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Abstract

Retinal degenerative diseases, e.g. retinitis pigmentosa, with resulting photoreceptor damage account for the majority of vision loss in the
industrial world. Animal models are of pivotal importance to study such diseases. In this regard the photoreceptor-specific toxin N-methyl-N-
nitrosourea (MNU) has been widely used in rodents to pharmacologically induce retinal degeneration. Previously, we have established a MNU-
induced retinal degeneration model in the zebrafish, another popular model system in visual research.

A fascinating difference to mammals is the persistent neurogenesis in the adult zebrafish retina and its regeneration after damage. To quantify
this observation we have employed visual acuity measurements in the adult zebrafish. Thereby, the optokinetic reflex was used to follow
functional changes in non-anesthetized fish. This was supplemented with histology as well as immunohistochemical staining for apoptosis
(TUNEL) and proliferation (PCNA) to correlate the developing morphological changes.

In summary, apoptosis of photoreceptors occurs three days after MNU treatment, which is followed by a marked reduction of cells in the outer
nuclear layer (ONL). Thereafter, proliferation of cells in the inner nuclear layer (INL) and ONL is observed. Herein, we reveal that not only a
complete histological but also a functional regeneration occurs over a time course of 30 days. Now we illustrate the methods to quantify and
follow up zebrafish retinal de- and regeneration using MNU in a video-format.

Video Link

The video component of this article can be found at http://www.jove.com/video/51909/

Introduction

Vision is the most essential sense for the human being and its impairment has a high socio-economic impact. In the developed world, retinal
degenerative diseases are the leading cause of vision loss and blindness among older adults 1. The cause of most degenerative retinal diseases
is only partly understood and therapeutical solutions to regain lost vision are very limited. Retinitis pigmentosa is a typical example of a retinal
degenerative disease with primary photoreceptor loss 2-3. N-methyl-N-nitrosourea (MNU) induces retinal degeneration and is therefore widely
used in rodents to model diseases with primary photoreceptor cell death 4. It is an alkylating agent and leads to benign and malignant tumors,
which usually appear several months after exposure 5-7. In addition, it causes specific photoreceptor cell death within a short term observation
period. Thereby, the loss of the retinal layer structure and significant retinal thinning were observed in a concentration-dependent manner.
Retinal glia cells were activated, but no changes in the retinal pigment epithelium (RPE) were found. Endoplasmic reticulum (ER) stress-related
apoptosis appears to be the main pathway of MNU action in the retina 8.

We have recently introduced MNU as a chemical model to induce photoreceptor degeneration in zebrafish 9. Amongst other reasons, the
zebrafish (Danio rerio) has become important in visual research because of the similarities of its visual system to that of other vertebrates 10.
The outer retina contains the photoreceptors, which can be grouped into four different cone types with peak sensitivities in the ultraviolet, short,
middle, and long wavelength of the visible spectra and one rod photoreceptor type. In the inner nuclear layer (INL), the cell bodies of bipolar,
horizontal, and amacrine interneurons are found, as well as the cell soma of Muller glia cells. In the outer plexiform layer (OPL) the synaptic
contacts between photoreceptors and the inner retina are formed, whereas the cell layer closest to the lens is the ganglion cell layer (GC), which
components form long axons comprising the optic nerve and the optic tract. Synaptic contacts between ganglion cells and the cells in the inner
nuclear layer are formed in the inner plexiform layer (IPL) 11. The RPE lies outside the neurosensory retina and surrounds the photoreceptor
outer segments with long apical microvilli 12. Furthermore, the zebrafish is highly regenerative and able to regrow lesioned brain, retina, spinal
cord, heart, and other tissues 13. When retinal damage occurs, cells in the INL, which are thought to be Müller cells, are activated and have the
potential to differentiate into various retinal cell types. In addition, they also generate rod progenitors, which are located in the ONL. Another
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source that supplies the retina of adult zebrafish with new cells is the ciliary marginal zone. This source is needed to achieve a constant density
of rod photoreceptors in the continuously growing zebrafish eye 14.

The MNU model can be used as a simple and reproducible degeneration/regeneration approach for retinal tissue. Due to certain similarities
of biological processes in zebrafish and in humans this could open the doors to identify involved cell death pathways and to screen potential
neuroprotective drugs. Based on a previous study from our group, we now illustrate the methods of this MNU-induced zebrafish model of retinal
de- and consequent regeneration including functional changes with according laboratory videos 9.

Protocol

All experiments adhered to the Statement for the Use of Animals in Ophthalmic and Vision Research of the Association for Research in Vision
and Ophthalmology (ARVO).

1. Animals

1. Maintain the wild-type zebrafish (Danio rerio) of the AB (Oregon) strain aged between 6-12 months under standard conditions in water with a
temperature of 26.5 °C and a 14/10 hr light/dark cycle 15.

2. Follow the animal care guidelines of the involved institutions for the animal experiments after approval by the Cantonal Veterinary Office.

2. MNU Treatment

1. Prepare water containing 150 mg/L dry substance of N-methyl-N-nitrosourea (MNU). CAUTION! MNU is toxic; may cause cancer, heritable
genetic damage or harm to the unborn child.

2. Incubate zebrafish in water containing the MNU for 60 min at room temperature.
3. Rinse zebrafish quickly with fresh water and put the fish to a new fish tank without MNU. Maintain fish under standard conditions as long as

desired for the experiments.

3. Visual Acuity Measurement

1. Start the optomotor system, choose 'testing' from the menu and set the options to “Simple Staircase”, “Acuity (Freq)” and “Randomized/
Separate” 16.

2. Install an infusion bottle filled with 500 ml water about 1 m above the optomotor system.
3. Place one zebrafish in the examination chamber and connect it to the infusion bottle. Place the examination chamber in the optomotor

system.
4. Start the measurement and observe the eye movement in real time on the computer screen. Thereby, a positive response (“yes”) is defined

as consecutive saccades in the correct direction, whereas a negative response (“no”) represents random eye movements similar to the ones
observed with stationary gratings. If the eyes of the zebrafish exhibit three or more subsequent optokinetic responses (OKR), press 'yes'; if
not, press 'no'.

5. Extract the visual acuity, which has been calculated by the software by determining the threshold of the spatial frequency of the optokinetic
stimulus, under “Results” in the menu.

4. Histology

1. Euthanize the zebrafish by an overdose of ethyl 3-aminobenzoate methanesulfonate (200-300 mg/L) and enucleate the eyes.
2. Fix the whole eyes in 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS) at 4 °C for 12 hr and then dehydrate the samples in a

graded alcohol series.
3. Embed the samples in paraffin, cut 5 µm sections through the optic nerve head (ONH) and mount them on a glass slides.
4. Stain the deparaffized paraffin sections with hemalum for 4 min and dip the slides two times in distilled water followed by 0.2% hydrochloric

acid and 0.8% ammonia. Stain the sections with eosin for 3 min after development of the hemalum staining in tap water for at least 10 min
(H&E).

5. Embed the dehydrated slides in mounting medium and observe the slides under the light microscope.

5. Immunohistochemistry

1. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
1. Incubate the deparaffinized sections with 20 µg/ml proteinase K at room temperature for 15 min. Wash the sections three times with

Tris buffered saline (TBS) for 5 min each.
2. Incubate the sections with 50 µl TUNEL reaction mixture (10% labeling solution and 90% enzyme solution) in a humidified chamber at

37 °C for 60 min. Wash three times with TBS for 5 min each.
3. Mount the slides with mounting medium containing DAPI and observe the slides under the fluorescence microscope.

2. Proliferating Cell Nuclear Antigen (PCNA) staining
1. Boil the deparaffinized sections in antigen retrieval buffer (Tris-EDTA + 0.05% Tween 20, pH 9.0) for 3 min and wash three times with

TBS for 5 min each. Block with 100 µl blocking solution (TBS + 10% goat normal serum + 1% bovine serum albumin, pH7.6) at room
temperature for 1 hr.
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2. Stain with anti-PCNA primary antibodies in a 1:200 dilution in a humidified chamber at 4 °C overnight. Wash three times with TBS +
Tween 20 for 5 min each.

3. Finish the detection with the appropriate secondary antibodies in a 1:500 dilution at room temperature for 1 hr.
4. Mount the slides with mounting medium containing DAPI and observe the slides under the fluorescence microscope.

Representative Results

Visual acuity:

The experimental set-up [spatial frequency: 0.042 circles/degree (c/d); contrast: 100%; drift speed: 20 degrees/second (d/src); back light
luminance: 152 cd/m2] of this study enabled OKR assessment of adult zebrafish. The mean duration of VA measurement was about 5 – 10
minutes for each zebrafish, which tolerated the procedure well. Visual acuity before MNU exposure was 0.577 ± 0.014 cycles/degree (c/d).
Figure 1 shows the visual acuity course after the application of 150 mg/L MNU. Starting from day 1, the measurements revealed a marked
decrease in visual acuity, reaching minimum values at day 3. Beginning from day 8, an increase of visual acuity occurs, showing a full recovery
of visual acuity 30 days after MNU exposure. For statistical analysis a one-way ANOVA followed by Bonferroni‘s multiple comparison test has
been applied. Thereby, the differences in visual acuity between baseline and measurements after treatment was significant for days 1, 3, 5, and
8 (p <0.001, each), but not for days 15 and 30.

Histological assessment of the retinal degeneration:

H&E staining was used to quantify morphological changes in one eye of the zebrafish per time point (n = 3) at baseline as well as 3, 8, 15, and
30 days after treatment (Figure 2). Histology was performed as described by Tappeiner et al.9. Thereby, retinal degeneration including disruption
of the INL and cavity formation of the ONL was observed starting at day 3. The number of cells in the ganglion cell layer (GC), the inner nuclear
layer (INL) and the number of rod (RN) and cone (CN) photoreceptors were determined manually 250 µm from the center of the ONH on both
sides of the eye section (size of the counted area refers to a retinal section of 100 µm length). The degeneration was followed for 30 days after
treatment with the maximum of rod ONL loss found on day 8. Thereby, the number of rod photoreceptors (RN) decreased to 82% on day 3, 71%
on day 8 and 77% on days 15 and 30 of the original number. Furthermore, accumulation of cell clusters was found, mainly in the INL.

Quantification of apoptosis:

TUNEL staining was performed according to the manufacturer (In situ Cell Death Detection Kit; Roche Applied Sciences, Rotkreuz, Switzerland).
The observed retinal degeneration after MNU treatment was caused by apoptosis. This was revealed by positive TUNEL staining in different
cell layers in the sensory retina. For quantification, the number of TUNEL-positive cells was determined manually at two retinal areas of 450 μm
length each, starting at the periphery of the retina. Thereby, the majority of TUNEL-positive cells was found in the ONL at day 3. However, dying
cells were also seen in the INL at that time point (Figure 3). No relevant TUNEL-positive cells were detectable before treatment.

Quantification of cell proliferation:

To assess proliferation after cell death, retinas were stained for proliferating cell nuclear antigen (PCNA) as described by Tappeiner et al. 9. For
quantification, the number of PCNA-positive cells was determined manually as described above. Cell death was followed by induced proliferation
seen as PCNA-positive cells (Figure 4). Thereby, the maximum of proliferating cells was measured in the INL on day 5. Additionally, cells in the
ONL (mainly rods) showed positive staining for PCNA until the end of the study (day 30). Few PCNA-positive cells in the ciliary marginal zone
were detectable before and at all time-points after treatment.
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Figure 1: Visual acuity. Measurement of the visual acuity in adult zebrafish after the application of 150 mg/L MNU. Significant decrease of
visual acuity with a minimum at day 3 post treatment was followed by full recovery, beginning on day 5, until day 30 (mean ± SD; n = 3).

 

Figure 2: Histology. Examples of H&E stained histological sections of the zebrafish retina at baseline (A) and 3 (B), 8 (C), 15 (D), and 30 (E)
days after MNU treatment. CN, cone nuclei; RN, rod nuclei; INL, inner nuclear layer; GC, ganglion cell layer. The arrows mark cell clusters in the
INL. Scale bar equals 50 µm.
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Figure 3: TUNEL-positive cells. TUNEL-positive cells (red) in the zebrafish retina at day 3 after MNU treatment. The cells were mainly located
in the ONL but were also found in the INL. Panel A depicts the control, whereas panel B shows the images after MNU treatment. Scale bar
indicates 50 µm.
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Figure 4: PCNA-positive cells.  PCNA-positive cells (red) in the zebrafish retina at day 5 after MNU treatment compared to the control sample.
Panel A depicts the control, whereas panel B shows the images after MNU treatment. Scale bar indicates 100 µm.

Discussion

Previously, our group has transferred the MNU model of photoreceptor degeneration from rodents into the zebrafish system 9. The ensuing
events were described and followed for up to 30 days. In this time period complete retinal morphological degeneration and regeneration occurred
after the initial treatment. First, histology reveals a reduced rod cell count from day 3 on with a minimum at day 8. Correspondingly, TUNEL
staining identifies apoptosis of rod photoreceptors 3 days after MNU treatment. Regeneration starts in the INL at day 3, with a maximum at
day 5. In the ONL, proliferating cells can be observed until the end of the observation period with a maximum at day 5. This is in contrast to
the INL where no increased proliferation was observed after day 15. The ciliary marginal zone is the only location of the retina where some
PCNA positive cells were found in the untreated retina. This indicates an area with constantly retinal neurogenesis throughout lifetime 14. The
identification of cell types involved in the regeneration of pharmacologically damaged photoreceptors in zebrafish was not in the focus of this
manuscript. However, in previous publications the process has been traced to regenerating cells in the INL that have been suggested to be
Müller cells 9,17,18.

In the present study, we have also evaluated functional changes in the MNU-induced zebrafish model. To quantify visual function in adult
fish, assessment of the OKR has been employed, one of several techniques to reliably measure the visual acuity (VA) of small animals 19.
Thereby, the OKR, based on an innate behavior, does not need prior time-consuming training of the animals 20. Furthermore, as the OKR
can be repeatedly elicited independently of the animals’ cooperation, and the large eyes can easily be observed, assessment of the OKR is
an ideal method to follow visual acuity during degeneration and regeneration in zebrafish. OKR measurements in the present study revealed
a decreasing visual acuity until day 3, followed by a complete restoration of the visual function on day 30. This is in accordance with the
histological de- and regenerative changes after MNU application that shows a maximum of apoptosis at day 3.

A benefit of the model is its simplicity as MNU is fast to prepare and can be directly dissolved in the water tank of the zebrafish. Treatment of
zebrafish with MNU is performed in one hour. The number of fish that can be treated en masse is only limited by the size of the fish tank. Overall,
this allows simple induction of retina degeneration in a great number of zebrafish without the need of manipulation of individual fish. Therefore,
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this model is less invasive than other models of retina degeneration that use intravitreal or surgical induced techniques 21-23 and it may thereby
exhibit a better reproducibility.

In general, this zebrafish MNU model is a versatile tool to induce photoreceptor-specific degeneration and to visualize the following regeneration
not only morphologically but also functionally. Therefore, we are confident that the model helps to better understand the degeneration and
regeneration process in the sensory retina in general and opens the possibility to compare its outcome with the mammalian system.
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