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Abstract

Direct exposure to intensive visible light can lead to solar retinopathy, including macular injury. The signs and symptoms include central
scotoma, metamorphopsia, and decreased vision. However, there have been few studies examining retinal injury due to intensive light
stimulation at the cellular level. Neural network arrangements and gene expression patterns in zebrafish photoreceptors are similar to those
observed in humans, and photoreceptor injury in zebrafish can induce stem cell-based cellular regeneration. Therefore, the zebrafish retina
is considered a useful model for studying photoreceptor injury in humans. In the current study, the central retinal photoreceptors of ze-
brafish were selectively ablated by stimulation with high-intensity light. Retinal injury, cell proliferation and regeneration of cones and rods
were assessed at 1, 3 and 7 days post lesion with immunohistochemistry and in situ hybridization. Additionally, a light/dark box test was
used to assess zebrafish behavior. The results revealed that photoreceptors were regenerated by 7 days after the light-induced injury. Howev-
er, the regenerated cells showed a disrupted arrangement at the lesion site. During the injury-regeneration process, the zebrafish exhibited
reduced locomotor capacity, weakened phototaxis and increased movement angular velocity. These behaviors matched the morphological
changes of retinal injury and regeneration in a number of ways. This study demonstrates that the zebrafish retina has a robust capacity for
regeneration. Visual impairment and stress responses following high-intensity light stimulation appear to contribute to the alteration of
behaviors.
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Introduction

In the zebrafish, as in all vertebrates, the retina is an exten-
sion of the encephalon; it develops from a neuroepithelial
sheet of embryonic stem cells, differentiates in a scheduled
spatiotemporal pattern and grows into the neurosensory
retina (Randlett et al., 2011). Although both the structure
and function of the zebrafish retina are remarkably similar
to those of the human retina, there is a marked difference
in neuronal regeneration between the two species. Where-
as human retinal neurons exhibit poor self-repair capacity
after injury, retinal neurogenesis takes place throughout
the zebrafish life cycle (Gramage et al., 2015). Any insult
that significantly depletes retinal neurons in zebrafish stim-
ulates robust neuronal regeneration, during which Miiller
glia serve as stem cells (Craig et al., 2010; Gemberling et al.,
2013). Therefore, the zebrafish retina is considered a power-
ful model for studying neuronal regeneration in vivo (Nelson
etal., 2013).

The light/dark test has traditionally been used in mice to
measure anxiety-like behaviors and investigate the mecha-
nisms of drug-induced neurobehavioral alterations (Ibiron-
ke and Modupe, 2015; Li et al., 2016). This test is based on
findings suggesting that rodents innately exhibit scototaxis
(preference for dark) and spontaneous exploratory behavior,
causing them to avoid unfamiliar and bright environments
(Lahouel et al., 2016; Mlyniec et al., 2016). Recently, the
light/dark test has been applied in behavioral neuroscience
studies of zebrafish involving high-throughput neuropheno-
typing and screening of genetic mutations and psychotropic
drugs (Cachat et al., 2010; Nunes et al., 2016; Song et al.,
2016). Unlike rodents, zebrafish exhibit phototaxis (Blaser
and Penalosa, 2011), and zebrafish larvae have been shown
to be attracted to light and to avoid darkness when illumi-
nation was manipulated (Chen and Engert, 2014). However,
the behavioral changes that occur in zebrafish during the
retinal injury-regeneration process are not well understood.

In the present study, adult zebrafish was used as an animal
model for investigating the regeneration of photoreceptors,
and to examine associated behavioral changes during retinal
injury and regeneration. We examined the following param-
eters: (1) the morphological characteristics of a retinal pho-
toreceptor lesion induced by high-intensity light treatment;
(2) the morphological changes to the lesion site following
cell proliferation and regeneration of photoreceptors; and (3)
the behaviors of adult zebrafish following retinal injury and
regeneration. The current results demonstrated that the light/
dark test can be applied in the evaluation of retinal status fol-
lowing high-intensity light-induced injury in zebrafish.

Materials and Methods

Experimental animals and light treatment

Normally pigmented wild-type (AB strain) adult zebrafish
(6-12 months of age) were used in this study. The animals
were maintained in a fish facility at 28.5°C with a 10/14-
hour dark/light cycle (Westerfield, 2007). To induce selective
photoreceptor death, animals were exposed to high-intensity
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light from a mercury arc lamp (> 180,000 Ix) for 45 min-
utes. The study protocol was approved by the Experimental
Animal Ethics Committee of Nankai University of China.
The experiment follows the national guidelines for the Care
and Use of Laboratory Animals, and the “Consensus author
guidelines on animal ethics and welfare” by the International
Association for Veterinary Editors. The article was prepared
in accordance with the “Animal Research: Reporting of In
Vivo Experiments Guidelines”.

Seventy adult fish were randomly divided into seven
groups, as follows: 0 days post lesion (0 dpl, control), 1 day
post lesion (1 dpl), 2 days post lesion (2 dpl), 3 days post le-
sion (3 dpl), 4 days post lesion (4 dpl), 5 days post lesion (5
dpl), and 7 days post lesion (7 dpl) for morphological assay.
In addition, eight fish were examined in the behavioral test.

Immunohistochemistry

Untreated and light-treated fish were euthanized with 0.1%
3-aminobenzoic acid ethyl ester methanesulfonate (Sigma,
St. Louis, MO, USA) after light onset, and eyecups were har-
vested. The excised eyes were fixed in 4% paraformaldehyde,
dehydrated in 20% sucrose in 0.1 M phosphate buffered sa-
line (pH 7.4), frozen in Optimal Cutting Temperature Com-
pound (Sakura Finetek, Torrance, CA, USA), cryosectioned
at 10 um with a cryostat (Leica CM 1850, Wetzlar, Germany)
and mounted on glass slides. Immunohistochemistry was
performed using standard procedures (Wang et al., 2014).
Four primary antibodies were used in this study: anti-pro-
liferating cell nuclear antigen (PCNA; 1:1,000; clone PC-10,
Sigma), Zprl (1:200; Zebrafish International Resource Cen-
ter, Eugene, OR, USA), Zpr3 (1:200, Zebrafish International
Resource Center), and 4C4 (1:200, provided by Dr. Hitch-
cock) for labeling of proliferating cells, cones, rods and mi-
croglia, respectively. For PCNA immunolabeling, slides were
first incubated for 20 minutes at 95-98°C in 0.01 M sodium
citrate buffer (pH 6.0) and 0.05% Tween-20 prior to immu-
nostaining (Nelson et al., 2013). The secondary antibody
was a fluorescent-labeled Cy3 (1:500; Millipore, Billerica,
MA, USA). The sections were counterstained with a 1:1,000
dilution of 4',6-diamidino-2-phenylindole (DAPI; Sigma) to
label the nuclei. The time points of immunohistochemistry
were: Zprl and Zpr3 staining, 0 (control), 1, 3 and 7 dpl; 4C4
staining, 0, 1, 2 and 3 dpl; PCNA staining, 2, 3, 4 and 5 dpl.
Ten fish were examined at each time point.

In situ hybridization

To identify the regenerated cones and rods, in situ hybridiza-
tion was performed on cryosections at 7 days using a standard
protocol (Luo et al., 2012). Two digoxigenin-labeled probes
were used in this study. For photoreceptors, cones and rods
were specifically labeled using mRNA probes for phospho-
diesterase 6¢ (pde6c, GenBankNM_200871) and rhodopsin
(GenBank NM_131084), respectively. The cDNA encoding
pde6¢ was linearized with Sall, and the riboprobes were syn-
thesized with T7 polymerase. The cDNA encoding rhodopsin
was linearized with Apa I, and the riboprobes were synthe-
sized with SP6 polymerase. The hybrid concentration was 200
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ng pde6c or rhodopsin probe in 100 ul hybridization buffer.
Riboprobes encoding the sense strand of the respective
cDNAs were used as negative controls. On the second day,
digoxigenin was immunolabeled using an alkaline phospha-
tase-conjugated antibody (Roche Diagnostics, Indianapolis,
IN, USA). On the third day, 4-nitrobluetetrazolium/5-bro-
mo-4-chloro-3-indolyl phosphate (Roche) was applied as the
enzymatic substrate. Ten fish were processed at 7 dpl.

Behavioral test

Experiments were carried out at 0 dpl (control), 1 dpl, 3 dpl,
and 7 dpl. All behavioral tests were performed between 14:00
and 17:00 to avoid the influence of circadian rhythms on vi-
sual sensitivity and locomotor activity (Li et al., 2012; Kopp
et al,, 2016). A light/dark box (half-white/half-black tank,
20.0 cm x 9.6 cm x 10.0 cm) was used for the behavioral
tests. The light/dark box was filled with 4 cm system water
(3.6 g/L sea salt; NaHCO, is used to adjust pH to 7.2) at
room temperature. Two lamps were used to control illumi-
nation and to ensure that the lighting conditions of all areas
of the apparatus were homogeneous. Zebrafish were placed
into the light/dark box and allowed to acclimatize for 15
minutes before monitoring began (Zhao et al., 2012; Fang et
al., 2015). Next, the fish were allowed to freely explore the
light/dark box for 10 minutes. Fish movement was tracked
using a camera positioned above the light/dark box. All
digital tracks were analyzed using Ethovision XT software
(Noldus Information Technology, Wageningen, the Nether-
lands). To further examine the movement, three swimming
speeds were defined: slow (< 1 cm/s), medium (> 1 cm/s, <
20 cm/s) and fast (> 20 cm/s). Twelve parameters were an-
alyzed: total movement time, fast movement time, medium
movement time, slow movement time, total movement dis-
tance, distance in the white region, white distance ratio (white
distance/total distance), transition times to white, time spent
in the white region, white time ratio (time spent in the white
region/total movement time), velocity and angular velocity.

Photography and image analysis

Images of immunohistochemistry-stained sections were
captured with an FV 1000 confocal microscope (Olympus,
Japan). Images of in situ hybridization were photographed
with a DP71 digital camera mounted on a BX51 microscope
(Olympus). Image ] software (1.49X, NIH, http://rsb.info.
nih.gov/ij/) was used to convert the fluorescent images of the
PCNA staining to 8-bit greyscale images prior to threshold-
ing and determining the positive staining of each image.

Statistical analysis

Data were expressed as the mean + SD. Statistical analysis
was performed with GraphPad Software (version 5.0, Graph-
Pad Software, La Jolla, USA). A normal distribution of the
data was confirmed using a one-sample Kolmogorov-Smirn-
ov test. For each parameter, groups at different time points
were analyzed with one-way analysis of variance and the
least significant difference ¢ test. A P-value of 0.05 was set as
the threshold value for statistical significance.

Results

High-intensity light treatment induces photoreceptor
injury in the central retina

In zebrafish, sufficient light stimulation results in the dis-
persion of melanin in skin melanocytes (Taylor et al., 2012).
This camouflage reaction is a response to environmental
changes and is under neuroendocrine control (Bernardos
et al., 2007; Taylor et al., 2012). In the present study, the
zebrafish became darkly pigmented after 45 minutes of ex-
posure to light (data not shown). Intense, short-term light
treatment has been shown to selectively kill photoreceptors
(including cones and rods) in a narrow horizontally oriented
band across the nasal-temporal axis of the retina (Craig et
al., 2008; Taylor et al., 2012). Photoreceptor injury can be
detected using Zprl and Zpr3 antibodies to specifically label
cones and rods, respectively, with immunohistochemistry
(Huang et al., 2012; Wang et al., 2014). In the present study,
the Zprl- and Zpr3-positive cells in the control retina were
arranged in a regular pattern (Figure 1A, E). At 1 dpl, the
cones and rods exfoliated from the outer nuclear layer (ONL)
to the outer segment layer (OSL) in the central retina (Figure
1B, F; white brackets). At 2 dpl, the ONLs were thinner than
in the control group, and Zprl-positive cells were absent in
the central retina (Figure 1C; white bracket), whereas the
Zpr3-positive cells were disorganized (Figure 1G; white
bracket). The arrangement of cells in the ONL was complete-
ly interrupted at 3 dpl, and Zprl- and Zpr3-positive cells
were absent in the OSL (Figure 1D, H, white brackets). In
other regions of the retina, the ONL exhibited normal thick-
ness and a normal quantity of Zprl- and Zpr3-positive cells
in the OSL.

To further characterize photoreceptor damage, we exam-
ined the distribution of microglia using immunohistochem-
istry with the 4C4 antibody using a previously reported
method (Wang et al., 2014). In the present study, only a few
4C4-expressing cells were detected in the control retina,
mainly in the plexiform layers or the retinal pigment epi-
thelium (RPE, Figure 2A). More 4C4-expressing cells were
detected at the injury site in the OSL of the retina at 1 dpl
(Figure 2B). Numerous microglia adopted an amoeboid
phenotype with enlarged cell bodies and irregular shapes;
these microglia aggregated around cellular debris in the OSL
and the pigment epithelial layer of the central retina at 2 and
3 dpl (Figure 2C, D). Together, the Zpr1, Zpr3 and 4C4 ex-
pression results indicate that high-intensity light treatment
selectively induces central retinal photoreceptor death.

Cellular proliferation was triggered at lesion site to
regenerate photoreceptors

Once retinal cells complete the differentiation process, they
lose the ability to proliferate, and no longer express PCNA
(Nelson et al., 2013). Therefore, the anti-PCNA antibody can
be used to identify precursor cells and evaluate cell prolifera-
tion (Bailey et al.,, 2010; Craig et al., 2010). At 2 dpl, scattered
PCNA-positive cells gathered in clusters at the top of the
inner nuclear layer (INL, Figure 3A, E). More PCNA-posi-
tive cells were detected extending from the INL to the ONL
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Figure 1 Photoreceptor-specific cell death after light treatment (confocal microscope).
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Figure 2 Microglial invasion following light-induced injury (confocal microscope).
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Zprl and Zpr3 antibodies were
used to label cones and rods, re-
spectively. The secondary antibody
was Cy3. Panels A-D illustrate Zpr1
staining by immunohistochemistry
in sections taken from retinas in
the control, 1 dpl, 2 dpl and 3 dpl
groups, respectively. Panels E-H
illustrate Zpr3 staining by immu-
nohistochemistry. Photoreceptor
injury was specifically located in
the central retina (white brackets).
Rods and cones are shown in red,
while cell nuclei are shown in blue.
Scale bar: 50 pum. GCL: Ganglion
cell layer; INL: inner nuclear layer;
ONL: outer nuclear layer; OSL:
outer segment layer; RPE: retinal
pigment epithelium; dpl: day post
lesion.

4C4 was used to label microglia.
Secondary antibody was Cy3. Pan-
els A-D illustrate 4C4 staining by
immunohistochemistry. 4C4-pos-
itive cells invaded the field of cell
debris in the outer segment layer.
The 4C4-positive cells are shown in
red. Scale bar: 50 um. GCL: Gan-
glion cell layer; INL: inner nuclear
layer; ONL: outer nuclear layer.
OSL: outer segment layer; RPE: ret-
inal pigment epithelium; dpl: day
post lesion.
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Panels A-D illustrate PCNA staining by immunohistochemistry in sections taken from
retinas at 2 dpl, 3 dpl, 4 dpl and 5 dpl, respectively. Panels E-H are 8-bit greyscale imag-

statistical analysis of the percentage of PCNA-positive cells area in the GCL to that in the
OSL at different time points. The cell proliferation reached its peak at 4 dpl and decreased
at 5 dpl (*P < 0.05, ***P < 0.001, mean * SD, n = 10, one-way analysis of variance and
the least significant difference test). PCNA-positive cells are shown in red. Secondary an-
tibody: Cy3. Scale bar: 50 pum. GCL: Ganglion cell layer; INL: inner nuclear layer; ONL:
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at 3 dpl (Figure 3B, F). At 4 dpl, the proliferating cells had  exhibited short spindle shapes, then transformed into long
almost finished their migration to the ONL and had reached  spindle shapes (Figure 3A, B). However, clusters in the ONL
their peak number (Figure 3C, G). During this process, PC-  were round and compact (see Vihtelic and Hyde, 2000) (Fig-
NA-positive cells underwent morphological changes. When  ure 3C). The percentage of PCNA-positive cells was scored
the proliferating cell clusters were located in the INL, they  to quantify the findings. Cellular proliferation increased un-
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Control
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Figure 4 Regeneration of photoreceptors in the central retina at 7
dpl.

Zprl and Zpr3 antibodies were used to label cones and rods, respec-
tively. The secondary antibody was Cy3. Panels A and C illustrate the
immunostaining of Zprl and Zpr3 by immunohistochemistry, respec-
tively (confocal microscope). Panels B and D show the analysis of pde6c
and rhodopsin mRNA expression by in situ hybridization, respectively
(BX51 microscope), at 7 dpl. (A, C) Cone cells or rod cells were stained
red, nuclei blue. (B, D) Cone cells or rod cells were stained blue purple.
Compared with the regular pattern (arrows), the cells in the regenerat-
ed lesion site show a disordered arrangement (frames). Scale bars: 50
pum. RPE: Retinal pigment epithelium; OSL: outer segment layer; ONL:
outer nuclear layer; INL: inner nuclear layer; GCL: ganglion cell layer;
dpl: day post lesion.

3 dpl

Figure 5 Digital tracks and heat maps of locomotion in adult zebrafish following light-induced injury.
Panels A-D are the digital tracks in adult zebrafish from the control, 1 dpl, 3 dpl and 7 dpl groups, respectively. For each behavioral test, one fish
was placed in the tank, and each group contained eight fish. Panels E-H are the heat maps of the digital tracks of A-D, respectively. dpl: Day post

lesion.

til 4 dpl (Figure 3I; P < 0.05), then decreased significantly at
5 dpl (Figure 3D, H, I; P < 0.05).

Two approaches were used to visualize the regeneration of
retinal photoreceptors at 7 dpl. First, the neuronal differenti-
ation of cones and rods was detected using immunochemis-
try with cell-type-specific antibodies. DAPI staining did not
show any alteration in the retinas, and the ONLs exhibited
a normal thickness at 7 dpl. Zprl and Zpr3 were strongly
and continuously expressed in the OSL of the retina (Figure
4A, C). Therefore, the results from Zprl and Zpr3 staining
showed that cones and rods were well differentiated and
filled in the lesion site. Second, cell-type-specific mRNA
probes, pde6c and rhodopsin, were used to label the cones
and rods, respectively, via in situ hybridization (Lewis et al.,
2010). Positive pde6c and rhodopsin signals were detected
at the lesion site of the ONL. However, the regenerated cells
were densely arranged with thicker cell layers (Qin et al.,
2009; Figure 4B, D; frames). This result suggests that the
regenerated cones and rods had lost their regular patterns
(Figure 4B, D; arrows). The results from immunostaining

and in situ hybridization suggest that the progenitors were
triggered to proliferate and differentiate to cones or rods,
resulting in regeneration of the photoreceptors with a disor-
dered arrangement after 7 days.

Locomotor capacity and phototaxis were reduced after
light-induced injury

To examine the functional changes associated with photo-
receptor injury and regeneration, behavioral tests were per-
formed in adult zebrafish. There were four time points in the
trial: 0 dpl (control), 1 dpl, 3 dpl and 7 dpl. The digital tracks
and heat maps are shown in Figure 5. The heat map shows
that fish from the 3 dpl group appeared more frequently
in the dark region than fish from the control group. This
result was in line with the severity of retinal injury. The dig-
ita] tracks were then analyzed according to 12 parameters.
The total movement time (Figure 6A) and medium move-
ment time (Figure 6C) showed a V-curve tendency, which
changed from descending to ascending during retinal injury
and regeneration. The total movement time and medium
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Figure 6 Behavioral changes following light-induced injury and retinal regeneration.

Panels A-L show the statistical analyses of the average of 12 parameters. The total movement time and medium movement time in the 1 dpl, 3 dpl
and 7 dpl groups are shorter than those in the control group (A, C). The slow movement times in the 3 dpl and 7 dpl groups were longer than in the
control group (D; *P < 0.05). The total movement distance was lower in the 1 dpl and 3 dpl groups (E; *P < 0.05). The fish in the 1 dpl group showed a
significant reduction in the distance traveled in the white region, the white distance ratio, time spent in the white region and the white time ratio (E G,
I, J; *P < 0.05, **P < 0.01). The transition times to the white region in the 1 dpl, 3 dpl and 7 dpl groups were lower than in the control group (H; *P <
0.05, **P < 0.01). The angular velocity in the 3 dpl and 7 dpl groups was significantly higher than in the control group (L; *P < 0.05, **P < 0.01). Data
are expressed as the mean + SD, n = 8, one-way analysis of variance and least significant difference f test). s: Second; dpl: day post lesion.

movement time decreased markedly at 1 dpl and increased
slightly and gradually at 3 dpl and 7 dpl, although the move-
ment times were still lower than in the control group at 7
dpl (Figure 6A, C; P < 0.05). In contrast, no significant dif-
ferences in fast movement time were found among the four
groups (Figure 6B). However, slow movement time (Figure
6D) showed a gradual increase following light-induced inju-
ry, and the movement time was significantly longer in the 3
dpl and 7 dpl groups compared with the control group (Fig-
ure 6D; P < 0.05). The total movement distance also showed
a similar V-curve tendency, and the reduction was signifi-
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cant in the 1 dpl and 3 dpl groups compared with the control
group (Figure 6E; P < 0.05). The parameters of phototaxis,
including the distance in the white region (Figure 6F), white
distance ratio (Figure 6G), time spent in the white region
(Figure 6I) and white time ratio (Figure 6]) also showed a
V-curve tendency with a significant reduction at 1 dpl (P <
0.05). For the transition times to white, the fish swam from
the black area to the white area an average of 34 times before
the injury; however, when the fish received the light-induced
injury, the transitions decreased dramatically to an average
of 19 times at 1 dpl, then increased slightly at 3 dpl and 7 dpl



Wang et al. / Neural Regeneration Research. 2017;12(5):795-803.

(Figure 6H; P < 0.05). The velocity of fish in the 1 dpl, 3 dpl
and 7 dpl groups was lower than in the control group. How-
ever, these differences were not statistically significant (Fig-
ure 6K). Interestingly, the change in angular velocity over
time resembled an inverted V-curve. After the light-induced
injury, the angular velocity gradually increased. At 3 dpl,
fish with the most severe retinal injury showed a markedly
increased angular velocity compared with the control group
(Figure 6L; P < 0.01). The angular velocity dropped at 7 dpl,
but was still higher than in the control group (Figure 6L; P <
0.05). Taken together, these data suggest that the locomotor
capacity and phototaxis of adult zebrafish are reduced after
retinal injury, and recover to some extent during the self-re-
pair process.

Discussion

The zebrafish retina is an important model for neuronal
regeneration (Meyers et al., 2012; Sun et al., 2016). In re-
sponse to injury, intrinsic stem cells become activated at the
lesion site and enter the mitotic cycle to directly regenerate
photoreceptors, and mature cells then integrate into existing
neural circuits (Thummel et al., 2010). The current study not
only evaluated retinal status following exposure to high-in-
tensity light, but also introduced a novel approach for eval-
uating zebrafish vision and adaptation based on behavioral
assessment.

In the present study, high-intensity light was used to in-
duce selective death of photoreceptors in the central retina.
Following light-induced injury, photoreceptors became dis-
organized and began exfoliating from the ONL to the OSL,
which was inconsistent with the results of a previous study
(Qin et al., 2009). Interestingly, the present results revealed
that the rods underwent slower apoptosis and that fewer rods
underwent apoptosis compared with cones at a particular
stage of the light lesion. Various light treatments are known
to cause different types of photoreceptor loss in adult ze-
brafish. Constant bright light has been shown to cause more
damage to rods than cones (Thummel et al., 2010), whereas
short exposure to high-intensity light causes more marked
damage to cones (Thomas et al., 2012). This discrepancy
may be related to the light adaptation of rod photoreceptors
(Weber et al., 2013). Following intense light irradiation, pig-
ment granules in the RPE migrate to the zone between the
rod outer segments and the cone outer segments. The RPE
protects rods by scattering light back to cones (Hodel et al.,
2006), resulting in differential susceptibility in response to
light-induced lesions between rods and cones. In addition,
under high-intensity light exposure, cones and rods produce
large amounts of reactive oxygen species, surpassing the
absorption capacity of the RPE (Tarboush et al., 2014) and
eventually causing damage to the photoreceptor cells. In the
present study, the photoreceptors were hardly detectable
and the ONL was interrupted in the central retina at 3 dpl.
Dying photoreceptors release a variety of cytokines that at-
tract phagocytes (Fernando et al., 2016). Thus, in the present
study, microglia were continuously recruited to the injury
area, where they performed phagocytosis and cleanup (Ca-

sano et al., 2016). The invasion of microglia reached a peak
at 3 dpl, when the apoptosis of cones and rods was also at a
maximum.

In zebrafish retina, neuronal injury can rapidly stimulate
the proliferation of stem cells (progenitors) (Gramage et
al., 2015). Following the selective death of photoreceptors,
two stem cell populations, the Miiller glia and the ONL rod
precursors, have been shown to re-enter the cell cycle, with
the former differentiating into cones and rods and the latter
differentiating only into rods (Thummel et al., 2010). In the
current study, PCNA-positive cells gathered in clusters and
migrated to the top of the INL, starting at 2 dpl. Cell prolif-
eration peaked at 4 dpl. After 7 days of recovery, the cones
and rods were well differentiated and filled the lesion site.
However, the regenerated cells did not exhibit their original
pattern within the regenerated lesion site, and the regener-
ated cones showed a more irregular arrangement than the
rods. This finding supports the notion that the establishment
of cone patterns is more sensitive to change, and is more
readily compromised by changes in the retinal milieu (Sten-
kamp and Cameron, 2002; Jimeno and Santos, 2016; Smiley
etal., 2016).

The present findings raise several important questions,
including what functional changes take place during this
process, and how the effects of these changes on vision can
be evaluated. In the current study, a light/dark box test was
used as a direct and non-invasive approach for investigating
behavioral changes during retinal injury and repair in ze-
brafish. Surprisingly, the behavioral changes correlated with
morphological changes in the retina in three ways. First,
the locomotor capacity of the zebrafish decreased following
high-intensity light-induced injury to the retina. At 1 dpl
or 3 dpl, the fish exhibited a shorter total movement time,
a shorter medium movement time, a shorter total move-
ment distance and a longer slow movement time. Second,
the injured fish exhibited weakened phototaxis, exhibited
as decreases in the distance in the white region, the white
distance ratio, the time spent in the white region, the white
time ratio and the transition times to white. These findings
are in accord with the notion that fish with injuries to the
central retina exhibited a reduced tendency to approach
light. Morphologically, in the central retina, the cones and
rods began to undergo apoptosis at 1 dpl, exhibited the most
severe retinal coloboma at 3 dpl and had regenerated by 7
dpl. The ONL was thinnest at 3 dpl and recovered to almost
normal at 7 dpl. It has been reported that modest declines in
photoreceptor number with slight thinning of the ONL do
not elicit a significant alteration in retinal architecture and
visual response, but when the loss of photoreceptors is severe
and the thickness of the ONL drops by more than 50%, the
light-evoked responses disappear (Saade et al., 2013). Some
behavioral parameters revealed a slight difference between
1 dpl and 3 dpl in the present study, which may have been
caused by adaptation to blindness, and anxiety (Huang et al.,
2013). In addition to low vision, anxiety related to high-in-
tensity light may have also been an important parameter
for altering the locomotor activity in zebrafish, introducing
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more complexity in the behavioral results (Peng et al., 2016).
Finally, the light stimulus used in the current study had a
substantial impact on angular velocity, which is a useful in-
dicator of stress (Lima et al., 2016; Nema et al., 2016). The
pattern of angular velocity resembled an inverted “V”, which
is consistent with the loss of photoreceptors. Increased an-
gular velocity has been reported to be an early indicator of
retinal damage (Fernandes et al., 2016). Both the light stim-
ulus and impaired vision can induce stress in the zebrafish,
which brought about an alteration in angular velocity. The
current findings demonstrate that the loss and recovery of
photoreceptors in the central retina result in an alteration of
locomotor capacity, phototaxis and angular velocity.

Opverall, the data indicate that photoreceptors can regener-
ate at 7 days after a high-intensity light-induced injury to the
retina, and that the regenerated cells exhibit a disrupted ar-
rangement at the lesion site. During the injury-regeneration
process, the behaviors of adult zebrafish changed in concert
with the morphological changes observed in the retina.
Therefore, the light/dark test can provide a useful method for
evaluating visual function in adult zebrafish. Reduced loco-
motor capacity, weakened phototaxis and increased angular
velocity can indicate the presence of visual impairment, and
the behavioral changes observed during the light/dark test
are an accurate indicator of photoreceptor degeneration and
regeneration in zebrafish following a high-intensity light-in-
duced retinal injury.

In the current study, a light/dark test was used as a new
method for studying retinal degeneration and regeneration
in zebrafish after a high-intensity light-induced retinal inju-
ry. A light stimulus and self-repair activity can induce chang-
es in photoreceptors, influence vision, and evoke anxiety,
consequently altering the locomotor capacity and phototaxis
of fish. The current behavioral results were consistent with
the observed morphological changes. The present findings
therefore suggest that the light/dark test can be used as a
novel method for evaluating vision in zebrafish, and to iden-
tify new treatments for retinal diseases. While it is not clear
about the molecular mechanisms between light injury and
locomotor capacity, more research on the mechanisms of the
behavioral alterations will be conducted in the future.
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