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Excitotoxic Brain Injury in Adult Zebrafish
Stimulates Neurogenesis and Long-Distance

Neuronal Integration

Kaia Skaggs,1 Daniel Goldman,2,3,4 and Jack M. Parent1,3,5

Zebrafish maintain a greater capacity than mammals for central nervous system repair after injury. Understanding differences
in regenerative responses between different vertebrate species may shed light on mechanisms to improve repair in humans.
Quinolinic acid is an excitotoxin that has been used to induce brain injury in rodents for modeling Huntington’s disease and
stroke. When injected into the adult rodent striatum, this toxin stimulates subventricular zone neurogenesis and neuroblast
migration to injury. However, most new neurons fail to survive and lesion repair is minimal. We used quinolinic acid to lesion
the adult zebrafish telencephalon to study reparative processes. We also used conditional transgenic lineage mapping of
adult radial glial stem cells to explore survival and integration of neurons generated after injury. Telencephalic lesioning with
quinolinic acid, and to a lesser extent vehicle injection, produced cell death, microglial infiltration, increased cell proliferation,
and enhanced neurogenesis in the injured hemisphere. Lesion repair was more complete with quinolinic acid injection than
after vehicle injection. Fate mapping of her4-expressing radial glia showed injury-induced expansion of radial glial stem cells
that gave rise to neurons which migrated to injury, survived at least 8 weeks and formed long-distance projections that
crossed the anterior commissure and synapsed in the contralateral hemisphere. These findings suggest that quinolinic acid
lesioning of the zebrafish brain stimulates adult neural stem cells to produce robust regeneration with long-distance integra-
tion of new neurons. This model should prove useful for elucidating reparative mechanisms that can be applied to restorative
therapies for mammalian brain injury.

GLIA 2014;62:2061–2079
Key words: radial glia, neural stem cells, brain regeneration, neural repair

Introduction

Neurogenesis persists in the adult mammalian brain in

two main regions, the subventricular zone (SVZ) lining

the lateral ventricles and the subgranular zone of the dentate

gyrus. Neural progenitor cells (NPCs) in the SVZ have been

proposed as an endogenous source of new neurons that could

be mobilized to repair brain circuits damaged due to injury

or disease (Kernie and Parent, 2010). In response to ischemic

injury, for example, adult SVZ NPCs proliferate, differentiate,

and migrate toward injured areas (Arvidsson et al., 2002; Jin

et al., 2001, 2003; Parent et al., 2002; Plane et al., 2004;

Yamashita et al., 2006; Zhang et al., 2001). However, most

of their neuronal progeny fail to survive or integrate into the

preexisting neuronal circuitry, and thus only limited repair

occurs following injuries to the mammalian brain (Arvidsson

et al., 2002; Parent et al., 2002; Thored et al., 2006). In con-

trast, extensive areas of constitutive neurogenesis have been

described in the brain and other regions of the adult zebrafish

central nervous system (CNS) (Adolf et al., 2006; Chapouton

et al., 2010; Ganz et al., 2010, 2012; Grandel et al., 2006;

M€arz et al., 2010; Zupanc et al., 2005), and zebrafish have

the capacity to fully repair injuries to the CNS. For example,

robust regeneration persists after injury to the adult fish ret-

ina, cerebellum, spinal cord or optic nerve (Becker and

Becker, 2007, 2008; Becker et al., 1997; Bernardos et al.,

2007; Clint and Zupanc, 2001; Fausett and Goldman, 2006;
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Hui et al., 2010; Reimer et al., 2008; Sirbulescu and Zupanc,

2011; Veldman et al., 2007, 2010; Yurco and Cameron,

2005; Zupanc, 2008; Zupanc and Ott, 1999; Zupanc and

Zupanc, 2006). Several recent studies have also demonstrated

that zebrafish can repair physical damage to the telencephalon

following stab injuries, and that this repair involves stimula-

tion of neurogenesis from radial glial progenitors (Ayari et al.,

2010; Diotel et al., 2013; Kishimoto et al., 2012; Kizil et al.,

2012a, 2012b; Kroehne et al., 2011; Kyritsis et al., 2012).

Radial glial NPCs line the everted ventricular surface and

medial lumen of the adult zebrafish brain. These ventricular

zone (VZ) cells exhibit characteristics similar to those of mam-

malian neural stem cells, such as expression of glial fibrillary

acidic protein (GFAP), relative quiescence, differentiation into

amplifying progenitors and generation of neurons throughout

life. In the uninjured brain, most NPCs divide slowly with

characteristics of both symmetric self-renewing and asymmetric

neurogenic divisions (Ganz et al., 2010; M€arz et al., 2010; Pel-

legrini et al., 2007; Rothenaigner et al., 2011). Lineage tracing

in the intact zebrafish brain shows that new neurons migrate a

short distance from the VZ and integrate into neural circuitry

as indicated by the presence of synaptic vesicles and firing of

action potentials (Rothenaigner et al., 2011). The persistence of

neural stem cells and robust neurogenesis in the adult offers a

fertile substrate for tissue repair after injury.

We sought to exploit the robust regenerative capacity of

the adult zebrafish CNS to establish a novel brain injury

model to study the restorative properties of adult zebrafish

brain in a disease-relevant context. To this end, we employed

a zebrafish brain lesioning model using forebrain injection of

the excitotoxin quinolinic acid (QA). QA is a well-

characterized neurotoxic metabolite of the kynurenine path-

way that acts as an agonist at N-methyl-D-aspartate (NMDA)

receptors. Susceptibility to QA-induced excitoxicity varies by

brain region, with forebrain neurons in the neocortex, stria-

tum, and hippocampus being particularly sensitive (Guille-

min, 2012; Schwarcz and K€ohler, 1983). Initial interest in

QA was stimulated by observations of its convulsant effects

(Lapin, 1978) and ability to cause selective striatal neuron

loss with pathology similar to Huntington’s disease (HD)

(Beal et al., 1986; Ferrante et al., 1993; Schwarcz and K€ohler,

1983). In addition to studies of rodent striatal lesioning with

QA as an HD model, several groups have employed QA

injections into rodent brain to model cerebral ischemic insults

(Darlington et al., 2007; Schwarcz et al., 2012; Stone et al.,

2012; Zwilling et al., 2011). When injected into the striatum

of adult rodents to model HD, QA lesioning strongly stimu-

lates SVZ and striatal neurogenesis (Collin et al., 2005; Tat-

tersfield et al., 2004). However, the extent of repair is very

limited in these models.

Given the widespread use of QA-induced brain injury

in rodents to model human neurological disorders, we sought

to examine QA lesioning of adult zebrafish telencephalon to

determine whether a robust neurogenic response leads to

more complete brain repair. We found that QA-induced tel-

encephalic injury in adult zebrafish potently stimulates neural

stem cell proliferation, migration and integration of new neu-

rons to repair the injury in a more robust and extensive man-

ner than injuries caused by vehicle alone. Given the

pathophysiological relevance of QA-induced brain injury

models of HD and stroke, these results provide a powerful

new tool for investigating neuronal regeneration in a verte-

brate system. This fish model should prove useful for study-

ing the biological basis of regeneration as well as for testing

potential therapies that might enhance the regenerative

response in the mammalian brain.

Materials and Methods

Animal Care
Fish were kept under standard conditions at 26–28�C on a 14-h

light/10-h dark cycle and were observed daily for health. All animal

care and experimental procedures were carried out in accordance

with guidelines and approval of the University Committee on Use

and Care of Animals at the University of Michigan. All fish were

obtained from in-house breeding colonies. The following transgenic

fish lines were previously described: Tg(1016tuba1a:GFP) (Fausett

and Goldman, 2006), Tg(her4.1:CreERT2) (Boniface et al., 2009),

Tg(b-actin2:loxP-mCherry-loxP-GFP) (Ramachandran et al., 2010),

Tg(gfap:GFP) (provided by David Hyde, University of Notre Dame,

(Ramachandran et al., 2011)), Tg(ascl1a:GFP) (Wan et al., 2012),

and Tg(olig2:GFP) (provided by Bruce Appel, University of Colo-

rado, (Shin et al., 2003)). Double transgenic Tg(her4.1:CreERT2;b-

actin2:loxP-mCherry-loxP-GFP) fish were generated through in-house

breeding.

QA Lesioning
Adult fish (6–24 months old) were anesthetized in 0.02% ethyl 3-

aminobenzoate methanesulfonate (Tricaine, Fluka) until unresponsive

to tail pinch. Fish were placed in a clay mold under a dissecting stereo-

microscope. A Hamilton syringe with a 30-gauge needle cut to a

length of approximately 3 mm was loaded with 2.5 mL of 15 mM

2,3-Pyridinedicarboxylic acid (quinolinic acid, QA, Aldrich) in 0.99%

sterile saline or with saline alone. The needle was inserted vertically

through the intact skull into the right telencephalic hemisphere using

eye position and visible skull sutures as guides and QA or vehicle was

injected. Fish were returned to clean fish water and observed for recov-

ery. Fish unable to swim or feed following injury (<5%) were eutha-

nized immediately with an overdose of Tricaine. In double transgenic

Tg(her4.1:CreERT2;b-actin2:loxP-mCherry-loxP-GFP) fish, recombina-

tion was induced through intracranial injection of tamoxifen (1.25 mL

of a 50 mM solution) dissolved in 100% ethanol in combination with

QA (1.25 mL of a 30 mM QA solution for a final concentration of

15 mM in 2.5 mL) or vehicle (1.25 mL for a total volume of 2.5 mL).
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Some uninjured control fish received intraperitoneal (i.p.) tamoxifen

(10 mL of a 50 mM solution) daily for 4 days.

Cell Proliferation and Cell Death Assays
Adult fish (6 months – 2 years old) were anesthetized in 0.02% Tri-

caine and injected intraperitoneally with 10mL of 10 mg/ml bromo-

deoxyuridine (BrdU) or 10 mL of 10 mg/ml 5-ethynyl-20-

deoxyuridine (EdU) as indicated. EdU was detected using the manu-

facturer’s protocol for ClickIt EdU Imaging (Invitrogen). To assay

for cell death, the terminal deoxynucleotidyl transferase deoxyuridine

triphosphate nick-end labeling (TUNEL) stain was performed with

the ApopTag peroxidase direct in situ detection kit (Millipore) using

the manufacturer’s protocol.

Tissue Preparation
Fish were anesthetized in 0.02% Tricaine until unresponsive to tail

pinch and intracardially perfused with phosphate-buffered saline

(PBS) followed by 4% paraformaldehyde (PFA) for 3 min. Brains

were dissected from the skull and incubated in 4% PFA at room

temperature for 3 h, washed in PBS, and cryoprotected in 20%

sucrose overnight at 4�C. Brains were embedded in tissue freezing

medium (TFM, Triangle Biomedical Sciences) and stored at 280�C

until sectioning. Frozen sections were cut using a cryostat (Leica

CM1850) at 12 mm thickness and directly mounted onto coated

glass slides.

Histology and Microscopy
Hematoxylin and eosin (H&E) staining were performed using stan-

dard protocols. Briefly, slides with frozen sections were left to thaw

and dry at room temperature for 30 min. They were post-fixed in

4% PFA for 20 min, followed by two washes in PBS (5 min) and

water (2 min). Slides were immersed for 2 s in hematoxylin (Sigma)

and rinsed by agitation in tap water for 1 min. Slides were then

dipped in eosin (Fisher), dehydrated (30 sec each in 95%, 95%,

100%, and 100% EtOH), cleared in Xylene, and mounted with Per-

mount (Fisher).

To perform immunofluorescence histochemistry, slides with

frozen sections were left to thaw and dry at room temperature for

20 min, followed by 5-min rinses 3 3 in TBS and incubation for 1

h at room temperature in blocking buffer (TBS, 0.4% Triton X-100,

3% normal goat serum). Primary antibodies were diluted in blocking

buffer with overnight incubation at 4�C. Primary antibodies were

detected using Alexa-488- or Alexa-594-conjugated secondary anti-

bodies raised in goat against the appropriate primary antibody spe-

cies (1:300, Invitrogen) by incubation at room temperature for 90

min. This was followed by a 15-min incubation with bisbenzimide

to counterstain cell nuclei. Following additional rinses with TBS,

slides were coverslipped using Prolong AntiFade (Invitrogen) mount-

ing reagent. Primary antibodies used were: mouse anti-4C4 (1:250,

kind gift of Pamela Raymond), sheep anti-BrdU (1:100, Abcam),

rabbit anti-calretinin (1:500, Swant), rabbit anti-GABA (Sigma,

1:500), rabbit anti-GFAP (1:250, Dako), rabbit anti-GFP (1:1000,

Molecular Probes), chick anti-GFP (1:1000, Aves), mouse anti-HuC/

D (1:250, Molecular Probes), mouse anti-SV2 (1:1000, Develop-

mental Studies Hybridoma Bank), and mouse anti-tyrosine hydroxy-

lase (1:250, ImmunoStar). Images were obtained using a Leica DMI

6000B epifluorescence microscope equipped with a Hamamatsu dig-

ital camera, a Leica DM-IRB microscope equipped with a Spot Flex

digital camera system, or a Leica MP inverted confocal microscope.

Brightness and contrast were adjusted uniformly for whole images

when needed using Adobe Photoshop CS5.1, and composite panels

were assembled using Adobe Illustrator CS5.1.

Cell Counting and Statistical Analysis
Area of microglial immunoreactivity was calculated using ImageJ

software on individual 12 mm sections located approximately 60 mm

apart within each brain from at least three sections per brain and

four brains per condition. Manual threshold adjustment was verified

by masking outlines on each section before counting. Proliferative

cells were counted on individual 12 mm sections located approxi-

mately 60 mm apart within each brain from at least three sections

per brain and four brains per condition and summed using ImageJ

software. Two independent counts of 10 (out of 100) sections estab-

lished a reliability of 98%. TUNEL-positive cells were counted on

individual 12 mm sections located approximately 60 mm apart (n 5 9

per condition) and summed using ImageJ software. All statistical

analyses were conducted using SPSS Version 20 or 22.

Results

QA Lesion Model
To determine whether QA injection produces focal lesions in

the adult zebrafish brain, we injected a range of QA concen-

trations (1–15 mM) and volumes (1–2.5 mL) into the right

telencephalic hemisphere of adult zebrafish. Externally visible

skull sutures and eye position were used to guide the injection

site. We found that injection of 2.5 mL of a 15 mM QA solu-

tion produced the most consistent injury (Fig. 1A and data

not shown). This QA dose or an equivalent volume of saline

was used for all subsequent experiments. The contralateral

hemisphere served as an internal control for each condition

and the vehicle injection served as a non-excitotoxic injury

control. Fish injected with QA showed a characteristic behav-

ioral response to the excitotoxic lesion that vehicle-injected

controls did not exhibit. Upon recovering from anesthesia,

QA-lesioned fish circled in an ipsilesional (clockwise) direc-

tion and occasionally exhibited corkscrew swimming (see

Supp. Info. Movie). This behavior is similar to the circling

seen in rodents after QA-induced striatal injury (Schwarcz

et al., 1979; Ungerstedt, 1971), lasted 1–2 h after QA injec-

tion, and was not seen after vehicle injection of the fish.

We next examined the extent of telencephalic damage

by TUNEL staining to label apoptotic cells. Within 4 h after

QA or vehicle injection, many TUNEL-positive cells

appeared near the injury site with rare labeled cells in the

contralesional hemisphere (Fig. 1C–E). TUNEL staining

increased further by 1 day following injury (Fig. 1F–H), with

more labeled cells after lesioning with QA than vehicle in the

injured hemisphere (Fig. 1B). TUNEL staining remained
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FIGURE 1: Telencephalic injury with QA results in early cell death followed by repair. (A) The adult zebrafish telencephalon was lesioned
by injecting QA or vehicle orthogonally into the right hemisphere to a depth of approximately 2 mm. Two days postinjury, a blood clot
identifies the injection track (arrow) and tissue disruption can be seen in the damaged hemisphere (yellow bracket). (B–K) Cell death was
examined using a TUNEL assay. (B) The number of TUNEL-positive cells was quantified in the injured and uninjured hemispheres 1 day
following QA or vehicle injection. Results from a one-way analysis of variance (ANOVA) indicated that both types of injury increased cell
death, with more TUNEL-positive cells in the injured hemisphere following QA- than vehicle-induced injury (F(1,16) 5 4.928, P < .05,
n 5 9). There was no difference in the number of TUNEL-positive cells on the contralateral side between QA and vehicle injuries
(F(1,16) 5 1.755, n.s.). (C, F, I) Very few apoptotic cells were seen on the uninjured side of the telencephalon following QA lesions (inset
in F). (D,E) Dying cells appear near the injury site within 4 h after injury both in QA (D) and vehicle (E) conditions. (G,H) At 24 h postin-
jury the area of TUNEL reactivity has expanded in both QA- (G) and vehicle-injected (H) fish. TUNEL positive cells can be seen some dis-
tance from the injection site. (J,K) TUNEL positive cell numbers peak at 48 h postinjury, with a more extensive area of TUNEL reactivity
in QA- (J) than vehicle-injured (K) brains. (L–T) H & E staining reveals extensive damage 4 days following both QA (M) and vehicle (N)
lesions as shown by tissue loss at the site of injury and spongiform appearance in the surrounding areas. By 7 days post-lesion, tissue
healing is apparent (white arrows in O, P), particularly following QA-induced lesions, and extensive repair is evident in lesioned tissue at
14 days post-lesion (white arrows in Q, R). More residual fibrous tissue was often seen following vehicle-induced lesions compared with
QA-lesioned tissue. At 330 days post-lesion, morphological structure is largely intact in both QA- (S) and vehicle-lesioned (T) brains. Sim-
ilar to early timepoints, fibrous remnants of vehicle-induced lesions are typically evident (arrow in T). Scale bar 5 100 lm. Scale bar in C
applies to F, I, L, M, S; scale bar in D applies to E, G, H, J, K, N, O, P, Q, R, T. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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high at 2 days post lesion (dpl; Fig. 1I–K) with apoptosis

declining over the subsequent days (data not shown). Interest-

ingly, TUNEL1 cells were not only detected in a wide area

surrounding the lesion site, but also appeared in the VZ dis-

tant from the lesion and in the contralateral VZ (Fig. 1F inset

and data not shown).

Tissue damage resulting from the QA or vehicle injec-

tion was next examined using H&E staining. At 4 dpl, exten-

sive telencephalic damage was evident both at the injury site

and extending into the surrounding parenchyma (Fig. 1L–N).

Tissue disruption and spongioform changes were similar in

QA- (Fig. 1M) and vehicle-induced (Fig. 1N) lesions. The

contralesional hemisphere was unaffected by QA or vehicle

injection (Fig. 1L and data not shown). As expected, immu-

nostaining for the neuronal marker HuC showed a loss of

neurons in the injured region (data not shown).

By 7 dpl, hematoxylin-stained cells were evident in large

numbers near the lesion site and the spongioform appearance

of the surrounding tissue was considerably reduced, particu-

larly in QA-lesioned brains (Fig. 1O,P). In many vehicle-

injured brains, there was evidence of tissue repair but also the

appearance of fibrous structures not observed following QA-

induced lesions (Fig. 1O,P, arrows). Similarly, by 2 weeks

after injury, the overall tissue morphology appeared relatively

restored in the QA-lesioned hemisphere (Fig. 1Q), suggesting

nearly complete repair, whereas often the vehicle-lesioned

hemisphere retained evidence of injury in the form of a scar-

like structure (Fig. 1R). By this time point following injury,

the distribution of HuC/D-expressing neurons in the injured

telencephalic hemispheres appeared largely the same as the

noninjured hemisphere (data not shown). In the chronic

stage, between 2 and 11 months after QA injection, the

lesion site was undetectable except at the dorsal-most aspect

of some brains (Fig. 1S). As at earlier timepoints, vehicle-

induced lesion sites often retained a small area of accumu-

lated cell debris and morphological changes as late as 11

months following injury, also more prominently in the dorsal

aspects of the injured hemisphere (Fig. 1T). These results

demonstrated that QA-induced lesioning is a viable injury

model in adult zebrafish, and that repair is more complete

following QA lesions than vehicle lesions despite initially

greater cell death. These findings led us to ask what processes

might be responsible for the differences in healing.

Microglial Response to QA Lesioning
One of the hallmarks of the mammalian response to brain

injury is reactive gliosis (Robel et al., 2011; Sofroniew, 2005).

The initial glial response is comprised of microglial and astro-

cytic elements that are thought to exert both positive and

negative influences on the eventual degree of damage; how-

ever, later astroglial scarring is considered a major barrier to

regeneration in mammals, adversely affecting axonal out-

growth and neuronal survival (reviewed in Fitch and Silver,

2008; Robel et al., 2011; Sofroniew, 2005; Yiu and He,

2006). We first assayed for a microglial reaction to QA

lesioning of the zebrafish telencephalon. We found a massive

microglial response that began within the first 24 h after

injury (Fig. 2A–D). Large areas of the injured hemisphere

contained many overlapping microglia as shown by immuno-

staining with the zebrafish microglial marker 4C4 (Becker

and Becker, 2001), reaching a maximum at about 2 days post

injury (Fig. 2E–H,Y). Increased numbers of microglia were

also seen in the contralesional hemisphere, but to a far lesser

extent than ipsilesionally. In addition, many of the 4C4-

labeled cells exhibited the appearance of activated microglia,

with rounded, highly branched morphology typical of active

phagocytes. Microglial numbers remained high throughout

the injured hemisphere for 7–10 dpl (Fig. 2I–P,Y) and then

gradually declined (Fig. 2Q–T,Y). However, increased num-

bers of microglia persisted at the injury site for at least several

weeks. Double labeling with the mitotic marker EdU, which

was administered as a single pulse on day 1 after QA (2 h

before perfusion), showed that some of the microglia in the

injured hemisphere were proliferative (Fig. 2U–U000). At all

timepoints observed, microglial activation was more wide-

spread following QA-induced injury relative to vehicle injec-

tions in both the ipsilesional and contralesional hemispheres

(Fig. 2Y).

In the mammalian brain, Olig2-expressing glial cells

respond to injury with increased proliferation and contribute

to the formation of a glial scar (Buffo et al., 2005; Sofroniew,

2009). We therefore examined the oligodendrocyte lineage

response to QA- and vehicle induced injury using

Tg(olig2:GFP) fish to label oligodendrocyte lineage cells (Shin

et al., 2003). In the uninjured hemisphere, GFP-expressing

oligodendroglia were dispersed throughout the parenchyma

(Supp. Info. Fig. 1A,D). By 2 days following vehicle-induced

injury, GFP-expressing cells began to accumulate near the

lesion site (Supp. Info. Fig. 1C) and slightly more persisted at

7 dpl (Supp. Info. Fig. 1F), likely due to oligodendrocyte

progenitor proliferation (Supp. Info. Fig. 1C0,F0, arrows), con-

sistent with previously published results (Baumgart et al.,

2011; M€arz et al., 2011). In contrast, QA lesions resulted in

a loss of GFP-expressing cells near the lesion site and severe

morphological changes in the remaining GFP-labeled oligo-

dendrocytes at 2 dpl (Supp. Info. Fig. 1B), consistent with

the observation that oligodendrocytes are vulnerable to QA-

induced excitotoxicity (Benjamins et al., 2013; Cammer,

2001; Karadottir et al., 2005). By 7 days following QA

induced lesions, GFP-expressing oligodendrocytes accumu-

lated near the QA lesion site (Supp. Info. Fig. 1E). The

increased numbers probably reflect a combination of
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FIGURE 2: Microglial response to telencephalic injury is rapid and extensive. (A,D) Within 24 h post injury, 4C4-immunoreactive microglia
appear in large numbers in the ipsilesional telencephalic hemisphere following both QA- (B) and vehicle-induced (D) lesions. Substantial
numbers of microglia are also seen in the contralesional hemisphere (A, C) compared with the intact brain. (E–H) Microglial numbers
peak at 48 h post injury in both the ipsilesional (F,H) and contralesional (E,G) hemispheres, with more widespread microglial presence in
QA- (E-F, Y) relative to vehicle-induced (G,H,Y) injury. (I–T) The microglial response persists at lower levels on days 4 and 7 after injury,
and returns toward baseline levels by 14 days. (U–U0 00) Microglia in the parenchyma proliferate as an early response to injury as shown
by incorporation of EdU 24 h post-lesion. (Y) Quantification of the microglial reaction after QA or vehicle lesioning. The percent area of
4C4 immunoreactivity is more extensive following QA-induced than vehicle-induced injury in the ipsilesional hemisphere at all timepoints
measured as well as in the contralesional hemispheres at 2, 4, and 14 dpl. ANOVA results indicated significant main effects for lesion
type (F(1, 66) 5 24.586, P < 0.0001), dpl (F(3, 66) 5 37.330, P < 0.0001), and hemisphere (F(1, 66) 5 46.988, P < 0.0001), with significant
interaction effects for type of lesion x dpl (F(3, 66) 5 3.577, P < 0.018), type of lesion x hemisphere (F(1, 66) 5 6.051, P < 0.017), and dpl
x hemisphere (F(3, 66) 5 9.491, P < 0.0001). Significant post hoc analyses (Tukey HSD) were followed by pairwise comparisons with Bon-
ferroni correction; significant results are indicated on the graph. Scale bar 5 100 lm. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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migration and proliferation, with limited incorporation of

EdU into GFP1 cells at 2 dpl that increased by 7 dpl (Supp.

Info. Fig. 1B0,E0, arrows).

NPC Activation and Proliferation After Injury
NPCs proliferate and give rise to neurons in the adult zebra-

fish throughout the CNS VZs (Adolf et al., 2006; Chapouton

et al., 2010; Ganz et al., 2010, 2012; Grandel et al., 2006;

M€arz et al., 2010; Zupanc et al., 2005). This persistent neu-

rogenic capacity is hypothesized to contribute to the robust

regenerative response in adult zebrafish following CNS injury.

We therefore investigated proliferation following QA- or

vehicle-induced lesioning by pulse labeling with the mitotic

markers EdU or BrdU 2 h before perfusing fish at various

survival times after injury. Proliferation began to increase

within 24 h post injury in both the parenchyma and VZ pro-

liferative regions (Fig. 3A–D). Proliferation peaked 2 days

after injury with large numbers of EdU1 or BrdU1 cells in

the VZs and parenchyma of the damaged hemisphere (Fig.

3E–H,M), was still considerably elevated at 4–7 days (Fig.

3I–L,M), and remained slightly above control levels at 14

days following lesioning (Fig. 3M). QA-induced injury also

substantially increased proliferation in the contralesional

hemisphere (Fig. 3E), whereas the increase in proliferation in

the uninjured hemisphere was less pronounced after vehicle

injection (Fig. 3G). In fact, QA-induced lesions stimulated

proliferation in the contralesional hemisphere as robustly as

that seen in the damaged hemisphere following vehicle injec-

tion for the first 4 days after injury (Fig. 3M). The time

course and pattern of QA- or vehicle-induced proliferation

were similar on the ipsilesional side of the brain, with more

extensive proliferation following QA- relative to vehicle-

induced injury at all timepoints examined (Fig. 3M; Supp.

Info. Table 1). These results suggest that excitotoxic injury

with QA produces a more robust and widespread proliferative

response than a stab wound alone (vehicle injection).

We next examined the identity of progenitor cells in the

VZs of the zebrafish telencephalon that respond to QA-

induced injury using transgenic fish carrying NPC-specific

reporters. NPCs in the VZ express radial glial markers such

as glial fibrillary acidic protein (GFAP), brain lipid binding

protein (BLBP), and S100b (Adolf et al., 2006; Grandel

et al., 2006; M€arz et al., 2010). We first examined GFP

expression using a Tg(gfap:GFP) transgenic reporter fish line

to identify radial-glial like neural stem cells. Four days follow-

ing QA-induced telencephalic lesioning, upregulation of GFP

expression was seen in the injured hemisphere, well above the

constitutive level of expression found in the contralesional

hemisphere (Fig. 4A). We observed increased GFP expression

in the VZ on the injured side as well as hypertrophic GFAP1

processes extending into the parenchyma (Fig. 4B–B00). Many

of the presumptive neural progenitors expressing GFP in the

VZ were proliferating in response to injury (Fig. 4D,E).

Those cells that incorporated the mitotic marker EdU and

remained in the VZ continued to express GFP, whereas

mitotic cells that migrated away from the VZ did not express

GFP, indicating that they were no longer radial glia. Processes

of GFP-expressing cells extended from the VZ to the area of

injury, providing a potential scaffolding for the migration of

putative newborn neurons toward the injury site (Fig. 4C,F).

We further examined progenitor response to lesioning

using an injury-responsive transgenic reporter line of zebra-

fish, Tg(1016tuba1a:GFP), in which a 1016-base pair frag-

ment of the neural-specific a1 tubulin promoter (tuba1a)

drives green fluorescent protein (GFP) expression in NPCs of

the developing and regenerating adult CNS, but not in regen-

erating axons of mature neurons (Fausett and Goldman,

2006; Ramachandran et al., 2010). In the intact telencepha-

lon of adult Tg(1016tuba1a:GFP) zebrafish, GFP was sparsely

expressed in the VZ and completely absent from the paren-

chyma (Fig. 4G). Four days after QA-induced lesioning of

the fish, GFP expression increased markedly in the injured

hemisphere (Fig. 4I). GFP1 processes extended from the VZ

toward the lesion site within the injured hemisphere. The

GFP-labeled cells proliferated in response to injury as seen by

incorporation of EdU given 2 days post injury at the peak of

proliferation (Fig. 4I0–J). In contrast, GFP expression was

only slightly increased in the VZ of the contralesional hemi-

sphere, mainly in proliferating progenitors (Fig. 4H). Vehicle-

induced lesions produced similar results albeit with more

restriced expression of the GFP reporter (Supp. Info. Fig.

2A–B00). These findings indicate that normally quiescent pro-

genitors are activated to proliferate following excitotoxic

injury.

The proneural gene ascl1a has a highly conserved role

in promoting neuronal fate specification during development

and in adult neurogenic zones (Bertrand et al., 2002; Kim

et al., 2011). Ascl1-lineage cells contribute to ischemia-

induced neurogenesis in adult rodents (Zhang et al., 2011),

and are essential for neuronal regeneration in zebrafish follow-

ing retinal injury (Fausett et al., 2008). We used a

Tg(ascl1a:GFP) zebrafish line (Wan et al., 2012) to examine

the response of ascl1a-expressing cells to telencephalic injury.

As expected, in the intact brain and uninjured hemisphere of

lesioned brains, modest GFP expression was seen in scattered

cells in periventricular regions (Fig. 4K,L). In the QA-

lesioned hemisphere, however, GFP expression increased

markedly within 4 days after injury (Fig. 4M). GFP1 cells

appeared to extend from the VZ toward the lesion site, and

most coexpressed the neuronal marker HuC/D by four dpl

(Fig. 4M–N). Many of the GFP-expressing VZ cells prolifer-

ated in response to injury (data not shown). GFP expression
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FIGURE 3: Cell proliferation increases dramatically following injury. (A–D, M) At 1 day post injury, proliferation began to increase in the
VZs and parenchyma of the lesioned telencephalic hemispheres. (E–H,M) Extensive proliferation was evident in both ipsilesional and con-
tralesional hemispheres by 2 dpl, especially in the germinative zones and throughout the parenchyma of the ipsilesional hemispheres
after QA- more than vehicle-induced lesions. (I–L,M) The number of proliferative cells was elevated to a lesser extent at 4 (I–L) and 7 (M)
dpl and remained only slightly increased at 14 days (M). (M) Proliferating cell numbers were quantified at various timepoints following
QA- (red) or vehicle-induced (blue) injury in the ipsilesional (solid) and contralesional (hatched) telencephalic hemispheres. ANOVA
results indicated significant main effects on proliferation for lesion type (F(2, 76) 5 81.943, P < 0.0001) and dpl (F(8, 154) 5 21.224,
P < 0.0001), as well as a significant interaction effect for type of lesion x dpl (F(8, 154) 5 14.482, P < 0.0001). Post hoc analyses (Tukey
HSD) for proliferation across type of lesion indicated significant differences in proliferation in the injured hemisphere among QA-
lesioned, vehicle-lesioned and uninjured brains, and in the uninjured hemisphere between QA-lesioned and vehicle-lesioned or uninjured
brains. Results from pairwise comparisons within each day (Student’s t-test with additional Bonferroni corrections) and with uninjured tel-
encephalic hemispheres are indicated on the graph and in Supporting Information Table 1. *, P < 0.01; **, P < 0.001; 1, P < 0.01 compared
with uninjured (denoted by the dashed horizontal line). Scale bar 5 100 lm. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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FIGURE 4: Radial glial-like progenitors respond to injury by proliferation and generation of new neurons. (A) Coronal section of the tel-
encephalon of a QA-lesioned Tg(gfap:GFP) zebrafish shows activation of gfap manifest by GFP labeling in radial glial-like progenitors
throughout the neurogenic regions in the injured hemisphere (right side of panel) in contrast to the low level of constitutive activity in
the uninjured hemisphere at 4 dpl. (B–B00) Expanded GFP expression (green) is seen in radial glial-like progenitors located in the VZ as
well as hypertrophic GFP-expressing processes within the parenchyma in response to QA-induced lesion. HuC/D in red. (C) Double
immunostaining for GFP (green) and HuC/D (red) in QA-lesioned brains at 4 dpl shows clusters of HuC/D1 neurons in close proximity to
GFP1 processes that extend from the medial VZ to the injury (arrows indicate examples). These processes terminate in structures resem-
bling endfeet near the lesion location (arrowhead). (D–D00 0) By 7 dpl, horizontal sections show that proliferative GFP1 (green) radial glial-
like progenitors that incorporated EdU (red) 5 days earlier persist in the VZ, while EdU-labeled cells that appear to have migrated from
the VZ to the injury site no longer express GFP (inset magnified in D00 0). (E) Orthogonal projection shows colocalization of GFP and EdU
at 7 dpl. (F) At 10 dpl, costaining for EdU and GFP indicates that many of the newborn cells have migrated substantial distances toward
the injury site from the lateral VZ, appearing in close proximity to or in contact with GFP1 processes (arrows indicate examples). (G–J)
Tg(tuba1a:GFP) zebrafish show minimal GFP expression (green) in the uninjured telencephalon (G), increased expression mainly in the
VZ of the contralesional hemisphere at 4 dpl (H), and massively increased GFP labeling in the lesioned hemisphere (I–I00) in both the VZ
and parenchyma at the injury site. Many GFP1 cells were proliferating 2 days earlier (at 2 dpl) as indicated by EdU incorporation (I00, J).
(K–N) Tg(ascl1a:GFP) fish show a low level of VZ, periventricular and caudal (yellow arrows) GFP labeling (green) in the uninjured state
(K) or contralateral to QA injection at 4 dpl (L). In the injured hemisphere, GFP expression increases markedly at 4 dpl in the VZ and
periventricular region, and many of the cells coexpress HuC/D (M–N; red in K, M00, and N). Scale bar 5 100 lm.



was also found in a population of cells showing a mature

neuronal morphology in the caudal telencephalon of both

intact and injured fish (arrows in Fig. 4K,L). Vehicle-induced

lesions produced similar results in both Tg(1016tuba1a:GFP)

and Tg(ascl1a:GFP) lines, although GFP expression appeared

less widespread than with QA lesioning (Supp. Info. Fig. 2;

compare with Fig. 4I,M). Together with the Tg(gfap:GFP)

and Tg(1016tuba1a:GFP) reporter lines, these data indicate

widespread activation of radial glia NPCs after QA lesioning

and, to a lesser extent, vehicle-induced injury.

Generation of New Neurons After Injury
To test whether cells that proliferated in response to QA-

induced lesioning differentiated into neurons, we performed

pulse-chase labeling with EdU at the peak of proliferation 2

dpl and determined whether labeled cells coexpressed the neu-

ronal marker HuC/D at later timepoints. A subset of cells

that incorporated EdU at 2 dpl coexpressed the neuronal

marker HuC/D as early as 2 days later (4 dpl, Fig. 5A,B).

These cells were primarily located in the periventricular area

but appeared to be migrating towards the site of injury. By 7

dpl, some EdU-labeled cells remained in the expanded peri-

ventricular zone while others appeared in the parenchyma

near the injury site, many of which coexpressed HuC/D (Fig.

5C). At 14 dpl, many colabeled cells were seen extending

from the periventricular zone with substantial numbers near

the injury location (Fig. 5D). By 21 dpl, EdU/HuC/D cola-

beled cells that had migrated into the parenchyma settled

near the damaged area while others took up positions closer

to the periventricular zone (Fig. 5E,F). These results suggest

that new neurons generated during peak proliferation after

injury survive and contribute to repair of QA-induced telen-

cephalic damage.

We next used conditional NPC-specific GFP expression

in transgenic zebrafish to map the lineages of progeny derived

from VZ neural stem cells of adult zebrafish following injury.

VZ radial glial-like cells in the uninjured adult zebrafish brain

have been identified as neural stem cells (Rothenaigner et al.,

2011). These cells are a heterogeneous population, many of

which express radial glial markers such as GFAP, S100b, and

vimentin (Ganz et al., 2010). In addition, expression of the

Notch target gene her4 overlaps with radial glial markers in

these cells (Kroehne et al., 2011). We used a double trans-

genic fish line consisting of the her4 promoter driving

expression of a tamoxifen-inducible Cre recombinase (Tg

(her4:CreERT2)) bred to a pan-neuronal reporter expressing

GFP upon Cre-mediated recombination (Tg(b-actin2:loxp-
mCherry-loxp-GFP), referred to as Tg(b-actin2:LCLG)) (Ram-

achandran et al., 2010). In the uninjured adult zebrafish

brain, we found GFP expression in scattered VZ progenitors

4 weeks following intraperitoneal administration of tamoxifen

(Fig. 6A). Most of these cells remained in the VZ and did

not express the mature neuronal marker HuC/D, although a

few settled in the periventricular area with an occasional cell

observed in the parenchyma that was HuC/D1 (Fig. 6A

inset). These results illustrate a low level of constitutive GFP

expression in scattered neural stem cells under noninjury con-

ditions, some of which remain in the VZ, while others pro-

duce a limited number of new neurons that migrate out to

the periventricular region or into the parenchyma.

The use of intraperitoneal tamoxifen injections likely

underestimates the her4-expressing NPC population due to

low recombination efficiency. Therefore, we subsequently

induced recombination at the time of QA lesioning by inject-

ing tamoxifen directly into the brain along with QA. At 1

day after injection, GFP expression was detected in the VZ

near the lesion site with a modest number of GFP1 processes

extending into the parenchyma (Fig. 6B). GFP expression was

more widespread at 3 dpl in VZ cell bodies with GFP1 proc-

esses directed toward the lesion site from both medial and lat-

eral VZs (Fig. 6C,D). Within 7 days after injury, the

numbers of GFP1 cells increased further in periventricular

regions adjacent to damaged sites, and many GFP1 somata

were located near the lesioned parenchyma (Fig. 6E). Vehicle

lesions with tamoxifen produced similar results although

somewhat less extensive GFP expression (Supp. Info. Fig. 3A–

C). These findings suggest that NPCs in the VZ are activated

by injury to give rise to progeny that migrate toward dam-

aged regions, perhaps along processes of radial glia-like cells

that extend from the VZ to the damaged area.

To confirm that her4-driven GFP1 cells proliferated in

response to QA lesioning, we performed pulse-chase labeling

with EdU as a marker of mitotic cells. EdU was injected 2

days after lesioning, and 1 day later many EdU1 cells coex-

pressed GFP and appeared to extend toward the lesion site

(Fig 6F–G). By day 5 after EdU labeling (7 days after injury),

large numbers of GFP/EdU colabeled cells appeared near the

injured region (Fig 6H,I), suggesting migration into the

parenchyma. Many GFP/EdU double positive cells were also

present throughout the VZ and periventricular regions near

the area of telencephalic damage. GFP1 cells persisted 28 and

56 dpl. At these later timepoints, GFP1 soma were seen in

clusters near the injury site as well as in ventricular and peri-

ventricular areas (Fig. 6J). Many of these cells coexpressed the

neuronal marker HuC/D, identifying them as neurons gener-

ated in response to injury (Fig 6J0,K). Similar results were

obtained following vehicle lesions (Supp. Info. Fig. 3E–H). In

addition, in contrast to the thin, unelaborated processes evi-

dent on GFP1 cells emanating from the VZ early after QA

injection (Fig. 6C–E), GFP1 neurons identified at later post-

injury timepoints showed mature neuronal morphologies with

highly elaborated and branched processes (Fig. 6L). Together,
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the temporal and spatial patterns of GFP expression, the

change in GFP1 cell morphology over time, and incorpora-

tion of EdU by many GFP1 cells all indicate that her4-driven

recombination is restricted to neural progenitors and is not

induced in mature neurons after injury.

To repair damaged neural circuitry, it is important that

new neurons reestablish not only the correct neuronal pheno-

types and local connections, but also that they successfully

reestablish connections with long-range targets. We used the

intracerebral tamoxifen injection protocol described above to

label her4-expressing radial glial stem cells at the time of

injury and examine whether the neurons they generate after

QA injection establish long-range connections as part of the

neural regenerative response. Between 3 and 7 days after QA

lesioning, increasing and extensive GFP labeling appeared in

the injured dorsal telencephalon near the damaged region and

to a lesser extent in ventral regions further from the injury

(Fig. 7A–D). At the level of the anterior commissure located

ventrally, GFP1 soma and processes were present but largely

constrained to the ipsilesional hemisphere at 7 days after

injury (Fig. 7D), with limited GFP expression in the unin-

jured contralesional hemisphere (Fig. 7B). Remarkably, by 14

and 28 days following QA lesioning, GFP1 processes showed

aggregated fascicles in the injured hemisphere and extended

fiber bundles across the anterior commissure to the contralat-

eral side (Fig. 7E–F00). The ends of the bundles appeared to

terminate in more dorsal portions of the contralateral hemi-

sphere (arrows in Fig. 7E,F). We next performed double-label

immunofluorescence for the synaptic vesicle marker SV2 and

GFP to examine whether GFP1 fibers made synaptic contacts

in the contralateral telencephalic hemisphere. At 28 dpl, we

observed areas of GFP and SV2 coexpression (Fig 7G,G0),

suggesting that GFP1 processes arising from the injured

hemisphere make synapses in the contralateral hemisphere.

These results indicate that repair occurs not only in the

lesioned telencephalic hemisphere, but also importantly that

long-range connections are reestablished following injury.

Effective repair of the injured brain also requires that

multiple specific neuronal subtypes be generated by the

NPCs that proliferate following injury. At 28 days post QA

injection, GFP1 cells that incorporated EdU given at the

peak of proliferation 26 days earlier (2 dpl) were located near

the lesion site, indicating that these cells were newly generated

after brain injury (Fig. 8A,A0). GFP-labeled cells present in

regenerating regions 28 days after injury also coexpressed the

neuronal marker HuC/D (Fig. 8B,B0; see also Fig. 6J,K). We

next examined whether specific subtypes of neurons were gen-

erated by the NPCs activated in response to injury. Colabel-

ing for GFP and the inhibitory neuronal marker GABA

revealed that some newly generated neurons differentiated

FIGURE 5: Adult-generated cells differentiate into neurons that progressively migrate to the site of injury. Proliferating cells that incor-
porated EdU at 2 days post-lesion were double labeled for EdU (green) and the neuronal marker HuC/D (red) after different chase per-
iods. A yellow asterisk denotes the injury site in each panel. At 4 days after QA injection, EdU1 cells that express the neuronal marker
HuC/D appeared to leave the VZ and extend toward the site of injury (A, orthogonal projection in B). By 7 dpl (C), EdU/HuC/D colabeled
cells were found at a distance from the VZ. By 14 (D) and 21 dpl (E, orthogonal projection in F), two distinct populations of newborn
neurons were present. Many double-labeled cells settled along the periventricular region where neuronal cell bodies are normally
located. Other EdU/HuC/D double-labeled cells were located near the lesion site. Scale bars 5 100 lm.
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FIGURE 6: Radial glia-specific lineage mapping shows NPC activation, increased neurogenesis and migration to injury after QA-induced
telencephalic lesioning. (A–A00) A double transgenic zebrafish Tg(her4:CreERT2;b-actin2:LCLG) received tamoxifen intraperitoneally for 4
days and was examined 4 weeks later. Scattered GFP1 cells (green in A00) appeared in the VZ (arrows) which generated a very small
number of GFP1 neurons that extended a short distance from the ventricular surface and coexpressed the neuronal marker HuC/D (red;
inset in A00). (B) A modest amount of GFP expression was observed in the VZ at 1 dpl after intratelencephalic injection of QA and tamox-
ifen. (C,D) By 3 days after injury, the GFP1 progenitor population expanded in both the medial (C) and lateral (D) periventricular regions.
(E) By 7 dpl, many GFP1 cell bodies were observed in the VZ, periventricular regions and parenchyma of the QA-lesioned hemisphere,
indicating migration to injury, and an extensive network of GFP1 processes extended from the VZ to the lesion site. (F–F00) Pulse-chase
labeling with EdU (red in F00) administered 2 dpl revealed that, as early as 1 day later, newborn cells derived from GFP1 radial glia
extend toward the lesion site (yellow asterisks). (G) Orthogonal projection shows a cell colabeled with GFP and EdU that has migrated
from the VZ. (H,I) Many GFP1 cell bodies that incorporated EdU at 2 dpl appeared in the parenchyma by 7 dpl while others remained in
the ventricular/periventricular regions. Large numbers of GFP1 processes also extend from the ventricular region to the injury (yellow
asterisk). (J,K) Many GFP1 cells (green) in both the parenchyma and periventricular regions remained at 28 dpl and coexpressed the
neuronal marker HuC/D (red). (L) In contrast to their appearance as long, unelaborated processes at 3 dpl (see C,D), by 56 days after
QA injection, GFP1 cells exhibit processes with highly branched, mature morphology. Scale bar 5 100 mm. Scale bar in A applies to B.
Scale bar in C applies to D, E, H, J. Scale bar in F applies to L. ml 5 midline.



FIGURE 7: Neurons generated after QA-induced brain injury progressively extend processes to reestablish neuronal connections. (A) In
the ventral telencephalon of Tg(her4:creERT2;b-actin2:LCLG) fish at 3 dpl, labeled progenitors began to extend GFP1 processes into the
ipsilesional parenchyma (white arrow), but GFP expression was absent from the anterior commissure (yellow arrow) and contralateral
hemisphere. (B–D) At 7 days after QA injection, minimal GFP expression was seen in the contralesional telencephalic hemisphere (B). In
contrast, the ipsilesional hemisphere exhibited many GFP1 cells in the VZ and periventricular area that extended processes toward the
injury site (C). At the level of the anterior commissure, GFP1 cells and processes were apparent but restricted to the ipsilesional hemi-
sphere at 7 dpl (D). (E–E00) Fasciculated bundles of GFP1 processes appeared by 14 dpl in the ipsilesional hemisphere and were also
seen contralaterally (arrows) at dorsal levels (E, E0). More ventrally, GFP1 fibers appeared in the contralesional hemisphere (arrow in E00)
and a GFP1 fiber bundle crossed at the level of the anterior commissure (E00, asterisk). (F–F00) The GFP1 bundles persisted at 28 dpl. At
more dorsal levels, GFP1 fascicles were seen in the parenchyma of the contralesional hemisphere (F,F0), and at ventral levels an exten-
sive fiber bundle crossed the anterior commissure (F00). (G–G0) Colabeling for GFP (green) and the synaptic marker SV2 (red) in the con-
tralesional telencephalon at 28 dpl revealed the appearance of synaptic contacts made by GFP1 axons onto putative targets. G0 shows
an orthogonal projection of GFP1 synaptic contacts colabeled for SV2 (red). Scale bars 5 100 lm. Scale bar in A applies to D, F0, F00; in B
to C, E, F. ml 5 midline.



into GABAergic interneurons in the repaired telencephalon

(Fig. 8C). Tyrosine hydroxylase marks a distinctive subset of

dopaminergic neurons in the medial telencephalon (Rink and

Wullimann, 2001, 2002). We observed cells coexpressing

GFP and TH near large groups of TH-immunoreactive neu-

rons at 28 days post injury (Fig. 8D,E). Calretinin is

expressed by neurons within the rostral migratory stream and

olfactory bulb, as well as specific nuclei in the telencephalon

(Castro et al., 2006). We found neurons coexpressing GFP

and calretinin in the telencephalic parenchyma at 28 days

post injury (Fig. 8F). These findings indicate that her4-line-

age mapped, GFP1 NPCs activated in response to QA-

induced injury generate a diversity of neuronal subtypes with

the potential to replace various neurons lost to brain injury.

Discussion

Recent studies have shown that adult zebrafish possess the abil-

ity to increase adult NPC proliferation following stab lesions to

the telencephalon (Ayari et al., 2010; Diotel et al., 2013; Kishi-

moto et al., 2012; Kizil et al., 2012a, 2012b; Kroehne et al.,

2011; Kyritsis et al., 2012). The activated NPCs give rise to

new neurons that appear to participate in the repair of brain

injury. In the present study we extend these findings using a

novel injury model, QA-induced excitotoxic lesioning. Intrace-

rebral QA injection is a well-established experimental model in

rodents for the study of neuronal loss due to acute brain insults

or neurodegenerative diseases (Gordon et al., 2007; Guillemin,

2012; Miranda et al., 1999; Schwarcz and K€ohler, 1983; Tat-

tersfield et al., 2004). We find that the initial response to QA

lesioning in fish, as to stab injury alone, is cell death followed

by a rapid accumulation of microglia in the injured hemi-

sphere. This injury response is accompanied by a large increase

in proliferation of neurogenic radial glia located in the VZs of

the injured hemisphere. Injury-induced changes are largely

restricted to the damaged hemisphere, although there is some

reactivity in the contralateral hemisphere, much more in QA-

FIGURE 8: Neurons generated following QA-induced lesions of adult zebrafish telencephalon adopt multiple phenotypes. (A, A0) In
Tg(her4:creERT2;b-actin2:LCLG) (her4:GFP) fish at 28 days post-lesioning, cells birthdated with EdU (A; red in A0) at 2 days after QA and
tamoxifen injection have settled in the periventricular region and parenchyma of the damaged hemisphere where many coexpress GFP
(green in A0). (B–B0) Higher magnification view of a GFP/HuC/D double-labeled cell with neuronal morphology in the parenchyma. (C)
Neurons labeled for the inhibitory neuronal marker GABA include cells that coexpress GFP that comingle closely with other GABA-
expressing cells. (D,E) Neurons double-labeled (yellow arrows) for GFP (green) and tyrosine hydroxylase (TH) comingle among the dis-
tinctive TH positive cluster of cells (red) in the ipsilesional hemisphere. (F) Within a calretinin-expressing group of neurons, some cells
coexpressed calretinin (red) and GFP (green) whereas neighboring cells showed immunoreactivity for one of the two markers. Scale bar
A, B, D 5 100 mm. Scale bar C, E, F 5 50 lm.
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than in vehicle-injected fish. Within the injured hemisphere,

QA-induced lesioning stimulates an intense microglial reaction,

NPC proliferation and damage repair, all to a greater extent

than after vehicle injection. We also find that the radial glial

NPCs responding to QA-induced injury generate several neuro-

nal subtypes, as well as neurons that give rise to long-distance

projections that cross the anterior commissure and reestablish

synaptic connections with the contralesional hemisphere.

Why does QA-induced injury exert a more widespread

and powerful stimulation of inflammation and regenerative

responses than mechanical injury alone? One possibility

involves potential direct actions of QA on glutamate recep-

tors. Glutamatergic neurotransmission has been shown to

exert effects on adult neurogenesis in mammals (Deisseroth

et al., 2004), particularly through the activation of N-methyl-

D-aspartate (NMDA) receptors upon which QA acts (Luk

et al., 2003; Orlando et al., 2001), although NMDA receptor

activation tends to acutely decrease neurogenesis in the adult

rodent hippocampus (Cameron et al., 1995). Another poten-

tial explanation is through a QA-induced increase in neuronal

excitability that occurs as part of the excitotoxicity it pro-

duces. Such neuronal activation is suggested by the acute cir-

cling behavior observed in fish after QA injection that was

not seen with vehicle injection (Supp. Info. Movie). This type

of behavior in rodents indicates an asymmetry in striatal

activity (Hebb and Robertson, 1999; Miranda et al., 1999;

Schwarcz et al., 1979; Ungerstedt, 1971). This effect is likely

due to ipsilesional excitation by QA in the fish, given that

both QA and vehicle injections induce injury and should not

differ if the behavior was caused by acute loss of function

from damage. Increased excitation in the form of seizures is

know to stimulate both inflammation and neurogenesis

(Bonde et al., 2006; Bovolenta et al., 2010), although we did

not observe behavioral seizures after QA injection. However,

even more modest increases in neuronal activity induce pro-

genitor cells to increase neuronal production (Bengzon et al.,

1997). Evidence suggests that QA also directly stimulates

microglial proliferation in vitro (Di Serio et al., 2005; Fig-

ueiredo et al., 2008) and this effect may contribute to the

increased microglial accumulation after QA administration in
vivo. The increased microglial reaction in turn may contribute

to the enhanced and more complete regeneration after QA

lesioning than was seen with vehicle injection alone.

Radial glia persist in the adult zebrafish brain, lining the

medial and everted lateral VZs, and they constitutively gener-

ate new neurons throughout life (Rothenaigner et al., 2011).

Most of these cells express the radial glial markers GFAP,

vimentin, and S100b, although they are a heterogeneous pop-

ulation some of which are negative for glial markers (Ganz

et al., 2010). A large subset of these cells expresses the Notch

target gene her4 as shown by our data and by others (Cha-

pouton et al., 2011; Kroehne et al., 2011). Activation of

Notch signaling is required for injury-induced proliferation of

forebrain progenitors in zebrafish and rodents (Givogri et al.,

2006; Kishimoto et al., 2012; Wang et al., 2009). We show

that new neurons are derived from her4-expressing progeni-

tors following QA-induced injury, but the degree of radial

glial activation and subsequent neurogenesis determined by

transgenic lineage mapping is greater in our QA lesion model

than that reported in previous studies. Although this in part

may reflect our use of QA rather than simply mechanical

injury, a more important factor is probably the route of

tamoxifen administration we use to induce recombination.

Several factors support the specificity of intracerebral tamoxi-

fen delivery at the time of injury, which is much more effec-

tive than intraperitoneal tamoxifen injection for inducing

CreER-mediated telencephalic recombination in fish (Fig. 6).

First, a time course of lineage mapping after tamoxifen injec-

tion indicates that VZ cells are initially activated and over

time give rise to progeny that migrate into the parenchyma

and differentiate into neurons. Second, mitotic labeling shows

that many of the GFP1 cells were in S-phase at the time of

EdU administration, confirming their proliferative NPC

behavior. Finally, the GFP1 neurons initially display imma-

ture morphologies that evolve to more mature phenotypes

over time after tamoxifen injection. With this lineage map-

ping approach we confirm the radial glial source of the neu-

rons generated after injury and reveal a profound neurogenic

response that likely accounts for repair of the injured telen-

cephalon in response to QA lesioning.

Remarkably, our her4 lineage mapping shows that neu-

rons generated after QA-induced injury send long-distance

projections across the anterior commissure to synapse in the

uninjured hemisphere. These telencephalic commissural fibers

in the fish are not well described. A developmental study has

characterized axon guidance factors required by distinct popu-

lations of neurons that extend commissural fibers from the

telencephalon (Zhang et al., 2012). In addition, commissur-

ally projecting neurons from the rostro-dorso-lateral telen-

cephalon of another species of teleost fish have been

identified (Corrêa et al., 1998). When labeled by injection of

axonal tracers in adult fish, these latter cells are found to send

projections across the commissure that terminate in the dorsal

telencephalon of the contralateral hemisphere. These fiber ter-

minations look remarkably similar to the pattern of GFP

labeling we see in the uninjured hemisphere, which arise

from adult-generated cells in the damaged telencephalic hemi-

sphere. Further investigation is necessary to determine the

specific neuronal subtypes that give rise to the anterior com-

missural projections, as well as the potential functional integ-

rity of the regenerated neuronal circuits. However, our results

suggest that the fiber bundles coalesce and organize over time
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(Fig. 7), which may reflect stable integration of the adult-

generated neuronal circuitry.

Although it is clear that the injured adult zebrafish tel-

encephalon has a remarkable capacity to regenerate by upreg-

ulation of proliferation, generation of new neurons, and

differentiation into multiple neuronal subtypes, many ques-

tions about the regeneration process remain to be answered.

The molecular and cellular factors driving regeneration are

poorly understood. One of the earliest responses to brain

lesion is a robust inflammatory reaction. Microglia infiltrate,

proliferate, and become activated in large numbers. Chronic

inflammation and glial scarring have long been considered

major hindrances to repair in the mammalian CNS (Fitch

and Silver, 2008; Hoehn et al., 2005; Rasmussen et al., 2011;

Sofroniew, 2009). However, both positive and negative effects

on neurogenesis and repair have been reported (Ekdahl et al.,

2009). Neurogenesis and survival of new neurons is increased

following apoptotic neuronal ablation that does not result in

an inflammatory response (Chen et al., 2004; Magavi et al.,

2000). In contrast, microglial accumulation following stroke

can promote neurogenesis and subsequent neuronal survival

(Thored et al., 2009). A recent study in zebrafish suggests

that the inflammatory response is required to initiate neuro-

genic proliferation in the adult VZ through pathways that are

distinct from those regulating constitutive neurogenesis (Kyr-

itsis et al., 2012). By contrast, the injured adult zebrafish

brain does not exhibit widespread persistent inflammation or

glial scarring (Baumgart et al., 2011). This lack of later-stage

inflammation may lead to successful neuronal repair in the

zebrafish brain, although the mechanism by which damping

of the inflammatory response occurs is not known. Differen-

ces in signaling by microglia that react to injury in zebrafish

and receptor expression on responding radial glia have yet to

be investigated and will provide an informative comparison

with species, location, and injury-type differences described in

mammalian models (Christie and Turnley, 2013).

The signals that attract radial glial scaffolding processes

to the lesion site or direct the migration of newly generated

neurons to damaged regions and outgrowth of their processes

to targets in the contralateral hemisphere are as yet unknown.

QA-induced or focal ischemic lesions in mouse result in the

upregulation of chemokines that serve as attractants for the

migration of SVZ-derived NPCs to sites of brain injury (Gor-

don et al., 2009; Ohab et al., 2006). These chemokines are

expressed by microglia, macrophages and astrocytes at the

injury site and their appearance is accompanied by upregula-

tion of receptor expression in SVZ-derived cells. There have

been no reports describing expression in adult zebrafish of the

same chemokines involved in directing the migration of neu-

roblasts in rodent stroke models, such as stromal-derived fac-

tor 1 (Ohab et al., 2006), with the exception of the

chemokine Prokineticin 2, whose expression is upregulated

following zebrafish brain injury and may guide the migration

of new neurons to the injury site (Ayari et al., 2010). One

study, however, found that the chemokine receptor CXCR5

was upregulated at early timepoints in radial glial progenitors

that respond to injury, although the identity of its ligand is

unknown (Kizil et al., 2012a).

Results from the present study provide a novel injury

model for exploring neuronal regeneration in an adult verte-

brate. QA lesioning is a well-established model for neurode-

generation and neuronal damage in mammalian systems. We

have shown that it can also be used as a powerful brain injury

model in adult zebrafish, one which may more closely mimic

the mechanisms of secondary damage that occur following

brain injury or disease in mammalian systems than does stab

injury alone. Future examination of differences in molecular

signals elicited by QA versus vehicle lesioning may shed light

on unique repair mechanisms that allow for complete brain

tissue restoration. We find a difference in the acute behavioral

response to QA when compared with vehicle injection and it

would also be interesting to explore potential longer-term

behavioral correlates of the injury and subsequent recovery. In

addition, further comparative studies using zebrafish and

mammalian systems should prove useful in identifying com-

mon mechanisms of neuronal regeneration as well as elucidat-

ing mechanistic and environmental differences between

zebrafish and mammalian brains that are permissive for regen-

eration in the former but restrict regeneration in the latter.

Finally, QA-induced brain lesioning in fish offers a potent

model system to test potential therapies to enhance recovery

after brain insults or neurodegeneration that may be trans-

lated to mammalian brain repair.
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