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Abstract: Dravet syndrome (DS) is an epileptic encephalopathy caused by mutations in the Scn1a
gene encoding the α1 subunit of the Nav1.1 sodium channel, which is associated with recurrent and
generalized seizures, even leading to death. In experimental models of DS, histological alterations
have been found in the brain; however, the retina is a projection of the brain and there are no studies
that analyze the possible histological changes that may occur in the disease. This study analyzes the
retinal histological changes in glial cells (microglia and astrocytes), retinal ganglion cells (RGCs) and
GABAergic amacrine cells in an experimental model of DS (Syn-Cre/Scn1aWT/A1783V) compared
to a control group at postnatal day (PND) 25. Retinal whole-mounts were labeled with anti-GFAP,
anti-Iba-1, anti-Brn3a and anti-GAD65/67. Signs of microglial and astroglial activation, and the
number of Brn3a+ and GAD65+67+ cells were quantified. We found retinal activation of astroglial
and microglial cells but not death of RGCs and GABAergic amacrine cells. These changes are similar
to those found at the level of the hippocampus in the same experimental model in PND25, indicating
a relationship between brain and retinal changes in DS. This suggests that the retina could serve as a
possible biomarker in DS.

Keywords: Dravet syndrome; retina; astrocytes; microglia; retinal ganglion cells; GABAergic
amacrine cells; Syn-Cre/Scn1aWT/A1783V mice

1. Introduction

Dravet syndrome (DS), also called severe myoclonic epilepsy of infancy, is a rare
genetic form of severe drug-resistant epilepsy, affecting 1:20,000 subjects. The onset of the
disease begins at very early developmental age in previously healthy children, with a first
generalized seizure at 5–8 months of age. The seizures become prolonged and frequent
and highly resistant to antiepileptic drugs [1], which is related to cognitive impairment,
developmental delays, hyperactivity, dysautonomia, attention deficit, language impairment,
autistic features, and a high rate of sudden death (10–20%) [2–5] observed in these patients.
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Approximately 70–80% of these patients have a haploinsufficiency in the Snc1a gene
encoding the alpha subunit of a voltage-dependent sodium channel type 1 (Nav1.1) lead-
ing to a loss of function in this channel [6,7]. GABAergic interneurons are particularly
affected [8], where the Nav1.1 channel is mainly located and the consequent imbalance
between excitation and inhibition triggers brain hyperexcitability and seizures [9], altering
the correct functioning of neural networks involved in cognitive processes [10].

Given the genetic origin of DS, it has been possible to develop transgenic, knock-out
and knock-in experimental models that are enabling to discern the pathophysiological
mechanisms (cellular and molecular) related to this pathology, which may greatly facilitate
the development of new therapies for this disease [9,11–21]. In this study we used a
heterozygous conditional knock-in mouse model carrying a nonsense mutation (A1783V) in
the Scn1a gene that is expressed exclusively in CNS neurons (Syn-Cre/Scn1aWT/A1783V) [22].

Given Dravet syndrome is a neurodevelopmental disease, the phenotype of the animal
model has been studied at a post-weaning stage, since preclinical evaluation at this stage of
development can provide valuable information for a precision medicine approach aimed
at these patients. Characterization of this model has shown that the A1783V mutation
expressed in the nervous system is associated with spontaneous seizures and cognitive-
behavioral alterations reminiscent of those observed in patients with DS [22]

Glial reactivity and neuroinflammatory processes have been shown to be present in
childhood epileptic processes [23–25] and therefore cytokines may exert a neuromodulatory
role directly impacting neuronal excitability [26]. Indeed, astrocytes have been documented
to be involved in the pathogenesis of epilepsy [27], regulating neurotransmitter and ion
concentrations [28,29].

In our experimental model of DS (Syn-Cre/Scn1aWT/A1783V), the behavioral alterations
become more evident at 25 days of life with inflammatory events in the prefrontal cortex
and dentate gyrus of the hippocampus expressed as an increase in GFAP (astrocyte marker)
and Iba-1 (microglia marker) immunoreactivity, in addition to morphological changes
compatible with activated astrocytes and microglia [22]. As observed by Martín-Suárez
et al., in our model neural stem cells also acquire a reactive phenotype with increased
mitotic activity, which might be contributing to reactive gliogenesis [1].

In several pathologies affecting the central nervous system, such as neurodegenerative
diseases, correlation between changes occurring in the brain and those occurring in the
retina has been shown. This has been observed at functional and structural level in patients
and has been corroborated in experimental studies in different animal models of various
neurodegenerative pathologies such as Alzheimer’s disease [30–34] or amyotrophic lateral
sclerosis (ALS) [35,36] (ALS). The retina or neural portion of the eye is actually part of
the central nervous system and due to its greater accessibility, it can be considered as a
“window” that allows us to determine the changes that occur at the cerebral level in the
event of damage. The alterations undergone by the cells located in different layers of the
retina could be good predictive and prognostic biomarkers for future treatment. DS is a
neurodevelopmental disease and in our experimental model presents a particularly altered
motor and cognitive phenotype at 25 days of life, therefore, preclinical evaluation at this
developmental stage may provide valuable information for a precision medicine approach
aimed these patients. We have changed the sentence to make it grammatically clearer.

To our knowledge, there are no studies that analyze the changes occurring at the
histological level, either in human retinas or in experimental models with DS. Therefore,
the present work aims to analyze the possible changes that may occur in in glial cells
(astrocytes and microglia), in an experimental model of DS (Syn-Cre/Scn1aWT/A1783V), in
order to establish a correlation with the alterations observed in some specific cerebral areas
of these animals.

Prior to diagnostic confirmation, visual alterations (visual field and ocular motility)
have been observed in DS patients [37,38] and therefore, as a preliminary study, we exam-
ined the possible changes that may occur in GABAergic amacrine cells and glutamatergic
ganglion cells of the retina in our animal model of DS.
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2. Results
2.1. Morphology and Distribution and Quantification of Retinal Microglia

Microglial cells from wild type (WT) and Dravet syndrome (DS) animals were dis-
tributed, forming plexuses in the outer plexiform layer (OPL), inner plexiform layer (IPL),
and nerve fiber layer-ganglion cell layer (NFL-GCL).

2.1.1. Outer Plexiform Layer (OPL)

In the OPL, the microglia of the WT and DS animals were arranged parallel to the
retinal surface, forming a plexus. The cells had a branched appearance with small somas,
from which emerged primary processes that divided into secondary and tertiary ones
(Figure 1A,B).
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with anti-Iba-1 at 20× magnification. Arrows indicate Iba-1+ microglial cells with retraction of the 
processes in the Dravet syndrome (DS) animals. (C,D): number of Iba-1+ microglial cells per retinal 
area 0.1502 mm2 by total retina and area € and by zone (D). (E,F): Arbor area of Iba-1+ microglia by 
total retina and area (E) and by zone (F). (G,H): Iba-1+ cell area by total retina and area (G) and by 
zone (H). Two-way ANOVA. Data expressed as mean value (±SD). * p < 0.05, ** p < 0.01, *** p < 0.001, 
**** p < 0.0001. Number of retinas used in the experiment: WT animals n = 6, DS animals n = 6. Sup: 
superior; Inf: inferior; Nas: nasal; Temp: temporal. 

2.1.2. Inner Plexiform Layer (IPL) 
As in the OPL, in the IPL of DS and WT animals, the microglial cells formed a plexus. 

The microglial cells had a triangular soma from which processes emerged. The processes 
were divided into primary, secondary, and tertiary, which became finer as they were sub-
divided (Figure 2A,B). 

The number of microglia in the IPL showed no significant changes in the DS com-
pared to the WT animals, both in the total number of cells per retina (Figure 2C) and when 

Figure 1. Microglial cells in the outer plexiform layer (OPL). (A,B): retinal whole-mounts labeled
with anti-Iba-1 at 20× magnification. Arrows indicate Iba-1+ microglial cells with retraction of the
processes in the Dravet syndrome (DS) animals. (C,D): number of Iba-1+ microglial cells per retinal
area 0.1502 mm2 by total retina and area € and by zone (D). (E,F): Arbor area of Iba-1+ microglia by
total retina and area (E) and by zone (F). (G,H): Iba-1+ cell area by total retina and area (G) and by
zone (H). Two-way ANOVA. Data expressed as mean value (±SD). * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001. Number of retinas used in the experiment: WT animals n = 6, DS animals n = 6. Sup:
superior; Inf: inferior; Nas: nasal; Temp: temporal.
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The number of microglia in the OPL showed no significant changes in the DS com-
pared to the WT animals, both in the total number of cells per retina (Figure 1C) and when
the analysis was performed by areas (superior, inferior, nasal and temporal) (Figure 1C) or
by zones (peripapillary, intermediate and peripheral) (Figure 1D).

However, the quantification of the microglial arbor area in this layer showed a signif-
icant decrease in the DS compared to the WT animals, indicating a retraction of microglial
processes, both when the analysis was in the total retina (p < 0.0001) (Figure 1E) and
when the analysis was performed by areas (superior: p < 0.0001, inferior: p < 0.01, nasal:
p < 0.0001 and temporal p < 0.05) (Figure 1E) or by zones (peripapillary: p < 0.0001, inter-
mediate: p < 0.01 and peripheral: p < 0.001) (Figure 1F). This retraction of the processes is a
morphological sign indicative of microglial activation.

The quantification of the area occupied by each microglial cell in the OPL showed no
significant changes in the DS compared to the WT animals, both in the total number of cells
per retina (Figure 1G) and in the analysis by areas (superior, inferior, nasal and temporal)
(Figure 1G) or by zones (peripapillary, intermediate and peripheral) (Figure 1H).

2.1.2. Inner Plexiform Layer (IPL)

As in the OPL, in the IPL of DS and WT animals, the microglial cells formed a plexus.
The microglial cells had a triangular soma from which processes emerged. The processes
were divided into primary, secondary, and tertiary, which became finer as they were
subdivided (Figure 2A,B).

The number of microglia in the IPL showed no significant changes in the DS compared
to the WT animals, both in the total number of cells per retina (Figure 2C) and when the
analysis was performed by areas (superior, inferior, nasal, and temporal) (Figure 2C).
However, the analysis by zones showed a significant decrease (p < 0.05) in the number of
microglia in the peripapillary area in the DS with respect to the WT animals, while in the
periphery, there was a significant increase (p < 0.05) (Figure 2D).

The quantification of the arbor area in the IPL (indicator of cellular processes retraction)
showed no significant changes in the DS compared to the WT animals, both in the total
number of cells per retina (Figure 2E) and in the analysis by areas (superior, inferior, nasal,
and temporal) (Figure 2E). However, the only zone that showed significant changes in
DS with respect to WT was the peripapillary area, in which zone there was a significant
decrease (p < 0.01) (Figure 2F).

The quantification of the area occupied by each microglial cell in the IPL showed a
significant increase in the DS compared to the WT animals in the total retina (p < 0.0001)
(Figure 2G) and in the superior (p < 0.0001) and nasal areas (p < 0.01) (Figure 2G), as well
as in the peripapillary zone (p < 0.0001) (Figure 2H). This increase in the area occupied by
each microglial cell, indicative of a thickening of the soma and microglial processes, is a
morphological sign indicative of microglial activation.

2.1.3. Nerve Fiber Layer-Ganglion Cell Layer (NFL-GCL)

In the NFL-GCL, the microglial cells of the WT animals are arranged parallel to the
retinal surface, but do not form a regular mosaic-like plexus as in OPL and IPL. The
microglia of this layer are arranged on the surface of the vessels, which are located in this
layer, or in the intervascular areas. In addition, these cells have small somas from which
long primary processes emerge, that in turn give rise to secondary processes (Figure 3A).

In this layer in the DS animals, there are apparently no major morphological changes
in microglial cells with respect to the WT animals (Figure 3B).

However, the quantitative study of the number of microglial cells in this layer showed
there was a significant decrease in the DS animals in the inferior area (p < 0.001) (Figure 3C),
and in the peripapillary (p < 0.001) and intermediate (p < 0.01) zones with respect to WT
(Figure 3D).
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With respect to the arbor area, no significant changes were observed in the total retina
(no retraction) (Figure 3E), neither in the detailed analysis by areas (Figure 3E) nor by zone
(Figure 3F).

The analysis of the area occupied by each microglial cell in this layer showed that
there was only a significant decrease in this area in the DS animals with respect to the WT in
the temporal area (p < 0.05) (Figure 3G) and in the peripapillary zone (p < 0.05) (Figure 3H),
with no changes in the total retina (Figure 3G).
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Figure 2. Microglial cells in the inner plexiform layer (IPL). (A,B): retinal whole-mounts labeled with
anti-Iba-1 at 20× magnification. Arrows indicate Iba-1+ microglial cells with robust appearance in the
Dravet syndrome (DS) animals. (C,D): number of Iba-1+ microglial cells per retinal area 0.1502 mm2

by total retina and area (C) and by zone (D). (E,F): Arbor area of Iba-1+ microglia by total retina and
area (E) and by zone (F). (G,H): Iba-1+ cell area by total retina and area (G) and by zone (H). Two-way
ANOVA. Data expressed as mean value (±SD). * p < 0.05, ** p < 0.01, **** p < 0.0001. Number of
retinas used in the experiment: WT animals n = 6, DS animals n = 6. Sup: superior; Inf: inferior; Nas:
nasal; Temp: temporal.
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Figure 3. Microglial cells in the nerve fiber layer-ganglion cell layer (NFL-GCL). (A,B): retinal whole-
mounts labeled with anti-Iba-1 at 20× magnification. No major changes were observed between the
Dravet syndrome (DS) and the WT animals. (C,D): number of Iba-1+ microglial cells per retinal area
0.1502 mm2 by total retina and area (C) and by zone (D). (E,F): Arbor area of Iba-1+ microglia by
total retina and area (E) and by zone (F). (G,H): Iba-1+ cell area by total retina and area (G) and by
zone (H). Two-way ANOVA. Data expressed as mean value (±SD). * p < 0.05, ** p < 0.01, *** p < 0.001.
Number of retinas used in the experiment: WT animals n = 6, DS animals n = 6. Sup: superior; Inf:
inferior; Nas: nasal; Temp: temporal.

2.2. Morphology and Distribution and Quantification of Retinal Astrocytes

In both the WT and DS animals, we observed virtually no GFAP+ labeling in Müller
cells, as the terminal feet of these cells were not labeled in the retinal whole-mounts. We
also did not find this labeling in the areas where we can see the entire columns of Müller
glia, such as the areas where we made a cut to flatten the retinal whole-mount, where the
pressure of the slide on the tissue makes it look like a histological section.

In both WT and DS animals, astrocytes were labeled with anti-GFAP.
In the WT animals, the astrocytes had rounded cell bodies from which numerous

primary and secondary processes emerged radially, giving the cell a stellate appearance
(Figure 4A). The astrocytes joined to form a honeycomb-like astroglial plexus extending
from the optic disc (peripapillary zone) to the retinal periphery. This plexus was located in
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the NFL-GCL layer, and in it the cells distinguished themselves from each other and demar-
cated the course of the vessels by arranging the soma or processes over them (Figure 4C).
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Figure 4. Astrocytes in the nerve fiber layer-ganglion cell layer (NFL-GCL). (A–D): retinal whole-
mounts labeled with anti-GFAP at 20× magnification. (A,C) WT animals; (B,D) Dravet syndrome
(DS) animals. Arrows indicate GFAP+ astrocytes. In the DS animals, the astrocytes were more
robust and had thicker and much more numerous processes than in the WT animals, giving a denser
appearance to the astroglial plexus. (E,F): Area of retina occupied by GFAP (GFAP-RA) by total retina
and areas (E) and by zones (F). Two-way ANOVA. Data expressed as mean value (±SD). ** p < 0.01,
*** p < 0.001, **** p < 0.0001. Number of retinas used in the experiment: WT animals n = 6, DS animals
n = 6. Sup: superior; Inf: inferior; Nas: nasal; Temp: temporal.
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In the DS animals, the astrocytes also had a stellate appearance but were more reactive
than in the WT animals, as they had more robust somas and the processes were thicker and
much more numerous (Figure 4B). This made the astroglial plexus much denser throughout
the retina, from the peripapillary zone to the peripheral retina (Figure 4D).

The higher activation of astrocytes in the DS with respect to the WT animals was
confirmed as we found a significant increase in GFAP-labelled retinal area (GFAP-RA) when
analyzed by total retina (p < 0. 0001) (Figure 4E), by retinal areas (superior [p < 0.01], nasal
[p < 0.001] and temporal [p < 0.0001]) (Figure 4E), and also by retinal zones (peripapillary
[p < 0.0001], intermediate [p < 0.01] and peripheral [p < 0.001]) (Figure 4F).

2.3. Quantitative Study of Retinal Ganglion Cells (RGC) and Amacrine GABAergic Cells

The quantitative study of the number of Brn3a+ RGCs (Figure 5) and the number
of GABAergic GAD65+67+ amacrine cells (Figure 6) showed that in both cell types there
were no significant changes in the DS with respect to the WT animals (p > 0.05).
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Figure 5. Retinal ganglion cell (RGC) number. (A,B): retinal whole-mounts labeled with anti-Brn3a at
20× magnification in WT animals (A) and in Dravet syndrome (DS) animals (B). (C,D): number of
Brn3a + RGCs per retinal area 0.1502 mm2 by total retina and areas (C) and by zones (D). Two-way
ANOVA. Data expressed as mean value (±SD). Number of retinas used in the experiment: WT
animals n = 6, DS animals n = 6. Sup: superior; Inf: inferior; Nas: nasal; Temp: temporal.
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3. Discussion

Dravet syndrome is a very severe early-onset epileptic encephalopathy resistant to
antiepileptic drug treatment. Seizures begin a few months after birth and in 80% of patients
are caused by a mutation in the Scn1a gene, encoding the alpha subunit of the voltage-
gated sodium channel Nav1.1. GABAergic interneurons of the central nervous system are
predominantly affected by the mutation, causing cerebral hyperexcitability and seizures,
leading to cognitive impairment [10].

Numerous murine models have been developed given the genetic origin of this dis-
ease [12,13,39,40]. One of them is a heterozygous conditional knock-in model carrying a
missense mutation (A1783V) in the Scn1a gene expressed exclusively in neurons of the
Central Nervous System (Syn-Cre/Scn1aWT/A1783V) [22]. In this model, spontaneous epilep-
tic activity is evident and motor and cognitive impairment are manifested as long-term
comorbidities. A large body of preclinical and clinical evidence relate neuroinflammation
to drug-resistant epilepsy [41–43], which is also observed in these animals.

This is a preliminary study that describes for the first time that astroglial and microglial
activation occur in the retina of Syn-Cre/Scn1aWT/A1783V mice with DS, in order to establish
a correlation between cell alteration in the retina and that seen in CNS.

The retina has a complex structure with different cell populations and several neuronal
layers interconnected by synapses. Astrocytes and Müller glia support the retinal cells
and perform important activities for the perfect functioning of the retina. These two cell
populations are essential for information processing in neuronal circuits as they maintain
homeostasis of extracellular ions and neurotransmitters such as glutamate and GABA,
participate in glucose metabolism, remove metabolic waste products in the retina, regulate
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local blood flow, and induce the blood-retinal barrier. In addition, they play a key role
in the local immune response and protect neurons from oxidative damage [44]. From a
structural point of view, astrocytes are mainly located in the NFL-GCL of the retina [45,46].

Somas of Müller glia in the inner nuclear layer (INL) of the retina are arranged radially
occupying practically the entire retinal thickness, from the outer limiting membrane (OLM),
where their apical ends are located, to the inner limiting membrane (INL), where their basal
ends terminate [47–49]. The lateral processes of Müller glia expand into the inner and outer
plexiform layers (IPL and OPL, respectively), where they form sheaths around synapses in
these layers.

Astrocytes are the most abundant glial cells in the brain and are activated in epilepsy
processes. The release of proinflammatory cytokines by reactive astrocytes may contribute
to increased cellular excitability and therefore may play an important, possibly central,
role in epileptogenesis. Indeed, astrocyte activation is present in a drug-resistant epilepsy
such as temporal lobe epilepsy [50], and also in different animal models of epilepsy. In this
study we have evidenced the existence of increased astroglial activity in the nerve fiber
layer-ganglion cell layer (NFL-GCL) of the retina, which correlates positively with that
found in the brain of these same animals [22]. The area of the retina occupied by astrocytes
is larger in DS animals than in healthy animals, with a much denser astroglial plexus
extending from the peripapillary area to the peripheral retina in the different retinal sectors
(superior, inferior, nasal and temporal). In addition, the astrocytes show more robust soma
with thicker and more numerous processes, thus confirming a higher astrocyte activation
also in the visual system of the animals.

In our DS model, it appears that there is no severe retinal damage associated with
Dravet’s pathology, since Müller glia do not express GFAP which is a sign of retinal
damage, but we cannot state that Müller glia do not undergo other types of alterations
in DS. However, signs of microglial activation were found in the retina as there was a
significant decrease in the microglial arbor area (indicating a retraction of the microglial
processes) in all areas (superior, inferior, nasal and temporal) and zones (peripapillary,
intermediate and peripheral) in the outer plexiform layer (OPL) of the retina. In addition,
there was also a significant increase in the area occupied by each microglial cell in the
outer plexiform layer (OPL) in the total retina, in the superior and inferior areas and in the
peripapillary zone, indicating increased soma thickness. This microglial activation only
seems to affect the plexiform layers since the analysis of the nerve fiber layer-ganglion
cell layer (NFL-GCL) of the DS animals showed that the number of microglial cells was
even lower in the inferior area and in the peripapillary and intermediate areas of the retina
without altering their arrangement along the vessels. This localized microglial activation
was also observed in the brain of these animals and was restricted to the prefrontal cortex
and dentate gyrus of the hippocampus being absent in the different subfields (CA1, CA2
and CA3) of the hippocampal Amon’s horn and in the striatum [22]. This may indicate the
existence of a close relationship between the prefrontal cortex, the hippocampal dentate
gyrus and the retina in our preclinical model of SD and could be supported by a recent
study conducted in subjects at high risk of developing Alzheimer’s disease, in which
changes at the retinal level have been found to correlate with alterations in affected brain
areas when mild cognitive impairment is present [51]. These findings show the retina as
the “window” through which DS patients’ brain can be visualized.

Although in our DS model microglial activation is evident [1,40], neuronal loss is not
a prominent feature in DS [52]. The fact that both types of retinal neurons (RGCs and
GABAergic amacrine cells) do not die does not mean they function properly in DS animals.
In these animals, as in 80% of DS patients, a mutation occurs in the Scn1a gene, which
encodes the α-subunit of the voltage-dependent sodium channel Nav1.1 [3,10]. This loss
of function in Nav1.1 results in decreased sodium current and altered activation of many
types of GABAergic interneurons [10,11], leading to an imbalance between excitation and
inhibition, contributing to hyperexcitability and seizures [9]. In our experimental model,
the Scn1a gene mutation is not exclusive to GABAergic neurons but can be expressed in
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different neurons of the CNS [22]. Nav sodium channels, including the Nav1.1 sodium
channel, are also expressed in the retina [53,54]. These channels have been observed in
goldfish retinal bipolar neurons and may play a role in synaptic signaling [55]. It has been
observed in humans that mutations in the Scn1a gene, which alter neuronal excitability in
the brain, can occasionally alter the excitability of retinal cells [56]. An alteration of retinal
bipolar cells, which are located in the inner nuclear layer of the retina and perform their
synapses at the OPL and IPL level, could cause the microglial changes observed at the
OPL and IPL level. In addition, an alteration of these channels in GABAergic amacrine
cells, whose synapses are located in the IPL, could also be contributing to this microglial
activation. However, to corroborate all this, studies on the alteration of these channels in
the different retinal neurons in DS models would have to be performed.

Photosensitivity is present in 40% of patients with DS [57] and changes in visual
function have been described before the onset of cognitive impairment and even before
the clinical confirmation of this epileptic syndrome [37,38]. At the present time, minimally
invasive approaches such as optical coherence tomography (OCT) allow the detection of
morphological changes in the retina [32,35,51,58]. If the relationship between brain and
retinal involvement in DS is corroborated, the evolution of the disease could be monitored
using the OCT technique and retinal cells could become a good biomarker of prognosis
and predictors of treatment response.

To summarize, this work describes for the first time histological changes in the retina
associated with the pathology of Dravet syndrome and is the preliminary step for subse-
quent studies to evaluate: (i) the impairment of retinal neurons in DS; (ii) the inflammatory
or anti-inflammatory function of the reactive retinal microglia; and (iii) retinal changes in
animal models of DS and patients measured by the OCT technique useful to carry out the
follow-up of DS patients using a minimally invasive technique.

4. Materials and Methods
4.1. Animals and Genotyping

In this study, we used conditional knock-in mutant mice (knock-in mutation A1783V
in Nav1.1 protein) generated by Cre-LoxP technology, in which the Scn1a gene is primarily
mutated in neuronal cells. For this purpose, B6(Cg)-Scn1atm1.1Dsf/J mice (heterozy-
gous for the transgene, JAX stock #026133) were crossed with Cre-recombinase linked to
synapsin-1 promoter mice (CreB6.Cg-Tg (Syn1-cre)671Jxm/J; JAX stock #003966), both in
C57BL6/J background and acquired from The Jackson Laboratory (Bar Harbor, ME, USA).

Two experimental groups were established from the offspring obtained in the crossings:
Syn-Cre/Scn1aWT/A1783V mice, which carry the A1783V mutation in the Nav1.1 protein
exclusively in neurons showing the pathological phenotype; and Scn1aWT/WT mice (wild
type not expressing Cre) as the unique control group [22].

Approximately 15 litters were needed to generate the number of animals required
for the experiments and, in both cases, all animals born in each litter were proportionally
distributed for the two genotypes.

In addition, our experimental groups for this study were composed with equivalent
proportions of male and female mice in all cases since, as in patients [2], the incidence and
severity of this disease does not respond to gender in our murine model [22].

Genotypes were verified by polymerase chain reaction (PCR) using genomic DNA
from mouse tail biopsies. Genomic DNA was extracted and amplified using REDExtract-N-
Amp Tissue PCR kit (Sigma-Aldrich, Madrid, Spain), following manufacturer’s instructions
and as published elsewhere [22,59].

During the experiments, mice were housed in a climate-controlled room (21 ± 2 ◦C
and 60% humidity) under a controlled photoperiod of 12 h light/12 h dark (08:00–20:00
light). All animals had ad libitum access to standard chow and water. All experiments
were conducted according to national and European guidelines (RD 53/2013 and directive
2010/63/EU, respectively), followed the principles of the ARRIVE and 3R guidelines, and
were approved by the Animal Welfare Committee of the Complutense University and the
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“Comunidad de Madrid” (ref. PROEX 033/17). In addition, animal procedures followed
institutional guidelines, European Union regulations for the use of animals in research, and
the Association for Research in Vision and Ophthalmology (ARVO) statement for the use
of animals in ophthalmic and vision research. All possible efforts were made to minimize
animal pain and discomfort, as well as reduce the number of experimental subjects.

Animals were divided into the following groups: Scn1aWT/WT mice (WT) as control
animals (n = 6) and Syn-Cre/Scn1aWT/A1783V (DS) mice as Dravet syndrome animals (n = 6).

4.2. Immunohistochemistry

The animals were anesthetized with an intraperitoneal injection of ketamine (75 mg/kg;
Anesketin®, Dechra Veterinary Products SLU, Barcelona, Spain) and medetomidine
(0.26 mg/kg; Medetor®, Virbac España S.A., Barcelona, Spain) and then perfused transcar-
dially through the ascending aorta first with saline and then with 4% paraformaldehyde in
0.1 M phosphate buffer (PB, pH 7.4).

Once the animals were perfused and before removal of the eyeballs, the upper eyelid
was sutured to maintain the orientation of the eyes. The nasal caruncle and extraocular
rectus muscles were also used as additional landmarks for eye orientation. Once the eyes
were removed, they were postfixed for 24 h in the same fixative and then transferred
to 0.1 M PBS solution at 4 ◦C. Subsequently, the cornea and lens were removed from the
eyeball and retinas were extracted from the resulting optic cup for performing retinal whole-
mounts. The retinas were then frozen but were previously cryoprotected by introduction
into sucrose at increasing concentrations (10%, 20%, and 30%) for 1 h, 2 h, and overnight,
respectively. Freezing was performed using liquid nitrogen and then the tissue was stored
at −80 ◦C until use.

To analyze the different morphological signs of microglial activation, we used the
antibody against ionized calcium binding adaptor molecule 1 (Iba-1), which allows mor-
phological study of microglia [60]. To study the activation of astroglial cells, we used the
antibody against gliofibrillary acidic protein (GFAP), which is the main constituent of the
intermediate filaments of astrocytes [61]. To quantify the number of RGCs, we used an
antibody against the brain-specific homeobox/POU domain protein 3A (Brn3a), a marker
that localizes to the nuclei of RGCs and whose expression decreases when a cell dies [62]. To
quantify the number of GABAergic amacrine cells, we used an antibody against GAD65/67.
GAD is highly expressed in GABAergic neurons, and exists as two isoforms, GAD65 and
GAD67 (molecular masses of 65 and 67 kDa, respectively) that are encoded by two distinct
genes [63].

Retinal whole-mounts were immunostained according to previously-used proto-
cols [64]. In summary, left retinas were double-immunostained with rabbit polyclonal
anti-Iba-1 at 1:600 dilution (ref. 01919741, Wako, Osaka, Japan) and mouse monoclonal
anti- GFAP clone GA5 at 1:150 dilution (ref. MAB3402 Millipore, Massachusetts, MA,
USA), while the right retinas were double-immunostained with mouse anti-Brn-3a at 1:300
dilution (ref. MAB1585, Sigma-Aldrich, Darmstadt, Germany) and rabbit polyclonal anti-
GAD65+GAD67 at 1:50 dilution (ref. AB183999, ABCAM, Cambridge, MA), followed by
the corresponding secondary antibodies: donkey anti-rabbit IgG Alexa Fluor 594 (1:800;
ref. A21207; Invitrogen, Paisley, UK), goat anti-mouse Alexa Fluor 488 (1:200; ref. A11001;
Invitrogen, Paisley, UK), goat anti-mouse IgG1 Alexa Fluor 488 (1:150; ref. A21125, Invitro-
gen, Carlsbad, CA, USA) and donkey anti-rabbit IgG Alexa Fluor 594 (1:150; ref: A21207;
Invitrogen, Carlsbad, CA, USA). To dilute the primary antibodies, a solution containing
1% of the serum of the animal where the secondary antibody was developed along with
triton-x 100 and PBS was used. The secondary antibodies were diluted in PBS.

Negative controls were made to see that the primary antibody reacted only with its
primary antibody. In the first, the primary antibody was not added, and the tissue was
incubated with the primary antibody diluent and then with the secondary antibody. In
the second, the secondary antibody was omitted, and the tissue was incubated only with
the primary antibody and then with the secondary antibody diluent. We also made a
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third control to evaluate the amount of endogenous fluorescence of the tissue, and for this
purpose neither the primary nor the secondary antibodies were added, and the retinas
were incubated in the corresponding diluent solutions of the antibodies.

An ApoTome device (Carl Zeiss, Munich, Germany) and a high-resolution digital cam-
era (Cool-SNAP Photometrics Tucson, AZ, USA) coupled to a fluorescence microscope (Ax-
ioplan 2 Imaging Microscope Carl Zeiss, Munich, Germany), as previously described [65],
were used to study and photograph the retinas. The microscope was equipped with the
appropriate filters for the different emission spectra, Alexa Fluor 488 (Filter set 10, Zeiss)
and Alexa Fluor 594 (Filter set 64, Zeiss). The ApoTome device makes it possible to obtain
high-quality photographs of thick tissues. In thick tissues, obtaining quality images can be
more difficult due to the fluorescence signal occurring outside the focal plane, resulting
in reduced contrast and resolution of the axial dimension (z-axis). The ApoTome allows
imaging as if it was an optical section, which improves the contrast and resolution of the
images. The ApoTome projects a grating in the focal plane of the objective that moves to
three different positions on the sample, thus relying on the theory of interferometry. The
microscope’s ZEN2 software (Carl Zeiss AG, Oberkochen, Germany) processes the images
by removing everything that is out of focus. With this method we obtain a better-quality
image that is similar to an optical section in the plane of focus.

4.2.1. Retinal Quantifications

Three different metrics were used for all quantifications: (i) total retinal area, (ii)
analysis by retinal areas (superior, inferior, nasal and temporal). and (iii) analysis by retinal
zones (peripapillary, intermediate and peripheral) (Figure 7).
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4.2.2. Microglial Quantifications

When a microglial cell is activated, it undergoes a series of morphological changes.
The cells increase the size of the soma and its processes, indicating a greater cellular
activity. They also retract their processes, in order to move more easily, reaching in cases of
maximum activation to acquire an amoeboid morphology. In addition, it also proliferates,
thus increasing its numbers in the tissue. In retinal tissue, we quantified morphological
signs of microglial activation in the outer plexiform layer (OPL), in the inner plexiform
layer (IPL), and in the nerve fiber layer-ganglion cell layer (NFL-GCL), which are the retinal
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layers where microglial cells form cellular plexuses. These signs included: (i) the number of
microglial cells; (ii) the area occupied by each microglial cell (that would indicate whether
there are variations in soma size and processes); and (iii) the arbor area of microglial cells, to
determine whether there is retraction of the microglial cell processes. These quantifications
were made in the 6 animals of the WT group and in the 6 animals of the DS group.

Most of the microglial cells were arranged parallel to the retinal surface, which facil-
itated their complete visibility in the retinal whole-mounts. We placed the retinas with
the vitreous side up, so that when we started focusing the retinal whole-mount, the first
microglial plexus would be the NFL-GCL plexus, followed by the IPL plexus, and finally
the OPL plexus. With this system it is easy to differentiate the different microglial plexuses
in retinal whole-mounts. In addition, the microglial cells differ somewhat in their mor-
phological features in each retinal layer where they are located, which also helped us to
differentiate the retinal layer we were analyzing.

Using the motorized stage and camera associated with the microscope, a series of
fields in the retinal whole-mount were photographed at 20x, giving each field an area of
0.1502 mm2. Three equivalent fields were photographed for each horizontal and vertical
meridian (crossing the optic nerve). These fields included the superior, inferior, nasal and
temporal areas of the retina along the x-y axis, so a total of 12 sectors per retina were
analyzed (3 zones × 4 areas = 12 sectors). Since three plexuses (OPL, IPL and NFL-GCL)
were analyzed per retina, a total of 36 (12 × 3 = 36) microphotographs were obtained per
retina. By studying 6 retinas for each experimental group (36 × 6), 216 microphotographs
were obtained for each experimental group. To obtain an image with a greater depth
of focus that would add up the different images obtained in the z-axis with good focus,
we used the Extended Focus module of the ZEN2 software (Carl Zeiss AG, Oberkochen,
Germany).

Number of Microglia Iba-1+

An increase in the number of microglial cells is a sign of microglial activation. For this
quantification, in all images obtained at 20× of the different layers of the retina analyzed
(OPL, IPL and NFL-GCL) of the WT and DS groups, Iba-1+ cells were manually counted
using the interactive manual counting tool “Interactive Measurement”, included in the
AxioVision Release 4.8.2 software (Zeiss, Munich, Germany) associate with the fluorescence
microscope. The value obtained was the number of cells per area (0.1502 mm2).

Area Occupied by Each Microglial Cell

The area occupied by each microglial cell indicates whether a microglial cell increases
the thickness of the soma and its processes. If the soma and processes are thicker, they cover
a larger area. For the measurement of the area of each microglial cell, we used the protocol
of [36]. For this, we used the ImageJ program (v. 1.52u 2020) (National Institutes of Healt,
Bethesda, MD, USA), which is a Java program for image processing. Three randomly-
selected whole microglial cells were measured in each of the images obtained at 20x for all
layers analyzed (OPL, IPL, NFL-GCL). The only criterion we used was that the cell had to
be complete, i.e., the entire soma and processes had to be within the field of analysis.

The protocol we followed was as follows. First, we changed the images to grayscale to
obtain better visibility of the positive staining; then, we adjusted the brightness/contrast to
obtain images in which all microglial cells and their processes could be correctly visualized.

We used the thresholding tool to convert the images to binary, thus making the positive
staining more evident, and used the “wand tool” to select each microglial cell for which
we wanted to measure its area. Subsequently, the area of positive staining was quantified
using the ROI manager, thus obtaining the total area occupied by each microglial cell.

Arbor Area

We use the arbor area of the microglial cells to analyze whether there is an elongation
or retraction of the microglial processes, regardless of whether the cell is thicker or thinner.
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If there is a retraction of the processes the arbor area becomes smaller than if the processes
are long.

For these measurements we also followed the protocol of [36]. The same fields of
measurements and the same processing methods were used as for “area occupied by each
microglial cell”. Three randomly-selected whole microglial cells were also quantified for
the different layers analyzed (OPL, IPL, NFL-GCL). The selection criterion used was that
the cell had to be complete, i.e., the entire soma and processes had to be within the field
of analysis. In each selected cell, we used the “polygon tool” to delimit the outline of the
microglia with a polygon connecting the most distal cell processes. The delimited areas
were measured with the “ROI manager”, thus obtaining the total area of the arbor area of
each microglial cell.

4.3. Astroglial Quantifications

To analyze whether astroglial cell activation occurred, we measured the GFAP-labeled
retinal area (GFAP-RA) using a previous protocol [64].

To obtain the images we used to measure GFAP-RA we proceeded in the same way as
for the microglial cells. The retinal whole-mounts were photographed at 20× giving each
field an area of 0.1502 mm2. Three equivalent areas were photographed in each horizontal
and vertical meridian, including the superior, inferior, nasal and temporal areas of the
retina along the x-y axis. Therefore, 12 sectors were photographed per retina (4 areas ×
3 zones = 12 sectors) but since we studied 6 animals per group, a total of 72 images were
obtained for analysis.

To quantify the GFAP-RA we used a thresholding tool in MATLAB on each image.
The thresholds determine the pixels of the objects of interest based on the grayscale values,
allowing us to differentiate them from other areas of the image based on the grayscale
values of the images. Subsequently, we quantified the GFAP-RA using an algorithm
developed by our group in the MATLAB environment [66].

4.4. Brn3a+ RGC and GABAergic GAD65/67 Amacrine Cells Quantifications

To perform the measurements, we used the Fernández-Albarral protocol [67]. To
quantify the number of RGCs or the number of GABAergic GAD65/67 amacrine cells in
each retinal whole-mount in the two experimental groups (WT and DS), photographs at
20× for the study of RGCs and at 40× for the study of GABAergic amacrine cells were
taken. Three images were taken for each area (superior, inferior, nasal and temporal), which
gave us a total of 12 images per retina. As six retinas were analyzed per experimental group,
a total of 72 microphotographs were obtained for each antibody used. Each image at 20×
provided an area of 0.1502 mm2 per field, and each image capture at 40× corresponded to
an area of 0.0376 mm2.

For the quantification of Brn3a+ RGCs and GABAergic amacrine cells GAD65/67,
we applied the same algorithm developed in MATLAB for an automatic microglial cell
counting [66]. In this case, we specified the minimum distance between RGCs or GABAergic
amacrine cells so that the program distinguishes them as one cell and counts them only
once. Briefly the counting protocol was as follows. The selected images were averaged as a
z-stack, resulting in a z-projection, which was processed in two ways to preserve the cell
body labeling. In the first step, the image was normalized to the pixel with the maximum
image value, so that the image values fell within a range from 0 to 1. Next, a threshold was
applied and all values <0.2 were set to 0, while the remaining values were preserved. The
remaining image was segmented and the center of mass of each segment was determined
to identify the presence or absence of cells. To avoid multiple counting of the same cell in
adjacent segments, the minimum distance at which cells were arranged from each other
was specified. All points closer to each other than this minimum distance were considered
to belong to the same cell and were counted only once.
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4.5. Statistical Analysis

The assessment of normal distribution of data was carried out with the Shapiro–
Wilk test. Levene’s test was used to assess the homogeneity of variance between groups.
Statistical significance between groups was assessed depending on the distribution by two-
way ANOVA with the Tukey post hoc test, for multiple comparisons. ANOVA post hoc
tests were carried out only if F had a p < 0.05, and no significant variance in homogeneity
was found within analyzed groups. Differences were considered statistically significant for
p-values < 0.05. Statistical analysis was carried out with GraphPad Prism v.9 (GraphPad
Software, La Jolla, CA, USA), and the same software was used to design graphs. The
notations used for the different levels of significance were * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.

5. Conclusions

We can conclude that in the DS model (Syn-Cre/Scn1aWT/A1783V) changes occur in
the retina, such as activation of astroglial and microglial cells, but not death of RGCs and
GABAergic amacrine cells. These changes are similar to those found at the level of the
prefrontal cortex and the dentate gyrus of the hippocampus in the same experimental
model in PND25, which could indicate a relationship between brain and retinal changes in
DS. This opens the possibility that in the future, if it is demonstrated that the changes that
are occurring in the retina could be detected with non-invasive techniques such as OCT,
the images obtained could serve as a possible biomarker for treatment response in DS.

Author Contributions: Conceptualization, J.J.S., J.M.R., O.S. and A.I.R.; Data curation, A.S., J.A.M.,
E.S.-G., I.L.-C., R.d.H., L.S.-P., C.A., V.S., I.H.-F. and A.I.R.; Formal analysis, A.S., J.A.M., J.A.F.-A.,
E.S.-G., I.L.-C. and L.S.-P.; Funding acquisition, J.J.S., R.d.H., J.M.R., O.S. and A.I.R.; Investigation,
A.S., J.A.M., J.A.F.-A., E.S.-G., I.L.-C., R.d.H., L.S.-P. and A.I.R.; Methodology, J.J.S., J.A.F.-A., R.d.H.,
J.M.R., C.A., V.S., I.H-F., O.S. and A.I.R.; Resources, J.J.S., J.M.R., C.A., V.S., I.H.-F., O.S. and A.I.R.;
Software, J.A.M. and J.A.F.-A.; Supervision, J.M.R. and A.I.R.; Validation, A.I.R.; Writing—original
draft, J.J.S., O.S. and A.I.R.; Writing—review and editing, J.J.S., A.S., J.A.M., J.A.F.-A., E.S.-G., I.L.-C.,
R.d.H., L.S.-P., J.M.R., C.A., V.S., I.H-F., O.S. and A.I.R. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Research Network RETIBRAIN (RED2018-102499-T) of
the Spanish Ministry of Science and Innovation, and Proyectos de Investigación en Salud, Insti-
tuto de Salud Carlos III (PI20/00773). I.L.-C. is currently supported by a Postdoctoral Fellowship
(CT42/18-CT43/18) from the Complutense University of Madrid; J.A.F.-A. is currently supported
by a Predoctoral Fellowship (FPU17/01023) from the Spanish Ministry of Science, Innovation, and
Universities; L.S.-P. is currently supported by a Predoctoral Fellowship (CT82/20-CT83/20) and
J.A.M. is currently supported by a Predoctoral Fellowship (CT58/21-CT59/21) from the Complutense
University of Madrid.

Institutional Review Board Statement: All experiments were conducted according to national and
European guidelines (RD 53/2013 and directive 2010/63/EU, respectively), followed the principles
of the ARRIVE and 3R guidelines, and were approved by the Animal Welfare Committee of the
Complutense University and the “Comunidad de Madrid” (ref. PROEX 033/17).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this study are available from the
corresponding author upon request.

Acknowledgments: The authors would like to thank Desiree Contreras for technical assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.



Int. J. Mol. Sci. 2023, 24, 2727 17 of 19

References
1. Martín-Suárez, S.; Abiega, O.; Ricobaraza, A.; Hernandez-Alcoceba, R.; Encinas, J.M. Alterations of the Hippocampal Neurogenic

Niche in a Mouse Model of Dravet Syndrome. Front. Cell Dev. Biol. 2020, 8, 654. [CrossRef] [PubMed]
2. Skluzacek, J.v.; Watts, K.P.; Parsy, O.; Wical, B.; Camfield, P. Dravet Syndrome and Parent Associations: The IDEA League

Experience with Comorbid Conditions, Mortality, Management, Adaptation, and Grief. Epilepsia 2011, 52, 95–101. [CrossRef]
3. Guerrini, R. Dravet Syndrome: The Main Issues. Eur. J. Paediatr. Neurol. 2012, 16, S1–S4. [CrossRef]
4. Dravet, C.; Bureau, M.; Oguni, H.; Fukuyama, Y.; Cokar, O. Severe Myoclonic Epilepsy in Infancy: Dravet Syndrome. Adv. Neurol.

2005, 95, 71–102. [PubMed]
5. Jansen, F.E.; Sadleir, L.G.; Harkin, L.A.; Vadlamudi, L.; McMahon, J.M.; Mulley, J.C.; Scheffer, I.E.; Berkovic, S.F. Severe Myoclonic

Epilepsy of Infancy (Dravet Syndrome): Recognition and Diagnosis in Adults. Neurology 2006, 67, 2224–2226. [CrossRef]
[PubMed]

6. Oguni, H.; Hayashi, K.; Osawa, M.; Awaya, Y.; Fukuyama, Y.; Fukuma, G.; Hirose, S.; Mitsudome, A.; Kaneko, S. Severe Myoclonic
Epilepsy in Infancy: Clinical Analysis and Relation to SCN1A Mutations in a Japanese Cohort. Adv. Neurol. 2005, 95, 103–117.

7. Depienne, C.; Trouillard, O.; Saint-Martin, C.; Gourfinkel-An, I.; Bouteiller, D.; Carpentier, W.; Keren, B.; Abert, B.; Gautier, A.;
Baulac, S.; et al. Spectrum of SCN1A Gene Mutations Associated with Dravet Syndrome: Analysis of 333 Patients. J. Med. Genet.
2009, 46, 183–191. [CrossRef]

8. Tai, C.; Abe, Y.; Westenbroek, R.E.; Scheuer, T.; Catterall, W.A. Impaired Excitability of Somatostatin- and Parvalbumin-Expressing
Cortical Interneurons in a Mouse Model of Dravet Syndrome. Proc. Natl. Acad. Sci. USA 2014, 111, E3139–E3148. [CrossRef]

9. Cheah, C.S.; Yu, F.H.; Westenbroek, R.E.; Kalume, F.K.; Oakley, J.C.; Potter, G.B.; Rubenstein, J.L.; Catterall, W.A. Specific Deletion
of NaV1.1 Sodium Channels in Inhibitory Interneurons Causes Seizures and Premature Death in a Mouse Model of Dravet
Syndrome. Proc. Natl. Acad. Sci. USA 2012, 109, 14646–14651. [CrossRef]

10. Bender, A.C.; Morse, R.P.; Scott, R.C.; Holmes, G.L.; Lenck-Santini, P.P. SCN1A Mutations in Dravet Syndrome: Impact of
Interneuron Dysfunction on Neural Networks and Cognitive Outcome. Epilepsy Behav. 2012, 23, 177–186. [CrossRef]

11. Oakley, J.C.; Kalume, F.; Catterall, W.A. Insights into Pathophysiology and Therapy from a Mouse Model of Dravet Syndrome.
Epilepsia 2011, 52, 59–61. [CrossRef]

12. Yu, F.H.; Mantegazza, M.; Westenbroek, R.E.; Robbins, C.A.; Kalume, F.; Burton, K.A.; Spain, W.J.; McKnight, G.S.; Scheuer, T.;
Catterall, W.A. Reduced Sodium Current in GABAergic Interneurons in a Mouse Model of Severe Myoclonic Epilepsy in Infancy.
Nat. Neurosci. 2006, 9, 1142–1149. [CrossRef] [PubMed]

13. Ogiwara, I.; Miyamoto, H.; Morita, N.; Atapour, N.; Mazaki, E.; Inoue, I.; Takeuchi, T.; Itohara, S.; Yanagawa, Y.; Obata, K.;
et al. Nav1.1 Localizes to Axons of Parvalbumin-Positive Inhibitory Interneurons: A Circuit Basis for Epileptic Seizures in Mice
Carrying an Scn1a Gene Mutation. J. Neurosci. 2007, 27, 5903–5914. [CrossRef] [PubMed]

14. Tang, B.; Dutt, K.; Papale, L.; Rusconi, R.; Shankar, A.; Hunter, J.; Tufik, S.; Yu, F.H.; Catterall, W.A.; Mantegazza, M.; et al. A BAC
Transgenic Mouse Model Reveals Neuron Subtype-Specific Effects of a Generalized Epilepsy with Febrile Seizures Plus (GEFS+)
Mutation. Neurobiol. Dis. 2009, 35, 91–102. [CrossRef]

15. Mancuso, M.; Filosto, M.; Naini, A.; Rocchi, A.; Del Corona, A.; Sartucci, F.; Siciliano, G.; Murri, L. A Screening for Superoxide
Dismutase-1 D90A Mutation in Italian Patients with Sporadic Amyotrophic Lateral Sclerosis. Amyotroph. Lateral Scler. Other Mot.
Neuron. Disord. 2002, 3, 215–218. [CrossRef] [PubMed]

16. Martin, M.S.; Dutt, K.; Papale, L.A.; Dubé, C.M.; Dutton, S.B.; de Haan, G.; Shankar, A.; Tufik, S.; Meisler, M.H.; Baram, T.Z.; et al.
Altered Function of the SCN1A Voltage-Gated Sodium Channel Leads to γ-Aminobutyric Acid-Ergic (GABAergic) Interneuron
Abnormalities. J. Biol. Chem. 2010, 285, 9823–9834. [CrossRef]

17. Dutton, S.B.; Makinson, C.D.; Papale, L.A.; Shankar, A.; Balakrishnan, B.; Nakazawa, K.; Escayg, A. Preferential Inactivation of
Scn1a in Parvalbumin Interneurons Increases Seizure Susceptibility. Neurobiol. Dis. 2013, 49, 211–220. [CrossRef] [PubMed]

18. Miller, A.R.; Hawkins, N.A.; Mccollom, C.E.; Kearney, J.A. Mapping Genetic Modifiers of Survival in a Mouse Model of Dravet
Syndrome. Genes Brain Behav. 2014, 13, 163–172. [CrossRef]

19. Rubinstein, M.; Han, S.; Tai, C.; Westenbroek, R.E.; Hunker, A.; Scheuer, T.; Catterall, W.A. Dissecting the Phenotypes of Dravet
Syndrome by Gene Deletion. Brain 2015, 138, 2219–2233. [CrossRef]

20. Tsai, M.S.; Lee, M.L.; Chang, C.Y.; Fan, H.H.; Yu, I.S.; Chen, Y.T.; You, J.Y.; Chen, C.Y.; Chang, F.C.; Hsiao, J.H.; et al. Functional
and Structural Deficits of the Dentate Gyrus Network Coincide with Emerging Spontaneous Seizures in an Scn1a Mutant Dravet
Syndrome Model during Development. Neurobiol. Dis. 2015, 77, 35–48. [CrossRef]

21. Griffin, A.; Hamling, K.R.; Hong, S.G.; Anvar, M.; Lee, L.P.; Baraban, S.C. Preclinical Animal Models for Dravet Syndrome:
Seizure Phenotypes, Comorbidities and Drug Screening. Front. Pharmacol. 2018, 9, 573. [CrossRef]

22. Satta, V.; Alonso, C.; Díez, P.; Martín-Suárez, S.; Rubio, M.; Encinas, J.M.; Fernández-Ruiz, J.; Sagredo, O. Neuropathological
Characterization of a Dravet Syndrome Knock-In Mouse Model Useful for Investigating Cannabinoid Treatments. Front. Mol.
Neurosci. 2021, 13, 1–19. [CrossRef] [PubMed]

23. Boer, K.; Crino, P.B.; Gorter, J.A.; Nellist, M.; Jansen, F.E.; Spliet, W.G.M.; van Rijen, P.C.; Wittink, F.R.A.; Breit, T.M.; Troost, D.;
et al. Gene Expression Analysis of Tuberous Sclerosis Complex Cortical Tubers Reveals Increased Expression of Adhesion and
Inflammatory Factors. Brain Pathol. 2010, 20, 704–719. [CrossRef] [PubMed]

24. Iyer, A.; Zurolo, E.; Spliet, W.G.M.; van Rijen, P.C.; Baayen, J.C.; Gorter, J.A.; Aronica, E. Evaluation of the Innate and Adaptive
Immunity in Type I and Type II Focal Cortical Dysplasias. Epilepsia 2010, 51, 1763–1773. [CrossRef]

http://doi.org/10.3389/fcell.2020.00654
http://www.ncbi.nlm.nih.gov/pubmed/32793597
http://doi.org/10.1111/j.1528-1167.2011.03012.x
http://doi.org/10.1016/j.ejpn.2012.04.006
http://www.ncbi.nlm.nih.gov/pubmed/15508915
http://doi.org/10.1212/01.wnl.0000249312.73155.7d
http://www.ncbi.nlm.nih.gov/pubmed/17190949
http://doi.org/10.1136/jmg.2008.062323
http://doi.org/10.1073/pnas.1411131111
http://doi.org/10.1073/pnas.1211591109
http://doi.org/10.1016/j.yebeh.2011.11.022
http://doi.org/10.1111/j.1528-1167.2011.03004.x
http://doi.org/10.1038/nn1754
http://www.ncbi.nlm.nih.gov/pubmed/16921370
http://doi.org/10.1523/JNEUROSCI.5270-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17537961
http://doi.org/10.1016/j.nbd.2009.04.007
http://doi.org/10.1080/146608202760839007
http://www.ncbi.nlm.nih.gov/pubmed/12710511
http://doi.org/10.1074/jbc.M109.078568
http://doi.org/10.1016/j.nbd.2012.08.012
http://www.ncbi.nlm.nih.gov/pubmed/22926190
http://doi.org/10.1111/gbb.12099
http://doi.org/10.1093/brain/awv142
http://doi.org/10.1016/j.nbd.2015.02.010
http://doi.org/10.3389/fphar.2018.00573
http://doi.org/10.3389/fnmol.2020.602801
http://www.ncbi.nlm.nih.gov/pubmed/33584198
http://doi.org/10.1111/j.1750-3639.2009.00341.x
http://www.ncbi.nlm.nih.gov/pubmed/19912235
http://doi.org/10.1111/j.1528-1167.2010.02547.x


Int. J. Mol. Sci. 2023, 24, 2727 18 of 19

25. Koh, S. Role of Neuroinflammation in Evolution of Childhood Epilepsy. J. Child Neurol. 2017, 33, 64–72. [CrossRef]
26. Vezzani, A.; Viviani, B. Neuromodulatory Properties of Inflammatory Cytokines and Their Impact on Neuronal Excitability.

Neuropharmacology 2015, 96, 70–82. [CrossRef] [PubMed]
27. Hayatdavoudi, P.; Hosseini, M.; Hajali, V.; Hosseini, A.; Rajabian, A. The Role of Astrocytes in Epileptic Disorders. Physiol. Rep.

2022, 10, e15239. [CrossRef]
28. Coulter, D.A.; Steinhäuser, C. Role of Astrocytes in Epilepsy. Cold Spring Harb. Perspect. Med. 2015, 5, a022434. [CrossRef]
29. Tanaka, Y.; Sone, T.; Higurashi, N.; Sakuma, T.; Suzuki, S.; Ishikawa, M.; Yamamoto, T.; Mitsui, J.; Tsuji, H.; Okano, H.; et al.

Generation of D1-1 TALEN Isogenic Control Cell Line from Dravet Syndrome Patient IPSCs Using TALEN-Mediated Editing of
the SCN1A Gene. Stem Cell Res. 2018, 28, 100–104. [CrossRef]

30. Salobrar-García, E.; de Hoz, R.; Rojas, B.; Ramírez, A.I.; Salazar, J.J.; Yubero, R.; Gil, P.; Triviño, A.; Ramírez, J.M. Ophthalmologic
Psychophysical Tests Support OCT Findings in Mild Alzheimer’s Disease. J. Ophthalmol. 2015, 2015, 736949. [CrossRef]

31. Salobrar-García, E.; de Hoz, R.; Ramírez, A.I.; López-Cuenca, I.; Rojas, P.; Vazirani, R.; Amarante, C.; Yubero, R.; Gil, P.; Pinazo-
Durán, M.D.; et al. Changes in Visual Function and Retinal Structure in the Progression of Alzheimer’s Disease. PLoS ONE 2019,
14, e0220535. [CrossRef] [PubMed]

32. Salobrar-Garcia, E.; Hoyas, I.; Leal, M.; De Hoz, R.; Rojas, B.; Ramirez, A.I.; Salazar, J.J.; Yubero, R.; Gil, P.; Triviño, A.; et al.
Analysis of Retinal Peripapillary Segmentation in Early Alzheimer’s Disease Patients. Biomed Res. Int. 2015, 2015, 636548.
[CrossRef]

33. Salobrar-García, E.; Rodrigues-Neves, A.C.; Ramírez, A.I.; de Hoz, R.; Fernández-Albarral, J.A.; López-Cuenca, I.; Ramírez,
J.M.; Ambrósio, A.F.; Salazar, J.J. Microglial Activation in the Retina of a Triple-Transgenic Alzheimer’s Disease Mouse Model
(3xTg-AD). Int. J. Mol. Sci. 2020, 21, 816. [CrossRef]

34. Salobrar-García, E.; López-Cuenca, I.; Sánchez-Puebla, L.; de Hoz, R.; Fernández-Albarral, J.A.; Ramírez, A.I.; Bravo-Ferrer, I.;
Medina, V.; Moro, M.A.; Saido, T.C.; et al. Retinal Thickness Changes Over Time in a Murine AD Model APPNL-F/NL-F. Front.
Aging Neurosci. 2021, 12, 625642. [CrossRef] [PubMed]

35. Rojas, P.; de Hoz, R.; Ramírez, A.I.; Ferreras, A.; Salobrar-García, E.; Muñoz-Blanco, J.L.; Urcelay-Segura, J.L.; Salazar, J.J.; Ramírez,
J.M. Changes in Retinal OCT and Their Correlations with Neurological Disability in Early ALS Patients, a Follow-Up Study. Brain
Sci. 2019, 9, 337. [CrossRef] [PubMed]

36. Rojas, P.; Ramírez, A.I.; Cadena, M.; Fernández-Albarral, J.A.; Salobrar-García, E.; López-Cuenca, I.; Santos-García, I.; de Lago, E.;
Urcelay-Segura, J.L.; Ramírez, J.M.; et al. Retinal Ganglion Cell Loss and Microglial Activation in a SOD1G93A Mouse Model of
Amyotrophic Lateral Sclerosis. Int. J. Mol. Sci. 2021, 22, 1663. [CrossRef] [PubMed]

37. Ricci, D.; Chieffo, D.; Battaglia, D.; Brogna, C.; Contaldo, I.; de Clemente, V.; Losito, E.; Dravet, C.; Mercuri, E.; Guzzetta, F. A
Prospective Longitudinal Study on Visuo-Cognitive Development in Dravet Syndrome: Is There a “Dorsal Stream Vulnerability”?
Epilepsy Res. 2015, 109, 57–64. [CrossRef] [PubMed]

38. Chieffo, D.; Battaglia, D.; Lettori, D.; del Re, M.; Brogna, C.; Dravet, C.; Mercuri, E.; Guzzetta, F. Neuropsychological Development
in Children with Dravet Syndrome. Epilepsy Res. 2011, 95, 86–93. [CrossRef]

39. Ricobaraza, A.; Mora-Jimenez, L.; Puerta, E.; Sanchez-Carpintero, R.; Mingorance, A.; Artieda, J.; Nicolas, M.J.; Besne, G.;
Bunuales, M.; Gonzalez-Aparicio, M.; et al. Epilepsy and Neuropsychiatric Comorbidities in Mice Carrying a Recurrent Dravet
Syndrome SCN1A Missense Mutation. Sci. Rep. 2019, 9, 14172. [CrossRef]

40. Valassina, N.; Brusco, S.; Salamone, A.; Serra, L.; Luoni, M.; Giannelli, S.; Bido, S.; Massimino, L.; Ungaro, F.; Mazzara, P.G.; et al.
Scn1a Gene Reactivation after Symptom Onset Rescues Pathological Phenotypes in a Mouse Model of Dravet Syndrome. Nat.
Commun. 2022, 13, 161. [CrossRef]

41. Sokolova, T.v.; Zabrodskaya, Y.M.; Litovchenko, A.v.; Paramonova, N.M.; Kasumov, V.R.; Kravtsova, S.v.; Skiteva, E.N.; Sitovskaya,
D.A.; Bazhanova, E.D. Relationship between Neuroglial Apoptosis and Neuroinflammation in the Epileptic Focus of the Brain
and in the Blood of Patients with Drug-Resistant Epilepsy. Int. J. Mol. Sci. 2022, 23, 12561. [CrossRef] [PubMed]

42. Terrone, G.; Salamone, A.; Vezzani, A. Inflammation and Epilepsy: Preclinical Findings and Potential Clinical Translation. Curr.
Pharm. Des. 2017, 23, 5569–5576. [CrossRef] [PubMed]

43. Barker-Haliski, M.L.; Löscher, W.; White, H.S.; Galanopoulou, A.S. Neuroinflammation in Epileptogenesis: Insights and
Translational Perspectives from New Models of Epilepsy. Epilepsia 2017, 58, 39–47. [CrossRef] [PubMed]

44. de Hoz, R.; Rojas, B.; Ramírez, A.I.; Salazar, J.J.; Gallego, B.I.; Triviño, A.; Ramírez, J.M. Retinal Macroglial Responses in Health
and Disease. Biomed. Res. Int. 2016, 2016, 2954721. [CrossRef] [PubMed]

45. Pekny, M.; Pekna, M.; Messing, A.; Steinhäuser, C.; Lee, J.M.; Parpura, V.; Hol, E.M.; Sofroniew, M.V.; Verkhratsky, A. Astrocytes:
A Central Element in Neurological Diseases. Acta Neuropathol. 2016, 131, 323–345. [CrossRef]

46. Ramírez, J.M.; Triviño, A.; Ramírez, A.I.; Salazar, J.J.; García-Sánchez, J. Immunohistochemical Study of Human Retinal Astroglia.
Vision Res. 1994, 34, 1935–1946. [CrossRef] [PubMed]

47. Bringmann, A.; Pannicke, T.; Grosche, J.; Francke, M.; Wiedemann, P.; Skatchkov, S.N.; Osborne, N.N.; Reichenbach, A. Müller
Cells in the Healthy and Diseased Retina. Prog. Retin. Eye Res. 2006, 25, 397–424. [CrossRef]

48. Bringmann, A.; Wiedemann, P. Müller Glial Cells in Retinal Disease. Ophthalmologica 2012, 227, 1–19. [CrossRef]
49. Pannicke, T.; Biedermann, B.; Uckermann, O.; Weick, M.; Bringmann, A.; Wolf, S.; Wiedemann, P.; Habermann, G.; Buse, E.;

Reichenbach, A. Physiological Properties of Retinal Müller Glial Cells from the Cynomolgus Monkey, Macaca Fascicularis—A
Comparison to Human Müller Cells. Vision Res. 2005, 45, 1781–1791. [CrossRef]

http://doi.org/10.1177/0883073817739528
http://doi.org/10.1016/j.neuropharm.2014.10.027
http://www.ncbi.nlm.nih.gov/pubmed/25445483
http://doi.org/10.14814/phy2.15239
http://doi.org/10.1101/cshperspect.a022434
http://doi.org/10.1016/j.scr.2018.01.036
http://doi.org/10.1155/2015/736949
http://doi.org/10.1371/journal.pone.0220535
http://www.ncbi.nlm.nih.gov/pubmed/31415594
http://doi.org/10.1155/2015/636548
http://doi.org/10.3390/ijms21030816
http://doi.org/10.3389/fnagi.2020.625642
http://www.ncbi.nlm.nih.gov/pubmed/33542683
http://doi.org/10.3390/brainsci9120337
http://www.ncbi.nlm.nih.gov/pubmed/31771268
http://doi.org/10.3390/ijms22041663
http://www.ncbi.nlm.nih.gov/pubmed/33562231
http://doi.org/10.1016/j.eplepsyres.2014.10.009
http://www.ncbi.nlm.nih.gov/pubmed/25524843
http://doi.org/10.1016/j.eplepsyres.2011.03.005
http://doi.org/10.1038/s41598-019-50627-w
http://doi.org/10.1038/s41467-021-27837-w
http://doi.org/10.3390/ijms232012561
http://www.ncbi.nlm.nih.gov/pubmed/36293411
http://doi.org/10.2174/1381612823666170926113754
http://www.ncbi.nlm.nih.gov/pubmed/28950818
http://doi.org/10.1111/epi.13785
http://www.ncbi.nlm.nih.gov/pubmed/28675559
http://doi.org/10.1155/2016/2954721
http://www.ncbi.nlm.nih.gov/pubmed/27294114
http://doi.org/10.1007/s00401-015-1513-1
http://doi.org/10.1016/0042-6989(94)90024-8
http://www.ncbi.nlm.nih.gov/pubmed/7941395
http://doi.org/10.1016/j.preteyeres.2006.05.003
http://doi.org/10.1159/000328979
http://doi.org/10.1016/j.visres.2005.01.016


Int. J. Mol. Sci. 2023, 24, 2727 19 of 19

50. Grote, A.; Heiland, D.-H.; Taube, J.; Helmstaedter, C.; Ravi, V.M.; Will, P.; Hattingen, E.; Schüre, J.-R.; Witt, J.-A.; Reimers, A.; et al.
‘Hippocampal Innate Inflammatory Gliosis Only’ in Pharmacoresistant Temporal Lobe Epilepsy. Brain 2022, awac293. [CrossRef]

51. López-Cuenca, I.; Marcos-Dolado, A.; Yus-Fuertes, M.; Salobrar-García, E.; Elvira-Hurtado, L.; Fernández-Albarral, J.A.; Salazar,
J.J.; Ramírez, A.I.; Sánchez-Puebla, L.; Fuentes-Ferrer, M.E.; et al. The Relationship between Retinal Layers and Brain Areas in
Asymptomatic First-Degree Relatives of Sporadic Forms of Alzheimer’s Disease: An Exploratory Analysis. Alzheimers Res. Ther.
2022, 14, 79. [CrossRef] [PubMed]

52. Hata, Y.; Oku, Y.; Taneichi, H.; Tanaka, T.; Igarashi, N.; Niida, Y.; Nishida, N. Two Autopsy Cases of Sudden Unexpected Death
from Dravet Syndrome with Novel de Novo SCN1A Variants. Brain Dev. 2020, 42, 171–178. [CrossRef] [PubMed]

53. Harkin, L.A.; McMahon, J.M.; Iona, X.; Dibbens, L.; Pelekanos, J.T.; Zuberi, S.M.; Sadleir, L.G.; Andermann, E.; Gill, D.; Farrell, K.;
et al. The Spectrum of SCN1A-Related Infantile Epileptic Encephalopathies. Brain 2007, 130, 843–852. [CrossRef] [PubMed]

54. van Hook, M.J.; Nawy, S.; Thoreson, W.B. Voltage- and Calcium-Gated Ion Channels of Neurons in the Vertebrate Retina. Prog.
Retin. Eye Res. 2019, 72, 100760. [CrossRef]

55. Zenisek, D.; Henry, D.; Studholme, K.; Yazulla, S.; Matthews, G. Voltage-Dependent Sodium Channels Are Expressed in
Nonspiking Retinal Bipolar Neurons. J. Neurosci. 2001, 21, 4543. [CrossRef]

56. Vahedi, K.; Depienne, C.; le Fort, D.; Riant, F.; Chaine, P.; Trouillard, O.; Gaudric, A.; Morris, M.A.; LeGuern, E.; Tournier-Lasserve,
E.; et al. Elicited Repetitive Daily Blindness: A New Phenotype Associated with Hemiplegic Migraine and SCN1A Mutations.
Neurology 2009, 72, 1178–1183. [CrossRef]

57. Choi, C.; Khuddus, N.; Mickler, C.; Tuli, S.; Tuli, S. Occlusive Patch Therapy for Reduction of Seizures in Dravet Syndrome. Clin.
Pediatr. 2011, 50, 876–878. [CrossRef]

58. López-Cuenca, I.; de Hoz, R.; Salobrar-García, E.; Elvira-Hurtado, L.; Rojas, P.; Fernández-Albarral, J.A.; Barabash, A.; Salazar,
J.J.; Ramírez, A.I.; Ramírez, J.M. Macular Thickness Decrease in Asymptomatic Subjects at High Genetic Risk of Developing
Alzheimer’s Disease: An OCT Study. J. Clin. Med. 2020, 9, 1728. [CrossRef]

59. Alonso, C.; Satta, V.; Díez-Gutiérrez, P.; Fernández-Ruiz, J.; Sagredo, O. Preclinical Investigation of β-Caryophyllene as a
Therapeutic Agent in an Experimental Murine Model of Dravet Syndrome. Neuropharmacology 2022, 205, 108914. [CrossRef]
[PubMed]

60. Shapiro, L.A.; Perez, Z.D.; Foresti, M.L.; Arisi, G.M.; Ribak, C.E. Morphological and Ultrastructural Features of Iba1-
Immunolabeled Microglial Cells in the Hippocampal Dentate Gyrus. Brain Res. 2009, 1266, 29–36. [CrossRef] [PubMed]

61. Gallego, B.I.; Salazar, J.J.; de Hoz, R.; Rojas, B.; Ramírez, A.I.; Salinas-Navarro, M.; Ortín-Martínez, A.; Valiente-Soriano, F.J.;
Avilés-Trigueros, M.; Villegas-Perez, M.P.; et al. IOP Induces Upregulation of GFAP and MHC-II and Microglia Reactivity in Mice
Retina Contralateral to Experimental Glaucoma. J. Neuroinflammation 2012, 9, 92. [CrossRef] [PubMed]

62. Salinas-Navarro, M.; Alarcón-Martínez, L.; Valiente-Soriano, F.J.; Ortín-Martínez, A.; Jiménez-López, M.; Avilés-Trigueros, M.;
Villegas-Pérez, M.P.; de la Villa, P.; Vidal-Sanz, M. Functional and Morphological Effects of Laser-Induced Ocular Hypertension in
Retinas of Adult Albino Swiss Mice. Mol. Vis. 2009, 15, 2578–2598. [PubMed]

63. Yan, W.; Laboulaye, M.A.; Tran, N.M.; Whitney, I.E.; Benhar, I.; Sanes, J.R. Mouse Retinal Cell Atlas: Molecular Identification of
over Sixty Amacrine Cell Types. J. Neurosci. 2020, 40, 5177–5195. [CrossRef] [PubMed]

64. Fernández-Albarral, J.A.; de Hoz, R.; Matamoros, J.A.; Chen, L.; López-Cuenca, I.; Salobrar-García, E.; Sánchez-Puebla, L.;
Ramírez, J.M.; Triviño, A.; Salazar, J.J.; et al. Retinal Changes in Astrocytes and Müller Glia in a Mouse Model of Laser-Induced
Glaucoma: A Time-Course Study. Biomedicines 2022, 10, 939. [CrossRef] [PubMed]

65. de Hoz, R.; Ramírez, A.I.; González-Martín, R.; Ajoy, D.; Rojas, B.; Salobrar-García, E.; Valiente-Soriano, F.J.; Avilés-Trigueros, M.;
Villegas-Pérez, M.P.; Vidal-Sanz, M.; et al. Bilateral Early Activation of Retinal Microglial Cells in a Mouse Model of Unilateral
Laser-Induced Experimental Ocular Hypertension. Exp. Eye Res. 2018, 171, 12–29. [CrossRef]

66. de Gracia, P.; Gallego, B.I.; Rojas, B.; Ramírez, A.I.; de Hoz, R.; Salazar, J.J.; Triviño, A.; Ramírez, J.M. Automatic Counting of
Microglial Cells in Healthy and Glaucomatous Mouse Retinas. PLoS ONE 2015, 10, e0143278. [CrossRef]

67. Fernández-Albarral, J.A.; Ramírez, A.I.; de Hoz, R.; López-Villarín, N.; Salobrar-García, E.; López-Cuenca, I.; Licastro, E.;
Inarejos-García, A.M.; Almodóvar, P.; Pinazo-Durán, M.D.; et al. Neuroprotective and Anti-Inflammatory Effects of a Hydrophilic
Saffron Extract in a Model of Glaucoma. Int. J.Mol. Sci. 2019, 20, 4110. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1093/brain/awac293
http://doi.org/10.1186/s13195-022-01008-5
http://www.ncbi.nlm.nih.gov/pubmed/35659054
http://doi.org/10.1016/j.braindev.2019.10.005
http://www.ncbi.nlm.nih.gov/pubmed/31677916
http://doi.org/10.1093/brain/awm002
http://www.ncbi.nlm.nih.gov/pubmed/17347258
http://doi.org/10.1016/j.preteyeres.2019.05.001
http://doi.org/10.1523/JNEUROSCI.21-13-04543.2001
http://doi.org/10.1212/01.wnl.0000345393.53132.8c
http://doi.org/10.1177/0009922810384726
http://doi.org/10.3390/jcm9061728
http://doi.org/10.1016/j.neuropharm.2021.108914
http://www.ncbi.nlm.nih.gov/pubmed/34875285
http://doi.org/10.1016/j.brainres.2009.02.031
http://www.ncbi.nlm.nih.gov/pubmed/19249294
http://doi.org/10.1186/1742-2094-9-92
http://www.ncbi.nlm.nih.gov/pubmed/22583833
http://www.ncbi.nlm.nih.gov/pubmed/20011633
http://doi.org/10.1523/JNEUROSCI.0471-20.2020
http://www.ncbi.nlm.nih.gov/pubmed/32457074
http://doi.org/10.3390/biomedicines10050939
http://www.ncbi.nlm.nih.gov/pubmed/35625676
http://doi.org/10.1016/j.exer.2018.03.006
http://doi.org/10.1371/journal.pone.0143278
http://doi.org/10.3390/ijms20174110

	Introduction 
	Results 
	Morphology and Distribution and Quantification of Retinal Microglia 
	Outer Plexiform Layer (OPL) 
	Inner Plexiform Layer (IPL) 
	Nerve Fiber Layer-Ganglion Cell Layer (NFL-GCL) 

	Morphology and Distribution and Quantification of Retinal Astrocytes 
	Quantitative Study of Retinal Ganglion Cells (RGC) and Amacrine GABAergic Cells 

	Discussion 
	Materials and Methods 
	Animals and Genotyping 
	Immunohistochemistry 
	Retinal Quantifications 
	Microglial Quantifications 

	Astroglial Quantifications 
	Brn3a+ RGC and GABAergic GAD65/67 Amacrine Cells Quantifications 
	Statistical Analysis 

	Conclusions 
	References

