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ABSTRACT
This study sought to determine whether the retinal

organization of the white rhinoceros (Ceratotherium

simum), a large African herbivore with lips specialized

for grazing in open savannahs, relates to its foraging

ecology and habitat. Using stereology and retinal whole-

mounts, we estimated a total of 353,000 retinal gangli-

on cells. Their density distribution reveals an unusual

topographic organization of a temporal (2,000 cells/

mm2) and a nasal (1,800 cells/mm2) area embedded

within a well-defined horizontal visual streak (800

cells/mm2), which is remarkably similar to the retinal

organization in the black rhinoceros. Alpha ganglion

cells comprise 3.5% (12,300) of the total population of

ganglion cells and show a similar distribution pattern

with maximum densities also occurring in the temporal

(44 cells/mm2) and nasal (40 cells/mm2) areas. We

found higher proportions of alpha cells in the dorsal

and ventral retinas. Given their role in the detection of

brisk transient stimuli, these higher proportions may

facilitate the detection of approaching objects from the

front and behind while grazing with the head at 45 8.

Using ganglion cell peak density and eye size (29 mm,

axial length), we estimated upper limits of spatial

resolving power of 7 cycles/deg (temporal area), 6.6

cycles/deg (nasal area), and 4.4 cycles/deg (horizontal

streak). The resolution of the temporal area potentially

assists with grazing, while the resolution of the streak

may be used for panoramic surveillance of the horizon.

The nasal area may assist with detection of approach-

ing objects from behind, potentially representing an

adaptation compensating for limited neck and head

mobility. J. Comp. Neurol. 000:000–000, 2016.
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Rhinoceroses comprise a small, but diverse, group of

the odd-toed hoofed mammals (Perissodactyla) (Price

and Bininda-Emonds, 2009; Dinerstein, 2011). They

occupy a wide variety of habitats with distinct structural

complexities ranging from open grasslands and wood-

lands in Africa to enclosed rainforests and floodplains

with tall grass in Asia (Dinerstein, 2011). All species of

rhinoceroses are herbivores and can be predominantly

grazers or browsers, or may alternate between these

two feeding methods depending on the seasonal avail-

ability of plant material (Dinerstein, 2011). They exhibit

important morphological adaptations of their oral labia

that allow them to exploit a diverse range of vegetation

types and occupy distinct feeding niches (Dinerstein,

2011). For example, the black rhinoceros (Diceros

bicornis) is a browser with a prehensile upper lip that

facilitates plucking leaves and grasping stems in rela-

tively more enclosed woodland microhabitats (Hillman-

Smith and Groves, 1994). In contrast, the white rhinoc-

eros (Ceratotherium simum) is a strict grazer having

specialized broad and square lips that enable the clip-

ping of the grass close to the ground in open savannah

habitats (Groves, 1972).

Variations in the topographic distribution of retinal

neurons generally reflect ecological variables (i.e., feed-

ing niche and habitat type) and are key predictors of

the relative importance of vision to behavior (Hughes,
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1977; Collin, 1999). Elongated topographic patterns

(i.e., horizontal streaks) of retinal neuronal density dis-

tributions, which are common in species that occur in

more open microhabitats, allow for improved panoramic

visual sampling across the horizon (Hughes, 1977; Col-

lin, 1999). In contrast, concentric patterns (i.e., areas),

which are found in species that occur in more enclosed

microhabitats, allow for enhanced visual sampling in a

more localized portion of the visual field (Hughes,

1977; Collin, 1999). In the black rhinoceros, the only

species of rhinoceros examined to date, the topograph-

ic distribution of retinal ganglion cells reveals a remark-

ably unusual organization for terrestrial mammals. In

this species, retinal ganglion cells reach their maximum

density in two concentric areas located in the temporal

and nasal portions of the retina, which enables simulta-

neous vision in the frontal and posterior visual fields,

presumably assisting with foraging and predator detec-

tion, respectively (Pettigrew and Manger, 2008). The

level of spatial resolution afforded by these two areas

(�5–6 cycles/deg) is sufficient to allow the black rhi-

noceros to detect small leaves at relevant foraging dis-

tances. Moreover, black rhinoceroses also have a

horizontal streak of high density of retinal ganglion

cells, which allows for enhanced panoramic vision

across the horizon, and potentially facilitates the detec-

tion of predators and conspecifics (Pettigrew and Man-

ger, 2008).

Despite the wealth of information that can be pre-

dicted about habitat use and foraging ecology from reti-

nal organization (Hughes, 1977; Collin, 1999), no

information is available about the topographic distribu-

tion of neurons in the retina of the white rhinoceros.

Here we sought to determine whether the retina of the

white rhinoceros shows a dual topographic organization

similar to that of the black rhinoceros or whether it

shows variations that reflect their grazing habits (i.e.,

lower visual resolution) and occurrence in open environ-

ments (i.e., more pronounced horizontal streak). Using

retinal wholemounts and stereology, we mapped the

topographic distribution of the total population of reti-

nal ganglion cells and estimated the upper limits of spa-

tial resolution of the white rhinoceros eye. We also

mapped the population of presumed alpha retinal gan-

glion cells in Nissl-stained wholemounts and confirmed

our cytological criteria with neurofilament immunohisto-

chemistry. In mammals, alpha cells comprise a morpho-

logically distinct type of retinal ganglion cells, which are

rich in neurofilaments and have large cell bodies and

dendritic trees (Peichl et al., 1987; Peichl, 1991; Sanes

and Masland, 2015). Alpha cells are presumably

involved with the detection of brisk transient stimuli

(Peichl et al., 1987; Peichl, 1991) and approaching or

receding objects (Sanes and Masland, 2015), which

may be ecologically relevant for the detection of preda-

tors and conspecifics.

MATERIALS AND METHODS

Specimen
One 3-year-old female white rhinoceros was used in

the present study. This female rhinoceros survived a

poaching attempt; however, a bullet severed the right

radial nerve, preventing rehabilitation. The animal was

humanely euthanized for veterinary reasons, and the

eyes were made available for the present investigation.

The harvesting of tissue from this specimen was

approved by the University of the Witwatersrand Animal

Ethics Committee (clearance number 2008/36/1).

Because other studies in many vertebrates have shown

that interindividual variation in the total number and

topographic distribution of retinal ganglion cells is gen-

erally low (Coimbra et al., 2013, 2014a, 2014b; Lisney

et al. 2012, 2013a, 2013b; de Busserolles et al., 2014),

and given the endangered status of the white rhinocer-

os, the eyes from this single specimen were considered

representative for the characterization of the retinal

topographic specializations in this species.

Perfusion and retinal wholemount
preparation

After euthanasia, the head of the white rhinoceros

was removed and perfused following the method

described in Manger et al. (2009). In brief, both carotid

arteries were located and a cannula (6-mm outer diam-

eter, 4-mm inner diameter) was inserted and secured in

place. Subsequently, approximately 5 liters of 0.9%

saline followed by 5 liters of 4% paraformaldehyde in

0.1 M phosphate buffer (PB), pH 7.2–7.4 were flushed

through the head via carotid arteries. The eyes were

oriented with a cauterization mark on the dorsal portion

of the cornea (Coimbra et al., 2013), removed from the

head, immersed in fixative for a further 24 hours, and

subsequently stored in 0.1 M PB (pH 7.2–7.4) containing

0.1% sodium azide.

Retinal wholemounts were prepared and processed

following standard methods (Stone, 1981; Coimbra

et al., 2006). Briefly, the cornea and vitreous were

removed, and the retinas were dissected by making

radial cuts from the periphery to the center of the eye-

cup. Remnants of the retinal pigment epithelium

attached to the retinal wholemounts were bleached

with 3% hydrogen peroxide in 0.1 M PB for approximate-

ly 12 hours at room temperature (Coimbra et al.,

2009).

Coimbra and Manger
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Nissl staining
To estimate the total number and map the topo-

graphic distribution of ganglion cells (total and alpha),

one retinal wholemount (right) was mounted vitreous

side up onto a gelatinized slide for staining with the

Nissl method (Stone, 1981; Coimbra et al., 2006). To

improve the adherence of the retinal wholemount to

the slide and enhance staining, the retinal wholemount

was incubated in formaldehyde vapors at room temper-

ature overnight (Stone, 1981). The retinal wholemount

was then rehydrated, stained for 5 minutes with an

aqueous solution of 0.1% cresyl violet (Sigma), dehy-

drated in an ethanol series, cleared in xylene, and final-

ly coverslipped with Entellan New (Merck,

Modderfontein, South Africa) (Coimbra et al., 2006). As

the retinal wholemount was attached to the slide during

all staining steps, shrinkage was considered to be negli-

gible and confined to the borders of the ora serrata

and the edges of the radial cuts (W€assle et al., 1975;

Peichl, 1992).

Immunohistochemistry
To validate our cytological criteria to identify alpha

ganglion cells, the other retinal wholemount (left) was

used for neurofilament immunohistochemistry. Anti-

bodies against the heavy subunit of neurofilaments

label a population of large ganglion cells in the retinas

of a variety of mammals including marsupials (big-eared

opossum; Moraes et al., 2000), rodents (mouse; Dr€ager

and Hofbauer, 1984), primates (human; Straznicky

et al., 1992; Ruiz-Ederra et al., 2004), and artiodactyls

(pig; Ruiz-Ederra et al., 2004; giraffe, Coimbra et al.,

2013).

For the immunohistochemistry procedures described

below, we performed all incubations at room tempera-

ture and used 0.1 M PB (pH 7.2–7.4) for rinsing and

preparing all incubating solutions. To improve antibody

permeability, the retinal wholemount was treated with

0.1% collagenase for 10 minutes and then rinsed for 5

minutes. To further permeabilize and inhibit endogenous

peroxidases, the retinal wholemount was then incubat-

ed in a solution containing 10% methanol and 3% hydro-

gen peroxide for 40 minutes. Subsequently, to both

rinse and further permeabilize, the retinal wholemount

was treated with 5% Triton X-100 (Sigma, St. Louis,

MO) for 5 minutes (twice) and then for a further 20

minutes. Subsequently, the wholemount was rinsed

three times for 5 minutes each and then incubated in a

mixture containing the anti-neurofilament 200 primary

antibody (1:3,000; clone N52, N0142, Sigma), 5% nor-

mal donkey serum (Millipore, Billerica, MA), and 1% Tri-

ton X-100 for 24 hours with gentle rocking. The retinal

wholemount was rinsed three times for 5 minutes each

and incubated in biotinylated donkey anti-mouse sec-

ondary antibody (1:500, Jackson ImmunoResearch,

West Grove, PA) for 2 hours. The retinal wholemount

was then transferred to a solution containing avidin–

biotin complex (Vectastain ABC kit, Vector, Burlingame,

CA) and further incubated for 1 hour. Finally, the retinal

wholemount was rinsed three times for 5 minutes each

before reaction in a solution containing SG as the chro-

mogen (Peroxidase Substrate kit, Vector). After the

reaction, the retinal wholemount was rinsed overnight,

mounted vitreal side up onto a large gelatinized slide,

and allowed to dry overnight at room temperature. Sub-

sequently, the retinal wholemount was rehydrated, then

dehydrated in an ascending ethanol series, cleared with

xylene, and mounted with Entellan New (Coimbra et al.,

2013). As the retinal wholemount was attached to the

slide during the dehydration stages, shrinkage was con-

sidered to be negligible.

Antibody characterization and specificity
Monoclonal anti-neurofilament 200 antibodies are

raised against the C-terminal of pig neurofilament H-

subunit polypeptides. This antibody clone is reported to

recognize both phosphorylated and nonphosphorylated

forms of neurofilaments with 200 kDa molecular weight

as detected in immunoblotting (Sigma-Aldrich, St. Louis,

MO, clone N52, Cat# N0142, RRID: AB_477257). This

antibody does not cross-react with other intermediate

filaments, and its specificity in the nervous system has

been tested elsewhere using western blots from rat spi-

nal cord homogenates (Hubert et al., 2008; Yamanaka

et al. 2011). The immunostaining pattern observed

using anti-neurofilament 200 (clone N52) reveals

intense labeling of neurofibrils in the soma, dendrites,

and axons of neurons. The neurofilament-200 (clone

N52) immunostaining pattern obtained in this study is

consistent with labeling shown in previous reports in

the mammalian retina using the antibody from the

same manufacturer (Moraes et al., 2000; Coimbra

et al., 2013). Secondary antibody specificity was

assessed by incubating small retinal pieces in a mixture

in which the primary antibody had been omitted (Saper

and Sawchenko, 2003). No labeling was detected.

Estimation of the total number and
topographic distribution of retinal ganglion
cells using stereology

Using the optical fractionator method (West et al.,

1991) with modifications for the use in retinal whole-

mounts (Coimbra et al., 2009, 2012), we estimated the

total number and the topographic distribution of retinal

Vision in the white rhinoceros
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ganglion cells in the white rhinoceros. Briefly, the retina

was considered as one single section and therefore the

section sampling fraction (ssf) was 1. As the retinal

ganglion cell layer in the white rhinoceros comprises a

single layer of neurons, the optical disector height was

the same as the thickness of the ganglion cell layer at

all eccentricities to give a thickness sampling factor

(tsf) of 1. Therefore, only the area sampling fraction

(asf), which is the ratio between the counting frame

and the sampling grid, was used to estimate the total

number of retinal ganglion cells according to the follow-

ing algorithm:

Ntotal5RQ31=asf

where RQ is the sum of total neurons counted (West

et al., 1991).

The outlines of the white rhinoceros retinal whole-

mounts were digitized using a 4 3 /NA 0.13 objective

on a microscope (Olympus BX50) equipped with a

motorized stage (MAC200; Ludl Electronics Products,

Hawthorne, NY) and connected to a computer running

Stereo Investigator software (http://www.mbfbio-

science.com, RRID: SciRes_000114). The ganglion cell

layer was outlined close to the limits of the retinal bor-

ders (at the ora serrata) and along the radial cuts, but

excluding other retinal layers that can be seen in trans-

verse view after wholemounting. The outline of the base

of the optic disc was subtracted from the total ganglion

cell layer area.

Under microscopic examination, we noticed that reti-

nal ganglion cell density increased in the equator of the

retina forming a band of high density (Fig. F22A). Demar-

cation of this band allowed us to use different sampling

strategies to optimize counting and detect variations in

density (Fig. 2B, Table T11). Within each demarcated

region, sampling grids were placed in a random, uni-

form, and systematic fashion. At each sampling site, we

counted only retinal ganglion cells (total and alpha) that

lay entirely within the counting frame, or that inter-

sected the acceptance lines without touching the rejec-

tion lines (Gundersen, 1977). Upon identification of the

highest density region within the high-density band, we

used a high-frequency sampling scheme around the two

highest density values to confirm the magnitude and

location of the peak density of total retinal ganglion

cells (Table 1). Because the counting frames used to

estimate alpha ganglion cell density covered a larger

proportion of the sampling grid size, subsampling was

not needed to confirm estimates of peak density. These

stereological parameters were chosen on the basis of

pilot experiments to achieve a Schaeffer coefficient of

error (CE)< 0.1, which is deemed appropriate in the

present study because variances introduced by the

counting procedures contribute very little to the

observed group variance (Glaser and Wilson, 1998; Slo-

mianka and West, 2005).

To distinguish retinal ganglion cells from amacrine

and glial cells in the white rhinoceros Nissl-stained

wholemount, we used well-established cytological crite-

ria proposed by Hughes (1981a). These criteria have

been validated in a range of mammals including peri-

ssodactyls (Wong et al., 1986; Silveira et al., 1989a,b;

Peichl, 1992; Mass and Supin, 1992; Harman et al.,

1999; Pettigrew and Manger, 2008; Coimbra et al.,

2013, 2015, 2016, 2017). Cell profiles showing polygo-

nal soma with dense accumulations of Nissl substance

in the cytoplasm, an eccentric nucleus, and a promi-

nent nucleolus were classified as retinal ganglion cells

(Fig. 2C,D). Smaller, rounder, and more palely stained

profiles, with no evident Nissl substance in the cyto-

plasm, were classified as amacrine cells (Fig. 2C,D).

Darkly stained profiles displaying a small, round, or

slightly elongated cell body were recognized as glial

cells (Fig. 2C,D). The white rhinoceros retina is

Figure 1. Close-up of the head of the white rhinoceros during

grazing. Photo credit: Malcolm Schuyl. [Color figure can be

viewed at wileyonlinelibrary.com]
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avascular, and hence no endothelial cells were identi-

fied (Johnson, 1901). These cytological criteria were

consistent at all eccentricities and were unambiguously

applicable in regions of low and high density (Fig.

2C,D). Because retinal ganglion cells were reliably iden-

tified at all eccentricities, we opted to exclude other

cell types from the counting procedures. Moreover, we

were also able to distinguish presumed alpha ganglion

cells from non-alpha cells based on their cytological

features. These cells showed very large polygonal soma

and dense accumulations of Nissl substance (Fig. 2C,D)

resembling the alpha cells found in cats and other

mammals (W€assle et al., 1975; Peichl et al., 1987;

Peichl, 1991).

To obtain a systematic random sampling of the soma

sizes of alpha cells across the retina, we used the

nucleator probe within an optical fractionator sampling

scheme (Gundersen et al., 1988). Because of the low

density of alpha cells in both Nissl- and neurofilament-

stained retinal wholemounts, we used a large counting

frame of 500 3 500 mm. Within the band of high densi-

ty, we sampled three regions (temporal, central, and

nasal) using a grid size of 950 3 950 mm. Outside the

band, we sampled four regions (dorsal, ventral, tempo-

ral, and nasal) in the retinal midperiphery using a grid

size of 1,500 3 1,500 mm. These regions were selected

approximately at 15 mm (temporal) and 20 mm (other

retinal regions) from the optic disc. Within each count-

ing frame, we marked alpha ganglion cell profiles using

the nucleolus as reference. To estimate the soma area,

we marked the intersections of six rays emanating from

the nucleolus with the boundaries of the alpha cell

soma. For convenience, soma areas were converted

into soma diameters. We used the same counting rules

Figure 2. Nissl-stained retinal wholemount of the white rhinoceros (A). Note the homogeneous staining across the preparation except for

slightly darker region in the retinal equator (A). Under microscopic inspection, the limits of the band of high neuronal density were demar-

cated as depicted by the dashed line (B). Cytological criteria used to distinguish retinal ganglion cells (gc) from amacrine (a) and glial (g)

in low (C) and high (D) density regions are indicated in A. Criteria to identify alpha ganglion cells (alpha) are also shown (C, D). od, optic

disc; T, temporal; V, ventral. Scale bars 5 10 mm in A; 50mm in B; 100mm in D (also applies to C). [Color figure can be viewed at wileyon-

linelibrary.com]
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TABLE 1.

Stereological Parameters Defined to Estimate the Total Number and Topographic Distribution of Total and Alpha Retinal

Ganglion Cells in the White Rhinoceros Nissl-Stained Retinal Wholemount Using the Optical Fractionator Method

Neuron type/

sampling region

Counting

frame (mm) Grid (mm)

Area sampling

fraction

Objective/numerical

aperture

Total ganglion cells
Periphery 350 3 350 2,800 3 2,800 0.0156 403/0.6 air
Streak 170 3 170 600 3 600 0.0803 403/0.6 air
Subsampling 150 3 150 250 3 250 0.3600 403/0.6 air

Alpha ganglion cells
Periphery 1,000 3 1,000 4,000 3 4,000 0.0625 103/0.3 air
Streak 500 3 500 950 3 950 0.2770 103/0.3 air

Vision in the white rhinoceros
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as described above for our optical fractionator esti-

mates (Gundersen, 1977). Nucleator CE was< 0.008

for all samples.

Topographic maps illustrating variations of retinal gan-

glion cell density were constructed using Arcview 3.2

software (http://www.esri.com, RRID: SciRes_000116)

using the spline interpolation method (Coimbra et al.,

2006). Photomicrographs were obtained using a digital

camera (Microfire, Optronics, Fremont, CA) coupled to a

Stereo Investigator system. Digital photomicrographs

were processed using Adobe Photoshop CS2 (San Jose,

CA) for scaling and minor adjustment of the levels of

brightness and contrast.

Anatomical estimation of spatial resolving
power

Anatomical estimates of spatial resolving power were

obtained for the eye of the white rhinoceros. We obtained

an estimate of the posterior nodal distance (PND) of the

eye by multiplying the eye axial length by 0.57, which is

the ratio between PND and axial length described for

cathemeral species (Pettigrew et al., 1988). White rhinoc-

eroses show peak activity early in the morning (5–9 am)

and later in the afternoon (3–6:30 pm) (Groves, 1972).

To estimate the retinal magnification factor (RMF),

which represents the distance in retinal surface that

subtends 1 degree, we used the equation (Pettigrew

et al., 1988):

RMF52pPND=360

We assumed that retinal ganglion cells in the high-

density regions occur in a triangular lattice because

this arrangement allows for the minimum center-to-

center spacing among cells (Williams and Coletta,

1987). To estimate the Nyquist limits of spatial resolu-

tion, we used the retinal ganglion cell peak density (D)

according to the equation (Snyder and Miller, 1977; Wil-

liams and Coletta, 1987):

fN5 0:5 3 RMF 3 ð2D=
ffiffiffi

3
p
Þ1=2

Anatomical estimates of spatial resolving power using

the total peak density of retinal ganglion cells represent

upper limits of retinal resolution because it is unknown,

for this species, what percentage of retinal ganglion

cells is involved in resolution tasks (W€assle, 2004; Reu-

ter and Peichl, 2008).

To relate behavioral significance to our estimates of

spatial resolving power, we predicted the minimum

object size (i.e., grass, predator) that a white rhinoceros

could spatially resolve given optimal conditions of con-

trast and luminance. First, by calculating the inverse of

the spatial resolving power, we estimated the angular

distance in the retina that corresponds to one cycle.

Then this value was divided by 2 to obtain the minimum

angle of resolution (MAR), which is equivalent to half a

cycle (i.e., one black bar) and represents the angular

distance of the smallest resolvable detail on the retina.

Subsequently, using the trigonometric relationships

between the minimum angle of resolution and a pre-

sumed distance relevant for foraging and predator

detection (D), we estimated the minimum object size

(Obj) using the equation:

D5Obj=tan MAR

According to the Nyquist sampling theorem (Hughes,

1981b), an object needs to be twice the threshold to

TABLE 2.

Estimates of the Total Number (rounded to the nearest 1,000) and Peak Density of Total (rounded to the nearest 100) and

Alpha Ganglion Cells Obtained From the Nissl-Stained Retinal Wholemount of the White Rhinoceros Using the Optical Frac-

tionator Method

Neuron type/

sampling region

Retinal

area (mm2)

Number of sites

counted

Estimated

total number CE

Peak density

(cells/mm2)

Total ganglion cells
Periphery 1,587 214 284,000 0.055
Streak 63 205 69,000 0.035
Total 1,650 419 353,000
Mean 0.045

Subsampling
Temporal area 1.44 20 0.071 2,000
Nasal area 1.13 18 0.067 1,800

Alpha ganglion cells
Periphery 1,587 114 10,900 0.065
Streak 63 101 1,400 0.061
Total 1,650 215 12,300
Mean 0.063
Temporal area 44
Nasal area 40

Coimbra and Manger
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be spatially resolved. Hence the minimum object size

estimated was multiplied by 2.

RESULTS

The eye of the white rhinoceros
The eye of the white rhinoceros (Fig.F3 3A) is spherical,

with a mean nasotemporal diameter of 32.2 mm

(32.1 mm, left; 32.2 mm right) and dorsoventral diame-

ter of 31.9 (31.8 mm, left; 32 mm right) (Fig. 3B). Mean

eye axial length was 29.3 mm (28.9 mm, left; 29.6 mm

right). The eye fundus was dark throughout its exten-

sion with no indication of a tapetum lucidum (Fig. 3C),

as confirmed by the wholemounted choroid (Fig. 3D).

Number and topographic distribution of
retinal ganglion cells

In the Nissl-stained retinal wholemount of the white

rhinoceros, we estimated a total of � 353,000 retinal

ganglion cells. Topographic mapping of total retinal gan-

glion cell densities revealed a horizontal streak running

through and below the optic disc as demarcated by an

isodensity line of 200 cells/mm2 (Fig. F44A). Within the

temporal and nasal poles of the horizontal streak, iso-

density lines of 1,000 cells/mm2 were more concentri-

cally organized and delineated a temporal and a nasal

area of high ganglion cell density (Fig. 4A). Retinal gan-

glion cells reached maximum density of �2,000 cells/

Figure 3. Close-up of the right eye in the head (A), whole eye (B), eyecup (C), and flattened choroid (C) of the white rhinoceros. Note that

the eye is relatively spherical. Note that the eye fundus as shown by the eyecup (C) and flattened choroid (D) shows homogeneous brown

coloration with no indication of a tapetum lucidum. Photo credit: Malcolm Schuyl (A). od, optic disc; T, temporal; V, ventral. Scale

bars 5 10 mm in B–D. [Color figure can be viewed at wileyonlinelibrary.com]
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mm2 in the temporal area, and �1,800 cells/mm2 in

the nasal area. In the periphery and midperiphery, reti-

nal ganglion cell density varied between 50 and 100

cells/mm2. Variations in retinal ganglion cell density

can be clearly detected in transects through the tempo-

ral, central, and nasal portions of the visual streak in

the Nissl-stained wholemount (Fig. 4B).

Using cytological criteria, we mapped the population

of presumed alpha cells in the retina of the white rhi-

noceros. We estimated a total of �12,300 alpha cells

comprising �3.5% of the total ganglion cell population.

Topographic mapping of alpha cells revealed a broad

peripheral plateau delineated by an isodensity line of 5

cells/mm2 (Fig.F5 5A). This plateau is asymmetric, occu-

pying a larger area in the dorsal compared with the

ventral retina (Fig. 5A). Toward the equator of the reti-

na, an isodensity line of 10 cells/mm2 demarcated a

horizontal streak (Fig. 5A). Within the temporal and

nasal portions of this streak, alpha cells form two high-

density areas demarcated by isodensity lines of 15

cells/mm2 (Fig. 5A). Alpha ganglion cells reached a

maximum density of �44 cells/mm2 in the temporal

area, and �40 cells/mm2 in the nasal area. Alpha gan-

glion cell profiles identified in the Nissl-stained retina

showed large soma size with stellate morphology similar

to alpha cells stained by neurofilaments in regions of

high (Fig. 5B–E) and low (Fig. 5F–I) density.

Alpha ganglion cell proportion and size varied across

retinal regions in the white rhinoceros. We found good

correspondence between estimates of the proportions

and soma sizes of alpha ganglion cells across different

regions in Nissl- and neurofilament-stained retinas of

the white rhinoceros (Fig. F66). The proportions of alpha

cells are slightly higher (�7.5%, Nissl and neurofila-

ment) in the dorsal retina compared with the ventral

retina (�6.5%, Nissl; 5.5%, neurofilament). Alpha cells

occur in their lowest proportions in the temporal (�2%)

and nasal (�2%) areas and in the center (�1.4%) of the

retina (Fig. 6A). We did not estimate the proportions of

alpha cells in these regions of the neurofilament-

stained retina because the densely stained fiber layer

prevented reliable counting. Alpha cells were slightly

larger in the ventral retina (38 mm, Nissl; 50 mm, neuro-

filament) compared with other retinal regions (31–

35 mm, Nissl; 39–43 mm, neurofilament). The smallest

alpha ganglion cell soma sizes were found in the

streak/high-density regions (30 mm, Nissl; 35 mm, neu-

rofilament) (Fig. 6B).

Figure 4. Topographic map illustrating the distribution of retinal ganglion cell densities in the Nissl-stained retinal wholemount of the white

rhinoceros (A). Note the presence of a temporal and a nasal area embedded in well-defined horizontal streak demarcated by an isodensity

line of 200 cells/mm2. Isodensity lines of 1,000 cells/mm2 delineating the temporal and nasal areas were more concentric. The dots with-

in the limits of the isodensity lines of 1,200 cells/mm2 and 1,000 cells/mm2 mark the location of the peak density of retinal ganglion

cells in the temporal (�2,000 cells/mm2) and nasal (�1,800 cells/mm2) areas, respectively. Changes in density gradients are clearly

seen in photomicrographs taken in vertical transects through the temporal, central, and nasal portions of the horizontal streak (B). The

black circle in A indicates the position of the optic disc. Numbers on the isodensity lines should be multiplied by 103 to express densities

in cells/mm2. T, temporal; V, ventral. Scale bars 5 10 mm in A; 100 mm in B (applies to all photomicrographs in B). [Color figure can be

viewed at wileyonlinelibrary.com]
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Anatomical spatial resolving power
Using an eye axial length of �29 mm, we estimated

a posterior nodal distance of 16.47 mm and a retinal

magnification factor of 0.287 mm/deg for the white rhi-

noceros. Combining these optical estimates with maxi-

mum ganglion cell density (�2,000 cells/mm2,

temporal area; �1,800 cells/mm2, nasal area), we esti-

mated upper limits of spatial resolving power of 7

cycles/deg for the temporal, and 6.6 cycles/deg for

the nasal area. Spatial resolving power in the horizontal

streak (maximum ganglion cell density �800 cells/

mm2) was 4.4 cycles/deg. Based on these estimates of

spatial resolving power, we calculated a minimum angle

of resolution of �0.071 8 for the temporal area,

�0.076 8 for the nasal area, and �0.114 8 for the hori-

zontal streak of the white rhinoceros.

DISCUSSION

In this study, we found that the topographic distribu-

tion of retinal ganglion cells in the white rhinoceros

reveals an unusual pattern of organization for a terres-

trial mammal: a temporal and a nasal area circum-

scribed by a well-defined horizontal streak. Moreover,

we found that the topographic distribution of Nissl-

stained alpha ganglion cells reflects a similar dual orga-

nization of the total ganglion cell population. We found

that the proportions of alpha ganglion cells were higher

Figure 5. Topographic map illustrating the distribution of alpha retinal ganglion cell densities in the Nissl-stained retinal wholemount of

the white rhinoceros (A). Note that alpha ganglion cells show a very similar topographic pattern compared with the total ganglion cells. An

isodensity line of 5 cells/mm2 defines a broad and asymmetric plateau, which covers most of the dorsal retina and about half of the ven-

tral retina. Across the nasotemporal axis, an isodensity line of 10 cells/mm2 demarcate a horizontal streak within which isodensity lines

of 15 cells/mm2 define a temporal and nasal area. Peak densities of alpha cells are marked by dots within the isodensity line of 25

cells/mm2 in the temporal (44 cells/mm2) and nasal (40 cells/mm2) areas. Note that alpha ganglion cells identified in the Nissl-stained

retina in regions of high (horizontal streak; B,D) and low (ventral; F,H) density have a larger soma size and stellate morphology compared

with non-alpha cells. Note that similar cytological features are seen in neurofilament-stained alpha cells indicated in equivalent regions of

high (horizontal streak; C,E) and low (ventral; G,I) density. Arrowheads indicate alpha ganglion cell profiles. Numbers on the isodensity

lines represent actual densities in cells/mm2. The black circle in A indicates the position of the optic disc. T, temporal; V, ventral. Scale

bars 5 10 mm in A; 100 mm in C (also applies to B) and G (also applies to F); 50 mm in E (also applies to D) and I (also applies to H). [Col-

or figure can be viewed at wileyonlinelibrary.com]
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in the dorsal and ventral portions of the retina. Upper

limits of spatial resolving power lie at 7 cycles/deg in

the temporal area, 6.6 cycles/deg in the nasal area,

and 4.4 cycles/deg in the horizontal streak.

Absence of a tapetum lucidum in the
white rhinoceros

The tapetum lucidum is an important specialization

that enhances visual sensitivity by reflecting light back

to the retina and consequently increasing photon cap-

ture in dim light conditions (Duke-Elder, 1958; Land

and Nilsson, 2012). Among perissodactyls, a tapetum is

found in tapirs and equids (horses, zebras, and asses)

but is not found in the greater one-horned rhinoceros

(Rhinoceros unicornis) (Johnson, 1901). Ophthalmoscop-

ic examination of the eye of the greater one-horned rhi-

noceros revealed a dull and uniform coloration of the

eye fundus suggesting the absence of a tapetum luci-

dum (Johnson, 1901). Our finding of a homogeneous

and dark appearance of the fundus in the white rhinoc-

eros is consistent with the description of the eye fun-

dus of the greater one-horned rhinoceros, supporting

the fact that rhinoceroses lack a tapetum lucidum. The

adaptive advantage of the absence of a tapetum in the

white rhinoceros is unclear because, although this spe-

cies shows predominant activity when luminance condi-

tions are relatively high, it can also be active during the

night for which a tapetum lucidum would be useful

(Groves, 1972). A comparison between the numbers

and proportions of rod photoreceptors between the rhi-

noceroses and other perissodactyls would be central to

assess whether the rhinoceros eye compensates for the

absence of a tapetum lucidum by having a more elevat-

ed proportion of rod photoreceptors to improve vision

at low light levels.

The dual topographic organization of retinal
ganglion cell density

The presence of both a temporal and a nasal area of

high ganglion cell density is an uncommon feature in

the mammalian retina. This type of arrangement is con-

sistently found in cetaceans (Mass et al., 2013; Mass

and Supin, 1986, 1995, 1997; Murayama et al., 1995),

but among terrestrial mammals it has only been

described for the black rhinoceros (Pettigrew and Man-

ger, 2008). Our finding of a temporal and nasal area of

high ganglion cell density in the white rhinoceros is

very similar to the topographic pattern described for

the black rhinoceros not only in retinal location but also

in terms of absolute density. Our estimate of peak gan-

glion cell density in the temporal area of the white rhi-

noceros (�2,000 cells/mm2) is identical to the

estimate reported for the black rhinoceros (�2,000

cells/mm2) (Pettigrew and Manger, 2008). In addition,

our estimate of peak density for the nasal area of the

white rhinoceros (�1,800 cells/mm2) is also very simi-

lar to, but slightly higher than, the estimate of the black

rhinoceros (1,500 cells/mm2) (Pettigrew and Manger,

2008). Given that the eye sizes of these two species of

rhinoceros are very similar (only slightly larger in the

white rhinoceros; see below), comparisons of absolute

density estimates are reasonable. Even though both

studies used a single specimen, the identical results

from the two species strongly indicates that a dual

Figure 6. Diagrams illustrating the variation in the proportion (A) and soma size (B) of Nissl- and neurofilament-stained alpha ganglion cells at

different locations of retinal wholemounts of the white rhinoceros. [Color figure can be viewed at wileyonlinelibrary.com]
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retinal organization is a consistent feature between

these two rhinoceros species.

As with the black rhinoceros, our data show that in

the white rhinoceros the temporal and nasal areas are

embedded within a horizontal streak that extends

across the retinal equator. Horizontal streaks are com-

mon in species that occur in open environments and

facilitate vision across the horizon, presumably by

enhancing resolution (Hughes, 1977; Collin, 1999).

Because white rhinoceroses occur in open grasslands

and savannahs (Groves, 1972; Dinerstein, 2011), the

presence of a horizontal streak of high ganglion cell

density is compatible with its presumed needs for pano-

ramic vision across the horizon, potentially facilitating

the detection of predators and conspecifics. As with

most mammals, a temporal area of high retinal ganglion

cell density in the white rhinoceros potentially affords

increased resolution in the frontal visual field and hence

may assist this species to detect physical features of

grasses while grazing (Hughes, 1977; Collin, 1999).

Although the function of the nasal area is unclear, Petti-

grew and Manger (2008) suggested that the nasal area

could improve the detection of predators or conspe-

cifics entering the posterior visual field. Here we sug-

gest that the nasal area in the white and black

rhinoceroses may have arisen because of their reduced

neck mobility and large head size, which hinders head

rotations to inspect objects approaching from behind

(Leuhold, 2012). Interestingly, the occurrence of a nasal

area in the retinas of other mammals that have a limited

range of neck mobility (i.e., elephants, cetaceans) gives

support to this hypothesis (Pettigrew et al., 2010; Mass

et al., 2013; Mass and Supin, 1986, 1995, 1997; Mur-

ayama et al., 1995; Leuhold, 2012). Moreover, using oph-

thalmoscopy, Johnson (1901) indicated that the eye of

the rhinoceros shows oblique movements outward and

slightly upward, which would facilitate scanning of the

posterior visual field by bringing the nasal portion of the

retina outward and slightly upward. Therefore, we sug-

gest that a nasal area in the rhinoceroses may represent

an important adaptation to compensate for the reduced

rotational range of the head and neck and allow for great-

er sampling of the posterior visual field.

Although the white and black rhinoceros share many

similarities in their topographic organization, they differ in

the position of the optic disc relative to the horizontal

streak, which creates blind spots in different regions of

their visual fields. Our results show that in the white rhi-

noceros the optic disc is located above the horizontal

streak, hence creating a blind spot below this specializa-

tion in the visual field. This arrangement allows for unin-

terrupted sampling of the horizon for this species. In

contrast, the optic disc in the black rhinoceros is located

within the horizontal streak; hence the blind spot inter-

rupts continuous sampling of the horizon (Pettigrew and

Manger, 2008). The reasons for these differences are

unclear, and it appears paradoxical that the black rhinoc-

eros has a blind spot within one of its high-density special-

izations. We suggest that, because the black rhinoceros

tend to occur in more enclosed vegetation (i.e., wood-

lands), perhaps sampling of the horizon is not as crucial

as for the white rhinoceros, which occurs predominantly

in more open microhabitats (Groves, 1972; Hillman-Smith

and Groves, 1994). Intriguingly, in the horse—another

perissodactyl that occurs in more open microhabitats—the

optic disc is located below the horizontal streak (Hebel,

1976; Harman et al., 1999; Guo and Sugita, 2000). This

gives support to the idea that the position of the optic

disc relative to high-density retinal specializations may be

related to specific visual needs to sample environments

with different structural complexities.

Topographic specializations of density and
proportion of alpha ganglion cells

In mammals, the topographic distribution of alpha

ganglion cells generally reflects the pattern of distribu-

tion of the total population of retinal ganglion cells

(Peichl et al., 1987, Peichl, 1991; W€assle et al., 1975).

In the retina of the white rhinoceros, our mapping of

alpha ganglion cells revealed a temporal and a nasal

area embedded in a horizontal streak, organized in a

similar fashion to the distribution of the total population

of ganglion cells. Given the role of alpha cells in the

detection of brisk transient stimuli and approaching

motion (Peichl et al., 1987; Sanes and Masland, 2015),

their spatial arrangement in the retina of the white rhi-

noceros may facilitate panoramic detection of

approaching objects (i.e., predators and conspecifics)

across the horizon (streak) in addition to the frontal

(temporal area) and posterior (nasal area) visual fields.

The presence of a nasal area of high density of alpha

cells gives further support to the notion that reduced

neck flexibility and large body size may have been

important evolutionary drivers for the selection of the

nasal specializations in the retina of the white rhinocer-

os. Similar to the white rhinoceros, the giraffe has a

high-density area of neurofilament-positive alpha gangli-

on cells in the dorsonasal retina; however, the density

of alpha cells in the giraffe is lower (�10 cells/mm2)

compared with the white rhinoceros (�40 cells/mm2)

(Coimbra et al., 2013). In the case of the giraffe,

although a nasal peak of alpha cells would still serve

the function of facilitating the detection of approaching

predators, its lower density probably reflects increased
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neck mobility and the ability to rotate its head more

freely compared with the white rhinoceros.

In mammals, alpha ganglion cells comprise between

1% and 10% of the total ganglion cell population (Peichl

et al., 1987; Peichl, 1991). Our estimate of �3.5% of

alpha ganglion cells is within this range and is very

close to the proportion (2–4%) estimated for the cat

using Nissl-stained retinas (W€assle et al., 1975). As

with other mammals, the proportions of alpha cells in

the white rhinoceros vary with retinal location, presum-

ably to enhance detection of approaching objects in

portions of the visual field relevant to behavior. Our

finding of higher proportions of alpha cells in the dorsal

(�7.5%) and ventral (�6.5%) portions of the retina sup-

ports this notion. When grazing, the white rhinoceros

holds its head at approximately 45 8 (Groves, 1972),

which consequently brings the temporal portion of the

retina to view the ground, while the ventral and dorsal

portions of the retina sample the front and back of the

animal, respectively. The higher proportions of alpha

cells in the ventral and dorsal retina would maintain

enhanced detection of motion, respectively, in the front

and behind the animal, thus compensating for postural

adjustments of the head.

Spatial resolving power and visual ecology
Eye size and peak density of retinal ganglion cells

represent two key factors that influence the levels of

spatial resolving power in mammals (Pettigrew et al.,

1998; Veilleux and Kirk, 2014). Our estimates of spatial

resolving power for both temporal (7 cycles/deg) and

nasal (6.6 cycles/deg) areas in the white rhinoceros

are very similar to, although slightly higher than, the

estimates reported for the black rhinoceros (temporal,

6 cycles/deg; nasal, 5 cycles/deg) (Pettigrew and Man-

ger, 2008). Because our estimates of peak density of

retinal ganglion cells in these specializations are within

the same range of the black rhinoceros, these slight dif-

ferences in spatial resolution are attributable to differ-

ences in eye size. The relatively lower spatial resolving

power in the black rhinoceros reflects its slightly

smaller eye size (axial length, 26.8 mm) (Pettigrew and

Manger, 2008) compared with the white rhinoceros

(axial length, 29 mm). Interestingly, the relatively similar

Figure 7. Diagram illustrating the levels of spatial resolving power afforded by the topographic retinal specializations of the white rhinocer-

os (A) in the context of foraging (B) and detection of conspecifics and predators (C). Note the minimum object size potentially resolved by

the white rhinoceros at given distances in each scenario. These estimates assume optimum conditions of luminance and contrast. White

rhinoceros profile redrawn from Groves and Leslie Jr. (2011). [Color figure can be viewed at wileyonlinelibrary.com]
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eye axial lengths of these two species of rhinoceroses

suggest that eye size varies little with age given that

the black rhinoceros specimen examined by Pettigrew

and Manger (2008) was 40 years old, while the white

rhinoceros specimen examined in this study was 3

years old. Among other perissodactyls, the higher spa-

tial resolution in the horse (�16.5 cycles/deg) is also a

result of larger eye size (axial length, �38 mm) rather

than high ganglion cell density in the temporal area

(�5,600 cells/mm2) (Harman et al., 1999).

Our estimates of spatial resolving power for the

white rhinoceros indicate an important role for vision

in ecology (Fig.F7 7). In the context of foraging, with the

head held at 50 cm from the ground, the white rhinoc-

eros would be able to resolve a minimum object size

of �1 mm with the spatial resolution afforded by its

temporal area (7 cycles/deg). This resolution would

be reasonable to detect spatial features of grasses

(�1–2 cm) while grazing. At longer distances (�10 m),

the spatial resolution of the temporal area and the

horizontal streak (4.4 cycles/deg) would afford spatial

discrimination of a minimum object size of �2 cm and

�4 cm, respectively, which would be reasonable to

detect a human (�30 cm waistline). At 100 m, resolu-

tion of the temporal area would afford discrimination

of a minimum object size of 25 cm, which is close to

the limits to detect the silhouette of a human. At dis-

tances of 5 m, resolution afforded by the nasal area

(6.6 cycles/deg) would enable a white rhinoceros to

resolve a minimum object size of �1 cm, which would

be reasonable for the discrimination of calves or pred-

ators (i.e., hyenas, lions, �35–40 cm front) approach-

ing the posterior visual field. These estimates assume

optimal conditions of contrast and luminance.

CONCLUSIONS

In this study, we show that, similar to the black rhi-

noceros, the retina of the white rhinoceros exhibits an

unusual topographic organization of a temporal and a

nasal area embedded within a horizontal visual streak.

The functional roles of the temporal area and the hori-

zontal streak are consistent with the white rhinoceros

grazing habits and occupation of open environments,

respectively. Our finding of a nasal area gives support

to a presumed role in the detection of approaching

objects in the posterior visual field. We suggest that

reduced neck and head mobility of the white rhinoceros

may have been an important pressure for selection of

the nasal specialization. This is supported by the occur-

rence of a nasal area in the closely related black rhi-

noceros, and other species with limited range of head

and neck rotations such as cetaceans. The spatial

resolution afforded by the areas of retinal specializa-

tions is in line with the ecological needs of the white

rhinoceros. Moreover, topographic distribution and pro-

portions of alpha ganglion cells also reflect the needs

to detect approaching objects across different regions

of the visual field. In conclusion, the retina of the white

rhinoceros shows a unique set of topographic retinal

specializations that indicate an important role for vision

in their ecology.
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The white rhinoceros retina shows an unusual topographic organization of

high ganglion cell density formed by a temporal and a nasal area embedded

in a horizontal streak. The nasal area may enhance visual sampling of the

posterior visual field compensating for the reduced neck mobility in this

species.
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