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Visual adjustment is a key skill in primate development and has received a great deal of
attention in recent years. The evolution of trichromatic vision in some primates (Wells
et al. 2008; Kawamura 2016) facilitates behaviors such as mate choice (Fernandez and
Morris 2007; Fornalé et al. 2012) and the identification of nourishing food resources
(Dominy and Lucas 2001; Jacobs and Bradley 2016; Melin et al. 2013). The evolution
of binocular vision is relevant to visual attention and improves stereoscopic perception
(Heesy 2009). The specialization of visual pathways in the brain led to similar face
scanning in humans and apes, with the exception of human-specific prolonged eye
viewing (Kano et al. 2012). Fine-tuned vision is maintained by the whole ocular
apparatus, including a specialized uveal tract consisting of the iris, the ciliary body,
and the choroid.

The choroid has several functions, including nutrition of the outer and parts of the
inner retina, thermoregulation, adjustment of the eye’s shape, and adjustment of the
fovea centralis for precise vision (Nickla and Wallman 2010). The latter is thought to be
particularly developed in humans. Morphological structures attributed to this function
are a high number, 1000–2500, of intrinsic choroidal neurons (May and Lütjen-Drecoll
2005) and a complex system of nonvascular smooth muscle cells (May 2005). In
contrast, primates with a sparsely developed foveal system have low numbers of
neurons (Aotes trivirgatus, Tupaia glis, Macaca fascicularis, Macaca mulatta:
Flügel-Koch et al. 1994) and a less developed nonvascular smooth muscle cell system
(Aotes trivirgatus, Tupaia glis, Cercocebus, Macaca fascicularis, Macaca mulatta:
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May 2003). Only the general anatomy of the choroid in apes is currently known. To
understand the importance of a fine-tuning choroid for specialized visual functions, we
need to determine whether the fine choroidal morphology of apes is more similar in
structure and function to that of humans or of monkeys. In this study, I aimed to
investigate the intrinsic neurons and nonvascular smooth muscle cells of a Pan
troglodytes, using whole mount preparations.

I received a pair of eyes of Pan troglodytes from Zagreb Zoo, where a female Pan
troglodytes born 1985 in Hannover, Germany (no subspecies provided), died at the age
of 31 years. In Zagreb, the eyes were enucleated 3 days postmortem and fixed in
formalin.

I made whole mounts of the complete sclera and choroid of one eye and bleached
the choroid with 1% H2O2 for 4 h. I rinsed the whole mounts in phosphate-buffered
saline (PBS, pH 7.4) and incubated them with the pan-neuronal marker protein gene
product 9.5 (rabbit anti-PGP 9.5; dilution 1:400) and smooth muscle specific actin
(mouse anti-αSMA; dilution 1:150) overnight at 6 °C. The incubation solution also
contained 10% Triton X and 1% goat serum solution in PBS. After washing the whole
mounts 3 times in PBS for 10 min each, I incubated them with an appropriate

Fig. 1 Choroidal and scleral whole mounts of the posterior of an eye of Pan troglodytes, stained for protein
gene product 9.5 (a, b) and smooth muscle α-actin (c, d). Arrows in a show bundles of the suprachoroidal
nerve plexus crossing the vessels obliquely next to a dense perivascular nerve plexus running parallel with the
vessels. Arrows in b show intrinsic neurons in the suprachoroidal nerve plexus. Arrows in c show a few
nonvascular smooth muscle cells in the suprachoroidal layer oriented parallel to the pigmented cell processes
of the inner sclera. d shows that only vascular smooth muscle cells were seen in the choroid. The arrow in d
marks the region of a vortex vein
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secondary fluorescent antibody (goat anti-rabbit Cy3; dilution 1:500 and goat anti-
mouse FITC; dilution 1:200) for 2 h at room temperature. After washing the whole
mounts in PBS again, I mounted them with glycerin jelly and viewed them under a
fluorescence microscope (Olympus BX 60 with an F-View II CCD camera).

I made sections of the four quadrants of the other eye (temporal, nasal, superior, and
inferior) and embedded them in paraffin. I stained sagittal sections with hematoxylin–
eosin and examined them with a light microscope (Leica DM1000).

My light microscopic observations of the choroidal sections showed well developed
choroidal layers and no signs of pathology. I measured the thickness of the choroid in
different regions and found it to be 426 μm in the fovea, 200–220 μm in the
peripapillary region, and 100–130 μm at the ora serrata.

The whole mounts showed an elaborate network of PGP 9.5–positive nerve fibers
around the blood vessels and in the suprachoroid (Fig. 1a). I detected 260 intrinsic
neurons in the suprachoroidal plexus but these did not stain brightly for PGP 9.5 (Fig.
1b). They often formed groups of up to 15 cells.

I detected smooth muscle actin in all vessel walls. In contrast, nonvascular smooth
muscle cells were sparsely located in the suprachoroidal layer, predominantly in the
central temporal region. The few cells were oriented from the optic nerve toward the
periphery (Fig. 1c). I did not find any clusters around the entrance of the ciliary arteries
and nerves or near the vortex veins (Fig. 1d).

The general morphology of the choroidal vessels of Pan troglodytes and choroidal
thickness are comparable to those described for Gorilla gorilla gorilla (Knapp et al.
2007) and humans (Hogan et al. 1971). In contrast, specific morphological structures
attributed to fine regulation of the human choroid were only sparsely present in the
pair of eyes of Pan troglodytes I studied. The number and arrangement of nonvascular
smooth muscle cells in the choroid of Pan troglodytes was less developed than
described for Macaca fascicularis and Macaca mulatta (May 2003). The number of
the intrinsic neurons was lower than in humans (May and Lütjen-Drecoll 2005) but
comparable to that in Macaca mulatta (range 326–601 intrinsic neurons; May et al.
2006). There are no reported or observed pathologies that suggest that this specific
Pan troglodytes is atypical. Based on the findings, I hypothesize that the elaborate
fine-tuning ability of the choroid is the last morphological step in the evolution of the
human eye.

Further studies are needed to confirm and build on these findings and to understand eye
morphology and physiology further. For example, in vivo ultrasonic investigations could
compare the fine-tuning mechanism of the choroid between human and apes to test the
function of the intrinsic choroidal neurons and the nonvascular smooth muscle cells. In
addition, studies could investigate the morphological correlates of specific visual abilities
such as face scanning (Kano et al. 2012) or binocular coordination (Heesy 2009).
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