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Albino and pigmented rat strains are widely used in models to study retinal
degeneration and to test new therapies. Here, we have summarized the main
topographical and functional characteristics of the rat retina focussing on
photoreceptors and retinal ganglion cells (RGCs), the beginning and end of
the retinal circuitry, respectively. These neurons are very sensitive to injury and
disease, and thus knowing their normal number, topography, and function is
essential to accurately investigate on neuronal survival and protection.

retinal ganglion cells, melanopsin, photoreceptors, topography, electroretinogram

Introduction

Preclinical research in visual sciences is generally conducted in small mammals,
mostly rodents and, to a lesser extent, rabbits or pigs. Rabbits are (usually) used to study
the anterior part of the eye, the cornea, while rodents are (usually) used to investigate the
retina, optic nerve, and retinorecipient areas. Within rodents, rats (Rattus norvergicus)
and mice (Mus musculus) are the preferred species (>70,000 published articles in
the last 20 years). Because they are nocturnal animals for specific research questions
(i.e., circadian rhythms), diurnal rodents such as squirrels, Nile rats or common degus
are also established models.

The layered structure of the retina is highly conserved along vertebrates (Ramoén
y Cajal, 2021). However, there are some cellular and regional differences, species-
specific consequence of environmental and behavioral factors. For instance, rodents are
nocturnal and thus their retina is rod-dominated. Most of primates and humans are
diurnal, and though rods outnumber cones in the peripheral retina, they are almost
absent in the central retina or macula. For color vision, like most mammals, rodents
have two types of cones, S-cones (short light wavelength detecting-cones, or blue cones)
and L/M-cones (medium-long light wavelength detecting-cones, red-green cones) while
primates have three, S-, M-, and L- cones.

Primates are highly social animals and to correctly gauge the mood of their congeners,
their vision must have high resolution. Thus, humans and primates have a specialized
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retinal area, the macula, with several rows of retinal ganglion
cells (RGCs) and an RGC:cone ratio close to 1:1 characteristics
that provide high resolution. Within the macula there is a
depression, the fovea centralis, where most of retinal layers are
missing but the cones, thus optimizing visual acuity. In rats
there is no macula or fovea, instead they have a visual streak
with higher RGC and L/M-cone densities (Salinas-Navarro et al.,
2009; Ortin-Martinez et al., 2010).

Despite these differences, rats and mice are still the model
of choice because they offer several advantages. They are small
and adaptable, reproduce quickly and are easy to house and
handle. In fact, both species have been used for research since the
beginning of the 20th century, when the strains most commonly
used today were created. Wistar rats (outbred, albino) were
developed in 1906, Sprague Dawley (outbred, albino) in 1925,
and C57/Bl6 mice (inbred pigmented) in 1921. These strains
are now very well characterized genetically and physiologically
(Hedrich and Bullock, 2012; Boorman, 2018). Furthermore,
there are strains that spontaneously develop diseases such as
diabetes, retinitis pigmentosa or glaucoma. In mice, genetic
manipulation allows the generation of mutant or transgenic
strains that, in many cases, are created to accurately mimic
human diseases and pathologies. Genetic engineering is also
used in rats but not very frequently.

Even though lack of melanin causes an impaired visual
acuity, lower number of ipsilaterally projecting RGCs, defects
in the optokinetic nystagmus, and a lower functional response
(Lund, 1965; Balkema et al., 1981; Lund, 1986; Driger and
Balkema, 1987; Balkema and Drager, 1991; Prusky et al., 2002;
Alarcon-Martinez et al., 2009; Nadal-Nicolds et al., 2012), albino
rats are as used as pigmented ones in basic research.

Most retinal diseases proceed with the degeneration of RGCs
or photoreceptors. The loss of these neurons may be caused by
systemic dysfunctions such as diabetes or stroke, or congenital
defects such as retinitis pigmentosa or Leber hereditary optic
nerve neuropathy. There are other pathologies of unknown or
complex etiology further complicated with risk factors such as
glaucoma or age-related macular degeneration. To mimic these
diseases there are many rat and mouse models that are either
induced, spontaneous or genetically engineered (Shareef et al.,
1995; Avilés-Trigueros et al., 2003; Pérez de Lara et al., 2014;
Morgan and Tribble, 2015; Urcola et al., 2016; Mrejen et al., 2017;
Sanchez-Migallon et al., 2018; Marchesi et al., 2021; Karademir
et al., 2022; Subramaniam et al., 2022).

Consequently, the most studied retinal neurons are the
photoreceptors and RGCs the beginning and end, respectively,
of the neuronal retinal circuitry. Photoreceptors, as their name
states, sense the light and transform it into action potentials
that finally reach the RGCs which, in turn, send the processed
information to the brain where ultimately the vision and
non-vision light-induced responses occur.

Here, we compile for the first time the retinal topography
and exact numbers of RGCs (vision and non-vision forming)
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and cone photoreceptors (L and S) and the electroretinographic

waves used to study their function in the healthy

rat retina.

Retinal ganglion cells

Majority of RGCs are found in the ganglion cell layer
(GCL), the innermost layer of the retina sharing location with
displaced amacrine cells (50% of the cells in the GCL in rat)
and glial cells (astrocytes and microglia, 10% of the cells in
the GCL; Nadal-Nicolds et al.,, 2015, 2018). A small number of
RGCs have their somas displaced to the inner plexiform layer
(displaced RGCs; Nadal-Nicolds et al., 2014). Regardless of their
location, RGCs are a heterogeneous population encompassing
more than 40 subtypes according to their gene expression
(Rheaume et al., 2018; Tran et al,, 2019). Functionally, though,
they are classified in two main groups: RGCs that convey vision-
forming information and RGCs that send non-vision forming
information.

Non-vision forming RGCs are intrinsically photosensitive
(ipRGCs) because they express the photopigment melanopsin.
Thanks to this pigment they sense light irradiance and regulate
the circadian rhythm and the pupillary reflex (Provencio et al,,
2000; Berg et al, 2019) ipRGCs, which encompass M1-M6
subtypes, have also some roles in pattern vision (Hattar et al.,
2006; Ecker et al., 2010; Schmidt et al., 2011).

RGCs univocal identification is necessary to assess the extent
of degeneration after a given insult or disease and to know
if an experimental therapy is effective (Avilés-Trigueros et al,
2003; Vidal-Sanz et al., 2017; Sanchez-Migallon et al., 2018),
and to do that most groups opt for immunodetection. There
are several well-known RGC markers, i.e., proteins that in
the retina are only expressed by RGCs. Among them Brn3a
(Nadal-Nicolas et al., 2009) and RBPMS (Kwong et al., 2010;
Rodriguez et al., 2014) stand out. Brn3a is expressed in vision-
forming RGCs and thus it is a great tool to analyze vision and
non-vision forming RGCs independently. RBPMS is expressed
by all RGCs regardless of their function. Because melanopsin is a
protein specifically expressed by ipRGCs, it’s immunodetection
is the standard protocol to identify them. However, only
MI1-M3 ipRGCs express melanopsin at high enough levels
for immunodetection. For this reason, ipRGCs identified
with a-melanopsin antibodies are called melanopsin™ipRGCs
(m*ipRGCs).

Using automated tools, our lab first described the total
number and topographical distribution of Brn3a® and
m*ipRGCs quantified in retinal flatmounts imaged on the
GCL (Nadal-Nicolas et al., 2009; Galindo-Romero et al., 2013),
an approach now used by other groups (Geeraerts et al., 2016;
Miesfeld et al,, 2020; Masin et al,, 2021). The total number
of Brn3a*RGCs in albino rats (Sprague Dawley strain, SD) is
82,979 £ 1,787 and in pigmented (Pierald Viro Glaxo strain,
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PVGQ) a little higher, 84,818 £ 4,119. The m*RGC population is
similar in both strains (2,047 =+ 309 in SD and 2,098 + 149 in
PVG; Nadal-Nicolas et al., 2009; Galindo-Romero et al., 2013).
Thus, m*ipRGCs represent ~2% of the RGCs.

Topographically both functional subtypes have a
1A,B). While the

density of Brn3a™RGCs is higher in the central retina above the

complementary distribution (Figures

optic nerve along the naso-temporal axis, m*ipRGCs are more
abundant in the areas of lowest Brn3a*RGC density.

Because the density of RGCs differs so much from central to
peripheral retina (Figures 1A,B) to avoid topographic bias when
manually quantifying RGCs one should sample standard areas in
the central, medial, and peripheral retina (Parrilla-Reverter et al.,
2009; Galindo-Romero et al., 2011).

Photoreceptors

Cones and rods are the classical photoreceptors that is
photoreceptors with a role in vision, while ipRGCs, which are
also photoreceptors, differ from cones and rods in that they send
afferents to the brain, as RGCs do, and in that their function is
non-visual, as mentioned above.

Phototransduction starts in the photoreceptor outer
segments where the opsins are stored. The outer segments
face the retinal pigmented epithelium, and thus can be
imaged in flatmounts with the vitreal side down. Opsin
immunodetection is often used to visualize photoreceptors:
rhodopsin (rods), S-opsin (S-cones), and L/M-opsin (L/M-
cones). For cones it is possible to quantify each of the
outer segments in flatmounts and assess their total numbers
(Figures 1C,D) in health (Ortin-Martinez et al, 2010) and
disease (Garcia-Ayuso et al., 2013; Ortin-Martinez et al., 2015;
Vidal-Sanz et al., 2015).

In rats, S-cones, which sense blue light, are more abundant
in albino (41,028 =+ 5,074; SD strain) than in pigmented animals
(27,316 = 2,235 PVG strain). However, the population of L/M
cones, which perceive red-green light, is similar among them
(albino: 231,736 £ 14,517; pigmented: 239,939 =+ 6,494). S-cones
are more abundant in the ventral retina and the extreme
periphery, the retinal rims (Figure 1C) while the distribution of
L/M cones resembles the topography of RGCs (compare panels
A and D in Figure 1). Some cones express both opsins, the
so-called dual cones. In both strains dual cones are ~8,000 per
retina, and they are mainly found in the retinal rims (Ortin-
Martinez et al., 2010).

Rods are very abundant, with an estimated population
of 50 million (Nadal-Nicolds et al, 2018). They appear to
be homogeneously distributed in the retina, as their outer
segments are very dense (Garcia-Ayuso et al,, 2013) impeding
the discrimination of individual ones, and precluding their
automated quantification in flatmounts. Consequently, rod
degeneration and neuroprotection are assessed in retinal cross-
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sections by quantifying the nuclei rows in the outer nuclear layer
(Di Pierdomenico et al., 2018).

Function

Since the early days of Gotch in 1903, who was the first to
record the eye’s response to a flash of light in the frog retina,
the electroretinogram (ERG) has been used as a non-invasive
technique to assess retinal functionality and to establish more
solid diagnoses of retinal pathologies. Numerous studies have
characterized the functional response of the rat retina with
full-field ERG (Alarcon-Martinez et al,, 2009; Gallego-Ortega
etal., 2020, 2021).

Depending on the type and intensity of the stimulus specific
waves are obtained from specific retinal populations (Figure 1E).
Very weak light stimuli under scotopic conditions, close to the
rod threshold, raises the scotopic threshold response (STR),
a slow negative corneal potential. This wave is formed by
a positive (pSTR) and a negative (nSTR) component. The
STR originates in the innermost part of the retina, where the
RGC somas are located (Sieving et al, 1986; Frishman and
Steinberg, 1989a,b). Although part of this wave is generated
by amacrine cells (Naarendorp and Frumkest, 1991; Saszik
et al,, 2002), especially the positive component, many studies
use the pSTR to assess the functional status of RGCs in
albino and pigmented rats (Nadal-Nicolds et al, 2018; Boia
et al, 2020; Gallego-Ortega et al., 2020, 2021) and mice
(Valiente-Soriano et al.,, 2019; Norte-Munoz et al., 2021). In
adult rats the pSTR does not exceed 50 microvolts and can
be generated with approximately —4.6 to —4 log cd.s/m?
light pulses.

In response to low-intensity full-field stimuli (intensities
between —4 and —2 cd.s/m?> before the a-wave appears)
the retina produces an electrical signal known as the
rod response, consisting of a positive deflection of the
electrophysiological tracing of about 250 wV amplitude. This
response is generated by the rod bipolar cells, because of
the decrease in glutamate release by rods and its action on
mGluR6 receptors.

By increasing light intensity, the mixed response the best
known of all waves, is obtained. The mixed response is the
major component of the ERG and is used both clinically and
experimentally. It consists mainly of two components: (i) the
first to appear is a negative component, the a-wave, generated
by the absorption of light in the photoreceptor outer segments
and the closure of cGMP-gated cationic channels (Penn and
Hagins, 1969; Sillman et al.,, 1969). In the adult rat the a-wave
reaches 200 wV; and (ii) the a-wave is followed by a positive
component, called the b-wave. There has been much controversy
and theories about the origin of this ERG component, such as
the hypothesis that it originates from Miiller cells but nowadays
everything points to it being generated exclusively by the
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FIGURE 1

pSTR Mixed wave

a-wave h-wave

-4.4 log cd-s/m2 0.5 log cd's/m?

Rod response Cone response

-2.5 log cd's/m? 0.5 log cd-s/m?

Anatomy and function of the healthy albino rat retina. (A-D) Distribution of RGCs and cone photoreceptors. Maps showing the topography of
Brn3a*RGCs (A), m*ipRGCs (B), S-cones (C), and L/M-cones (D) in the same retina from a 2 months old female SD albino rat. After flatmounting
the retina each neuronal population was immunoidentified. Next the retina was imaged first vitreal side up (RGCs), and then flipped and imaged
vitreal side down (photoreceptors). Then, each neuronal population was automatically quantified (total number shown at the bottom left of
each map) and the topographical maps generated. For more details see references in text and below. (A,C,D) The distribution of Brn3a*RGCs
and cone photoreceptors is visualized with isodensity maps that represent cell density in the retina with a color scale that goes from purple

(Continued)
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FIGURE 1 (Continued)

(0-500 cells/mm?) to red (>3,500 Brn3a*RGCs/mm?, >1,300 S-
cones/mm2, >6,500 L/M-cones/mm?). (E) The topography of
m*ipRGCs is shown with a neighbor map that represents
the number of neighbor cells around a given cell in a
radius of 0.22 mm with a color code that goes from purple
(0-2 neighbors) to red (32-35 neighbors). Thus, each dot
represents one mtipRGC. Neighbor maps are better than
isodensity maps for low density populations. N, nasal; S, superior.
(E) Electroretinographic waves and their retinal origin. Under
scoptopic conditions, the electroretinogram records the pSTR
generated from RGCs (blue cells in the retinal drawing), the
rod response, generated by rod-bipolar cells (pink cells), and
the mixed wave generated by photoreceptors (purple) and
ON-center bipolar cells (orange). Under higher light intensities,
cone bipolar cells (green) generate the photopic b-wave. These
images are original and have been created following our
protocols described in: Alarcon-Martinez et al. (2009), Ortin-
Martinez et al. (2010), Galindo-Romero et al. (2013), Nadal-
Nicolas et al. (2018), and Gallego-Ortega et al. (2020).

ON-center bipolar cells (Masu et al., 1995; Green and Kapousta-
Bruneau, 1999; Karwoski and Xu, 1999). At high light intensities
(2 cd.s/m?), the rat b-wave reaches up to 800 microvolts in
amplitude.

Under photopic conditions, with a background light of
approximately 30 cd/m? to eliminate the negative component
generated by the hyperpolarization of the photoreceptors, the
photopic b-wave emerges. This wave is generated exclusively by
the cone pathway and is the result of the depolarization of the
bipolar cone cells. In rat at intensities of 2 cd.s/m? the photopic
b-wave reaches peaks of ~150 microvolts.

There are other parameters that can be measured with full
ERG such as the c-wave, d-wave, and oscillatory potentials,
although these are seldom used.

There is some debate regarding retinal function in albino
and pigmented rats. Some works describe a lower functional
response in albino than pigmented rats (Nadal-Nicolds et al,
2018), while others do not observe a significant difference
(Alarcon-Martinez et al., 2009).

Discussion

The rat retina is widely used as a model of central nervous
degeneration as well as to study specific ophthalmological
diseases. As we have summarized here, its anatomy is well
known and at present there are approaches to objectively
assess the topography, number, and function of RGCs and
photoreceptors, the retinal neurons most sensitive to injury.
These automated tools have allowed to determine the fate of
RGCs and cone photoreceptors in a variety of degeneration
models, as well as their response to neuroprotective therapies
(Hernandez et al., 2008; Garcia-Ayuso et al., 2013; Ortin-
Martinez et al., 2015; Vidal-Sanz et al., 2015; Millan-Rivero et al.,
2018; Boia et al., 2022).
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We have described the retina of 2-month-old female rats.
Female rats are generally preferred over males because they are
smaller and easier to handle. At 2 months of age, rats are young
adults and most labs use animals within 2-4 months of age.
However, it is important to have in mind that as the rat grows,
so does the retina and although the total number of neurons
does not change their density does. Retinal size stabilizes around
4-6 months of age and only in very old rats (22 months) there is
loss of rods or cones but no of RGCs. Functionally, the highest
wave amplitudes are obtained from 2-month-old rats thereafter
all amplitudes decrease gradually (Nadal-Nicolas et al,, 2018).
Therefore, within the same experiment rats should have similar
ages.

We show here that is feasible to study vision-forming
(Brn3a*) and non-vision forming (melanopsin*) RGCs, and
S- and L/M- cones in the same retina. Analyzing all these
populations together is a very powerful approach hardly
exploited and very useful to work with models that proceed with
the death of all these populations, such as ischemia/reperfusion
or retinal dystrophies or to assess the different vulnerability of
each population to injury. For instance, m*ipRGCs are more
resilient to injury or disease than Brn3a*RGCs (Nadal-Nicolds
et al., 2015; Valiente-Soriano et al., 2015; Vidal-Sanz et al., 2017)
and likewise, the susceptibility of L/M- and S- cones to the same
insult differs (Hadj-Said et al., 2016; Garcia-Ayuso et al., 2018;
Di Pierdomenico et al., 2020).

Brn3a*RGCs and L/M-cones have their highest densities in
the dorso-central retina in opposition to S-cones and m*ipRGCs
that are densest in the ventral and dorsal periphery, respectively.
The area of higher RGC and L/M cone density forms the visual
streak (Salinas-Navarro et al., 2009; Ortin-Martinez et al., 2010),
the region of the retina specialized to provide the best vision at
some point in the visual space located along the naso-termporal
axis above the optic nerve. The main characteristic of the visual
streak is that it contains a high concentration of RGCs, L-cones,
and cone bipolar cells.

Rats are foraging animals as well as prey. Thus, they
do not need a central area of high resolution as primates,
some birds, and reptiles have, but rather a good vision in
the naso-temporal axis in a position that allows the animal
to search for food without tilting its head. Furthermore,
the high density of blue light-detecting cones in the ventral
retina may be a key feature to detect birds of prey, their
natural hunters.

In conclusion, although rats are nocturnal animals and
their retinas do not have all anatomical features that human
retinas have, such as the fovea, they are nonetheless a very
good model for preclinical research. Besides the practical
advantages of housing and relatively quick and easy breeding and
development, there are many established models of ophthalmic
disease and neuronal injury and, more importantly, as reviewed
here, we have a very precise understanding of their retinal
anatomy and function.

frontiersin.org


https://doi.org/10.3389/fnana.2022.994890
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org/journals/neuroanatomy#articles
https://www.frontiersin.org

Author contributions

and MN-M:
and graphics.

CG-R
search,

conceptualization, bibliographic
AG-O, KR-R, FL-R, and MG-
search. MV-S:
conception and funding. MA-B: conception, funding, writing

R: conceptualization and bibliographic

the first draft of the manuscript. All authors: revising
the article critically for important intellectual content.

All authors contributed to the article and approved the
submitted version.

Funding

This research was funded by the Spanish Ministry of
Economy and Competitiveness (project: PID2019-106498GB-
100 (MV-S), by the Instituto de Salud Carlos III, Fondo
Europeo de Desarrollo Regional “Una manera de hacer Europa”

project: PI19/00071 (MA-B), the RETICS subprograms

References

Alarcén-Martinez, L., de La Villa, P, Avilés-Trigueros, M., Blanco, R., Villegas-
Pérez, M. P, and Vidal-Sanz, M. (2009). Short and long term axotomy-induced
ERG changes in albino and pigmented rats. Mol. Vis. 15, 2373-2383. Available
online at: http://www.molvis.org/molvis/v15/a254.

Avilés-Trigueros, M., Mayor-Torroglosa, S., Garcia-Avilés, A., Lafuente, M. P,
Rodriguez, M. E., de Imperial, J. M., et al. (2003). Transient ischemia of the
retina results in massive degeneration of the retinotectal projection: long-term
neuroprotection with brimonidine. Exp. Neurol. 184,767-777. doi: 10.1016/S0014-
4886(03)00298-X

Balkema, G. W, and Drager,
thresholds in  hypopigmented animals.
doi: 10.1017/5095252380000256x

Balkema, G. W, Pinto, L. H., Drager, U. C., Vanable, J. W,, Rodieck, R. W,
and Bunt, A. (1981). Characterization of abnormalities in the visual system of the
mutant mouse pearll. J. Neurosci. 1, 1320-1329. doi: 10.1523/]NEUROSCI.01-11-
01320.1981

U C
Vis.

(1991).
Neurosci. 6,

Impaired  visual
577-585.

Berg, D. J., Kartheiser, K., Leyrer, M., Saali, A., and Berson, D. M. (2019).
Transcriptomic signatures of postnatal and adult intrinsically photosensitive
ganglion cells. eNeuro 6:ENEURO.0022-19.2019. doi: 10.1523/ENEURO.0022-19.
2019

Boia, R., Dias, P. A. N., Galindo-Romero, C., Ferreira, H., Aires, I. D., Vidal-
Sanz, M., et al. (2022). Intraocular implants loaded with A3R agonist rescue
retinal ganglion cells from ischemic damage. . Control. Release 343, 469-481.
doi: 10.1016/j.jconrel.2022.02.001

Boia, R., Salinas-Navarro, M., Gallego-Ortega, A., Galindo-Romero, C.,
Aires, I. D., Agudo-Barriuso, M., et al. (2020). Activation of adenosine A3 receptor
protects retinal ganglion cells from degeneration induced by ocular hypertension.
Cell Death Dis. 11:401. doi: 10.1038/s41419-020-2593-y

Boorman, G. A. (2018). Boorman’s Pathology of the Rat: Reference and Atlas,
Second Edition, eds A. W. Suttie, J. R. Leininger and A. E. Bradley (Virginia, USA:
Elsevier). doi: 10.1016/C2010-0-69040-7

Di Pierdomenico, J., Martinez-Vacas, A., Herndndez-Mufioz, D., Gémez-
Ramirez, A. M., Valiente-Soriano, F. J., Agudo-Barriuso, M., et al. (2020).
Coordinated intervention of microglial and Miiller cells in light-induced retinal
degeneration. Invest. Ophthalmol. Vis. Sci. 61:47. doi: 10.1167/iovs.61.3.47

Di Pierdomenico, J., Scholz, R., Valiente-Soriano, F. J., Sdénchez-Migallén, M. C.,
Vidal-Sanz, M., Langmann, T., et al. (2018). Neuroprotective effects of FGF2 and
minocycline in two animal models of inherited retinal degeneration. Invest.
Ophthalmol. Vis. Sci. 59, 4392-4403. doi: 10.1167/iovs.18-24621

Neuroanatomy

06

of Spanish Networks OftaRed RD16/0008/0026 and

RD16/0008/0016 (MV-S).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Driger, U. C., and Balkema, G. W. (1987). Does melanin do more than protect
from light? Neurosci. Res. Suppl. 6, S75-S86. doi: 10.1016/0921-8696(87)90009-0

Ecker, J. L., Dumitrescu, O. N., Wong, K. Y., Alam, N. M., Chen, S. K., LeGates, T.,
et al. (2010). Melanopsin-expressing retinal ganglion-cell photoreceptors: cellular
diversity and role in pattern vision. Neuron 67, 49-60. doi: 10.1016/j.neuron.2010.
05.023

Frishman, L. J., and Steinberg, R. H. (1989a). Intraretinal analysis of the
threshold dark-adapted ERG of cat retina. J. Neurophysiol. 61, 1221-1232.
doi: 10.1152/jn.1989.61.6.1221

Frishman, L. ., and Steinberg, R. H. (1989b). Light-evoked increases in [K+]10 in
proximal portion of the dark-adapted cat retina. J. Neurophysiol. 61, 1233-1243.
doi: 10.1152/jn.1989.61.6.1233

Galindo-Romero, C., Avilés-Trigueros, M., Jiménez-Lopez, M., Valiente-
Soriano, E J., Salinas-Navarro, M., Nadal-Nicolds, F, et al. (2011). Axotomy-
induced retinal ganglion cell death in adult mice: quantitative and topographic
time course analyses. Exp. Eye Res. 92, 377-387. doi: 10.1016/j.exer.2011.02.008

Galindo-Romero, C., Jiménez-Lépez, M., Garcia-Ayuso, D., Salinas-Navarro, M.,
Nadal-Nicolds, F. M., Agudo-Barriuso, M., et al. (2013). Number and spatial
distribution of intrinsically photosensitive retinal ganglion cells in the adult albino
rat. Exp. Eye Res. 108, 84-93. doi: 10.1016/j.exer.2012.12.010

Gallego-Ortega, A., Norte-Mufioz, M., Miralles de Imperial-Ollero, J. A., Bernal-
Garro, J. M., Valiente-Soriano, F. J., de la Villa Polo, P, et al. (2020). Functional and
morphological alterations in a glaucoma model of acute ocular hypertension. Prog.
Brain Res. 256, 1-29. doi: 10.1016/bs.pbr.2020.07.003

Gallego-Ortega, A., Vidal-Villegas, B., Norte-Mufoz, M., Salinas-Navarro, M.,
Avilés-Trigueros, M., Villegas-Pérez, M. P, et al. (2021). 7,8-dihydroxiflavone
maintains retinal functionality and protects various types of rgcs in adult rats with
optic nerve transection. Int. J. Mol. Sci. 22:11815. doi: 10.3390/ijms222111815

Garcia-Ayuso, D., Ortin-Martinez, A., Jiménez-Lopez, M., Galindo-Romero, C.,
Cuenca, N, Pinilla, I, et al. (2013). Changes in the photoreceptor mosaic of
P23H-1 rats during retinal degeneration: implications for rod-cone dependent
survival. Invest. Ophthalmol. Vis. Sci. 54, 5888-5900. doi: 10.1167/iovs.13-12643

Garcia-Ayuso, D., di Pierdomenico, J., Hadj-Said, W., Marie, M., Agudo-
Barriuso, M., Vidal-Sanz, M., et al. (2018). Taurine depletion causes iprgc loss and
increases light- induced photoreceptor degeneration. Invest. Ophthalmol. Vis. Sci.
59, 1396-1409. doi: 10.1167/iovs.17-23258

Geeraerts, E., Dekeyster, E., Gaublomme, D., Salinas-Navarro, M., De Groef, L.,
and Moons, L. (2016). A freely available semi-automated method for quantifying

frontiersin.org


https://doi.org/10.3389/fnana.2022.994890
http://www.molvis.org/molvis/v15/a254
https://doi.org/10.1016/S0014-4886(03)00298-X
https://doi.org/10.1016/S0014-4886(03)00298-X
https://doi.org/10.1017/s095252380000256x
https://doi.org/10.1523/JNEUROSCI.01-11-01320.1981
https://doi.org/10.1523/JNEUROSCI.01-11-01320.1981
https://doi.org/10.1523/ENEURO.0022-19.2019
https://doi.org/10.1523/ENEURO.0022-19.2019
https://doi.org/10.1016/j.jconrel.2022.02.001
https://doi.org/10.1038/s41419-020-2593-y
https://doi.org/10.1016/C2010-0-69040-7
https://doi.org/10.1167/iovs.61.3.47
https://doi.org/10.1167/iovs.18-24621
https://doi.org/10.1016/0921-8696(87)90009-0
https://doi.org/10.1016/j.neuron.2010.05.023
https://doi.org/10.1016/j.neuron.2010.05.023
https://doi.org/10.1152/jn.1989.61.6.1221
https://doi.org/10.1152/jn.1989.61.6.1233
https://doi.org/10.1016/j.exer.2011.02.008
https://doi.org/10.1016/j.exer.2012.12.010
https://doi.org/10.1016/bs.pbr.2020.07.003
https://doi.org/10.3390/ijms222111815
https://doi.org/10.1167/iovs.13-12643
https://doi.org/10.1167/iovs.17-23258
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org/journals/neuroanatomy#articles
https://www.frontiersin.org

retinal ganglion cells in entire retinal flatmounts. Exp. Eye Res. 147, 105-113.
doi: 10.1016/j.exer.2016.04.010

Green, D. G., and Kapousta-Bruneau, N. V. (1999). A dissection of the
electroretinogram from the isolated rat retina with microelectrodes and drugs. Vis.
Neurosci. 16, 727-741. doi: 10.1017/50952523899164125

Hadj-Said, W., Froger, N., Ivkovic, I, Jiménez-Lopez, M., Dubus, E.
Dégardin-Chicaud, J., et al. (2016). Quantitative and topographical analysis
of the losses of cone photoreceptors and retinal ganglion cells under taurine
depletion. Invest. Ophthalmol. Vis. Sci. 57, 4692-4703. doi: 10.1167/iovs.16-
19535

Hattar, S., Kumar, M., Park, A., Tong, P, Tung, J., Yau, K. W, et al. (2006). Central
projections of melanopsin-expressing retinal ganglion cells in the mouse. J. Comp.
Neurol. 497, 326-349. doi: 10.1002/cne.20970

Hedrich, H. J., and Bullock, G. (2012). The Laboratory Mouse, 2nd Edition, eds
H. J. Hedrich, G. Bullock, P. Petrusz and J. Arora (Boston: Elsevier, Academic
Press). doi: 10.1016/B978-0-12-336425-8.X5051-1

Hernandez, M., Urcola, J. H., and Vecino, E. (2008). Retinal ganglion cell
neuroprotection in a rat model of glaucoma following brimonidine, latanoprost or
combined treatments. Exp. Eye Res. 86, 798-806. doi: 10.1016/j.exer.2008.02.008

Karademir, D., Todorova, V., Ebner, L. J. A., Samardzija, M., and Grimm, C.
(2022). Single-cell RNA sequencing of the retina in a model of retinitis pigmentosa
reveals early responses to degeneration in rods and cones. BMC Biol. 20:86.
doi: 10.1186/s12915-022-01280-9

Karwoski, C. ], and Xu, X. (1999). Current source-density analysis of
light-evoked field potentials in rabbit retina. Vis. Neurosci. 16, 369-377.
doi: 10.1017/s0952523899162163

Kwong, J. M. K., Caprioli, J., and Piri, N. (2010). RNA binding protein with
multiple splicing: a new marker for retinal ganglion cells. Invest. Ophthalmol. Vis.
Sci. 51, 1052-1058. doi: 10.1167/i0vs.09-4098

Lund, R. D. (1965). Uncrossed visual pathways of hooded and albino rats. Science
149, 1506-1507. doi: 10.1126/science.149.3691.1506

Lund, R. D. (1986). Neurobiology. Pigment and visual projections. Nature 321,
203-204. doi: 10.1038/321203a0

Marchesi, N., Fahmideh, F, Boschi, E, Pascale, A., and Barbieri, A. (2021).
Ocular neurodegenerative diseases: interconnection between retina and cortical
areas. Cells 10:2394. doi: 10.3390/cells10092394

Masin, L., Claes, M., Bergmans, S., Cools, L., Andries, L., Davis, B. M., et al.
(2021). A novel retinal ganglion cell quantification tool based on deep learning.
Sci. Rep. 11:702. doi: 10.1038/541598-020-80308-y

Masu, M., Iwakabe, H., Tagawa, Y., Miyoshi, T., Yamashita, M., Fukuda, Y.,
et al. (1995). Specific deficit of the ON response in visual transmission by
targeted disruption of the mGluR6 gene. Cell 80, 757-765. doi: 10.1016/0092-
8674(95)90354-2

Miesfeld, J. B., Ghiasvand, N. M., Marsh-Armstrong, B., Marsh-Armstrong, N.,
Miller, E. B., Zhang, P, et al. (2020). The Atoh7 remote enhancer provides
transcriptional robustness during retinal ganglion cell development. Proc. Natl.
Acad. Sci. US A 117, 21690-21700. doi: 10.1073/pnas.2006888117

Milldn-Rivero, J. E., Nadal-Nicolas, F. M., Garcia-Bernal, D., Sobrado-Calvo, P,
Blanquer, M., Moraleda, J. M., et al. (2018). Human Wharton’s jelly mesenchymal
stem cells protect axotomized rat retinal ganglion cells via secretion of anti-
inflammatory and neurotrophic factors. Sci. Rep. 8:16299. doi: 10.1038/s41598-
018-34527-z

Morgan, J. E., and Tribble, J. R. (2015). Microbead models in glaucoma. Exp. Eye
Res. 141, 9-14. doi: 10.1016/j.exer.2015.06.020

Mrejen, S., Audo, L, Bonnel, S., and Sahel, J. A. (2017). Retinitis pigmentosa and
other dystrophies. Dev. Ophthalmol. 58, 191-201. doi: 10.1159/000455281

Naarendorp, E, and Frumkest, T. (1991). The influence of short-term adaptation
of human rods and cones on cone-mediated grating visibility. J. Physiol. 432,
521-541. doi: 10.1113/jphysiol.1991.sp018398

Nadal-Nicolds, F. M., Jiménez-Lépez, M., Salinas-Navarro, M., Sobrado-
Calvo, P, Alburquerque-Béjar, J. J., Vidal-Sanz, M., et al. (2012). Whole number,
distribution and co-expression of Brn3 transcription factors in retinal ganglion
cells of adult albino and pigmented rats. PLoS One 7:€49830. doi: 10.1371/journal.
pone.0049830

Nadal-Nicolas, E. M., Jiménez-L6pez, M., Sobrado-Calvo, P., Nieto-Lépez, L.,
Cénovas-Martinez, 1., Salinas-Navarro, M., et al. (2009). Brn3a as a marker of
retinal ganglion cells: qualitative and quantitative time course studies in naive
and optic nerve-injured retinas. Invest. Ophthalmol. Vis. Sci. 50, 3860-3868.
doi: 10.1167/i0vs.08-3267

Nadal-Nicolas, . M., Salinas-Navarro, M., Jiménez-Lépez, M., Sobrado-
Calvo, P, Villegas-Pérez, M. P, Vidal-Sanz, M., et al. (2014). Displaced

Neuroanatomy

07

retinal ganglion cells in albino and pigmented rats. Front. Neuroanat. 8:99.
doi: 10.3389/fnana.2014.00099

Nadal-Nicolas, F. M., Sobrado-Calvo, P, Jiménez-Lépez, M., Vidal-Sanz, M., and
Agudo-Barriuso, M. (2015). Long-term effect of optic nerve axotomy on the retinal
ganglion cell layer. Invest. Ophthalmol. Vis. Sci. 56, 6095-6112. doi: 10.1167/iovs.
15-17195

Nadal-Nicolas, F M., Vidal-Sanz, M., and Agudo-Barriuso, M. (2018). The aging
rat retina: from function to anatomy. Neurobiol. Aging 61, 146-168. doi: 10.1016/j.
neurobiolaging.2017.09.021

Norte-Mufioz, M., Lucas-Ruiz, F, Gallego-Ortega, A., Garcia-Bernal, D.,
Valiente-Soriano, E. J., de la Villa, P, et al. (2021). Neuroprotection and axonal
regeneration induced by bone marrow mesenchymal stromal cells depend on the
type of transplant. Front. Cell Dev. Biol. 9:772223. doi: 10.3389/fcell.2021.772223

Ortin-Martinez, A., Jimenez-Lopez, M., Nadal-Nicolas, F M., Salinas-
Navarro, M., Alarcon-Martinez, L., Sauve, Y., et al. (2010). Automated
quantification and topographical distribution of the whole population of S- and
L-cones in adult albino and pigmented rats. Invest. Ophthalmol. Vis. Sci. 51,
3171-3183. doi: 10.1167/i0vs.09-4861

Ortin-Martinez, A., Salinas-Navarro, M., Nadal-Nicolds, E M., Jiménez-
Lépez, M., Valiente-Soriano, E J., Garcia-Ayuso, D., et al. (2015). Laser-induced
ocular hypertension in adult rats does not affect non-RGC neurons in the ganglion
cell layer but results in protracted severe loss of cone-photoreceptors. Exp. Eye Res.
132, 17-33. doi: 10.1016/j.exer.2015.01.006

Parrilla-Reverter, G., Agudo, M., Sobrado-Calvo, P, Salinas-Navarro, M.,
Villegas-Pérez, M. P, and Vidal-Sanz, M. (2009). Effects of different neurotrophic
factors on the survival of retinal ganglion cells after a complete intraorbital nerve
crush injury: a quantitative in vivo study. Exp. Eye Res. 89, 32-41. doi: 10.1016/j.
exer.2009.02.015

Penn, R. D., and Hagins, W. A. (1969). Signal transmission along retinal
rods and the origin of the electroretinographic a-wave. Nature 223, 201-205.
doi: 10.1038/223201a0

Pérez de Lara, M. J., Santano, C., Guzman-Aranguez, A., Valiente-Soriano, F. J.,
Avilés-Trigueros, M., Vidal-Sanz, M., et al. (2014). Assessment of inner retina
dysfunction and progressive ganglion cell loss in a mouse model of glaucoma. Exp.
Eye Res. 122, 40-49. doi: 10.1016/j.exer.2014.02.022

Provencio, 1., Rodriguez, I. R, Jiang, G., Pd Hayes, W., Moreira, E. E, and
Rollag, M. D. (2000). A novel human opsin in the inner retina. J. Neurosci. 20,
600-605. doi: 10.1523/INEUROSCI.20-02-00600.2000

Prusky, G. T., Harker, K. T., Douglas, R. M., and Whishaw, I. Q. (2002). Variation
in visual acuity within pigmented and between pigmented and albino rat strains.
Behav. Brain Res. 136, 339-348. doi: 10.1016/s0166-4328(02)00126-2

Ramén y Cajal, S. (2021). La Retina de los Vertebrados. 1st ed. eds N. Cuenca and
P. de la (Villa Madrid: Consejo Superior de Investigaciones Cientificas).

Rheaume, B. A, Jereen, A., Bolisetty, M., Sajid, M. S., Yang, Y., Renna, K., et al.
(2018). Single cell transcriptome profiling of retinal ganglion cells identifies cellular
subtypes. Nat. Commun. 9:2759. doi: 10.1038/s41467-018-05134-3

Rodriguez, A. R., de Sevilla Miiller, L. P,, and Brecha, N. C. (2014). The RNA
binding protein RBPMS is a selective marker of ganglion cells in the mammalian
retina. J. Comp. Neurol. 522, 1411-1443. doi: 10.1002/cne.23521

Salinas-Navarro, M., Mayor-Torroglosa, S., Jiménez-Lopez, M., Avilés-
Trigueros, M., Holmes, T. M., Lund, R. D,, et al. (2009). A computerized analysis
of the entire retinal ganglion cell population and its spatial distribution in adult
rats. Vis. Res. 49, 115-126. doi: 10.1016/j.visres.2008.09.029

Sanchez-Migallon, M. C., Valiente-Soriano, E. J., Salinas-Navarro, M., Nadal-
Nicolas, E M., Jiménez-Lopez, M., Vidal-Sanz, M., et al. (2018). Nerve fibre layer
degeneration and retinal ganglion cell loss long term after optic nerve crush or
transection in adult mice. Exp. Eye Res. 170, 40-50. doi: 10.1016/j.exer.2018.02.010

Saszik, S. M., Robson, J. G., and Frishman, L. J. (2002). The scotopic threshold
response of the dark-adapted electroretinogram of the mouse. J. Physiol. 543,
899-916. doi: 10.1113/jphysiol.2002.019703

Schmidt, T. M., Chen, S. K., and Hattar, S. (2011). Intrinsically photosensitive
retinal ganglion cells: many subtypes, diverse functions. Trends Neurosci. 34,
572-580. doi: 10.1016/j.tins.2011.07.001

Shareef, S. R., Garcia-Valenzuela, E., Salierno, A., Walsh, J., and Sharma, S. C.

(1995). Chronic ocular hypertension following episcleral venous occlusion in rats.
Exp. Eye Res. 61, 379-382. doi: 10.1016/s0014-4835(05)80131-9

Sieving, P. A., Frishman, L. J., and Steinberg, R. H. (1986). Scotopic threshold
response of proximal retina in cat. J. Neurophysiol. 56, 1049-1061. doi: 10.1152/jn.
1986.56.4.1049

Sillman, A. ], Ito, H., and Tomita, T. (1969). Studies on the mass receptor
potential of the isolated frog retinal ii. On the basis of the ionic mechanism. Vis.
Res. 9, 1443-1451. doi: 10.1016/0042-6989(69)90060-1

frontiersin.org


https://doi.org/10.3389/fnana.2022.994890
https://doi.org/10.1016/j.exer.2016.04.010
https://doi.org/10.1017/s0952523899164125
https://doi.org/10.1167/iovs.16-19535
https://doi.org/10.1167/iovs.16-19535
https://doi.org/10.1002/cne.20970
https://doi.org/10.1016/B978-0-12-336425-8.X5051-1
https://doi.org/10.1016/j.exer.2008.02.008
https://doi.org/10.1186/s12915-022-01280-9
https://doi.org/10.1017/s0952523899162163
https://doi.org/10.1167/iovs.09-4098
https://doi.org/10.1126/science.149.3691.1506
https://doi.org/10.1038/321203a0
https://doi.org/10.3390/cells10092394
https://doi.org/10.1038/s41598-020-80308-y
https://doi.org/10.1016/0092-8674(95)90354-2
https://doi.org/10.1016/0092-8674(95)90354-2
https://doi.org/10.1073/pnas.2006888117
https://doi.org/10.1038/s41598-018-34527-z
https://doi.org/10.1038/s41598-018-34527-z
https://doi.org/10.1016/j.exer.2015.06.020
https://doi.org/10.1159/000455281
https://doi.org/10.1113/jphysiol.1991.sp018398
https://doi.org/10.1371/journal.pone.0049830
https://doi.org/10.1371/journal.pone.0049830
https://doi.org/10.1167/iovs.08-3267
https://doi.org/10.3389/fnana.2014.00099
https://doi.org/10.1167/iovs.15-17195
https://doi.org/10.1167/iovs.15-17195
https://doi.org/10.1016/j.neurobiolaging.2017.09.021
https://doi.org/10.1016/j.neurobiolaging.2017.09.021
https://doi.org/10.3389/fcell.2021.772223
https://doi.org/10.1167/iovs.09-4861
https://doi.org/10.1016/j.exer.2015.01.006
https://doi.org/10.1016/j.exer.2009.02.015
https://doi.org/10.1016/j.exer.2009.02.015
https://doi.org/10.1038/223201a0
https://doi.org/10.1016/j.exer.2014.02.022
https://doi.org/10.1523/JNEUROSCI.20-02-00600.2000
https://doi.org/10.1016/s0166-4328(02)00126-2
https://doi.org/10.1038/s41467-018-05134-3
https://doi.org/10.1002/cne.23521
https://doi.org/10.1016/j.visres.2008.09.029
https://doi.org/10.1016/j.exer.2018.02.010
https://doi.org/10.1113/jphysiol.2002.019703
https://doi.org/10.1016/j.tins.2011.07.001
https://doi.org/10.1016/s0014-4835(05)80131-9
https://doi.org/10.1152/jn.1986.56.4.1049
https://doi.org/10.1152/jn.1986.56.4.1049
https://doi.org/10.1016/0042-6989(69)90060-1
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org/journals/neuroanatomy#articles
https://www.frontiersin.org

Subramaniam, M. D., Chirayath, R. B., Iyer, M., Nair, A. P, and Vellingiri, B.
(2022). Mesenchymal stem cells (MSCs) in Leber’s hereditary optic neuropathy
(LHON): a potential therapeutic approach for future. Int. Ophthalmol. 42,
2949-2964. doi: 10.1007/s10792-022-02267-9

Tran, N. M., Shekhar, K., Whitney, I. E., Jacobi, A., Benhar, I, Hong, G., et al.
(2019). Single-cell profiles of retinal ganglion cells differing in resilience to injury
reveal neuroprotective genes. Neuron 104, 1039-1055.e12. doi: 10.1016/j.neuron.
2019.11.006

Urcola, J. H., Hernandez, M., and Vecino, E. (2016). Three experimental
glaucoma models in rats: comparison of the effects of intraocular pressure
elevation on retinal ganglion cell size and death. Exp. Eye Res. 83, 429-437.
doi: 10.1016/j.exer.2006.01.025

Valiente-Soriano, E J., Nadal-Nicolds, F. M., Salinas-Navarro, M., Jiménez-
Lépez, M., Bernal-Garro, J. M., Villegas-Pérez, M. P, et al. (2015). BDNF rescues

Neuroanatomy

08

RGCs but not intrinsically photosensitive rgcs in ocular hypertensive albino rat
retinas. Invest. Ophthalmol. Vis. Sci. 56, 1924-1936. doi: 10.1167/i0vs.15-16454

Valiente-Soriano, E. J., Ortin-Martinez, A., di Pierdomenico, J., Garcia-Ayuso, D.,
Gallego-Ortega, A., Miralles de Imperial-Ollero, J. A., et al. (2019). Topical
brimonidine or intravitreal bdnf, cntf, or bfgf protect cones against phototoxicity.
Transl. Vis. Sci. Technol. 8:36. doi: 10.1167/tvst.8.6.36

Vidal-Sanz, M., Galindo-Romero, C., Valiente-Soriano, F. ], Nadal-
Nicolds, F. M., Ortin-Martinez, A., Rovere, G., et al. (2017). Shared and
differential retinal responses against optic nerve injury and ocular hypertension.
Front. Neurosci. 11:235. doi: 10.3389/fnins.2017.00235

Vidal-Sanz, M., Valiente-Soriano, E J., Ortin-Martinez, A., Nadal-Nicolas, F. M.,
Jiménez-Lépez, M., Salinas-Navarro, M., et al. (2015). Retinal neurodegeneration
in experimental glaucoma. Prog. Brain Res. 220, 1-35. doi: 10.1016/bs.pbr.2015.04.
008

frontiersin.org


https://doi.org/10.3389/fnana.2022.994890
https://doi.org/10.1007/s10792-022-02267-9
https://doi.org/10.1016/j.neuron.2019.11.006
https://doi.org/10.1016/j.neuron.2019.11.006
https://doi.org/10.1016/j.exer.2006.01.025
https://doi.org/10.1167/iovs.15-16454
https://doi.org/10.1167/tvst.8.6.36
https://doi.org/10.3389/fnins.2017.00235
https://doi.org/10.1016/bs.pbr.2015.04.008
https://doi.org/10.1016/bs.pbr.2015.04.008
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org/journals/neuroanatomy#articles
https://www.frontiersin.org

	The retina of the lab rat: focus on retinal ganglion cells and photoreceptors
	Introduction
	Retinal ganglion cells
	Photoreceptors
	Function
	Discussion
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


