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Octopus vulgaris, well-known from temperate waters of the Mediterranean Sea and a well-cited model species among the cephalopods, has large eyes with which it scans its environment actively and which allow the organism to discriminate objects easily. On cursory examination, the single-chambered eyes of octopus with their spherical lenses resemble vertebrate eyes. However there are also apparent differences. For example, the retina of the octopus is everted instead of inverted, and it is equipped with primary rhabdomeric photoreceptors rather than secondary ciliary variety found in the retina of the vertebrate eye. The eyes of octopus are well adapted to the habitat and lifestyle of the species; the pupil closes quickly as a response to sudden light stimuli mimicking a situation in which the octopus leaves its den in shallow water during daytime. Although the many general anatomical and physiological features of octopus vision have been described elsewhere, our review reveals that a lot of information is still missing. Investigations that remain to be undertaken include a detailed examination of the dioptric apparatus or the visual functions such as brightness discrimination as well as a conclusive test for a faculty analogous to, or in lieu of, color vision. For a better understanding of the octopus eye and the functions mediated by it, we suggest that future studies focus on knowledge gaps that we outline in the present review.
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INTRODUCTION

If you have ever encountered an octopus, the way the animal looks at you is striking; you feel as if you are being scanned. The eyes are one of the prominent characteristics of the octopus but also of cephalopods in general. Already from outside, the eyes appear to be special. They are usually rather large with a diameter of approximately 20 mm (see section “Eye Size and Ocular Dimensions”), and their pupils often have conspicuous shapes (see Figure 1 and, for example, photos in Douglas, 2018). If one takes a closer look at eye morphology, the coleoid cephalopod eyes attract attention, as parallels can be drawn between the design of the camera type eyes of these molluscs and the design of vertebrate eyes, particularly those of fish (von Lenhossék, 1894; Packard, 1972). At the neuronal level, large parts of the cephalopod brain are dedicated to the processing of visual information as indicated by the size of their optic lobes (Young, 1960, 1971; Wells, 1966a; Maddock and Young, 1987).
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FIGURE 1. Pupil of Octopus vulgaris. (A) Constricted horizontal slit pupil in bright light, (B) intermediate pupil size, and (C) fully dilated pupil in dim light conditions.


In numerous studies on the eyes of many of the approximately 800 known species of cephalopods (Jereb and Roper, 2005, 2010; Jereb et al., 2014), we have learned a lot about specialized eye designs, for example, the pinhole eye of Nautilus (Hensen, 1865; Griffin, 1900; Wiley, 1902; Merton, 1905; Hurley et al., 1978; Muntz and Ray, 1984; Muntz, 1991; Barber, 2010), the asymmetrical eyes of Histioteuthis (Denton and Warren, 1968; Young, 1975; Wentworth and Muntz, 1989; Thomas et al., 2017) and the largest eyes on Earth, found in Architeuthis and Mesonychoteuthis (Nilsson et al., 2012), just to mention a few examples. In addition to reports regarding peculiar eye designs, researchers have worked on many aspects of the visual system in more common cephalopod genera such as Octopus, Eledone, Sepia, and Loligo. Young (1962a) pointed out basic similarities among the eyes of these genera, but at the same time, mentioned important differences between them. Because of these apparent differences, neither generalizing conclusions from one species to another, nor combining data from different species to derive overarching conclusions should be the method of choice.

This review aims to summarize the present knowledge regarding the eye and vision of a well-studied cephalopod, the common octopus, Octopus vulgaris. Thus, when we are referring to octopus in the text, data collected with Octopus vulgaris are considered; if data from other cephalopod species are included for comparison, the species name is indicated. We set out to collect information on vision in the common octopus as it is a prominent model species among cephalopods and has probably been the most-studied cephalopod species for more than 150 years. Especially in the mid-20th century, many studies were designed to unravel the discriminatory and cognitive abilities of this species using behavioral tests with visual stimuli (for example, see work by Boycott, Mackintosh, Messenger, Sutherland, Wells, and Young such as Boycott and Young, 1956; Young, 1956; Sutherland, 1957; Wells, 1960; Mackintosh, 1963; Messenger, 1968a). However, our understanding of vision in octopus is still patchy and has never been summarized specifically for this species. After a short, general introduction to Octopus vulgaris in general, it is the aim of the current review to gather, to the best of our knowledge, all information available on the eye of the common octopus. The collection of references can then form the basis for future investigations of vision and the visual faculties of this species. Accordingly, we will mention such future avenues in the text.



GENERAL INTRODUCTION TO OCTOPUS VULGARIS

Octopus vulgaris, first described by Cuvier in 1797, belongs to the family Octopodidae encompassing more than 200 species. The genus Octopus constitutes a “catchall” genus (Jereb et al., 2014) for all species that possess two rows of suckers on the eight arms and an ink sac. The distribution of Octopus vulgaris sensu stricto (Jereb et al., 2014) covers the Mediterranean Sea, as well as the central and north-east Atlantic Ocean. The common octopus is said to be nocturnal (Woods, 1965; Altman, 1966; Kayes, 1974; Jereb et al., 2014), but it has been seen to shift its activity phase, for example in the presence of prey or predators (Meisel et al., 2013), and thus some studies report crepuscular or even diurnal activity (Mather, 1988; Meisel et al., 2003, 2006). In the presence of one of its many predators (Sanchez et al., 2015), the soft-shelled octopus either hides in dens, camouflages to the background with the help of a sophisticated system of pigment-filled chromatophores, electron-dense leucophores, and reflecting iridophores, or exhibits distinct behavioral displays (Packard and Sanders, 1971). The dens are inhabited only temporarily for a couple of days or weeks (Kayes, 1974; Mather and O’Dor, 1991). Octopus uses natural crevices or holes as hiding places or accumulates rocks and shells to build its own den. As a bottom feeder, foraging often seems to be tactile (Jereb et al., 2014), involving exploration of the surroundings with its arms, in search for crustaceans, fish, shelled molluscs or polychaetes (Mather, 1991; Boyle and Rodhouse, 2005; Mather et al., 2012; Sanchez et al., 2015). In addition, visual and chemical cues are most likely used to find prey (Boyle and Rodhouse, 2005). Octopus vulgaris is solitary, and the sexes only meet during mating (Hanlon and Messenger, 2018) when the male transfers spermatophore packages with its heterocotylus, an enlarged sucker on one of the arms, into the mantle cavity and oviduct of the female. At the end of the life cycle, the female lays 100,000–500,000 eggs bound together and glued to the ceiling of a den or to a rock. The female stays with the eggs for the duration of development, which can last up to 5 months, continuously caring for and defending the eggs. The female octopus does not feed during this period, digesting its own musculature in this last phase of its life (Jereb et al., 2014; Hanlon and Messenger, 2018). As a consequence, the female dies shortly after the eggs hatch. The 1–2 mm sized transparent hatchlings, called paralarvae, undergo a planktonic phase mostly in shallow (i.e., pelagic) waters that can last weeks to months before they settle on the sediment. The subsequent adult life stage can last up to 2 years during which octopus adopts a general benthic lifestyle but is still commonly found in pelagic waters. Specimens of Octopus vulgaris can reach a mantle length of up to 250 mm, a total length of over 1 m, and a body weight of more than 2 kg (Jereb et al., 2014).

Reader interested in the biology of cephalopods, including Octopus vulgaris, are referred to Hanlon and Messenger (2018), or to Jereb et al. (Jereb and Roper, 2005, 2010; Jereb et al., 2014, 2015).



EYE SIZE AND OCULAR DIMENSIONS

Often, the eye of Octopus vulgaris (Figure 2) is described as large. In several studies, external eye dimensions are given. Beer (1897) measured an eye length (most likely axial eye length) of 17 mm in an octopus individual weighing 607 g. Additionally, Hanlon and Messenger (2018) documented an eye diameter of 20 mm in an individual weighing 205 g. Both values are within the range of eye diameters of 15–20 mm given by Fröhlich (1914a) for Eledone moschata, Octopus macropus, and Octopus vulgaris. According to Packard (1969), a really large octopus can have an eye with a diameter larger than 20 mm; however ‘really large’ is not further specified by this author. For comparison, the eyes of humans are, on average, 24 mm in diameter (Augusteyn et al., 2012). Given that adult humans weigh far more than an octopus, the octopus indeed has a large eye relative to body size/mass. The octopus eye is large even when compared to a nocturnal bird such as the tawny owl (Strix aluco), which weighs 400–800 g, and has an eye diameter of 23–29 mm (Brooke et al., 1999).
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FIGURE 2. Schematic of the eye of Octopus vulgaris (longitudinal vertical section). Light falling on the eye of octopus first hits the cornea (C). Beyond the cornea, the light passes the anterior chamber and the pigmented mobile iris (IR) before it is refracted by the spherical lens. The lens, composed of an anterior (AL) and a posterior part (PL) separated by a septum (S), is suspended by the ciliary body (CB). Finally, the light hits the everted retina (R) in the back of the eye. A detailed description of the ocular structures is given in the text. The figure was adapted from frozen sections of an octopus eye and from Figure 1 in Budelmann (1994) and Figure 5 in (Wells, 1966b) displaying an eye of Octopus spec. Scale 10 mm.


Beside external eye dimensions, no information on internal parameters such as ocular dimensions, radii of curvature, refractive indices or absorption coefficients of ocular media is available for octopus. These data would be required in order to develop detailed and informative optical models of the eye of octopus to further increase our understanding of how and what the octopus sees.



VISUAL FIELDS AND EYE MOVEMENTS

The eyes of octopus are placed laterally and can be moved independently, with the eye axes occasionally deviating by up to 180 degrees (Heidermanns, 1928). To date, no measurements of visual field size are available for this species. From the eye placement of octopus, one could assume that octopus possesses a small binocular visual field, to the front and possibly to the back; however, Budelmann et al. (1997) dispute the existence of a binocular field in octopods. In any case, octopus certainly has large monocular visual fields, the space in which objects can be seen with one eye. This is consistent with the animals watching or tracking objects preferable with one eye (Heidermanns, 1928; Muntz, 1963; Byrne et al., 2002, 2004). The size of the monocular visual field is likely similar to that of Sepia officinalis. Model calculations in Sepia revealed that the visual field is limited by pupil size and that it is much smaller (Schaeffel et al., 1989) than the 177 degrees estimated by Messenger (1968b) for the horizontal plane.

The octopus can modify the space it can oversee by retracting and bulging out its eyes, or by rotational eye movements. The rotational eye movements that can turn the eye up to 80 degrees sideways in either direction (Budelmann and Young, 1984) are mediated by four oblique muscles that pass halfway around the eyeball. In total, each octopus eye has seven extra-ocular muscles, each innervated by a separate nerve (Glockauer, 1915; Budelmann and Young, 1984). In contrast, decapod cephalopods have up to 14 eye muscles that are innervated by only four nerves (Glockauer, 1915; Budelmann and Young, 1993).

Octopus also shows reflexive eye movements. When stimulated by a large field vertical grating rotating on an optokinetic drum, the animals perform compensatory eye, head, and body movements (Packard, 1969).

Future studies of the visual fields of octopus are highly desirable, particularly those that provide measurements of the putative binocular visual field and evaluate its implications for binocular depth perception, the monocular visual field, and the dynamic visual field, taking eye movements into account. Regarding eye movements, it remains to be determined whether the octopus can also turn its eyes upwards and downwards, and if so, to what degree.



EYE LID AND CORNEA

As is likely the case with all octopods, octopus possesses a ring-shaped muscular skin fold or bulge around the eye that can close in a manner comparable to an eye lid (von Lenhossék, 1894; Magnus, 1902). This eye lid-like structure closes over a cornea (Figure 2) which is hardly visible in the living octopus. This cornea has also been referred to as pseudo-cornea (Schöbl, 1877) or pseudo-corneal fold (Amoore et al., 1959). According to previous studies (Beer, 1897; Magnus, 1902), which are supported by our own observations, the cornea is not a component of the eye, meaning that the cornea cannot be extracted together with the underlying ocular structures. Moreover, it has a dorsal opening which brings the anterior chamber — the compartment between cornea and lens — in contact with the surrounding sea water (Amoore et al., 1959; Wells, 1966b); although this finding is not undisputed. As expected, the fluid within the anterior chamber has the same sodium concentration as seawater, however the potassium concentration has been found to be higher (Amoore et al., 1959).

A detailed analysis of the cornea is required to determine the functional role of the cornea in the eye of the octopus. Interesting insight in this often neglected structure could also be obtained by studying the histological fine structure of the cornea or its development during ontogeny.



PUPIL AND IRIS

One of the most prominent features of the octopus eye is its pupil (Figure 1). The cephalopod pupil is mobile, in contrast to the pupil of fishes, excluding the elasmobranchs (Douglas, 2018). The pupil of octopus is circular in darkness (Figure 1C), while in bright light, it constricts to a horizontal slit (Figures 1A,B) corresponding to the orientation of the central stripe of increased photoreceptor density on the retina (Muntz, 1977; and see section “Retina and Visual Function”). Compared to other cephalopods that can have U- or W-shaped pupils (e.g., cuttlefish), a slit-shaped pupil is a rather simple pupil design (Douglas, 2018).

In general, the octopus pupil adapts the eye to changes in ambient light. The advantage of the pupillary reaction is that it is faster than the alternative adaptation mechanisms which, in octopus, are pigment migration and the contraction/enlargement of the photoreceptors (Babuchin, 1864; Young, 1963). Pupil dynamics were recently examined in an octopus by Soto (2018). The individual studied, with a mantle length of approximately 6.5 cm, had a pupil area of 33 mm2 when the pupil was fully dilated. Pupil area decreased to approximately 4 mm2, or 12% of the dark-adapted pupil area, when the eye was exposed to bright light. Constriction of the octopus pupil was thus similar to or a little weaker than in other cephalopod species (Douglas et al., 2005; Bozzano et al., 2009; Matsui et al., 2016) such as Sepia officinalis or Eledone cirrhosa that constrict their pupils to 3% of the maximal area (Douglas et al., 2005). It took the octopus pupil 0.5–1.3 s to reach half maximum constriction defined as the t50 value. Most other cephalopod pupils examined so far also constricted quickly upon light exposure with t50 values ranging from 0.3 to 3 s (Douglas et al., 2005; McCormick and Cohen, 2012; Matsui et al., 2016). Thus, these pupils are adapted to fast light changes also occurring in the habitat of octopus, for instance when they are leaving the den in shallow water during daytime hours. In contrast, pupil constriction took 90 s in Nautilus pompilius (Hurley et al., 1978), a species that is most likely not experiencing drastic variations in ambient light in its habitat. The same probably holds true for Japetella diaphana, a deep sea octopus, whose pupil takes approximately 6 s to constrict (Douglas, 2018). In addition, the range of light intensities to which the pupil of Octopus vulgaris reacts with intermediate pupil sizes is narrow (Hess, 1905; Soto, 2018); the pupil already fully constricts in response to a luminance of approx. 20 cd/m2.

Axial light has a stronger effect on pupillary dilation than light from above (Soto, 2018), as described generally for cephalopods by Hess (1909, 1910) or McCormick and Cohen (2012). This “shadow effect” of the pupil for light from above might result in a more constant intensity of the retinal image than the illumination in the natural environment, in which most light is coming from above; this effect has so far only been described for Sepia officinalis (Mäthger et al., 2013).

Pupil dilation seems highly variable and individual (Magnus, 1902), and is also affected by factors other than ambient illumination (Weel and Thore, 1936). Octopus might constrict its pupil to camouflage the eye, allowing the animal to blend into the substrate, and the dilated pupil could serve as intra-specific deimatic signal, making the animal appear larger and more threatening to potential predators (Douglas, 2018).

Octopus does not show a consensual pupil response (Magnus, 1902; Weel and Thore, 1936). If only one eye is illuminated, only the pupil of this eye constricts, not the pupil of the non-illuminated eye. A non-consensual pupil response is adaptive in a species that has laterally placed eyes and watches objects predominantly with one eye (Heidermanns, 1928; Muntz, 1963; Byrne et al., 2002, 2004).

The octopus usually keeps the pupil horizontal, a reaction mediated by the statocysts that are required for the animal to maintain proper body and eye orientation (Boycott, 1960; Wells, 1960; Boycott et al., 1965). Only if the pupil is horizontal, and thus the orientation of the retinal receptors is fixed relative to the external world (see section “Retina and Visual Function”), the octopus is able to discriminate stimuli differing in orientation (Boycott and Young, 1956; Sutherland, 1957, 1963a; Wells, 1960; Young, 1960). This suggests that visual and proprioceptive input is not integrated in the brain.

The octopus pupil is bounded by the iris. According to Hess (1909), the cephalopod iris is not a structure of the inner eye but instead lies in form of a lobe in front/on top of the posterior chamber (Figure 2). The iris consists of five cell layers (Froesch, 1973): the external epithelium, a chromatophore and iridocyte layer, a layer of muscles and collagen strands, and the pigment epithelium. The chromatophores and the pigment epithelium absorb, while the iridophores reflect light, thereby changing the appearance of the eye, for instance when a threatened animal displays the dark eye bar over the eyes (Packard and Sanders, 1971). The muscles found in the iris are most likely sphincters, however, Froesch (1973) was unable to distinguish between sphincter and dilator. Brain regions and nerves involved in the pupillary reaction were described by Magnus (1902) as well as Weel and Thore (1936).

Soto (2018) described the pupillary reactions of only one octopus individual. It would be interesting to analyze more individuals to assess whether the data already obtained are representative for the species; in this case, the non-consensual pupil reaction could also be quantified. A future challenge might also be to further characterize the role of the pupil shape in modulating optical properties or for camouflaging the eye. Regarding the latter, an interesting study of pupil shape-mediated camouflage in skates was recently published (Youn et al., 2019).



LENS AND ACCOMMODATION

At first glance, the octopus lens, the main refracting structure within its eye, seems to be spherical (Figure 2). However, as the lens of Octopus vulgaris has not been measured, it might be slightly ellipsoidal, as is the case in other cephalopods (Sivak, 1982, 1991; Sroczynski and Muntz, 1985; Sivak et al., 1994). Fishes also have spherical lenses: however, in contrast to fish, the lens of octopus consists of an anterior and a posterior part divided by a septum (Figure 2; Budelmann, 1996). Each component is comprised of onion-like layers (Budelmann et al., 1997).

The lens develops from the lentigenic body, called “corpus epithelia” in early studies (Arnold, 1967). The cells of the lentigenic body are characterized by their larger size, prominent nuclei, intensely stained nucleoli, and cytoplasmic RNA. The lentigenic body lies in the front of the optic vesicle. Fine cytoplasmic processes of the lentigenic body form the lens primordium, which increases in size through the addition of further lentigenic processes to the surface (Arnold, 1967). Studies of the octopus lens have so far mainly focused on lens development and lens proteins (Arnold, 1967; Bon et al., 1967; Dohrn, 1970; Brahma, 1978) with the aim of understanding the convergent evolution of cephalopod and vertebrate lenses.

Beer (1897) examined accommodation in numerous cephalopod species including Octopus vulgaris and concluded that the octopus eye can, indeed, accommodate or adjust its focus. According to Beer, the octopus is myopic or short-sighted, in its resting state; thus its eyes are well-adapted to seeing objects nearby. Beer found that when the eye was electrically stimulated, refraction changed to a status close to emmetropia i.e., normal-sightedness. This change was not accompanied by a change in the curvature of the lens, but by a positional change as in fish (Land and Nilsson, 2002): the lens moved closer to the retina. The retraction of the lens was caused by the contraction of a ring-shaped muscle at the equator of the bulbus which is firmly associated with the ciliary body (Figure 2) that is a section of the uvea and serves to suspend the lens. Upon contraction, the ciliary body and lens are pulled against the retina. A prerequisite for these movements is that the eye bulbus of octopus is very soft and flexible.

Beer (1897) also assumed a myopic resting refractive state for Sepia officinalis. However, retinoscopic measurements in Sepia officinalis revealed emmetropia or slight hyperopia (Schaeffel et al., 1999). In the latter study, it was also speculated that the accommodation mechanism in Sepia involves the lens moving laterally, thus perpendicular relative to the pupillary axis of the eye. It is likely that new investigations of visual accommodation in octopus would also reveal a resting refractive state close to emmetropia. In general, octopus might not need elaborate accommodation abilities as its spherical lens with a short focal length, in conjunction with long receptor cells (see section “Retina and Visual Function”) most likely provide a large depth of focus (Budelmann et al., 1997).

There are a number of open questions related to the octopus lens, beginning first with the previously mentioned spherical shape of the lens. The second question relates to ocular transmittance. According to Denton and Warren (1968), octopus lenses should absorb ultraviolet (UV) light as octopus live close to the surface, whereas cephalopods living in the deep sea seem to have transparent lenses. However, this aspect needs to be studied in greater detail, as the statement by Denton and Warren (1968) is in contrast to a note by Hess (1910) in his work regarding the lenses of Eledone and Sepia which, according to his measurements, do not absorb light of any wavelength. As no details of the measurement procedure are given by Hess, we must assume that he was only able to measure in the visible part of the spectrum. Thus his note has to be treated with caution.

Third, very little is known about the optical properties of the lens of octopus. According to a side note in Sutherland (1963b), the lens is not astigmatic, thus the different meridians do not possess different refractive power. Most likely, it possesses a graded refractive index that compensates for longitudinal spherical aberration, such that axial and non-axial light rays are focused in the same focal plane, as in Octopus pallidus and Octopus australis (Jagger and Sands, 1999) or with some residual spherical aberration as in other cephalopod lenses (Sroczynski and Muntz, 1985, 1987; Sivak, 1991; Sivak et al., 1994; Kröger and Gislen, 2004; Sweeney et al., 2007); the lens of Illex illecebrosus seems to be overcorrected for spherical aberration (Sivak, 1982). In contrast to spherical aberration, the lenses of Octopus spec. do not seem to be corrected for chromatic aberration (Heidermanns, 1928; Jagger and Sands, 1999). In this regard, the nature of chromatic aberration — that is, a condition in which light of different wavelengths is focused differently — has to be re-evaluated in the context of color vision (see section “Visual Pigment and Color Vision”).

Finally, regarding the development of the split cephalopod lens, it is still unknown how the growth of the two components is coordinated. This question was already posed by Jacob and Duncan (1981) in the case of Sepiola atlantica, in which the anterior and posterior part of the lens are not closely electrically coupled. These authors also suggested studying whether the anterior and posterior halves of the lens are built from the same lens proteins.



RETINA AND VISUAL FUNCTION

Although the eyes of vertebrates and coleoid cephalopods are similar in many aspects (Packard, 1972), the retinal designs of these two animal groups differ drastically. Cephalopods have everted retinae with the rhabdomeric photoreceptors pointing towards the light (Fröhlich, 1914a) in contrast to the inverted retinae with ciliary photoreceptors in vertebrates. Moreover, in contrast to the multilayered vertebrate retinae, cephalopod retinae mainly contain the photoreceptors. Cephalopod photoreceptors are primary receptor cells, each with its own axon, whereas the vertebrate photoreceptors are secondary receptor cells derived from epithelial cells. The axons of octopus photoreceptors project directly to the large optic lobes, where the visual information is processed (Young, 1960, 1971; Wells, 1966a; Maddock and Young, 1987). In vertebrates, the processing of the visual information already begins in the inner retina, before visual signals pass into the brain via the optic nerve.

We will now describe the retina of Octopus vulgaris in detail (Figure 3). A limiting membrane shields the retina towards the posterior chamber. The limiting membrane might be a secretion of the supporting cells (von Lenhossék, 1894) that lie between the rhabdoms in the distal retina; there are about as many supporting cells as rhabdoms (Young, 1963).
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FIGURE 3. Schematic diagram of the retina of Octopus vulgaris. A limiting membrane (LM) shields the retina towards the posterior chamber. In the distal part of the retina are found the distal segments (DS) of the photoreceptors and supporting cells (SC). Pigment granules (PI) can be found within the photoreceptors and the supporting cells. The cross section through the distal retina (upper diagram), shows the regular arrangement of the distal segments of the photoreceptors (DS) that possess two rhabdomeres (RD) each, facing opposite sides of the cell, and separated by pigment (PI). Four rhabdomeres from four neighboring receptors form a rhabdom. While the nuclei of the supporting cells (NSC) are situated in the distal retina, the nuclei of the photoreceptor cells (NPC) are found in their proximal segments (PS) in the proximal retina, beyond the basal membrane (BM). In the proximal retina, within the retinal nerve plexus (RNP), photoreceptors are interconnected by collateral fibers (COL) from the proximal segments of the photoreceptors, and photoreceptors interact with efferents (EFF) from the optic lobe. Epithelial cells (EP), considered to be retinal glia cells, seem to form processes (dashed lines) that lie between the inner segments of the retinal cells. The schematic diagram of the octopus retina was adapted from previously published drawings (Babuchin, 1864; Schultze, 1867; Grenacher, 1884; Wolken, 1958; Moody and Parriss, 1960, 1961; Young, 1960, 1962b, 1971; Boycott et al., 1965; Yamamoto et al., 1965).


The retina itself is densely packed with photoreceptors; their density is highest in a central horizontal stripe (Young, 1960, 1962b, 1963, 1971). At its distal end, oriented towards the light, each photoreceptor carries two rhabdomeres facing opposite sides. Four rhabdomeres belonging to four photoreceptors form a square rhabdom (Figure 3), which is analogous to the rhabdom of arthropods. The square arrangement of the rhabdoms is very regular, although there are also some cells which are particularly small that are not organized in arrangements of four (Young, 1963). Despite this very regular receptor arrangement, as well as corresponding regular distributions of the dendrites in the plexiform layer in the optic lobe (Young, 1960), the octopus is only able to discriminate stimuli differing in orientation (Boycott and Young, 1956; Sutherland, 1957, 1963a; Wells, 1960; Young, 1960) when the eye is oriented such that the pupil is horizontal, that is when the statocysts are functioning normally (Boycott, 1960; Wells, 1960; Boycott et al., 1965). The regular receptor arrangement plays an important role for the polarization sensitivity of the eye of octopus (see section “Dichroism of the Retina and Polarization Sensitivity”).

The two rhabdomeres of each photoreceptor are separated by screening pigment in the cell body (Figure 3). Additional pigment is found in the processes of the supporting cells between the distal segments of the photoreceptors. The migration of this screening pigment to the bases/tips of the photoreceptor and perhaps also the supporting cells (Babuchin, 1864; Young, 1963), in combination with enlargement/contraction of the photoreceptors and the constriction/dilation of the pupil (see Figure 1 and section “Pupil and Iris”), serves to dark- or light-adapt the eye. Pigment migration does not seem to be uniformly fast throughout the entire retina; in the photoreceptors within the central stripe, which have less pigment than the cells in other retinal regions (Young, 1962b), pigment migration is slower during light adaptation, but faster during dark adaptation than in the remainder of the retina (Hess, 1905; Young, 1963).

In Octopus fangsiao (O. ocellatus), dopaminergic efferents from the optic lobe seem to cause screening pigment migration during the dark adaptation process (Gleadall et al., 1993). In O. vulgaris, this has yet to be studied.

The photoreceptors of the octopus retina narrow before passing the basement membrane that separates their distal parts from the proximal segments that carry the cell nuclei (Figure 3). Finally, the photoreceptors give rise to axons. Within this region, called the retinal plexus, two types of interactions can be found: (1) interactions between photoreceptors, mediated by fine collateral fibers branching from the proximal part of the photoreceptors, and (2) interactions between centrifugal cells, which are efferents from the plexiform zone of the optic lobes, and photoreceptors (Young, 1962b; Boycott et al., 1965; Tonosaki, 1965; Lund, 1966; Patterson and Silver, 1983). In the central stripe of the retina, the proximal segments of the photoreceptors are longer, and the retinal plexus is thicker than in the rest of the retina (Young, 1963). Three studies have described synapses and transmitters in the retina of Octopus vulgaris, among other species (Gray, 1970; Lam et al., 1974; Silver et al., 1983). There is accumulating evidence that the photoreceptors are cholinergic, whereas the centrifugal cells are dopaminergic.

The axons of the photoreceptors leave the eye in bundles of approximately 20 axons, each through holes in the sclera (Patterson and Silver, 1983). Before these axon bundles enter the optic lobe, the bundles decussate: the dorsal retina projects to the ventral optic lobe and vice versa (Boycott et al., 1965; Lettvin and Maturana, 1965; Patterson and Silver, 1983). The optic lobes are composed of the cortex and a central medulla, and most photoreceptors axons terminate in the outer plexiform zone of the cortex of the optic lobe (Young, 1960, 1962a, 1971; Dilly et al., 1963).


Dichroism of the Retina and Polarization Sensitivity

The rhabdomeres of the photoreceptors are arranged either horizontally or vertically. Each rhabdomere consists of densely packed straight microvilli that, because of the regular arrangement of the rhabdomeres, are oriented perpendicular to each other (Wolken, 1958; Young, 1960, 1971). With the alignment of the visual pigment with the long axis of the tubules (Roberts et al., 2011), each rhabdomere is a dichroic analyzer that absorbs light polarized parallel to the tubules maximally. This regular retinal arrangement is thus most likely the basis for the ability of octopus to perceive polarized light (Moody and Parriss, 1960, 1961; Rowell and Wells, 1961; Lettvin and Pitts, 1962; Moody, 1962; Tasaki and Karita, 1966; Sugawara et al., 1971; Shashar and Cronin, 1996).

Numerous functions of polarization sensitivity have already been described for cephalopods in general, including object detection or recognition, communication or navigation, among other (for review see Mäthger et al., 2009; Shashar, 2014). However, it still remains to be determined what role polarization sensitivity plays in Octopus vulgaris in particular, as most evidence in this respect has been collected in other cephalopod species, so far. Additionally, it remains to be determined whether octopus possesses true polarization vision as proposed by Shashar and Cronin, 1996, a view that has been challenged by Nilsson and Warrant (1999).



Photoreceptor Density, Spatial, and Temporal Resolution

Given an eye size of approximately 2 cm (see section “Eye Size and Ocular Dimensions”), the octopus retina covers an area of 1–4 cm2 (Wolken, 1958; Young, 1963). In this retina, 2–3 × 107 photoreceptors cells are found with a cell density varying between 18,000–22,000 cells/mm2 in the periphery and approximately 55,000 cells/mm2 in the central stripe (Young, 1960, 1962b, 1963, 1971). In the central stripe, the rhabdoms are longer and thinner than in the periphery; rhabdom diameters as small as 4 μm have been found in the stripe, while rhabdoms in the periphery had diameters of up to 10 μm (Young, 1963). The higher rhabdom density in the central retinal stripe is strongly indicative of higher spatial resolution in this area, even though this has not been measured directly with electrophysiological methods; for electrophysiological studies in octopus, the reader is referred to previous studies (Tasaki et al., 1963a,b; Boycott et al., 1965; Lettvin and Maturana, 1965; Hamasaki, 1968a,b; Tsukahara et al., 1973). In accordance with the foregoing, a horizontal area of increased spatial resolution would be highly adaptive in bottom-living animals (Muntz, 1977; Talbot and Marshall, 2010).

Visual acuity was assessed with two different behavioral approaches, in a discrimination experiment using gratings (Sutherland, 1963b) as well as in an optomotor study (Packard, 1969). The first approach assessed visual acuity as 1.7 cycles/degrees or better for animals weighing 250–500 g. The second assessed visual acuity as 0.6–1.1 cycles/degrees for two groups of very small animals with average weights of 0.27 g and 2.7 g, and 1.1 cycles/degrees or better for animals weighing 17 g; all values are estimates based on the assumption that the animals were in the center of the optokinetic drum. Due to several aspects related to the experimental procedure, these studies may have underestimated the visual acuity of octopus. This possibility is supported by another discrimination experiment on grating visual acuity in Octopus pallidus and Octopus australis whose visual acuity was assessed as 3.1–6.8 cycles/degrees (Muntz and Gwyther, 1988). Considering this acuity range, the octopus visual acuity would be comparable to the visual acuity of cats or fowls (Rahmann, 1967). Generally, the visual acuity of octopus might vary with illumination, as the receptive field of single receptors will probably be smaller when the pigment has migrated to the distal tip of the receptors in bright light (Lettvin and Pitts, 1962; Sutherland and Carr, 1963; Young, 1963); an aspect that still needs to be fully worked out in octopus.

The temporal resolution of the eye, as measured by flicker fusion frequency, has been determined in both Octopus vulgaris and Octopus briareus as 72 Hz with a stimulus intensity of 4.5 × 106 cd/m2 by Hamasaki (1968b). The flicker fusion frequency decreases relatively fast reaching only 20 Hz when stimulus intensity was decreased by 4 logarithmic units. As the values given are averages from the two species of octopus, it would be interesting to document the flicker fusion frequency for Octopus vulgaris in particular.



Visual Pigment and Color Vision

Octopus vulgaris possesses only one visual pigment within its photoreceptors, an R-type-opsin (Cronin and Porter, 2014) which absorbs maximally at 475 nm with a β-band at 360 nm (Brown and Brown, 1958; Kropf et al., 1959; Hamasaki, 1968a). Generally, the visual pigments of octopods seem to be less well matched to the light environment than the pigments of squids and cuttlefish. It is speculated that a fine-tuning of the pigments might not be under selective pressure in octopods in contrast to squids and cuttlefish as other senses such as haptics or chemoreception might be more important than vision in these benthic animals (Chung and Marshall, 2016).

In line with the presence of only one visual pigment, most studies have concluded that Octopus vulgaris is color-blind (Piéron, 1914; Bierens de Haan, 1926; Messenger et al., 1973; Messenger, 1977; Kawamura et al., 2001), though the work of Fröhlich, Goldsmith, and Kühn suggest otherwise (Fröhlich, 1914a,b; Goldsmith, 1917a,b; Kühn, 1950). However, in these old color vision studies, either experiments were not adequately controlled for the brightness of the stimuli or stimuli were adjusted in brightness on the basis of a human brightness discrimination ability that likely differs from the brightness discrimination ability of octopus. Moreover, these studies were not designed to examine a color vision mechanism recently simulated for Octopus australis by Stubbs and Stubbs (2016a). This color vision mechanism exploits the longitudinal chromatic aberration of the lens; thus, even monochromats should be able to obtain color information this way. Although this mechanisms has been questioned (Gagnon et al., 2016; Stubbs and Stubbs, 2016b), it would be interesting to test it in the context of the mystery of color-blind camouflage and the question of what role the eyes and/or photoreceptors in the skin (Ramirez and Oakley, 2015) play in background matching by cephalopods generally. Stubbs and Stubbs speculate that this mechanism might also help to explain why some cephalopods have developed colorful intra-specific signals (Stubbs and Stubbs, 2016b).

To date, the only cephalopod known to possess more than one pigment, the classic precondition for color vision, is Watasenia scintillans; it has three visual pigments based on vitamin A1 (λmax = 484 nm), vitamin A2 (λmax = 500 nm), and 4-hydroxyretinal (λmax = 470 nm) (Matsui et al., 1988a,b; Seidou et al., 1990; Kito et al., 1992; Michinomae et al., 1994). A putative color vision faculty in the firefly squid is supported by the existence of a banked retina that compensates for this animal’s lens not being corrected for longitudinal chromatic aberration (Kröger and Gislen, 2004).




DISCUSSION

This review demonstrates that several aspects of vision of Octopus vulgaris have been investigated in some detail. Nevertheless, large gaps remain in our understanding of vision for this species, notwithstanding the fact that the common octopus has been an object of scientific study for more than 150 years. In our opinion, one of the largest gaps in our knowledge stems from the poor understanding of the dioptric apparatus of octopus. In addition, the primary functions of vision — including visual acuity, brightness discrimination, depth perception, motion detection, polarization and color vision — have not been conclusively investigated, and thus some enduring mysteries (in particular, color-blind camouflage) persist to the present day.

Taken together, the current array of published studies on the eye of Octopus vulgaris — many of which are reviewed here — helps us to understand adaptations of the visual system to lifestyle and habitat. To provide some examples, characteristics of the visual system of octopus such as specifics of the pupil or the retina mirror the benthic lifestyle of adult octopus which can even inhabit shallow water: an environment in which it experiences high light intensities from above and drastic light changes when leaving its den during the day. Moreover, the large eye movements and aspects that camouflage the animal or the eye specifically reinforce the fact that octopus is a soft-bodied animal that falls prey to many animals. Future studies will allow completion of a picture of vision in Octopus vulgaris. Detailed insight will thus be obtained regarding the world of a fascinating invertebrate which otherwise spends its life in a habitat that is still not easily accessible to humans.



AUTHOR CONTRIBUTIONS

FH wrote the first version of the manuscript. AK contributed comments and suggestions. Both authors approved the final version of the manuscript.



FUNDING

This review was supported by a grant from the Deutsche Forschungsgemeinschaft to FH (HA 17891/2–1). We furthermore acknowledge the financial support of the Deutsche Forschungsgemeinschaft and the University Rostock/University medicine Rostock within the funding program Open Access Publishing.


ACKNOWLEDGMENTS

The authors would like to thank Frank Schaeffel for commenting on the manuscript.



REFERENCES

 Altman, J. S. (1966). The behaviours of Octopus vulgaris Lam. In its natural habitat: A pilot study. Vol. 2. Underwater Association of Malta. Carshalton, UK: T.G.W. Industrial & Research Promotions.

 Amoore, J. E., Rodgers, K., and Young, J. Z. (1959). Sodium and potassium in the endolymph and perilymph of the statocyst and in the eye of octopus. J. Exp. Biol. 36, 709–714.

 Arnold, J. M. (1967). Fine structure of the development of the cephalopod lens. J. Ultrastruct. Res. 17, 527–543. doi: 10.1016/S0022-5320(67)80139-4 

 Augusteyn, R. C., Nankivil, D., Mohamed, A., Maceo, B., Pierre, F., and Parel, J.-M. (2012). Human ocular biometry. Exp. Eye Res. 102, 70–75. doi: 10.1016/j.exer.2012.06.009 

 Babuchin, A. (1864). Vergleichend histologische Studien - über den Bau der Cephalopodenretina. Würzburger Naturwiss. Z. 5, 127–140.

 Barber, V. C. (2010). “The sense organs of nautilus” in Nautilus - the biology and paleobiology of a living fossil. Vol. 6. eds. N. H. Landman and P. I. Harries (Dordrecht, Heidelberg, London, New York: Springer).

 Beer, T. (1897). Die Accommodation des Kephalopodenauges. Pflügers Arch. Physiol. 67, 541–587.

 Bierens de Haan, J. A. (1926). Versuche über den Farbensinn und das psychische Leben von Octopus vulgaris. Z. Vgl. Physiol. 4, 766–796. doi: 10.1007/BF00342382

 Bon, W. F., Dohrn, A., and Batink, H. (1967). The lens proteins of a marine invertebrate Octopus vulgaris. Bichim. Biophys. Acta 140, 312–318.

 Boycott, B. B. (1960). The functioning of the statocysts of Octopus vulgaris. Proc. R. Soc. B Biol. Sci. 152, 78–87.

 Boycott, B. B., Lettvin, J. Y., Maturana, H. R., and Wall, P. D. (1965). Octopus optic responses. Exp. Neurol. 12, 247–256. doi: 10.1016/0014-4886(65)90070-1 

 Boycott, B. B., and Young, J. Z. (1956). Reactions to shape in Octopus vulgaris Lamarck. Proc. Zool. Soc. London 126, 491–547.

 Boyle, P. R., and Rodhouse, P. G. K. (eds.) (2005). “Coastal and shelf species” in Cephalopods - ecology and fisheries (Oxford: Blackwell Science), 161–175.

 Bozzano, A., Pankhurst, P. M., Moltschaniwsky, N. A., and Villaneuva, R. (2009). Eye development in southern calamary, Sepioteuthis australis, embryos and hatchlings. Mar. Biol. 156, 1359–1373. doi: 10.1007/s00227-009-1177-2

 Brahma, S. K. (1978). Ontogeny of crystallins in marine cephalopods. J. Embryol. Exp. Morpholog. 46, 111–118.

 Brooke, M. L., Hanley, S., and Laughlin, S. R. (1999). The scaling of eye size with body mass in birds. Proc. R. Soc. Lond. B 266, 405–412. doi: 10.1098/rspb.1999.0652

 Brown, P. K., and Brown, P. S. (1958). Visual pigments of the octopus and cuttlefish. Nature 182, 1288–1290. doi: 10.1038/1821288a0 

 Budelmann, B. U. (1994). Cephalopod sense organs, nerves and the brain: adaptations for high performance and lifestyle. Mar. Freshw. Behav. Physiol. 25, 13–33.

 Budelmann, B. U. (1996). Active marine predators: the sensory world of cephalopods. Mar. Freshw. Behav. Physiol. 27, 59–75. doi: 10.1080/10236249609378955

 Budelmann, B. U., Schipp, R., and von Boletzky, S. (1997). “Cephalopoda” in Microscopic anatomy of invertebrates - Mollusca II. Vol. 6A, eds. F. W. Harrison and A. J. Kohn (New York, Chichester, Brisbane, Toronto, Singapore, Weinheim: A John Wiley & Sons Inc. Publication), 119–414.

 Budelmann, B. U., and Young, J. Z. (1984). The statocyst-oculomotor system of Octopus vulgaris: extraocular eye muscles, eye muscle nerves, statocyst nerves and the oculomotor centre in the central nervous system. Philos. Trans. R. Soc. Biol. Char. 306, 159–189.

 Budelmann, B. U., and Young, J. Z. (1993). The oculomotor system of decapod cephalopods: eye muscles, eye muscle nerves, and the oculomotor neurons in the central nervous system. Philos. Trans. R. Soc. Biol. Char. 340, 93–125.

 Byrne, R. A., Kuba, M., and Griebel, U. (2002). Lateral asymmetry of eye use in Octopus vulgaris. Anim. Behav. 64, 461–468. doi: 10.1006/anbe.2002.3089

 Byrne, R. A., Kuba, M. J., and Meisel, D. V. (2004). Lateralized eye use in Octopus vulgaris shows antisymmetrical distribution. Anim. Behav. 68, 1107–1114. doi: 10.1016/j.anbehav.2003.11.027

 Chung, W.-S., and Marshall, N. J. (2016). Comparative visual ecology of cephalopods from different habitats. Proc. R. Soc. B Biol. Sci. 283:20161346. doi: 10.1098/rspb.2016.1346 

 Cronin, T. W., and Porter, M. L. (2014). “The evolution of invertebrate photopigments and photoreceptors” in Evolution of visual and non-visual pigments. eds. D. M. Hunt, M. W. Hankins, S. P. Collin, and N. J. Marshall (New York: Springer), 105–135.

 Denton, E. J., and Warren, F. J. (1968). Eyes of the Histioteuthidae. Nature 219, 400–401. doi: 10.1038/219400a0 

 Dilly, P. N., Gray, E. G., and Young, J. Z. (1963). Electron microscopy of optic nerves and optic lobes of Octopus and Eledone. Proc. R. Soc. B Biol. Sci. 158, 446–456.

 Dohrn, A. (1970). Distribution and electrophoretic mobility of proteins in samples taken from different layers of vertebrate and invertebrate lenses. Exp. Eye Res. 9, 297–299. doi: 10.1016/S0014-4835(70)80087-2 

 Douglas, R. H. (2018). The pupillary light response of animals; a review of their distribution, dynamics, mechanisms and functions. Prog. Retin. Eye Res. 66, 17–48. doi: 10.1016/j.preteyeres.2018.04.005 

 Douglas, R. H., Williamson, R., and Wagner, H.-J. (2005). The pupillary response of cephalopods. J. Exp. Biol. 208, 261–265. doi: 10.1242/jeb.01395 

 Froesch, D. (1973). On the fine structure of the Octopus iris. Z. Zellforsch. 145, 119–129. doi: 10.1007/BF00307193 

 Fröhlich, F. W. (1914a). Beiträge zur allgemeinen Physiologie der Sinnesorgane. Z. Sinnesphysiol. 48, 28–164.

 Fröhlich, F. W. (1914b). Weitere Beiträge zur allgemeinen Physiologie der Sinnesorgane. Z. Sinnesphysiol. 48, 354–438.

 Gagnon, Y. L., Osorio, D., Wardiff, T. J., Marshall, N. J., Chung, W.-S., and Temple, S. E. (2016). Can chromatic aberration enable color vision in natural environments? Proc. Natl. Acad. Sci. USA 113, E6908–E6909. doi: 10.1073/pnas.1612239113 

 Gleadall, I. G., Ohtsu, K., Gleadall, E., and Tsukahara, Y. (1993). Screening pigment migration in the Octopus retina includes control by dopaminergic efferents. J. Exp. Biol. 185, 1–16.

 Glockauer, A. (1915). Zur Anatomie und Histologie des Cephalopodenauges. Z. Wiss. Zool. 113, 325–360.

 Goldsmith, M. (1917a). Psychologie animale. Quelques réactions sensorielles chez le poulpe. Comptes rendus hebdomadaire des séances de l’Académie des sciences. 164, 448–450.

 Goldsmith, M. (1917b). Quelques réactions du poulpe. Contributions à la psychologie des invertébrés. Bull. Inst. Gén. Psychol. 17, 24–44.

 Gray, E. G. (1970). A note on synaptic structure of the retina of Octopus vulgaris. J. Cell Sci. 7, 203–215.

 Grenacher, H. (1884). Abhandlungen zur vergleichenden Anatomie des Auges. I. Die Retina der Cephalopoden. Abh. Naturforsch. Ges. Halle 16, 1–50.

 Griffin, L. E. (1900). The anatomy of Nautilus pompilius. Vol 8. Washington: Memoirs of the National Academy of Science, Government Printing Office.

 Hamasaki, D. (1968a). The ERG-determined spectral sensitivity of the octopus. Vis. Res. 8, 1013–1021.

 Hamasaki, D. I. (1968b). The electroretinogram of the intact anesthetized octopus. Vis. Res. 8, 247–258.

 Hanlon, R. T., and Messenger, J. B. (2018). Cephalopod behaviour. Cambridge: Cambridge University Press.

 Heidermanns, C. (1928). Messende Untersuchungen über das Formensehen der Cephalopoden und ihre optische Orientierung im Raume. Zool. Jahrb. Abt. Allg. Zool. Physiol. 45, 346–349.

 Hensen, V. (1865). Über das Auge einiger Cephalopoden. Z. Wiss. Zool. 15, 155–242.

 Hess, C. (1905). Beiträge zur physiologie und anatomie des cephalopodenauges. Pflügers Arch. Gesamte Physiol. 109, 393–439.

 Hess, C. (1909). Die accommodation der cephalopoden. Arch. Augenheilkd. 64, 125–152.

 Hess, C. (1910). Neue untersuchungen über den lichtsinn bei wirbellosen tieren. Pflügers Arch. Gesamte Physiol. 136, 282–367.

 Hurley, A. C., Lange, G. D., and Hartline, P. H. (1978). The adjustable “pinhole camera” eye of Nautilus. J. Exp. Zool. 205, 37–44. doi: 10.1002/jez.1402050106

 Jacob, T. J. C., and Duncan, G. (1981). Electrical coupling between fibre cells in amphibian and cephalopod lenses. Nature 290, 704–706. doi: 10.1038/290704a0 

 Jagger, W. S., and Sands, P. J. (1999). A wide-angle gradient index optical model of the crystalline lens and eye of the octopus. Vis. Res. 39, 2841–2852. doi: 10.1016/S0042-6989(99)00012-7 

 Jereb, P., Allcock, A. L., Lefkaditou, E., Piatkowski, U., Hastie, G. J., and Pierce, G. J. (2015). Cephalopod biology and fisheries in Europe: II. Species accounts vol report no. 325. Copenhagen: ICES International Council for the Exploration of the Sea.

 Jereb, P., and Roper, C. F. E. (2005). Cephalopods of the world - an annotated and illustrated catalogue of species known to date. Volume 1. Chambered nautiluses and sepioids. Rome: FAO Fisheries Synopsis, 1–13.

 Jereb, P., and Roper, C. F. E. (2010). Cephalopods of the world - an annotated and illustrated catalogue of species known to date. Volume 2. Myopsid and oegopsid squids. Rome: FAO Fisheries Synopsis, 1–13.

 Jereb, P., Roper, C. F. E., Norman, M. D., and Finn, J. K. (2014). Cephalopods of the world - an annotated and illustrated catalogue of cephalopod species known to date. Volume 3. Octopods and vampire squids. Rome: FAO Fisheries Synopsis.

 Kawamura, G., Nobutoki, K., Anraku, K., Tanaka, Y., and Okamoto, M. (2001). Color discrimination conditioning in two octopus Octopus aegina and O. vulgaris. Nippon Suisan Gakkai. 67, 35–39. doi: 10.2331/suisan.67.35

 Kayes, R. J. (1974). The daily activity pattern of Octopus vulgaris in a natural habitat. Mar. Behav. Physiol. 2, 337–343.

 Kito, Y., Partridge, J. C., Seidou, M., Narita, K., Hamanaka, T., Michinomae, M., et al. (1992). The absorbance spectrum and photosensitivity of a new synthetic visual pigment based on 4-hydroxyretinal. Vis. Res. 32, 3–10. doi: 10.1016/0042-6989(92)90106-S 

 Kröger, R. H. H., and Gislen, A. (2004). Compensation for longitudinal chromatic aberration in the eye of the firefly squid, Watasenia scintillans. Vis. Res. 44, 2129–2134. doi: 10.1016/j.visres.2004.04.004 

 Kropf, A., Brown, P. K., and Hubbard, R. (1959). Lumi- and metarhodopsins of squid and octopus. Nature 183, 446–448.

 Kühn, A. (1950). Über Farbwechsel und Farbensinn von Cephalopoden. Z. Vgl. Physiol. 32, 572–598.

 Lam, D. M. K., Wiesel, T. N., and Kaneko, A. (1974). Neurotransmitter synthesis in cephalopod retina. Brain Res. 82, 365–368. doi: 10.1016/0006-8993(74)90621-0 

 Land, M. F., and Nilsson, D.-E. (2002). Animal eyes. Oxford: Oxford University Press.

 Lettvin, J. Y., and Maturana, H. R. (1965). Octopus vision. MIT Q. Prog. Rep., 194–212.

 Lettvin, J. Y., and Pitts, W. H. (1962). Neapolitan studies. MIT Q. Prog. Rep. 64, 288–290.

 Lund, R. D. (1966). Centrifugal fibers to the retina of Octopus vulgaris. Exp. Neurol. 16, 100–112.

 Mackintosh, N. J. (1963). The effect of irrelevant cues on reversal learning in the rat. Br. J. Psychol. 54, 127–134. doi: 10.1111/j.2044-8295.1963.tb00868.x

 Maddock, L., and Young, J. Z. (1987). Quantitative differences among the brains of cephalopods. J. Zool. 212, 739–767. doi: 10.1111/j.1469-7998.1987.tb05967.x

 Magnus, R. (1902). Die Pupillarreaction der Octopoden E Pflüger. Arch. Physiol. 92, 623–643. doi: 10.1007/BF01790186

 Mather, J. A. (1988). Daytime activity of juvenile Octopus vulgaris in Bermuda. Malacologia 29, 69–76.

 Mather, J. A. (1991). Foraging, feeding and prey remains in middens of juvenile Octopus vulgaris (Mollusca: Cephalopoda). J. Zool. 224, 27–39. doi: 10.1111/j.1469-7998.1991.tb04786.x

 Mather, J. A., Leite, T. S., and Batista, A. T. (2012). Individual prey choices of octopuses: are they generalist or specialist? Curr. Zool. 58, 597–603. doi: 10.1093/czoolo/58.4.597

 Mather, J. A., and O’Dor, R. K. (1991). Foraging strategies and predation risk shape the natural history of juvenile Octopus vulgaris. Bull. Mar. Sci. 49, 256–269.

 Mäthger, L. M., Hanlon, R. T., Hakansson, J., and Nilsson, D.-E. (2013). The W-shaped pupil in cuttlefish (Sepia officinalis): functions for improving horizontal vision. Vis. Res. 83, 19–24. doi: 10.1016/j.visres.2013.02.016 

 Mäthger, L. M., Shashar, N., and Hanlon, R. T. (2009). Do cephalopods communicate using polarized light reflections from their skin? J. Exp. Biol. 212, 2135–2140. doi: 10.1242/jeb.020800

 Matsui, S., Seidou, M., Horiuchi, S., Uchiyama, I., and Kito, Y. (1988a). Adaptation of a deep-sea cephalopod to the photic environment - evidence for three visual pigments. J. Gen. Physiol. 92, 55–66.

 Matsui, S., Seidou, M., Uchiyama, M., Sekiya, N., Hiraki, K., Yoshihara, K., et al. (1988b). 4-Hydroxyretinal, a new visual pigment chromophore found in the bioluminescent squid, Watasenia scintillans. Biochim. Biophys. Acta 966, 370–374.

 Matsui, H., Takayama, G., and Sakurai, Y. (2016). Physiological response of the eye to different colored light-emitting diodes in Japanese flying squid Todarodes pacificus. Fish. Sci. 82, 303–309. doi: 10.1007/s12562-015-0965-5

 McCormick, L. R., and Cohen, J. H. (2012). Pupil light reflex in the Atlantic brief squid, Lolliguncula brevis. J. Exp. Biol. 215, 2677–2683. doi: 10.1242/jeb.068510 

 Meisel, D. V., Byrne, R. A., Kuba, M., Griebel, U., and Mather, J. A. (2003). “Circadian rhythms in Octopus vulgaris” in Coleoid cephalopods through time. Vol. 3, eds. K. Warnke, H. Keupp, and S. V. Boletzky (Berlin: Berlin Paläobiologische Abhandlung), 171–177.

 Meisel, D. V., Byrne, M., Kuba, M., Mather, J. A., Ploberger, W., and Reschenhofer, E. (2006). Contrasting activity patterns of two related octopus species, Octopus macropus and Octopus vulgaris. J. Comp. Psychol. 120, 191–197. doi: 10.1037/0735-7036.120.3.191 

 Meisel, D. V., Kuba, M., Byrne, R. A., and Mather, J. A. (2013). The effect of predatory presence on the temporal organization of activity in Octopus vulgaris. J. Exp. Mar. Biol. Ecol. 447, 75–79. doi: 10.1016/j.jembe.2013.02.012

 Merton, H. (1905). Über die Retina von Nautilus und einigen dibranchiaten Cephalopoden. Z. Wiss. Zool. 79, 325–396.

 Messenger, J. B. (1968a). Monocular discrimination of mirror images in Octopus. Pubbl. Staz. Zool. Nap. 36, 103–111.

 Messenger, J. B. (1968b). The visual attack of the cuttlefish, Sepia officinalis. Anim. Behav. 16, 342–357.

 Messenger, J. B. (1977). Evidence that Octopus is colour blind. J. Exp. Biol. 70, 49–55.

 Messenger, J. B., Wilson, A. B., and Hedge, A. (1973). Some evidence for colour-blindness in Octopus. J. Exp. Biol. 59, 77–94.

 Michinomae, M., Masuda, H., Seidou, M., and Kito, Y. (1994). Structural basis for wavelength discrimination in the banked retina of the firefly squid Watasenia scintillans. J. Exp. Biol. 193, 1–12.

 Moody, M. F. (1962). Evidence for the intraocular discrimination of vertially and horizontally polarized light by Octopus. J. Exp. Biol. 39, 21–30.

 Moody, M. F., and Parriss, J. R. (1960). Discrimination of polarized light by Octopus. Nature 186, 839–840. doi: 10.1038/186839a0 

 Moody, M. F., and Parriss, J. R. (1961). The discrimination of polarized light by Octopus: a behavioural and morphological study. Z. Vgl. Physiol. 44, 268–291. doi: 10.1007/BF00298356

 Muntz, W. R. A. (1963). Intraretinal transfer and the function of the optic lobes in octopus. Q. J. Exp. Psychol. 15, 116–124.

 Muntz, W. R. A. (1977). “Pupillary response of cephalopods” in Symposium of the Zoological Society of London. Vol. 38, 277–285.

 Muntz, W. R. A. (1991). Anatomical and behavioural studies on vision in Nautilus and Octopus. Am. Malacol. Bull. 9, 69–74.

 Muntz, W. R. A., and Gwyther, J. (1988). Visual acuity in Octopus pallidus and Octopus australis. J. Exp. Biol. 134, 119–129.

 Muntz, W. R. A., and Ray, U. (1984). On the visual system of Nautilus pompilius. J. Exp. Biol. 109, 253–263.

 Nilsson, D.-E., and Warrant, E. J. (1999). Visual discrimination: seeing the third quality of light. Curr. Biol. 9, R535–R537. doi: 10.1016/S0960-9822(99)80330-3 

 Nilsson, D.-E., Warrant, E. J., Johnson, S., Hanlon, R., and Shashar, N. (2012). A unique advantage for giant eyes in giant squid. Curr. Biol. 22, 683–688. doi: 10.1016/j.cub.2012.02.031 

 Packard, A. (1969). Visual acuity and eye growth in Octopus vulgaris Lamarck. Monitore Zool. Ital. 3, 19–32.

 Packard, A. (1972). Cephalopods and fish: the limits of convergence. Biol. Rev. 47, 241–307. doi: 10.1111/j.1469-185X.1972.tb00975.x

 Packard, A., and Sanders, G. D. (1971). Body patterns of Octopus vulgaris and maturation of response disturbance. Anim. Behav. 19, 780–788. doi: 10.1016/S0003-3472(71)80181-1

 Patterson, J. A., and Silver, S. C. (1983). Afferent and efferent components of Octopus retina. J. Comp. Physiol. 158, 381–387.

 Piéron, H. (1914). Contribution à la psychologie du poulpe; la mémoire sensorielle. Ann. Psychol. 20, 182–185.

 Rahmann, H. (1967). Die Sehschärfe bei Wirbeltieren. Naturwiss. Rundsch. 1, 10–14.

 Ramirez, M. D., and Oakley, T. H. (2015). Eye-independent, light-activated chromatophore expansion (LACE) and expression of phototransduction genes in the skin of Octopus bimaculoides. J. Exp. Biol. 218, 1513–1520. doi: 10.1242/jeb.110908 

 Roberts, N. W., Porter, M. L., and Cronin, T. W. (2011). The molecular basis of mechanisms underlying polarization vision. Philos. Trans. R. Soc. Biol. Char. 366, 627–637. doi: 10.1098/rstb.2010.0206

 Rowell, C. H. F., and Wells, M. J. (1961). Retinal orientation and the discrimination of polarized light by octopuses. J. Exp. Biol. 38, 827–831.

 Sanchez, P., Villanueva, R., Jereb, P., Guerra, A., Gonzalez, A. F., Sobrino, I., et al. (2015). “Octopus” in Cephalopod biology and fisheries in Europe: II. Species accounts. eds. P. Jereb, L. Allcock, and E. Lefkaditou (Copenhagen: ICES International Council for the Exploration of the Sea), Report No. 325: 13–28.

 Schaeffel, F., Murphy, C. J., and Howland, H. C. (1989). Accommodation and visual optics in the cuttlefish (Sepia officinalis). Investig. Ophthalmol. Vis. Sci. 30(Suppl), 508.

 Schaeffel, F., Murphy, C. J., and Howland, H. C. (1999). Accommodation in the cuttlefish (Sepia officinalis). J. Exp. Biol. 202, 3127–3134.

 Schöbl, J. (1877). Über die Blutgefäße des Auges der Cephalopoden. Arch. Mikrosk. Anat. 15, 215–243.

 Schultze, M. (1867). Die Stäbchen in der Retina der Cephalopoden und Heteropoden. Arch. Mikrosk. Anat. 5, 1–24.

 Seidou, M., Sugahara, M., Uchiyama, M., Hiraki, K., Hamanaka, T., Michinomae, M., et al. (1990). On the three visual pigments in the retina of the firefly squid, Watasenia scintillans. J. Comp. Physiol. A 166, 769–773.

 Shashar, N. (2014). “Polarization vision in cephalopods” in Polarized light and polarization vision in animal sciences. Vol. 2, ed. G. Horvath (Berlin, Heidelberg: Springer), 217–224.

 Shashar, N., and Cronin, T. W. (1996). Polarization contrast vision in Octopus. J. Exp. Biol. 199, 999–1004.

 Silver, S., Patterson, J. E., and Mobbs, P. G. (1983). Biogenic amines in cephalopod retina. Brain Res. 273, 366–368. doi: 10.1016/0006-8993(83)90864-8 

 Sivak, J. G. (1982). Optical properties of a cephalopod eye (the short finned squid, Illex illecebrosus). J. Comp. Physiol. A 147, 323–327. doi: 10.1007/BF00609666

 Sivak, J. G. (1991). Shape and focal properties of the cephalopod ocular lens. Can. J. Zool. 69, 2501–2506. doi: 10.1139/z91-354

 Sivak, J. G., West, J. A., and Campbell, M. C. (1994). Growth and optical development of the ocular lens of the squid (Sepioteuthis lessoniana). Vis. Res. 34, 2177–2187. doi: 10.1016/0042-6989(94)90100-7 

 Soto, C. (2018). Der Pupillenreflex des gemeinen Kraken Octopus vulgaris. Master’s thesis. Rostock, Germany: University of Rostock.

 Sroczynski, S., and Muntz, W. R. A. (1985). Image structure in Eledone cirrhosa, an Octopus. Zool. Jahrb. Abt. Allg. Zool. Physiol. 89, 157–168.

 Sroczynski, S., and Muntz, W. R. A. (1987). The optics of oblique beams in the eye of Eledone cirrhosa, an Octopus. Zool. Jahrb. Abt. Allg. Zool. Physiol. 91, 419–446.

 Stubbs, A. L., and Stubbs, C. W. (2016a). Spectral discrimination in color blind animals via chromatic aberration and pupil shape. Proc. Natl. Acad. Sci. USA 113, 8206–8211. doi: 10.1073/pnas.1524578113

 Stubbs, A. L., and Stubbs, C. W. (2016b). Reply to Gagnon et al.: all color vision is more difficult in turbid water. Proc. Natl. Acad. Sci. USA 113:E6910. doi: 10.1073/pnas.1614994113

 Sugawara, K., Katagiri, Y., and Tomita, T. (1971). Polarized light responses from octopus single retinular cells. J. Fac. Sci. 17, 581–586.

 Sutherland, N. S. (1957). Visual discrimination of orientation and shape by the octopus. Nature 179, 11–13. doi: 10.1038/179011a0

 Sutherland, N. S. (1963a). The shape-discrimination of stationary shapes by octopuses. Am. J. Psychol. 76, 177–190.

 Sutherland, N. S. (1963b). Visual acuity and discrimination of stripe widths in Octopus vulgaris Lamarck. Pubbl. Staz. Zool. Nap. 33, 92–109.

 Sutherland, N. S., and Carr, A. E. (1963). The visual discrimination of shape by Octopus: the effect of stimulus size. Q. J. Exp. Psychol. 15, 225–235.

 Sweeney, A. M., Des Marais, D. L., Ban, Y.-E. A., and Johnson, S. (2007). Evolution of graded refractive index in squid lenses. J. R. Soc. Interface 4, 685–698. doi: 10.1098/rsif.2006.0210 

 Talbot, C. M., and Marshall, J. (2010). Polarization sensitivity in two species of cuttlefish - Sepia plangon (Gray 1849) and Sepia mestus (Gray 1849) - demonstrated with polarized optomotor stimuli. J. Exp. Biol. 213, 3364–3370. doi: 10.1242/jeb.042937 

 Tasaki, K., and Karita, K. (1966). Intraretinal discrimination of horizontal and vertical planes of polarized light by Octopus. Nature 209, 934–935. doi: 10.1038/209934a0 

 Tasaki, K., Norton, A. C., and Fukuda, Y. (1963a). Regional and directional differences in the lateral spread of retinal potentials in the Octopus. Nature 198, 1206–1208.

 Tasaki, K., Oikawa, T., and Norton, A. C. (1963b). The dual nature of the octopus electroretinogram. Vis. Res. 3, 61–72.

 Thomas, K. N., Robinson, B. H., and Johnson, S. (2017). Two eyes for two purposes: in situ evidence for asymmetric vision in the cockeyed squids Histiothethis heteropsis and Stigmatoteuthis dofleini. Philos. Trans. R. Soc. Biol. Sci. 372:20160069. doi: 10.1098/rstb.2016.0069

 Tonosaki, A. (1965). The fine structure of the retinal plexus in Octopus vulgaris. Z. Zellforsch. 67, 521–532. doi: 10.1007/BF00342584 

 Tsukahara, Y., Tamai, M., and Tasaki, K. (1973). Oscillatory potentials of the Octopus retina. Proc. Jpn. Acad. 49, 57–62. doi: 10.2183/pjab1945.49.57

 von Lenhossék, M. (1894). Zur Kennnis der Netzhaut der Cephalopoden. Z. Wiss. Zool. 58, 636–660.

 Weel, P. B., and Thore, S. (1936). Über die Pupillarreaktion von Octopus vulgaris. Z. Vgl. Physiol. 23, 26–33.

 Wells, M. J. (1960). Proprioception and visual discrimination of orientation in Octopus. J. Exp. Biol. 37, 489–499.

 Wells, M. J. (1966a). “The brain and behavior of cephalopods” in Physiology of mollusca. Vol. II, eds. K. M. Wilbur and C. M. Yonge (New York, London: Academic Press), 547–590.

 Wells, M. J. (1966b). “Cephalopod sense organs” in Physiology of mollusca. Vol. II, eds. K. M. Wilbur and C. M. Yonge (New York, London: Academic Press), 523–545.

 Wentworth, S. L., and Muntz, W. R. A. (1989). Asymmetries in the sense organs and central nervous system of the squid Histiotheuthis. J. Zool. 219, 607–619. doi: 10.1111/j.1469-7998.1989.tb02603.x

 Wiley, A. (1902). Contribution to the natural history of the pearly Nautilus. A. Wiley’s zoological results, part VI. Cambridge, UK: Cambridge University Press.

 Wolken, J. (1958). Retinal structure. Mollusc, Cephalopoda: Octopus, Sepia. J. Biophys. Biochem. Cytol. 4, 835–838. doi: 10.1083/jcb.4.6.835 

 Woods, J. (1965). Octopus-watching off Capri. Animals 7, 324–327.

 Yamamoto, T., Tasaki, K., Sugawara, Y., and Tonosaki, A. (1965). Fine structure of the octopus retina. J. Cell Biol. 25, 345–359. doi: 10.1083/jcb.25.2.345 

 Youn, S., Okinaka, C., and Mäthger, L. M. (2019). Elaborate pupils in skates may help camouflage the eye. J. Exp. Biol. 222:jeb195966. doi: 10.1242/jeb.195966 

 Young, J. Z. (1956). Visual responses by octopus to crabs and other figures before and after training. J. Exp. Biol. 33, 709–729.

 Young, J. Z. (1960). The visual system of Octopus (1) regularities in the retina and optic lobes of Octopus in relation to form discrimination. Nature 186, 836–839. doi: 10.1038/186836a0 

 Young, J. Z. (1962a). The optic lobes of Octopus vulgaris. Philos. Trans. R. Soc. Biol. Char. 245, 19–65.

 Young, J. Z. (1962b). The retina of cephalopods and its degeneration after optic nerve section. Philos. Trans. R. Soc. Biol. Char. 245, 1–18.

 Young, J. Z. (1963). Light- and dark-adaptation in the eyes of some cephalopods. J. Zool. 140, 255–272.

 Young, J. Z. (1971). The anatomy of the nervous system of Octopus vulgaris. Oxford: Clarendon Press.

 Young, R. E. (1975). Function of the dimorphic eyes in the midwater squid Histioteuthis dofleini. Pac. Sci. 29, 211–218.


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Hanke and Kelber. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphys-10-01637-g003.jpg
A\n

1099 %69 0095






OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Eye of the Common Octopus (Octopus vulgaris)



		Introduction



		General Introduction to Octopus Vulgaris



		Eye Size and Ocular Dimensions



		Visual Fields and Eye Movements



		Eye Lid and Cornea



		Pupil and Iris



		Lens and Accommodation



		Retina and Visual Function



		Dichroism of the Retina and Polarization Sensitivity



		Photoreceptor Density, Spatial, and Temporal Resolution



		Visual Pigment and Color Vision









		Discussion



		Author Contributions



		Funding



		Acknowledgments



		References



















OPS/images/fphys-10-01637-g001.jpg





OPS/images/fphys-10-01637-g002.jpg





OPS/images/cover.jpg
, frontiers
in Physiology










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Physiology





