okhotsk Sea. Jpn. J. Malacol. 1995, 54, 237–239. [Google Scholar]

	



Mangold, K. Reproduction. In Cephalopod Life Cycles; Boyle, P.R., Ed.; Academic Press: London, UK, 1983; Volume 2, pp. 157–200. [Google Scholar]

	



Young, R.E. Brooding in a Bathypelagic Octopus. Pac. Sci. 1972, 26, 400–404. [Google Scholar]

	



Muñoz, J.L.P.; Patiño, M.A.L.; Hermosilla, C.; Conde-Sieira, M.; Soengas, J.L.; Rocha, F.; Míguez, J.M. Melatonin in Octopus (Octopus vulgaris): Tissue Distribution, Daily Changes and Relation with Serotonin and Its Acid Metabolite. J. Comp. Physiol. A 2011, 197, 789–797. [Google Scholar] [CrossRef] [PubMed]








[image: Vision 08 00026 g001] 





Figure 1. Juvenile ‘black-eyed’ squid, Gonatus onyx, feeding on a myctophid. © Monterey Bay Aquarium Research Institute. Scale bar = 1 cm. 
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Figure 2. (a) Transverse cross-section of juvenile G. onyx (15 mm ML) eye. (b) Enlarged section of b’ depicting retinal layers. (c) Enlarged section of c’ depicting the iris. (d) Enlarged section of d’ depicting the transition from the retina to the ciliary body. The asterisks indicate the cartilaginous parts of the sclera (s). Ommin granules are not visible due to glutaraldehyde preservation (see Section 2. Abbreviations: dorsal (do), ventral (ve), posterior (po), anterior (an), inner segment of photoreceptors (isp), basal membrane (bm), supporting cells (sc), expected location of ommin layer (ol), outer segment of photoreceptors (osp), limiting membrane (lm), sclera (s). Scale bars = 20 µm. 
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Figure 3. Toluidine blue staining of a horizontally sectioned juvenile Gonatus onyx retina at the photoreceptor level. The lattice-like arrangement of rhabdomeres in the outer segment is typical of cephalopods. Ommin granules are not visible due to glutaraldehyde preservation (see Section 2), but the ommin layer (ol) should be near the base of the outer segment of the photoreceptors (osp). Abbreviations: inner segment of the photoreceptors (isp), basal membrane (bm), supporting cells (sc), expected location of ommin layer (ol), outer segment of the photoreceptors (osp). Scale bar = 20 µm. 
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Figure 4. Ommin pigment location in the retina of a juvenile G. onyx exposed to 90 min of light at 350 lux then subjected to darkness for 24 h. The screening pigment of this specimen was preserved, revealing the single-cell resolution and location of ommin pigment granules. No pigment was observed at the distal tip of the photoreceptors. Arrows indicate location of migrating ommin pigment. Abbreviations: inner segment of the photoreceptors (isp), basal membrane (bm), supporting cells (sc), ommin layer (ol), outer segment of the photoreceptors (osp). Scale bar = 20 µm. 
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Figure 5. Ommin pigment location in the specimen exposed to 30 min of light at 350 lux then subjected to darkness for 20 min (G07). The screening pigment of this specimen was preserved, revealing the location of ommin pigment granules close to the basal ommin layer and absent from the tip of the photoreceptors for all retinal sections. The top row of images depicts the dorsal section of the retina, the middle row depicts the central section and the bottom row depicts the ventral section. Arrows indicate location of migrating ommin pigment. Abbreviations: outer segment of the photoreceptors (osp), ommin layer (ol), basal membrane (bm), inner segment of the photoreceptors (isp), rudimentary cartilage (c), plexiform layer (pl). Scale bars = 20 µm. 
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Figure 6. Ommin pigment location in the G. onyx specimen exposed to 20 min of light at 350 lux then subjected to darkness for 75 min. The screening pigment of this specimen was preserved, revealing the location of ommin pigment granules close to the ommin layer and absent from the tip of the photoreceptors. The top row of images depicts the dorsal section of the retina, the middle row depicts the central section and the bottom row depicts the ventral section. Arrows indicate location of migrating ommin pigment. Abbreviations: outer segment of the photoreceptors (osp), ommin layer (ol), basal membrane (bm), inner segment of the photoreceptors (isp), rudimentary cartilage (c), plexiform layer (pl). Scale bars = 20 µm. 
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Figure 7. Ommin pigment granule migration in the outer segment of the photoreceptors of Group 1 juvenile (ML 10–20 mm) G. onyx retinas following exposure to light (350 lux) for 20 min, followed by dark (minutes indicated below each cross-section). Percentage values to the right of the image and dotted lines refer to the outer segment of the photoreceptors. Abbreviations: ommin layer (ol), migrating ommin pigment (mop), ommin-free outer segment of the photoreceptors (osp), limiting membrane (lm). All images depicted at 40× magnification. Scale bar = 20 µm. 
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Figure 8. Ommin pigment granule migration in the outer segment of the photoreceptors of Group 2 juvenile (ML 10–20 mm) G. onyx retinas following exposure to light (350 lux) for 30 min, followed by dark (minutes indicated below each cross-section). Percentage values on the side of the image and dotted line refer to photoreceptor length. Abbreviations: ommin layer (ol), migrating ommin pigment (mop), ommin-free outer segment of the photoreceptors (osp), limiting membrane (lm). All images depicted at 40× magnification. Scale bar = 20 µm. 
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Figure 9. Transverse retinal cross-sections of the inner photoreceptor layer of juvenile G. onyx (G12–G13, both 15 mm ML). (a) Retinal sections without primary anti-glutamate serve as negative controls. (b) Retinal sections labeled with antibodies indicate the expression of glutamate neurotransmitters (dark grey areas). Glutamate expression in retinas subjected to darkness for 90 min (G12, top row) or without dark adaptation (G13, bottom row) following light exposure (350 lux for 30 min). Arrows indicate examples of cells reactive to the antibody. Arrowheads indicate ommin pigment granules within the supporting cells not destroyed by the preservation process. Abbreviations: supporting cells (sc), basal membrane (bm), inner layer of photoreceptors (isp). Scale bar = 20 µm. 
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Table 1. List of G. onyx identification numbers (ID) with corresponding mantle lengths (ML), light exposure and dark adaptation times for each specimen and their use in the analysis of pigment migration (PM) or neurotransmitter expression (NE). G02–G06 were grouped together for PM analysis (Group 1) and G07–G11 were in Group 2. G01 served as the negative control (NC) for PM analysis.
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	ID
	ML

(mm)
	Analysis

Conducted
	Light Exposure (min)
	Dark Adaptation (min)





	G01
	30
	PM, NC
	90
	1440 (24 h)



	G02
	15
	PM, Group 1
	20
	15



	G03 *
	15
	PM, Group 1
	20
	30



	G04
	15
	PM, Group 1
	20
	45



	G05
	15
	PM, Group 1
	20
	60



	G06
	15
	PM, Group 1
	20
	75



	G07
	10
	PM, Group 2
	30
	20



	G08
	10
	PM, Group 2
	30
	30



	G09 *
	20
	PM, Group 2
	30
	40



	G10
	10
	PM, Group 2
	30
	50



	G11
	10
	PM, Group 2
	30
	60



	G12
	15
	NE
	30
	90



	G13
	15
	NE
	30
	0







* G03 and G09 were excluded from analysis.
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