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Abstract

The anatomical and histological features of the foveae in a gull, Larus michahellis, were investigated combining immuno-
fluorescence and transmission electron microscopy. In an area of higher acuity, which extends in a band across the field of
view, a central convexiclivate deep fovea was observed near of the pecten oculi. Moreover, a shallow fovea was present in the
dorsonasal region. The central deep fovea was characterized by a remarkably and well-excavated pit containing extremely thin
cones and a radial displacement of the cone axons and inner retinal layers. Immunofluorescence demonstrated the absence
of rods and the presence of violet and green/red sensitive cone opsins. Ultrastructural analyses confirmed the lack of double
cones, and specialized Miiller cell processes forming a network that stabilizes the foveal structure. This deep central fovea,
which provides the highest resolution and colour discrimination, may be used for monocular sideways vision of distant
objects and a binocular fixation. The dorsonasal fovea was shallower and all retinal layers were present at the pit. This fovea
showed the same composition of photoreceptors than central fovea and could be implied in magnification of a wide monocular
part of the retinal image. The bifoveate condition of yellow-legged gull retina would allow the formation of three separate
and distinct visual fields: two wide lateral monocular fields mediated by the dorsonasal and the central foveae, and a small

binocular field mediated by the central deep fovea depending on ocular movements.
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Introduction

Most birds use the vision as main sense to obtain informa-
tion about their environment. Vision provides spatial infor-
mation to navigating, evading predators, finding food and
matchmaking (Brach 1977; Hart 2001; Fernandez-Juricic
et al. 2004; Jones et al. 2007; Martin 2007; Baumhardt et al.
2014). In birds, visual sensory demands vary substantially
across species and the eyes and the retina of different spe-
cies are adapted to best support their unique visoecological
lifestyles (Walls 1942; Hughes 1977; Tyrrell et al. 2013;
Moore et al. 2017a; Baden and Osorio 2019). The informa-
tion received about the habitat will define the characteristics
of the retina and different types, numbers and positions of
retinal specializations coinciding with areas of greater visual
acuity that allow to obtain a higher information about the
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visual space (Collin 1999b; Moore et al. 2017a). These spe-
cializations are areas, visual streak, radial anisotropy, area
gigantocellularis and foveae (Moore et al. 2017a).

Areas are regions of the retina where a thickening occurs
due the increased density of retinal neurons. They allow
greater visual acuity and depending on the species they
can be found in different retinal regions, although they are
usually located at the centre of the retina (Slonaker 1897;
Walls 1942; Hughes 1977; Collin 1999b; Rahman et al.
2006; Tyrrell and Fernidndez-Juricic 2015). The visual
streak is described as a band-like thickening across the
retina due to the increase in the density of ganglion cells.
Visual streak serves to increase spatial resolution across the
horizon and is generally found in species that live in open
habitats dominated by a skyline (Slonaker 1897; Pumphrey
1948a; Hughes 1977; Hayes et al. 1991; Collin and Partridge
1996; Fernandez-Juricic et al. 2011; Lisney et al. 2013).
Radial anisotropy is a retinal specialization where neural
cell density is configured opposite to the area, producing a
concentric increase toward the periphery (Dunlop and Bea-
zley 1984). This arrangement appears to be that it improves
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acuity at the periphery of the visual field, as well as being
involved in motion detection. It is found in many aquatic
species but it has not been described in birds (Dunlop and
Beazley 1981, 1984; Collin and Partridge 1996). The area
gigantocellularis is a specialized region consisting of a high
proportion of giant retinal ganglion cells. These cells have
large receptive fields which could increase sensitivity at the
expense of spatial resolution, and are involved in motion
detection (Hayes et al. 1991; Inzunza et al. 1991; Reuter
and Peichl 2008; Coimbra et al. 2009). Hayes et al. (1991)
hypothesized that the area gigantocellularis in procellari-
iform seabirds is used in movement detection and is usually
assumed to be the same as that of the giant Y-type retinal
ganglion cells in mammals (i.e., motion detection). Moreo-
ver, it has been reported in passerines (Coimbra et al. 2009)
and fishes (Collin et al. 1998; Muguruma et al. 2013).

In birds, improved visual acuity may be correlated with
the presence of well-developed area and fovea (one or two).
Foveae are always found in an area, although this does not
imply that there is a fovea in all areas. Foveae consist of an
invagination of the retinal tissue caused by a radial displace-
ment of the innermost layers of the retinal area resulting in a
shallow, saucer-shaped or deep funnel-shaped (convexicli-
vate) cavity filled with vitreous humor (Meyer 1977; Moore
et al. 2017a). It is characterized by presenting a peak of cone
density and in most species rods could be absent (Bruhn and
Cepko 1996; Querubin et al. 2009; Coimbra et al. 2015;
Mitkus et al. 2017). Martin and Griinert (1999) and Wikler
and Rakic (1990) reported that not blue-sensitive cones but
only green and red-sensitivity cones were present in primate
fovea. Then, fovea improves the optical, chromatic and spa-
tial processing of the retina, resulting in a higher visual acu-
ity (Pumphrey 1948b; Mitkus et al. 2017; Bringmann 2019).
In a recent study in raptor foveae, Mitkus et al. (2017) had
reported a lack of double cones in the center of the central
fovea, except in the Eurasian sparrowhawk, and the presence
of violet and green-sensitive cone opsine cells, which sug-
gest a high-resolution tetrachromatic vision in the central
fovea of raptors.

Foveal depths vary in different birds and can be classified
into two types depending on the depth of the pit: deep fovea
or shallow fovea (Slonaker 1897; Walls 1937; Pumphrey
1948b; Fite and Rosenfield-Wessels 1975). The deep fovea
or convexiclivate fovea is usually located in the centre of
the retina and has a deep invagination. It is characteristic of
fish, reptiles and birds (Walls 1937, 1942; Pumphrey 1948b;
Fite and Rosenfield-Wessels 1975; Makaretz and Levine
1980; Locket 1992; Collin 1999a), and is especially deeper
in raptors and other birds which catch small or fast-moving
objects (Wood 1917; Snyder and Miller 1978; Reymond
1985, 1987). In turn, the deep fovea can be classified into
three subtypes depending on the arrangement of the inner
retinal layers in the foveal pit (Collin 1999a; Moore et al.
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2017a): type I, deep or convexiclivate fovea without a lateral
displacement of the inner retinal layers (Schwassmann 1968;
Lisney et al. 2015; Moore et al. 2016). Type Il is also a deep
fovea with inner retinal layers displaced laterally (Moore
et al. 2016), which allows light to strike the photoreceptors
without passing through inner retinal layers. Type III fovea
is similar to type II but also possesses a thick and dense layer
in the bottom of the foveal pit with radial inner processes of
Miiller cells (Locket 1992; Zueva et al. 2014). Finally, the
shallow or concaviclivate fovea is an invagination that exhib-
its no lateral displacement or radial fibres (Collin 1999a).
It is relatively flat and is found in anthropoids (Bringmann
et al. 2018) and in the temporal retina of some birds (Rug-
geri et al. 2010; Gonzéalez-Martin-Moro et al. 2017; Mitkus
et al. 2017).

Birds can possess one or two foveae (Slonaker 1897,
Walls 1942; Pumphrey 1948b; Meyer 1977) and the vari-
ation of their position in the retina may be related to each
bird lifestyle and its possible functions in its vision. Monofo-
veal birds have a deep fovea in the central retina (Pumphrey
1948b; Fite and Rosenfield-Wessels 1975; Locket 1992;
Coimbra et al. 2006, 2014a; Moore et al. 2016; Mitkus et al.
2017; Potier et al. 2017; Bringmann 2019) while bifoveal
birds also have a second shallow fovea in the temporal retina
(O’Day 1940; Moroney and Pettigrew 1987; Inzunza et al.
1989; Collin 1999a; Tucker 2000; Baumhardt et al. 2014;
Mitkus et al. 2017, 2018; Moore et al. 2017b; Potier et al.
2017; Bringmann 2019). The central fovea possesses the
highest density of cone photoreceptors of the entire retina,
improving the visual acuity and colour discrimination (Slo-
naker 1897; Walls 1937; Pumphrey 1948b; Fite and Rosen-
field-Wessels 1975; Meyer 1977; Reymond 1985, 1987,
Collin 1999a; Moore et al. 2012; Zueva et al. 2014; Lisney
et al. 2015; Mitkus et al. 2017; Bringmann 2019). It is used
for monocular sideway vision of distant objects, whereas
the temporal shallower fovea serves to facilitate frontal bin-
ocular vision to guide the bill at close distances (Querubin
et al. 2009).

In addition to improve visual acuity, several functions
have been attributed to the fovea. A local image magnifica-
tion and detection of the focus plane (Walls 1937; Pumphrey
1948b; Snyder and Miller 1978; Collin 1999a; Bringmann
et al. 2018; Syrbe et al. 2018; Bringmann 2019), so that
incoming light is centrifugally refracted through Miiller cells
towards the foveal pit (Walls 1937, 1942; Pumphrey 1948b;
Snyder and Miller 1978; Bringmann et al. 2018; Bringmann
2019). The role of Miiller cells as light-guiding elements has
recently been proposed (Franze et al. 2007; Agte et al. 2011;
Zueva et al. 2014; Bringmann et al. 2018; Syrbe et al. 2018;
Bringmann 2019). They have at least two optical functions
in the foveal pit: to increase the image in the centre of the
fovea and to direct light from the internal limiting membrane
(ILM) to the photoreceptors acting as “light fibres” (Franze
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et al. 2007; Omri et al. 2010; Agte et al. 2011, 2018; Mac-
Donald et al. 2015; Syrbe et al. 2018). Moreover, processes
of Miiller cells could give structural support of the tissue,
especially in the region of the fovea (Franze et al. 2007),
acting like a belt which prevent a collapse of the foveal pit
(Bringmann 2019). In this way, the inner surface of type III
fovea presents a high density of inner processes of Miiller
cells forming dense aggregates as stellate rays in the internal
part of the foveal pit (Snyder and Miller 1978; Locket 1992;
Zueva et al. 2014; Bringmann et al. 2018; Bringmann 2019).
On the other hand, Kreithen and Keeton (1974) attributed a
navigation role of the fovea based in the detection of polar-
ized light in Columba livia. They believe that the sloping
walls of the fovea might reflect light so that it strikes the
opposite side of the fovea at an angle different depending
on planes polarized light. Finally, Pumphrey (1948a, b)
proposed that the deep bird fovea serves motion detection,
and Bloch and Martinoya (1982) suggested that the central
fovea is ideal for detecting fast-moving objects, whereas the
afoveal dorsal area is best suited for detecting slow moving
and static objects.

There are several studies that describe the structure of
the fovea in birds, such as raptors, passerines, humming-
birds, cockatoos, albatross and others (Wood 1917; O’Day
1940; Pumphrey 1948b; Fite and Rosenfield-Wessels 1975;
Meyer 1977; Snyder and Miller 1978; Reymond 1985, 1987;
Khokhlova et al. 2000; Zueva et al. 2003, 2014; Coimbra
et al. 2006, 2014b; Ruggeri et al. 2010; Lisney et al. 2015;
Bringmann 2019), although they are scarce in seabirds (Mit-
kus et al. 2016). There are few studies in which the fovea
in the family Laridae has been described. Slonaker (1897)
reported that both Larus canus and Larus ridibundus had
two foveae, deep and shallow. Kajikawa (1923) described
a central deep fovea and a temporal shallow fovea in Larus
argentatus, and a streak-like and a central fovea in Larus
canus.

The aim of this study was to analyse the morphology,
photoreceptor composition and ultrastructural characteristics
of the foveae in a seabird, Larus michahellis, combining
immunochemistry and transmission electron microscopy.
We provide data concerning several anatomical aspects of
the two foveae found in Larus michahellis and discuss the
possible role of each one.

Materials and methods

Animals and tissue preservation

For this study, ten ocular globes from five adults’ specimens
and two ocular globes of juvenile gulls, L. michahellis, were

obtained from Santa Faz Wildlife Recovery Centre (Ali-
cante). Animals were euthanised, for reasons not connected

with this work, by means of an intravenous overdose of
sodium pentobarbital (EutanaxR) according to the European
Union and the Spanish government regulations and stand-
ards (Council Directive 86/609/EEC).

Eyes were enucleated and hemisected carefully under
normal light room 1-2 h after death. Following the enu-
cleation, eyes were dissected and their anterior portion
(including cornea, lens and iris) was cut away. Three right
retinas were processed for transmission electron microscopy.
Samples were immersed in a fixing solution consisted of
1% paraformaldehyde, 1.6% glutaraldehyde, 0.15 mM CaCl,
in 0.1 M phosphate buffer adjusted at pH 7.4, were they
remained overnight at 4 °C as described by Segovia et al.
(2016). On the other hand, seven retinas (five left retinas
embedded in paraffin and two right retinas for wholemount
technique) were processed for immunolabeling and fixed in
4% paraformaldehyde for 2 h.

Processing for transmission electron microscopy

After fixation, retinas were excised from the eyecup. Foveae
were located, photographed, and then, cut carefully. Small
pieces (2x2 mm) including foveae, central and periph-
eral retina were postfixed in 1% OsO, in 0.1 M phosphate
buffer for 1 h, pH 7.4 and dehydrated in ascending graded
of ethanol solutions and propylene oxide. They were embed-
ded in Epon 812 epoxy resin (EMS). Blocks were oriented
and semi-thin sections of 1 pm were cut serially in a Leica
LKB-III ultramicrotome. Sections were mounted on gelati-
nised slides, stained with 0.5% toluidine blue, and examined
under a Leica DMRB light microscope. Photomicrographs
were taken with a Lumenera Infinity microscope camera.
Ultrathin sections were double-contrasted with uranyl ace-
tate (0.5%) and lead citrate (0.25%) and examined under a
JEOL JEM-1400 Plus transmission electron microscope at
120 kV (Tokyo, Japan) equipped with a Gatan Orius digital
camera (Pleasanton, USA) for image acquisition.

Retinal immunofluorescence

To evaluate photoreceptor composition and Miiller cells
arrangement in foveae, immunohistochemical identifica-
tion was performed. Different cone opsins were appropri-
ately identified: anti-L/M-opsin (red/green cone sensitivity
opsin, AB5405; Chemicon®), and anti-S-opsin polyclonal
antibodies (AB5407) which have been shown to be ultra-
violet/violet cone-specific in birds (NieBner et al. 2011;
Mitkus et al. 2017). Rods’ outer segments were labelled
with a mouse-monoclonal anti-rhosopsin antibody (clone
RET-P1, MAB5316, Chemicon®), which reacts with a pro-
tein of 39 kDa identified as rhodopsin (opsin), and allows
to label rod outer segments in a wide range of vertebrate
species including rodents, fishes, reptiles and some birds
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(BarnsTable 1980; Silver et al. 1988; Querubin et al. 2009;
Bhattacharyya et al. 2017; Schweikert and Grace 2018).
Finally, to identify and quantify Miiller cells, we used a
rabbit-polyclonal anti-glutamine synthetase antibody (GS,
G2781, Sigma Aldrich Co.). GS is present in the brain
mainly in astrocytes and in Miiller glial cells support-
ing retinal neurons using glutamate as a neurotransmitter
(Martinez-Hernandez et al. 1977; Riepe and Norenberg
1978; Norenberg and Martinez-Hernandez 1979; Lewis
et al. 1988; Newman and Reichenbach 1996). All primary
antibodies used in this work have been previously used in
other studies and have been well characterized by other
authors (Riepe and Norenberg 1978; Kentroti et al. 1991;
Fischer et al. 2007; Vlahos et al. 2014; Coimbra et al.
2015; Mitkus et al. 2017).

Sections and wholemount retinas were immunostained
at room temperature overnight or for 2 days, respectively,
using antibodies targeting distinct molecular markers
(summarized in Table 1). The dilutions in PBS 0.1 M with
1% Triton X-100 are indicated in Table 1. Afterwards,
secondary antibodies were added (at a dilution as it is
indicated in Table 1) for 2 h for sections and overnight
for wholemount retinas. Sections were rinsed in PBS and
coverslipped with Vectashield H-1000 with 4'6-diamidino-
2-phenylindole (DAPI) (Vector laboratories, Burlingame
CA, USA) used as a nuclear marker. Finally, wholemount
retinas were washed in PBS and mounted (photoreceptor
side up) on nongelatinized glass slides. To allow them to
lay down flat, radial cuts were made and the pecten oculi
was cut out but used to conserve its orientation. Immuno-
histochemical controls were carried out by omitting the
primary antibodies. The resulting images were processed
with a confocal microscope (Zeiss LSM-800) and micro-
photographs were taken with an AxioCam 506 digital
camera. Image adjustments were made with the ZEN blue
imaging software (Zeiss), maintaining the intensity and
the exposure times in all the samples.

Table 1 Primary and secondary antibodies used

Retinal measurements

Foveal depth and width were measured in 20 serial cuts of
semi-thin sections of the foveal pit and settled on the one
with the greatest depth. In this way, we were able to con-
firm the most central part of the fovea. These measurements
were made in four central and one dorsonasal fovea with the
FOVEA software (Moore et al. 2016). We confirmed the
results with imageJ software. We also measured the thick-
ness of the retinal layers in the foveal pit and the parafovea,
the photoreceptors diameter, the inclination of the columns
of bipolar cells, the ratio photoreceptors-bipolar cells-gan-
glion cells, and the rod-free zone surface in wholemount
retinas with ImagelJ software. The ratio photoreceptors-bipo-
lar cells-ganglion cells was measured along the width of the
foveae. Criteria to identify and counting different types of
cells located in inner nuclear layer are based on Vidal et al.
(2018).

To know the position of the foveae in the retina, we cal-
culated the angle formed when drawing an imaginary line
between the central fovea (a) and the dorsonasal fovea ()
from the optic nerve entrance with respect to the equatorial
line.

To estimate the angle of light of sight (LOS) of L.
michahellis, we analysed the images taken from directly
above gull’s head while the animal was alive. Once dead,
we made images of the skull showing the position of the
orbits. On the other hand, images of the eyeballs were made
to know their position in the skull through the optic nerve.
Images were overlaid in Adobe Photoshop 2020 and drawn.
Knowing the exact position of both foveae on the retina, an
imaginary line was drawn from each fovea passing through
the centre of the lens. From a reference line located at the
beak of the animal (which we consider the central axis of
the head), we calculated the estimated angle that the LOS of
each fovea formed with respect to it. Angle measurements
were calculated with Adobe Photoshop 2020.

Antibody Dilution Antigen

Source, host and clonality Catalog no.

Primary antibody

Anti-glutamine synthetase 1:500 Rat glutamine synthetase (GS) Sigma-Aldrich Co. Rabbit-polyclonal G2781
Anti-rhosopsin antibody (RET-P1) 1:500 Membrane preparation from adult rat  Chemicon® Mouse-monoclonal MABS5316
retina

Anti-opsin antibody, blue 1:100 Recombinant human blue opsin Chemicon® Rabbit-polyclonal AB5407

Anti-opsin antibody, red/green 1:1000  Recombinant human red/green opsin ~ Chemicon® Rabbit-polyclonal ABS5405
Secondary antibody

Anti-mouse IgG (H+L), CF™ 488A 1:500 Mouse IgG (H+L) Sigma-Aldrich Co. Goat-polyclonal ~ SAB4600042

Anti-rabbit IgG (H+L), CFT™568 1:500 Rabbit [gG(H+L) Sigma-Aldrich Co. Goat-polyclonal ~ SAB4600310
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Results

Located in a band-like area which extends horizontally in
the retina, L. michahellis has two different circular foveae:
one deep fovea located in the central region and one shal-
low fovea in the dorsonasal region (Fig. 1). The central
fovea was easily recognizable macroscopically in retinal
wholemounts after dissection as a dark point surrounded
by a thickened round area. It is nearly located in the central
region of the retina, slightly above and toward the nasal
side of the optic nerve (ON) entrance and the pecten oculi.

It was located 2.285 +0.163 mm from the ON entrance and
forms an angle of 28° () with respect to the equatorial
line. The dorsonasal fovea is more difficult to observe,
so it is necessary to carefully remove the highest amount
of vitreous humour. It is located 8.259 +0.048 mm from
the central fovea and forms an angle of 18° (f) from the
ON entrance with respect to the horizon. The pecten oculi
forms an angle of 67° with respect to the equatorial line
(Fig. 1b).

Having two foveas implied that yellow-legged gull had
two different lines of sight (LOS), one corresponding to the
deep fovea and another characteristic of the shallow fovea.

Fig. 1 a Position of the deep fovea or central fovea (Df) and shal-
low dorsonasal fovea (Sf) in the retina of L. michahellis. b Angle that
forms the deep fovea (@) an the shallow fovea () from the entrance
of the optic nerve with respect to the position of the equatorial line.

¢ Appearance of the retina showing position of both foveas after
removing the anterior part of the eye. In both cases a right retina is
shown. Pecten oculi (PO)
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LOS of central fovea makes an angle of 62.5° with the refer-
ence line (located at the bill), whereas LOS of dorsonasal
fovea makes an angle of 89°. The deep fovea, had its LOS
closer to the reference line, therefore was involved in both
monocular and binocular vision, while the shallower fovea
participated in monocular vision (Fig. 2).

Foveal morphology

Light microscopy analyses revealed that the central fovea
showed a radial displacement of the outer and inner reti-
nal layers resulting in a deep funnel-shaped (convexicli-
vate) cavity and thickened sloping sides (Fig. 3a). Then,
the foveal pit presented a reduced number of cells in outer
and inner nuclear layers, and ganglion cell layer. The retina
was 150 um in thickness within the foveal pit (a), increasing
to 342 um in the parafoveal region (b) (Fig. 3a). In con-
trast, dorsonasal fovea had a shallower pit where the retina
has 205 pm in thickness (a") and 263 um in the parafovea
(b") (Fig. 3b). The depth of the pit in the central fovea was
226 um (d) while in the dorsonasal fovea was 49 um (d’).
The width, which was measured from the points of maxi-
mum thickness, was 598 um (w) in the central fovea and

273 um (w') in the dorsonasal fovea (Fig. 3a). In dorsona-
sal fovea, there are also reduced cell numbers in the central
outer and inner nuclear layers.

Histological features of the central deep fovea

Vertical sections of the central deep fovea showed that pho-
toreceptors become thinner and longer when approaching to
the pit, and their elongated processes run obliquely through
the outer nuclear layer (Fig. 4a). The diameter of internal
segments was 1.7 +0.19 um (Fig. 4b). On the other hand,
it is conspicuous of the spindle shape of the photoreceptor
cell nuclei.

The decrease in the relative thickness of the layers in the
pit with respect to the maximum thicknesses of the inner ret-
inal layers in the parafovea implied a radial displacement of
cells and their processes away from the foveal pit (Fig. 3a).
Bipolar cells were aligned in rows and obliquely disposed,
with a maximum inclination of 65° from the direction of
light that reach the retina. Amacrine cells were also arranged
in columns but in the opposite direction to the bipolar rows
(Fig. 4c). In the centre of the fovea, ganglion cells were
scarce or practically non-existent (Fig. 4d) while in the

e
Reference line

Fig.2 Representation of an axial section of the head and the eyes position in the skull of L. michahellis showing the foveal lines of sight (LOS).
Both foveae, deep (Df) and shallow (Sf), and the center of the pupil are in the same plane, projecting their own LOS
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A

Fig.3 Vertical sections of the central fovea of adult specimen (a) and dorsonasal foveae of a juvenile specimen (b) of the yellow-legged gull.
Thickness within the foveal pit (a—a') and in the parafoveal region (b—b") and the depth (d—d’') and the width (w—w") of the foveal pit are indicated

parafovea, they were arranged in columns of up to 4 gan-
glion cells (Fig. 4e, ). The ratio of photoreceptors-bipolar
cells to ganglion cells in the central fovea was 2:4:1. From
the fovea to central and peripheral regions of the retina, the
number of ganglion cells is reduced from about four cells
thick to about one cell thick.

The radial alignment of inner retinal layers reflected
the arrangement of Miiller cells processes which framed
the rows of bipolar, amacrine and ganglion cells (Fig. 4).
Ultrastructural analyses demonstrated the presence of Miil-
ler cells processes in the bottom of the foveal pit and the
walls of the slope (Fig. 5a). The main inner processes of
Miiller cells are radially oriented, whereas the thinner side

processes appeared as a tangled and very electrodense
aggregation (Fig. 5b). This characteristic arrangement was
also observed in the outer plexiform layer (OPL), between
photoreceptors somata and their terminal axons (Fig. 5¢).
In this layer, there are more or less regular stacks of thin
lamellar Miiller cell processes. Miiller cells somata were
usually located in the inner part of the INL between bipolar
cells nuclei and amacrine cells (Fig. 5d). In the rest of the
retina, Miiller cells run vertically from the ILM to the outer
limiting membrane (OLM). Due to the increased density of
ganglion cells in the parafovea, their axons formed vertical
columns in the nerve fibre layer (NFL) surrounded by Miiller
cells inner processes (Fig. 5e). In peripheral retina ganglion
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Fig.4 Photomicrographs of semi-thin (a, ¢, e) and ultrathin sec-
tions (b, d, f) showing different regions of the central fovea of L.
michahellis. a, b Vertical sections of the central deep fovea showed
the photoreceptors. It observes a decrease in the relative thickness of
the layers in the pit. ¢ Note that bipolar and amacrine cells are aligned
in rows and they are obliquely disposed. d A ganglion cell surrounded
by processes of Miiller cells. e, f Ganglion cells in parafoveal region
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are arranged in columns of up to 4 ganglion cells. OS outer segments,
1S inner segments, ONL outer nuclear layer, /NL inner nuclear layer,
IPL inner plexiform layer, GCL ganglion cell layer, NFL nerve fibre
layer, GC ganglion cell, VH vitreous humour, Bp bipolar cells, Am
amacrine cells. Asterisk: Miiller cells processes, arrows: OLM (outer
limiting membrane); black arrowhead: mitochondria/ellipsoid; white
arrowhead: Miiller cells endfeets
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Fig.5 Ultrathin vertical sections of the retina of L. michahellis. a—c
Conformation of Miiller cells processes in the central fovea. d Elec-
tron-dense soma of a Miiller cell. Disposition of Miiller cells pro-
cesses in the NFL of a central region of the retina (e) and a peripheral

cells, axons were randomly located between inner processes
of Miiller cells. Its endfeet were very electrodense forming
the ILM (Fig. 5f).

Histological features of the dorsonasal fovea

In the dorsonasal fovea, all retinal layers were present in
the foveal pit. However, inner retinal layers were thinner
than in the parafovea. The diameter of internal segments
in dorsonasal fovea was 2.1 +0.31 um (Fig. 6a), thicker
than the internal segments of the central fovea. Bipolar

one (f). Asterisk: Miiller cells inner processes; white arrowhead: Miil-
ler cells endfeet, arrows: Miiller cells outer processes. PR photorecep-
tors, ST synaptic terminal, M Miiller cell nucleus, GC Ganglion cell,
Ax axons of the NFL.

cells columns were slightly curved, but they did not reach
the inclination observed in the central fovea (Fig. 6b). As
occurs in the central deep fovea, in the center of the dor-
sonasal fovea in adults, ganglion cells were scarce whereas
in the parafovea, they were arranged in columns of up to
4 ganglion cells. Ganglion cells were separated by Miil-
ler cells processes. In juvenile retinae, only one layer of
ganglion cells was found in the pit of dorsonasal fovea
(Fig. 6¢). The ratio of photoreceptors-bipolar cells to gan-
glion cells in the dorsonasal fovea was 3.5:7:1.

Fig. 6 Photomicrographs of semi-thin sections showing different regions of the dorsonasal fovea of L. michahellis
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Photoreceptor composition in the foveal pit

Anti-Rhosopsin immunolabeling in wholemount retinas
shows a central rod-free zone corresponding with the central
fovea. This rod-free region was relativity circular in shape
(0.122+0.01 mm?) and occupied about 0.02% of the total
retinal area (5.342 +0.411 cm?) (Fig. 7a). In radial sections
of both foveae, we confirmed that this rod-free zone cor-
responds with the foveal pit (Fig. 7b, c). These results indi-
cate that both foveae of the yellow-legged gull lack rods. In
both wholemount and vertical sections, a weakly labelling
is detected in the rod-free zone that suggests a RET-P1 anti-
body cross reaction with other cone-photoreceptors situated
in the foveal region.

In regard to cone composition, we observed a positive
labelling when using anti-S opsin and anti-L/M-opsin anti-
bodies (Fig. 8). In fact, the cone labelling becomes more
intense in the foveal pit due to increased cone density. This
pattern indicated that both foveae of L. michahellis con-
tained red, green and UV-sensitive cones.

Fig. 7 Distribution of rods outer segments in the deep central fovea of
a flattened retina (a) and vertical sections (b) of L. michahellis. Who-
lemount (a) and vertical section of deep central fovea (b) and dorso-
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Miiller cells immunofluorescence

Glutamine-Synthetase expression in the yellow-legged gull
retina demonstrated that Miiller cells were ranged from the
ILM to the OLM (Fig. 9). In vertical sections of central
deep fovea, stalks and distal processes of Miiller cells run
obliquely from GCL to the bottom of the OPL, with an oppo-
site direction to the foveal pit. In the INL, bipolar cells were
stacked in columnar rows and intersected with Miiller cell
processes displaying an x-shaped arrangement (Fig. 9a’).
Once in the OPL, there was a change in the direction of
their distal processes. Two horizontal rows of Miiller cell
processes were highly labelled in the OPL and in the GCL in
the foveal pit (Fig. 9a, a’). An intense labelling was observed
in central regions in the endfoot of the Miiller cells (Fig. 9b,
b’). A weak labelling of IPL in central and peripheral regions
(Fig. 9c, ¢') was observed.

In dorsonasal fovea, the Glutamine-Synthetase expres-
sion did not show the x-shaped arrangement of Miiller cell
processes.

+ RET-P1

PR

+ RET-P1

PR

nasal nasal fovea (c) labelled with antibodies directed to rhodopsin
(Ret-P1; green). DAPI used to counter-stain nuclei are shown in blue



Zoomorphology (2021) 140:151-167

161

Fig. 8 Photoreceptors distribution in the central deep fovea (a, b) and dorsonasal fovea (¢, d) of L. michahellis retina. Vertical sections were
labelled with anti-S-opsin (a, ¢) and anti-L/M-opsin (b, d) antibodies. DAPI used to label nuclei is shown in blue

Discussion

In recent years, considerable amount of literature has
been published on structure and function of fovea in birds
(Bringmann 2019), especially in raptors (Lisney et al. 2013;
Velasco Gallego 2015; Potier et al. 2016, 2017, 2020; Mit-
kus et al. 2018). However, there have been relatively little
reports on fovea of seabirds’ retina (Mitkus et al. 2016).
Although recent studies have only focused on morphological
characteristics of the retina and the pecten oculi of yellow-
legged gull (Vidal et al. 2018; Segovia et al. 2019), the few
studies about the fovea in gulls are very ancient (Slonaker
1897; Kajikawa 1923). In the present study, we have reported
the presence of two foveae in the retina of L. michahellis, a
central deep fovea and an unexpected shallower dorsonasal
fovea. Both have been observed in the wholemount retinas
analysed under a steromicroscope.

This study has been performed using adult and juvenile
individuals of different sex and different eyes, and no sig-
nificant differences in the foveal morphology were observed.
These data support the results of Potier et al. (2020) in Mil-
vus migrans where no difference between individuals of
different age or sex was found, although significantly differ-
ences exist in the size of the eye and structure of the fovea
during development.

Anatomical features of two foveae
Histological analysis of cross retinal sections established

that the central fovea of L. michahellis had a deeper pit and
steeper walls compared to the dorsonasal fovea where the

invagination was shallower. This shallow depression is com-
patible with the “band-like fovea” described by Slonaker
(1897) and Kajikawa (1923) in the retina of L. canus and L.
ridibundus. In addition, in other seabird as the tern, Sterna
hirundo, a linear area with enclosed central area (and fovea)
and separate lateral area (and fovea) has been described
(Krause 1894; Slonaker 1897). In this sense, wholemount
retinas of L. michahellis show a horizontal linear band
across the field of view containing a deep central fovea and a
dorsonasal fovea. The existence of a central band projecting
upwards and forwards to locate targets both above and below
the water is compatible with the results of previous studies
that found that the central region of L. michahellis retina was
thicker than the rest of the retina (Vidal et al. 2018).

These results are consistent with the considerable varia-
tion reported regarding morphological characteristics of the
fovea (Walls 1942; Fite and Rosenfield-Wessels 1975; Rey-
mond 1985, 1987; Moroney and Pettigrew 1987; Inzunza
etal. 1991; Locket 1992; Tucker 2000; Ruggeri et al. 2010;
Potier et al. 2016). The variation in both depth and width of
the foveal pit is according to the lifestyle and habitat (Fite
and Rosenfield-Wessels 1975; Coimbra et al. 2014b; Potier
et al. 2017). Birds that capture their prey in the air need
to have a higher motion sensitivity compared to those that
feed on passive prey on the ground, so they usually present
larger eyes, with a thicker retina and have a deeper central
fovea and a shallow temporal fovea (Fite and Rosenfield-
Wessels 1975; Inzunza et al. 1991; Baumhardt et al. 2014,
Moore et al. 2015; Potier et al. 2017). Many other bird spe-
cies also possess a fovea, and two foveae have been reported
in other pursuit-hunting species, such as swallows, martins,

@ Springer



162

Zoomorphology (2021) 140:151-167

Fig.9 Miiller cells distribution in the central fovea (a, a’), in a central retinal region (b, b’) and the periphery (c, ¢’). Vertical sections were
labelled with Glutamine Synthetase (GS). DAPI used to label nuclei is shown in blue

kingfishers, and terns (Wood 1917; Walls 1942; Meyer
1977). Our results demonstrated that the yellow-legged gull
is a bifoveate seabird similar to other birds that hunting their
prey. The central fovea is comparable to deep central fovea
in raptors, and the dorsonasal fovea is similar to temporal
fovea of these birds.

Although foveae have been classified in four types
(Collin 1999a; Collin and Shand 2003), in a recent review
study Bringmann (2019) established that there are two
ranges of foveal depth among different birds’ groups. On
the one hand, the central foveae of the accipitriform, falco-
niform, coraciiform and passeriform have values between
190 and 240 um and, on the other hand, the central foveae
of psittaciform birds and domestic pigeons, as well as the
temporal foveae of accipitriform, falconiform, coraciiform
and strigiform birds with a depth range between 80 and
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120 um. The deep central fovea of L. michahellis (226 um
in depth) could be classified within the first group but the
shallower dorsonasal fovea (49 um in depth) could be clas-
sified as shallow.

According to Bringmann (2019), the higher thickness
of the foveal centre in the shallow foveae may result in
greater image magnification than in central foveae. This
may compensate the lower receptor and ganglion cell
densities found in the shallower fovea than in the deeper
central fovea of bifoveal birds. In this way, the dorsonasal
fovea in yellow-legged gull, where the photoreceptor-bipo-
lar-ganglion ratio is 3.5:7:1, suggests an image magnifica-
tion and a higher sensitivity, whereas the central fovea,
with a 2:4:1 may be related with a high visual acuity plus
better motion sensitivity.
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Foveal position and implications in the visual field

In the present study, we have reported the presence of two
foveae in the retina of L. michahellis, a central deep fovea
and a shallower dorsonasal fovea. There are similarities
between these results and those reported in genus Larus.
Thus, in an ancient research, Slonaker (1897), showed that
both Larus canus and Larus ridibundus present two foveae, a
deep and a shallow fovea. Later, Kajikawa (1923) described
that Larus argentatus had a central deep fovea and a tem-
poral shallow fovea. Furthermore, Larus canus presented a
streak-like central fovea, but a second fovea had not been
found in the six eyes studied (Kajikawa 1923), despite hav-
ing been described in Chievitz’s analysis (Slonaker 1897).

Presence of two foveae implies that the yellow-legged
gull has two different lines of sight. Each foveal LOS points
forward and lateral forming an angle with the reference line
located at the peak. In the deep fovea it was approximately
62.5° and 89° in the shallower fovea. In comparison, Tucker
(2000) proposed that the ideal visual system of a falcon
would have the LOS of the deep fovea at about 45° from the
bill and the shallow fovea, in temporal region, points more
forward at an angle of 15°. Despite having practically the
same angle between the two LOS, these differences could
due to the fact that the falcon has its eyes more forward than
the gull.

In L. michahellis, the central fovea, is pointing slightly
below and towards the edges of the bill and may be involved
in monocular sideways vision of distant objects and bin-
ocular vision. We have observed that the yellow-legged
gull is able to move the eyes inside the orbits, which would
align the center of acute vision to objects of interest and
to increase the amount of the binocular field. This fovea
matches with an elongated strip of high photoreceptor den-
sity which is found in the equator of the retina (nonpublished
data). The location of the strip, which had been described in
other seabirds (Hayes et al. 1991), would project out towards
the horizon when the gull is in flight, and the central fovea,
concerned primarily with high spatial resolution, suggests
a function in sideways vision of distant objects and guiding
the procurement of small prey in the open sea. A central
deep fovea implied in monocular sideways vision of distant
objects had been described in raptors, passerines, martins,
terns, kingfishers, and some other birds (Khokhlova et al.
2000; Zueva et al. 2003).

The dorsonasal fovea, has its LOS projecting further back,
which added to the lateral placed of the orbits, increases its
monocular field of vision. This is opposite to the possible
role of the temporal shallow fovea in bifoveate birds, which
could participate in binocular vision to guide the bill at close
distances (Reymond 1985, 1987; Tucker 2000). The particu-
lar location of the shallower fovea in the dorsonasal region
could be explained by the high laterality of the eyes in the

skull comparing with other birds, including raptors (Tucker
2000). This shallow fovea would be related to monocular
vision improving the visual exploration downwards when
searching for food (Moore et al. 2015).

All data suggest that in L. michahellis, the foveal position,
central and dorsonasal, would permit to see both the horizon
and a vast monocular vision field creating a superb mecha-
nism to detect objects. Moreover, small ocular movements
in combination with the head movements would permit both
eyes to focus the objects on their foveae.

Histological features in the fovea

Analyses of vertical sections revealed that in the deep cen-
tral fovea of yellow-legged gull, all inner retinal layers were
shifted laterally and the centre of the fovea and displayed a
strongly reduced numbers of neurons and photoreceptors.
In fact, the pit of central fovea practically lacks of ganglion
cells. However, Kajikawa (1923) reported the presence of
ganglion cells at the bottom of the central foveal pit in retina
of Larus canus, which support the great variation in foveal
morphology. Contrarily, in shallower dorsonasal fovea, all
neural layers were present and a light centrifugal displace-
ment was observed.

In regard to the histological features, a considerably vari-
ability has been reported. Whereas American goldfinches,
doves, cockatoos, gulls, hummingbirds, pigeons, terns,
tyrant flycatchers and sparrows, present all at the retinal
layers in the deep fovea, (Kajikawa 1923; Coimbra et al.
2006, 2014b; Querubin et al. 2009; Baumhardt et al. 2014;
Lisney et al. 2015; Moore et al. 2016), raptors, some passer-
ines, petrels, kingfishers, albatrosses, eastern meadowlarks,
house sparrows, and great kiskadees, do not present ganglion
cells in the foveal pit (Kajikawa 1923; O’Day 1940; Pum-
phrey 1948b; Reymond 1985; Moroney and Pettigrew 1987;
Coimbra et al. 2006; Tyrrell et al. 2013; Mitkus et al. 2016,
2017; Moore et al. 2016). Once again, deep fovea of the
yellow-legged gull is like other birds that hunting their prey,
including seabirds as albatrosses and kingfishers. However,
the morphology of shallower dorsonasal fovea is similar to
temporal fovea of birds which have two foveae.

As it was confirmed by immunolabelling with RET-P1,
the foveae of the yellow-legged gull do not present rods.
As rods cannot operate under bright-light conditions, they
are absent in the foveae of many diurnal species, such as:
primates—including humans—(Provis et al. 2005, 2013;
O’Brien 2008; Bringmann et al. 2018) and most birds
(Querubin et al. 2009; Coimbra et al. 2015; Mitkus et al.
2017). In regard to cones, immunofluorescence showed the
presence of UV-sensitive cones and LWS- and MWS-sen-
sitive cones.

Previous studies demonstrated the presence of UVS opsin
in two families of seabirds, Laridae and Sternidae (Odeen
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et al. 2010; Machovsky Capuska et al. 2011; Odeen and
Hastad 2013). While short wavelengths sensitive cones
could produce chromatic aberrations that would harm the
image quality obtained in the fovea (Mitkus et al. 2017),
Varela et al. (1993) proposed that UV wavelengths could
serve a signalling function and could also play a role in
aerial navigation as an adaptation to the coloration of an
unclouded sky. We think the presence of UV pigments in
yellow-legged gull may assist navigation when the sun is
hidden by clouds. Another reason why UV-sensitive photo-
receptors are present is that many prey animals like reptiles,
insects, and birds are visible in UV light because they send
out UV rays.

Although immunolabelling with anti-L/M-opsin antibody
has not allowed us to differentiate between LWS, MWS-
sensitive cones or double cones, ultrastructural analyses
demonstrated the absence of double cones in the foveal pit
region, coinciding with studies that confirm the absence of
double cones in the raptor fovea (Mitkus et al. 2017). Once
more, the anatomy, histology and photoreceptor composi-
tion of central fovea in L. michahellis, allow us to compare
it with a diurnal raptor.

Light and ultrastructural micrographs suggested a highest
density of cones in the central fovea of L. michahellis that
results in thinner and slender inner segments, as occurs in
many other birds species (O’Day 1940; Pumphrey 1948b;
Fite and Rosenfield-Wessels 1975; Tucker 2000; Mitkus
et al. 2017). Then, the high density of cones correlated
with a high density of bipolar and ganglion cells which are
arranged in columns that run obliquely towards the foveal
pit. This special arrangement is mechanically stabilized by
Miiller cells as immunofluorescence had demonstrated. In
this way, Bringmann (2019) had suggested that Miiller cells
in fovea could act like a belt which prevent a collapse of the
foveal pit.

Ultrastructural analyses of central fovea demonstrated
that Miiller cells processes significantly increase its surface
area. Miiller cells inner processes form dense aggregates
as stellate rays in the internal part of the foveal pit. Moreo-
ver, the ganglion cell columns were separated by the Miiller
cells inner processes. This arrangement had been reported
previously in bird foveae (Snyder and Miller 1978; Col-
lin 1999a; Zueva et al. 2014). In birds of prey, it has been
described that these aggregates are packaged by intermedi-
ate filaments (Snyder and Miller 1978). Specialized layers
of Miiller cells processes have been found too in the inner
surface of the foveal centre in teleost, lizards, primates and
other birds (Snyder and Miller 1978; Makaretz and Levine
1980; Locket 1992; Zueva et al. 2014; Syrbe et al. 2018;
Bringmann 2019).

The importance of Miiller cells in the retina has been
studied in multiple species, such as primates, caimans,
zebrafish, birds, guinea pig (Inoue et al. 1980; Agte et al.
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2011, 2018; Zueva et al. 2014; MacDonald et al. 2015;
Bringmann et al. 2018; Karl et al. 2018; Syrbe et al. 2018).
Besides providing structural support, Miiller cells extend
perpendicularly its endfeeds that form the ILM, guiding
the light to the outer processes that form the OLM, at the
level of the photoreceptor’s inner segments (Walls 1942;
Reichenbach 1989; Newman and Reichenbach 1996; Omri
et al. 2010; Reichenbach and Bringmann 2013; Zueva et al.
2014; Agte et al. 2018; Karl et al. 2018). However, in the
retina of many birds, Miiller cells inner processes are divided
into numerous thin branches, which would not facilitate the
light guidance (Reichenbach and Bringmann 2010). This
could justify the presence of a second fovea in birds, so the
internal processes are more aligned as occurs in dorsonasal
fovea in L. michahellis, acting as living optical fibre that
guide light through the retina (Franze et al. 2007; Agte et al.
2011; Zueva et al. 2014). Therefore, Miiller cells would
become an optical extension of cones (Zueva et al. 2014)
that would link the inner retina with the photoreceptors like a
“light cable” (Franze et al. 2007) of the foveal pit, suggesting
that the conical shape of the pit is an advantage for images
formation (Zueva et al. 2014).

Conclusion

In summary, our study confirms that foveal morphology var-
ies greatly among species according to its visual ecology.
Retinae of L. michahellis show many features usually associ-
ated with a diurnal raptor, as the presence of a deep central
fovea probably of high-acuity resolution and related to the
monocular and binocular vision. Moreover, cone composi-
tion is similar to those of raptor. As diurnal raptor, it has a
shallower second fovea located in dorsonasal region which
may be related to the increase of ability to follow moving
objects. It would be related to increasing its monocular vis-
ual field improving the visual exploration downwards when
searching for food. Although a linear area with a central
fovea has been described in many ground feeders, swim-
mers, divers and waders, a shallow dorsonasal fovea has not
previously been described in raptors neither Laridae nor
other seabirds. The particular location of the shallower fovea
in the dorsonasal region could be explained by the high lat-
erality of the eyes in the skull comparing with raptors. Ocu-
lar and head movements may increase the binocular vision.
Moreover, this work has added numerous details emphasiz-
ing the high acuity of the central fovea in this gull: (1) No
rods and double cones are present, but an increased density
of cones, at least, red, green and UV-sensitive cones may
confer a good chromatic vision. (2) A ratio photoreceptor-
ganglion cells 2:1 which suggest a good visual acuity. (3)
The particular arrangement of Miiller cell processes could



Zoomorphology (2021) 140:151-167

165

suggest a role as guiding the light to the photoreceptors in
dorsonasal fovea and a mechanical role in deep central fovea.
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