
VIL Squid visual system
Cephalopods have large simple image-forming eyes, which are unlike the com-

pound eyes of most invertebrates. In I.oligo pealei the eye is about 1 em across, and
takes up a substantial part of the head. There are probably over 10 milion receptors
in each eye ( Young, 1963).

The anatomy of both the eyes and the optic lobes that they project to is in-
triguing (Young, 1971). The receptors have a rectangular crosssection with micro-
villi on two opposite faces of their distal segments (Zonana, 1961; Young, 1971;
Cohen, 1973). The distal segments are packed together'in a tight array and the mi-
crovilli in a cell are oriented parallel or perpendicular to those of neighboring cells.
This may be related to the detection of the polarization of light. Individual recep-
tors in Octo p'us vulgaris, which are anatomically similar to those of Loligo pealei,
respond to light polarised in a particular direction, usually either horizontal or ver-
tical on the retina (Tasaki and Tsukahara, 1972). The receptors contain a black

pigment, ommin, some of which migrates to the tips of the receptors in bright light
and there forms a dense layer. This reduces the amount of light reaching the recep-
tors substantially (Hagins and Liebman, 1962 ; Young, 1963; Daw and Pearlman,
1974) .

The receptors project directly back to the optic lobe. The axons of the receptors
are the fibres of the optic nerve, and fire action potentials (MacNichol and Love,
1961; Wurtz, 1961). The optic lobe is a large structure just behind the eye, almost
as large as the eye itself. Within the cortex of the optic lobe, layers of cells (nuclear
layers) alternate with layers of cell connections (plexiform layers). The core of the
optic lobe is occupied by a number of aggregations of cells whose function may not
be purely visual (Young, 1971). Golgi impregnations of cells in the layered part of
the optic lobe show that they fall into groups, defined by the arrangement of the
processes of the cells (Young, 1973). The processes of some cells end in a long nar-
row area in the outermost plexiform layer, whereas other cells have only a few

processes ending in a small area near the surface of the lobe. The optic lobe also

contains cells which send their processes back to the retina. These are therefore ef-
ferent fibers (Young, 1971; Cohen, 1973).

Golgi methods (Young, 1971, 1973) and electron microscopy (Cohen, 1973)
have been used to analyse these connections. The density of the optic lobes of ce-
phalopods is such that fixation by perfusion rather than by immersion is essential
for electron microscopy. These perfusions are readily carried out by cannulation of
the systemic heart. Whereas the retina is perfused in this procedure the tall distal seg-
ments of the visual cells occur in a non-vascular region. It is therefore useful to in-
ject the eye with additional fixative after the perfusion has started. (Cohen, 1973).

In some respects the squid has proved to be a very useful animal in which to
study the physiology and biochemistry of vision. In general, preparations devised
to study receptor processes and the initial absorption of light by the visual pigment
have been successful, while preparations devised to study the physiology of the
visual system at higher levels have not been so fruitfuL.

The success of preparations for studying receptor processes is due to the fact
that most of the cells in the retina are receptor cells, that the distal parts of the pho-
toreceptors, which contain the visual pigment, can be split off from the rest of the
retina with very little contamination, and that slices of retina will survive for hours
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in oxygenated sea water, For studying the visual pigment of the squid (rhodopsin),
the retina is frozen, This helps to detach the distal segments of the receptor, contain-
ing the visual pigment, from the cell bodies of the receptor cells and the supporting
cells, A series of fractionations removes contaminating material from the distal seg-
ments, then the visual pigment is extracted with digitonin, The whole procedure
must be carried out close to O°C and under red light, to avoid any degradation of
the visual pigment, Details of the procedures are given in Hubbard and St. George
(1958), Characteristics of the protein component of the pigment have been worked
out by F, J. M, Hagins (1973),

Pioneering work on squid rhodopsin showed that absorption of light converts it
to metarhodopsin but does not bleach it (Krukenberg, 1882; Bliss, 1942-3; Wald,
Durrell and St, George, 1950; Hubbard and St, George, 1958), In other words the
reaction stops at metarhodopsin and does not proceed to retinal + opsin, as it does
in the vertebrate, The metarhodopsin exists in two forms, acid metarhodopsin and
alkaline metarhodopsin, according to the pH (Hubbard and St, George, 1958),
Both forms are converted back to rhodopsin by the absorption of light, but with dif-
ferent spectral sensitivities, This pattern of conversion of rhodopsin to metarhod-
opsin involves the conversion of the chromophore, retinal, from the II-cis to the all-
trans form, The squid retina contains a second pigment, retinochrome, located in

the somal region of the receptors rather than the distal segments, This pigment con-
tains all-trans retinal which is converted by light to ll-cis retinal (Hara and Hara,
1972), Retinochrome may therefore playa part in the regeneration of squid rhod-
opsin, Retinochrome is extracted from the remainder of the retina after the distal
segments have been removed, by taking off the front half of the eye and stirring the
back half violently upside down in a solution of neutral phosphate buffer. Details of
subsequent procedures are given by Hara and Hara (1972),

The local origin of the receptor current was first established in the squid retina
(Hagins, et aI., 1962; Hagins, 1965), For this experiment, the retina is cut into slices
of 100-300u parallel to the length of the receptors and viewed under infrared light,
while electrodes are pushed into it, The slice is mounted on the cooled stage of an
inverted microscope, with an image converter attached, and the infrared light out-
lines the receptor distal segments and electrodes, while the area illuminated by visible
light can also be seen, With an array of three or more electrodes, it is possible to
measure the current flow resulting from illumination of a small area of the distal
segments of the receptors, and to see how the current flow varies when the spot of
light is moved, T\oVO factors which make this experiment feasible are the length of
the distal segments of the receptors (about 300u) and the uniformity of the receptor
population, The current flow acts as though current moves out across the receptor
membrane from all parts of the distal segments and back in to the receptor in the
illuminated area, In other words, ilumination of a limited part of a receptor leads
to changes in the membrane in the same limited area, This appears to be true for
vertebrate photoreceptors as well as squid, and is probably true for all photorecep-

tors in which the visual pigment is associated with the cell membrane,
Slices of retina can also be used to investigate a fast photovoltage which is cor-

related with conversion of rhodopsin to metarhodopsin and back again (Hagins and
McGaughy, 1967, 1968) and can therefore be used as an indicator of the state of
the visual pigment, This fast photovoltage is recorded across the retina in retinas
fixed with glutaraldehyde, which eliminates the large slow photocurrents, Precau-

tions must be taken to shield the electrode from light, to reduce electrical artifacts
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from the flash of light, and to correct for the thermoelectric voltage produced by

the ligh t.
Two preparations have been used in attempts to analyze the function of the

optic lobes in the squid, In one preparation the intact squid is held down on a board
by four pins (Wurtz, 1961; Daw and Pearlman, 1969), Some of the skin near the
optic lobes is dissected away, then an electrode is pushed through the remainder of
the skin without, if possible, opening the space between the eye and the lobe, which
is a venous sinus, The main problem with this preparation is that the squid moves
periodically, dislodging the electrode, and no drug has been found which will stop
the squid from moving without kiling it. For this reason a second preparation has
been devised, in which the eye and optic lobe are dissected and put into a perfusion
solution (Hartline and Lange, 1973), Details of this preparation have not yet been
published and at present the function of the fascinating anatomical structure of the
squid optic lobe is stil a mystery,
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