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a b s t r a c t

This article presents a summary and critical review of what is known about the ‘grouped retina’, a peculiar
type of retinal organization in fish in which groups of photoreceptor cell inner and outer segments are ar-
ranged in spatially separatedbundles. Inmostbut not all cases, thesebundles are embedded in light-reflective
cups that are formed by the retinal pigment epithelial cells. These cups constitute a specialized type of retinal
tapetum (i.e., they are biological ‘mirrors’ that cause eye shine) and appear to be optimized for different
purposes in different fishes. Generally, the large retinal pigment epithelial cells are filledwith light-reflecting
photonic crystals that consist of guanine, uric acid, or pteridine depending on species, andwhich ensure that
the incoming light becomes directed onto the photoreceptor outer segments. This structural specialization
has so far been found in representatives of 17 fish families; of note, not all members of a given family must
possess a grouped retina, and the 17 families are not all closely related to each other. In many cases (e.g., in
Osteoglossomorpha and Aulopiformes) the inner surface of the cup is formed by three to four layers of
strikingly regularly shaped and spaced guanine platelets acting as an opticalmultilayer. It has been estimated
that this provides an up to 10fold increase of the incident light intensity. In certain deep-sea fish (many
Aulopiformes and the Polymixidae), small groups of rods are embedded in such ‘parabolic mirrors’; most
likely, this is anadaptation to the extremely low light intensities available in theirhabitat. Someof thesefishes
additionally possess similar tapetal cups that surround individual cones and, very likely, also serve as am-
plifiers of theweak incident light. In the Osteoglossomorpha, however, that inhabit the turbidwater of rivers
or streams, the structure of the cups ismore complex and undergoes adaptation-dependent changes. At dim
daylight, probably representing theusual environmental conditionsof thefish, the outer segments of up to 30
cone cells are placed at the bottom of the cupwhere light intensity ismaximized. Strikingly, however, a large
number of rod receptor cells are positioned behind each mirroring cup. This peculiar arrangement (i) allows
vision at deep redwavelenghts, (ii)matches the sensitivityof rod and conephotoreceptors, and (iii) facilitates
the detection of low-contrast and color-mixed stimuli, within the dim, turbid habitat. Thus, for these fish the
grouped retina appears to aid in reliable andquickdetectionof large, fastmoving, biologically relevant stimuli
nuclear layer; OLM, outer limiting membrane; OS, outer segment(s); RGCs, retinal ganglion cells; RPE, retinal pigment
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such as predators. Overall, the grouped retina appears as a peculiar type of general retinal specialization in a
variety of fish species that is adaptive in particular habitats such as turbid freshwater but also the deep-sea.

The authorswere prompted towrite this reviewbyworkingon the retina ofGnathonemus petersii; the data
resulting from this work (Landsberger et al., 2008; Kreying et al., 2012) are included in the present review.

� 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

To understand the overwhelming diversity of retinal speciali-
zations among vertebrates has been e and still is e a continuous
challenge not only to comparative anatomists (Schultze, 1866;
Walls, 1963) but also to evolutionary biologists including Darwin
himself (1859 he wrote, as an introduction to his explanation of the
possible mechanisms of eye evolution, “To suppose that the eye
with all its inimitable contrivances for adjusting the focus to
different distances, for admitting different amounts of light, and for
the correction of spherical and chromatic aberration, could have
been formed by natural selection, seems, I freely confess, absurd in
the highest degree”). In respect to the two basic types of photore-
ceptor cells, most retinae are specialized either for high-acuity (and
color) vision at daylight e such as in the hawk eye and the primate
fovea centralis, with high densities of (different spectral types of)
cones e or toward high light sensitivity in dim environments e

such as in some deep-sea fish and badgers, with a high density of
rods (Walls, 1963; Reichenbach and Robinson, 1995; Lamb et al.,
2007).

Generally, the vertebrate retina is composed of repetitive arrays
(‘microcolumns’) of associated neuronal cells (Reichenbach and
Robinson, 1995). This is most obvious in the case of the ‘photore-
ceptor mosaics’ in fish that consist of a species-specific assembly of
distinct types of cone photoreceptor cells (Ali and Anctil, 1976, and
references therein) plus a lifelong-increasing number of rod
photoreceptor cells (Johns, 1982); these mosaics can certainly be
associated with defined clusters of ‘their’ secondary and tertiary
neurons completing the parallel retinal circuits. However, this
pattern is not obvious in conventionally stained radial retinal sec-
tions, and is not subject of the present article. Rather, the article
deals with very obvious structural associations of groups of
photoreceptor cells with their adjacent, large retinal pigment
epithelial (RPE) cells, resulting in bundles of photoreceptor cells
collectively ensheathed by RPE ‘cups’.

What now is called a ‘grouped retina’ in some fish was first
observed about 100 years ago (Brauer, 1906). In such grouped
retinae, which have since been found in quite a few fish species, all
the photoreceptors in each bundle are thought to act together as one
unified ‘macroreceptor’ (Locket, 1971; Kreysing et al., 2012). Obvi-
ously, this organization is incompatible with high spatial resolution
(Schuster andAmtsfeld, 2002); itwas thus concluded that itmust be
a straightforward adaptation to dim-light vision (Locket, 1971;
Schuster and Amtsfeld, 2002). However, it was recently shown
that this is only half the truth: in the case of the Elephantnose fish
Gnathonemus petersii the grouped retina is definitely not optimized
for maximizing photon catch by rod photoreceptors (Kreysing et al.,
2012). This review is aimed at an elucidation of the design and
function of different types of grouped retinae in diversefish living in
different habitats, on the basis of the available literature.
2. Discovery of the grouped retina e a short history

Having explored the material provided by the German deep-sea
expedition ‘Valdivia’ 1898e1899, Brauer published his impressive
work on the anatomy of deep-sea fishes (Brauer, 1906). In the
chapter “Die Augen von bathypelagischen Fischen” (“The eyes of
bathypelagic fishes”) he showed, for the first time, the histological
appearance of a grouped retina (Fig. 1A). Two decades later, a
similar retinal anatomy was described by Franz (1921) in a
freshwater-fish (Mormyrid) retina (Fig. 1B).



Fig. 1. Historical drawings of grouped retinae by Brauer (1906) (A), Franz, 1921 (B) and McEwan, 1938 (C, D). Radial retinal sections (AeC) and slightly oblique transversal section
through the outer retina (D). Bundles (see also arrows in D) of photoreceptor cell inner and outer segments are shown in a deep-sea fish (A) and in Mormyrid fish (BeD). INL, inner
nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium, cap, capillaries.
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Whereas Brauer (1906) and Franz (1921) just showed or shortly
mentioned these photoreceptor cell bundles, McEwan (1938)
explicitly devoted her work to “study the retinae of some of the
Mormyridae more accurately and to compare the structure with that
of other Teleosts...” (McEwan, 1938). Her work provided the first
detailed explanation of the peculiarities of the Mormyrid retina,
revealing the complex interrelationship between photoreceptor cell
bundles and the guanine crystal-containing RPE cells. She also
pointed to the fact that the fish are “living in the shady parts or on the
muddy bottom of the stream” and concluded that in “the dimly lit
waters... all the available light would need to be conserved and the
guaninewould serve to throwback the light into the visual elements”
(McEwan, 1938). A few years later, Moore (1944) studied a North
American ‘distant relative’ of the African Mormyrids, Hiodon tergisus.
He found a very similar retina structure but came to a completely
different conclusion, viz. that it provides “a shielding of the rod outer
segments from bright light” (Moore, 1944). Recently his conclusion
was confirmed, but the apparently contradictory suggestion of McE-
wan was confirmed as well e with the modification that available
light intensity is enhanced for the cones, rather than for the rods
(Kreysing et al., 2012; and see Section 5.1). Back to history, however, it
is noteworthy that there was another discrepancy between the ob-
servations of the two authors. Whereas McEwan wrote that “.the
Mormyrid retina shows. little changewhen exposed to various light
intensities” Moore already noted that “Hiodon possesses light-
adaptive photomechanical changes”. As will be shown later (Section
4.3, Fig. 3A and B, 5, and 10), the complex cups of Osteoglossiformfish
(towhichboth theMormyrids and theHiodontines belong)all display
retinomotor adjustments of the rods (and the cup walls) but not
necessarily also of the cones. Although these two articles left a
number of open questions, two decades passed before other authors
studied groupedfish retinae, often then by using electronmicroscopy
(Engström, 1963; O’Connel, 1963; Munk, 1966, 1975, 1977; Locket,
1971, 1977; Zyznar, 1975; Zyznar and Ali, 1975; Zyznar et al., 1978;
Frederiksen, 1976; Wagner and Ali, 1978; Best and Nicol, 1979). In
fact, the term “grouped retina” was first introduced by Locket (1971,
1977). Since then, the fascination of the grouped retina has attrac-
tedmany researchers, and still does (e.g., Braekevelt,1982;Kunz et al.,
1985; Munk, 1989; Braekevelt et al., 1989; Somiya, 1980, 1989; Collin
et al., 1998; Awaiwanont et al., 2001; Nag, 2004; Taylor and Grace,
2005; Heß et al., 2006; Novales Flamarique, 2011; Kreysing et al.,
2012). This has led to the generation of much data but not to any
comprehensive understandingof the structure and its function.Many
articles are not easily accessible, and reviews are only available for the
grouped retina of deep-sea fish retinae (Locket, 1977; Douglas et al.,
1998; Warrant and Locket, 2004) or have been written before the
more recent datawere published (Zyznar,1975). This prompted us to
compile the known data, and to review them in the light of current
ideas and approaches.

3. Appearance of the grouped retina

3.1. Occurrence among different families of teleosts

Grouped retinae have been described in representatives of
seventeen out of the more than seventy (Nelson, 2006) known Tele-
ostean fish families, including the Mormyridae (freshwater ele-
phantfish), Gymnarchidae (knifefish), Notopteridae (featherbacks),
Hiodontidae (mooneyes), Megalopidae (tarpons), Engraulidae (an-
chovies), Clupidae (herrings), Pristigasteridae (longfin herrings),



Table 1
Summary of the known fish species possessing a grouped retina, with an indication of their habitats and of the type of tapetal cups present. Note that Trachinus vipera is
exceptional in having a grouped retina but no tapetal cup (X). PD ¼ platelet covered duplex cup (cones and rods); PD* ¼ platelet covered duplex cup (cones and rods þ twin
cones); SD ¼ simple-crystal duplex cup (cones and rods); PR ¼ platelet covered rod-only cup; PC ¼ platelet covered cone-only cup (cf. Fig. 3 for explanation of the cup types).
References are, 1. Ali and Anctil (1976); 2. Awaiwanont et al. (2001); 3. Best and Nicol (1979); 4. Braekevelt (1982); 5. Braekevelt et al. (1989); 6. Brauer (1906); 7.Collin et al.
(1998); 8. Engström (1963); 9. Franz (1921); 10. Frederiksen (1976); 11. Heb et al. (2006); 12. Kreysing et al. (2012) 13. Kunz et al. (1985); 14. Locket (1971); 15. Locket (1977); 16.
McEwan (1938); 17. Moore (1944); 18. Munk (1966); 19. Munk (1975); 20. Munk (1977); 21. Munk (1989); 22. Nag (2004); 23. Novales Flamarique (2011); 24. O’Connell (1963);
25. Somiya (1980); 26. Somiya (1989); 27. Taylor and Grace (2005); 28. Wagner and Ali (1978); 29. Zyznar (1975); 30. Zyznar and Ali (1975); 31. Zyznar et al. (1978); 32. present
paper, Fig. 6.

Higher taxon Family Genus Species Habitat cup type Ref.

Osteoglossi-formes Mormyridae Gnathonemus petersii Turbid
Freshwater

PD 12, 16, 26

macrilepidotus Turbid freshw. PD 16
Petrocephalus stuhlmanni Turbid freshw. PD 16

Brevipedunculatus Turbid freshw. PD 8
Marcusenius rudebeckeri Turbid freshw. PD 8

longianalis Turbid freshw. PD 9, 26
isidori Turbid freshw. PD 26

Mormyrus rume ssp. proboscirostris Turbid freshw. PD 32
Gymnarchidae Gymnarchus niloticus Turbid freshw. PD 8
Notopteridae Notopterus notopterus Turbid freshw. PD 1, 22

Xenomystes nigri Turbid freshw. PD 1
Hiodontinae Hiodon alosoides Turbid freshw. PD 3, 4, 28, 31

tergesius Turbid freshw. PD 18, 28, 31
Elopiformes Megalopidae Megalops cyprinoides Pelagic murky PD 16

atlanticus Marine/freshwater brackish PD 16, 27
Elops saurus Marine brackish PD 16, 27

Clupeiformes Engraulidae Engraulis japonicus Neritic turbid PD* 2, 23
mordax Neritic turbid PD* 11, 24

Lycothrissa crocodilus Turbid PD* 11
Clupidae Dorosoma cepedianum Marine/freshwater brackish (SD) 29
Pristigasteridae Ilisha africana Marine brackish (SD) 11

Perciformes Percidae Stizostedion vitreum Freshw. brackish SD 5, 30
Trachinidae Trachinus vipera Benthic murky none 13

Beryciformes Polymixiidae Polymixia japonica Deep-sea PR 25
berndti Deep-sea PR 25

Aulopiiformes Paralepidae Notolepis rissoi Deep-sea PR PC 15
Lesidiops affinis Deep-sea PR PC 21

Scopelarchiae Scopelarchus güntheri Deep-sea PR 14, 15
sagax Deep-sea PR 14
michaelsarsi Deep-sea PR PD 7
analis Deep-sea PR 7

Benthabella infans Deep-sea PR 15
Scopelosauri-dae Scopelosaurus lepidus Deep-sea PR PC 20

hoedti Deep-sea PC 19
Ahliesaurus berryi Deep-sea PC 19

Chlorophthal-midae Chlorophthalmus albatrossi Deep-sea PR 25
nigromarginatus Deep-sea PR 25
acutifrons Deep-sea PR 25

Evermannelli-dae Evermanella indica Deep-sea PR 6, 18
atrata Deep-sea PR 6

Omosudidae Omosudis lowei Deep-sea 10
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Percidae (perches), Trachinidae (weeverfish), Polymixidae (beard-
fishes), Paralepidae (barracudinas), Scopelarchidae (pearleyes), Sco-
pelosauridae (waryfishes), Chlorophthalmidae (greeneyes),
Evermannellidae (sabertooth fishes), and Osmosudidae (hammer-
jaws). As shown in Table 1 and Fig. 2, some but by no means all of
these families are closely related to each other.Moreover, of the about
40 fish species known to possess a grouped retina, some appear to be
‘typical representatives’ of their phyla (e.g., all Osteoglossomorpha
studied so far possess a grouped retina) whereas others seem to be
exceptions among their relatives (e.g., most Clupidae possess a con-
ventional retina). We cannot exclude that grouped retinae may be
found in other families of fish (and certainly they will be detected in
more species belonging to the above-mentioned families). Note-
worthy, grouped retinae have exclusively been found in teleost fish
and in no other vertebrate phylum.

3.2. Different types of structural organization

Whereas Fig. 1 emphasizes the basic similarity between grouped
retinae with tapetal cups in deep-sea fish and Mormyrids, a closer
inspection reveals a number of differences. All (?) Mormyridae and a
number of other Osteoglossiformes, as well as some Megalopidae,
Engraulidae, and Clupidae have a grouped retina in which the
photoreceptor cell bundles containboth rodsand cones; these retinae
display retinomotoractivityduringdark- vs. light adaptation (Figs. 3A,
B and 10). A variety of deep-sea fishes (many Aulopiformes and some
Bercyformes)possess retinaeor retinal regions inwhich groupsof rod
photoreceptors form spatially separated bundles (Fig. 3EeG).

These two basic types of grouped retinae may be modified in
some species. In some anchovies, the photoreceptors are arranged
in rows separated by tapetal ‘curtains’ which allows for the
detection of polarized light (Fig. 3HeK). For instance, the retina of
Engraulis japonicus contains two different types of cones and,
accordingly, particularly complex-shaped tapetal platelet arrange-
ments (Fig. 3J, K) (Awaiwanoni et al., 2001; Novales Flamarique,
2011) and thus may be considered as representing the highest
known degree of structural specialization. At the other end of the
scale, the retina of Stizostedion vitreum contains photoreceptor
bundles quite similar to those of the mormyrids but the
ensheathing tapetal cup contains only irregularly-shaped reflective



Fig. 2. Survey of the occurrence of grouped retinae among Teleostean fishes. The raw ‘phylogenetic tree’ is based upon Nelson (2006), and the raw time scale was adjusted ac-
cording to Davis and Fielitz (2010). The meaning of the symbols for the different types of tapetal cups will be explained in Fig. 4; the electricity signs indicate that the fish possess an
active electric sense. For the meaning of the cup symbols, see Fig. 5. Note that representatives of the Perciformes are not shown in the drawing, for the sake of clarity (cf. Table 1).
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crystals, rather than additional layers of platelet-shaped crystals at
its surface as in the other fishes (Fig. 5) (Zyznar and Ali, 1975;
Braekevelt, 1982). This type of grouped retina may thus be
considered as representing the lower end of the scale of tapetal
differentiation. It is of interest to note but difficult to explain that in
Trachinus vipera, bundles of photoreceptors have been observed but
these are not surrounded by tapetal cups (Kuntz et al., 1985).

Among the deep-sea fishes with grouped retinae, a special case
is constituted by some species in which there are retinal areas with
cone photoreceptor cells; their outer segments are also embedded
in tapetal cups (Fig. 4E, F). The structure and ultrastructure of these
cups differs remarkably from those enveloping the groups of rods
(Figs. 4F and 5) (Frederiksen, 1976). Whereas generally the cups in
freshwater fishes and the rod-embedding cups in the deep-sea
fishes resemble parabolic mirrors in their shape, and display a
similar ultrastructure at their walls and bottom (see Section 5), the
cone-surrounding cups contain stacks of flat platelet-shaped crys-
tals at their bottom but larger, rod-shaped crystals in their walls
(Figs. 4EeF, 5) (Frederiksen, 1976).

Taken together, the following five types of photoreceptor bundles
canbedefined (Fig. 5),withplatelet-coveredduplexcups,with ‘simple’
duplex cups, and without cup (all in freshwater fishes) and rod-only
and cone-only cups (in deep-sea fishes). More about the optical
properties of the reflecting cups will be presented later (section 5).

3.3. Phylogenesis and ontogenesis

Although a raw ‘phylogenetic tree’ of the involved fishes is
presented in Fig. 2, the relationships between the fish groups and
(times of) their origins are just beginning to be resolved (e.g., Davis
and Fielitz, 2010). Nonetheless, current knowledge allows some
speculations about the origin(s) of the grouped retinae and their
tapetal cups. It seems reasonable to assume that some early
Osteoglossiformes, probably already occupying turbid freshwaters,
developed the duplex cups as an adaptation to these ‘uncomfort-
able’ habitats. Once established, this retinal specializationmay have
been maintained by their descendants, and, in turn, may have
enabled them to occupy e and live in e such habitats. Clearly, this
retinal specialization is not correlated with an electric sense, as
only two of the families include weakly electric fish (Fig. 2).

It is more difficult to hypothesize about a possible common
origin of the grouped retinae and tapetal cups in the



Fig. 3. Examples of the histological structure of grouped retinae in fishes. AeD, radial (AeC) and tangential (D) sections through the retina of a freshwater fish, the mooneye (Hiodon
tergisus). The photoreceptor cell bundles are clearly visible both in the light-adapted (A and C) and dark-adated retina (B) but the level at which the rod outer segments (ros) are
located changes considerably (cf. also Fig. 10). In tangential sections the strikingly regular arrangement of the bundles becomes obvious (D). EeG, radial (E) and tangential (F, G)
sections through the accessory retina of a deep-sea fish, Scopelarchus michaelsarsi. Rod-like photoreceptors are bundled in the dorsal part of the accessory retina, and embedded in
tapetal cups formed by the retinal pigment epithelium (RPE). This involves not only the outer segments (F) but even the cell nuclei in the outer nuclear layer (G). HeK, Special
arrangement of rows of photoreceptors and wedge-shaped RPE cell processes in the anchovy retina (H, I, Ilisha africana; J, K, Engraulis mordax). H, If the retina is cut perpendicular to
the rows, the structure is reminescent of that of the cups observed in the Mormyrids. In tangential sections or wholemounts (I), however, it becomes apparent that the PRE
processes, filled with different types of crystallites, form long ‘curtains’ (black arrowheads) between rows of two different types of cones (white arrowheads). J, K, Different cones
(aos, accessory cone outer segment; lis, long cone inner segment; los, long cone outer segment; sbos, short cone bilobed outer segment) are arranged in rows, flanked by guanine
platelet stacks (gp) and guanine crystals (gc). cn, cone nuclei; cos, cone outer segment; cp, calycal process; ONL, outer nuclear layer; ros, rod outer segments. Modified fromWagner
and Ali (1978) (AeD) Collin et al. (1998) (EeG), Heß et al. (2006) (H, I) and Novales Flamarique (2011) (J, K).
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Osteoglossiformes and other freshwater fishes. The occurrence of
‘imperfect’ (Stizostedion) and evenmissing cups (Trachinus) in some
grouped retinae may indicate that these species are just in the
process of establishing this retinal specialization which would
argue for an independent origin. Of course, it cannot be excluded
that these forms are indications of decomposing a formerly well-
developed structure. Recently, the evolution of ‘polycones’
separated by long pigment epithelium barriers containing tapetal
crystallites (Heß et al., 2006) in Achovy retinae has been studied,
and used as an aid for reconstruction of engraulidid phylogeny
(Heß et al., 2006). Clearly this argues for an independent evolution
of similar retinal specializations in this group of fishes.

Also in the case of deep-sea fishes, an independent origin of the
grouped retinae/tapetal cups appears very likely, as these species



Fig. 4. Examples of the ultrastructure of the tapetal cups in fishes. AeD, tangential ultrathin sections through the retina of the freshwater fishes, Gnathonemus petersii (A, B) and
Hiodon alosoides (C) It is apparent that in all these retinae, the surface of the cups is constituted by three or four rather regularly arranged layers of (platelet-like) crystals (crys). This
applies to the entire surface of the cup from margin (cf. Fig. 13) via the bottom-near region where the cone inner segments (cis) give rise to the outer segments (cos) (A) up to the
very bottom where only the rod inner segments (ris) run further down and are met by the tips of processes of the retinal pigment epithelium (RPEp) (B). D, Similar crystalline
structures surround individual cones in the centrodorsal retina of the anchovy, Engraulis mordax. E, F, tangential (E) and radial (F) ultrathin sections through the cone-containing
retina of the deep-sea fish, Omosudis lowei. The cone outer segments (cos) are surrounded by a multiplayer of rod-shaped crystals (E) but at their tips there are stacks of flat,
platelet-shaped crystals (F). aos, accessory outer segment; ccs, connecting ciliar structure; pis, photoreceptor cell inner segments; mel, melatonin granules. A, B, originals; CeF
modified from Braekevelt (1982) (C), Novales Flamarique (D) and Frederiksen, 1976 (E, F).
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are very distantly related to the Osteoglossiformes and the other
freshwater fishes with grouped retinae, and developed much later
than these (Fig. 2). Thus, we favor the conclusion that this retinal
specialization arose at least twice (probably more often) in fish
evolution. This might have been due to a common environmental
pressure, viz. the need for increased light delivery in dark habitats
and/or turbid water (cf. Sections 5e7).

The embryonic development of the grouped retinae is poorly
studied. In Stizostedion vitreum (i.e., the species with a ‘simple’
duplex cup) this specialization develops late, together with the



Fig. 5. Different types of grouped retinae/tapetal cups in fishes (cf. also Figs. 3 and 4). OS, outer segments. (The schematic drawings presented here are also used as symbols in
Fig. 2).

Fig. 6. Developmental stages of the structure of grouped retinae in different fish. A, B, Electron microscopic images of rods (R) and their surrounding retinal pigment epithelial cells
in a young (5 cm body length) (A) and slightly older (6 cm body length) walleye (Stizostedion vitreum vitreum) (B). Grouping of the rods and appearance of tapetal crystals (crys) are
found only the older stage. C, immunohistochemical photograph of a section through the retina of a young (settlement-stage) Elops saurus; individual rods are labeled by a rod-
specific antibody (arrowhead). DeG, Histological sections through an eye (D) and the retinae (EeF) of Mormyrus rume proboscirostris fish of different developmental stages as
indicated by the body length data on top of the images. Bundles of rods and tapetal cups are established in all stages studied. M, melanin granules. AeB, Modified from Braekevelt
et al. (1989); C, modified from Taylor and Grace (2005); DeG, originals (HeJ W).
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Fig. 7. Habitats of Mormyrid (AeC) and deep-sea fishes (E, F), and their retinal adaptations (D and G), respectively. (A), Habitat of Gnathonemus petersii. In the Iguidi river in Benin, a
relatively fast moving creek which flows through the forest, during daytime G. petersii only occurs in areas shaded by trees (with permission from Vivica von Vietinghoff). (B),
Schematic illustration of the impact of absorption and scattering in the turbid, blackwater habitat of Gnathonemus. For explanation, please refer to text. (C), Spectral distribution of
underwater light in turbid waters in Southern Africa (solid lines: Walmsely et al., 1980) and of underwater light in Lake Burley Griffin (AUS) under highly turbid conditions (69 NTU;
dotted line: Kirk, 1985). (D), Wavelength-dependence of the light intensity enhancement for the COS at the cup bottom of Gnathonemus simulated by an electrodynamical model
(red line; cf. Figs. 14E and 15) and absorption spectrum of isolated outer segments of cones (squares); the solid line represents the corresponding Dartnall diagram (modified from
Kreysing et al., 2012). (E), Schematic illustration of the impact of absorption of light in the deep-sea. For explanation, please refer to text. (F), Spectral distribution of underwater
light in the deep-sea at 300 m depth (black line: modified fromWarrant and Locket, 2004) and of bioluminescence averaged from a number of bioluminecent deep-sea animals (red
line: calculated from data given by Johnsen et al., 2012). (G), Wavelength-dependence of the light reflectivity of the cup bottom to the COS simulated by an electrodynamical model
(red line; cf. Fig. 16) and absorption spectrum of isolated outer segments of cone-like photoreceptors of Scopelarchus (squares); the solid line represents the corresponding Dartnall
diagram (modified from Partridge et al., 1992; Pointer et al., 2007).
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tapetal crystals (Braekevelt et al., 1989). In young fish with a body
length of less than about 5 cm, the rods are not grouped but are
aligned as individual entities, and the retinal pigment epithelium
contains melanin granules but no reflective crystals (Fig. 6A). When
a body length of 6 cm is achieved, the rods of the fish are bundled
and surrounded by pigment epithelial processes that contain
crystals (Fig. 6B). A similar, rather rapid ‘switch’ of retinal organi-
zation has been described for the Megalops atlanticus and Elops
saurus, two species with a ‘perfect’ platelet-covered duplex cup.
Larval fish at the settlement stage still display single, scattered rods
(Fig. 6C) ande to the best of our knowledgee no reflective tapetum
(Taylor and Grace, 2005). Soon after settlement, the juvenile fish
then possess a well-developed grouped retina with tapetal cups
(Taylor and Grace, 2005). In the Mormyrids, very young develop-
mental stages are hardly available; noteworthy, however, even
small Mormyrus rume fish of 2 cm body length already display a
well-developed retinal specialization (Fig. 6DeG)

Very likely, a (hitherto unknown) developmentally regulated
mutual signaling process between the RPE and the (rod) photore-
ceptor cells induces the bundling and the expression of tapetal
crystals simultaneously in embryonic development, although the
time of this induction appears to vary among the different species.

4. A well-studied example: the retina of Gnathonemus petersii

4.1. Habitat and basic behavior of the fish

The Elephantnose fish, Gnathonemus petersii, is probably the
best-studied member of the African Mormyridae, mainly because
its ability to produce and to sense weak electric signals has long



Fig. 8. Special features of the Gnathonemus eye (AeC) and retina (DeL). A, Anterior part of a transversal section through an adult eye. Both the cornea and the sclera are thin but the
eye is covered by a dermal ‘spectacle’. B, A cryosection through an unfixed eye reveals that the cleft between the cornea and the spectacle is artificial. Eye and leans are roughly
spherically shaped, and the focal length of the eye can easily be measured (about 2e3 mm, depending on fish size). C, Section through an entire adult eye, with a higher-magnified
part of the retina shown in D. Obviously, the orientation of the bundles to the retinal surface is not constant in different retinal areas; they are orthogonally oriented in the retinal
center (E) but obliquely in the periphery (F). GeH, Intraretinal blood vessels occur at three distinct levels, in the ganglion cell layer (H), inner plexiform layer (I), and outer nuclear
layer, close to the external limiting membrane (J, K). The arrows in (G) indicate the levels where the images (HeK) were obtained. Blood vessels were detected by their auto-
fluorescence in the paraformaldehyde-fixed retinae (HeK, red), cones were counter-labeled by a mouse monoclonal antibody, T7, staining cone arrestin in other teleosts (Mack,
2007) (K, green). L, Merge of images of blood vessels in all layers; the color codes for the depth of the confocal recordings. The calibration bar in (H) is valid for (HeL).
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been known and studied by many researchers. Like all weakly
electric Mormyrids, G. petersii uses its electric organ discharges
(EODs) for electro-communication with conspecifics (e. g.,
Hopkins, 2009) and for probing its environment to detect and
analyze objects in its vicinity, a process called active electro-
location (e. g., Von der Emde et al., 2010). During each EOD an
electrical field builds up in the water around the fish. This self-
produced field is perceived by an array of more than 2000
epidermal electroreceptor organs distributed all over the body
surface of the fish. Nearby objects are detected because they
distort the fish’s electrical field and thus change the input to the
electroreceptors. The operating distance of this sensory system is
limited (see below).
G. petersii lives in small creeks and rivers of Central and West
Africa, where e at least seasonally e floods might cause a high
turbidity of the water (Moller, 1995). The major freshwater habitat
types inhabited by G. petersii are moist forest rivers, but they were
also found in Savanna-dry forest rivers as well as in floodplains,
swamps and lakes and large river deltas (Moritz, 2010; Paugy et al.,
1994; Nwani et al., 2011). Common features of all these habitats are
relatively low light levels because of shade provided by tree and
bush cover, a reddish color of the water, and often rather fast
flowing currents. Thewater has temperatures above 25 �C. A typical
habitat is the Iguidi River, a small forest stream in South-East Benin
(Fig. 7A). Here and at other sampling sites, G. petersii was regularly
observed within fast flowing parts of the river (e. g., under roots



Fig. 9. Structure of the light-adapted Gnathomus retina. A, Radial semi-thin section through the central retina of an adult fish; the red dotted lines indicate the levels of the
transversal sections shown in (B) and (C). B, Throughout most of their extension through the cup, the bundles consist of the (>20) thick cone inner segments (cis) and the much
thinner processes of the rods (not visible at this magnification). C, near the ‘bottom’ of the cups, the cone outer segments (cos) are located. The rod inner (ris) and outer segments
(ros) are situated e in respect to incoming light e behind the bottom of the cups (see A). DeF, Three-dimensional views of the bundles. D, Scanning electron microscopy of a retinal
piece where the bundles were artificially separated from the cups during freeze-drying (arrow). E, F, Confocal images of anti T7-labeled cone bundles (green). E, Array of several
adjacent bundles. F, Higher magnification of a single bundle, showing also the somata (csom) and synaptic pedicles (cped) of the cones. GCL, ganglion cell layer; IPL, inner plexiform
layer; INL, inner nuclear layer; OPL, outer plexiform layer, ONL, outer nuclear layer; RPE, retinal pigment epithelium; bv, blood vessel. (A, B, modified from Kreysing et al., 2012; D,
courtesy of Johhans Kacza, Leipzig).
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and driftwood), in holes in the embankment, or at sites of dense
vegetation, always close to current (Moritz, 2010; Ogbeibu and
Ezeunara, 2005; Tawari-Fufeyin and Ekaye, 2007). The turbidity
of the water was found to be relative high, with turbidity values
between 45 and 1670.5 FTU (¼Formazine Turbidity Units; see
Ogbeibu and Ezeunara, 2002).
Like most mormyrids G. petersii hides during the day, becomes
active at dusk and stays so throughout the night (Moller et al., 1979;
Okedi, 1965, 1968). It is a bottom feeder, searching for small insect
larvae, mainly chironomids (Diptera), which are buried in the soil.
G. petersii digs them out, using its movable chin appendix. This is
also indicated by the large amount of sand and organic matter



Fig. 10. Retinomotor activities of the Gnathomus retina related to light/dark adaptation. AeD, Semithin sections of light- (A, C) and dark-adapted retinae (B, D); the level of the
tangential sections (C, D) is indicated by the dotted lines in the radial sections (A, B); it corresponds to the bottom (‘bottleneck’) of the cups in light-adapted retinae. In the light-
adapted state (A, C) at this level only the cone outer segments (cos) are found whereas in the dark-adapted retina (B, D), the rod outer segments (ros) arrived at the same level. This
is illustrated also in the schematic drawings (E, F); note that in order to give way for the accumulating rod outer segments, the cups widen at this level such they re-shape into
cylinders (B, D, F). Note also that the pigment granules are more or less evenly distributed throughout the cores of the RPE cell processes in the light-adapted retina (A) but
accumulate in their tips during dark-adaptation (B, H, arrows). G-J, Transmission electron micrographs of transversal sections through the bottom of the cups Level as in C, D). G, I,
Light-adapted retina. The bottleneck is narrow and contains only cone outer segments. The multilayer of guanine platelets extends over a considerable distance into the clefts
between adjacent RPE cells (I). H, J, Dark-adapted retina. The bottleneck is widened and contains both cone and rod outer segments. The multilayer of guanine platelets surrounds
each bundle but extends only over a short distance into the clefts (J). The dotted arrows indicate at which level the tissue was cut to generate the picture below (AeD) or which part
of (G,H) were magnified in (I, J), respectively.
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found in their stomachs (Nwani et al., 2011). For detecting its prey
on the ground, the active electric sense (active electrolocation)
plays a dominant role, accompanied by the chemical senses and
perhaps the mechanosensory lateral line system (Von der Emde
and Bleckmann, 1998). Because they can perceive the capacitive
properties of chironomid larvae, which distinguish living objects
from the inanimate substrate they live in, the fish have evolved a
special sensory sub-modality for prey detection (Von der Emde,
1993). The presence of light does not improve prey detection,
suggesting that vision is not used during prey search. The prey
items are rather small and thus probably not visually detectable by
the fish, since G. petersii cannot see objects spanning less than
about three degrees of visual angle (Schuster and Amtsfeld, 2002;
Landsberger et al., 2008; Kreysing et al., 2012).

Generally, the dominant sense for object detection and identi-
fication in G. petersii is the active electric sense. It is very difficult to
train the fish to react to the presence of an object that they only can
see but not electrolocate (Schuster and Amtsfeld, 2002;
Landsberger et al., 2008). In contrast, several studies have shown
that G. petersii can quickly and easily learn to discriminate electri-
cally between two objects differing in shape, size, material
composition, or distance (reviewed by von der Emde et a., 2010;
Von der Emde and Fetz, 2007). These studies also showed that
the fish do not use vision to discriminate between stationary ob-
jects (even large objects of several centimeters size). Noteworthy,
active electrolocation is a near-field sense. Depending on their
sizes, objects are detected up to a distance of about 15 cm, i.e. about
one fish length. Object identification is even restricted to a distance
of 4e5 cm (Fechler et al., 2012). In summary, G. petersii does not use
vision but its active electric sense for finding prey and to inspect
stationary objects such as landmarks even when light is present.
The visual sense thus must have a different function in the life of
G. petersii (see Section 6).

Obviously, the visual sense of the fish is challenged by difficult
light conditions. In the habitat of G. petersii, visual contrast will not
only be affected by scattering but also by absorption. In this case a
“veil”, resulting from the scattering of light into the line of sight
between object and fish (Fig. 7B), adds parasitic contributions to the
relevant signal, which in turn reduces the visual contrast. Because
in absorbing media intensity decreases exponentially with dis-
tance, the intensity ratio of light rays having traveled different
distances changes with the absorption coefficient. This means that
the impact of scattering on contrast attenuation increases with
increasing absorption, because the ubiquitous “veil” (obscuring the
signal) must travel a smaller distance to the eye than the relevant
signal (Fig. 7B). Considering that the absorption of light in Gna-
thonemus’ habitat is dominated by dissolved organic matter
(Moller et al., 1979), which absorbs strongest in the blue and green,
the importance of scattering and its wavelength dependence is only
further emphasized, and the red part of the spectrum dominates
(Fig. 7D).

This is in contrast to deep-sea water (Fig. 7E) where the over-
laying water layers have absorbed most of the incident light except
for the short-wavelength (blue) part of the spectrum (Fig. 7F; black
line); moreover, most of the bioluminescence provided by deep-sea
organisms is also in the blue part of the spectrum (Fig. 7F, red line).
Accordingly, the cones reported to occur in some deep-sea fish
retinae (e.g., Frederiksen, 1976) (Fig. 4E and F) can be beneficial for
the fish if expressing blue-sensitive photopigments (Fig. 7F, spec-
trum of SWS cones).

4.2. A peculiar eye with ‘spectacles’ and retinal blood supply

If compared to other fishes, the eye and the retina of Gnatho-
nemus show several pecularities of which are not all related to the
specialized demands of vision in its habitat (Fig. 8). First, its eye is
covered by a ‘spectacle’. Spectacles or goggles are tissue layers
covering the eyeball proper with its CNS-derived three main layers,
i.e, sclera (dura mater), choroid (arachnoid) and retina (neuro-
epithelium). Their main function is to protect the eye from the
surrounding media, such as water or air. Depending on whether or
not the spectacle is fusedwith the transparent part of the sclera, i. e.
the cornea, primary (i.e., fused) and secondary (separated) spec-
tacles are distinguished. A tertiary spectacle represents a variation
of the secondary type where the ocular bulb is covered by trans-
parent lids that are joined to the eye by a conjunctival epithelium.

In Gnathonemus the eye is covered by unusually thick dermal
layers that are mechanically and electrically remarkably resistant;
incisions are difficult to make, and the electroretinogram can only
be recorded when the electrodes are inserted into the eye proper,
bypassing the spectacle. The native thickness of this skin is about
0.3 mm; it is composed of several layers, involving an outer
epithelial epidermis with several sublayers and cell types, and a
dense collagenous dermis on the inside, also with a complex sub-
structure (see Fig. 8A). After fixation and thin sectioning of the eyes,
a large gap between the inside of the spectacle and the cornea
becomes evident (Fig. 8A, C), suggesting the presence of a tertiary
spectacle as demonstrated in Engraulis sp. by Hein (1913). However,
there is no epithelial lining of the putative anterior chamber in
Gnathonemus, and in the unfixed frozen material the dura-
equivalent cornea is tightly apposed to the dermal spectacle
(Fig. 8B) suggesting that this space is artificial. It is tempting to
speculate that thee electrically isolatinge spectacle is necessary to
protect the retinal information processing from disturbances
caused by the electric activity of the fish.

The shape of the eye (as well as that of the lens) is almost
spheroid (Fig. 8B). The maximum angular resolution to be obtained
by a spherical eye can roughly be calculated as follows :

2� spacing of photoreceptor units=focal length

where the factor of 2 takes into account that the finest resolvable
grating must be supported by at least two receptor units per period
(cf. Land and Nilsson, 2002). Assuming that the main refractive
power in the fish eye is contributed by the lens and that the eye is
emmetropic, the focal length of the eye can easily be measured; it is
about 2e3 mm, depending on the size of the fish. If the maximum
resolution is restricted by the size of a cup (which is around 50 mm
in diameter) this gives rise to maximum visual resolution of

2� 0:050 mm=2:3 mm ¼ 0:0038 radians ¼ 2:5 degrees ;

which indeed is very close to the actual visual cut-off of Gnatho-
menus pertersii (about 3 degrees: Fig. 18A; cf. also Kreysing et al.,
2012). The macro-receptor organization can thus indeed explain
the observed spatial frequency filtering (cf. section 6.2) to a very
large extent. For comparison, the goldfish (that has no grouped
retina) is known to visually resolve details at visual angles more
than 15 times smaller (409 cycles per radian, corresponding to 0.14
degrees) (cf. Land and Nilsson, 2002).

Noteworthy, the bundles are not all directed toward the center
of the eye but become more and more obliquely oriented to the
retinal surface if more peripheral areas are studied (Fig. 8DeF).
Very probably, this orientation toward the center of the pupil is
aimed at increasing photon capture (Laties and Enoch, 1971). It
appears to be general feature of vertebrate eyes, even if no mac-
roreceptors occur in the retina (Enoch, 1980).

Finally, the presence of intraretinal blood vessels should be
emphasized (Fig. 8GeL). It had already been noted by the first
observers of Mormyrid retinae (Franz, 1921; McEwan, 1938) and



Fig. 11. Neuronal cell types and circuits of the Gnathomus retina. A, B, Schematic representation of photoreceptors and neuronal cell types based on Golgi staining (bipolar and
retinal ganglion cells) neurobiotin labeling (horizontal and retinal ganglion cells) and immunocytochemistry (amacrine cells). The relative contributions of rods (green) and cones
(red) to the input of bipolar (BC) and horizontal cells (HC) are indicated and the size of HC and BC dendrites relative to the bundle diameter is also given. By contrast, it was not
possible to scale the dendritic field size of amacrine cell processes and retinal ganglion cell (RGC) dendrites relative to ‘bundle grain’. A, Nine types of bipolar cells (solid black) were
identified, flat (F), bushy (B) and small (S) cells extend their axons to sublaminae a, b and c of the inner plexiform layer (IPL). Ten types of RGCs (outlined in black) have three
differendet dendritic field sizes; giant (G), widefield (W), and narrow (N); they are monostratified (M), bi-(B) or tri- (T) stratified. The subscript indicates the sublamina (a, b, c) in
which their dendrites are localized (note that the schematic illustration of BC axon terminals as boxes is an oversimplification since the axon terminals are often branched or
multilobed). B, Two types of HC were found; the green cell is a rod HC and linked only to rods; the red cell is a cone HC and gets input only from cones. Amacrine cells are shown in
various hues of blue, indicating their specific morphology (stratification pattern) and their neurochemical signature as revealed by immunocytochemistry. A single type of
interplexiform cells was identified by typrosine hydroxylase immunocytochemistry (indicating the use of dopamine as transmitter; shown in yellow). C-E, Cone pedicles (spe-
cifically labeled by anti-T7; blue in C and D, green in E) are grouped according to the bundles, but are interconnected by axonal processes (arrows in E). C, Color-coded merge of a
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Fig. 12. Convergence in the Gnathomus retina. A, B, Local densities (indicated by the gray scales, in mm�2) of retinal ganglion cells (RGCs; A) and photoreceptor bundles (B). C,
Schematic comparison of neuronal circuits and resulting optical resolution (at the level of the retina) of the Gnathonemus retina with that of other vertebrates. Whereas the human
foveola achieves a resolution of 1 mm when the information of one cone is transmitted to about 8 cells of the inner nuclear layer (INL cells) and about 3 RGCs, the retina of
Gnathonemus represents the other end of the scale, with a resolution of some 30 mm, provided by about 25 cones for about 2 RGCs; other vertebrate retinae are in between these
extremes. d, dorsal, t, temporal, v, ventral, n, nasal regions of retinal wholemounts.
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was also found in the retina of the eel (Virchow, 1882; Michaelson,
1954). This is noteworthy since with these exceptions, the retinal
tissue of fishes is devoid of blood vessels, and is nourished by
the choroid (and often by blood vessels at the vitread retinal sur-
face: Michaelson, 1954). In Gnathonemus petersii, three retinal
layers/networks of capillaries can be demonstrated (in the ganglion
cell and inner nuclear layers, and close to the external limiting
membrane where they form ‘rings’ around the bundles: Fig. 8GeL).
It appears reasonable to speculate that these intraretinal blood
vessels are required to feed the retina, including the photoreceptor
cells, because the very large and complex RPE cells constitute an
obstacle against oxygen diffusion from the choroid. In the case of
the eel, intraretinal blood vessels are required since a choroid is
missing (Michaelson, 1954).
4.3. Structure of the light- and dark-adapted retina

Noteworthy, most of the data shown and discussed before were
obtained from the light-adapted retina. Its structure is summarized
in Fig. 9. Note that the diameters of the bundles may vary among
individual fish, and even within a given retina, from about 30 to
50 mm.

However, similar to related fish species (Moore, 1944; Wagner
and Ali, 1978; Awaiwanont et al., 2001; Nag, 2004; Taylor and
Grace, 2005) the retina of Gnathonemus shows illumination-
dependent retinomotor activity which considerably changes the
structure of the outer retinal layers (Fig.10). During dark adaptation
at night, the cup widens at its bottom (such that the ‘bottleneck’
disappears) and assumes the shape of a cylinder. Concomitantly,
the processes and inner segments of the rods shorten and thus their
outer segments are drawn toward the incoming light, up to the
same level as the cone inner segments (which fail to move signif-
icantly) (Fig. 10E, F). Similar retinomotor activities are long known
to occur in fish retinae; in many cases, the cones undergo a counter-
movement to the rods (Garten, 1907). Apparently, this re-
arrangement of the light-sensitive elements allows for the most
direct access of light to those receptors, which are responsible for
light perception under the changing conditions of illumination, viz.
the cones at daylight and the rods at night. Noteworthy, in Gna-
thonemus as well as in Hiodon (Wagner and Ali, 1978), the cone
outer segments remain in a light-exposed position even after dark-
stack of confocal images through the outer layers of the retina (from red, level of cone outer/i
outer/inner segments (red) and the cone pedicles (blue). Some groups of pedicles are encir
axonal processes (arrows). GCL, ganglion cell layer; OPL, outer plexiform layer, ONL, outer
adaptation, whereas the rods become effectively ‘shielded’ from
light during daytime (cf. also sections 4.6, 5.1, and 6).

While the re-location of the photoreceptor outer segments can
be explained by contractile processes in their myoid (Burnside and
Basinger,1983; Dearry and Burnside,1984; Burnside et al., 1993) the
light-adaptive changes in the RPE cells are less easily understood. In
many teleosts, dark adaptation leads to an aggregation of the
pigment granules in the sclerad portion of the cells (which is the far
side from incoming light); this redistribution of organelles seems to
be controlled by similar mechanisms as the mechanical responses
of the photoreceptor cells (Burnside and Basinger, 1983; Dearry and
Burnside, 1984). By contrast, in the dark-adapted Gnathonemus
retina the pigment granules aggregate in the tips of the RPE cell
processes which are directed toward the incident light (Fig. 10B,
arrows). Moreover, whereas in ‘conventional’ RPE cells the move-
ment of organelles through the cytoplasm should meet rather few
obstacles, the large RPE cells of Gnathonemus are tightly packed
with guanine crystallites (Figs. 4C and D, 10I and J).

Probably, these crystallites e together with the little cytoplasm
surrounding them e constitute a non-compressible but highly
viscous emulsion, filling the available space between the walls of
the adjacent RPE cells outside, and the photoreceptor bundles in-
side the cup.When, during dark adaptation, the rod outer segments
are retracted toward the level of the former ‘bottleneck’, the crys-
tallite emulsion is pushed away (giving space for the photorecep-
tors, and allowing the widening of the cup bottom) into the more
sclerad part of the RPE cell (which is no longer compressed by the
rod outer segments). During light adaptation, the crystallite
emulsion then moves back. By contrast, the multilayer of guanine
platelets at the ‘inner wall’ of the cup should have a constant
thickness, length, and width. Thus, it completely surrounds the
large circumference of the ‘opened’ bottlenecks in the dark-adapted
retina (Fig. 10H and J), but when the bottleneck is narrowed during
light adaptation, the now-dispensable parts of the multilayer
extend far into the clefts between adjacent RPE cells (Fig.10G and I).
4.4. Retinal cell types: qualitative and quantitative data

Generally, retinal neurons transform the intensity-dependent
graded (analog) input signals of the photoreceptors into the ac-
tion potential (digitally)-coded, complex output signals of ganglion
cells that convey information about contrast, movement, or object
nner segments, to blue, level of cone pedicles); D, merge of the levels showing the cone
cled. E, Higher magnification of a group of cone pedicles, emphasizing the connective
nuclear layer.



Fig. 13. Organization of the tapetum/RPE in Gnathonemus petersii. A, B, Transversal semithin-sections of a retinal wholemount at the levels of the RPE cell nuclei (A) and close to the
bottom of the tapetal cups (B); the hexagonal arrangement of the cells and their processes is indicated by the red lines. C, D, Artist’s view of six RPE cells contributing to one cup;
light-adapted conditions. C, Each of the large cells extends from the soma (bottom, level of section A) to the aperture of the cup, close to the outer limiting membrane (top). The
‘upper’ (retina-facing) parts of the processes of six adjacent cells together form a smooth, light-reflecting cup (D). Below the bottom of the cup (close to the level of section B) the
RPE cell processes form less regularly shaped sheaths around the bundles of rod inner and outer segments. E, Schematic drawing of the bundle structure in the main and accessory
retina of Scopelarchus michaelsarsi, for comparison (from Locket, 1971). F, G, Electron microscopy of freeze-fracture replicas of the wall of a cup (close to the level of section B). The
surface of the cups is constituted by three to four layers of venetian blind-like guanine lamellae which appear as platelets in transversal sections (cf. Fig. 4C, D). The main part (‘inner
core’) of each RPE cell process is filled by less-regularly shaped crystals, down to the level of the cell soma. The lamellae are only present between the aperture and the bottom of the
cup proper. m, cell membrane overlaying one of the lamellae. H, Average thickness of the lamellae, and distances between them in the four layers (I-IV). Noteworthy, the very same
dimensions were found in dark-adapted retinae. (FeH, modified from Kreysing et al., 2012).
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size to the higher centers of the brain (for a recent review, see
Masland, 2012). In the outer plexiform layer (OPL in Fig. 11), rods
and cones are linked to each other by gap junctions, and make
unconventional (‘ribbon’) chemical synapses to horizontal and
bipolar cells. Modulatory input to this layer is provided by inter-
plexiform cells, a dopaminergic subtype which is present in Gna-
thonemus and other teleosts. The inner plexiform layer (IPL in
Fig. 11) is considerably wider than the OPL, and contains



Fig. 14. AeE, Light reflection by the tapetal cups of Gnathonemus petersii. AeD, Confocal microscopy of native, unfixed retinal wholemounts in the reflection mode of the laser
scanning microscope. A, B, In the light-adapted retina, strong light reflection is visible both at the upper margin (aperture) of the cups (A) and at their inner surface (B). C, D, In the
dark-adapted state, light reflection at the aperture is maintained (C) but is no longer visible at the inner surface (D); rather, the inner rod and cone segments of the bundles now
display a moderate backscattering of light. The inset in D shows the focus levels of AeD. E, Measured (triangles) and simulated (squares; cf. Fig. 15) reflection of light from a native
retinal wholemount; longer wavelength are reflected better than short ones. F, Light transmission through a native, dark-adapted retina of Hiodon tergisus, after removal of the RPE.
A retinal wholemount was viewed from the sclerad side and illuminated from the vitread side. Note that the inner segments (ellipsoids) of the bundled photoreceptor cells display a
light-guiding effect whereas less light passes between the bundles; modified from Wagner and Ali (1978). (B and E, modified from Kreysing et al., 2012).
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presynaptic bipolar cell terminals that project onto retinal ganglion
cell (RGC) dendrites; furthermore, amacrine cells also receive input
from bipolar cells and modulate the RGC receptive field signals in
multiple ways.

As in other vertebrate retinae, the IPL is subdivided into several
structural and functional sublaminae (Fig. 11A and B). The band
adjacent to the inner nuclear layer mediates light-Off signals and is
termed sublamina a (Famiglietti and Kolb, 1976); by contrast, the
neuropil next to the ganglion cell layer mediates signals of the
light-On pathway and is termed sublamina b.

The intermediate 3e4 mm wide strip contains RGC dendrites
producing OneOff responses; morphologically it is characterized
by a particularly high volume density of bipolar cell terminals
(Landsberger et al., 2008). It is flanked on both sides by GABA/ACh
e containing starburst amacrine cells (Fig. 11B, right side).

Nine types of bipolar cells (BCs) were identified in Gnathonemus
petersii (Fig. 11A; Wagner, 2007), (i) small BCs with dendritic field
diameters between 20 and 30 mm (i.e., slightly narrower than the
bundle size); they receive input predominantly by cones; (ii) BCs
with bushy dendrites roughly matching the bundle diameter
(>30 mm); they receive strongly rod-dominated input; and (iii) flat
BCs with dendrites that have a comb-like appearance and are
considerably wider than a photoreceptor bundle; they are con-
tacted by some rods but mostly by cones. As the pedicles of the
cones within a bundle appear to be grouped in the outer plexiform
layer and leave some space to the neighboring group (Fig. 11CeE),
the dendritic field size of the small bipolar cells may match the size
of one such group; thus, every small BCmay collect the information
of the cones (and some rods) of a bundle. Immunocytochemistry
against protein kinase C reveals a population of BCs that closely
resembles the Bb cells (i.e., one type of bushy cells, Fig. 11A). The
spatial density of these cells is about 1.6 times higher than that of
the photoreceptor bundles. Each of the three basic BC types has
three sub-types sending their axon terminals to each of the three
IPL sublaminae, making sure that in each sublamina the three
different information pathways are represented in parallel.
Although all BC types receive input from rods and cones, the
following three distinct information pathways can be identified, (i)
a signal transferring information dominantly from the cones of a
bundle (small BCs); (ii) a rod dominated signal roughly at ‘bundle
grain’ resolution (probably, slightly overlapping with signals from
neighboring bundles), and (iii) a mixed, but cone-dominated signal
involving information from several bundles. In comparison, the
cohort of nine BC types in Gnathonemus is much less differentiated



Fig. 15. Light collection by the tapetal cups of Gnathonemus petersii. AeB, Light-adapted retina (cf. Figs. 8, 9 and 15). A, Semithin section through a bundle and its tapetal sheath,
indicating the structures for which the simulation (B) was made. B, Simulation of the light intensity distribution in a cup for an incident plane wave of broad spectral range (525e
725 nm). The COS receive up to 500% of the incident light intensity whereas the ROS receive � 20%. Color scale shows local gain; G ¼ guanine. CeD, Dark-adapted retina (cf. Fig. 14B,
D, F). C, Simulation as in (B), but for a dark-adapted cup widened at its bottom (i. e., without the ‘bottleneck’). D, Structure as in (B), for a cup but without regularly spaced guanine
multilayer (i. e., with the irregular crystals only); noteworthy, a similar light distribution can be assumed for the ‘simple duplex cup’ (inset). EeH, Simulations as in (B) but for
monochromatic illumination at (E) 400 nm, (F) 500 nm, (G) 600 nm, and (H) 700 nm. The images clearly show an increased intensity of light for longer wavelengths, as indicated by
increasing deep-red color coding of light intensities (cf. Figs. 7D and 14E). The area surrounded by a white line indicates the location of the cone outer segments (COS) and was used
to integrate the average gain at the level of the COS. The insets in BeD indicate for which type of cup/light adaptation state a given simulation is representative (cf. Fig. 5). (A, B, and
EeH modified from Kreysing et al., 2012).
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than the 18 BC types in zebrafish (Connaughton et al., 2004). While
the dendrites and their rod/cone input are similar in both species,
the complex organization of its inner plexiform layer (involving a
higher number of sublaminae) may account for the higher number
of BC types in the tetrachromatic zebrafish.

Among the horizontal cells (HCs) two cell types were distin-
guished that conform to the general structure and function of HCs in
teleosts since, contrary to BCs, they are strictly either rod- or cone-
specific in their input (Fig. 11B, Landsberger et al., 2008). The den-
dritic fields of both the cone and the rod HCs roughly match the
diameter of photoreceptor bundles. Cone HCs have a thin axon that
runswithin the INL and forms a ‘nematode-like’ swelling at the outer
margin of the IPL, where it may contact perikarya of amacrine cells.

Among all retinal neurons, amacrine cells (ACs) display the
greatest morphological and neurochemical diversity, and even
though the inner retina of G. petersii is not as complex as in other,
more visually oriented teleosts, this applies also to this retina. The
present summary is based on the stratification pattern of AC pro-
cesses throughout the sublaminae of the IPL (Fig. 11B). In accordance
with theirmodulatory function, the area covered by the AC processes
far exceeds the ‘bundle grain’ and may cover as many as about a
dozen bundles. Each sublamina contains a characteristic ‘cocktail’ of
neuroactive substances, especially neuropeptides. In sublamina a, we
found (i) monostratified processes of starburst ACs in which GABA
and ACh are colocalised, (ii) parvalbumin-immunoreactive (-ir) bis-
tratified, and (iii) NPY-ir trilaminar ACs. Sublamina b contains the
‘mirror-image’ population of (i) starburst cells and (ii) parvalbumin-
ir cells, i.e. with their perikarya in the ganglion cell layer, (iii) pro-
cesses of the NPY-ir cells, and in addition (iv) glycinergic fibers of a
bistratified AC. This shows that these two sublaminae are similar
with regard to their neurochemical ‘signature’. By contrast, sub-
lamina c contains the greatest variety of AC processes, involving
monostratified (i) neurotensin-ir, (ii) glucagon-ir, and (iii)
somatostain-ir ACs, as well as processes of (iv) the bistratified gly-
cinergic and (v) tristratified NPY cells. Furthermore, sublamina c
contains a dense fiber plexus of dopaminergic interplexiform cells.

Like those of the ACs, RGC dendrites have diverse and specific
branching patterns. For classifying GC subtypes in G. petersii,
however, only the stratification pattern throughout the IPL sub-
laminae was considered, in addition to the diameter of dendritic
field. Ten morphological subtypes were identified on this basis
(Landsberger et al., 2008; Pusch et al., 2013). There was a single
giant (G) monostratified RGC type with a dendritic field size
exceeding 300 mm; it is localized in sublamina b. Other mono-
stratified RGCs have dendritic fields sized between about 100 and
300 mm, termedwidefield (W), and between 50 and100 mm, termed
narrow (N). Each of these RGC types is present in each of the three
sublaminae. Whilst, as a rule, RGC somata are found in the GCL,
most somata of the Na cells are localized in the INL. Furthermore,
there are two types of widefield bistratified (BW) RGCs one with
dendrites in sublaminae a and b, and the second one in sublaminae
b and c, as well as a single type of trilaminar widefield (TW) RGC
with dendrites in all three sublamiae.

Summarizing the data, the neuronal cell types and circuits of the
Gnathonemus retina are basically similar to those of other fish
retinae but there are peculiarities. First, the total width of the IPL is
rather thin (15e18 mm; cf. Fig. 9A), similar to catfish and deep-sea
fish that have either pure rod retinae, or typically possess only a



Fig. 16. Light intensification of the tapetal ‘single-outer-segment’cups of deep-sea fish (cf. Fig. 5 and inset in A); simulations based upon an arrangement of 30 layers of 65 nm
guanine platelets and 90 nm spacing. A, Simulation of the light intensity distribution in a single-outer-segment cup for an incident plane wave at 480 nm; note that the cone outer
segment (COS) receives high light intensities throughout its length. B, Wavelength-dependence of the reflectivity by the crystaline multilayer at the bottom of the cup. Assuming an
‘ideal’ regular arrangement of the platelets, the reflectivity shows a narrow spectral range (see also C, D). Introducing some variability of the platelet thickness and spacing the
reflection peak broadens with increasing degree of disorder of the multilayer. Noteworthy, this increases the overlap of the reflection peak and the absorption spectrum of a pigment
with maximum absorption close to 480 nm (white line; cf. Table 2 and Fig. 7G). In the spectral range of the photopigment, a 30 layer mirror rises in effective reflectivity from 85% to
95% when the disorder increases from 0 to 20% standard deviation (white arrow). CeD, Boundary matching calculations for a regular arrangement of the multilayer. C, Maximum
reflectivity occurs in the wavelength range between 400 and 500 nm, for angles of incidence up to 20 degees. D, When the number of layers is reduced in the simulation, the
wavelength selectivity and the magnitude of the reflectivity become less sharp; The reason for multilayers with more than 10 periods to be found in fish is likely to be an enhanced
performance in the presence of spatial variations..
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single type of cone. In tri- or tetrachromatic fish such as goldfish,
the IPL is generally more than twice as wide. It is intriguing to note
the case of the mesopelagic pearleye (Scopelarchus michaelsarsi)
which contains different retinal regions in its eyes, among them an
area with grouped rods and an area with ‘conventional’, ungrouped
rods (Locket, 1977; Collin et al., 1998). Here, the IPL associated with
the grouped rods is markedly narrower than the IPL in the un-
grouped region, suggesting that information processing in the
grouped retina is less complex than elsewhere. This, together with
the fit of the dendritic field sizes even of the ‘small’ bipolar cells
with that of the bundles, argues in favor of the concept of photo-
receptor bundles acting as functional units.

Furthermore, the retina of Gnathonemus appears to lack local
specializations such as visual streak or area or a fovea centralis;
backfilled RGCs and photoreceptor bundles in wholemount prep-
arations roughly display a rather even and parallel topographic
distribution across the retina (Fig. 12A and B). The average ratio of 2
RGCs per bundle involves an excessive convergence of the signals,
as every bundle contains about 25 cones and several hundred rods
(Fig. 12C). This supports the idea that the maximum resolution at
the level of the retina corresponds to 30e50 mm (depending on the
diameter of the cups), which is much more coarse than in the hu-
man fovea or even in ‘conventional’ fish retinae. Nonetheless, the
presence of 10 types of RGCs suggests that like in other retinae, the
visual stimuli are broken down into different parallel pathways.
Fast and dynamic signals may be mediated by the giant mono-
stratified and bistratified GCs, and the starburst amacrine cells may
provide for direction/movement sensitivity (Vaney and Taylor,
2002; Taylor and Smith, 2012). Noteworthy, from the OPL on, the
information provided by rods and cones may be pooled already at
the bipolar cell level (Fig. 11A) such that color information is un-
likely to be mediated to the brain (see section 6).
4.5. Structure and ultrastructure of the tapetum (retinal pigment
epithelium)

In Gnathonemus, the RPE cells are hexagonally arranged
(Fig. 13A, B, D); each six cells form a cup (and a more irregular-
shaped sheath for the inner and outer segments of the rods)
while every cell contributes to three cups/sheaths (Fig. 13D). This is
similar to the cups in the retina of Scopelarchus (Fig. 13E) (Locket,
1971). The long, roughly columnar RPE cells of Gnathonemus
enclose the photoreceptor bundles in two different manners.

In their ‘upper’, distal parts (which reach up to a level close to
the outer limiting membrane of the retina proper) they form the
cups, containing all the photoreceptor processes. At the bottom of
each cup, the cone outer segments of one bundle are located (cf.
Figs. 5, 9, and 10). Their proximal parts (between levels A and B in
Fig. 13C), are less regularly shaped; they ensheath the inner and
outer segments of the rods of the bundle. These proximal RPE cell
processes extend several finger-like branches which constitute
‘niches’ around sub-groups of rod outer segments (cf. Fig. 10A, C).
During dark adaptation, the distal RPE cell processes re-shape to
form cylinders rather than cups (Fig. 10 B, D) but the basic sub-
division into distal and proximal processes is retained. This ap-
plies especially to the structure of the guanine crystals within the
RPE cell processes. The inner core of these processes is densely
packed with irregular, polygonal crystals along their entire length
from cell soma to near the aperture of the cups.



Fig. 17. Electrophysiological and behavioral consequences of rod and cone signal pooling in Gnathonemus petersii. A, Retinal action spectrum obtained from averaged electro-
retinograms of light-adapted fish; as indicated by the absorption maxima of isolated rod (ROS) and cone outer segments (COS) (cf. Fig. 7D), both types of photoreceptors contribute
to the retinal response. B, Field potentials recorded in the optic tectum in response to green and red light flashes of different intensities show that the tectal response of the fish is
fully matched in sensitivity at both wavelengths. C, The optomotor response rate of Gnathonemus was reduced when green stripes were presented rather than white ones (p < 0.05)
(spectral and ‘white’ light intensities were equalized by neutral filters). However, green as well as red stripes reliably elicited responses. Dotted line: Normalized rate of false
responses. D, Temporal resolution of Gnathonemus petersii compared to Carassius auratus. Electrophysiological measurements in the retina and the optic tectum (latter results
shown here) of both fish show that Gnathonemus petersii can detect signals with higher temporal frequency and at lower contrast than Carassius auratus. (A-C, modified from
Kreysing et al., 2012).
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Additionally, the distal (but not the proximal) processes contain
three to four regularly arranged layers of lamellar guanine platelets
close to their bundle-facing surface (Fig. 13 EeG). Although the
shape of the distal processes changes during dark adaptation, the
arrangement of the lamellar crystals remains unchanged.

It has long been known that guanine crystals (particularly, if
shaped as regular platelets) are well-suited as light-reflecting
structures (Denton and Nicol, 1965). In fact, guanine has the high-
est refractive index (1.83) of all biological materials, and is used in
the reflective tapetum of many fishes (Somiya, 1980) including
those with grouped retinae (Table 2). The light reflection of native,
isolated retinal wholemounts can be visualized (Fig. 14AeD) and
measured (Fig. 14E). By this, the light-reflective properties of the
cup walls can be nicely demonstrated in light-adapted retinae
(Fig. 14A, B). Light reflection of the cup aperture is maintained in
dark-adapted retina (Fig. 14C) but not longer demonstrable at the
walls of the cup proper (Fig. 14D). Probably, it becomes then over-
laid by the diffuse backscattering of the crowded photoreceptor cell
processes (Fig. 14D). During light adaptation, i.e., when the cups are
fully functional, it was found for Gnathonemus petersii that light
reflection is stronger at longer wavelengths (‘red’) than in the
short-wavelength range (Fig. 14E). It has also been shown in dark-
adapted retinae of the related species, Hiodon tergisus, that the
inner segments (ellipsoids) of the photoreceptor cells act as light-
guiding structures (Fig. 14F) (Wagner and Ali, 1978).

Taken together, the data obtained on the light-adapted retina
support the view of McEwan (1938) that “guanine would serve to
throw back the light into the visual elements” e but only for the
cones e as well as the suggestion of Moore (1944) that it provides
“a shielding of the rod outer segments from bright light”.

5. Tapetal cups as photonic crystal light collectors

To move beyond speculation about the function of the tapetal
cups in the Gnathonemus retina, and to provide quantitative in-
formation, these days we can resort to directly simulating the
interaction of light with these complex optical structures using
numerical techniques e an option not available to McEwan and
Moore more than 60 years ago (Kreysing et al., 2012). We will
reiterate some of these recent results here and also try to apply
similar simulation methods to other fish species with similar
tapetal cups.

5.1. Comprehensive modeling for Gnathonemus petersii

The tapetal cup in Gnathonemus petersii displays an exquisite
complexity with highly ordered and regularly spaced guanine
crystal platelets lining its interior on a sub-wavelength scale and its
overall roughly parabolic geometry on a scale 100 times above that.
The maintenance of such structures surely bears a considerable
metabolic cost, which begs the question of its functional optical
advantage. While one can already infer the guanine multilayer,
lining the cup, to act as a hot mirror for large angles of incidence
from classical calculations, it is more difficult to estimate howmuch
focusing power an imperfect parabolic mirror made of this material
would have, and how much the light-sensitive outer segments,



Fig. 18. Behavioral consequences of rod and cone signal pooling in the macroreceptors of Gnathonemus petersii. A, Spatial resolution is poor in Gnathonemus vision. Percentage of
correct choices (to swim into a box with or into one without stimulus, see inset symbols) in response to stimuli of different size. Whereas Lepomis detect small stationary or moving
stimuli (3.1� visual angle) as reliably as large ones, the correct choices of Gnathonemus fall down to chance level at these smaller stimuli, i.e. these small objects are no longer
detected by the animal. BeC, Gnathonemus responds at low intensities and despite color-camouflage, B, Startle experiment with black circles expanding on a white background. The
intensities of circles (IC) and background (IB) were varied. At low intensities, Gnathonemus (blue) performed better (p < 0.05) than Carassius (amber; n ¼ 5 for both species). C, Startle
experiment with color-pooling task. The expanding circle was dynamically defined by the random exchange of equiluminant red and green floating particles, with the particles
inside the circle becoming stationary. Gnathonemus detected such color-camouflaged stimuli significantly better (p < 0.05) than Carassius (n ¼ 5 for both species). The rate of false
responses (right pair of columns) was not significantly different between species. Response percentages are relative to an expanding black circle (¼1.0). D-G, Gnathonemus displays a
high tolerance against spatial noise. D, Startle experiment with an expanding circle disguised by dynamic gray noise particles (9000 particles). Flight responses declined in both
species (percentage relative to no noise), but Gnathonemus (blue) was less affected than Carassius (amber; p < 0.05) and produced less false responses with noise only (control)
(p < 0.05). E, Percentage of optomotor responses to reversal of moving stripes relative to response rate without noise. When the stripes were obscured by dynamic white particles of
varying size Gnathonemus performed significantly better than Carassius (p < 0.05). F, Contrast detection of Gnathonemus and G, Lepomis with and without added dynamic noise
particles. Fish were trained to approach a black square on a bright background; the contrast of the square was reduced stepwise. The performance of Gnathonemus decreased only
slightly when noise particles (black squares with a side length 2e8 mm, which corresponds to a visual angle size of 0.15�e0.6�; life time: 3 s; noise density 44%) were added (solid
curve). Note that Lepomis refused to make any choices when images were overlaid by noise particles e even at 100% contrast. Modified from Kreysing et al. (2012).
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located at the bottom of the cup, could benefit from it. This esti-
mation of light intensity increase becomes even more complicated
when trying to take into account the disordered phase of guanine
crystallites surrounding the multilayer, (cf. Fig. 13F), as these by
themselves have to be seen as a strongly back-scatting material
with a transport mean free path length of only a few micrometers.
In order to take into account both the relevant wave-optical effects
such as interference and diffraction, as well as the global shape of
the cup-like cavity, we modeled the entire system using the finite
difference time domain method (FDTD), a numerical method for
propagating electromagnetic waves on a grid with an arbitrary
refractive index distribution. A particularly flexible set of algo-
rithms, compatible with parallel computing, as required for the
treatment of structures significantly bigger than the wavelength
involved, is provided in the open source package MEEP (ab-ini-
tio.mit.edu/wiki/index.php/Meep). In addition to providing spatially
resolved intensity distributions around or inside structures of in-
terest in response to monochromatic light sources (of a single
wavelength), FDTD also allows for the implementation of light
pulses with finite spectral width (containing many wavelengths).

Using these FDTD simulations we provide several interesting
insights into the functioning of tapetal cups. First, during light



Table 2
Summary of available data on visual pigments and tapetal crystals in fish species possessing a grouped retina. Cursive lettering indicates uncertain values (measured on printed
images), question marks indicate that the lmax values might not be measured on cones (or ‘cone-like photoreceptors’ of deep-sea fish); see text for details. The thickness of
platelets (first value) and of the distances between them (second number), as well as the lmax values, are given in nanometers. References are, 1. Somiya (1989); 2. Kreysing
et al. (2012); 3. Nag (2004); 4. Best and Nicol (1979); 5. Braekevelt (1982); 6. Wagner and Ali (1978); 7. Zyznar et al. (1978); 8. Awaiwanont et al. (2001); 9. Kondrashev et al.
(2012); 10. Novales Flamarique (2011); 11. O’Connel (1963); 12. Zyznar (1975); 13. Somiya (1980); 14. Locket (1971); 15. Locket (1977); 16. Partridge et al. (1992); 17. Pointer
et al. (2007); 18. Munk (1977); 19. Munk (1966); 20. Douglas and Partridge (1997); 21. Douglas and Partridge (personal communication 2013); 22. Frederiksen (1976).

Genus Species Habitat lmax rods lmax cones Crystals material Rod-cup
platelets

Cone-cup
bottom
platelets

Cone-cup
lateral
crystals

Ref.

Gnathonemus petersii Turbid 536 615 Guanine 175/210 1, 2
Marcusenius longianalis Turbid Guanine 1

isidori Turbid Guanine 1
Notopterus notopterus Turbid 80/100 (3)
Hiodon alosoides Turbid 535 Uric acid 180/200 4, 5, 6, 7

tergesius Turbid 535 Uric acid 6, 7
Engraulis japonicus Turbid 502 475

492
502

Guanine/
hypoxan-thine

300/200 ? 180/150 8, 9, 10

mordax Turbid Guanine 11
Stizostedion vitreum (Turbid) Pteridine 12
Polymixia japonica Dark Guanine 13

berndti Dark Guanine 13
Scopelarchus güntheri Dark Guanine 150/100 14, 15

sagax Dark Guanine 14
michaelsarsi Dark 200
analis Dark 479 505/

444 ?
16 þ 17

Benthabella infans Dark 451 Guanine 15, 16
Scopelosaurus lepidus Dark 160/100 60/50 200/200 18
Ahliesaurus berryi Dark 487 19
Chlorophthal-mus albatrossi Dark Guanine 13

nigromarginatus Dark Guanine 13
acutifrons Dark Guanine 13
(spec.) Dark 483 20

Evermanella indica Dark 484 21
Omosudis lowei Dark Guanine 65/60 250/250 22
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adaptation the incident light is focused mainly onto the cone outer
segments with an increase of the incident light intensity by more
than 500% (the simulation was made for a two-dimensional
arrangement; in the real 3D situation, the factor is certainly even
higher) (Fig. 15B). This mechanism works particularly well for long
wavelengths whereas it is less effective for short wavelengths
(Fig. 15EeH; cf. Figs. 7D and 14E). As already mentioned, this seems
well adjusted to the red-sensitive cone photopigment (Fig. 7D) and
the predominantly long-wavelength ambient light. While light
levels for the cones at the bottom of the cup are amplified, the
disordered phase of guanine crystallites underneath the cup further
attenuate the light leaking through the bottom of the cup, so that
only a very small fraction of light reaches the rods there (Kreysing
et al., 2012) (Fig.15B, E-H). The combined effect of this arrangement
is that both the less sensitive cones and the very sensitive rods
receive appropriate amounts of light to allow their simultaneous
operation at intermediate light levels, which prevail in the dim
habitat of the fish.

Second, even in the dark-adapted retina where the tapetal cup
widens at the bottom such that the ‘parabolic mirror’ ceases to exist
(cf. Fig. 10B, D, F), the arrangement of guanine crystals still provides
remarkable increase of incident light intensity (Fig. 15C). However,
the ‘focus level’ is less sharp than in the light-adapted condition;
rather, elevated light intensities are present over a larger depth
range of the photoreceptor bundle. This fits well with the situation
that now both rod and cone outer segments are crowded together
at this level, and occupy a wider depth range (inset of Fig. 15C; cf.
also Fig. 10F); thus, both types of photoreceptor cells seem equally
illuminated and the rods can work in the dark environment.

Third, the role of the multilayer-forming lamellar platelets is
elucidated. Much of the focusing and amplifying effects shown in
Fig. 15B are achieved by this multilayer alone; when the irregular
crystals are omitted in the simulation, the results are almost the
same (not shown). By contrast, the increased light intensity in the
‘open’ cup (i. e., without the parabolic shape) is mostly due to the
irregular crystals: removing themultilayer from the simulation fails
to change the results conspicuously (Fig. 15D vs. 15C). This means
that even the ‘simple cups’ may provide a considerably enhanced
light intensity, at least for the cones.

5.2. Estimates for other fish with different types of grouped retinae
and cups

Apart from G. petersii, there is still a lack of reliable quantitative
data on the ultrastructure (e. g., thickness and spacing of the
platelets) and on the spectral sensitivities of the photopigments of
most of the fishes with grouped retinae and tapetal cups (Table 2).
However, some conclusions about the function of their cups appear
to be feasible.

The striking structural and even ultrastructural similarities be-
tween all retinae of Osteoglossiformes studied so far (Figs. 3AeD,
4AeD, 6DeG; Table 2) may suggest that their cups have a similar
function and provide the fish with similar behavioral advantages as
Gnathonemus (cf. also Section 6). Even the ‘simple cups’ with
strongest deviations from ideal parabolic mirrors as found in fishes
such as the Percidae and Clupidae, may serve similar purposes
(Fig. 15D).

The situation is different in the retinae of deep-sea fishes where
no mixed rod-and-cone bundles exist. In these retinae, only bun-
dles of rods are surrounded by tapetal cups (Fig. 3EeG). Although
the available data do not allow for a completely reliable simulation,
it is more than an intuitive guess to assume that these cups provide
increased light intensities for the rods, similarly as shown in
Fig. 15B (but, of course, with an optimum in the short range of
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wavelengths; cf. Fig. 7EeG). In fact, the assumption of enhanced
light delivery by these tapetal cups appears to justified since (i)
even the ‘simple cups’ tend to increase local light intensities
significantly (Fig. 15D) and (ii) in deep-sea fish with tubular eyes,
rod bundles in tapetal cups occur even in the accessory retina
which is located very close to the lens (e.g., Locket, 1971, 1977) such
that no focused image can occur; it may be speculated that
extremely dim light signals can be caught there, to trigger appro-
priate behavioral reactions (e.g., to swim closer for inspection of the
object by the main retina).

In addition, some deep-sea fish retinae also contain tapetal cups
for single outer segments, mostly of cones (Fig. 4EeF). These are
dissimilar to the ‘parabolic mirror-like’ cups simulated in Fig. 15. In
addition to guanine multilayers closely surrounding the individual
outer segment, another important component seems to be a
quarter-wave stack of flat platelets at the bottom of each single-
outer-segment cup (i. e., ‘behind’ the outer segments with respect
to the incident light; Fig. 4F). Also in this case, simulations reveal
some peculiarities in the functioning of the cups.

These guanine-surrounded cavities are only a few wavelengths
wide and only barely display a conical shape that would give rise to
a confinement of wavefronts. Nonetheless, light intensities in such
a half-open cavity seem to be greatly increased over the incident
level. Conservative estimates inferred from two-dimensional FDTD
simulations show an average light intensification in excess of 3.5.
The reason for this unexpected high value is probably twofold. First,
the incident light is efficiently hindered from leaving the cavity in
lateral direction by the surrounding guanine multilayer hit under a
steep angle (Fig. 4E) before being back-reflected by the densely
spaced multilayer at the bottom of the cup (Fig. 4F). Second, light
that penetrates the disordered phase of guanine next to a single-
segment cup is randomized in the propagation direction and has
a high chance of penetrating the lateral ‘guanine wall’ and thus to
enter the space occupied by the outer segment. The situation of the
outer segment is thus similar to that of a detector inside an (half-
open) integrating sphere.

As a consequence of this arrangement, light is not focused
within a narrow range (as in the ‘parabolic mirrors’, cf. Fig. 15B, Ee
H) but rather evenly distributed along the length of the cone outer
segments (Fig. 16A). This should allow an effective light absorption
by virtually all discs within a given outer segment. Furthermore,
assuming a quarter-wave multilayer stack with 65 nm thick gua-
nine platelets (Frederiksen, 1976), maximum light reflectivity is
achieved in the short range of the light spectrum, at about 400e
500 nm (Fig. 16BeD); this is known to fit well to the putative ab-
sorption maxima of deep-sea fish cones and to the wavelengths of
the available light (cf. Fig. 7EeG). Commonly used analytical
multilayer reflectivity calculations (cf. Land, 1972) revealed only a
slight blue shift in the spectral maximum when light arrives
obliquely to the axis of the outer segment (Fig. 16C). More strik-
ingly, the regularity of thickness and spacing of guanine platelets at
the bottom of the cup seems to be critical for proper functioning of
these cups. In fact, a small degree of spatial noise might even in-
crease the overlap between the absorption spectrum of the pho-
topigment and the reflection characteristics of the multilayer
(Fig. 16B), especially for rather broadly absorbing pigments
centered around 470 nm to 490 nm (white line in Fig.16B; cf. Table 2
and Fig. 7G). Taken together, the single-outer-segment cups of
deep-sea fishes are apparently optimized for the needs of the fish.

6. Physiological and behavioral impact of the retinal
specialization

The above-mentioned anatomical data and the mathematical
simulations allow for some predictions in respect to the visual
capabilities of the fish. In fact, these predictions have been verified
by electrophysiological and behavioral experiments on Gnathone-
mus petersii (Kreysing et al., 2012). The basic ‘disadvantage’ of the
macroreceptors in the grouped retina is its strikingly low spatial
resolution of 30e50 mm at the level of retina (Fig. 12C) which cor-
responds to about 3� of visual angle (Schuster and Amtsfeld, 2002;
Landsberger et al., 2008; Kreysing et al., 2012). It means that the
fish cannot detect any features smaller than six times the diameter
of the full moon as viewed from earth. Another apparent disad-
vantage is that, if only one spectral type of cones exists (Fig. 7D) and
the signals from cones and rods are pooled (Fig. 11A, B), the fish
should be color-blind. However, it has been shown that these
apparent disadvantages, when considered in the habitat of the fish,
turn into advantages (see below).

6.1. Electrophysiological studies in Gnathonemus petersii

Recordings of the electroretinogram (ERG) and of the activities of
single units in the optic tectum of the fish revealed that in fact, as
proposed from the above-mentioned considerations (e.g., Fig. 15A
andB) (i) the green-sensitive rods contribute to the light-adaptedERG
(rather than being saturated as in ‘conventional’ retinae) (Fig. 17A)
and (ii) rods and cones displayed the same range of light intensity
responsiveness (Fig. 17B) (Kreysing et al., 2012). This was also sup-
ported by the results of behavioral tests (optomotor responses e see
Section 6.2) revealing that both rods and cones contribute to the re-
sponses of the fish to a moving pattern of stripes (Fig. 17C).

Another prediction is that strong signal convergence and pool-
ing of information from large groups of rods and cones should
reduce the time required for information processing (Warrant,
1999). Indeed, recording from single neuronal units e presumed
to reflect afferent input to the tectum e from Gnathonemus petersii
revealed that the neurons can detect signals with higher temporal
frequency and at lower contrast than those of Carassius auratus, a
fish with a conventional retina allowing for high spatial resolution
and color vision (Fig. 17D).

6.2. Comparative behavioral tests in Gnathonemus petersii

Three different paradigms were used to perform behavioral
tests in response to visual stimuli (Kreysing et al., 2012). First, so-
called startle reactions were studied by applying a visual stimulus
(circle) which rapidly expands in size. This mimics the silhouette of
an approaching predator, and triggers a flight reaction of the fish
away from the stimulus. Second, optomotor responses were
monitored; in these experiments, a moving stripe pattern was
projected onto the bottom of the fish tank and it was assessed
whether the fish follow the movements of the pattern. In these
experiments, the brightness contrast and the width of the stripes
were variable, as well as the velocity of the movement of the
pattern. Third, choice experiments were carried out; the fish were
trained in a two-alternative forced-choice procedure to swim to-
ward a projected visual simulus (circle or square) of variable size.
These latter experiments confirmed that spatial resolution is so
poor in Gnathonemus that the fish cannot see objects smaller than
about 3� visual angle, no matter whether these objects are sta-
tionary or moving (Fig. 18A).

However, the impact of the specialized retina structure of
Gnathonemus petersii can be most clearly revealed if experiments
are designed which mimic the natural conditions under which the
fish are living, i.e., when the effects of visual stimuli with a low
signal-to-noise ratio are applied. The fact that Gnathonemus cannot
see small objects should provide the fish with a noise-rejection
filter that might benefit them in their fast flowing natural habi-
tats, where water turbidity often is caused by a high density small



Fig. 19. AeC, Advantage of missing color discrimination. Color-camouflaged visual signals (B) cannot be easily detected by trichromates but are quickly identified by deuteranopic or
completely color-blind individuals (C). DeF, Use of template matching to memorize visual objects by Gnathonemus. D, Template matching is a strategy to identify a memorized
(stored) visual object by comparing it with an actually presented object; this is ‘identified’ if overlap is pronounced and the non-overlapping areas are small. E, Experimental setup.
A fish views two patterns through a transparent screen from a fixed vantage point in its daytime shelter. It was trained to swim to one of the two patterns (circle) when the screen
was lifted, to receive a reward. Then, tests were made in which the fish faced not the original patterns but novel appropriately chosen ones. F, The outcome of these tests showed
that the fish did not recognize the circle as such or as something that does not contains edges. (DeF, modified from Schuster and Amtsfeld, 2002).
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floating particles such as plant material or other organic or inor-
ganic matter (Moritz, 2010; Ogbeibu and Ezeunara, 2002; Tawari-
Fufeyin and Ekaye, 2007). To prove this prediction, G. petersii -
and, in comparison, Lepomis gibbosus and C. auratus, two diurnal
visual specialists (Hairston et al., 1982; Neumeyer et al., 1991) e

were tested for their capability to detect an object under “noisy”
conditions (Kreysing et al., 2012).

Indeed these experiments revealed that the fish tolerate a much
lower signal-to-noise ratio than C. auratus or L. gibbosus; this was
shown for low intensity differences between stimulus and back-
ground (Fig. 18B), for color-camouflaged stimuli (Fig. 18C), and for
the overlay of signals with gray noise, in startle reactions (Fig. 18D)
and optomotor responses (Fig.18E) as well as in choice experiments
(Fig. 18F and G) (Kreysing et al., 2012).

The starting point for testing color pooling was the observation
that the elephantnose fish can equally well as goldfish be startled
with rapidly expanding black circles, shown before a white back-
ground. Moreover, the response can also be elicited by expanding
solid green and red circles chosen such as to lead to the same
response probability in both species. This motivated the following
mimic of Mollon’s experiments on deuteranopes. An equal number
of red and green pixels (with spectra as in the previous experi-
ments) were displayed on a screen. The pixels were dynamic, i.e.
each pixel appeared at a randomly assigned position and dis-
appeared after a randomly assigned lifetime, taken from a gaussian
distribution, while another pixel of the same color appears at
another location. This setting can be programmed to define an
expanding circle not from brightness or color contrast but from the
lifetime of pixels inside it. Otherwise the expansion dynamics
(initial and maximal size of the circle, speed of expansion) of this
virtual circle can be chosen just as with real expanding circles.
Within the virtual circle the red and green circles were frozen
whereas they were quickly exchanged outside, with an average
pixel-lifetime much shorter than the duration of expansion of the
circle. Fig. 18C shows that Gnathonemus is significantly better at
detecting the expanding virtual circle than goldfish, probably
reflecting the advantage of missing color discrimination (i. e., ‘color
pooling’) (cf. Fig. 19AeC).
A particularly interesting observation was made when the fish
were trained in a two-alternative forced-choice procedure to swim
toward a projected large black square (6.2� visual angle; insets in
Fig. 18F and G). After the fish had learned this task, the visual
contrast of the square was reduced stepwise until the fish could no
longer detect the object, indicated by a performance of 50% correct
choices (chance level). Under normal conditions, when no noise
was added, both species reached the 50% chance level at about the
same contrast level (Fig. 18F, G). However, when small moving
noise particles were covering the screen with the large square, the
two species behaved dramatically different. While Gnathonemus
was not affected at all by the addition of the small noise particles
and reached a very similar detection efficiency of the large object,
the Lepomis were extremely disturbed by the moving noise parti-
cles; they swam agitatedly and refused to approach the screen. By
contrast, Gnathonemus (which could not see the small moving
particles) were not frightened by them and were still able to detect
the large object behind this veil of noise (Fig. 18F, G) (Kreysing et al.,
2012).

In this context it is noteworthy that while we (or at least, most of
us) are used to enjoying the advantages of color vision, in some
instances it can be advantageous to be color-blind. This is exem-
plified in Fig. 19AeC which demonstrates, according to the psy-
chophysiological experiments of Mollon’s group (Morgan et al.,
1992), that trichromates can quickly identify a letter if its color
differs from that of the background (Fig. 19A) or if it is built by
uncolored symbols of different orientation (Fig. 19C) but need more
time to identify the color-camouflaged letter (Fig. 19B). By contrast,
this is no problem for human deuteranopes or completely color-
blind individuals.

Despite of the above-mentioned behavioral advantages of the
grouped retina it is obvious that the fish should be handicapped by
the bad spatial resolution of its vision when a visual object must be
memorized. It is remarkable that Gnathonemus is one of the few
vertebrates and the only fish known so far to employ what is
probably the most basic strategy to memorize a visual object:
template matching (Schuster and Amtsfeld, 2002). This recognition
strategy disposes of any actual analysis of the image such as the
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detection of edges or other image elements. Rather, it simply stores
an interesting object as a ‘snapshot’ of the retinal image, taken at a
given vantage point. The recognition process consists of classifying
the degree of spatial overlap a current retinal image has with the
stored snapshot (Fig. 19D). While this simple mechanism does not
require much further neuronal processing it comes at the cost of a
lack in viewpoint invariance: seen from a greater than the snapshot
distance the image of a given object may overlap very little with the
snapshot, while a closer, but completely different object, may
overlap better. Despite its shortcomings template matching can be
a very clever strategy when combined with behaviors that ensure
the comparison between stored and actual image is made only
close to that vantage point at which the snapshot was taken.
Fig. 19EeF shows experiments and critical tests that demonstrated
the use of such a simple strategy in the elephantnose fish and that
make it not likely that the fish uses higher strategies to analyze the
image (Schuster and Amtsfeld, 2002).

In these experiments, it was tested whether indeed the fish clas-
sifies similarity simply according to the degree of retinal overlap of
the actual image with the stored snapshot. This predicts a rather odd
but experimentally testable consequence: Rescaling the sizes of the
original circle and the triangle such that they both overlap equally
well with the snapshot should cause the fish to equally choose the
two objects. Moreover, the preference should even be reversed by
making a rescaled version of the unrewarded object overlap better
with the snapshot (Fig. 19E). Both predictions were met.

These and similar tests (Schuster and Amtsfeld, 2002) clearly
showed that Gnathonemus uses a basic strategy previously known
from insects. Bees and wasps successfully use such strategies for
instance to find the entrance to a nest (e.g. Cartwright and Collett,
1983; Zeil, 1993; Collett, 1995). Part of their successful application is
that they store views taken from a limited number of viewpoints
taken on a defined pathwhich they also follow on their returns. The
way mormyrids combine template matching with locomotor stra-
tegies is still unknown but a ’shelter hopping’ strategy was pro-
posed (Schuster and Amtsfeld, 2002). According to this hypothesis,
the fish would start its route from a defined daytime hiding place
from which the distance and viewing angle of distant landmarks
would be fixed. The landmarks would then guide the fish’s course
to the next hiding place and so on.

In summary, the behavioral findings make it unlikely that the
fish usemore advanced strategies of image processing; this fits well
with the coarse image resolution of the fish and with the sum-
mation of receptor contributions within the bundles (Kreysing
et al., 2012).

7. Structure and function of grouped retinae - emerging
general rules

Based upon the results obtained in Gnathonemus petersii and
upon data known from other fishes with grouped retinae and/or
tapetal cups (Tables 1 and 2; Figs. 3 and 4), some reasonable pre-
dictions appear to be possible about the behavioral benefits of this
specialized retina in general. Very probably, both the retinal
structure and its behavioral advantages are very similar among all
Osteoglossiformes (cf. Table 1, first group on top). Apparently all
these fishes, living in turbid waters, possess platelet-covered
duplex cups, and thus should profit from pooling of rod and cone
signals (Figs. 11, 15, 17 and 18) in a similar way as Gnathonemus
does. Very probably, their maximum spectral sensitivities lie at
some 535 up to >615 nm, such that they can detect the red light
which predominates in turbid waters (Fig. 7C).

All the Aulopeiformes (cf. Table 1, last group on bottom), living
in the darkness of the deep-sea, must rely upon the blue light
which either penetrates the depth of the water or is delivered by
bioluminescence of other organisms (Fig. 7F). This is reflected by
the expression of photopigments maximally sensitive to wave-
lengths of about 440e480 nm (Table 2) and by two types of
specialized cups: rod-only cups and cone-only cups (Fig. 5). The
thin platelets at the bottom of the cone-only cups maximally reflect
short wavelengths (Fig. 16; cf. also Frederiksen, 1976). In these
fishes, maximum gathering of the dim available light by the cups is
the obvious purpose of the retinal specialization. The fish have a
poor spatial visual resolution but might benefit from the fact that
they cannot see small objects and thus can filter out small noise
particles, still allowing them to see a large object such as a predator,
even in turbid (‘noisy’) waters carrying lots of small particles.

In addition to these two well-defined groups, a number of other
fishes also display grouped retinae, mostly with ‘simple’ tapetal cups
(Table 1: Elopiformes, Clupeiformes, Perciformes, and Beryciformes)
which, even if ‘imperfect’ as compared to those of the Osteoglossi-
formes, may provide considerable light collection (Fig. 15 D). This
might enable these fishes to visit dark environments such as turbid
waters of river deltas or deeper areas of the sea. Noteworthy, some
Clupeiformes appear to possess, in dependence on retinal topog-
raphy, both tapetal cups comparable to the rod-only cups of the deep-
sea fishes and tapetal ‘curtains’ supporting the detection of polarized
light (Heß et al., 2006; Novales Flamarique, 2011) (Figs. 4D, 3HeK).
Whereas the latter function is of obvious use for the migrating
behavior of the herrings, it is difficult to speculate about the reason(s)
why the lesserweeverfish (Trachinus vipera) has a grouped retina but
no tapetal cups. This is particularly difficult to understand because in
all other cases, the ontogenetic appearance of the photoreceptor
grouping coincides with that of the reflective cups (Fig. 6), and
because a decrease of spatial resolution (cf. Fig. 12) without
compensationbymaximumlight collection ishardlyunderstandable.
A possible hypothesis is that the fish emerged from epipelagic an-
cestors with tapetal cups, and then got rid of the tapetumwhen they
occupied coastal waters where too much light may be disturbing.

In summary, tapetal cups are a retinal specialization of various
Teleostian fishes. They are higly reflective structures that minimize
the threshold of the enclosed photoreceptors, even adjusted to their
spectral sensitivity. In contrast to the cone-only cups of some deep-
sea fish specifically ‘illuminating’ a single cone, the other (‘parabolic
mirror-like’) cups provide amplified light intensities to groups of
(many) photoreceptors. This must result in decreased spatial resolu-
tion of vision; however, this is noproblem in the caseof rod-only cups
(because the signals frommany rods are pooled anywayby the retinal
circuits) and is even advantageous for fishes with duplex cups living
in turbidwater (because the disturbing noise signals are filtered out).
In the latter case, the cups generate a matched sensitivity of rod and
cone photoreceptors, and thus facilitate the detection of low-contrast
and color-mixed stimuli, within the dim, turbid habitat of the fish. In
any case, the behavioral advantages of this highly complex speciali-
zation appear to justify the developmental (and metabolic) costs
necessary for their installation and maintenance.
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