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Abstract

The topographic distribution of retinal ganglion
cells was investigated in a retinal wholemount of
an Irrawaddy dolphin (Orcaella brevirostris). Two
zones of increased concentration of ganglion cells
were observed—one in the temporal segment and
the other in the nasal segment of the retina. The
maximal cell concentration was 250 cell/mm? in
the temporal area and 194 cell/mm’ in the nasal
area. Based on the posterior nodal distance of
11 mm, the resolution was evaluated as 19.8 arc
min in the temporal retinal area (the frontal visual
field) and 22.4 arc min in the nasal retinal area
(the temporal visual field). Among retinal gan-
glion cells, a group of giant cells that ranged from
42 to 52 pm in diameter were observed; these
cells represented 8% of the total population. The
obtained data allowed us to suggest that the pres-
ence of two areas of concentrated ganglion cells
is characteristic of many delphinids inhabiting
both clear oceanic waters or turbid river waters,
whereas low ganglion cell density is associated
with optic properties of the media.
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Introduction

Cetaceans feature unique retinal organization. The
majority of terrestrial mammals have one zone
of high resolution in their retina: the fovea, area
centralis, or visual streak (Hughes, 1977; Collin,
1999). Several large-bodied terrestrial mammals
(the elephant, hippopotamus, and rhinoceros) have
more than one area of increased retinal resolution
(Pettigrew & Manger, 2008; Pettigrew et al., 2010;
Coimbra & Manger, 2017; Coimbra et al., 2017);
however, the single-area retinal organization is
mostly typical. The majority of cetaceans have two
high-resolution zones in the temporal and nasal sec-
tors of the retina. This type of retinal organization is

characteristic of many marine cetaceans. This orga-
nization is described in a number of odontocetes,
specifically, the common dolphin (Delphinus del-
phis; Dral, 1983), harbor porpoise (Phocoena pho-
coena; Mass & Supin, 1986), bottlenose dolphin
(Tursiops truncatus; Mass & Supin, 1995), Dall’s
porpoise (Phocoenoides dalli; Murayama et al.,
1995), beluga (Dephinapterus leucas; Murayama
& Somiya, 1998; Mass & Supin, 2002), Pacific
white-sided dolphin (Lagenorhynchus obliquidens;
Murayama & Somiya, 1998), and killer whale
(Orcinus orca; Mass et al., 2013), as well as in
several mysticetes, specifically, the minke whale
(Balaenoptera acutorostrata; Murayama et al.,
1992), gray whale (Eschrichtius gibbosus; Mass &
Supin, 1997), Bryde’s whale (Balaenoptera edeni),
and humpback whale (Megaptera novaeangliae)
(Lisney & Collin, 2018). In these high-resolution
zones, the density of retinal ganglion cells provides
the retinal resolution expressed in arc minutes of the
visual field ranging from 8 arc minin the common
dolphin and harbor porpoise to 11.8 arc min in the
Pacific white-sided dolphin and beluga.

All the odontocete species listed above are
marine dolphins inhabiting relatively clear oce-
anic waters. A similar organization of the retina
with two zones of increased cell densities was also
found in a river dolphin, the baiji (Lipotes vexil-
lifer), which inhabits low-transparent river and
lake waters (Gao & Zhou, 1987). Therefore, this
pattern of retinal organization is extensively pre-
sented among cetaceans, seemingly irrespective
of their phylogenetic position and optic properties
of the inhabited environment.

An exception was found in the Amazon river
dolphin (Inia geoffrensis; Iniidae). This animal has
only one retinal zone of higher resolution (Mass
& Supin, 1989). Unlike many other cetaceans,
the zone of increased cell density in this species
is located in a ventral retinal sector and features
a low density of ganglion cells that provide a reti-
nal resolution of 40 arc min. This peculiarity of the
retina in the Amazon river dolphin was suggested
to be associated with inhabiting turbid river water.
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The following question arises: “Does the differ-
ence between the Amazon river dolphin and the
majority of other cetaceans result from the differ-
ences in ecology (e.g., water turbidity) or their phy-
logenetic differences?” An attempt to answer this
question was to investigate retinal topography in
river dolphins belonging to families which include
mostly species with two high-resolution zones in
their retinae. Such an investigation was performed
in both a representative of the Phocoenidae family,
the finless porpoise (Neophocaena phocaenoides;
Gao & Zhou, 1987), and in a representative of the
Delphinidae family, the riverine tucuxi (Sotalia flu-
viatilis; Mass & Supin, 1999). These studies have
shown that the retinae in the finless porpoise and
tucuxi feature qualitatively the same topographic
organization as in marine phocoenids and delphi-
nids —specifically, two zones with a high concen-
tration of ganglion cells. However, retinal resolu-
tion resulting from the ganglion cell density in the
tucuxi was 25 arc min, which is 2.5 to 3 times less
than that in marine delphinids (in the finless por-
poise, the cell density of 210 of 250 cells/mm? was
not converted to retinal resolution). These results
may be assessed as a preliminary indication that
retinal topography (either two zones of high gan-
glion cell concentration in the nasal and temporal
retinal segments or one zone in the ventral seg-
ment) characterizes the phylogenetic position of
the species, whereas the high or low density of gan-
glion cells depends mostly on the optic features of
the media.

Results cannot be generalized to all cetaceans,
however, because they were obtained in only two
species, and information on retinal resolution
was available in only one of them. Additionally,
whether the specific topographic organization in
the Amazon river dolphin (one high-density zone
in the ventral part of the retina) and a low concen-
tration of ganglion cells are associated with one
another or whether these retinal characteristics are
independently influenced by phylogeny and mode
of life remain unclear. To obtain more confident
conclusions, data on other riverine delphinids are
desirable. In this respect, the Irrawaddy dolphin
(Orcaella brevirostris) may be of interest. This spe-
cies belonging to the Delphinidae family inhabits
lagoons of rivers of Southeast Asia with turbid
waters (Stacey & Hvenegaard, 2002; Smith, 2018).

Therefore, the goal of the present study was
to investigate the topography of retinal ganglion
cells and retinal resolution in the Irrawaddy dol-
phin. The study was performed using morpho-
logical investigation of retinal wholemounts. This
method allows us to count all retinal ganglion
cells and, thus, to compose a complete map of
ganglion cell distribution across the retina and to
assess retinal resolution.

Methods

Material

The Irrawaddy dolphin is included in the
International Union for Conservation of Nature’s
(IUCN) Red List as “Vulnerable,” with several
populations assessed as “Extremely endangered”
(Smith, 2018). Therefore, the only source of mate-
rial for morphological investigation could be ani-
mals that naturally or accidentally die. In 2007,
one dead Irrawaddy dolphin was found tangled
in a fishing net in an area of the Mekong River,
Vietnam. The body length of this animal was
180 cm. Two eyes of this animal were obtained
for investigations.

Eye Enucleation

Both eyes were enucleated. Retinal wholemounts
were prepared as described earlier (Mass et al.,
2013). Before enucleation, the dorsal pole of the
eyeball was marked by a cut. The eyeballs were
fixed in 10% buffered formalin; then, the anterior
chamber and lens were removed to provide access
to the retina. Internal eyecup dimensions and lens
sizes were measured.

Retinal Wholemount Preparation

The same procedure was followed for both the left
and the right eyes. Briefly, the preparation proce-
dure was as follows: The dorsal pole of the retina
was marked by a cut, and the retina was excised
from the eyecup. Several radial cuts were made in
the retina to allow it to be flattened on a flat glass.
The retina was mounted on a glass slide with the
ganglion layer facing upward and air dried. Then,
the retina was stained by the Nissl method with
0.1% cresyl violet under visual monitoring to stain
the ganglion cell layer, not deeper layers. The
preparation was dehydrated in alcohols, clarified
in xylene, and embedded in Permount (Electron
Microscopy Sciences, Hatfield, PA, USA). Since
the retina was glued to the glass prior to dehydra-
tion, tissue shrinkage was not observed except a
slight shrinkage at the edges.

One of the two obtained wholemounts was
found to be unsuitable for microscopic investiga-
tion because of insufficient tissue preservation,
probably because of postmortem degradation.
Therefore, only one wholemount was available
for analysis.

Microscopic Investigation

For composition of the cell distribution map, the
wholemount was inspected with an Olympus
BX41 microscope (Shinjuku, Tokyo, Japan) with
a low power, a x20 objective, and a x10 ocular.
The objective was focused on the ganglion cell
layer, which was the closest to the surface of the
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wholemount. During the inspection, ganglion
cells were counted across the entire retinal sur-
face. Counting was performed in samples of 0.5
x 0.5 mm with 0.5 mm steps (1,124 samples; the
overall area of 281 mm?) in zones of high cell con-
centration or 1 x 1 mm with 1 mm steps (277 sam-
ples; the overall area of 277 mm?®) in zones of low
cell concentration. Thus, the whole area where the
cell densities were counted was 558 mm?’. Cell
counts in samples of 0.5 x 0.5 mm were converted
to their concentration as the number per 1 mm?®.

For measuring cell sizes, digital photographs
were made using a Moticam 2300 digital camera
(Motic Hong Kong Limited, Hong Kong) and
Image Plus 2.0 software (Motic Hong Kong
Limited).

Data Processing
The cell distribution map was generated based on
the cell count data. The map was designed by a
custom-made program in the LabVIEW program
shell (National Instruments [NI], Austin, TX, USA).
The program drew isodensity lines by interpolation
between samples with cell concentrations immedi-
ately above and below the specified density.

To calculate the retinal resolution, we assumed
that the mean intercell distance is calculated as
follows:

d =1/VD,

where d is the intercell distance (mm) and D
is the cell density (cells/mm?). This intercell dis-
tance in the retina was converted to distance in
minutes of visual field as follows:

a = 3439d/r,

where « is the angular distance, r is the postero-
nodal distance, and 3439 serves as the radian/
minute ratio. For assessment of the posterior
nodal distance, it was assumed that the lens is the
only effective refractive structure for underwater
vision; therefore, the nodal point is in the center
of the lens. The exact position of the lens relative
to the retina was not measured because both avail-
able eyes were used for wholemount preparation.
Based on a previous investigation, we assumed as
a first approximation that the lens was concentric
with the hemispheric retina. Therefore, the pos-
terior nodal distance was assumed to be equal to
the eyecup radius. The obtained angular intercell
distance was taken as the retinal resolution in
angular minutes.

For cell size assessments, areas of cell profiles
were measured in digital photographs. The equiva-
lent cell size was computed as the diameter of a
circle of the area equal to that of the cell profile.

Results

Eye Anatomy and Dimensions

The eyeball had a conical shape because the
developed retractor muscles were attached to the
posterior segment of the eye. The eyecup was flat-
tened in the axial direction and slightly flattened
in the dorsoventral direction. The vertical and hor-
izontal outer diameters of the eye from which the
analyzed wholemount was obtained were 24 and
26 mm, respectively, with a mean of 25 mm. The
eyecup was hemispherical. The internal vertical
and horizontal diameters of the eyecup measured
after removing the retinae were 21 and 23 mm,
respectively, with a mean of 22 mm. Therefore,
the radius of the internal eyecup surface was
assessed as 11 mm.

The iris had a shape typical of that previously
described for many cetaceans—specifically, with
a 4-mm protuberance (U-shaped operculum)
extending from the dorsal edge of the pupil.

The lens was a slightly flattened sphere. Its
transverse diameter was 8 mm, and its axial
dimension was 7 mm. As longitudinal sections of
the eyes were not prepared, the exact position of
the lens relative to the eyecup could not be estab-
lished. As a first approximation, the position of
the lens could be assessed as concentric with the
eyecup hemisphere.

A well-developed blue-green tapetum cov-
ered almost the entire fundus except for a small
dark-pigmented ventral part. The sclera of the eye
was thick, the optic nerve output was displaced
dorsally relative to the eyecup axis, and the optic
nerve diameter was 2.5 mm.

The ganglion cell layer displayed several
unstained spots (Figure 1), which might be
an indication of retinal postmortem damage.
Nevertheless, numerous stained somas of ganglion

100 pm

Figure 1. Microphotograph of the ganglion layer. The circle
marks a giant ganglion cell. Note the large intercellular
distances.
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cells were visible. The cells were considered gan-
glion if they had a polygonal shape, cytoplasm
with deeply stained Nissl granules, a nucleus that
was lighter than the cytoplasm, and a dark-stained
nucleolus inside the nucleus.

The ganglion cell density was rather low. The
distances between the nearest cells ranged from
20 to 30 to greater than 100 um (Figure 1).

Ganglion Cell Topography

The map of ganglion cell distribution displayed
rather low cell density (Figure 2). The highest
cell density was found in the temporal segment
of the retina; this density reached 250 cells/
mm?. Another zone of increased cell density was
observed in the nasal segment, where it exceeded
150 cells/mm? but did not exceed 200 cells/mm?.
A cell density greater than 250 cells/mm? was not
observed in any part of the retina.

In more detail, the cell density in- and outside of
the high-density zones is illustrated by a plot that
presents the cell density distribution along a line that
passes through both the high-density zones and the
optic disk (Figure 3). This plot shows the cell density
maxima of 194 cells/mm? in the nasal zone (11.5 mm
from the optic disc) and 250 cells/mm? in the tempo-
ral zone (12 to 12.5 mm from the optic disc).

Giant Cell Topography

Among ganglion cells, a small number had diam-
eters greater than 40 to 50 pm, which substantially
exceeded the diameters of the majority of other
cells. To ensure that these cells compose a sepa-
rate group, the ganglion cell size distribution was
analyzed. The obtained distribution was bimodal
in that it demonstrated the presence of two groups
of cells based on differing sizes.

The majority (92%) of cells had sizes ranging
from 16 to 36 um (mean + SD =254 + 4.8 pm).
A small number (8%) of cells had sizes from 42 to
52 um (mean + SD =45.3 + 3.8 um) (Figure 4).

The topographic distribution of these giant cells
was mapped separately (Figure 5). Consistent
with the low percentage of giant cells, their den-
sity never exceeded 9 cells/mm’. The positions of
the highest-density zones for the giant cells were
generally the same as those for cells of smaller
sizes. Specifically, the highest concentration of
8.6 cells/mm’ was observed in the temporal seg-
ment of the retina; a slightly lower peak density of
7.2 cells/mm* was observed in the nasal segment.

To present giant cell density in more detail, their
distribution was plotted along a line that passes
through both the high-density zones and the optic
disk (Figure 6). The plot shows the cell density
maxima of 7.2 cells/mm? in the nasal zone (7.5 to
8 mm from the optic disk) and 8.6 cells/mm’ in the
temporal zone (14 to 14.5 mm from the optic disk).

Figure 2. Ganglion cell density map of the wholemount.
Isodensity lines delimit zones of cell densities from 50 to
250 cells/mm? with steps of 50 cells/mm?. D, T, V, and N
= dorsal, temporal, ventral, and nasal poles, respectively.
The dashed line marks the line of cell density plotting for
Figure 3.
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Figure 3. Cell density as a function of distance from the
optic disk along the nasal-to-temporal line marked in
Figure 2
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Figure 4. Distribution of ganglion cell diameters: ml =
mean size; SD1 = standard deviation for cells less than
40 um (Group 1); and m2; SD2 = the same for cells larger
than 40 pm (Group 2).



72 Mass and Supin
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Figure 5. Giant (greater than 40 um) ganglion cell density
map of the wholemount. Isodensity lines delimit zones of
cell densities from 2 to 8 cells/mm? with steps of 2 cells/
mm’. D, T, V, and N = dorsal, temporal, ventral, and nasal
poles, respectively The dashed line marks the line of cell
density plotting for Figure 6.
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Figure 6. The same as noted in Figure 3 for giant ganglion
cells

Retinal Resolution

With a posterior nodal distance of 11 mm and a
maximal ganglion cell density in the temporal
area of 250 cells/mm?, the retinal resolution was
19.8 arc min. This retinal resolution is valid for
the frontal direction of vision. In the nasal zone
(temporal direction of vision), the cell density of
194 cells/mm? resulted in a retinal resolution of
22 .4 arc min.

Discussion

The weakness of the present study was the limita-
tion of the available material. Specifically, we had
only one retinal wholemount that allowed ganglion
cell counting. Given these material limitations,
we were not capable of statistically assessing how
the investigated Irrawaddy dolphin represents the

whole population. Nevertheless, we assumed that
the available retina was not a unique example that
principally differed from those in other individu-
als. Therefore, we assumed that the obtained data
served as a first approach in the assessment of the
retinal properties in the Irrawaddy dolphin. These
properties can be summarized as follows:

e Anatomical features of the eye were common
among many other marine cetaceans previ-
ously studied. These features included a coni-
cal shape of the eyecup, a hemispheric eyecup
slightly flattened in the axial and dorsoventral
directions, a typical shape for an iris with an
operculum, and a slightly flattened spherical
lens. The presence of giant ganglion cells in
the retina also resembles that feature in sev-
eral cetaceans (Dawson et al., 1982; Mass &
Supin, 2007; Mass et al., 2013).

*  Qualitatively, the pattern of the ganglion-
cell layer map was the same as in represen-
tatives of several families of marine ceta-
ceans, both odontocetes and mysticetes (see
“Introduction”). This pattern is character-
ized by two zones of ganglion cell concen-
tration—one in the temporal segment and
the other in the nasal segment of the retina.
Based on this feature, the ganglion cell distri-
bution in the Irrawaddy dolphin is similar to
that of a riverine dolphin of the Delphinidae
family —namely, the tucuxi (Mass & Supin,
1999); and it differs from that of a riverine
dolphin of the Iniidae family —namely, the
Amazon river dolphin (Waller, 1982; Mass &
Supin, 1989).

e Quantitatively, the cell density in the
Irrawaddy dolphin resembles that in riverine
dolphins of both the Delphinidae (the riverine
tucuxi) and Iniidae (the Amazon river dolphin)
families. Respectively, the retinal resolution of
19.8 to 22.4 arc min in the Irrawaddy dolphin
is closer to the 25 arc min in the riverine tucuxi
(Mass & Supin, 1999) and the 8 to 10 arc min
in marine odontocetes (Herman et al., 1975;
Dral, 1983; Mass & Supin, 1995; Murayama
et al.,, 1995; Mass et al., 2013), although
higher than the 40 arc min in the Amazon river
dolphin (Mass & Supin, 1989).

Thus, by combining the data obtained in riv-
erine dolphins both in previous investigations in
the finless porpoise and baiji (Gao & Zhou, 1987),
the Amazon river dolphin (Mass & Supin, 1989),
and the tucuxi (Mass & Supin, 1999) and in the
Irrawaddy dolphin in the present study, we can
suggest the following:
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e The specific pattern of ganglion cell distri-
bution that is characterized by the presence
of two areas of ganglion cell concentration is
characteristic of many, but not all, delphinid
families, independent of whether they inhabit
clear oceanic waters or turbid river waters.
The pattern that is characterized by one spot
of ganglion cell concentration in the ven-
tral part of the retina is characteristic of the
Iniidae family (not considering families that
have not been investigated to date).

e The low density of ganglion cells is associ-
ated with optic properties of the media and
is characteristic of dolphin species inhabiting
turbid river waters, including members of both
Delphinidae and Iniidae (again, not consider-
ing families that were not investigated to date).
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