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up to 80% of the total neurons within the ganglion cell layer, 
a different distribution was revealed. Topographic maps of 
the true ganglion cell distribution in 18 species of lantern-
fishes revealed well-defined specializations in different re-
gions of the retina. Different species possessed distinct areas 
of high ganglion cell density with respect to both peak den-
sity and the location and/or shape of the specialized acute 
zone (i.e. elongated areae ventro-temporales, areae tempo-
rales and large areae centrales). The spatial resolving power 
was calculated to be relatively low (varying from 1.6 to 4.4 
cycles per degree), indicating that myctophids may consti-
tute one of the less visually acute groups of deep-sea tele-
osts. The diversity in retinal specializations and spatial re-
solving power within the family is assessed in terms of pos-
sible ecological functions and evolutionary history. 

 © 2014 S. Karger AG, Basel 

 Introduction 

 Retinal topographic analyses of the distribution of 
neurons within the ganglion cell layer are very useful in 
providing information on how animals perceive and pro-
cess visual information. Using the wholemount tech-
nique [Stone, 1981; Coimbra et al., 2006; Ullmann et al., 
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 Abstract 

 Topographic analyses of retinal ganglion cell density are 
very useful in providing information about the visual ecolo-
gy of a species by identifying areas of acute vision within the 
visual field (i.e. areas of high cell density). In this study, we 
investigated the neural cell distribution in the ganglion cell 
layer of a range of lanternfish species belonging to 10 gen-
era. Analyses were performed on wholemounted retinas us-
ing stereology. Topographic maps were constructed of the 
distribution of all neurons and both ganglion and amacrine 
cell populations in 5 different species from Nissl-stained ret-
inas using cytological criteria. Amacrine cell distribution was 
also examined immunohistochemically in 2 of the 5 species 
using anti-parvalbumin antibody. The distributions of both 
the total neuron and the amacrine cell populations were 
aligned in all of the species examined, showing a general in-
crease in cell density toward the retinal periphery. However, 
when the ganglion cell population was topographically iso-
lated from the amacrine cell population, which comprised 
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2011], which allows examination of the entire retina, ar-
eas of high cell density or retinal specialization can be 
identified. These areas of high cell density provide great-
er acuity in a specific part of the visual field and usually 
closely reflect each species’ habitat and behavioural ecol-
ogy in both terrestrial and aquatic vertebrates [Hughes, 
1977; Collin and Pettigrew, 1988a, b, 1989; Bozzano and 
Collin, 2000; Collin and Shand, 2003]. The spatial distri-
bution of ganglion cells can form specializations such as 
an ‘area’ or a ‘streak’. An area is a region of acute vision 
formed by a concentric increase in cell density in a spe-
cific part of the retina usually found in species living in 
a three-dimensional, ‘enclosed’ environment [Hughes, 
1977; Collin and Pettigrew, 1988a] and exhibiting preda-
tory behaviour [Fritsches et al., 2003]. Conversely, hori-
zontal streaks, which are formed by an elongated increase 
in cell density across the retinal meridian, allow an animal 
to scan a broad horizon (panoramic field) with enhanced 
acuity without using distinctive eye movements [Hughes, 
1977; Collin and Pettigrew, 1988b]. This type of special-
ization is usually found in species living in an open envi-
ronment, where they perceive their surroundings with an 
uninterrupted view of the horizon, defined in the ocean 
by the air-water or sand-water interfaces [Collin and 
Shand, 2003].

  The deep sea, and more particularly the mesopelagic 
zone, is a relatively simple visual environment, reliant on 
essentially two different light sources: the residual down-
welling sunlight and bioluminescence. Downwelling sun-
light between 200 and 1,000 m diminishes exponentially 
with depth, creating a semi-extended visual scene where 
shadows (prey, predators or conspecifics) can be detected 
against the lighter background when viewed from below. 
Bioluminescent emissions, on the other hand, which are 
produced by a large range of organisms, occur at all 
depths and are thought to play important roles in the deep 
sea, subserving behavioural interactions with prey, pred-
ators and congeners [Herring, 2002; Haddock et al., 
2010].

  Although the deep-sea environment does not support 
as high a biodiversity as the well lit, shallow water envi-
ronment, many deep-sea species possess a wide range of 
retinal specializations to allow acute vision in specific 
parts of the visual field [Collin and Partridge, 1996; Collin 
et al., 1997; Wagner et al., 1998]. Areae have been found 
in several tubular and non-tubular eyed deep-sea species 
of teleosts, providing acute vision in different parts of the 
visual field depending on the location of the specializa-
tion [Collin and Partridge, 1996; Wagner et al., 1998]. A 
fovea, a pit-like invagination of the retina associated with 

an area, has also been observed in several species [Collin 
and Partridge, 1996; Wagner et al., 1998; Collin et al., 
2000], providing high acuity and possibly image magni-
fication, accurate fixation and depth perception [Walls, 
1942]. Finally, relatively unspecialiszed retinas with a 
nearly uniform ganglion cell distribution, probably me-
diating high sensitivity rather than acuity, have also been 
reported in a single group of deep-sea fishes, the Mycto-
phidae [Wagner et al., 1998].

  Myctophids or lanternfishes are one of the most abun-
dant groups of mesopelagic fishes occupying all of the 
world’s oceans. Like most mesopelagic organisms, they 
are bioluminescent and possess two kinds of biolumines-
cent structures (i.e. photophores and luminous organs) 
thought to play several different roles (camouflage, dis-
traction, illumination and intra- and inter-specific com-
munication) [Case et al., 1977; Edwards and Herring, 
1977]. Myctophids also show marked intra- and inter-
specific variation in the depths they occupy [Karnella, 
1987], their migration patterns [Watanabe et al., 1999] 
and the location of their luminous organs [Nafpaktitis 
and Nafpaktitis, 1969; Paxton, 1972; Nafpaktitis et al., 
1977, 1978; Zahuranec, 2000; Herring, 2007; de Busse-
rolles et al., 2013]. Recently, marked differences in the 
visual system of this large group of fishes have been re-
vealed [de Busserolles et al., 2013, 2014a, b], including 
large variations in photoreceptor distribution across the 
retina [de Busserolles et al., 2014b].

  The first study examining the distribution of neurons 
within the ganglion cell layer in lanternfishes revealed a 
concentric increase in cells toward the periphery, poten-
tially enhancing acute vision around the peripheral vi-
sual field [Collin and Partridge, 1996]. Although this type 
of cell arrangement might appear as a good strategy in an 
environment where small bioluminescent flashes can ap-
pear from any direction and at any time, it was later re-
vealed that this specialization did not represent the true 
distribution of ganglion cells due to the inclusion of an 
unusually large population of displaced amacrine cells. 
Once the amacrine cell population was removed, analysis 
of the distribution of true ganglion cells revealed a rather 
unspecialized retina with a weak area centralis [Collin 
and Hoskins, 1997; Wagner et al., 1998]. However, these 
analyses were only realized for 3 different species of lan-
ternfishes, all belonging to the same genus,  Lampanyctus,  
which might only represent one type of retinal specializa-
tion within this large family. In this study, we investigate 
the diversity of the visual system of lanternfishes by ex-
amining the distribution and density of the true ganglion 
cell population in a large range of lanternfish species from 

D
ow

nl
oa

de
d 

by
: 

U
ni

v.
 o

f W
es

te
rn

 A
us

tr
al

ia
13

0.
95

.8
8.

18
4 

- 
11

/1
5/

20
14

 2
:5

7:
10

 A
M



 SRP in Lanternfishes Brain Behav Evol
DOI: 10.1159/000365960

3

different genera. We also examine the contribution of the 
‘displaced’ amacrine cell population to the total number 
of neurons present in the ganglion cell layer. The diver-
sity in retinal specializations and spatial resolving power 
(SRP) within the family is discussed in terms of possible 
ecological functions and evolutionary history.

  Materials and Methods 

 Collection of Species and Preservation of Ocular Tissue 
 Samples were obtained from several research cruises in the 

Coral Sea (RV Cape Ferguson) under the following collection per-
mits: Coral Sea waters (CSCZ-SR-20091001-01), Commonwealth 
waters (AU-COM2009051), GBRMPA (G09/32237.1) and 
Queensland Fisheries (133805) (Marshall, AEC #SNG/080/09/
ARC) and the Peru-Chile trench (FS Sonne, sampling permits 
were obtained by the Chief Scientist, University of Tübingen). For 
all specimens, sampling was carried out following the guidelines of 
the NHMRC Australian Code of Practice under an animal ethics 
protocol of The University of Western Australia (RA/3/100/917). 
Additional specimens from Western Australian waters, the Tas-
man Sea and the Bay of Biscay were acquired through collabora-
tors.

  For each individual, the standard length, rostro-caudal eye di-
ameter (measured in situ) and lens diameter were measured with 
digital calipers to 0.1 mm. For most of the lanternfishes, measure-
ments were performed on fresh specimens on board ship prior to 
dissection and fixation. However, when samples were acquired 
from collaborators, the measurements and dissection were made 
after fixation. Depending on the source of the samples, tissue was 
fixed in 4% paraformaldehyde in 0.1  M  phosphate buffer (PB; pH 
7.4), 5% buffered formalin or Karnovsky’s fixative (2.5% parafor-
maldehyde and 2% glutaraldehyde in 0.1  M  cacodylate buffer, pH 
7.4). Since formaldehyde has previously been found to affect body 
length by only 0.8% [Kristoffersen and Salvanes, 1998], no mea-
surement corrections were used between fresh and fixed speci-
mens.

  Preparation of Retinal Wholemounts and Nissl Staining 
 Retinal wholemounts were prepared according to standard 

protocols [Stone, 1981; Coimbra et al., 2006; Ullmann et al., 2011]. 
Radial cuts were performed in order to flatten the eye and subse-
quently the retina in toto onto a glass slide, where the orientation 
was confirmed by making a small additional cut in the nasal or 
dorso-nasal part of the eye. The sclera, retinal pigment epithelium 
and tapetum (when present) were gently removed with the help of 
No. 3 watchmaker’s forceps and a Kolinsky hair paintbrush. The 
retina was wholemounted on a gelatinized slide, with the ganglion 
cell layer facing up. In order to improve cell differentiation, whole-
mounts were left to dry at room temperature overnight in formalin 
vapours and incubated for an additional hour in formalin vapour 
at 60   °   C prior to staining [Stone, 1981; Coimbra et al., 2006, 2012]. 
Following the staining protocol of Coimbra et al. [2006], whole-
mounts were rehydrated, stained in 0.1% cresyl violet for 5 min, 
dehydrated in an ethanol series, cleared in xylene, and mounted 
with Entellan New (Merck). Since retinal wholemounts were at-
tached to the slide during all of the staining steps, shrinkage was 

considered negligible and (where present) confined to the retinal 
margins [Coimbra et al., 2006].

  Amacrine Cell Labelling Using Immunohistochemistry 
 Parvalbumin antibody was used to selectively label amacrine 

cells present in the ganglion cell layer of 2 species of lanternfishes, 
i.e.  Ceratoscopelus warmingii  and  Myctophum asperum.  Retinal 
wholemounts, fixed in 4% paraformaldehyde, were dissected as 
described above and rinsed 3 times in 0.1  M  PB (5 min each). In 
order to optimize the immunolabelling, 2 pre-treatments were 
performed: antigen retrieval and endogenous peroxidase inactiva-
tion. Briefly, each wholemount was first incubated in boric buffer 
at 60   °   C for 30 min, cooled to room temperature for 5 min and in-
cubated for 15 min in a light tight vial containing a solution of 10% 
methanol and 3% H 2 O 2  in 0.1  M  PB [Coimbra et al., 2012]. Retinas 
were then permeabilized in 5% Triton-X-100 solution (2 × 5 min 
followed by 1 × 20 min) [Coimbra et al., 2012] before being rinsed 
3 times (for 5 min each) in 0.1  M  PB. Retinal wholemounts were 
incubated under gentle rocking at room temperature for 24 h in 
a solution containing anti-parvalbumin (1:   1,000, product No. 
P3088, mouse monoclonal; Sigma-Aldrich, USA), 0.3% Triton and 
5% rabbit serum (Vector Laboratories, USA), in 0.1  M  PB. There-
after, the retinas were washed 3 times in 0.1  M  PB (5 min each) and 
further incubated for 1 h in a mixture of biotinylated rabbit anti-
mouse secondary antibody (1:   200; Jackson ImmunoResearch, 
USA) with 0.3% Triton in 0.1  M  PB. Finally, retinal wholemounts 
were incubated in an avidin/biotin complex (Vectastain ABC Kit; 
Vector Laboratories) for 1 h and rinsed 3 times in 0.1  M  PB (5 min 
each) before being reacted with nickel-enhanced 3,3 diaminoben-
zidine solution (DAB Kit; Vector Laboratories). Each retina was 
then wholemounted on a gelatinized slide, dried overnight, dehy-
drated in an ethanol series, cleared in xylene, and mounted with 
Entellan New (Merck).

  Anti-parvalbumin immunolabelling was also performed on 
retinal sections of  C. warmingii  in order to verify the specificity of 
the labelling. Briefly, a piece of retina was cryoprotected by sequen-
tial incubations (5 min each) in a graded series of sucrose solution 
(10, 20 and 30% in 0.1  M  PB). After a 24-hour incubation at 4   °   C in 
30% sucrose, the sample was embedded in OCT Tissue-Tek me-
dium (Sakura Finetek, USA) and 20-μm sections were cut using a 
Leica CM1900 cryostat-microtome and mounted on a microscope 
slide. Immunolabelling was performed directly on the slides as de-
scribed above for the wholemount with the exception of the pre-
treatments, which are unnecessary on sections. Following the reac-
tion, the sections were mounted in 40% glycerol in 0.1  M  PB and 
observed using light microscopy.

  Photographs of the Nissl-stained and immunolabelled retinal 
wholemounts and sections of  C. warmingii  were taken using a dig-
ital video camera (MicroFIRE; OPTRONICS) mounted on a com-
pound microscope (Olympus BX50). For display purposes only, 
the contrast and brightness of the entire photographs were adjust-
ed using Adobe Photoshop CS4 (Adobe System Inc., USA).

  Stereological Analyses and the Construction of Topographic 
Maps 
 The total number and topographic distribution of the total 

neuron, amacrine cell and ganglion cell populations present with-
in the ganglion cell layer of several species of lanternfishes were 
assessed using the optical fractionator technique [West et al., 1991] 
modified by Coimbra et al. [2009, 2012] for use in wholemounted 
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retinas. Briefly, the retinal wholemount was considered as a single 
section (section sampling fraction = 1), and since the neurons are 
organized in a single layer (ganglion cell layer), the thickness sam-
pling fraction was fixed at 1. The outline of the retinal wholemount 
was then digitized using a ×4 objective (numerical aperture 0.13) 
mounted on a compound microscope (Olympus BX50) equipped 
with a motorized stage (MAC5000; Ludl Electronics Products, 
USA), a digital video camera (MicroFIRE; OPTRONICS), and a 
computer running Stereo Investigator software (Microbrightfield, 
USA). Using a ×60 oil immersion objective (numerical aperture 
1.35), cells were randomly and systematically counted using the 
parameters listed in  tables 1  and  2 . The total number of cells was 
estimated by multiplying the sum of total neurons counted by the 
area of the sampling fraction (i.e. ratio between the counting frame 
and the sampling grid) [West et al., 1991; Coimbra et al., 2009].

  Three types of cells can be identified and distinguished within 
the ganglion cell layer based on cytological criteria from Nissl-
stained retinas: ganglion cells, amacrine cells and glial cells 
[Hughes, 1975; Collin, 1988; Collin and Pettigrew, 1988c]. Gan-
glion cells are characterized by their larger size, irregular shape and 
large nucleus with a granular appearance. Amacrine cells are char-
acterized by their small size, round or teardrop shape and darkly 
stained appearance, whereas glial cells are differentiated by their 
distinctive elongated shape. While glial cells are easily discrimi-
nated from the other cells, amacrine cells can sometimes be hard 
to distinguish confidently from ganglion cells based on cytological 
criteria alone, and as a result they are often included in topograph-
ic analyses. Fortunately, several studies have shown that the distri-
bution of amacrine cells in the ganglion cell layer matches the dis-
tribution of the true ganglion cells and that consequently their 
 inclusion in the neural cell counts does not change the overall to-
pography [Wong and Hughes, 1987; Collin and Pettigrew, 1988c; 
Bailes et al., 2006b; Coimbra et al., 2006; Collin, 2008]. However, 
lanternfishes seem to be an exception to this rule. In fact, lantern-
fishes seem to possess a very large proportion of amacrine cells in 
the ganglion cell layer (up to 80%) [Collin and Hoskins, 1997; 
Wagner et al., 1998; Bozzano et al., 2007], which masks the distri-

bution of the true ganglion cell population [Collin and Hoskins, 
1997; Wagner et al., 1998].

  In this study, we confirmed the distribution of the amacrine cell 
population in another 5 species of lanternfishes and estimated 
their proportion. To do so, we used the Stereo Investigator system 
to simultaneously count amacrine cells and ganglion cells at each 
sampling site in 5 species ( table 1 ). Amacrine cells and ganglion 
cells were differentiated using the cytological criteria described 
previously ( fig. 1 ) and using two different markers. Using this ap-
proach, we were able to generate data for amacrine cells alone, 
ganglion cells alone and both amacrine and ganglion cells together 
(total neural cells). For 2 of the 5 species, i.e.  C. warmingii  and  M. 
asperum,  immunolabelled amacrine cells present in the ganglion 
cell layer were counted from the complementary retina (right eye), 
using the same stereological criteria ( table 1 ), to validate the distri-
bution obtained using Nissl staining (left eye). Due to the consis-
tent discrepancy found between amacrine and ganglion cell distri-
butions, we chose to only count ganglion cells in the remaining 12 
species analysed. Subsampling was carried out in the area of high-
est cell density to estimate the peak density of ganglion cells. Intra-
specific variability in ganglion cell distribution was investigated for 
3 species, i.e.  C. warmingii,   Electrona risso  and  Myctophum obtu-
sirostre,  for which 2–3 different individuals were analysed.

  The counting frame and grid size were chosen carefully in order 
to maintain the highest level of sampling and achieve an acceptable 
Schaeffer coefficient of error (CE). The CE is a measure of the ac-
curacy of the total number of cell estimates and is considered ac-
ceptable below 0.1 [Glaser and Wilson, 1998; Slomianka and West, 
2005]. As a result, the grid size was modified between each species 
to allow sampling of around 200 sites per retina and to enable us 
to compare different-sized individuals in the case of  C. warmingii  
and  E. risso.  The counting frame size was also adjusted between 
species to allow a minimum average count of 40 cells per sampling 
site. However, due to the large proportion of amacrine cells, the 
counting frame used to count amacrine cells and ganglion cells si-
multaneously in the 5 species investigated (50 × 50 or 75 × 75 μm; 
 table 1 ) did not always allow this for ganglion cells. To avoid this 

 Table 1.  Summary of the parameters used for the analysis of neural cell distribution

Species Individuals SL,
mm

Eye ∅,
mm

Counting
frame size, 
μm

Grid size,
μm

Site 
No.

CE for 
GC

CE for 
AC

CE for 
TC

C. warmingii 1 44.1 4.1 50 × 50 320 × 320 190 0.040 0.030 0.031
2 38.6 3.5 50 × 50 280 × 280 185 0.029 0.026 0.025
3 36.3 3.5 50 × 50 270 × 270 186 0.032 0.031 0.029
3* 202 0.036

M. asperum 1 78.4 8.5 50 × 50 750 × 750 165 0.037 0.033 0.030
1* 183 0.041

B. nikolayi 1 37.7 4.1 50 × 50 340 × 340 201 0.033 0.031 0.029
D. laternatus 1 19.3 1.9 50 × 50 140 × 140 180 0.034 0.033 0.032
N. kroeyerii 1 95.2 6.1 75 × 75 550 × 550 202 0.024 0.026 0.023

 TC = Total neural cells; AC = amacrine cells; GC = ganglion cells, SL = standard length; ∅ = diameter. * Re-
tina analysed with parvalbumin immunohistochemistry to label amacrine cells. 
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problem and assess ganglion cell distribution confidently in these 
5 species, ganglion cells were counted a second time, separately 
(with the exception of  Diogenichthys laternatus ), using a larger 
counting frame (100 × 100 μm;  table 2 ).

  Topographic maps were constructed using the statistical pro-
gram R v.2.15.0 (R Foundation for Statistical Computing, 2012) 
with the results exported from the Stereo Investigator software ac-
cording to Garza Gisholt et al. [2014]. Garza Gisholt et al. [2014] 
proposed 4 methods of spatial analysis giving representations sim-
ilar to construct isodensity maps. For this study, we chose to use 
the Gaussian Kernel Smoother from the Spatstat package [Bad-
deley and Turner, 2005]. For each map, the sigma value was ad-
justed to the distance between points (i.e. grid size).

  Phylogenetic Comparison of Visual Characteristics 
 In order to assess the influence of phylogeny on inter-specific 

variability in retinal specializations within the Myctophidae, we 
mapped the type of specialization (or area of high ganglion cell 
density) onto an existing phylogeny [Paxton et al., 1984] including 
all of the species examined here and in a previous study [Wagner 
et al., 1998]. Paxton et al. [1984] published a phylogeny classifying 
genera using derived character states of adult osteology and pho-
tophore patterns [Paxton, 1972] and of larvae [Moser and Ahl-
strom, 1970, 1972, 1974] and it is currently the most up-to-date 
morphological phylogeny.

  Calculation of the SRP 
 The upper limit of SRP was estimated for each species using the 

peak density of ganglion cells, as described by Pettigrew and Collin 
[1989]. Briefly, since Matthiessen’s ratio states that the focal length 
 f  in teleosts fishes is about 2.55 the radius of the lens [Matthiessen, 
1882, 1886], the angle subtending 1 mm on the retina (angle  α ) can 
be calculated using the following formula:

   α  = arc tan (1/ f ).

  Knowing the peak density of ganglion cells (PGC in cells/mm 2 ), 
angle  α  and the fact that at least 2 ganglion cells are needed to dis-
tinguish the boundary of a black and white cycle of a grating, we 
can calculate the SRP in cycles per degree:

  SRP = (PGC/ α )/2.

  Results 

 Immunolabelling of Amacrine Cells in the Lanternfish 
Retina 
 Immunolabelling using anti-parvalbumin revealed the 

presence of 2 populations of amacrine cells, a low-density 
population in the inner nuclear layer and a high-density 
population in the ganglion cell layer ( fig. 2 ). The morpho-

 Table 2.  Summary of the parameters used for the analysis of the ganglion cell distribution along with Schaeffer’s 
CE

Species Individuals SL,
mm

Eye ∅,
mm

Counting
frame size,
μm

Grid size,
μm

Site No. Schaeffer’s
CE

C. warmingii 1 44.1 4.1 100 × 100 320 × 320 198 0.033
2 38.6 3.5 100 × 100 280 × 280 199 0.030
3 36.3 3.5 100 × 100 270 × 270 196 0.029

E. risso 1 n.a. n.a. 100 × 100 680 × 680 205 0.039
2 n.a. n.a. 100 × 100 850 × 850 202 0.041

B. longipes 1 42.1 4.0 100 × 100 350 × 350 207 0.026
B. nikolayi 1 37.7 4.1 100 × 100 340 × 340 201 0.033
D. mollis 1 66.2 6.5 100 × 100 580 × 580 200 0.029
D. parri 1 35.2 4.1 100 × 100 330 × 330 204 0.033
D. laternatus 1 19.3 1.9 50 × 50 140 × 140 180 0.034
L. luminosa 1 104.3 8.4 150 × 150 800 × 800 181 0.023
L. alatus 1 49.8 3.3 75 × 75 295 × 295 197 0.045
L. parvicauda 1 54.2 3.3 75 × 75 260 × 260 211 0.040
M. asperum 1 78.4 8.5 100 × 100 750 × 750 172 0.034
M. brachygnathum 1 67.7 7.7 100 × 100 600 × 600 206 0.045
M. lychnobium 1 51 5.0 100 × 100 400 × 400 165 0.043
M. nitidulum 1 77.9 6.9 100 × 100 650 × 650 168 0.042
M. obtusirostre 1 92.3 10.6 100 × 100 850 × 850 197 0.046

2 90.88 10.5 100 × 100 850 × 850 173 0.050
M. spinosum 1 60.7 5.1 100 × 100 500 × 500 159 0.041
N. kroeyerii 1 95.2 6.1 100 × 100 550 × 550 206 0.024
S. rufinus 1 73.7 6.3 100 × 100 500 × 500 198 0.035

 SL = Standard length; ∅ = diameter; n.a. = not available.
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logical aspect of the cells labelled with parvalbumin anti-
body was very similar to the amacrine cells identified in 
the ganglion cell layer of the Nissl-stained retinas using 
cytological criteria (small round or teardrop-shaped cells; 
 fig. 1 ,  2 ). Within the ganglion cell layer, the staining in-
tensity of the immunolabelled amacrine cells varied from 
light staining to dark staining possibly indicating the 
presence of different types of amacrine cells ( fig. 2 c).

  Analyses of the amacrine cell distribution within the 
ganglion cell layer using both immunolabelling and Nissl 
staining revealed very similar results in terms of topogra-
phy, with both species showing a concentric increase in 
amacrine cells toward the periphery (online suppl. fig. 1; 
see www.karger.com/doi/10.1159/000365960 for all on-
line suppl. material). However, small discrepancies in the 
total number of amacrine cells were observed between 
both methods ( ∼ 7% difference;  table 3 ).

  Neural Cell Distribution in the Ganglion Cell Layer of 
Lanternfishes 
 Topographic maps of total neural cells, amacrine cells 

and ganglion cells, present in the ganglion cell layer of 5 
different species of lanternfishes, were constructed from 
Nissl-stained retinal wholemounts where amacrine cells 
and ganglion cells were counted simultaneously. Since 
the results were similar between the 5 species (listed in 
 table 3 ) in terms of total neural cell and amacrine cell dis-
tributions, only results for  M. asperum  are presented here 
( fig. 3 ). Results for the 4 remaining species are provided 
in the supplementary material (online suppl. fig. 2), and 
their ganglion cell topography is presented later.

  Topographic maps of  M. asperum  showed that both 
total neural cell and amacrine cell topographies were 
aligned where the concentric increase in cells toward the 
periphery were in register ( fig.  3 a, b). However, when 

a b

  Fig. 1.  Light micrographs of the Nissl-
stained ganglion cell layer of  C. warmingii  
in a low-density area (nasal part;  a ) and in 
the peak-density area (temporal;  b ). gc = 
Ganglion cell; ac = amacrine cell; g = glial 
cell. Scale bars = 50 μm. 
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  Fig. 2.  Light micrographs from a transverse 
section ( a ) and a wholemount ( b ,  c ) of the 
amacrine cells, immunolabeled with anti-
parvalbumin, in the retina of  C. warmingii.  
 a  The arrowheads indicate the location of 
the amacrine cells in the inner nuclear lay-
er (INL) and the ganglion cell layer (GCL). 
 b  Amacrine cells labelled in the INL.  c   Am-
acrine cells labelled in the GCL. PRL = pho-
toreceptor layer; ONL = outer nuclear lay-
er; OPL = outer plexiform layer; IPL = in-
ner plexiform layer. Scale bars = 20 μm ( a ) 
and 50 μm ( b ,  c ). 
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a b

c d

  Fig. 3.  Topographic distribution of the total neural cells ( a ), amacrine cells ( b ) and ganglion cells ( c ,  d ) of 
 M. asperum.  The maps were produced using the same Nissl-stained wholemount and grid (750 × 750 μm). Two 
different counting frames were used: 50 × 50 μm ( a–c ) and 100 × 100 μm ( d ). The black lines represent isoden-
sity contours, and values are expressed in densities × 10 3  cells/mm 2 . The arrows indicate the orientation of the 
retina. T = Temporal; V = ventral; TNC = total neural cells; AC = amacrine cells; GC = ganglion cells. Scale bars = 
1 mm.         

 Table 3.  Summary of the neural cell (ganglion, amacrine and total neural cell populations) quantitative data ob-
tained using the optical fractionator method on the wholemounted retinas of 5 species of lanternfishes

Species Individuals Total GC, n Total AC, n Total cells, n AC, %

C. warmingii 1 83,927 296,755 380,682 78
2 90,755 279,762 370,518 76
3 79,198 221,266 300,464 74
3* 254,829

M. asperum 1 248,625 809,325 1,057,950 77
1* 706,500

B. nikolayi 1 123,738 276,515 400,253 69
D. laternatus 1 28,937 58,925 87,863 67
N. kroeyerii 1 152,352 544,446 696,799 78

 GC = Ganglion cells; AC = amacrine cells. * Retina analysed with parvalbumin immunohistochemistry to la-
bel amacrine cells. 
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only the ganglion cells were mapped, a totally different 
pattern was revealed, with most cells distributed in the 
ventral area ( fig.  3 c).  M. asperum  also provides a good 
example of how important the choice of counting frame 
is when the gradient of cells is relatively shallow (1,200–
4,500 ganglion cells/mm 2 ). As mentioned in Materials 
and Methods, the counting frame chosen to simultane-
ously count amacrine cells and ganglion cells together 
(i.e. 50 × 50 μm;  table 1 ) only allowed us to count a very 
small proportion of ganglion cells per sampling site (less 
than 20 cells on average per site). As a result, even though 
the Schaeffer coefficient is acceptable (<0.05), ganglion 
cell counts in the regions of low cell density revealed a 
specialization in the dorsal part of the retina ( fig. 3 c) that 
does not exist ( fig. 3 d) if a larger counting frame (i.e. 100 
× 100 μm;  table 2 ) is used, allowing a larger number of 
ganglion cells to be counted in each sampling site (an av-
erage of at least 40 cells per site).

  In terms of cell number, the total number of neural 
cells (ganglion cells plus amacrine cells) varied greatly be-
tween species and ranges from 87,863 cells  (D. laternatus)  
to 1,057,950 cells  (M. asperum)  and is positively corre-

lated with eye size ( tables 1 ,  3 ). Similar levels of variation 
and a correlation with eye size were observed for the total 
number of ganglion cells and amacrine cells when as-
sessed separately. However, the amacrine cell population 
was very large compared to the ganglion cell population, 
representing between 67 and 78% of the total neural cells 
present within the ganglion cell layer ( table 3 ).

  Intra- and Inter-Specific Differences in Ganglion Cell 
Distribution 
 Intra-specific variability in ganglion cell topography 

was assessed in 3 species, i.e.  C. warmingii  (3 individuals), 
 E. risso  (2 individuals) and  M. obtusirostre  (2 individuals). 
Although differences in cell numbers and densities were 
observed between individuals of the same species ( ta-
bles 1–4 ), the general ganglion cell topography varied lit-
tle (online suppl. fig.  3), allowing comparison between 
individuals. However, since slight orientation errors can 
be made when preparing wholemounts (adhering them 
to the slide in the exact dorso-ventral orientation in which 
they sit in the eye/head) and because only one individual 
per species was analysed in most cases, we only attempted 

 Table 4.  Summary of the ganglion cell quantitative data obtained using the optical fractionator method on the 
wholemounted retinas of 18 species of lanternfishes

Species Individuals Peak cell density,
cells/mm2

Mean cell density,
cells/mm2

Total cells, 
n

Lens ∅,
mm

SRP

C. warmingii 1 11,000 3,662 74,255 1.6 2.0
2 14,300 5,215 81,355 1.4 2.0
3 13,200 5,247 74,970 1.4 2.0

E. risso 1 8,000 2,402 227,685 3.4 3.4
2 5,200 1,695 247,311 4.4 3.6

B. longipes 1 14,900 5,244 132,973 1.8 2.6
B. nikolayi 1 20,100 5,156 123,738 1.8 3.0
D. mollis 1 7,200 1,945 130,859 3.2 3.1
D. parri 1 17,400 4,697 104,347 1.8 2.8
D. laternatus 1 23,200 8,204 28,937 0.7 1.6
L. luminosa 1 4,577 1,990 230,599 3.7 2.8
L. alatus 1 19,600 8,227 141,065 1.3 2.3
L. parvicauda 1 23,600 8,918 127,051 1.4 2.6
M. asperum 1 5,200 1,958 189,394 3.7 3.0
M. brachygnathum 1 10,600 3,256 241,452 3.3 3.9
M. lychnobium 1 8,200 3,916 103,392 2.3 2.4
M. nitidulum 1 8,500 2,023 143,608 3.1 2.9
M. obtusirostre 1 6,900 1,998 284,448 4.7 4.4

2 9,000 2,706 338,202 4.5 4.8
M. spinosum 1 9,100 3,969 157,750 2.5 2.7
N. kroeyerii 1 6,000 2,304 141,721 2.7 2.4
S. rufinus 1 11,200 4,269 211,325 2.8 3.4

∅ = Diameter.
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a b c d
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  Fig. 4.  Topographic distribution of retinal ganglion cells in 18 spe-
cies of lanternfishes.  a         M. asperum .  b   M. nitidulum .  c   M. spinosum . 
     d   M. lychnobium .  e   M. obtusirostre .  f   M. brachygnathum .  g   E. risso . 
 h   S. rufinus .  i   D. laternatus .  j   Notoscopelus kroeyerii .  k   B. longipes . 
 l   B. nikolayi .  m   D. mollis .  n   D. parri .  o   C. warmingii .  p   L. luminosa . 

 q   L. alatus .  r   L. parvicauda . The black lines represent isodensity 
contours, and values are expressed in densities × 10 3  cells/mm 2 . 
The arrows indicate the orientation of the retina. T = Temporal; 
V = ventral. Scale bars = 1 mm. 
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to compare the general ganglion cell pattern (main spe-
cialization) between species. Topographic analysis of the 
ganglion cell distribution of 18 different species of lan-
ternfishes reveald 3 main specializations defined by their 
shape and location within the retina: (1) elongated areae 
temporo-ventrales or an area of high cell density that de-
creases in an elongated fashion in the temporo-ventral 
region of the retina, (2) areae temporales or a high cell 
density arranged in a concentric fashion in the temporal 
part of the retina and (3) large areae centrales or large ar-
eas of high cell density arranged in a concentric fashion 
in the centre of the retina ( fig. 4 ). Based on these criteria, 
an elongated area was found in the ventro-temporal part 
of the retina in 9 species ( M. asperum,   M. nitidulum,   M. 

spinosum,   M. lychnobium,   M. obtusirostre, M. brachygna-
thum, E. risso,   Symbolophorus rufinus  and  D. laternatus;  
 fig. 4 a–i). An area temporalis was observed in 7 species, 
i.e.  Bolinichthys longipes,   B. nikolayi,   Diaphus mollis,   D. 
parri,   Lampadena luminosa,   N. kroeyerii  and  C. warmin-
gii  ( fig. 4 j–p). Finally, a large area centralis with a gradual 
decrease in cells toward the periphery was observed in
the remaining 2 species, i.e.  Lampanyctus alatus  and  L. 
parvicauda,  with a peak density located centrally and ex-
tending towards the dorso-temporal part of the retina 
( fig. 4 q, r).

  We consider it important to assess the influence of 
phylogeny on the type of retinal specialization, especially 
given the paucity of information regarding the behaviour 
and life history traits of each species. Therefore, we 
mapped the 3 main specialization types and locations 
onto an existing phylogenetic tree [Paxton et al., 1984] 
that includes all of the species examined to date [Wagner 
et al., 1998; this study] ( fig. 5 ). The type of retinal special-
ization appears to follow closely the phylogeny, with spe-
cies from the Myctophinae subfamily possessing only 
elongated areae ventro-temporales, and representatives 
of the subfamily Lampanyctinae having both areae cen-
trales and areae temporales. Even within the subfamily 
Lampanyctinae, the type of specialization is well parti-
tioned along the phylogeny, with areae centrales found 
exclusively within the genus  Lampanyctus  and areae tem-
porales found in the remaining genera. This is further 
supported by the presence of an intermediate species 
showing the transition from an area centralis to an area 
temporalis, i.e.  L. luminosa  which possesses an area tem-
poralis and a decrease in cells toward the periphery simi-
lar to the area centralis observed in  Lampanyctus  species.

  The total number of ganglion cells varies greatly be-
tween species, ranging from 28,937 cells  (D. laternatus)  to 
284,448 cells ( M. obtusirostre ;  table  4 ), and it seems to 
vary directly with eye size ( tables 2 ,  4 ). Mean and peak cell 
densities also vary greatly between species (from 1,958 to 
8,918 cells/mm 2  and from 5,200 to 23,600 cells/mm 2 , re-
spectively;  table  4 ). However, contrary to the total cell 
number, they do not appear to vary according to eye size.

  Spatial Resolving Power 
 The SRP was estimated using the peak ganglion cell 

density for each species ( table 4 ). The SRP was relatively 
low in myctophids, varying from 1.63 cycles per degree 
 (D. laternatus)  to 4.38 cycles per degree  (M. obtusirostre) . 
Interestingly, the species possessing the highest ganglion 
cell density  (L. parvicauda)  did not have the highest SRP. 
SRP was positively correlated with eye size and lens diam-
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S. rufinus

M. obtusirostre

M. nitidulum

M. brachygnathum

M. spinosum

M. asperum

M. lychnobium

L. parvicauda
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L. festivus*
L. ater*
L. macdonaldi*
L. luminosa

C. warmingii
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  Fig. 5.  Type of retinal specialization in each of the 18 species of 
lanternfishes analysed and plotted against the phylogeny of Paxton 
et al. [1984]. EA = Elongated area; AC = area centralis, AT = area 
temporalis.  *  Data from Wagner et al. [1998].                                                                                       
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eter. The intra-specific variability in the estimated SRP 
was very low, with a standard deviation of 0.04  (C. war-
mingii). 

  Discussion 

 Ecological Significance of the Retinal Specializations 
in Lanternfishes 
 Analysis of retinal ganglion cell distribution, including 

the determination of regions of high cell densities (i.e. 
specializations), is a powerful means of investigating how 
a species visually samples its environment [Hughes, 1977; 
Collin and Pettigrew, 1988a, b; Collin, 2008]. The distri-
bution of the true ganglion cell population (not including 
amacrine cells) has previously been examined in 3 species 
of lanternfish from the genus  Lampanyctus  [Collin and 
Hoskins, 1997; Wagner et al., 1998]. Although the topo-
graphic maps of ganglion cells were not provided in these 
studies, the authors reported a poorly specialized retina, 
showing a nearly uniform distribution of cells within the 
ganglion cell layer, with the presence of an area centralis 
in all 3 species. In concordance with these studies, we 
found an area centralis in another 2  Lampanyctus  species. 
However, although the gradient of cells was relatively 
shallow in all species, we showed that the myctophid ret-
ina is indeed specialized, highlighting the presence of 2 
additional specializations (an elongated area ventro-tem-
poralis and an area temporalis).

  The retinal morphology of teleost fishes is highly di-
verse and usually correlated with habitat complexity and 
behavioural ecology [Collin and Pettigrew, 1988a, b; Col-
lin, 1997]. In the mesopelagic zone, habitat complexity is 
relatively low and mainly influenced by the intensity gra-
dient of the residual downwelling sunlight along the ver-
tical axis. Differences in retinal specializations are there-
fore more likely due to inter-specific differences in behav-
iour. Unfortunately, very limited information is available 
on the behavioural ecology of members of this family. 
However, hypotheses on the function of the retinal spe-
cializations found in myctophids can be made.

  While a horizontal streak will allow an animal to scan 
a broad horizon with enhanced acuity without using dis-
tinctive eye movements [Hughes, 1977; Collin and Pet-
tigrew, 1988a, b], areae provide acute vision in a specific 
part of the visual field. Several lanternfish species possess 
an elongated area, i.e. an intermediate specialization be-
tween a streak and an area. Assuming a horizontal posi-
tion of the fish in the water column, a ventro-temporal 
elongated area will subtend the frontal and dorsal view of 

the visual field, allowing the detection of silhouettes situ-
ated above them against the lighter background of the 
upper mesopelagic zone.

  Areae temporales improve the acuity of the visual field 
situated in front of the fish and may facilitate binocular 
vision in species living in a structurally complex habitat 
or exhibiting predatory behaviours [Hughes, 1977; Collin 
and Pettigrew, 1988a, b; Fritsches et al., 2003]. Mycto-
phids are predatory species, feeding on a wide range of 
organisms (mainly zooplankton but also fishes) [Po-
drazhanskaya, 1993]. However, it is unknown how myc-
tophids catch their prey. It has been suggested that species 
possessing head luminous organs (i.e.  Diaphus  sp.) may 
use their organs as head torches in order to search for prey 
[Herring, 1985].  D. mollis,  for example, possesses large 
ventro-nasal (Vn) luminous organs most likely emitting 
light directly in front of the fish ( fig. 6 ). The area tempo-
ralis found in  D. mollis  (this study), associated with the 
presence of a nasal aphakic gap [de Busserolles et al., 
2014a], provides the potential for binocular vision ( fig. 6 ) 
and may enhance acuity directly in the illuminated region 
in front of the fish, a powerful predatory strategy.

  A large area centralis was found in 2 species of lantern-
fishes, i.e.  L. alatus  and  L. parvicauda,  indicating a higher 
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  Fig. 6.  Frontal view of the head of            D. mollis  showing the presence 
of large ventro-nasal (Vn) luminous organs (the two large white 
tissue patches in front of the eyes). The position of the eyes, slight-
ly tilted forward, most likely allows binocular vision in the frontal 
visual field.                                                                             
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acuity in the centro-lateral visual field thereby allowing 
the fish to perceive signals in a large part of its monocular 
field of view, suggesting that these species are visual gen-
eralists. In addition to the generalist specialization,  L. par-
vicauda  does not appear to possess a very sensitive visual 
system due to its relatively small eyes [de Busserolles et 
al., 2013] and low summation ratios (around 20:   1 in the 
peak area and 50:   1 in the periphery) compared to other 
myctophids (i.e.  M. brachygnathum  200:   1 in the peak area 
and 500:   1 in the non-specialized region) [de Busserolles 
et al., 2014b; this study]. Even though  L. parvicauda  pos-
sesses adaptations to enhance photon capture over the 
whole retina (i.e. circumlental aphakic gap and tapetum 
lucidum) [de Busserolles et al., 2014a], these findings in-
dicate that this species possesses a less specialized visual 
system than the 2 other species mentioned above. Wag-
ner [2001] investigated brain areas in mesopelagic fishes 
and showed that different myctophid species rely more or 
less heavily on different sensory systems.  L. ater,  for ex-
ample, which possesses a visual specialization similar to 
the 2  Lampanyctus  species analysed in this study [Wagner 
et al., 1998], seems to mainly rely on its gustatory sense 
[Wagner, 2001], while  D. mollis  relies principally on ex-
teroception and vision. Consequently,  L. parvicauda  and, 
to some extent, the other  Lampanyctus  species might not 
rely as much on vision and might instead depend more 
heavily on other sensory systems to survive in the meso-
pelagic zone.

  SRP in Lanternfishes 
 The SRP in lanternfishes is relatively low (1.3–4.8 cy-

cles per degree) [Wagner et al., 1998; this study] com-
pared to other deep-sea teleosts, i.e. tubular and non-tu-
bular eyes, which range from 4.3 to 22.9 cycles per degree 
[Collin and Partridge, 1996; Collin et al., 1997; Wagner et 
al., 1998]. However, the estimation of SRP for these other 
deep-sea teleosts did include the amacrine cell popula-
tion, which could have resulted in an overestimation. 
Nevertheless, even if the peak total neural cell population 
(ganglion cells plus amacrine cells) is taken into consid-
eration when estimating SRP in lanternfishes (i.e. 20,000 
instead of 5,000 cells/mm 2  in  M. asperum ), the myctophid 
SRP would still be low compared to other deep-sea spe-
cies. Moreover, the proportion of amacrine cells estimat-
ed in 2 tubular-eyed species was reported to be relatively 
low (less than 20%) [Locket, 1977; Collin et al., 1998], 
reinforcing the fact that lanternfishes might constitute 
one of the less acute groups of deep-sea fishes. Similar to 
shallow-water and deep-sea tubular-eyed species [Collin 
and Pettigrew, 1989; Collin et al., 1997], the SRP in myc-

tophids was also found to vary in proportion to eye/lens 
size.

  Collin and Pettigrew [1989] found a relationship be-
tween SRP and feeding strategies in 12 different species 
of reef teleosts, with species not requiring high acuity (i.e. 
grazers and slow-moving organisms) having lower SRP 
values (3–8 cycles per degree) [Collin and Pettigrew, 
1989]. Very low SRP could also reflect a low reliance on 
vision in prey/predator interactions and indicate the use 
of other sensory systems [Bailes et al., 2006a]. In a rela-
tively dark environment, where inter-specific interac-
tions are mostly achieved through bright, bioluminescent 
flashes, as found in the mesopelagic zone, sensitivity may 
have become more important than acuity. As most lan-
ternfishes possess very sensitive eyes [de Busserolles et al., 
2014b], prey detection at longer distances is most likely 
achieved by the detection of a light signal or through the 
use of other sensory systems (olfaction or audition), with 
acuity only playing a role at close range.

  Putative Function of the Amacrine Cell Population 
 Amacrine cells are usually present in the inner nuclear 

layer. However, amacrine cells have also been identified 
in the ganglion cell layer of several vertebrates (cats 
[Wong and Hughes, 1987], rabbits [Vaney et al., 1981] 
and newts [Ball and Dickson, 1983], including teleosts 
such as dragonets [van Haesendonck and Missotten, 
1987], tench and rainbow trout [Weruaga et al., 2000], 
hake [Bozzano and Catalán, 2002] and cichlids [Mack et 
al., 2004]) and for this reason have been referred to as 
‘displaced’ amacrine cells, although they appear to be a 
typical inclusion.

  A large population of displaced amacrine cells was also 
identified in the ganglion cell layer of myctophids. Con-
trary to what has usually been found in other vertebrate 
retinas [Wong and Hughes, 1987; Collin and Pettigrew, 
1988c; Bozzano and Catalán, 2002; Bailes et al., 2006b], 
the inclusion of the amacrine cell population in the total 
neural counts of cells within the ganglion cell layer in 
myctophids, which comprised up to 80% of the total neu-
ral cells in the ganglion cell layer, masked the distribution 
of ganglion cells. As ganglion cells are the only neurons 
possessing axons sending information to the visual cen-
tres of the brain, it is essential to exclude the amacrine cell 
population when assessing neuron distribution in order 
to unravel the true distribution and peak density of the 
ganglion cells (at least in myctophids).

  Similar to the retina of cats [Wong and Hughes, 1987], 
rabbits [Vaney et al., 1981] and cichlids [Mack et al., 
2004], the extremely large proportion of amacrine cells in 
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the ganglion cell layer of the lanternfish retina cannot be 
regarded as displaced and must represent a true cell pop-
ulation within the ganglion cell layer to serve a particular 
function. Mack et al. [2004] suggested that amacrine cells 
present in the ganglion cell layer probably have a strong 
influence on the output activity of the ganglion cells due 
to their proximity. Amacrine cells, in general, are in con-
tact with every class of neuron with the exception of the 
photoreceptors, and many different types of amacrine 
cells exist (around 40 in teleosts) [Wagner and Wagner, 
1988]. However, the functional role of many of these 
types is still unknown.

  Anti-parvalbumin, the antibody used in this study to 
label amacrine cells, is well known for labelling a particu-
lar type of amacrine cell, i.e. AII amacrine cells, as de-
scribed in several vertebrate retinas (in bats [Jeon et al., 
2007], rabbits [Casini et al., 1995], rats [Wässle et al., 
1993], cats [Gabriel and Straznicky, 1992], and cichlids 
[Mack et al., 2004]). AII amacrine cells are usually in-
volved in the rod signal pathway and may improve the 
perception of small luminous objects against a dark back-
ground by quickening the usually slow rod response [Nel-
son, 1982]. Judging from the different labelling intensity, 
several types of amacrine cells might occur in the lantern-
fish retina. Wässle et al. [1993] also found 2 different pop-
ulations of amacrine cells labelled with parvalbumin in 
the rat retina, i.e. AII amacrine cells and widefield ama-
crine cells. In lanternfishes, AII cells, if their presence is 
confirmed, might facilitate the detection of small biolu-
minescent flashes against the mesopelagic background, 
especially in the peripheral visual field, where they are 
most abundant.

  Inter-Specific Differences in Retinal Specialisations in 
Lanternfishes: Ecology or Phylogeny? 
 The study of retinal topography in a large number of 

vertebrates, and more particularly mammals, has given 
rise to 2 main theories to explain the evolution of retinal 
specializations: the terrain theory by Hughes [1977] and 
the ancestry theory by Stone [1983]. While the terrain the-
ory of Hughes [1977] suggests that retinal topography re-
sults from an adaptation of each species to the symmetry 
and openness of their perceived environment (habitat), 
the theory of Stone [1983] places more emphasis on the 
influence of evolutionary history, where a part of the reti-
nal specialization is inherited from a common ancestor.

  The strong phylogenetic signal highlighted in this 
study, which reveals that a similar type of retinal special-
ization is found in closely related species, supports the 
large influence of evolutionary history on retinal special-

izations. However, the presence of an elongated area ven-
tro-temporalis, observed in several species, also indicates 
a clear adaptation to the mesopelagic environment by al-
lowing the detection of silhouettes against the lighter 
background of the upper mesopelagic zone illuminated 
by downwelling sunlight and may indicate the influence 
of ecological and behavioural factors. Furthermore, most 
species possessing an elongated area are also known to
be surface migrants and have been recorded in the first 
few metres of water at night (i.e.  Myctophum  sp.,  Symbo-
lophorus  sp.,  D. laternatus  [de Busserolles et al., 2013]), 
where a weak visual horizon would be formed by the 
downwelling light emitted by the moon and stars or by 
the air-water interface, explaining the need for a streak-
like elongated area in these species.

  As recently demonstrated in a terrestrial vertebrate, i.e. 
the giraffe [Coimbra et al., 2013], and an amphibious ver-
tebrate, i.e. the penguin [Coimbra et al., 2012], our find-
ings support both theories and retinal specializations in 
myctophids appear to be driven by both ecology and phy-
logeny. However, more information on the ecology and 
behaviour of each species will be necessary to better un-
derstand the evolution of the visual system in lantern-
fishes and answer the following question: has the visual 
system of each lanternfish species adapted to a particular 
lifestyle or did each species develop different behaviours 
based on an inherited retinal arrangement? If the type of 
retinal specialization is really inherited from a common 
ancestor, then some predictions could be made on the 
possible visual capabilities of other myctophid species.
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