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RESUMO.- [Histomorfometria comparada da retina 
e acuidade visual de três espécies de morcegos do 
gênero Artibeus (Phyllostomidae: Stenodermatinae).] 

Este estudo realizou uma análise histomorfométrica da retina 
e determinou os valores de acuidade visual de três espécies 
de morcegos do gênero Artibeus, incluindo Artibeus lituratus, 
Artibeus planirostris e Artibeus obscurus. Em total, 13 animais 
foram usados para esse estudo, no qual as retinas foram 
hemidissecadas, fixadas, cortadas e coradas. A acuidade visual 
foi determinada pela densidade de células ganglionares na 
retina e também foi realizado a mensuração das camadas 
retinianas a partir de cortes histológicos. As retinas dessas 
três espécies são avasculares, não apresentaram tapetum 
lucidum em nenhum quadrante e possuem as 10 camadas 
retinianas comum em mamíferos. Verificou-se também que 
a espessura da retina na região central foi significativamente 
maior em todos os parâmetros mensurados (p<0,001), 
com exceção da camada plexiforme externa (OPL) que foi 
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This study performed a histomorphometric analysis of the retina and estimated the visual 
acuity of three fruit-eating bats of the genus Artibeus, including Artibeus lituratus, Artibeus 
planirostris and Artibeus obscurus. In total, 13 animals were used for this study, in which 
the retinas were hemidisected, fixed, cut, and stained. The visual acuity was determined 
by the density of ganglion cells in the retina and the retinal layers were also measured 
from histological sections. The retinas of these bats are avascular, do not present tapetum 
lucidum in any quadrant, and have the 10 retinal layers common in mammals. Moreover, it 
was observed that the thickness of the retina in the central region was significantly higher 
in all measured parameters (p<0.001), except for the outer plexiform layer (OPL) which 
was significantly higher in the peripheral region (p<0.001). The retinas of the three species 
showed a horizontal visual streak with a higher concentration of retinal ganglion cells (RGCs) 
at the inferotemporal region. In addition, the species A. lituratus exhibited extras areas of 
high cell density in the retina. Thus, A. lituratus showed the highest visual acuity (1.92 cycles/
degree), while A. planirostris showed a visual acuity of (1.77 cycles/degree) and A. obscurus 
exhibited the lowest visual acuity (1.50 cycles/degree). All these characteristics are related to 
the echolocation system and the eating habits of each species. Therefore, it can be concluded 
that bats of the genus Artibeus have a high visual acuity value compared to other echolocating 
bats and all these differences might be directly linked to the phylogeny of the genus. 
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significativamente maior na região periférica (p<0,001). 
As retinas das três espécies exibiram uma especialização 
retiniana em forma de faixa visual horizontal apresentando 
a maior concentração de células ganglionares na região 
inferotemporal. Além disso, a espécie A. lituratus exibiu áreas 
extras de alta densidade celular na retina. Assim, a espécie A. 
lituratus exibiu a maior acuidade visual (1,92 ciclos/grau), 
A. planirostris mostrou um valor intermediário entre essas 
duas espécies (1,77 ciclos/grau) e A. obscurus exibiu a menor 
acuidade visual (1,50 ciclos/grau). Todas estas características 
estão relacionadas aos padrões de ecolocalização e hábitos 
alimentares de cada espécie. Portanto, pode-se concluir que 
os morcegos do gênero Artibeus têm um alto valor de acuidade 
visual em comparação com outros morcegos ecolocalizadores 
e todas essas diferenças devem estar diretamente ligadas à 
filogenia do gênero.
TERMOS DE INDEXAÇÃO: Morcegos frugívoros, Artibeus, 
histomorfometria retiniana, acuidade visual, morfologia. 

INTRODUCTION
The Order Chiroptera is the second largest group of mammals 
in number of species. These animals exhibit a unique 
morphology adapted to flight and a diverse food habits (Reis 
et al. 2007, Gardner 2008). Bats of the genus Artibeus Leach, 
1821 (Phyllostomidae, Stenodermatinae) are restricted to 
the Neotropical region and it currently consists of 10 species 
distributed from Mexico to the north of Argentina and southern 
Brazil (Koopman 1982, Owen 1987, Marques-Aguiar 1994, 
Lim et al. 2004, Simmons 2005, Gardner 2008, Redondo et al. 
2008, Solari et al. 2009, Reis et al. 2011, Ferreira et al. 2014). 
Besides, bats of this genus are mainly frugivorous and they 
play an important role in forest regeneration acting as seed 
dispersers, especially in early successional forests (Mikich 
2002, Passos & Passamani 2003, Galetti & Morellato 2004, 
Passos & Graciolli 2004, Oprea et al. 2007, Oliveira & Lemes 
2010, Martins et al. 2014, Bôlla et al. 2018, Pereira et al. 2019).

Recently, bats have been classified according to new 
molecular data and following the evolutionary process of 
the echolocation system (Teeling et al. 2000, Jones & Teeling 
2006, Teeling 2009). Although most bats use echolocation for 
orientation and to forage in the dark, they also use the vision 
to perform these tasks (Rydell & Eklöf 2003, Altringham 
2011, Gutierrez et al. 2018a, Warnecke et al. 2018). The 
vision is important for echolocating bats to find shelters 
(Ruczynski et al. 2011), migration and homing (Griffin 1970, 
Williams & Williams 1970), prey capture (Rydell & Eklöf 
2003) avoidance-escape behavior of obstacles and predators 
(Gould 1977, Chase 1981, Koay et al. 2002, Eklöf & Jones 2003, 
Orbach & Fenton 2010) and visual recognition (Suthers et al. 
1969, Gutierrez et al. 2014, Rodríguez-Herrera et al. 2019). 
Furthermore, frugivorous and nectarivorous bats can see 
the brightness and the spectral composition of different food 
resources (Neuweiler 2000, Winter et al. 2003, Müller et al. 
2009). So far, researchers have found evidences that there is 
a relationship between nocturnal activity peaks and feeding 
strategies with the visual skills of echolocating bats (Chase 
1981, Rydell & Eklöf 2003, Eklöf et al. 2014, Gutierrez et al. 
2014, 2018a, 2018b, Kries et al. 2018).

The eyeballs of bats are constituted by three concentrically 
arranged tunics, one big lens, and a chambers system 

(Neuweiler 2000, Cunningham 2004). The retina covers 
internally the entire posterior region of the eyeball (Pedler 
& Tilley 1969, Leite et al. 2013). In echolocating bats, this 
nervous tunic is quite thin and it is formed by different types 
of neurons organized in 10 layers (Neuweiler 2000). Most 
bats have a dichromatic color vision due to the presence 
of two cone opsins, (S-) cone opsins and (L-) cone opsins 
related to sensitivity to short wavelengths and middle-long 
wavelengths, respectively. Furthermore, some species are 
able to see into the ultraviolet spectrum (Wang et al. 2004, 
Müller et al. 2007, Feller et al. 2009, Müller et al. 2009, Zhao 
et al. 2009, Boonman et al. 2013, Kries et al. 2018, Sadier et 
al. 2018, Simões et al. 2018, Gutierrez et al. 2018b). The eyes 
of these animals are adapted to operate in low light levels, 
resulting in poor visual acuity when compared to diurnal 
mammals (Suthers & Wallis 1970, Pettigrew et al. 1988, 
Heffner et al. 2001). In general, frugivorous bats have bigger 
eyes and better visual resolving power compared to other 
bat species (Blackwood et al. 2010). Moreover, it has been 
shown that bat eyes work better in dim light than in bright 
light, especially fruit-eating bats that are more efficient at 
detecting and capturing their food during luminosity similar 
to a full moon (Hope & Bhatnagar 1979, Gutierrez et al. 2014, 
Spoelstra et al. 2017, Gutierrez et al. 2018a).

The measurements of visual acuity are used to estimate 
the ability of an animal to perceive visual details. Thus, the 
visual acuity can be estimated anatomically by measuring 
the focal distance of the eyes and the peak density of retinal 
ganglion cells (RGCs) (Pedler & Tilley 1969, Collin & Pettigrew 
1988, Pettigrew et al. 1988, Heffner et al. 2001, Müller et al. 
2007, Ullmann et al. 2011, Hauzman et al. 2014, Veilleux & 
Kirk 2014). The high-density of RGCs might appear of two 
ways: Located in a central area or horizontally, forming a 
visual streak, usually found in species that needs a horizontal 
viewing in open fields which the distribution of cells may 
vary according to the habit of each species (Hughes 1977, 
Collin 2008).

Information about the vision or morphophysiology of 
the ocular bulb of bats is scarce, especially of those species 
found in Brazil. Therefore, this study aimed to carry out a 
histomorphometric analysis to evaluate the topographic 
distribution of neurons in the central and peripheral region 
of the retina of three fruit-eating bats of the genus Artibeus 
(Artibeus planirostris, Artibeus lituratus and Artibeus obscurus) 
from a fragment of the Atlantic Forest of Pernambuco, Brazil. 
Additionally, it was estimated their respective visual acuity 
and the relationship between the visual capability and the 
feeding habits of this genus.

MATERIALS AND METHODS
Bat captures. In total, 05 adult males of the species Artibeus 

planirostris, 05 adult males of the species Artibeus lituratus and, 
three adult males of the species Artibeus obscurus were used in this 
study. The bats were collected by 10 mist nets (12m long x 3m high) 
at an Atlantic Forest fragment located in Tamandaré, Pernambuco, 
Brazil (Latitude: 08°44’13” and 08°43’09 S and Longitude: 35°10’11” 
and 35°11’02” W). All procedures were carried out according to the 
international practices for animal use and care approved by the Ethics 
Committee on Animal Use of the “Universidade Federal de Pernambuco” 
(CEUA-UFPE), under protocol number 23076.040931/2014-76.
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Eye enucleation. After each capture, the animals were anesthetized 
at the capture site with sodium pentobarbital at a concentration of 
40mgkg-1 intraperitoneally, followed by euthanasia with a saturated 
solution of potassium chloride (Morais et al. 2013). Before enucleation, 
radial incisions were made on the dorsal pole of the cornea using 
a portable cautery. Briefly, both eyes were extracted from the orbit 
through lateral incisions in the periorbital fat and extrinsic muscles 
using a scalpel and microsurgical scissors, preserving a portion of 
the optic nerve as much as possible (Moshfeghi et al. 2000, Ullmann 
et al. 2011). Subsequently, the eye axial length (AL) was measured 
through digital calipers to an accuracy of 0.01mm. Finally, all right 
eyes were hemisected, the cornea and iris were cut and the lens and 
vitreous were removed, as well as a radial cut was made on the dorsal 
region of the eyecup for future orientation (Ullmann et al. 2011).

Tissue processing and preparation of retinal wholemounts. 
After enucleation, the tissue processing and the retinal wholemounts 
were prepared following the methods of Stone (1981) and Ullmann 
et al. (2011). The right eyecups were fixed in 4% paraformaldehyde 
in 0.1M sodium phosphate buffer (pH 7.2-7.4) for 24 hours. After 
fixation, the eyecups were washed in PBS and the retinas were 
dissected by removing sclera and the choroid using surgical 
tweezers and a paintbrush. The bleaching process was not necessary 
because all retinas were easily detached from the retinal pigment 
epithelium. Subsequently, the dissected retinas were wholemounted 
on gelatinized slides with the optic fiber layer uppermost and other 
radial cuts were made to enable the retina to lie completely flat and 
adhere on the slide. The retinas were exposed to formalin vapor 
at 60oC for 2 hours and dried in the vessel for another 24 hours. 
Retinal wholemounts were immersed in 4% paraformaldehyde for 1 
hour and then rehydrated in decreasing sequences of ethanol. After 
washing in distilled water, the tissues were Nissl stained with an 
aqueous solution of 0.05% cresyl violet for 10 minutes, dehydrated in 
an ethanol series, cleared in xylene, and coverslipped with Entellan 
(Stone 1981, Ullmann et al. 2011). The percentage of retinal tissue 
shrinkage may vary according to each species. Therefore, retinal 
pictures were taken and the retinal surface area was measured 
using the ImageJ Software version 1.44 (Research Services Branch, 
U.S. National Institutes of Health, Bethesda/MD, USA) before and 
after staining so that shrinkage could be estimated (Stone 1981, 
Lisney et al. 2012).

The left eyes were fixed following the same process of the right 
eyes. However, they were used to examine the microanatomy of the 
eye and the layered structure of the retina. Thus, the left eyes were 
processed according to routine histological techniques. They were 
embedded in paraffin and sectioned into 4μm thickness in serial 
sections, beginning from the temporal to nasal area in each eye. 
Then, the tissue preparations were stained with hematoxylin and 
eosin (HE) and analyzed by light microscopy (Tolosa et al. 2003).

Retinal ganglion cells topography and histomorphometric 
analysis of the retina. To count and mapping the topography of 
the retinal ganglion cells (RGCs), as well as to measure the retinal 
layers, several photomicrographs at 400x magnifications were taken 
at each quadrant in the central and peripheral retina of the three 
species. The photomicrographs were obtained by the computer 
program ScopePhoto using a digital capture camera (Moticam 
2300), of 3.0 megapixels, coupled to an optical microscope (Nikon 
E-200). A systematic random sampling scheme was used to map the 
density distribution of the RGCs on each wholemount (Ullmann et 
al. 2011, Coimbra et al. 2012, Lisney et al. 2012). First of all, it was 
established that the central retina was a circular area with a radius 
of about 2,000µm from the optic nerve head, whereas the peripheral 

retina were those regions greater than 2,000µm from the optic nerve 
head (Schlamp et al. 2013). Counts of RGCs were performed using 
a counting frame of 100 x 100µm from the temporal region to the 
nasal region measured using the plugin Grid of the ImageJ software 
version 1.44. Counts were made at 100µm intervals in the periphery 
and 50µm intervals in the center of the retina. All RGCs within the 
counting frame and all RGCs intersected by the upper and right border 
of the counting frame were included, while all those intersected by 
the lower and left border of the counting frame were disregarded 
(Gundersen 1977). Moreover, only RGCs were considered for counting, 
and amacrine and glial cells were excluded. To distinguish the RGCs 
from other neurons was used the cytological criteria, which RGCs 
were those cells that always exhibited a large and irregular shape, a 
well-stained nucleus with a prominent nucleolus and Nissl granules 
in the cytoplasm (Hughes 1981, Collin 1988, Collin & Pettigrew 1988, 
Coimbra et al. 2012). Finally, to calculate the visual acuity and to map 
the topographic pattern distribution of RGCs the cell counts were 
converted to cells/mm2. To create the topography maps, ganglion 
cell isodensity contour plots were created and smoothed by joining 
retinal regions of equal density (Ullmann et al. 2011, Moore et al. 
2012, Garza-Gisholt et al. 2015). Topographic maps were created 
using Freehand (Adobe Systems Incorporated, San Jose/CA, USA). 
Subsequently, the average of RGCs density of each retinal contour 
plots was multiplied by its area and then the results of all contour 
plots were added up in order to estimate the total RGCs present in 
the retina of each species (Harahush et al. 2014).

Histomorphometric measurements were made using 
photomicrographs of cross-section of the retina at 400x magnifications. 
The photomicrographs were obtained using the same images capture 
devices for counting of RGCs. The total retinal thickness (excluding 
the retinal pigment epithelium) and seven retinal layers were 
measured in micrometer (μm) using the software ImageJ. The retinal 
layers measured were: photoreceptors outer and inner segment 
(PS), outer nuclear layer (ONL), outer plexiform layer (OPL), inner 
nuclear layer (INL), inner plexiform layer (IPL), ganglion cell layer 
(GCL) and nerve fiber layer (NFL). Thus, 10 photomicrographs were 
considered for each quadrant in the central and peripheral regions 
of the retinas and the results were compared between regions and 
among the three species. Additionally, it was established the average 
number of layers of photoreceptors nuclei from the outer nuclear 
layer (ONL) in the central region of the retina.

Estimation of visual acuity. The visual acuity or anatomical 
spatial resolving power was calculated following the equations of 
Williams & Coletta (1987) and Pettigrew et al. (1988). First of all, the 
posterior nodal distance (PND) should be determined for each eye 
of the animals and it was calculated using a method established by 
Pettigrew et al. (1988). They proposed that to estimate the PND the 
axial length of the eyeballs should be multiplied by (0.52). This 0.52 
value is a constant related to the mean ratio of PND regarding the 
axial length for nocturnal species, including microchiropteran bats. 
Second, to estimate the visual acuity from the retinal ganglion cells 
density, the retinal magnification factor (RMF) must be calculated. 
The RMF is the linear distance on the retina that subtends 1° of 
visual angle. Therefore, the RMF was estimated in micrometers per 
degree (μm/degree) and it was calculated according to the following 
formula (Pettigrew et al. 1988):

RMF
PND

�
�2

360

�

Finally, the RMF was used to figure out the visual acuity for the 
three species of Artibeus. Thus, the visual acuity was calculated using 
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the Nyquist limits of spatial resolution according to the following 
equation (Williams & Coletta 1987):

Fn
RMF D

=
2

2

3

Where, Fn is the highest spatial frequency that can be detected 
under optimal light conditions by the eyes, and D represents the highest 
RGCs density located in the retina (cells/mm2). Therefore, the visual 
acuity is the maximum number of retinal ganglion cells per linear 
degree and it was estimated in cycles per degree (cycles/degree).

Statistical analysis. The mean values obtained from each 
parameter analyzed for the three species were compared by Student’s 
t-test and analysis of variance (ANOVA) using the software SPSS 
(Statistical Package for the Social Sciences, SPSS Inc. Chicago, EUA) 
version 15.0. The results were expressed as mean ± SD (standard 
deviation), with a significance level of 5% (P<0.05).

RESULTS
Axial length and retinal area 

Anatomical measurement of the eyeball of these three bats 
showed that Artibeus lituratus have the biggest and Artibeus 
obscurus have the smallest eyes among these three species. 
The values of the eye axial length (averaged between the right 
and left eyes for each species) are shown in Table 1. The retina 
of the three bat species covers internally the posterior region 
of the eyes until the ora serrata. Thus, the area of the retina of 
the species A. lituratus is significantly larger (p<0.001) among 
these bats with approximately (18.96mm2±0.12), while the 
retinal area of Artibeus planirostris is (14.23mm2±0.10) and 
the retina of A. obscurus covers about (11.39mm2±0.27) the 
inner region of the eye.

Retinal ganglion cells distribution
The ganglion cell density was significantly higher (p<0.001) 

in the center of the retina compared to the peripheral region. 
Besides, the highest concentration of RGCs was observed at the 
inferotemporal region of the retina, especially below the optic 
nerve head, ranging from 10,700 to 11,300 cell/mm2 for the 
three bat species (Fig.1). No tissue correction was applied to 
cell density due to the shrinkage was minimal, located only in 
narrow zones in the borders of the retina and in the edges of 
some radial cuts. No apparent foveal pit or depressed part of 
the retina was identified. However, the highest concentration of 
RGCs is relatively a large circular area without any depression 
that was characterized as an areae centrales. Furthermore, 
a weakly pronounced horizontal visual streak was verified 
extended along the temporonasal axis in all three retinas. Thus, 
the peak density of RGCs is located within the visual streak close 
to the optic nerve head (Fig.2). The species A. lituratus exhibits 
another slightly horizontal visual streak beginning from the 
temporal quadrant until the nasal quadrant located just above 
the optic nerve head. Moreover, it shows a considerable circular 
area with a high density of RGCs at the superonasal quadrant 
(Fig.1A). Similarly, the retina of the species A. planirostris 
exhibits a great concentration of RGCs above the optic nerve 
head continuous within the horizontal visual streak (Fig.1B). 
The total number of RGCs for each species was estimated and 
the results are expressed in Table 1.

Visual acuity
Assuming the highest density of RGCs at a specific site in 

the retina, the species A. lituratus showed the highest visual 
acuity (1.92 cycles/degree) when compared with the other 
two. On the other hand, A. obscurus had the lowest visual 
acuity (1.50 cycles/degree), and the species A. planirostris 
exhibited an intermediate value of visual acuity (1.77 cycles/
degree) (Table 1).

Table 1. Data base for visual acuity of Artibeus lituratus, Artibeus planirostris and Artibeus obscurus

Species AL (mm) Estimated 
PND (mm)

RMF 
(µm/degree)

Retinal area
(mm2)

Estimated total 
number of RGCs

Highest density of
RGCs/mm2

Estimated visual acuity 
(cycles/degree)

Artibeus lituratus
No. 1 3.71 1.92 33.49 19.00 108,220 11,391 1.92
No. 2 3.74 1.94 33.84 18.99 107,005 11,322 1.93
No. 3 3.76 1.95 34.01 19.07 112,059 11,650 1.97
No. 4 3.68 1.91 33.31 18.75 100,371 10,950 1.87
No. 5 3.71 1.92 33.49 18.99 103,420 11,187 1.90
Mean ± SD 3.72 ± 0.03 1.93 33.66 18.96 ± 0.12 106,215 ± 4,493 11,300 ± 258 1.92 ± 0.04

Artibeus planirostris
No. 1 3.52 1.83 31.92 14.24 80,938 10,776 1.78
No. 2 3.54 1.84 32.09 14.25 87,158 10,889 1.79
No. 3 3.51 1.82 31.74 14.20 82,447 10,935 1.77
No. 4 3.56 1.85 32.27 14.37 85,015 10,850 1.79
No. 5 3.51 1.82 31.74 14.09 78,442 10,550 1.75
Mean ± SD 3.52 ± 0.02 1.83 31.92 14.23 ± 0.10 82,800 ± 3,408 10,800 ± 151 1.77 ± 0.02

Artibeus obscurus
No. 1 2.97 1.54 26.86 11.12 64,575 10,450 1.48
No. 2 3.03 1.57 27.38 11.66 66,950 10,700 1.52
No. 3 2.91 1.51 26.34 11.39 63,550 10,950 1.48
Mean ± SD 2.97 ± 0.06 1.54 26.86 11.39 ± 0.27 65,025 ± 1,744 10,700 ± 250 1.50 ± 0.02

AL =  axial length, PND = posterior nodal distance, RMF =  retinal magnification factor, RGCs =  retinal ganglion cells. PND was calculated by multiplying the axial lengths 
by 0.52. AL = Axial length of the eye; PND = Posterior nodal distance; RMF = Retinal magnification factor; RGCs = Retinal ganglion cells; SD = Standard deviation.
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Retinal morphometry 
The retinas of these three species are avascular and 

did not present tapetum lucidum in any retinal quadrant. 
Furthermore, for all three species of Artibeus it is formed by 
10 layers (Fig.3). It was observed that the thickness of the 
central region of all retinas is significantly higher (p<0.001) 
in all measured parameters for the three species, except for 
the outer plexiform layer (OPL) which is significantly higher 

in the peripheral region of the retina (p<0.001). However, 
the retinal thickness varies significantly in a great number of 
parameters when compared between the species (Table 2).

The species A. lituratus exhibited the highest total retinal 
thickness in the central region compared to the other two, 
whereas A. obscurus showed the highest total thickness in 
the peripheral region of the retina. The layer thickness of 
the outer and inner segments of photoreceptors (PS) was 

Fig.1. Isodensity topographic map representing the distribution of retinal ganglion cells (RGCs) in the retinas of (A) Artibeus lituratus, (B) 
Artibeus planirostris and (C) Artibeus obscurus. All three species show a horizontal visual streak and the highest concentration of RGCs 
located at the inferotemporal region of the retina (brown area) with a maximum density of approximately 11300 RGCs/mm2, 10800 
RGCs/mm2 and 10700 RGCs/mm2 to Artibeus lituratus, Artibeus planirostris and Artibeus obscurus, respectively. Ventral (V), nasal (N), 
optic nerve head (white dot). Bar = 1mm. 

Fig.2. High-magnification digital photomicrographs of the Nissl-stained retinal ganglion cell layer of (A) Artibeus lituratus, (B) Artibeus 
planirostris and (C) Artibeus obscurus showing ganglion cells bodies (gc) and examples of nonganglion cells (ng), which were not included 
in the neuron counts. All three photomicrographs were taken from the inferotemporal region of the retinas (the highest concentration 
of RGCs). Nissl stain, obj.40x, bar = 20μm.

Table 2. Thickness of the central and peripheral layers of the retinas of Artibeus lituratus, Artibeus planirostris and Artibeus obscurus

Parameters
Artibeus lituratus Artibeus planirostris Artibeus obscurus

Center Periphery Center Periphery Center Periphery
Total retinal thickness* 147.01 ± 1.46 131.13 ± 0.81 128.29 ± 0.66 124.79 ± 0.79 137.79 ± 2.15 132.18 ± 1.98
PS 36.07 ± 1.04 23.98 ± 1.31 (a)(b) 27.14 ± 0.73 23.69 ± 0.72 (a) (c) 26.51 ± 1.57 23.60 ± 1.05 (b)(c)
ONL 46.66 ± 0.75 40.32 ± 0.95 42.87 ± 2.14 36.09 ± 1.04 38.23 ± 2.2 33.62 ± 1.54
OPL 7.31 ± 0.41 8.39 ± 0.77 9.50 ± 0.17 15.95 ± 0.41 10.32 ± 1.08 13.59 ± 1.1
INL 20.95 ± 0.47 16.60 ± 0.93 22.81 ± 0.59 15.96 ± 0.41 22.25 ± 1.80 18.23 ± 1.51
IPL 24.07 ± 0.35 (d) 21.19 ± 0.96 24.12 ± 0.42 (d) 17.63 ± 0.75 25.57 ± 1.60 23.96 ± 1.30
GCL 8.99 ± 0.50 (e) (f) 7.28 ± 0.63(g) 9.17 ± 044 (e) (h) 7.73 ± 0.71 8.95 ± 0.58 (f) (h) 7.33 ± 0.64 (g)
NFL 10.09 ± 0.61 5.92 ± 0.36 (i) (j) 8.45 ± 0.66 5.82 ± 0.33 (i) (k) 7.63 ± 0.70 5.84 ± 0.39 (j) (k)

Thickness of the retinal layers (μm ± standard deviation); PS = photoreceptor outer and inner segment, ONL = outer nuclear layer, OPL = outer plexiform 
layer, INL = inner nuclear layer, IPL = inner plexiform layer, GCL = ganglion cell layer, NFL = nerve fiber layer, SD = standard deviation; * the total retinal 
thickness was measured without counting the retinal pigment epithelium; The same letters in the same line means that there was no significant difference 
between those pairs of parameters at 5% of significance level using Student’s t test; P values: a = 0.195, b = 0.207, c = 0.678, d = 0.490, e = 0.062, f = 0.736, 
g = 0.758, h = 0.058, i = 0.139, j = 0.330, k = 0.809. 
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Fig.3. Photomicrographs of cross sections of the retinas of (A,B) Artibeus lituratus, (C,D) Artibeus planirostris and (E,F) Artibeus obscurus. 
(A,C,E) from the central retina and (B,D,F) from the peripheral retina. Inner limiting membrane (ILM), nerve fiber layer (NFL), ganglion 
cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), external 
limiting membrane (ELM), photoreceptor outer and inner segments (PS), retinal pigment epithelium (RPE), choroid (Ch), venule (V), 
retinal ganglion cells (arrowhead). HE, obj.40x, bar = 100μm.
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significantly higher for the species A. lituratus in the central 
region, while in the peripheral region there was no significant 
difference of this layer between any species (Table 2). On the 
photoreceptors layer was observed rods and cones cells. This 
layer has a rod-like dominance for all three species, mainly in 
the peripheral region of the retina, where its outer segments 
are thin and long. In contrast, cones were found in abundance 
within the central region presenting its outer segments wide 
and short, with a progressive decrease in amount over to 
the peripheral region of the retina. The external limiting 
membrane and the retinal pigment epithelium were easily 
identified in the retina of all three bats (Fig.3).

The outer nuclear layer (ONL) is thicker in the central 
area compared to the peripheral regions of the retina in the 
three species of Artibeus (Table 2). However, the ONL in the 
central region of the retina of A. lituratus is the thickest layer 
between the bats being formed by approximately 10 layers of 
photoreceptors nuclei, while the species A. planirostris showed 
an intermediate thickness with an average of nine layers of 
photoreceptors nuclei and the species A. obscurus presented 
the lowest thickness in this area with approximately seven 
layers of photoreceptors nuclei (Fig.3).

The outer plexiform layer (OPL) was the only retinal 
layer that showed thicker in the peripheral region for the 
three bats. Subsequently, the inner nuclear layer (INL) is 
formed by the nuclei of the horizontal cells, bipolar cells, 
amacrine cells, and nuclei of Müller cells (Park et al. 2017). 
Nevertheless, immunohistochemical analysis is required 
for the differentiation of these cells (Fig.3). The species A. 
planirotris showed the highest thickness of the (INL) and A. 
lituratus exhibited the lowest thickness of this retinal area. In 
contrast, the inner plexiform layer (IPL) was slightly thicker 
in the central and peripheral retina of the species A. obscurus 
compared to the other two (Table 2).

The ganglion cell layer in the three species of Artibeus is 
formed by only one layer of RGCs. These cells are irregular 
and have large sizes, containing granules in the cytoplasm, 
and have a well-stained nucleus with a prominent nucleolus 
(Fig.2). As observed in the topographic map of density and 
distribution of these cells, a high density of RGCs was verified 
in the central region of the retina, a moderate density is located 
at the transition between the central and peripheral regions 
of this tunic and a low density of RGCs was observed in the 
peripheral region of the retina of the three bat species (Fig.1).

The last parameter measured was the nerve fiber layer 
(NFL). This layer is composed of the axons from the RGCs that 
converge and unite to form the optic nerve at the posterior 
region of the eyes. This layer is significantly thicker in the 
central region of the retina for all three species. However, A. 
lituratus exhibited the highest thickness of the (NFL) in the 
central area of the retina compared among them, and there 
were no significant differences in the peripheral region of the 
retina between the three species (Table 2). Furthermore, the 
retinas of the three bats showed a well-defined inner limiting 
membrane (Fig.3).

DISCUSSION
Retinal ganglion cells distribution and visual acuity

According to the isodensity topographic map from the 
three species of Artibeus studied, it was possible to detect a 
horizontal visual streak with a high concentration of retinal 

ganglion cells (Fig.1). This characteristic is a type of retinal 
specialization that is responsible for increasing the spatial 
resolution across the horizon (Hughes 1977, Collin 1999). 
Species that have a horizontal visual streak in the retina 
generally live in open fields, have a great capacity to move 
over long distances, and tend to have their eyes located more 
laterally in relation to the head (Hughes 1977, Provis 1979, 
Oyster et al. 1981, Moore et al. 2012). The horizontal visual 
streak makes the animals able to scan the environment 
constantly using a monocular vision system with a very few 
head and eyes movements, which the field of view concentrate 
mainly on the horizon (Shinozaki et al. 2010, Coimbra et al. 
2017). Furthermore, this is an especially useful feature for 
detecting predators (Hughes 1977).

This type of retinal specialization found in the retina is 
directly related to the behavior of these bats. Morrison (1980) 
studied the foraging behavior of A. lituratus and he observed 
that this species usually stays in the trees during the day and 
constantly changes the locations within an area ranging from 
0.5 to 2.5 hectares. Moreover, this species changes the eating 
behavior according to the moon phases. During nights when 
full moons occur, feeding and agglomeration times decrease 
on the trees in order to avoid being perceived by predators 
such as owls. Gutierrez et al. (2014) performed behavioral 
tests with the same species referring to feeding ability in 
different luminosities. They have found that the species A. 
lituratus takes a long time to detect its targets with a high 
light intensity similar to twilight and this may be related to an 
exacerbated exposure to predators during this period of high 
luminosity. On the other hand, these bats were quite effective 
in detecting targets with an illumination similar to the full 
moon. In addition, the eyes of these three bats are located 
more laterally in relation to the head (Guerrero et al. 2003, 
Araújo & Langguth 2010) and these bats move both in open 
areas and dense forests during their foraging time (Bernard 
& Fenton 2003, Menezes Jr et al. 2008). All those behavioral 
characteristics are in agreement with our findings regarding 
the type of retinal specialization detected for these bats of 
the genus Artibeus, which is mainly related to the detection 
of either predators or food resources.

In animals that have a horizontal visual streak, the retina 
tends to present a central area of maximum density of RGCs in 
the temporal quadrant, especially in animals that have their 
eyes located more laterally (Hughes 1977). This central area 
was observed in the inferotemporal quadrant of the retina of 
the three bats and it has been characterized as areae centrales. 
This feature was also found in bats species of flying foxes, 
such as Pteropus giganteus, Pteropus poliocephalus, Pteropus 
poliocephalus, Megaloglossus woermanni, Scotonyceteris zenkeri, 
Casynicteris argynnis, Rousettus aegyptiacus, Epomophorus 
wahlbergi, Epomops franqueti, Eidolon helvum, Eidolon helvum 
and Hypsignathus monstrosus and some echolocating bats: 
Rhinolophus rouxi, Rhinolophus ferrumequinum, Nyctophilus 
gouldi, Taphozous georgianus, Megaderma lyra, Dermanura 
cinerea, Macroderma gigas, Phyllostomus hastatus, Phyllostomus 
discolor and Artibeus jamaicensis (Pedler & Tilley 1969, 
Pettigrew et al. 1988, Neuweiler 2000, Heffner et al. 2001, 
2007, 2008, Müller et al. 2007, Kim et al. 2008, Hoffmann et 
al. 2016, Coimbra et al. 2017). The areae centrales provides 
a high-resolution vision in this point of the retina, frontal 
discrimination towards the horizon, and a type of binocular 
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fixation (Rapaport & Stone 1984). A high spatial resolution 
and frontal discrimination of the field of view are particularly 
important for fruit-eating bats, including those of the genus 
Artibeus, that need to detect their food resources located in 
fruit trees just in front of them.

The species A. lituratus showed an extra horizontal visual 
streak connected and a circular area with a high density of 
RGCs. According to Shinozaki et al. (2010) areas of high density 
of RGCs outside the horizontal visual streak might enhance the 
visual resolving power of the animal and increase the frontal 
field of view to discriminate objects. These characteristics 
in the retina of A. lituratus suggest that these bats have a 
wider field of view among these three species within the 
genus Artibeus.

The visual acuity of the three species of Artibeus was 
considered high when compared to other echolocating 
bats. Thus, A. lituratus exhibited the highest visual acuity 
among the three species. However, the other two species 
also showed a good spatial resolving power compared to 
other bats from different genera. The visual capability of 
bats is directly related to the food pattern of each species 
(Chase 1981, Rydell & Eklöf 2003). Bats that have a greater 
visual acuity tend to be frugivorous, such as flying foxes that 
present a high visual acuity ranging from 2.2 cycles/degree 
to 5.5 cycles/degree (Pedler & Tilley 1969, Neuweiler 2000, 
Heffner et al. 2008, Müller et al. 2007, Coimbra et al. 2017) 
and some echolocating fruit-eating bats, for instance, the three 
species of Artibeus studied, A. lituratus (1.92 cycles/degree), 
A. planirostris (1.77 cycles/degree) and A. obscurus (1.50 
cycles/degree), A. jamaicensis (1.1 cycles/degree) (Heffner 
et al. 2001), D. cinerea (1.35 cycles/degree), T. georgianus 
(1.3 cycles/degree) and P. hastatus (1.2 cycles/degree) 
(Pettigrew et al. 1988). In addition, large carnivorous bats 
such as M. gigas (1.9 cycles/degree) and M. lyra (1.5 cycles/
degree) show a high visual acuity among the echolocating 
bats as well (Pettigrew et al. 1988). Omnivorous species 
as P. hastatus (1.2 cycles/degree) (Heffner et al. 2007) and 
P. discolor (1.7 cycles/degree) (Hoffmann et al. 2016) also 
have a high visual acuity. In contrast, insectivorous species 
tend to have a lower visual acuity among the echolocating 
bats, for example, the species R. rouxi (0.35 cycles/degree) 
and Eptesicus nilssonii (0.6 cycles/degree) and in particular 
insectivorous bats of the family Vespertilionidae, including 
Myotis brandtii, Myotis lucifugus, Myotis mystacinus and Myotis 
daubentonii (0.3 cycles/degree) (Rydell & Eklöf 2003, Eklöf & 
Jones 2003, Feller et al. 2009, Eklöf et al. 2014). Furthermore, 
frugivorous bats exhibit a better morphological adaptation 
for low light vision compared to strictly insectivorous bats 
(Suthers 1966, Suthers et al. 1969, Sadier et al. 2018).

According to Veilleux & Kirk (2014), the evolution of 
visual acuity in certain groups of mammals is related to the 
high dependency of vision on basic ecological behaviors, 
including foraging techniques, migratory behavior, shelter 
locations and to avoid predators. However, for echolocating 
bats, the evolutionary pattern of vision differs from the general 
pattern observed in mammals. The visual system of bats is 
directly related to the evolutionary process of echolocation 
(Gutierrez et al. 2018a, 2018b). This sense has been acquired 
most recently among bats and the most ancestral bats on the 
evolutionary scale used to be more vision-dependent (Jones & 
Teeling 2006, Teeling 2009, Thiagavel et al. 2018). Boonman 

et al. (2013) stated that echolocating bats constantly integrate 
information acquired by echolocation and vision, and that, 
this sense of echolocation was refined to detect increasingly 
smaller targets in association with the use of vision, especially 
for insectivorous bats. Although it has been shown that 
echolocating bats use both vision and echolocation to locate 
objects, divert obstacles and to control their approach to the 
food site (Rother & Schmidt 1982, Joermann et al. 1988, Eklöf 
& Jones 2003, Orbach & Fenton 2010), gleaning (frugivorous) 
bats detects and find their food foraging in the passive mode 
using other sensory cues (olfactory and visual) rather than by 
echolocation (Kalko & Schnitzler 1998, Gutierrez et al. 2018a).

Bats that have a sophisticated echolocation system 
tend to exhibit a less developed visual capability, such as 
insectivorous bats which detect small prey. On the other hand, 
bats with a good visual acuity tend to have less dependence 
on echolocation, for example, frugivorous and nectarivorous 
bats that can distinguish brightness and spectral composition 
to find different food items (Pedler & Tilley 1969, Pettigrew 
et al. 1988, Neuweiler 2000, Heffner et al. 2001, Winter et 
al. 2003, Kim et al. 2008, Müller et al. 2009, Eklöf et al. 2014, 
Coimbra et al. 2017, Sadier et al. 2018, Simões et al. 2018, 
Gutierrez et al. 2018b, Kries et al. 2018). These statements 
corroborate our findings, in which the three species of the 
genus Artibeus showed a high visual acuity. Therefore, the visual 
capability is related to the echolocation system and also to the 
feeding guild that each bat belongs to. These characteristics of 
echolocation and vision apply to fruit-eating bats, and it was 
observed in a behavioral experiment performed by Gutierrez 
et al. (2014) showed that the species A. lituratus used visual 
clues to find food resources instead of echolocation.

Another important fact observed in this study is that 
even bats of different species belonging to the same genus 
and with similar eating habits, they exhibit different values 
of visual acuity (Table 1). This feature may be related to the 
size of the body of each bat and consequently to the size of 
their eyes that influences the value of retinal magnification 
factor (RMF) (Blackwood et al. 2010, Eklöf et al. 2014, 
Veilleux & Kirk 2014). This relation was observed at least 
among the three species of the genus Artibeus studied. The 
species A. lituratus, which has a total length ranging from 
8.6-12cm and an average bodyweight of 75g (Guerrero et al. 
2003, Araújo & Langguth 2010) showed the highest visual 
acuity and the highest RMF (33.66μm/degree), while the 
species A. planirostris that has a total length ranging from 
7.5-11cm and body mass between 40-69g (Vizotto & Taddei 
1973, Hollis 2005) exhibited an intermediate value of visual 
acuity and RMF (31.92μm/degree) between the three species 
and the species A. obscurus that exhibits an average length 
of approximately 7.9cm and body mass between 28-52.2g 
(Marques-Aguiar 1994, Haynes & Lee Jr 2004) showed the 
lowest visual acuity and the RMF (26.86μm/degree) among 
them. Thus, the visual acuity and the retinal magnification 
factor tends to be higher in those species that present larger 
body size and bigger eyes, at least among those bats which 
belong to the same genus. However, according to Eklöf et al. 
(2014), it is neither a rule nor a distinctive pattern.

According to Denzinger & Schnitzler (2013) species of bats 
with similar adaptations are attributed to the same guilds. 
Bats that exploit the same types of environmental resources 
tend to share morphological adaptations regardless of its 
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phylogeny. This can be demonstrated in the case of those 
bats of different genera and even of different families that 
share similar visual acuity values and explore the same food 
resources. Therefore, it was observed for the bats of the genus 
Artibeus of this study that present similar visual acuity to 
other frugivorous bats. 

Retinal morphometry 
The retinas of the three species of Artibeus are avascular 

and this characteristic is in agreement with Bojarski & Bernard 
(1988) and Neuweiler (2000) who claimed that echolocating 
bats usually exhibit avascular retinas and the nutrition of 
this tunic comes exclusively from the blood supply of the 
choroid and partly from the vitreous body. Moreover, the 
retinas of the three species studied did not show tapetum 
lucidum, corroborating Ollivier et al. (2004) and Moritz et 
al. (2013) who concluded that only flying foxes present this 
structure and microchiropteran bats do not have this reflective 
membrane and that it is not an indispensable feature for the 
eyes of nocturnal animals. Furthermore, the relationship 
between the size of the retinal area and eye axial length was 
directly proportional for the three species of bats, where the 
retinal area showed larger for A. lituratus and shorter for A. 
obscurus. These morphometric data follow the statements 
of Blackwood et al. (2010) who say that the retinal area is 
directly proportional to the size of the eye and its axial length, 
even to those bats that belong to the same genus.

Regarding to the total thickness of the retinas, it was 
observed that the retina of A. lituratus is thicker in comparison 
with the other two (Table 2). However, the thicknesses of the 
retinas for the three species are within the range of variances 
for echolocating bats, which range between 100 and 150μm 
(Wassle & Boycott 1991, Neuweiler 2000). In addition, all 
three species presented the central region of the retina thicker 
than the peripheral area, and it is due to this region be more 
important to vision, presenting the highest density of RGCs, 
photoreceptors and other neurons in general (Pettigrew et 
al. 1988, Collin 2008, Moore et al. 2012).

The prevalence of rods, mainly in the peripheral area of 
the retina, highlights the importance of these cells to the 
nocturnal activity of bats (scotopic vision). On the other 
hand, it was observed a greater abundance of cones in the 
central region of the retina indicating the capacity for color 
perception by these bats of the genus Artibeus. Müller et al. 
(2007) and Feller et al. (2009) observed the same pattern 
of distribution of photoreceptors in the retina in other 
echolocating bats. However, to determine the sensitivity of 
a cone to a specific wavelength, either immunohistochemical 
or electroretinographic tests are required. Echolocating bats 
and flying foxes are classified as dichromatic mammals having 
two types of visual pigments related to color perceptions, 
cone opsin (S-) and cone opsin (L-) which are associated 
with the sensitivity to short wavelength and medium-long 
wavelength, respectively (Hope & Bhatnagar 1979, Müller 
et al. 2007, Feller et al. 2009, Sadier et al. 2018, Simões et al. 
2018, Gutierrez et al. 2018b, Kries et al. 2018). In addition, 
some species of nectarivorous bats show sensitivity to 
ultraviolet wavelength with sensitivity peaks at 365 nm and 
have cones that coexpress the opsins S and L (Winter et al. 
2003, Müller et al. 2009).

The average number of photoreceptors nuclei layers 
might be directly related to the size of the outer nuclear 
layer (ONL). The species A. lituratus showed 10 layers of 
nuclei and the thickest ONL, while the species A. obscurus 
exhibited 07 layers of nuclei and the lowest thickness of the 
ONL. Ghassemi & Gholami (2015) observed that the species 
Rhinopoma hardwickii has 08 layers of photoreceptors nuclei 
in the retina, even it being an insectivorous species of large 
size. Therefore, the number of photoreceptors nuclei layers 
varies according to the species, but it tends to be higher for 
frugivorous bats (Blackwood et al. 2010).

The three species of bats exhibited a smaller thickness of 
the outer plexiform layer (OPL) in the central region of the 
retina by cause of the axons of the photoreceptors, essentially 
formed by rods, are shorter in this region due to this area 
be more sensitive to light (Masland 2001, Kolb et al. 2001). 
Although the inner nuclear layer (INL) was thicker in the 
central region of the retina of A. planirostris and A. obscurus, 
it is not a discrepant difference (Table 2). The inner plexiform 
layer (IPL) showed much thicker than the outer plexiform layer 
with little variations among the species of Artibeus studied. 
This layer is thicker than the OPL because it is the site of 
synapses between bipolar neurons and ganglion cells mediated 
by amacrine cells (Wassle & Boycott 1991, Rodrigues 2010).

The ganglion cell layer (GCL) exhibited a difference in the 
total number and density of RGCs among the three species 
(Table 1). This layer showed significantly thicker in the central 
region for all bats, remaining constant throughout the retina 
until decreasing its thickness in the peripheral area (Table 
2). Furthermore, the quantity of RGCs was higher in the 
central area of the retina compared to the periphery as well 
(Fig.1). These data reinforce the idea of photoreceptor-RGCs 
proportions suggested by Collin (2008) and Hauzman et al. 
(2014) where the area of the retina that presents the highest 
density of RGCs will also have a higher density of cones and 
consequently a greater visual acuity and this characteristic 
was evidenced for the species of Artibeus in this study. The 
RGCs presented cell bodies of different sizes, which suggests 
that there are different types of RGCs in the retina of these 
bats (Fig.2). This differentiation in size and types of RGCs was 
also evidenced by Oyster et al. (1981), Pettigrew et al. (1988), 
Dacheux & Raviola (1994), and Brooks et al. (1999). Regarding 
the estimation of the total number of RGCs, which varied 
significantly between the three species even belonging to the 
same genus (Table 1), it may be directly related to the retinal 
area and eye size (Blackwood et al. 2010, Eklöf et al. 2014).

Finally, the thickness of the nerve fiber layer (NFL) for 
the three bats followed the pattern of vertebrate animals 
observed, where the retinal NFL thickness decreases from 
the optic disk (central region) toward the periphery of the 
retina following the decrease in the number of RGCs (Qijiu et 
al. 1981, Brooks et al. 1999). As a consequence of the greater 
number of RGCs in the central retina, the NFL of the species 
A. lituratus reveled thicker in this region, whereas A. obscurus 
showed the smallest thickness among these bats. In contrast, 
there was no significant difference in the thickness of this 
layer in the peripheral region between the three species 
of Artibeus, probably due to the low density of RGCs in this 
area (Table 2).

These histomorphometric data corroborate the information 
suggested by Jolicoeur & Baron (1980) who claimed that 
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frugivorous bats have larger eyes and a greater visual 
capability compared to insectivorous species. In addition, 
the visual capacity of echolocating bats is directly associated 
with the echolocation system and related to the eating habits 
of each species (Rydell & Eklöf 2003, Boonman et al. 2013, 
Denzinger & Schnitzler 2013). Regarding the fruit-eating 
bats that exhibit a good visual acuity and color perception, 
Veilleux & Kirk (2014) concluded that these visual features 
make those animals able to improve the success of foraging, 
feeding on specific fruits and increases the success in locating 
shelters and the chances to detect predators. Therefore, such 
evidence suggests that vision plays a very important role for 
these three fruit-eating bats of the genus Artibeus.

CONCLUSION
Bats of the genus Artibeus have a high visual acuity compared 
to other echolocating bats already described in the literature. 
The morphophysiological differences found between the 
retinas of the three bats might be related mainly due to the 
number of neurons, especially of retinal ganglion cells (RGCs), 
and the size of the eyes that consequently influenced in the 
retinal magnification factor (RMF) resulting in different 
values of visual acuity. The species Artibeus lituratus exhibited 
the greatest values of visual acuity and the highest number 
of RGCs distributed throughout the retina being arranged 
in a horizontal visual streak in the central area. The other 
two species showed a similar pattern of cell distribution, 
but the species Artibeus obscurus showed the lowest values 
of visual acuity and number of RGCs, whereas the species 
Artibeus planirostris demonstrated intermediate values of 
these parameters. In addition, we presuppose that all these 
differences among the three species may be also directly 
linked to the phylogeny of the genus.
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