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Abstract
Diabetic retinopathy (DR) is one of the leading causes of blindness in the world. While there is a major
focus on the study of juvenile/adult DR, the effects of hyperglycemia during early retinal development are
less well studied. Recent works in embryonic zebra�sh models of nutritional hyperglycemia revealed that
hyperglycemia leads to decreased cell numbers of mature retinal cell types, which has been related to a
modest increase in apoptotic cell death and altered cell differentiation (Singh et al. 2019; Titialii-Torres
and Morris 2022). However, how embryonic hyperglycemia impacts cell proliferation in developing retinas
remains still unknown. Here, we exposed zebra�sh embryos to 50 mM glucose from 10 hours
postfertilization (hpf) to 5 days postfertilization (dpf). First, we con�rmed that hyperglycemia increases
apoptotic death and decreases the rod and Müller glia population in the retina of 5 dpf zebra�sh.
Interestingly, the increase in cell death was mainly observed in the ciliary marginal zone (CMZ), where
most of the proliferating cells are located. To analyze the impact of hyperglycemia in cell proliferation,
mitotic activity was �rst quanti�ed using pH3 immunolabeling, which revealed a signi�cant decrease in
mitotic cells in the retina (mainly in the CMZ) at 5 dpf. A signi�cant decrease in cell proliferation in the
outer nuclear and ganglion cell layers of the central retina in hyperglycemic animals was also detected
using the proliferation marker PCNA. Overall, our results show that nutritional hyperglycemia decreases
cellular proliferation in the developing retina, which could contribute signi�cantly to the decline in the
number of mature retinal cells.

Introduction
One of the most common neurological complications of diabetes is diabetic retinopathy (DR), which is
one of the leading causes of vision loss in developed countries and the principal cause of blindness in
working-age adults worldwide (Leasher et al. 2016; Ogurtsova et al. 2017; Pan et al., 2021). Moreover, DR
is considered as an independent indicator of other diabetic-related complications like diabetic
nephropathy, cardiovascular disease or stroke, and is even related with a higher risk of morbidity and
mortality (Simó et al. 2018). Although DR was initially considered a vascular disease, more recent
research has shown that it also is a neurodegenerative disease affecting the neural retina and that
cellular changes in the retina precede the clinical features (Cai and McGinnis 2016). DR research using
animal models of diabetes/hyperglycemia mainly involves the study of juvenile/adult DR (see Cai and
McGinnis 2016), which includes the use of juvenile/adult zebra�sh models of DR (Ali et al. 2020; Wang et
al. 2020; Wiggenhauser et al. 2020; Schmitner et al. 2021). However, the effects of hyperglycemia during
early retinal development have been less studied. Hyperglycemia during pregnancy affects the embryo
and can have signi�cant effects in a variety of organs in the offspring (Gilbert et al. 2013; Scott-Drechsel
et al. 2013; Kua et al. 2019). For example, the offspring of diabetic mothers presents macular defects
(Tariq et al. 2010). Genetic and nutritional zebra�sh models of diabetes are emerging as tools of interest
to understand the cellular/molecular consequences of hyperglycemia in the developing eye (Jung et al.
2016; Singh et al. 2019; Lee and Yang 2021; Titialii-Torres and Morris 2022). Interestingly, two of these
studies developed embryonic models of nutritional hyperglycemia in zebra�sh embryos to analyze the
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effects of high glucose levels in early retinal development (Singh et al. 2019; Titialii-Torres and Morris
2022). Singh et al. (2019) exposed zebra�sh embryos from 3 hours postfertilization (hpf) to 5 days
postfertilization (dpf) to 4–5% D-glucose (222 mM to 277 mM) in �sh water, which led to changes in the
thickness of several retinal layers and a decrease in BrdU incorporation in the retina and in the number of
ganglion cells and Müller glia. More recently, Titialii-Torres and Morris (2022) exposed zebra�sh embryos
to 50 mM D-glucose from 10 hpf to 5 dpf. Exposure to 50 mM glucose in �sh water led to a reduction of
the number of cone and rod photoreceptors and of horizontal cells (Titialli-Torres and Morris 2022). The
decrease in mature cell types in the 5 dpf hyperglycemic retina could be related to a modest increase in
apoptotic cell death (as shown by TUNEL labeling) and to altered cell differentiation (as shown by
changes in EdU incorporation in different layers of the central retina) (Titialli-Torres and Morris 2022).
However, despite the relevance of cell proliferation at early developmental stages for proper growth and
development of the retina, there is a lack of studies on the effects of embryonic hyperglycemia on mitotic
activity and cell proliferation of the early zebra�sh retina. These analyses are of crucial importance
specially when the �rst days of development coincide with the peak in the rate of retinal cell proliferation
in the entire zebra�sh lifespan (Hernández-Núñez et al. 2021b).

Here, the same zebra�sh model of embryonic nutritional hyperglycemia of Titialii-Torres and Morris
(2022) was replicated to analyze the effects of exposure to high levels of glucose in early retinal cell
proliferation. First, our results con�rmed the increase in apoptotic cell death, and the decrease in rod
photoreceptors and Müller glia in hyperglycemic retinas (Singh et al. 2019; Titialii-Torres and Morris
2022). But, most importantly, our data revealed that nutritional hyperglycemia decreases mitotic activity
and cell proliferation in the zebra�sh retina. Our data suggests that impaired cell proliferation of neural
progenitor cells could be an important factor contributing to the decreased numbers of mature retinal
cells in the developing hyperglycemic retina.

Material And Methods

Animals
10 hpf wild type zebra�sh (Danio rerio) specimens were used in this study. Adult zebra�sh used for
embryo generation were kept in aquaria under standard conditions of temperature (28 ºC), light-dark
cycles (14 h of light and 10 h of darkness), and pH (7.0). Adult �sh of both sexes were crossed to
generate embryos, which were raised using standard conditions until being used for experimental
procedures (at 10 hpf). The study was conducted according to the regulations and laws established by
the European Union (2010/63/UE) and by the Spanish Royal Decree 1386/2018 for the care and handling
of animals in research and was approved by the Bioethics Committee of the University of Santiago de
Compostela and the Xunta de Galicia (project reference MR 110250).

Generation of embryonic nutritional hyperglycemia
10 hpf embryos were placed in groups of 5 into 24 well-plates containing 2 mL per well of reverse
osmosis puri�ed water supplemented (hyperglycemic �sh) or not (control embryos) with 50 mM D-
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glucose (Sigma, St Louis, MO, USA). The water (with or without D-glucose) was replaced once a day for 5
days. At 5 dpf, larvae were anesthetized with 0.02% of ethyl 3-aminobenzoate methanesulfonate salt
(MS-222, Tricaine; Sigma) and �xed by immersion in 4% paraformaldehyde in 0.1 M phosphate-buffered
saline pH 7.4 (PBS) for 2 hours at 4 ºC. After rinsing in PBS, the larvae were cryoprotected with 30%
sucrose in PBS, embedded in Neg-50™ (Thermo Scienti�c, Kalamazoo, MI, USA), and frozen with liquid
nitrogen-cooled isopentane. Transverse sections of the head containing the eyes (18 µm thickness) were
obtained on a cryostat and mounted on Superfrost Plus slides (Menzel-Glasser, Madison, WI, USA).

TUNEL labeling
The TUNEL staining was performed according to the manufacturer’s protocol with minor modi�cations
(In situ Cell Death Detection Kit, TMR red; catalogue number 12156792910; Roche, Mannheim, Germany).
Brie�y, the sections were incubated in methanol for 15 minutes at -20°C to permeabilize the lipid
membranes, followed by brief washes in PBS and another incubation in 0.01 M citrate buffer pH 6.0 for
30 min at 90 ºC. After several washes in PBS, the sections were incubated in the TUNEL reaction mix,
containing the Labelling Solution (TMR red labelled nucleotides) and the Enzyme Solution (terminal
deoxynucleotidyl transferase), for 90 minutes at room temperature (RT). Slides were washed in PBS and
distilled water, allowed to dry for 45 min at 37 ºC, and mounted with MOWIOL® 4–88 (Calbiochem,
Darmstadt, Germany). Negative controls were obtained by incubating slides only with the Labelling
solution (without terminal deoxynucleotidyl transferase).

Immuno�uorescence
Sections were �rst treated with 0.01 M citrate buffer pH 6.0 for 30 min at 90 ºC for heat-induced epitope
retrieval, allowed to cool for 20 min at RT, and rinsed in 0.05 M Tris-buffered saline (TBS) pH 7.4 for 5
min. Then, the sections were incubated overnight at RT with the following combinations of primary
antibodies: 1) a mouse monoclonal anti-PCNA antibody (1:500; Sigma; catalogue number P8825; RRID:
AB_477413) and a rabbit polyclonal anti-pH3 antibody (1:300; Millipore; Billerica, MA, USA; catalogue
number 06-570; RRID: AB_310177); 2) rabbit polyclonal anti-bovine rod rhodopsin antibody [CERN-922;
1:500; generated by W. J. Degrip (Radboudumc, The Netherlands)] and a mouse monoclonal anti-
glutamine synthetase (GS) (1:500; Millipore; catalogue number MAB302; RRID: AB_2314617). Sections
were then rinsed 3 times in TBS for 10 min each and incubated for 1 hour at RT with a combination of
�uorescent dye-labelled secondary antibodies: a Cy3-conjugated goat anti-rabbit (1:200; Invitrogen,
Waltham, MA, USA; catalogue number A10520; RRID: AB_2534029) and a FITC-conjugated goat anti-
mouse (1:200; Invitrogen; catalogue number F2761; RRID: AB_1500661). All antibody dilutions were made
in TBS containing 15% normal goat serum (Millipore), 0.2% Triton X-100 (Sigma) and 2% BSA (Sigma).
Finally, sections were rinsed 3 times in TBS for 10 min each and in distilled water for 30 min, allowed to
dry for 45 min at 37 ºC, and mounted in MOWIOL® 4–88 (Calbiochem).

Speci�city of antibodies
Anti-PCNA antibodies (including the one used in this study) have been traditionally used to label
proliferating cells in the retina of different �sh species (including zebra�sh): Oryzias latipes (Negishi et al.
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1990); Haplochromis burtoni (Mack and Fernald 1995, 1997); Onchorynchus mykiss (Julian et al. 1998);
Tinca tinca (Velasco et al. 2001; Cid et al. 2002; Jimeno et al. 2003); Carassius auratus (Negishi et al.
1990; Cid et al. 2002); Salmo trutta fario (Candal et al. 2005); Astyanax mexicanus (Alunni et al. 2007); D.
rerio (Cid et al. 2002; Amini et al. 2019; Hernández-Núñez et al. 2021b); Scyliorhinus canicula (Ferreiro-
Galve et al. 2010a, 2010b, 2012; Sánchez-Farías and Candal 2015, 2016; Hernández-Núñez et al. 2021a);
and Petromyzon marinus (Villar-Cheda et al. 2008). Anti-pH3 antibodies (including the one used in this
study) have been also commonly used to label mitotic cells in the retina of various �sh species (including
zebra�sh): C. auratus (Otteson et al. 2001); S. canicula (Ferreiro-Galve et al. 2010a; Bejarano-Escobar et
al. 2012; Hernández-Núñez et al. 2021a); and D. rerio (Jensen et al. 2001; Godinho et al. 2007; Weber et al.
2014; Hernández-Núñez et al. 2021b). The location of labeled cells with both antibodies (see results) in
stereotypical locations containing proliferating cells in the highly organized retina also ensures the
speci�city of labeling. The anti-bovine rod rhodopsin antibody (CERN-922) has been previously shown to
label speci�cally rod photoreceptors in the retina of lampreys (Meléndez-Ferro et al. 2002; Villar-Cheda et
al. 2008) and teleosts (trout: Candal et al. 2005; tench: Bejarano-Escolar et al. 2009). The morphology
and location of labelled rods in the zebra�sh retina also ensures the speci�city of labeling. Anti-GS
antibodies have been widely used as speci�c markers of Müller glia cells in the retina of �sh, including
teleosts as H. burtoni (Mack et al. 1998) and D. rerio (Peterson et al. 2001; Thummel et al. 2008); and in
the elasmobranch �sh S. canicula (Sánchez-Farías and Candal 2016; Hernández-Núñez et al. 2021a). As
with other antibodies, the location and morphology of labelled cells in the highly organized zebra�sh
retina ensures the speci�city of labeling.

Image acquisition
Images of �uorescent labelled sections were taken with Leica TCS-SP2 (CERN-922) or Leica Stellaris 8
(pH3, PCNA, TUNEL and GS) confocal microscopes with blue and green excitation lasers. 20x and 40x
objectives were used for imaging. Confocal optical sections were taken at steps of 1 µm along the z-axis.
Collapsed images of the whole retinal sections (18 µm) were obtained with LITE or LAS X software (Leica,
Wetzlar, Germany). For �gure preparation, and always after cell quanti�cations, contrast and brightness
of the images were minimally adjusted using Adobe Photoshop CS4 (Adobe, San Jose, CA, USA).

Cell quanti�cation and statistical analyses
We quanti�ed the number of apoptotic (TUNEL+) and mitotic cells (pH3+) in the whole retina (CMZ and
central retina), and the number of cells progressing through the cell cycle (PCNA+) in the central retina.
The numbers of TUNEL+, pH3 + and PCNA + cells were manually counted under an Olympus �uorescence
microscope in 1 out of each 2 consecutive retinal sections (thickness of 18 µm). The boundary between
the CMZ and the central retina was established based on the expression pattern of PCNA, which shows
intense CMZ labeling, and the different morphology of the CMZ and the central retina (which shows a
characteristic layered structure). With the number of cells for each quanti�ed section we calculated the
mean number of cells per section for each retina (each dot in the graph represents 1 retina from 1
animal). We also quanti�ed the differential distribution of PCNA + cells in the different cell layers of the
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central retina: the ganglion cell layer (GCL), the inner nuclear layer (INL), and the outer nuclear layer
(ONL).

The number of GS-ir or CERN-922-ir positive pixels was quanti�ed in confocal photomicrographs of entire
retinal sections using the Feature J plugin in the Fiji software (Schindelin et al. 2012) and as previously
described for quanti�cation of immunoreactive (ir) pro�les in lamprey spinal cord sections (Fernández-
López et al. 2014; Romaus-Sanjurjo et al. 2018). Brie�y, the retinal images were always taken with the
same confocal microscope and acquisition software parameters for control and hyperglycemic retinal
sections. The number of positive pixels was quanti�ed in 1 out of each 2 consecutive retinal sections.
Then, the mean number of positive pixels per section was obtained for each retina (each dot in the graphs
represents 1 retina from 1 animal). A threshold was established to have the most representative images
when converting them to binary B&W images for pixel quanti�cation. The same threshold was used for
all the photomicrographs with the same labeling (GS or CERN-922).

Statistical analyses were performed with Prism 9 (GraphPad software, La Jolla, CA, USA). Normality of
the data was determined with the D'Agostino-Pearson test. To determine signi�cant differences (p < 0.05)
between control and hyperglycemic animals, a Mann-Whitney test was used for non-normally distributed
data and a Student’s (unpaired) t-test for normally distributed data. Each dot in the graphs represents 1
retina from 1 animal and all analyses were carried out in at least 2 different batches of animals.

Results And Discussion

Embryonic nutritional hyperglycemia alters retinal
development in zebra�sh
To model embryonic nutritional hyperglycemia in developing zebra�sh we exposed zebra�sh embryos to
50 mM D-glucose from 10 hpf (prior to the optic vesicle evagination) to 5 dpf. This covers the entire early
retinal development, since a highly organized central retina can be observed from 2.5 dpf (Malicki et al
1996) and the retina is functional at about 3 dpf (Easter and Nicola 1996). As shown by Titialii-Torres
and Morris (2022), this exposure to glucose causes a signi�cant increase in whole-body glucose levels in
5 dpf zebra�sh larvae. To con�rm the effects of embryonic hyperglycemia in 2 of the mature retinal cell
types (rods and Müller glia) we analyzed changes in the expression of rod rhodopsin (CERN-922
antibody) and GS (which speci�cally labels Müller glia cells of the central retina).

We observed a signi�cant decrease in rod photoreceptors (Fig. 1a-c) as shown by the 26% decrease in the
number of CERN-922 positive pixels in the retina of hyperglycemic animals. This coincides well with the
34% decrease in the number of rod photoreceptors observed by Titialii-Torres and Morris (2022) with the
same 50 mM D-glucose exposure and using a XOPS:GFP transgenic zebra�sh line that labels rods.
Interestingly, numbers of rod photoreceptors are not recovered at 12 dpf even after returning larvae to
normoglycemic conditions (Titialii-Torres and Morris 2022).
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We also observed a signi�cant decrease in Müller glia cells (Fig. 1d-f) as shown by the 40% decrease in
the number of GS positive pixels in the retina of hyperglycemic animals. This coincides well with the 37%
loss of GFAP:GFP + Müller glia cells observed by Singh et al. (2019) after exposure to 4% (222 mM) D-
glucose from 24 to 48 hpf. Interestingly, in the study by Singh et al. (2019) numbers of Müller glia cells
did not recover to control levels after a 24 hour recovery period without glucose, which is similar to the
lack of photoreceptor recovery (see above). In contrast, Titialii-Torres and Morris (2022) did not observe a
signi�cant change in GFAP:GFP + Müller glia cell numbers in hyperglycemic animals at 5 dpf after
exposure to 50mM D-glucose. Titialii-Torres and Morris (2022) proposed that the discrepancy between
their data and that of Singh et al. (2019) using the same GFAP:GFP marker could be related to the use of
different concentrations of glucose. Interestingly, exposure of adult zebra�sh to 2% glucose (111 mM) did
not signi�cantly change GFAP expression levels in the retina (Tanvir et al., 2018). However, our data using
GS as a marker shows that 50 mM glucose exposure also affects Müller glia. This indicates that GS
might be a better marker to reveal the effects of hyperglycemia in zebra�sh Müller glia as compared to
GFAP, which did not reveal these changes with the same glucose concentration (Titialli-Torres and Morris
2022).

Our analysis of TUNEL labeling revealed a signi�cant increase in the number of apoptotic cells in the
whole retina of hyperglycemic animals (Fig. 1g-k). When looking separately at the CMZ and central retina
we observed a signi�cant increase in TUNEL positive cells in the CMZ (Fig. 1j) and no signi�cant changes
in cell death in the central retina (Fig. 1k). Titialii-Torres and Morris (2022) observed a modest increase in
cell death in the 50 mM D-glucose treated retina, which was primarily noted in the GCL and INL at 4dpf.
As indicated by Titialii-Torres and Morris (2022) with qualitative observations, with our quantitative date
we detected more TUNEL positive cells in the central retina than in the CMZ. However, our data looking
separately at the CMZ and the central retina indicates that the increase in cell death observed in
hyperglycemic animals occurs mainly in the CMZ.

Our results, and those of others (Singh et al. 2019; Titialii-Torres and Morris 2022), con�rm that
embryonic hyperglycemia causes a reduction of mature cell types in the central retina, which leads to
morphological/structural changes in the retina (Singh et al. 2019; our own observations). Titialii-Torres
and Morris (2022) proposed that the decrease in mature cell numbers could be attributed to the modest
increase in cell death in the central retina and to changes in cell differentiation (as shown by changes in
EdU labeling in the different layers of the central retina). But our TUNEL labeling analyses show that cell
death is mainly increased in the CMZ, which is where most of the retinal progenitor cells are located and
where most of the mitotic activity occurs (Hernández-Núñez et al. 2021b). This, together with the lack of
regeneration of mature cell types after a period in normoglycemic conditions (Singh et al. 2019; Titialii-
Torres and Morris 2022), leads us to hypothesize that cell proliferation might be impaired in progenitor
cells during embryonic nutritional hyperglycemia.

Embryonic Nutritional Hyperglycemia Decreases Cell
Proliferation In The Zebra�sh Retina
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To analyze the impact of embryonic hyperglycemia in cell proliferation, we �rst evaluated mitotic activity
using pH3 immunolabeling. Embryonic hyperglycemia caused a signi�cant decrease in the number of
mitotic cells in the whole retina of 5 dpf zebra�sh (Fig. 2a-c). This loss of mitotic activity was
predominantly observed in the CMZ (Fig. 2d) as shown by a separate quanti�cation of pH3 + cells in the
CMZ (Fig. 2d) and central retina (Fig. 2e). The use of PCNA labeling (which detects different stages of the
cell cycle and allows to detect a higher number of proliferating cells in the central retina; Hernández-
Núñez et al. 2021b), allowed us to further explore proliferative activity in the central retina. Quanti�cation
of PCNA + cells in the central retina revealed a signi�cant decrease in proliferating cells in 5 dpf
hyperglycemic animals (Fig. 2f) Separate quanti�cations of the three cell layers of the central retina
(Fig. 2g-i) revealed that the decrease in PCNA labelling predominantly occurs in the outer nuclear (Fig. 2g)
and ganglion cell layers (Fig. 2i) of the central retina. Singh et al. (2019) also reported a decrease in cell
proliferation in 5 dpf animals after exposure to 4 or 5% D-glucose from 3 hpf. However, they analyzed this
by using BrdU labeling, which would also be retained by differentiated cells after exiting the cell cycle.
Similar observations have been reported in adult mutant models of DR in zebra�sh using EdU labeling
(Schmitner et al. 2021), which, as BrdU, would be also retained by differentiated/mature cells. Thus, our
results show for the �rst time by using speci�c markers of mitotic activity and cell proliferation that
nutritional hyperglycemia decreases cell proliferation in progenitor cells of the developing zebra�sh
retina, which could be an important contributor to the decrease in the number of mature retinal cell types.
Future work should try to determine the molecular and cellular mechanisms by which nutritional
hyperglycemia alters cell proliferation in progenitor cells of the embryonic zebra�sh retina. Previous work
revealed that embryonic nutritional hyperglycemia causes an increase in the generation of reactive
oxygen species (Titialii-Torres and Morris 2022) and an increase in macrophage numbers (Singh et al.
2019) in the zebra�sh retina but a link between these factors and inhibition of cell proliferation remains
to be established. Also, and due to the importance of Müller glia in the general homeostasis of the retina
(Bringmann et al. 2006), it could be of interest to study the relationship between the loss of Müller glia
cells (present results; Singh et al. 2019) and the decrease in cell proliferation. In addition, exposure of
zebra�sh embryos to 130 mM glucose from 3 to 6 dpf leads to pathological changes in the hyaloid-
retinal vessels (Jung et al. 2016). Thus, it would be of interest to study the possible relationship between
vessel pathology and decreased cell proliferation in the retina of developing hyperglycemic animals. The
generation and deep characterization of this zebra�sh model of embryonic nutritional hyperglycemia will
also allow for the screen of candidate drugs to revert the decrease in mature retinal cell types by
promoting cell survival, and/or proliferation and differentiation from progenitor cells.

Declarations
Funding

Grant PID2020-115121GB-I00 funded by MCIN/AEI/10.13039/501100011033 to Laura Sánchez and A.
Barreiro-Iglesias. Grant ED431C 2021/18 funded by the Xunta de Galicia to E. Candal. Grant PID2020-
113881RB-I00 funded by MCIN/AEI/10.13039/501100011033 to C. Alvarez-Lorenzo and A. Concheiro. M.



Page 9/14

Vivero-Lopez was supported by the Xunta de Galicia (Consellería de Cultura, Educación e Ordenación
Universitaria) with a predoctoral research fellowship (ED481A-2019/120). 

Author contributions

Conceptualization: Angel Concheiro, Carmen Alvarez-Lorenzo, Eva Candal, Antón Barreiro-Iglesias;
Methodology: Ismael Hernández-Núñez, Maria Vivero-Lopez, Ana Quelle-Regaldie, Laura Sánchez; Formal
analysis and investigation: Ismael Hernández-Núñez; Antón Barreiro-Iglesias; Writing - original draft
preparation: Antón Barreiro-Iglesias; Writing - review and editing: Ismael Hernández-Núñez, Maria Vivero-
Lopez, Ana Quelle-Regaldie, Laura Sánchez; Angel Concheiro, Carmen Alvarez-Lorenzo, Eva Candal, Antón
Barreiro-Iglesias; Funding acquisition: Angel Concheiro, Carmen Alvarez-Lorenzo, Eva Candal, Antón
Barreiro-Iglesias; Resources: Willem J DeGrip, Laura Sánchez Supervision: Angel Concheiro, Carmen
Alvarez-Lorenzo, Eva Candal, Antón Barreiro-Iglesias.

Acknowledgements

The authors would like to thank the Servicio de Microscopía of the University of Santiago de Compostela
and Mercedes Rivas Cascallar for confocal microscope facilities and help.

 

Competing interests

The authors declare no �nancial or non-�nancial competing interests.

References
1. Ali Z, Zang J, Lagali N, Schmitner N, Salvenmoser W, Mukwaya A, Neuhauss S, Jensen LD, Kimmel

RA (2020) Photoreceptor degeneration accompanies vascular changes in a zebra�sh model of
diabetic retinopathy. Investig Ophthalmol Vis Sci 61:43. https://doi.org/10.1167/iovs.61.2.43

2. Alunni A, Menuet A, Candal E, Pénigault JB, Jeffery WR, Rétaux S (2007) Developmental
mechanisms for retinal degeneration in the blind cave�sh Astyanax mexicanus. J Comp Neurol
505:221–33. https://doi.org/10.1002/cne.21488.

3. Amini R, Labudina AA, Norden C (2019) Stochastic single cell migration leads to robust horizontal
cell layer formation in the vertebrate retina. Development 146:dev173450.
https://doi.org/10.1242/dev.173450

4. Antonetti DA, Silva PS, Stitt AW (2021) Current understanding of the molecular and cellular pathology
of diabetic retinopathy. Nat Rev Endocrinol 17:195–206. https://doi.org/10.1038/s41574-020-00451-
4

5. Bejarano-Escobar R, Blasco M, DeGrip WJ, Martín-Partido G, Francisco-Morcillo J (2009) Cell
differentiation in the retina of an epibenthonic teleost, the Tench (Tinca tinca, Linneo 1758). Exp Eye
Res 89:398–415.



Page 10/14

�. Bejarano-Escobar R, Blasco M, Durán AC, Rodríguez C, Martín-Partido G, Francisco-Morcillo J (2012)
Retinal histogenesis and cell differentiation in an elasmobranch species, the small-spotted catshark
Scyliorhinus canicula. J Anat 220:318–335. https://doi.org/10.1111/j.1469-7580.2012.01480.x

7. Bringmann A, Pannicke T, Grosche J, Francke M, Wiedemann P, Skatchkov SN, Osborne NN,
Reichenbach A (2006) Müller cells in the healthy and diseased retina. Prog Retin Eye Res 25:397–
424. https://doi.org/10.1016/j.preteyeres.2006.05.003

�. Cai X, McGinnis JF (2016) Diabetic Retinopathy: animal models, therapies, and perspectives. J
Diabetes Res 2016:3789217. https://doi.org/10.1155/2016/3789217

9. Candal E, Anadón R, DeGrip WJ, Rodríguez-Moldes I (2005) Patterns of cell proliferation and cell
death in the developing retina and optic tectum of the brown trout. Brain Res Dev 154:101–119.
https://doi.org/10.1016/j.devbrainres.2004.10.008

10. Cid E, Velasco A, Ciudad J, Orfao A, Aijón J, Lara JM (2002) Quantitative evaluation of the
distribution of proliferating cells in the adult retina in three cyprinid species. Cell Tissue Res 308:47–
59. https://doi.org/10.1007/s00441-002-0529-8

11. Easter SS Jr, Nicola GN (1996) The development of vision in the zebra�sh (Danio rerio). Dev Biol 180:
646–663. https://doi.org/10.1006/dbio.1996.0335

12. Fernández-López B, Barreiro-Iglesias A, Rodicio MC (2014) Confocal microscopy used for the
semiautomatic quanti�cation of the changes in aminoacidergic �bers during spinal cord
regeneration. In: Bakota L., Brandt R. (eds) Laser Scanning Microscopy and Quantitative Image
Analysis of Neuronal Tissue. Neuromethods, vol 87. Humana Press, New York, NY
https://doi.org/10.1007/978-1-4939-0381-8_11

13. Ferreiro-Galve S, Rodríguez-Moldes I, Anadón R, Candal E (2010) Patterns of cell proliferation and rod
photoreceptor differentiation in shark retinas. J Chem Neuroanat 39:1–14.
https://doi.org/10.1016/j.jchemneu.2009.10.001

14. Ferreiro-Galve S, Rodríguez-Moldes I, Candal E (2010) Calretinin immunoreactivity in the developing
retina of sharks: Comparison with cell proliferation and GABAergic system markers. Exp Eye Res
91:378–386. https://doi.org/10.1016/j.exer.2010.06.011

15. Ferreiro-Galve S, Rodríguez-Moldes I, Candal E (2012) Pax6 expression during retinogenesis in
sharks: Comparison with markers of cell proliferation and neuronal differentiation. J Exp Zool B Mol
Dev Evol 318:91–108. https://doi.org/10.1002/jezb.21448

1�. Gilbert JS, Banek CT, Babcock SA, Dreyer HC (2013) Diabetes in early pregnancy: getting to the heart
of the matter. Diabetes 62:27–28. https://doi.org/10.2337/db12-1117

17. Godinho L, Williams PR, Claassen Y, Provost E, Leach SD, Kamermans M, Wong RO (2007) Nonapical
symmetric divisions underlie horizontal cell layer formation in the developing retina in vivo. Neuron
56:597–603. https://doi.org/10.1016/j.neuron.2007.09.036

1�. Hernández-Núñez I, Quelle-Regaldie A, Sánchez L, Adrio F, Candal E, Barreiro-Iglesias A (2021b)
Decline in constitutive proliferative activity in the zebra�sh retina with ageing. Int J Mol Sci
22:11715. https://doi.org/10.3390/ijms222111715



Page 11/14

19. Hernández-Núñez I, Robledo D, Mayeur H, Mazan S, Sánchez L, Adrio F, Barreiro-Iglesias A, Candal E
(2021a) Loss of active neurogenesis in the adult shark retina. Front Cell Dev Biol 9:628721.
https://doi.org/10.3389/fcell.2021.628721

20. Jensen AM, Walker C, Wester�eld M (2001) Mosaic eyes: A zebra�sh gene required in pigmented
epithelium for apical localization of retinal cell division and lamination. Development 128:95–105.
https://doi.org/10.1242/dev.128.1.95

21. Jimeno D, Lillo C, Cid E, Aijón J, Velasco A, Lara JM (2003) The degenerative and regenerative
processes after the elimination of the proliferative peripheral retina of �sh. Exp Neurol 179:210–228.
https://doi.org/10.1016/s0014-4886(02)00020-1

22. Julian D, Ennis K, Korenbrot JI (1998) Birth and fate of proliferative cells in the inner nuclear layer of
the mature �sh retina. J Comp Neurol 394:271–282.

23. Jung SH, Kim YS, Lee YR, Kim JS (2016) High glucose-induced changes in hyaloid-retinal vessels
during early ocular development of zebra�sh: a short-term animal model of diabetic retinopathy. Br J
Pharmacol 173:15–26. https://doi.org/10.1111/bph.13279

24. Kua KL, Hu S, Wang C, Yao J, Dang D, Sawatzke AB, Segar JL, Wang K, Norris, AW (2019) Fetal
hyperglycemia acutely induces persistent insulin resistance in skeletal muscle. J Endocrinol 242:M1-
M15. https://doi.org/10.1530/JOE-18-0455

25. Leasher JL, Bourne RR, Flaxman SR, Jonas JB, Keeffe J, Naidoo K, Pesudovs K, Price H, White RA,
Wong TY, Resnikoff S, Taylor HR, and Vision Loss Expert Group of the Global Burden of Disease
Study (2016) Global estimates on the number of people blind or visually impaired by diabetic
retinopathy: a meta-analysis from 1990 to 2010. Diabetes care 39:1643–1649.
https://doi.org/10.2337/dc15-2171.

2�. Lee Y, Yang J (2021) Development of a zebra�sh screening model for diabetic retinopathy induced
by hyperglycemia: reproducibility veri�cation in animal model. Biomed 135:111201.
https://doi.org/10.1016/j.biopha.2020.111201

27. Mack AF, Fernald RD (1995) New rods move before differentiating in adult teleost retina. Dev Biol
170:136–141. https://doi.org/10.1006/dbio.1995.1202

2�. Mack AF, Fernald RD (1997) Cell movement and cell cycle dynamics in the retina of the adult teleost
Haplochromis burtoni. J Comp Neurol 1997 388:435–443.

29. Mack AF, Germer A, Janke C, Reichenbach, A (1998) Müller (glial) cells in the teleost retina:
consequences of continuous growth. Glia 22:306–313.

30. Malicki J, Neuhauss SC, Schier AF, Solnica-Krezel L, Stemple DL, Stainier DY, Abdelilah S, Zwartkruis
F, Rangini Z, Driever W (1996) Mutations affecting development of the zebra�sh retina. Development
123:263–73. https://doi.org/10.1242/dev.123.1.263

31. Meléndez-Ferro M, Villar-Cheda B, Abalo XM, Pérez-Costas E, Rodríguez-Muñoz R, Degrip, WJ, Yáñez
J, Rodicio MC, Anadón R. (2002). Early development of the retina and pineal complex in the sea
lamprey: comparative immunocytochemical study. J Comp Neurol 442:250–265.
https://doi.org/10.1002/cne.10090



Page 12/14

32. Negishi K, Stell WK, Takasaki Y (1990) Early histogenesis of the teleostean retina: Studies using a
novel immunochemical marker, proliferating cell nuclear antigen (PCNA/cyclin). Brain Res Dev
55:121–125. https://doi.org/10.1016/0165-3806(90)90112-c

33. Ogurtsova K, da Rocha Fernandes JD, Huang Y, Linnenkamp U, Guariguata L, Cho NH, Cavan D, Shaw
JE, Makaroff LE (2017). IDF diabetes atlas: Global estimates for the prevalence of diabetes for 2015
and 2040. Diabetes Res Clin Pract 128: 40–50.

34. Otteson DC, D’Costa AR, Hitchcock PF (2001) Putative stem cells and the lineage of rod
photoreceptors in the mature retina of the gold�sh. Dev Biol 232:62–76.
https://doi.org/10.1006/dbio.2001.0163

35. Pan W W, Lin F, Fort PE (2021) The innate immune system in diabetic retinopathy. Prog Retin Eye Res
84:100940. https://doi.org/10.1016/j.preteyeres.2021.100940

3�. Peterson RE, Fadool JM, McClintock J, Linser PJ (2001) Müller cell differentiation in the zebra�sh
neural retina: evidence of distinct early and late stages in cell maturation. J Comp Neurol 429:530–
540. https://doi.org/10.1002/1096-9861(20010122)429:4<530::aid-cne2>3.0.co;2-c

37. Romaus-Sanjurjo D, Valle-Maroto SM, Barreiro-Iglesias A, Fernández-López B, Rodicio MC (2018)
Anatomical recovery of the GABAergic system after a complete spinal cord injury in lampreys.
Neuropharmacology 131:389–402. doi: 10.1016/j.neuropharm.2018.01.006.

3�. Sánchez-Farías N, Candal E (2015) Doublecortin widely expressed in the developing and adult retina
of sharks. Exp Eye Res 134:90–100. https://doi.org/10.1016/j.exer.2015.04.002

39. Sánchez-Farías N, Candal E (2016) Identi�cation of radial glia progenitors in the developing and
adult retina of sharks. Front Neuroanat 10:65. https://doi.org/10.3389/fnana.2016.00065

40. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch, S, Rueden C,
Saalfeld S, Schmid B, Tinevez JY, White DJ, Hartenstein V, Eliceiri K, Tomancak P, Cardona A (2012)
Fiji: an open-source platform for biological-image analysis. Nat Methods 9:676–682.
https://doi.org/10.1038/nmeth.2019

41. Schmitner N, Recheis C, Thönig J, Kimmel RA (2021) Differential responses of neural retina
progenitor populations to chronic hyperglycemia. Cell 10:3265.
https://doi.org/10.3390/cells10113265

42. Scott-Drechsel DE, Rugonyi S, Marks DL, Thornburg KL, Hinds MT (2013) Hyperglycemia slows
embryonic growth and suppresses cell cycle via cyclin D1 and p21. Diabetes 62:234–242.
https://doi.org/10.2337/db12-0161

43. Simó R, Stitt AW, Gardner TW (2018) Neurodegeneration in diabetic retinopathy: does it really matter?
Diabetologia, 61:1902–1912. https://doi.org/10.1007/s00125-018-4692-1

44. Singh A, Castillo HA, Brown J, Kaslin J, Dwyer KM, Gibert Y (2019) High glucose levels affect retinal
patterning during zebra�sh embryogenesis. Sci Rep 9:4121. https://doi.org/10.1038/s41598-019-
41009-3

45. Tanvir Z, Nelson RF, DeCicco-Skinner K, Connaughton VP (2018) One month of hyperglycemia alters
spectral responses of the zebra�sh photopic electroretinogram. Dis Model Mech 11:dmm035220.



Page 13/14

https://doi.org/10.1242/dmm.035220

4�. Tariq YM, Samarawickrama C, Li H, Huynh SC, Burlutsky G, Mitchell P (2010) Retinal thickness in the
offspring of diabetic pregnancies. Am J Ophthalmol 150:883–887.
https://doi.org/10.1016/j.ajo.2010.06.036

47. Thummel R, Kassen SC, Enright JM, Nelson CM, Montgomery JE, Hyde DR (2008) Characterization of
Müller glia and neuronal progenitors during adult zebra�sh retinal regeneration. Exp Eye Res 87:433–
444. https://doi.org/10.1016/j.exer.2008.07.009

4�. Titialii-Torres KF, Morris AC (2022) Embryonic hyperglycemia perturbs the development of speci�c
retinal cell types, including photoreceptors. J Cell Sci 135:jcs259187.
https://doi.org/10.1242/jcs.259187

49. Velasco A, Cid E, Ciudad J, Orfao A, Aijón J, Lara JM. (2001) Temperature induces variations in the
retinal cell proliferation rate in a cyprinid. Brain Res 913:190–194. https://doi.org/10.1016/s0006-
8993(01)02804-9

50. Villar-Cheda B, Abalo XM, Villar-Cerviño V, Barreiro-Iglesias A, Anadón R, Rodicio MC (2008) Late
proliferation and photoreceptor differentiation in the transforming lamprey retina. Brain Res
1201:60–67

51. Wang S, Du S, Wang W, Zhang F (2020) Therapeutic investigation of quercetin nanomedicine in a
zebra�sh model of diabetic retinopathy. Biomed 130:110573.
https://doi.org/10.1016/j.biopha.2020.110573

52. Weber IP, Ramos AP, Strzyz PJ, Leung LC, Young S, Norden C (2014) Mitotic position and morphology
of committed precursor cells in the zebra�sh retina adapt to architectural changes upon tissue
maturation. Cell Rep 7:386–397. https://doi.org/10.1016/j.celrep.2014.03.014

53. Wiggenhauser LM, Qi H, Stoll SJ, Metzger L, Bennewitz K, Poschet G, Krenning G, Hillebrands JL,
Hammes HP, Kroll J (2020) Activation of retinal angiogenesis in hyperglycemic pdx1-/- zebra�sh
mutants. Diabetes 69:1020–1031. https://doi.org/10.2337/db19-0873

Figures

Figure 1

Embryonic nutritional hyperglycemia alters retinal development. Exposure to 50 mM D-glucose causes a
decrease in rod photoreceptors (CERN-922 antibody) at 5 dpf (a-c). Exposure to 50 mM D-glucose causes
a decrease in Müller glia (anti-GS antibody) at 5 dpf (d-f). Exposure to 50 mM D-glucose causes an
increase in cell death (TUNEL labeling) at 5 dpf (g-i). The increase in cell death is statistically signi�cant
the CMZ (j) but not in the central retina (k). Dashed lines mark the limit between the CMZs and the central
retina. Arrowheads indicate TUNEL+ cells. Scale bars: 50 µm. ns: non-signi�cant; *: p < 0.05; **: p < 0.01.
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Figure 2

Embryonic nutritional hyperglycemia decreases cell proliferation in the 5 dpf retina. a. pH3 and PCNA
immunolabeling in a control retina. b. pH3 and PCNA immunolabeling in a hyperglycemic retina.
Nutritional hyperglycemia causes a signi�cant decrease in mitotic activity (pH3) in the whole retina (c)
and in the CMZ (d) but not in the central retina (e). Nutritional hyperglycemia causes a signi�cant
decrease in cell proliferation (PCNA) in the central retina (f). Nutritional hyperglycemia causes a
signi�cant decrease in cell proliferation (PCNA) in the ONL (g) and GCL (i) but not in the INL (h). Dashed
lines mark the limit between the CMZs and the central retina. Arrowheads indicate pH3+ cells of the CMZ.
Arrows indicate PCNA+ cells of the central retina. Scale bars: 50 µm. ns: non-signi�cant; *: p < 0.05; **: p <
0.01.


