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Abstract

In contrast to mammals, retinal ganglion cells (RGC) axons of the optic nerve even in mature

zebrafish exhibit a remarkable capacity for spontaneous regeneration. One constraint of

using adult zebrafish is the limited ability to visualize the regeneration process in live ani-

mals. To dynamically visualize and trace the degree of target specific optic nerve regenera-

tion, we took advantage of the optical transparency still preserved in post developmental

larval zebrafish. We developed a rapid and robust assay to physically transect the larval

optic nerve and find that by 96 hours post injury RGC axons have robustly regrown onto the

optic tectum. We observe functional regeneration by 8 days post injury, and demonstrate

that similar to adult zebrafish, optic nerve transection in larval zebrafish does not promi-

nently induce cell death or proliferation of RGC neurons. Furthermore, we find that partial

optic nerve transection results in axonal growth predominantly to the original, contralateral

tectum, while complete transection results in innervation of both the correct contralateral

and ‘incorrect’ ipsilateral tectum. Axonal tracing reveals that although regenerating axons

innervate the ‘incorrect’ ipsilateral tectum, they successfully target their topographically

appropriate synaptic areas. Combined, our results validate post developmental larval zebra-

fish as a powerful model for optic nerve regeneration, and reveal intricate mechanistic differ-

ences between axonal growth, midline guidance and synaptic targeting during zebrafish

optic nerve regeneration.

Introduction

Axons of retinal ganglion cells (RGCs) extend from the retina into the brain, and together with

associated glia form the optic nerve which transmits complex visual information into the visual

centers of the brain. In mammals, damage to the optic nerve via injury or disease is irrevers-

ible, due to the well-documented challenges that contribute to the poor capacity for spontane-

ous regeneration throughout the mammalian Central Nervous System (CNS) (reviewed in

[1]). The major causes for the lack of spontaneous regeneration include the limited ability to

mount an intrinsic response to sustain axonal growth, and the presence of a growth inhibitory

PLOS ONE | https://doi.org/10.1371/journal.pone.0218667 June 20, 2019 1 / 17

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Harvey BM, Baxter M, Granato M (2019)

Optic nerve regeneration in larval zebrafish exhibits

spontaneous capacity for retinotopic but not

tectum specific axon targeting. PLoS ONE 14(6):

e0218667. https://doi.org/10.1371/journal.

pone.0218667

Editor: Tudor C. Badea, National Eye Centre,

UNITED STATES

Received: December 19, 2018

Accepted: June 6, 2019

Published: June 20, 2019

Copyright: © 2019 Harvey et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

Information files.

Funding: This work was supported by grants from

the National institute of health to Michael Granato

(EY024861 and NS097914). The funders had no

role in study design, data collection and analysis,

decision to publish, or preparation of the

manuscript.

Competing interests: The authors have declared

that no competing interests exist.

http://orcid.org/0000-0003-3878-9468
https://doi.org/10.1371/journal.pone.0218667
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0218667&domain=pdf&date_stamp=2019-06-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0218667&domain=pdf&date_stamp=2019-06-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0218667&domain=pdf&date_stamp=2019-06-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0218667&domain=pdf&date_stamp=2019-06-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0218667&domain=pdf&date_stamp=2019-06-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0218667&domain=pdf&date_stamp=2019-06-20
https://doi.org/10.1371/journal.pone.0218667
https://doi.org/10.1371/journal.pone.0218667
http://creativecommons.org/licenses/by/4.0/


environment [2–5]. For the optic nerve, this limited regenerative capacity is further com-

pounded by injury induced cell death of RGCs, adding an additional layer of complexity to the

regeneration process [6]. Over the past decade several neuron intrinsic and extrinsic signaling

pathways have been identified that suppress cell death and boost axonal growth [7–12]. These

findings documented robust axonal growth of injured RGC towards their central targets, and

in very few instances partially functional responses [9,13,14]. However, the full complement of

molecular mechanisms and pathways that guide regenerating RGC axons and control target

synaptic selectivity is not well defined.

In contrast to the mammalian CNS, amphibians and teleost fish including goldfish and zeb-

rafish exhibit a remarkable capacity for spontaneous regeneration following spinal cord and

optic nerve injury [15–17]. In fact, using adult zebrafish to study CNS regeneration has

revealed mechanisms mediating axonal growth, glial interactions and functional recovery after

spinal cord lesion [18–22]. Moreover, optic nerve regeneration in adult zebrafish occurs inde-

pendently of neurogenesis [23,24], providing a unique opportunity to study mechanisms that

promote spontaneous regeneration independently of the confounds of neural survival and

neurogenesis.

Additional advantages of the zebrafish system include the ease of genetic and pharmacolog-

ical manipulations and the unique ability for live cell imaging due to the optical clarity. Since

these qualities persist throughout development into the period of visual system functionality,

retinotectal development and function has been studied in great detail in zebrafish [25,26]. It

is therefore somewhat surprising that post developmental larval zebrafish, which offer the

same technical advantages, have not been developed as a system to study the cellular and

molecular underpinnings of spontaneous optic nerve regeneration. Here, we present a simple

yet powerful assay to transect the optic nerve and monitor axonal and functional regeneration

in larval zebrafish. We find that RGC axonal regeneration is rapid, with re-innervating axons

entering the optic tectum by 96 hours post transection (hpt), independent of cell death or

RGC proliferation. We find that following complete transection of the optic nerve, axons

regrow to the correct contralateral as well as the ‘incorrect’ ipsilateral tectum. In contrast, par-

tial optic nerve transection results in axonal growth predominantly to the original, contralat-

eral tectum, suggesting that spared axonal fiber tracts are critical for regenerating axons to

navigate towards their original targets. Furthermore, we demonstrate that growing RGC axons

re-innervate their original topographic tectal area, and that by 8 days post transection (dpt) lar-

vae display functional visual regeneration. Altogether, this robust optic nerve regeneration

assay in the larval zebrafish provides a powerful approach to further probe the cellular mecha-

nisms and molecular pathways that promote spontaneous CNS axonal regeneration.

Methods

Ethics statement

All experiments were conducted according to an Animal Protocol fully approved by the Uni-

versity of Pennsylvania Institutional Animal Care and Use Committee (IACUC) on January

24, 2014, protocol number 803446. Veterinary care is under the supervision of the University

Laboratory Animal Resources (ULAR) of the University of Pennsylvania.

Zebrafish maintenance and transgenes

All transgenic lines were maintained in the Tübigen or Tupfel long fin genetic background

and raised as previously described [27]. The Tg(isl2b:GFP) transgenic line was used visualize

RGCs and their axons [28].

Optic nerve regeneration in larval zebrafish
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Transection assay

To inhibit melanocyte pigmentation, larvae were raised in phenylthiourea (PTU, 0.2mM in E3

medium) in the dark at 29˚C beginning at shield stage. At 5 days post fertilization, larvae were

anesthetized in PTU E3 plus 0.0053% tricaine then mounted in 2.5% low-melt agarose (SeaPla-

que, Lonza) prepared with PTU E3 plus 0.016% tricaine ventral-up on a glass microscopy

slide. Optic nerve injuries were performed on an Olympus SZX16 fluorescent microscope

using a sharpened tungsten needle (Fine Science Tools, Tip Diameter: 0.001mm, Rod Diame-

ter: 0.125mm) to transect the region of the nerve distal to it exiting the eye, yet proximal to the

optic chiasm. Following injuries, larvae were removed from the agarose, allowed to recover in

Ringer’s solution with 0.2mM PTU for about 60 minutes, then returned to 0.2mM PTU, E3

medium at 29˚C. Larvae were inspected for transection efficiency at 16–18 hpt, and except for

when examining partial transections, only larvae with complete optic nerve transections with

no visible intact axons remaining from the eye to the tectum were kept in to 0.2mM PTU, E3

medium at 29˚C until fixation or live-imaging at later designated timepoints. To count the

number of transected optic nerves with any axonal regrowth to the optic tecta, as well as any

nerves exhibiting misguided axonal growth, larvae were anesthetized, mounted in 1.5% low-

melt agarose and observed on a Zeiss Axio Imager M1 fluorescent compound microscope at

72 hpt. To quantify the extent of axonal regrowth to the optic tecta, larvae were anesthetized,

mounted in 1.5% low-melt agarose and live imaged using confocal microscopy at 72 hpt and

96 hpt. The total intensity of GFP signal in the left and right tecta was quantified using Imaris

software (Bitplane) and analyzed in Graphpad Prism for statistical analysis.

To perform partial optic nerve injuries, larvae at 5 days post fertilization were anesthetized

and mounted in agarose as described above. Then, the left optic nerve was injured with varying

severity, ranging from uninjured to completely transected. The right eye was enucleated. Larvae

were removed from the agarose and allowed to recover as described above. To assess the extent

of the optic nerve injury at 24 hpt, each larva was anesthetized, mounted in 1.5% agarose and

live imaged using confocal microscopy then returned to 0.2mM PTU, E3 medium at 29˚C. The

intensity of GFP signal in the right tectum was quantified using Imaris software (Bitplane). Lar-

vae with partial transections were then grouped into three categories. At 72 hpt, larvae were

again anesthetized, mounted in 1.5% agarose and imaged using confocal microscopy.

Immunostaining

Larvae were stained using methods modified from those previously described [29]. Briefly, larvae

were fixed in 4% PFA in PBS overnight at 4˚C. Larvae were washed in PBS + 0.25% Triton (PBT),

incubated in 150mM Tris-HCl pH 9.0 for 15 min at 70˚C, then washed in PBT. Larvae were per-

meabilized in 0.05% Trypsin-EDTA for 5 min on ice [30], washed in PBT, blocked in PBT con-

taining 1% bovine serum albumin (BSA), 2% normal goat serum (NGS) and 1% dimethyl

sulfoxide (DMSO), and then incubated in primary and secondary antibodies overnight at 4˚C in

PBT containing 1% BSA and 1% DMSO. Stained larvae were stored and mounted in Vectashield

(Vector Laboratories) for imaging using confocal microscopy. Primary antibodies used were:

mouse anti-GFP (JL-8, 1:200, BD Biosciences), rabbit anti-caspase-3 (1:500, BioRad), mouse anti-

PCNA (pc10, 1:1000, Sigma), rabbit anti-phospho-histone H3 (1:500, Millipore). Secondary anti-

bodies used were: goat anti-mouse Alexa 488 (1:500, Molecular Probes), goat anti-rabbit Alexa

594 (1:500, Molecular Probes), goat anti-mouse Alexa 594 (1:500, Molecular Probes).

Lipophilic dye labeling of retinal projections

Larvae were fixed in 4% PFA in PBS overnight at 4˚C. To angle the larvae so the desired retina

was aligned with the injection needle, larvae were laid against a coverslip secured on a glass
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microscopy slide and kept moist with PBS. Retinas were pressure injected with either 0.5% DiI

(Invitrogen) or DiD (Invitrogen) dissolved in DMF. Larger or smaller volumes were injected

to fully fill the retina or label smaller regions of the retina, respectively. Larvae were kept over-

night at room temperature in PBS to allow dyes to diffuse then mounted in 1.5% low-melt aga-

rose to be analyzed and imaged using confocal microscopy.

Confocal imaging, processing and analysis

Larvae were imaged on a Zeiss 880 confocal microscope using a 20× objective. Image stacks of

optic chiasms or tecta were compressed into maximum intensity projections. Images for cas-

pase-3, PCNA and PH3 stainings were of single transverse sections of retinas. RGCs co-stain-

ing with caspase-3, PCNA or PH3 were manually counted from individual optical sections and

analyzed in Graphpad Prism for statistical analysis. All images were adjusted for brightness

and contrast in Adobe Photoshop CS5, and color assigned using Fiji.

Behavioral assay

Dark-flash induced O-bend responses of zebrafish larvae were elicited and recorded as

described previously [31]. Larvae tested for O-bend responsiveness were placed in a 4×4 clear

plexiglass grid of sixteen 0.9×0.9 cm wells filled with E3 medium mounted in a 6 cm petri lid.

Larvae were illuminated obliquely from above with a white light LED bulb (PAR38 LED light;

LEDlight.com) as well as from beneath by an array of infared LEDs (IR100 Illuminator

removed from its housing; YYtrade). The entire experimental set up was isolated under a black

cloak. To evaluate O-bend responsiveness, the white LED was extinguished, and images were

recorded by a high-speed Motionpro camera (Redlake, Tucson, AZ, USA) at 1000�frames�s–1,

for the initial 800 ms of each 1 s dark flash. Larvae were given 10 dark flashes, each 2 minutes

apart. To test the overall health of the larvae, we also recorded their responsiveness to an

acoustic stimulus (1100 Hz for 2 ms duration) after the dark flashes were administered. Larvae

that did not respond to an acoustic stimulus were not included in O-bend analyses. Data were

recorded into Graphpad Prism for statistical analysis.

Results

Optic nerve transection induces robust RGC axonal regeneration

To monitor the progression of optic nerve regeneration in vivo, we focused on 5 day old larvae

as they are largely transparent yet possess retinotectal connectivity underlying robust visual

functionality [32–34]. Already at 32 hours post fertilization RGC axons begin to exit the retina

and project contralaterally across the midline at the optic chiasm [25,26]. While a small pro-

portion of axons project to non-tectal arborization fields, more than 97% of RGC axons termi-

nate in the optic tectum [35]. Within the optic tectum, RGC axons project topographically

[25] and terminate into four tectal laminae [36] to ultimately reconstruct visual input from the

retina to the tectum.

To characterize the process of optic nerve regeneration in larval zebrafish, we imaged optic

nerves prior to transection and during the regeneration process using a transgenic line Tg
(isl2b:GFP) expressing GFP in all RGC neurons and their axons (Fig 1A and 1B; [27]). Using a

sharpened tungsten needle, we transected the optic nerve just proximal to the optic chiasm

(Fig 1B, arrowheads). Prior to injury, RGC axons from one eye crossed the midline and exclu-

sively innervated the contralateral optic tectum (Fig 1C and 1D). By 16 hpt, the portion of the

nerve distal to the injury site was undergoing degeneration resulting in axonal fragments along

the entire retinotectal trajectory and in the optic tectum (Fig 1E and 1F). At this time, we did

Optic nerve regeneration in larval zebrafish
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Fig 1. Regeneration of RGC axons in larval zebrafish. (A) Timeline of optic nerve regeneration. (B) Diagram of a Tg
(isl2b:GFP) larva expressing GFP in RGCs and their axons. At 5dpf, optic nerves are transected with a sharpened

tungsten needle proximal to the chiasm (black arrowheads). (C-D) Before injury, RGC axons cross the midline at the

optic chiasm and innervate the contralateral tecta. Dashed lines indicate the outline of the eyes; scale bars = 50 μm.

(E-F) Axonal growth from transected nerve at 16hpt is undetectable, while the portion of the nerve distal to the injury

degenerates. (G-H) At 24 hpt, regrowing RGC axons begin to emerge from the proximal portion of the injured nerve

(white arrowheads), while further degeneration continues. (I-J) By 48 hpt, regenerating axons project into the chiasm

and re-innervate the tecta, though about 50% of transected nerves exhibit some misguided axonal growth (n = 81/160

nerves from 80 larvae, white arrows). (K-L) At 72 hpt, there is additional axonal growth to the tecta. (M-N) By 96 hpt,

the axons within the chiasm fasciculate and robustly innervate the tecta (n = 160/160 nerves from 80 larvae).

Representative images of chiasms and tecta for each timepoint are of the same fixed larva, though across timepoints are

different larvae.

https://doi.org/10.1371/journal.pone.0218667.g001
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not detect any axonal growth from the proximal nerve stump (Fig 1E). At 24 hpt, axonal

degeneration had progressed further as evidenced by the presence of only axonal debris on the

tectum (Fig 1H). Concomitantly, GFP-positive axons began to emerge from the proximal

nerve stump (Fig 1G, arrowheads). By 48 hpt, regenerating axons crossed the optic chiasm at

the CNS midline and began to re-innervate the tectum (Fig 1I and 1J). By 72 hpt, more regen-

erating axons entered the optic tectum and began to cover the entire tectum (Fig 1K and 1L).

At 96 hpt, regenerating axons at the optic chiasm had a more fasciculated organization, and

the optic tectum was more robustly re-innervated, likely reflecting the arrival of additional

RGC axons (Fig 1M and 1N; S1A and S1B Fig). In about 50% of injured optic nerves, regener-

ating axons exhibited misguided growth directed away from optic chiasm (arrows, Fig 1I, 1K

and 1M; n = 81/160 nerves from 80 larvae). Despite this presence of misguided RGC axons in

about 50% of transected nerves (n = 81/160 nerves from 80 larvae), we observed predominant

regrowth to the optic tecta in 100% of injured nerves (n = 160 nerves from 80 larvae), demon-

strating that even after complete nerve transection, RGC axonal regrowth is extremely robust

in larval zebrafish.

Optic nerve regeneration occurs independently of RGC death or

proliferation

In larval zebrafish, both developmental and chemical injury induced RGC neurogenesis have

been well documented [37–39], raising the possibility that optic nerve transection might lead

to RGC cell death and neurogenesis. To evaluate these two processes, we used immunohis-

tochemistry to assess RGC cell death (anti-active caspase-3) between 2 and 24 hpt (Fig 2A–2F;

Table 1), and proliferation (anti-PCNA) at 24, 48, 72 and 96 hpt (Fig 2G–2L). Compared to

retinas of uninjured larvae, following optic nerve transections did not reveal prominent RGC

cell death (Fig 2A–2F; Table 1). Similarly, retinas of larvae with uninjured (24 hpt, n = 10 reti-

nas from 5 larvae; 48 hpt, n = 10 retinas from 5 larvae; 72 hpt, n = 10 retinas from 5 larvae; 96

hpt, n = 10 retinas from 5 larvae) or with transected optic nerves (24 hpt, n = 14 retinas from 7

larvae; 48 hpt, n = 14 retinas from 7 larvae; 72 hpt, n = 14 retinas from 7 larvae; 96 hpt, n = 14

retinas from 7 larvae) did not show any apparent PCNA staining in the inner nuclear layer

(Fig 2G–2L). Moreover, retinas of larvae with uninjured (48 hpt, n = 8 retinas from 4 larvae;

72 hpt, n = 12 retinas from 6 larvae; 96 hpt, n = 8 retinas from 4 larvae) or transected optic

nerves (48 hpt, n = 10 retinas from 5 larvae; 72 hpt, n = 14 retinas from 7 larvae; 96 hpt, n = 8

retinas from 4 larvae) did not show any RGCs co-staining with PH3 (S2A–S2F Fig). Thus, sim-

ilar to adult zebrafish yet unlike mammalian optic nerve injury, RGC regeneration occurs

independently of RGC cell death and proliferation [24], thereby providing a valid model to

study the process of axonal regeneration without the confounds of neurogenesis.

Functional recovery following optic nerve transection

A hallmark and measurement of successful CNS regeneration is functional regeneration. Lar-

val zebrafish perform several visually guided behaviors that have been studied extensively

[32,34,40–43]. One such behavior is the O-bend behavior, which is robustly elicited in

response to sudden darkness (dark flashes; Fig 3A) [31]. The O-bend is fully dependent on ret-

inal function [44], and is quantifiable by several highly stereotypic kinematic parameters,

including directional bias [31]. To determine if and to what extent larvae functionally recover

from optic nerve transection, we subjected larvae to sudden dark flashes to elicit O-bends

prior to optic nerve transection, one day then eight days post injury, and monitored the direc-

tional bias of the O-bends (Fig 3B and 3C). Importantly, transection of both left and right

optic nerves dramatically reduced larval survival due to their inability to see and ingest food,

Optic nerve regeneration in larval zebrafish
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Fig 2. Optic nerve regeneration occurs in absence of significant RGC apoptosis or proliferation. (A-F) Transverse

optical sections of retinas from Tg(isl2b:GFP) uninjured larvae (A-C; n = 8 retinas) or larvae with transected optic

nerves (D-E; n = 8 retinas) at 8 hpt labeled with anti-active caspase-3 (magenta). Following optic nerve injury, very few

RGCs co-label with caspase-3 (E-F inset; see Table 1). (G-L) Transverse sections of retinas from Tg(isl2b:GFP)
uninjured larvae (G-I; n = 10 retinas from 5 larvae) or larvae with transected optic nerves (J-L; n = 14 retinas from 7

larvae) at 24 hpt labeled with anti-PCNA (magenta) show no apparent PCNA staining in the inner nuclear layer. Scale

bars = 50 μm.

https://doi.org/10.1371/journal.pone.0218667.g002
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precluding us to evaluate functional regeneration following bilateral optic nerve transection.

We therefore transected only the left optic nerve, leaving the right optic nerve intact to allow

larvae to successfully feed for the next six days. On the seventh day, i.e. one day prior to testing

for functional regeneration at 8 dpt, we transected the right optic nerve of the experimental

Table 1. Number of RGCs labeled with caspase-3. Mean number ± standard deviation of the mean of apoptotic cells. See Methods for more details on quantification.

Hours post transection (hpt) Uninjured Injured Mann-Whitney test

2 0 ± 0 (n = 8) 0 ± 0 (n = 8) n.s.

4 0 ± 0 (n = 8) 2.0 ± 1.6 (n = 8) p � 0.01

8 0 ± 0 (n = 8) 4.0 ± 2.3 (n = 8) p� 0.001

24 0 ± 0 (n = 8) 1.5 ± 2.3 (n = 8) n.s.

https://doi.org/10.1371/journal.pone.0218667.t001

Fig 3. Functional regeneration of RGC axons. (A) Diagram illustrating the O-bend response elicited by suddenly extinguishing

light (dark flash). (B) Timeline of events for testing functional regeneration. Tg(isl2b:GFP) larvae were uninjured or had the left

optic nerve (ON) transected. O-bend responses to dark flashes were recorded prior to injuries at 0 dpt and then 1 dpt. At 7 dpt, the

right ON was injured in larvae that originally received a left ON injury. A final assay for O-bend responses was performed at 8 dpt.

(C) O-bend direction biases before (pre-injury; uninjured n = 18 larvae; left ON injured n = 83 larvae), after initial injuries were

performed (1 dpt; uninjured n = 18 larvae; left ON injured n = 57 larvae), and after regeneration (8 dpt; uninjured n = 12 larvae;

left ON injured n = 27 larvae). Before injuries, larvae perform O-bends with no directional bias. Larvae with a left ON injury at 1

dpt perform O-bends with a strong leftward directional bias, and by 8 dpt show no directional bias similar to uninjured larvae.
����p< 0.0001, Wilcoxon signed rank test; n.s., Mann-Whitney test.

https://doi.org/10.1371/journal.pone.0218667.g003
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larvae, thereby allowing us to evaluate functional regeneration of only the originally transected

left optic nerve (Fig 3B). In response to sudden darkness, uninjured controls performed left and

rightwards O-bends without bias (Fig 3C, pre-injury; uninjured n = 18 larvae; left ON injured

n = 83 larvae). One day after transection of the left optic nerve, when axonal degeneration

occurs (Fig 1G and 1H), O-bend response bias was dramatically shifted leftward (Fig 3C, 1 dpt;

uninjured n = 18 larvae; left ON injured n = 57 larvae). As detailed below, following complete

optic nerve transection, regenerating RGC axons grew to both the ipsilateral and contralateral

tectum, thereby providing visual inputs to both tecta (Fig 4). Therefore, we expected that func-

tional regeneration of the left optic nerve at 8 dpt, in the absence of input from the now tran-

sected right optic nerve, would manifest as a directionally unbiased O-bend response. Indeed,

experimental larvae performed O-bend turns without left or rightwards bias, indistinguishable

from uninjured control larvae (Fig 3C, 8 dpt; uninjured n = 12 larvae; left ON injured n = 27 lar-

vae). Thus, in response to optic nerve transection, we observe robust visual regeneration.

Midline guidance during optic nerve regeneration is impaired

To further characterize the process of axonal regeneration following optic nerve transection,

we performed axonal tracing at 72 hpt by injecting the lipophilic dyes DiI and DiD into the left

and right retina, respectively. In zebrafish, RGC axons from the retina project exclusively to

the contralateral tectum (Fig 4A–4D; n = 8 larvae) [25,26]. In contrast, following transection

of the left optic nerve while sparing the right optic nerve, axons from the right retina projected

contralaterally, while regenerating RGC axons from the left retina grew into both the ipsilateral

and contralateral tectum (Fig 4E–4H; n = 9 larvae). Similarly, following transections of both

optic nerves, regenerating RGC axons from the left retina and the right retina grew into both

Fig 4. Transected RGC axons grow to ipsilateral and contralateral tecta. (A-L) Examples of RGC axonal tracings of Tg(isl2b:

GFP) larvae at 72 hpt that were uninjured (A-D), received only a left optic nerve (ON) transection (E-H) or had both ON

transected (I-L). Axons were traced by injecting the lipophilic dyes DiI and DiD into the left and right retina, respectively. RGC

axons of uninjured nerves project to only contralateral tecta, while transected RGC axons grow to both ipsilateral and contralateral

tecta. Asterisks indicate melanophores on the skin. Dashed lines outline dye fluorescence from the injected eye. Scale bar = 50 μm.

https://doi.org/10.1371/journal.pone.0218667.g004
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tecta (Fig 4I–4L; n = 14 larvae). Thus, regenerating RGC axons frequently fail to cross the mid-

line and instead extend onto the ipsilateral tectum, consistent with the idea that following

optic nerve injury the guidance mechanisms promoting midline crossing are inactive.

We then asked whether providing a scaffold of correctly projecting axons within the injured

nerve would reduce or even prevent inappropriate ipsilateral growth. For this we removed the

right eye and then performed partial transections of the left optic nerve, reducing the severity

from completely transected to uninjured. At 24 hpt, we quantified the total RGC axonal GFP

signal in the tectum to obtain a more quantitative measurement of the severity of partial optic

nerve transections. We then grouped the partial transections based on their severity i.e. tectal

GFP signal, and examined axonal regeneration to the tecta at 72 hpt (Fig 5A). We observed

that reducing the severity of injury and hence increasing the amount of spared RGC axons

(Fig 5B–5G), decreased the fraction of regenerating axons extending into the inappropriate

ipsilateral tectum (Fig 5H–5L). Together, these data demonstrate that after complete transec-

tions, regenerating RGC axons fail to correctly navigate the CNS midline but that the presence

of intact axonal tracts greatly facilitates regeneration to the original contralateral tectum.

Regenerating RGC axons maintain target specificity in ipsilateral and

contralateral tecta

During development, RGC axons terminate in a topographically stereotyped order on the tec-

tum, such that axons originating from cell bodies located in the anterior-ventral retina project

to the posterior-dorsal tectum, and conversely axons originating from cell bodies located in

the posterior-dorsal retina projecting to the anterior-ventral tectum [25]. To examine whether

regenerating axons retain the capacity to return to their original topographic targets, we

labeled small populations of RGCs in either the anterior-posterior or dorsal-ventral quadrants

of the left retina with DiI and DiD, respectively (Fig 6A). To unequivocally determine the tectal

targeting of regenerating left optic nerve axons, we removed the right eye. We found that iden-

tical to uninjured controls, regenerating RGC axons projected to expected topographic targets,

with RGCs in the anterior quadrant of the retina projecting to the posterior tectum and RGCs

in the posterior quadrant projecting to the anterior tectum (Fig 6B–6I; uninjured, n = 22

nerves from 22 larvae; left ON transected, n = 21 nerves from 21 larvae). Similarly, dorsal RGC

axons projected to the ventral tectum, while ventral RGC axons projected to the dorsal tectum

(Fig 6J–6Q; uninjured, n = 23 nerves from 23 larvae; left ON transected, n = 16 nerves from 16

larvae). Moreover, we found that regenerating axons projected to their topographically correct

targets irrespectively of whether they grew to the correct contralateral tectum or to the incor-

rect ipsilateral tectum (Fig 6H, 6I, 6P and 6Q). Thus, we observe that once regenerating RGC

axons reach the tectum, they re-establish topographic target specificity. Altogether, these data

demonstrate that for regenerating optic nerve axons in zebrafish, growth across the CNS mid-

line, but not topographic targeting, represents a significant challenge.

Discussion

For decades, adult teleost fish have been utilized as a model organism for studying optic nerve

regeneration due to their remarkable regenerative capacity [16,17,45,46]. Conversely, teleost

embryos have been used extensively to study embryonic development and perform genetic

screens, which when combined with its optical clarity enabling unparalleled live imaging capa-

bilities altogether have made zebrafish embryos a prime model to study the molecular genetic

mechanisms underlying the development of the retinotectal system [47–50]. Here we combine

the advantages of post developmental larvae that possess a functional visual system yet have

retained optical transparency with a robust transection assay to rapidly measure axonal and
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functional optic nerve regeneration. We observe that RGC axonal regeneration in the larval

zebrafish is rapid and occurs independently of cell death or RGC proliferation. We also find

that following partial transections of the optic nerve, RGC axons grow predominantly to the

contralateral tecta, while complete transections result in axons projecting to both the ipsilateral

and contralateral tecta. In addition, we show that RGC axons re-innervate their appropriate

topographic target areas regardless of whether they innervate the original contralateral tectum

or the ‘incorrect’ ipsilateral tectum.

Larval zebrafish recapitulate key hallmarks of adult optic nerve

regeneration on an accelerated timeline

The time course of optic nerve regeneration in adult teleost fish has been described in great

detail. Regenerating RGC axons begin sprouting around 72 hpt and first appear on the tectum

Fig 5. Partially injured RGC axons grow predominantly to contralateral tecta. (A) At 0 dpt, Tg(isl2b:GFP) larvae

with the right eye removed received optic nerve transections ranging in severity from completely transected (n = 17

larvae), partially transected (Category 1, n = 8; Category 2, n = 9; Category 3, n = 8) to uninjured (n = 16). The extent

of the transections was assessed at 24 hpt and regeneration to the tecta was examined at 72 hpt. Red dashed boxes

indicate the imaged tectal areas. (B-F) Decreasing the severity of the transection spares more intact axons in the tectum

at 24 hpt as shown by the GFP expression of RGC axons. (G) Quantification of the intensity of GFP signal in the right

tectum at 24hpt. Red data points indicate the larvae represented in (B-F) images. (H-L) Reducing the severity of the

injury reduces inappropriate growth to the ipsilateral tectum. Scale bar = 50 μm.

https://doi.org/10.1371/journal.pone.0218667.g005

Fig 6. Regenerating RGC axons terminate in correct topographic regions. (A) At 72 hpt, small populations of RGCs were labeled

by DiI and DiD injections into anterior and posterior, or dorsal and ventral quadrants of the left retinas of Tg(isl2b:GFP) that were

uninjured or received left optic nerve (ON) transection. The right eye was removed to facilitate analysis. (B-Q) Following optic nerve

transection, RGC axons project to both the ‘incorrect’ ipsilateral and contralateral tecta yet maintain the same correct topographic

specificity as uninjured RGCs; (B-I) anterior RGCs to posterior tectum and posterior RGCs to anterior tectum (uninjured, n = 22

nerves from 22 larvae; left ON transected, n = 21 nerves from 21 larvae), as well as dorsal RGCs to ventral tectum and ventral RGCs to

dorsal tectum (uninjured, n = 23 nerves from 23 larvae; left ON transected, n = 16 nerves from 16 larvae). Dashed lines outline

fluorescence from the injected eye. Scale bar = 50 μm.

https://doi.org/10.1371/journal.pone.0218667.g006
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about one week following injury, leading to functional regeneration approximately 3 weeks

post injury [46,51,52]. We find that in larval zebrafish the entire regeneration process is on an

accelerated timeline, with regenerating axons innervating the entire tectum by 72 hpt (Fig 1K

and 1L), leading to robust visual regeneration already at 8 dpt (Fig 3C). In rodents, more than

80% of RGCs die within two weeks following injury and very few surviving RGCs extend

axons farther than the injury site [6,7,53]. Importantly, like in adult zebrafish, optic nerve

regeneration in larvae occurs independently of RGC cell death or proliferation (Fig 2) [24].

This, combined with its optical transparency and the ease of small molecule absorption makes

larval zebrafish a powerful and time accelerated platform to decipher the mechanisms that pro-

mote spontaneous regeneration independently of the confounds of neural survival and

neurogenesis.

The mechanisms underlying topographic mapping but not midline

crossing are active during optic nerve regeneration

Adult zebrafish have retained a significant capacity for optic nerve regeneration [23,52,54],

however, if and to what extent these RGC axons return to their original, retinotopic position

has not been examined. At the time we transect the optic nerve, RGC axons have not only

established a functional retinotopic map, but have also terminated at one of four sublaminae

located at different depths of the tectum [36]. While we did not examine whether regenerating

RGC axons return to their original sublamina, we used DiI/DiD tracing to determine if they

terminated on the tectum according to their original retinotopic position. We find that regen-

erating RGC axons faithfully re-innervate the appropriate dorso-ventral and anterior-posterior

map position on the optic tectum (Fig 6). Furthermore, even when regenerating RGC axons

project to the incorrect ipsilateral, they target their appropriate tectal positions, suggesting that

the mechanisms underlying the initial retinotopic targeting are active during the process of

regeneration. Teleost fish throughout their lifespan continue to add and replace RGC neurons

along the retinal periphery [55,56] and the tectum grows only at the posterior border

[15,56,57]. Although, we cannot fully exclude the contribution of axonal growth from any

newly generated RGCs in the retinal periphery, our findings support the idea that mechanisms

establishing proper retinotopic mapping are retained throughout the animal lifespan.

While we demonstrate that regenerating RGC axons have retained the ability to terminate

according to the original retinotopic map, we also show that RGC axons fail to properly navi-

gate the CNS midline. Rather than exclusively crossing the midline and innervating their origi-

nal target, the contralateral tectum, regenerating axons frequently project to the ipsilateral

tectum (Fig 4), suggesting that the molecular mechanisms that regulate proper midline cross-

ing are absent or inactive. This is consistent with previous work in adult zebrafish and goldfish

that revealed an increase of ipsilaterally projecting optic nerve fibers after crush injury [23,58].

In the late 1990s, genetic screens identified over 30 developmental mutants that fell into dis-

tinct groups based on the aberrant trajectories and pathfinding errors of their RGC axons

[47,48]. Interestingly, ten of those mutants that make midline crossing errors display ipsilateral

projection phenotypes strikingly similar to what we observe after optic nerve transection (Fig

4; reviewed in [49]). These mutants have since been cloned, and it is noteworthy that six of

these mutants are caused by mutations in various components of the Shh signaling pathway,

including shh [59], the shh receptor smoothened [60], the shh regulators dzip1 [61] and disp1
[62], and the downstream effectors gli1 [63] and gli2 [64]. Therefore, it is conceivable that Shh
signaling might also regulate correct midline crossing during optic nerve regeneration, and it

will be exciting to explore whether these genes indeed play functional roles during this process.

Finally, despite the progress on promoting optic nerve regeneration in mammalian systems via
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Pten/Socs3 deletions, proper guidance at the optic chiasm is still poor [8,13,65], suggesting a

role for guidance systems at the midline. Thus, identifying the molecular pathways that control

midline guidance during zebrafish optic nerve regeneration might also inform this process in

mammals.

Supporting information

S1 Fig. RGC axonal growth during optic nerve regeneration. (A) The total intensity of the

optic tecta of larvae that received optic nerve transections increases from 72 hpt to 96 hpt.

Each data point represents a single larva and all error bars indicate ±SEM. (B) Lines connect

the points (from A) representing the total intensity of the optic tecta for each larva with optic

nerve transections at 72 and 96hpt. ����p< 0.0001, Student’s t-test of mean total tectal inten-

sity.

(PDF)

S2 Fig. RGC axonal growth during optic nerve regeneration. (A-F) Transverse sections of

retinas from Tg(isl2b:GFP) uninjured larvae (A-C; n = 8 retinas) or larvae with transected

optic nerves (D-F; n = 10 retinas) at 48 hpt labeled with anti-phosphorylated Histone H3

(magenta) show no RGCs co-staining with PH3. Scale bars = 50 μm.

(PDF)

Acknowledgments

We would like to thank Dr. Andrea Stout of the UPenn CDB Microscopy Core for providing

technical assistance, and members of the Granato laboratory for comments and discussion.

Author Contributions

Conceptualization: Beth M. Harvey.

Formal analysis: Michael Granato.

Investigation: Beth M. Harvey, Melissa Baxter.

Supervision: Michael Granato.

Writing – original draft: Beth M. Harvey.

Writing – review & editing: Beth M. Harvey.

References
1. Case LC, Tessier-Lavigne M. Regeneration of the adult central nervous system. Curr Biol CB. 2005

Sep 20; 15(18):R749–753. https://doi.org/10.1016/j.cub.2005.09.008 PMID: 16169471

2. Silver J, Miller JH. Regeneration beyond the glial scar. Nat Rev Neurosci. 2004 Feb; 5(2):146–56.

https://doi.org/10.1038/nrn1326 PMID: 14735117

3. Yiu G, He Z. Glial inhibition of CNS axon regeneration. Nat Rev Neurosci. 2006 Aug; 7(8):617–27.

https://doi.org/10.1038/nrn1956 PMID: 16858390

4. Fitch MT, Silver J. CNS injury, glial scars, and inflammation: Inhibitory extracellular matrices and regen-

eration failure. Exp Neurol. 2008 Feb; 209(2):294–301. https://doi.org/10.1016/j.expneurol.2007.05.014

PMID: 17617407

5. Benowitz LI, He Z, Goldberg JL. Reaching the brain: Advances in optic nerve regeneration. Exp Neurol.

2017 Jan; 287(Pt 3):365–73. https://doi.org/10.1016/j.expneurol.2015.12.015 PMID: 26746987

6. Berkelaar M, Clarke DB, Wang YC, Bray GM, Aguayo AJ. Axotomy results in delayed death and apo-

ptosis of retinal ganglion cells in adult rats. J Neurosci Off J Soc Neurosci. 1994 Jul; 14(7):4368–74.

Optic nerve regeneration in larval zebrafish

PLOS ONE | https://doi.org/10.1371/journal.pone.0218667 June 20, 2019 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218667.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218667.s002
https://doi.org/10.1016/j.cub.2005.09.008
http://www.ncbi.nlm.nih.gov/pubmed/16169471
https://doi.org/10.1038/nrn1326
http://www.ncbi.nlm.nih.gov/pubmed/14735117
https://doi.org/10.1038/nrn1956
http://www.ncbi.nlm.nih.gov/pubmed/16858390
https://doi.org/10.1016/j.expneurol.2007.05.014
http://www.ncbi.nlm.nih.gov/pubmed/17617407
https://doi.org/10.1016/j.expneurol.2015.12.015
http://www.ncbi.nlm.nih.gov/pubmed/26746987
https://doi.org/10.1371/journal.pone.0218667


7. Park KK, Liu K, Hu Y, Smith PD, Wang C, Cai B, et al. Promoting axon regeneration in the adult CNS by

modulation of the PTEN/mTOR pathway. Science. 2008 Nov 7; 322(5903):963–6. https://doi.org/10.

1126/science.1161566 PMID: 18988856

8. Sun F, Park KK, Belin S, Wang D, Lu T, Chen G, et al. Sustained axon regeneration induced by co-dele-

tion of PTEN and SOCS3. Nature. 2011 Nov 6; 480(7377):372–5. https://doi.org/10.1038/nature10594

PMID: 22056987

9. de Lima S, Koriyama Y, Kurimoto T, Oliveira JT, Yin Y, Li Y, et al. Full-length axon regeneration in the

adult mouse optic nerve and partial recovery of simple visual behaviors. Proc Natl Acad Sci U S A. 2012

Jun 5; 109(23):9149–54. https://doi.org/10.1073/pnas.1119449109 PMID: 22615390

10. Duan X, Qiao M, Bei F, Kim I-J, He Z, Sanes JR. Subtype-specific regeneration of retinal ganglion cells

following axotomy: effects of osteopontin and mTOR signaling. Neuron. 2015 Mar 18; 85(6):1244–56.

https://doi.org/10.1016/j.neuron.2015.02.017 PMID: 25754821

11. Norsworthy MW, Bei F, Kawaguchi R, Wang Q, Tran NM, Li Y, et al. Sox11 Expression Promotes

Regeneration of Some Retinal Ganglion Cell Types but Kills Others. Neuron. 2017 Jun 21; 94(6):1112–

1120.e4. https://doi.org/10.1016/j.neuron.2017.05.035 PMID: 28641110

12. Welsbie DS, Mitchell KL, Jaskula-Ranga V, Sluch VM, Yang Z, Kim J, et al. Enhanced Functional Geno-

mic Screening Identifies Novel Mediators of Dual Leucine Zipper Kinase-Dependent Injury Signaling in

Neurons. Neuron. 2017 Jun 21; 94(6):1142–1154.e6. https://doi.org/10.1016/j.neuron.2017.06.008

PMID: 28641113

13. Li S, He Q, Wang H, Tang X, Ho KW, Gao X, et al. Injured adult retinal axons with Pten and Socs3 co-

deletion reform active synapses with suprachiasmatic neurons. Neurobiol Dis. 2015 Jan; 73:366–76.

https://doi.org/10.1016/j.nbd.2014.09.019 PMID: 25448764

14. Bei F, Lee HHC, Liu X, Gunner G, Jin H, Ma L, et al. Restoration of Visual Function by Enhancing Con-

duction in Regenerated Axons. Cell. 2016 Jan 14; 164(1–2):219–32. https://doi.org/10.1016/j.cell.2015.

11.036 PMID: 26771493

15. Stuermer CA, Easter SS. A comparison of the normal and regenerated retinotectal pathways of gold-

fish. J Comp Neurol. 1984 Feb 10; 223(1):57–76. https://doi.org/10.1002/cne.902230106 PMID:

6200514

16. Rasmussen JP, Sagasti A. Learning to swim, again: Axon regeneration in fish. Exp Neurol. 2017 Jan;

287(Pt 3):318–30. https://doi.org/10.1016/j.expneurol.2016.02.022 PMID: 26940084

17. Attardi DG, Sperry RW. Preferential selection of central pathways by regenerating optic fibers. Exp Neu-

rol. 1963 Jan; 7:46–64. PMID: 13965388

18. Becker T, Wullimann MF, Becker CG, Bernhardt RR, Schachner M. Axonal regrowth after spinal cord

transection in adult zebrafish. J Comp Neurol. 1997 Jan 27; 377(4):577–95. PMID: 9007194

19. van Raamsdonk W, Maslam S, de Jong DH, Smit-Onel MJ, Velzing E. Long term effects of spinal cord

transection in zebrafish: swimming performances, and metabolic properties of the neuromuscular sys-

tem. Acta Histochem. 1998 Apr; 100(2):117–31. https://doi.org/10.1016/S0065-1281(98)80021-4

PMID: 9587624

20. Becker T, Lieberoth BC, Becker CG, Schachner M. Differences in the regenerative response of neuro-

nal cell populations and indications for plasticity in intraspinal neurons after spinal cord transection in

adult zebrafish. Mol Cell Neurosci. 2005 Oct; 30(2):265–78. https://doi.org/10.1016/j.mcn.2005.07.008

PMID: 16098761

21. Vajn K, Suler D, Plunkett JA, Oudega M. Temporal profile of endogenous anatomical repair and func-

tional recovery following spinal cord injury in adult zebrafish. PloS One. 2014; 9(8):e105857. https://doi.

org/10.1371/journal.pone.0105857 PMID: 25157957

22. Mokalled MH, Patra C, Dickson AL, Endo T, Stainier DYR, Poss KD. Injury-induced ctgfa directs glial

bridging and spinal cord regeneration in zebrafish. Science. 2016 04; 354(6312):630–4. https://doi.org/

10.1126/science.aaf2679 PMID: 27811277

23. Becker CG, Meyer RL, Becker T. Gradients of ephrin-A2 and ephrin-A5b mRNA during retinotopic

regeneration of the optic projection in adult zebrafish. J Comp Neurol. 2000 Nov 20; 427(3):469–83.

PMID: 11054707

24. Zou S, Tian C, Ge S, Hu B. Neurogenesis of retinal ganglion cells is not essential to visual functional

recovery after optic nerve injury in adult zebrafish. PloS One. 2013; 8(2):e57280. https://doi.org/10.

1371/journal.pone.0057280 PMID: 23437359

25. Stuermer CA. Retinotopic organization of the developing retinotectal projection in the zebrafish embryo.

J Neurosci Off J Soc Neurosci. 1988 Dec; 8(12):4513–30.

26. Burrill JD, Easter SS. Development of the retinofugal projections in the embryonic and larval zebrafish

(Brachydanio rerio). J Comp Neurol. 1994 Aug 22; 346(4):583–600. https://doi.org/10.1002/cne.

903460410 PMID: 7983245

Optic nerve regeneration in larval zebrafish

PLOS ONE | https://doi.org/10.1371/journal.pone.0218667 June 20, 2019 15 / 17

https://doi.org/10.1126/science.1161566
https://doi.org/10.1126/science.1161566
http://www.ncbi.nlm.nih.gov/pubmed/18988856
https://doi.org/10.1038/nature10594
http://www.ncbi.nlm.nih.gov/pubmed/22056987
https://doi.org/10.1073/pnas.1119449109
http://www.ncbi.nlm.nih.gov/pubmed/22615390
https://doi.org/10.1016/j.neuron.2015.02.017
http://www.ncbi.nlm.nih.gov/pubmed/25754821
https://doi.org/10.1016/j.neuron.2017.05.035
http://www.ncbi.nlm.nih.gov/pubmed/28641110
https://doi.org/10.1016/j.neuron.2017.06.008
http://www.ncbi.nlm.nih.gov/pubmed/28641113
https://doi.org/10.1016/j.nbd.2014.09.019
http://www.ncbi.nlm.nih.gov/pubmed/25448764
https://doi.org/10.1016/j.cell.2015.11.036
https://doi.org/10.1016/j.cell.2015.11.036
http://www.ncbi.nlm.nih.gov/pubmed/26771493
https://doi.org/10.1002/cne.902230106
http://www.ncbi.nlm.nih.gov/pubmed/6200514
https://doi.org/10.1016/j.expneurol.2016.02.022
http://www.ncbi.nlm.nih.gov/pubmed/26940084
http://www.ncbi.nlm.nih.gov/pubmed/13965388
http://www.ncbi.nlm.nih.gov/pubmed/9007194
https://doi.org/10.1016/S0065-1281(98)80021-4
http://www.ncbi.nlm.nih.gov/pubmed/9587624
https://doi.org/10.1016/j.mcn.2005.07.008
http://www.ncbi.nlm.nih.gov/pubmed/16098761
https://doi.org/10.1371/journal.pone.0105857
https://doi.org/10.1371/journal.pone.0105857
http://www.ncbi.nlm.nih.gov/pubmed/25157957
https://doi.org/10.1126/science.aaf2679
https://doi.org/10.1126/science.aaf2679
http://www.ncbi.nlm.nih.gov/pubmed/27811277
http://www.ncbi.nlm.nih.gov/pubmed/11054707
https://doi.org/10.1371/journal.pone.0057280
https://doi.org/10.1371/journal.pone.0057280
http://www.ncbi.nlm.nih.gov/pubmed/23437359
https://doi.org/10.1002/cne.903460410
https://doi.org/10.1002/cne.903460410
http://www.ncbi.nlm.nih.gov/pubmed/7983245
https://doi.org/10.1371/journal.pone.0218667


27. Mullins MC, Hammerschmidt M, Haffter P, Nüsslein-Volhard C. Large-scale mutagenesis in the zebra-

fish: in search of genes controlling development in a vertebrate. Curr Biol CB. 1994 Mar 1; 4(3):189–

202. PMID: 7922324

28. Pittman AJ, Law M-Y, Chien C-B. Pathfinding in a large vertebrate axon tract: isotypic interactions

guide retinotectal axons at multiple choice points. Dev Camb Engl. 2008 Sep; 135(17):2865–71.

29. Randlett O, Wee CL, Naumann EA, Nnaemeka O, Schoppik D, Fitzgerald JE, et al. Whole-brain activity

mapping onto a zebrafish brain atlas. Nat Methods. 2015 Nov; 12(11):1039–46. https://doi.org/10.1038/

nmeth.3581 PMID: 26778924

30. Marquart GD, Tabor KM, Horstick EJ, Brown M, Geoca AK, Polys NF, et al. High-precision registration

between zebrafish brain atlases using symmetric diffeomorphic normalization. GigaScience. 2017 01; 6

(8):1–15.

31. Burgess HA, Granato M. Modulation of locomotor activity in larval zebrafish during light adaptation. J

Exp Biol. 2007 Jul; 210(Pt 14):2526–39. https://doi.org/10.1242/jeb.003939 PMID: 17601957

32. Brockerhoff SE, Hurley JB, Janssen-Bienhold U, Neuhauss SC, Driever W, Dowling JE. A behavioral

screen for isolating zebrafish mutants with visual system defects. Proc Natl Acad Sci U S A. 1995 Nov

7; 92(23):10545–9. https://doi.org/10.1073/pnas.92.23.10545 PMID: 7479837

33. Easter SS, Nicola GN. The development of vision in the zebrafish (Danio rerio). Dev Biol. 1996 Dec 15;

180(2):646–63. PMID: 8954734

34. Gahtan E, Tanger P, Baier H. Visual prey capture in larval zebrafish is controlled by identified reticulosp-

inal neurons downstream of the tectum. J Neurosci Off J Soc Neurosci. 2005 Oct 5; 25(40):9294–303.

35. Robles E, Laurell E, Baier H. The retinal projectome reveals brain-area-specific visual representations

generated by ganglion cell diversity. Curr Biol CB. 2014 Sep 22; 24(18):2085–96. https://doi.org/10.

1016/j.cub.2014.07.080 PMID: 25155513

36. Robles E, Filosa A, Baier H. Precise lamination of retinal axons generates multiple parallel input path-

ways in the tectum. J Neurosci Off J Soc Neurosci. 2013 Mar 13; 33(11):5027–39.

37. Schmitt EA, Dowling JE. Comparison of topographical patterns of ganglion and photoreceptor cell differ-

entiation in the retina of the zebrafish, Danio rerio. J Comp Neurol. 1996 Jul 22; 371(2):222–34. https://

doi.org/10.1002/(SICI)1096-9861(19960722)371:2<222::AID-CNE3>3.0.CO;2-4 PMID: 8835728

38. Fimbel SM, Montgomery JE, Burket CT, Hyde DR. Regeneration of inner retinal neurons after intravi-

treal injection of ouabain in zebrafish. J Neurosci Off J Soc Neurosci. 2007 Feb 14; 27(7):1712–24.

39. Sherpa T, Fimbel SM, Mallory DE, Maaswinkel H, Spritzer SD, Sand JA, et al. Ganglion cell regenera-

tion following whole-retina destruction in zebrafish. Dev Neurobiol. 2008 Feb 1; 68(2):166–81. https://

doi.org/10.1002/dneu.20568 PMID: 18000816

40. McElligott MB, O’malley DM. Prey tracking by larval zebrafish: axial kinematics and visual control. Brain

Behav Evol. 2005; 66(3):177–96. https://doi.org/10.1159/000087158 PMID: 16088102

41. Clark DT. Visual responses in developing zebrafish (Brachydanio rerio). PhD dissertation, University of

Oregon, USA; 1981.

42. Bilotta J. Effects of abnormal lighting on the development of zebrafish visual behavior. Behav Brain

Res. 2000 Nov 15; 116(1):81–7. PMID: 11090887

43. Orger MB, Baier H. Channeling of red and green cone inputs to the zebrafish optomotor response. Vis

Neurosci. 2005 Jun; 22(3):275–81. https://doi.org/10.1017/S0952523805223039 PMID: 16079003

44. Fernandes AM, Fero K, Arrenberg AB, Bergeron SA, Driever W, Burgess HA. Deep brain photorecep-

tors control light-seeking behavior in zebrafish larvae. Curr Biol CB. 2012 Nov 6; 22(21):2042–7. https://

doi.org/10.1016/j.cub.2012.08.016 PMID: 23000151

45. Horder TJ. The course of recovery of the retinotectal projection during regeneration of the fish optic

nerve. J Physiol. 1971;217 Suppl:53P–54P.

46. Murray M. Regeneration of retinal axons into the goldfish optic tectum. J Comp Neurol. 1976 Jul 15; 168

(2):175–95. https://doi.org/10.1002/cne.901680202 PMID: 956460

47. Karlstrom RO, Trowe T, Klostermann S, Baier H, Brand M, Crawford AD, et al. Zebrafish mutations

affecting retinotectal axon pathfinding. Dev Camb Engl. 1996 Dec; 123:427–38.

48. Trowe T, Klostermann S, Baier H, Granato M, Crawford AD, Grunewald B, et al. Mutations disrupting

the ordering and topographic mapping of axons in the retinotectal projection of the zebrafish, Danio

rerio. Dev Camb Engl. 1996 Dec; 123:439–50.

49. Culverwell J, Karlstrom RO. Making the connection: retinal axon guidance in the zebrafish. Semin Cell

Dev Biol. 2002 Dec; 13(6):497–506. PMID: 12468253

50. Hutson LD, Chien CB. Pathfinding and error correction by retinal axons: the role of astray/robo2. Neu-

ron. 2002 Jan 17; 33(2):205–17. PMID: 11804569

Optic nerve regeneration in larval zebrafish

PLOS ONE | https://doi.org/10.1371/journal.pone.0218667 June 20, 2019 16 / 17

http://www.ncbi.nlm.nih.gov/pubmed/7922324
https://doi.org/10.1038/nmeth.3581
https://doi.org/10.1038/nmeth.3581
http://www.ncbi.nlm.nih.gov/pubmed/26778924
https://doi.org/10.1242/jeb.003939
http://www.ncbi.nlm.nih.gov/pubmed/17601957
https://doi.org/10.1073/pnas.92.23.10545
http://www.ncbi.nlm.nih.gov/pubmed/7479837
http://www.ncbi.nlm.nih.gov/pubmed/8954734
https://doi.org/10.1016/j.cub.2014.07.080
https://doi.org/10.1016/j.cub.2014.07.080
http://www.ncbi.nlm.nih.gov/pubmed/25155513
https://doi.org/10.1002/(SICI)1096-9861(19960722)371:2<222::AID-CNE3>3.0.CO;2-4
https://doi.org/10.1002/(SICI)1096-9861(19960722)371:2<222::AID-CNE3>3.0.CO;2-4
http://www.ncbi.nlm.nih.gov/pubmed/8835728
https://doi.org/10.1002/dneu.20568
https://doi.org/10.1002/dneu.20568
http://www.ncbi.nlm.nih.gov/pubmed/18000816
https://doi.org/10.1159/000087158
http://www.ncbi.nlm.nih.gov/pubmed/16088102
http://www.ncbi.nlm.nih.gov/pubmed/11090887
https://doi.org/10.1017/S0952523805223039
http://www.ncbi.nlm.nih.gov/pubmed/16079003
https://doi.org/10.1016/j.cub.2012.08.016
https://doi.org/10.1016/j.cub.2012.08.016
http://www.ncbi.nlm.nih.gov/pubmed/23000151
https://doi.org/10.1002/cne.901680202
http://www.ncbi.nlm.nih.gov/pubmed/956460
http://www.ncbi.nlm.nih.gov/pubmed/12468253
http://www.ncbi.nlm.nih.gov/pubmed/11804569
https://doi.org/10.1371/journal.pone.0218667


51. Lanners HN, Grafstein B. Early stages of axonal regeneration in the goldfish optic tract: an electron

microscopic study. J Neurocytol. 1980 Dec; 9(6):733–51. PMID: 7205335

52. Kaneda M, Nagashima M, Nunome T, Muramatsu T, Yamada Y, Kubo M, et al. Changes of phospho-

growth-associated protein 43 (phospho-GAP43) in the zebrafish retina after optic nerve injury: a long-

term observation. Neurosci Res. 2008 Jul; 61(3):281–8. https://doi.org/10.1016/j.neures.2008.03.008

PMID: 18485507

53. Mansour-Robaey S, Clarke DB, Wang YC, Bray GM, Aguayo AJ. Effects of ocular injury and adminis-

tration of brain-derived neurotrophic factor on survival and regrowth of axotomized retinal ganglion

cells. Proc Natl Acad Sci U S A. 1994 Mar 1; 91(5):1632–6. https://doi.org/10.1073/pnas.91.5.1632

PMID: 8127857

54. Van Houcke J, Bollaerts I, Geeraerts E, Davis B, Beckers A, Van Hove I, et al. Successful optic nerve

regeneration in the senescent zebrafish despite age-related decline of cell intrinsic and extrinsic

response processes. Neurobiol Aging. 2017; 60:1–10. https://doi.org/10.1016/j.neurobiolaging.2017.

08.013 PMID: 28917662

55. Meyer RL. Evidence from thymidine labeling for continuing growth of retina and tectum in juvenile gold-

fish. Exp Neurol. 1978 Mar; 59(1):99–111. PMID: 627271

56. Marcus RC, Delaney CL, Easter SS. Neurogenesis in the visual system of embryonic and adult zebra-

fish (Danio rerio). off. Vis Neurosci. 1999 Jun; 16(3):417–24. PMID: 10349963

57. Stuermer CA, Easter SS. Rules of order in the retinotectal fascicles of goldfish. J Neurosci Off J Soc

Neurosci. 1984 Apr; 4(4):1045–51.

58. Springer AD, Agranoff BW. Effect of temperature on rate of goldfish optic nerve regeneration: a radioau-

tographic and behavioral study. Brain Res. 1977 Jun 17; 128(3):405–15. https://doi.org/10.1016/0006-

8993(77)90167-6 PMID: 69465

59. Schauerte HE, van Eeden FJ, Fricke C, Odenthal J, Strähle U, Haffter P. Sonic hedgehog is not

required for the induction of medial floor plate cells in the zebrafish. Dev Camb Engl. 1998 Aug; 125

(15):2983–93.

60. Varga ZM, Amores A, Lewis KE, Yan YL, Postlethwait JH, Eisen JS, et al. Zebrafish smoothened func-

tions in ventral neural tube specification and axon tract formation. Dev Camb Engl. 2001 Sep; 128

(18):3497–509.

61. Sekimizu K, Nishioka N, Sasaki H, Takeda H, Karlstrom RO, Kawakami A. The zebrafish iguana locus

encodes Dzip1, a novel zinc-finger protein required for proper regulation of Hedgehog signaling. Dev

Camb Engl. 2004 Jun; 131(11):2521–32.

62. Nakano Y, Kim HR, Kawakami A, Roy S, Schier AF, Ingham PW. Inactivation of dispatched 1 by the

chameleon mutation disrupts Hedgehog signalling in the zebrafish embryo. Dev Biol. 2004 May 15; 269

(2):381–92. https://doi.org/10.1016/j.ydbio.2004.01.022 PMID: 15110707

63. Karlstrom RO, Tyurina OV, Kawakami A, Nishioka N, Talbot WS, Sasaki H, et al. Genetic analysis of

zebrafish gli1 and gli2 reveals divergent requirements for gli genes in vertebrate development. Dev

Camb Engl. 2003 Apr; 130(8):1549–64.

64. Karlstrom RO, Talbot WS, Schier AF. Comparative synteny cloning of zebrafish you-too: mutations in

the Hedgehog target gli2 affect ventral forebrain patterning. Genes Dev. 1999 Feb 15; 13(4):388–93.

https://doi.org/10.1101/gad.13.4.388 PMID: 10049354

65. Luo X, Salgueiro Y, Beckerman SR, Lemmon VP, Tsoulfas P, Park KK. Three-dimensional evaluation

of retinal ganglion cell axon regeneration and pathfinding in whole mouse tissue after injury. Exp Neurol.

2013 Sep; 247:653–62. https://doi.org/10.1016/j.expneurol.2013.03.001 PMID: 23510761

Optic nerve regeneration in larval zebrafish

PLOS ONE | https://doi.org/10.1371/journal.pone.0218667 June 20, 2019 17 / 17

http://www.ncbi.nlm.nih.gov/pubmed/7205335
https://doi.org/10.1016/j.neures.2008.03.008
http://www.ncbi.nlm.nih.gov/pubmed/18485507
https://doi.org/10.1073/pnas.91.5.1632
http://www.ncbi.nlm.nih.gov/pubmed/8127857
https://doi.org/10.1016/j.neurobiolaging.2017.08.013
https://doi.org/10.1016/j.neurobiolaging.2017.08.013
http://www.ncbi.nlm.nih.gov/pubmed/28917662
http://www.ncbi.nlm.nih.gov/pubmed/627271
http://www.ncbi.nlm.nih.gov/pubmed/10349963
https://doi.org/10.1016/0006-8993(77)90167-6
https://doi.org/10.1016/0006-8993(77)90167-6
http://www.ncbi.nlm.nih.gov/pubmed/69465
https://doi.org/10.1016/j.ydbio.2004.01.022
http://www.ncbi.nlm.nih.gov/pubmed/15110707
https://doi.org/10.1101/gad.13.4.388
http://www.ncbi.nlm.nih.gov/pubmed/10049354
https://doi.org/10.1016/j.expneurol.2013.03.001
http://www.ncbi.nlm.nih.gov/pubmed/23510761
https://doi.org/10.1371/journal.pone.0218667

