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Abstract The ocean sunfish, Mola mola, is the
largest known bony fish. Based on prior studies of
diet composition, it is considered to be a pelagic
zooplanktivore. However, a recent study using acous-
tic telemetry revealed that they repeatedly dive to
depths of >50 m during the day. We examined the
distribution of cells within the retinal ganglion cell
layer in the immature ocean sunfish (c.a. 50 cm total
length) and estimated their visual acuity with respect
to the main visual axis and visual fields. Visual acuity
was between 3.37 and 4.41 cycles/degree. The region
of highest cell density was located in the dorso-
temporal retina, indicating that the main visual axis of
ocean sunfish is directed towards the lower frontal
portion of the visual field. This axis is considered
beneficial for detecting prey items when the sunfish
are migrating vertically through the water column,
and in foraging behavior near the sea bottom.
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Introduction

The ocean sunfish, Mola mola, is the largest known
bony fish (Gudger 1928; Matsuura and Tyler 1998).
They feed primarily on gelatinous zooplankton, so are
generally considered to be pelagic zooplanktivores
(Fraser-Bruner 1951). However, a recent study using
acoustic telemetry found that ocean sunfish (73—
151 cm in total length) often dive repeatedly to
depths in excess of 50 m during the day. Surprisingly,
some individuals were even recorded approaching
depths of 400 m (Cartamil and Lowe 2004). In
addition, brittle-star and/or flounder have been found
in the gut of ocean sunfish. The results of these
studies suggest that ocean sunfish sometimes feed on
the sea bottom (Bass et al. 2005), challenging the
traditional notion that this species is strictly a pelagic
zooplanktivore.

The topography of retinal ganglion cells has
been investigated in a number of fish species. It has
been suggested that the location of peak cell
density often reflects both the habitat and main
visual axis of feeding behavior (Collin and Pettigrew
1988a, b; Shand et al. 2000). However, the retina of
adult or juvenile ocean sunfish has not been
examined to date. The large body size of ocean
sunfish, especially adults, makes sampling and/or
holding of specimens problematic for histological
studies. We studied the retinal histology of immature
ocean sunfish by measuring the density of cells
within the retinal ganglion cell layer and estimating
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Table 1 Summary of counts of cells within the retinal ganglion cell layer and calculation of visual acuity in four retinas of ocean

sunfish
Eye diameter Retinal surface area Counted Av. cell density Total cell D Lens diameter PND SRP
(m) (mm?) points  (cells/mm?) no. (cell/mm?) (m) (m)  (cycles/degree)
Mola-1 Left 352 1,072 318 11.8x10 126x10* 2,160 8.38 10.68 4.33
Mola-2 left 333 724 192 10.6x107 765x10° 2,192 8.46 10.79 4.41
Mola-3 Left 354 916 290 7.9%x10? 724x10° 1,296 8.41 10.72 3.37
right 33.8 1,028 303 8.1x10% 833x10° 1,408 8.41 10.72 3.51

their main visual axis and anatomical spatial resolv-
ing power (SRP). Based on the retinal topography
we make inferences regarding the behavior and
biology of this species.
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Fig. 1 Photographs of ganglion cells from the right retina of
Mola-3. A The high density region in the dorso-temporal
margin and B the low density region in the nasal retina. Scale
bar: 30 um
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Materials and methods

Three Mola mola specimens were obtained from
fishermen at the Shimakatsu fishing port, Mie-
Prefecture, Japan on 19 December 2005 (Mola-1:
423 mm total length, 3.3 kg body weight; Mola-2:
430 mm total length, 3.4 kg body weight) and on 27
March, 2006 (Mola-3: 455 mm total length, 3.5 kg
body weight). These specimens were relatively
young, immature fish (Nakatsubo et al. 2007). We
took photographs of the dorsal, lateral, and frontal
aspects of the specimens to determine their body
profile and eye position relative to the body.

A solution of 10% formalin was injected into the
bulbus arteriosus to achieve perfusion fixation. The
specimens were then post-fixed by immersion in 20%
formalin for a week. The left eyeballs of Mola-1 and
Mola-2 and both the left and right eyeballs of Mola-3
were used and the retinas were flat mounted by
making peripheral incisions. Whole-mount prepara-
tions of each retina were then made following the
protocol of Ito and Murakami (1984). The unstained
flat mounted retinas were scanned. Shrinkage may
occur during retinal whole-mount preparation, pre-
sumably due to fixation and dehydration. We
estimated the shrinkage caused by staining by
comparing post-stain images with the original scans.
We were not able to evaluate the occurrence of
shrinkage due to fixation.

Each retina was then divided into five segments,
centered at the optic papilla. Each of the retinal
segments were glued onto a gelatinized slide with the
ganglion cell layer facing upwards, and stained with
cresyl-violet, dehydrated, and mounted in EUKITT
(O. Kindler GmbH and Co., Germany). The number
of ganglion cells per 0.25x%0.25 mm area was counted
at 2 mm intervals across all the retinal pieces, under a
light microscope using an ocular micrometer. We
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sampled 318, 192, 290, and 303 points on the left
retinas of Mola-1 and Mola-2 and the left and right
retinas of Mola-3, respectively (Table 1). The position
of each point was mapped onto the scan of the
original retina. The counts of cells within the retinal
ganglion cell layer were converted to give the number
of cells/mm?. Finally, isodensity contour maps of the
cells within the retinal ganglion cell layer were
constructed for each of the four retinas. Anatomical
SRP was calculated from the maximum ganglion cell
density (D). The posterior nodal distance (PND) of
the eye was derived by multiplying the lens radius (r:
mm) and Matthiessen’s ratio (2.55), i.e. PND=2.55r
(Collin and Pettigrew 1989).

Results and discussion

The diameter of the four eye balls ranged from
33.3 mm to 35.4 mm and retinal surface area was
between 724 mm? and 1,072 mm? (Table 1). Ganglion
cells were non-uniformly distributed across the
retina (Fig. 1). The average cell density estimated

Fig. 2 Isodensity contour
maps showing the distribu-
tion of Nissl-stained neurons
(retinal ganglion and dis-
placed amacrine cells) locat-
ed within the ganglion cell
layer in the left retina of
Mola-1 (A), the left retina of
Mola-2 (B), and the left (C)
and right (C’) retinas of
Mola-3. All cell densities x
10> mm®. N = nasal; V=
ventral. The symbols (e)
indicate the position of the
optic papilla and the stars
depict the position of the
localized peak in cell density.
Scale bar: 1 cm

from the counts of cells within the retinal ganglion
cell layer was between 7.9x10% and 11.8x10?
cells mm 2.

The topographical distribution of ganglion cells
differed among the four retinas. However, the region
of highest density was always located at the dorso-
temporal margin (Fig. 2). Nissl-staining with cresyl-
violet stains both ganglion cells and a population of
non-ganglion cells (‘displaced” amacrine cells).
Therefore, the calculations of cell density may be
overestimated. However we expect that the topo-
graphic patterns we observed would be unchanged if
non-ganglion cells are in included the cell counts
(Bailes et al. 2006). The peak density of cells in the
left retinas of Mola-1 and Mola-2 was 2,160 and
2,192 cells mm 2, respectively. The peak density of
cells in the left and right retinas of Mola-3 was 1,296
and 1,408 cells mm 2, respectively (Table 1). The
lowest density of ganglion cells was measured near
the nasal region of the retina (Fig. 2); where cell
density was between 272 and 544 cells mm 2.

In general, the visual axis of a fish is defined as the
direction linking the center of the lens and the retinal
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positions with the highest cell density (Tamura 1957).
Deciding certain position of lens center in the retinal
whole-mount image is difficult. We used a direction to
the opposite side of the retina from the position of the
region of peak cell densities passing through the optic
nerve head. Thus, we estimated that the main visual axis
was directed towards the lower frontal portion of the
visual field (1020 degrees below the horizon) (Fig. 3A).
Furthermore, the estimated field of best vision, defined
as the area containing ganglion cell density at 75% of
maximum values (Heffner and Heffner 1992) was at
approximately 80 degrees (Fig. 3A).
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Fig. 3 Schematic diagram of the visual field of the ocean
sunfish. The images were traced from photographs of Mola-3. A
Lateral view of the binocular visual field based on the
distribution of cells within the retinal ganglion cell layer.
Topographical contour maps of a, b, ¢, and ¢’ are copies of
Fig. 2-A, B, C and C’, respectively. The meshed area indicates
the area where ganglion cell density is >75% of maximum.
Presumptive visual axis (VA) was estimated from the position
of the region of peak cell densities passing through the optic
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The monocular field of best vision was estimated
using the area of highest cell density and the pupillary
plane of the eye, which was measured from the dorsal
fish profile (Fig. 3B). The highest density angle in the
eye cup cross section was calculated as the average
ratio of the width of the area with >75% cell density
to the total retina width for all four retinas (Fig. 3A).
This value occurs within an angle of about 36 degrees
in the forward direction relative to the body axis of
the fish (Fig. 3B). The binocular visual field, based on
the relationship between body morphology and eye
position, was estimated to be ~30 degrees, and the

approx. 30° ©

Y
blind spot?

nerve head in place of the center of the lens. B Dorsal view of
the binocular visual field, based on the eye position, and the
monocular visual field, based on the area of >75% cell density
(indicated by the dashed line in the enlarged schematic left
eyeball). PP = pupillary plane of the eye. C Frontal view of the
head showing the blind spot above the head which was
estimated based on eye position and body shape. White arrows
indicate the direction of light penetration under which ocean
sunfish are camouflaged
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monocular visual field was as wide as 180 degrees
within the lateral plane (Fig. 3B).

Cartamil and Lowe (2004) showed that ocean
sunfish often dive to depths of 40—150 m for short
durations (about 10 min) during the daytime. They
hypothesized that this diurnal diving behavior is a
means of foraging for prey items that migrate
vertically. Taken together with the results of our study
and the location of the main visual axis, we suggest
that ocean sunfish detect their prey items during their
descent through the water column. In addition, the
visual axis might also be effective for foraging near
the sea bottom.

Ocean sunfish are able to cover a large distance
during a single day (26.8 km day ') and their
movements are often highly directional (Cartamil
and Lowe 2004). The position of peak cell density
is typically related to the habitat and/or main visual
axis for feeding. We hypothesize that the direction of
the visual axis and visual field may also aid in
migratory movements in ocean sunfish. Eye move-
ments, particularly in the ventral plane, were observed
in the live specimens (Fig. 4). Such movement may
change both the visual field and the main visual axis.

When observed from the front, the ocean sunfish is
rhomboidal in cross section. The eyes are positioned
such that the visual field is blocked dorsally (Fig. 3C).
Thus, the ocean sunfish may have a blind spot
dorsally due to the protuberance of the upper margin
of the eyes. Given this, the ocean sunfish is
potentially vulnerable to an attack from above. It is
thought that the sunfish address this issue behavior-
ally by swimming with a horizontal incline (Matsuura
and Tyler 1998) which would allow them to alter their
visual field. The dark back and lighter belly (counter
shading) are also adaptations that reduce their
visibility to predators/prey in the open ocean. The
ventral region is shaped like an inverted triangle with
an acute angle at the tip, which may also reduce the
ability of predators to detect the ocean sunfish from
below (Fig. 3C).

The parameters calculated from peak cell densities
are shown in Table 1. The SRPs were 4.33, 4.41,
3.37, and 3.51 cycles per degree for the Mola-1 left
retina, Mola-2 left retina, and Mola-3 left and right
retinas, respectively. Retinal shrinkage following
staining was between 8% to 10%. However, the
decrease in the estimated maximum SRP due to
shrinkage was less than 0.21 cycles per degree.

Fig. 4 Photographs of eye movement in ocean sunfish (Mola-3).
A directed laterally, B directed anterio-ventrally, C directed
ventrally, and D directed tempro-ventrally. N = nasal; ' = ventral
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The SRP of immature ocean sunfish is comparable
to that measured (calculated using the peak ganglion
cell densities) in several adult sharks (3.7, Scyliorhinus
canicula; 3.8, Galeus melastomus; and 2.8 cycles per
degree, Etmopterus spinax: Bozzano and Collin 2000),
and slightly higher than adult cetaceans (3.3, Pseudorca
crassidens; 2.7, Lagenorhynchus obliquidens; 2.6
cycles per degree, Delphinapterus leucas: Murayama
and Somiya 1998), but much lower than the adult marlin
(8.5 cycles per degree, Makaira nigricans: Fritsches
et al. 2003). However, it is well known that the visual
acuity of fish increases with growth in size (Hariston
et al. 1982; Miyazaki et al. 2000; Shand et al. 2000).
The largest ocean sunfish specimen recorded to date
measured in excess of 3 m (Nelson 2006). Therefore, the
visual acuity we report may change as the animal grows.

We know very little regarding the ecology of ocean
sunfish due to the difficulties associated with observ-
ing their behavior in their natural environment. To
better understand their life history, retinal histology at
the larval, juvenile, and adult stages may provide
insights into behavior that can be combined with the
results of biotelemetry studies.
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