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Abstract

Microglia are macrophage-like cells exerting determinant roles in neuroinflamma-
tory and oxidative stress processes during brain regeneration. We used zebrafish as
a model of brain plasticity and repair. First, by performing L-plastin (Lcp1) immuno-
histochemistry and using transgenic Tg(mpeg1.1:GFP) or Tg(mpegl.1:mCherry) fish,
we analyzed the distribution of microglia/immune cells in the whole brain. Specific
regional differences were evidenced in terms of microglia/immune cell density and
morphology (elongated, branched, highly branched, and amoeboid). Taking advantage
of Tg(fli:GFP) and Tg(GFAP::GFP) enabling the detection of endothelial cells and neural
stem cells (NSCs), we highlighted the association of elongated microglia/immune cells
with blood vessels and rounded/amoeboid microglia with NSCs. Second, after telen-
cephalic injury, we showed that L-plastin cells were still abundantly present at 5 days
post-lesion (dpl) and were associated with regenerative neurogenesis. Finally, RNA-
sequencing analysis from injured telencephalon (5 dpl) confirmed the upregulation of
microglia/immune cell markers and highlighted a significant increase of genes involved
in oxidative stress (nox2, nrf2a, and gsr). The analysis of antioxidant activities at 5 dpl
also revealed an upregulation of superoxide dismutase and persistent H,O, genera-
tion in the injured telencephalon. Also, microglia/immune cells were shown to be a
source of oxidative stress at 5 dpl. Overall, our data provide a better characteriza-
tion of microglia/immune cell distribution in the healthy zebrafish brain, highlighting
some evolutionarily conserved features with mammals. They also emphasize that 5
days after injury, microglia/immune cells are still activated and are associated to a per-
sistent redox imbalance. Together, these data raise the question of the role of oxidative

stress in regenerative neurogenesis in zebrafish.
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1 | INTRODUCTION

Microglia were discovered in the early 1920 by Pio del Rio Hort-
ega and are derived from progenitors present in the embryonic yolk
sac (Ginhoux et al., 2013; Sierra et al., 2016). They are macrophage-
like cells located in the central nervous system, representing about
10-20% of glial cells (Nayak et al., 2014; Var & Byrd-Jacobs, 2020).
Microglial cells exhibit a very important plasticity and are capable
of major adaptations though structural and functional modifications.
Under physiological conditions, most microglia remain in a quiescent
state with a small cell body and highly branched processes, allowing
immediate sensing of the microenvironment. In contrast, under patho-
logical conditions (i.e., degenerative diseases, strokes, brain injuries,
and infections), microglial cells rapidly adopt a phagocytic, amoeboid,
and mobile phenotype, allowing them to move and reach the damaged
area (Stence et al., 2001). During brain injury, microglia participate in
the removal of cell debris and constitute key players of neuroinflam-
matory and oxidative stress processes (Fischer & Maier, 2015; Kim &
Joh, 2006; Simpson & Oliver, 2020; Smith et al., 2012).

Due to its strong neurogenic activity and capacity to repair large
brain injuries, zebrafish is emerging as an excellent model to study
brain plasticity and regeneration (Alunni & Bally-Cuif, 2016; Diotel
et al., 2013; Diotel et al., 2020; Ghaddar, Lubke, et al., 2021; Kishimoto
etal.,2012; Marzetal.,2011; Schmidt et al., 2014; Zambusi & Ninkovic,
2020). As a result, a growing number of studies have begun to examine
the role of neurotrophic factors such as brain-derived neurotrophic
factor, nerve growth factor, and neurotrophins in brain repair condi-
tions (Anand & Mondal, 2018, 2020; Cacialli et al., 2018; Bhattarai
et al., 2020; Cacialli, 2021). Similarly, special attention has been paid
to the research on microglia/immune cells, neuroinflammation, and
oxidative stress in brain injury and neurodegenerative conditions in
zebrafish (Kyritsis et al., 2012; Bhattarai et al., 2017; Kanagaraj et al.,
2020; Var & Byrd-Jacobs, 2020). As in mammals, zebrafish microglia
represent the major neuroinflammatory cells from the brain and can
dynamically change their phenotype depending on the physiological
context. After brain damage, they are activated and recruited to the
damaged area (Kroehne et al., 2011; Marz et al., 2011; Baumgart
et al., 2012; Kyritsis et al., 2012; Casano et al., 2016; Silva et al.,
2020; Ghaddar et al., 2021). Moreover, after traumatic brain injury in
mammals, peripheral immune cells can enter and remain transiently
within the central nervous system, with some differentiating into
resident microglia (Alam et al., 2020). Thus, after telencephalic injury
in zebrafish, an acute inflammation occurs associated with abundant
pro-inflammatory cytokine release, intense microglia activation, and
potent peripheral immune cell infiltration (Kyritsis et al., 2012). This
inflammatory state has been shown to be essential for the brain repair
process and its inhibition resulted in decreased regenerative neuro-
genesis (Kyritsis et al., 2012). Moreover, the inhibition of microglia
activation in zebrafish led to impaired regeneration as described
recently in a preprint study (Kanagaraj et al., 2020). Taken together,
these data argue for a role of microglia/immune cells and inflammation
in brain repair mechanisms.

The cellular damage and death that occur during injury also lead

to mitochondrial dysfunction and the excessive production of reac-

tive oxygen species (ROS), including the superoxide anion radical,
hydroxyl radical, and hydrogen peroxide (H,0O5). The resulting imbal-
ance between free radicals and antioxidant defenses induces the
generation of oxidative stress. In order to maintain homeostasis, sev-
eral antioxidant defenses are activated. They involve among others
the enzymes superoxide dismutase (SOD), catalase, and glutathione
peroxidase (GPx). SODs are the first detoxification enzymes and cat-
alyze the dismutation of two superoxide anion molecules into H,O,
and molecular oxygen. Then, catalase reduces H,O, to water and
molecular oxygen, thus completing the detoxification process initi-
ated by SOD. Similarly, GPx breaks down H,0O, into water. In parallel,
glutathione reductase reduces glutathione disulfide to the sulfhydryl
form of glutathione, thus helping to resist oxidative stress. Together,
these different enzymatic activities help restore redox balance within
the tissue. While the characterization of antioxidant defenses is well
described in mammals during injury (Lin et al., 2021; Praveen Kumar
et al., 2021), very few data are available in zebrafish. Nevertheless, the
recent work from Anand et al. (2021) demonstrated that antioxidant
enzyme activity was modulated after zebrafish brain injury in links with
increased levels of lipid peroxidation and GSH (reduced glutathione).
In this study, we set out to provide a better general overview of the
distribution of microglia in the adult zebrafish brain, highlighting their
intimate links to blood vessels and neurogenic niches. Given the emerg-
ing roles of microglia in brain regeneration (Bhattarai et al., 2016; Diaz-
Aparicio et al., 2020), we took advantage of a recently published RNA-
sequencing (RNAseq) dataset on the telencephalon of stab-wounded
adult zebrafish to reanalyze the expression of important microglial
genes (Rodriguez Viales et al., 2015; Gourain et al., 2021). Thus, we
correlate the overexpression of microglia markers at 5 days post-lesion
(dpl) with gene expression and activities of oxidative stress mediators.

2 | MATERIALS AND METHODS

2.1 | Animals and ethics

Three-to-six-month-old adult zebrafish, wild type, Tg(mpegl-
1:mCherry), Tg(mpeg1.1:GFP), double transgenic Tg(mpegl.1:-
mCherry) x Tg(GFAP::GFP), and Tg(mpegl.1:mCherry) x Tg(fli:GFP)
were housed at the CYROI/DéTROI zebrafish facility and maintained
under standard conditions (28.5°C; 14-h dark/10-h light, pH 7.4, and
conductivity at 400 uS). All experiments were conducted in zebrafish
in accordance with the French and European Community guidelines
for the use of animals in research (86/609/EEC and 2010/63/EU) and
approved by the local CYROI animal experimentation ethics committee
and the French government (APAFIS 2018040507397248 v2).

2.2 | Stab wound injury of the telencephalon

To perform the telencephalic lesion, fish were deeply anesthetized
with 0.02% tricaine (MS-222; REF: A5040, Sigma-Aldrich) and a ster-
ile needle (BD Microlance 3; 30G x 0.5 in.; 0.3 x 13 mm?) was inserted

into the right telencephalic hemisphere as previously described (Marz



et al, 2011; Diotel et al, 2013; Rodriguez Viales et al., 2015;
Dorsemans, Soule, et al., 2017). At 5 dpl, fish were sacrificed and pro-
cessed for immunohistochemistry or protein extraction from control
and injured hemispheres.

2.3 | Tissue preparation

Fish were euthanized with tricaine before being fixed overnight at 4°C
in 4% PFA (paraformaldehyde) dissolved in 1x PBS (Phosphate Saline
Buffer). The next day, zebrafish were dissected and the brains were
extracted and dehydrated in 100% methanol before being stored at
—20°C until use.

2.4 | Immunohistochemistry (IHC) and TUNEL
staining

For immunohistochemistry, brains were processed as described pre-
viously (Mérz et al., 2011; Dorsemans, Lefebvre d’Hellencourt, et al.,
2017; Ghaddar, Bringart, et al., 2021). Briefly, brains were rehydrated
and permeabilized with PTw (1x PBS containing 0.1% Tween), embed-
ded in 2% agarose, and sectioned (50 um thickness) using a vibratome
(VT1000S, Leica). After 1 h of blocking in PTw containing 0.2% BSA and
1% DMSO, the sections were incubated with the respective antibodies
such as anti-Lcp1/L-plastin (rabbit anti-L-plastin from zebrafish, kindly
provided by Dr. Michael Redd; 1/10,000) and anti-PCNA (proliferative
cell nuclear antigen) (DAKO, clone PC10; Reference: M087901; 1/500)
overnight at 4°C.

The next day, the sections were washed 3 times with PTw and
incubated with the respective antibodies: Alexa Fluor® 488 goat anti-
mouse antibody (ThermoFisher, Reference: A-11001; 1/500), Alexa
Fluor® 594 goat anti-rabbit antibody (ThermoFisher, Reference: A-
11012; 1/500) and/or with Alexa fluor 594-coupled anti-mCherry
antibody (ThermoFisher, Reference: M11240; 1/500) or Alexa fluor
488-coupled anti-GFP (ThermoFisher, Reference: A-21311; 1/500) for
2 h at room temperature (RT). During this time, counterstaining of cell
nuclei with DAPI was also performed. Finally, the sections were washed
with PTw and mounted on slides with Aqua-Poly/Mount (Polysciences).

Note that each immunohistochemistry experiment was performed
on at least three different animals in independent experiments. The
antibodies are listed in Table 1.

For cell death quantification, TUNEL staining was performed using
an In Situ Cell Death Detection Kit, TMR red (Roche; Reference:
12 156 792 910) following manufacturer’s instructions. Quantification

has been done on four brains.

2.5 | DCFH-DA staining and cell dissociation

To analyze oxidative stress after brain injury, an intraperitoneal injec-
tion of DCFH-DA was performed in anesthetized zebrafish. After
30 min, fish were stabbed in the right telencephalic hemisphere and
allowed to recover for 30 min. Finally, they were fixed in 4% PFA and

processed for microscopic analysis.

To investigate the nature of cells showing oxidative stress at 5 days,
stab wounds were inflicted on Tg(mpeg1.1:mCherry) fish, which then
survived for 5 days. Then, fish were sacrificed and brain cell dissocia-
tion was performed. Briefly, three injured telencephala were dissected,
pooled, and recovered with PBS. They were then treated with PBS con-
taining 0.1% trypsin and 1 mM EDTA and incubated at 28°C for 15 min
by pipetting every 2 min. After 7 min of incubation, DCFH-DA was
added (25 pM). Finally, centrifugation (1000 g, 4 min at 4°C) was per-
formed and the cell pellet was resuspended in PBS containing DAPI for

nuclear staining before microscopic observations.

2.6 | Protein extraction for cerebral antioxidant
activities

At 5 dpl, fish were euthanized and the skull was immediately open in
order to separate and remove the control and injured telencephalon.
Three pools of five control telencephala and three pools of five injured
telencephala were collected and snapped frozen. This experiment was
reproduced 2 times independently.

To determine the SOD and peroxidase activities, protein isolation
from 5 dpl control and injured hemispheres was performed as follows.
Four-to-eight milligram of zebrafish hemispheres were collected and
stored at —80°C before being homogenized with a TissueLyser Il (QIA-
GEN) in 100 pl of Tris buffer (Tris [25 mM], EDTA[1 mM],NaCI [50 mM],
and pH 7.4). After centrifugation (5000 rpm, 4°C for 10 min), the super-
natant was used for protein quantification and enzymatic assays. Total
proteins of lysate were quantified by the bicinchoninic acid assay.

Total SOD activity was determined using the cytochrome ¢ reduc-
tion assay, as previously described (Dobi et al., 2019). Superoxide
radicals generated by the xanthine/xanthine oxidase system reduce
the ferrycytochrome c into ferrocytochrome c, thereby leading to an
increase in absorbance at 560 nm. A 10 pl aliquot (about 30 pg of
protein) of the lysates was combined with 170 pl reaction mixture (xan-
thine oxidase, xanthine [0.5 mM], cytochrome ¢ [0.2 mM], KH,PO4
[50 mM, pH 7.8], EDTA [2 mM], and NaCN [1 mM]). The reaction was
monitored in a microplate reader (FLUOstar OPTIMA, BMG Labtech,
France) at 560 nm for 1 min, at 25°C. Total SOD activity was calcu-
lated using a calibration standard curve of SOD (up to 6 units/mg).
Results were expressed as international catalytic units per micro-
gram of cell protein, and peroxidase activities of telencephalic hemi-
sphere lysates were assessed according to the protocol described by
Everse et al. (1994). A reaction mixture was prepared with 200 pl of
50 mM citrate buffer/0.2% o-dianisidine and 5 pl of lysates (between
15 and 20 pg of protein). The reaction was initiated by adding 20 pl
of 200 mM H,0,. Peroxidase activity was determined by measuring
the absorbance at 450 nm at 25°C for 3 min. Peroxidase activity was
expressed as international catalytic units per pg of proteins.

The determination of extracellular H,O, production was performed
by using N-acetyl-3,7-dihydroxyphenoxazine (Amplex Red) reagent. In
the presence of horseradish peroxidase (HRP), this highly sensitive and
stable probe reacts with H,O, to produce highly fluorescent resorufin
(Rhee et al., 2010). Lysates (10 ul/30 ug of protein) were incubated in
96-well plates with the reaction buffer (50 pl) (Amplex Red 100 mM,



TABLE 1 Antibodies

Antibodies Interest Host

PCNA (proliferative cell nuclear Cell proliferation Mouse
antigen)

Lcp1 (L-plastin) (lymphocyte cytosolic Microglia Rabbit
protein 1)

Alexa Fluor® 488 goat anti-mouse PCNA antibody Goat
antibody detection

Alexa Fluor® 594 goat anti-rabbit LCP1 antibody Goat
antibody detection

Anti-mCherry coupled to Alexa fluor Boost mCherry Rat
594 labeling

Anti-GFP coupled to Alexa fluor 488 Boost GFP Rabbit

labeling

HRP 1 U/ml in Tris-HCI 50 mM, pH 7.4) for 30 min at RT. The fluores-
cence intensity was measured with excitation/emission wavelength set
at 550/590 nm. Hydrogen peroxide production content was calculated
using a calibration standard curve of H,O, (ranged from 4 to 40 nM)

and was expressed as nM of H,O, per pg of proteins.

2.7 | RNA-sequencing data set analyses

For RNAseq analyses, data were reanalyzed from the Rodriguez Viales
et al. (2015) and Gourain et al. (2021) studies for control and injured
telencephalon (5 dpl; n = 3).

2.8 | Microscopy

Micrographs were obtained with an Eclipse confocal (Nikon) and
with an AXIO OBSERVER 7 equipped with the Apotome.2 (Zeiss).
The brightness and contrast of the images were adjusted in Adobe
Photoshop.

2.9 | Cell counting

To determine the number of microglia and proliferating cells, the total
area of mpeg- and PCNA-positive cells was measured on a 50-um-thick
vibratome cross section through the core of the lesion. Quantification
was done using ImageJ software on a total of three fish. Comparisons
between control and injured hemisphere were done on a total of three
fish performing a student t test. Values were considered as significantly

different when p-values < 0.05.

2.10 | Microglia density assessment
To investigate the relative abundance of microglia, at least three brains
were analyzed in different respective regions and visually estimated

and/or counted for Table 2 and Figure 3. A relative scale was proposed

Reference Dilution RRID

DAKO, clone PC10; 1/500 RRID:AB 2160651
Reference: M087901

Kindly provided by Dr. 10,000 Not provided (Redd
Michael Redd et al., 2006)

Thermofischer A-11001 1/500 RRID:AB 2534069

Thermofischer A-11012 1/500 RRID:AB 141359

ThermoFisher, M11240 1/500 RRID:AB 2536614

ThermoFisher, A-21311 1/500 RRID:AB 221477

as “/”: not detected; “+/-": very few microglia; “+”: some microglia;
“++": abundant microglia; “+++": very abundant microglia. This rel-
ative abundance quantification was verified by another round of
quantification reinforcing the first results obtained. In addition, in some

regions, a manual cell counting was performed to generate Figure 3.

2.11 | Nomenclature and abbreviations

The nomenclatures correspond to those provided in the zebrafish brain
atlas (Wullimann et al., 1996). The schemes were modified and adapted
from Wullimann et al. (1996) and Menuet et al. (2005). A, anterior tha-
lamic nucleus; APN, accessory pretectal nucleus; ATN, anterior tuberal
nucleus; CCe, corpus cerebelli; Chab, habenular commissure; Chor,
horizontal commissure; CM, corpus mamillare; CP, central posterior
thalamic nucleus; CPN, central pretectal nucleus; Cpop, postoptic com-
missure; Cpost, posterior commissure; D, dorsal telencephalic area;
Dc, central zone of dorsal telencephalic area; DI, lateral zone of dorsal
telencephalic area; Dm, medial zone of dorsal telencephalic area; DOT,
dorsomedial optic tract; Dp, posterior zone of dorsal telencephalic
area; DP, dorsal posterior thalamic nucleus; ECL, external cellular
layer of olfactory bulb; EG, eminentia granularis; ENv, entopeduncu-
lar nucleus, ventral part; FR, fasciculus retroflexus; GL, glomerular
layer of olfactory bulb; Had, dorsal habenular nucleus; Hav, ventral
habenular nucleus; Hc, caudal zone of periventricular hypothalamus;
Hd, dorsal zone of periventricular hypothalamus; Hv, ventral zone of
periventricular hypothalamus; ICL, internal cellular layer of olfactory
bulb; IL, inferior lobe; LH, lateral hypothalamic nucleus; LLF: lateral
longitudinal fascicle; LR, lateral recess of diencephalic nucleus; MLF,
medial longitudinal fascicle; NMLF, nucleus of medial longitudinal fas-
cicle; PG, preglomerular nucleus; PGa, anterior preglomerular nucleus;
PGI, lateral preglomerular nucleus; Pit, pituitary; PO, posterior pretec-
tal nucleus; PP, periventricular pretectal nucleus; PPa, parvocellular
preoptic nucleus, anterior part; PPp, parvocellular preoptic nucleus,
posterior part; PR, posterior recess of diencephalic ventricle; PSp, par-
vocellular superficial pretectal nucleus; PTN, posterior tuberal nucleus;

R, rostrolateral nucleus; RF, reticular formation; SC, suprachiasmatic



TABLE 2 Relative microglia density in the different brain regions

Relative

Regions density
Olfactory bulbs +
Ventral telencephalic area (subpallium parenchyma) +
Dorsal part (Vd) +
Ventral part (Vv) +
Central nuclei (Vc) +/—
Supracommissural nuclei (Vs) +
Postcommissural nuclei (Vp) +
Area dorsalis telencephali (pallium parenchyma) +
Central zone of D (Dc) +
Lateral zone of D (DI) +
Medial zone of D (Dm) +
Posterior zone of D (Dp) +/—
Preoptic diencephalic region (parenchyma) +
Anterior parvocellular preoptic nucleus (PPa)
Posterior parvocellular preoptic nucleus (PPp)
Suprachiasmatic nucleus (SC) +/—
Thalamus ++
Anterior nucleus (A) ++
Dorsal posterior thalamic nuclei (DP)
Central posterior thalamic nuclei (CP)
Ventromedial nuclei (VM) ++
Ventrolateral nuclei (VL) ++
Caudal thalamus posterior tuberculum (parenchyma) ++
Periventricular nucleus of the posterior tuberculum +

(TPp)
Posterior tuberal nucleus (PTN) +/—
Torus lateralis (TLa) +
Hypothalamus (parenchyma) ++
Ventral zone of the periventricular nucleus (Hv) +/—
Anterior tuberal nucleus (ATN) +/—
Lateral hypothalamic nucleus (LH) +/—
Cells surrounding laterocaudal ventricular recesses +

(LR)
Cells surrounding posterior ventricular recesses (PR) +
Caudal zone of the periventricular hypothalamus (Hc) ++
Dorsal zone of periventricular hypothalamus (Hd) +/—
Inferior lobe (IL) +
Mesencephalon (parenchyma) +++
Tectum opticum (TeO) +
Torus longitudinal (TL) /
Torus semicircularis (TS) +++
Cerebellum (VCe+Ce) +

Note: The analysis of the relative abundancy/density of microglia was per-
formed by visual observation of brain sections. The analysis was done
according to this legend: “/": not detected; “+/-": very few microglia. “+":
some microglia. “++": abundant microglia; “+++": very abundant microglia.
Note that microglia are found in almost all the brain regions.

nucleus; SD, saccus dorsalis; SO, secondary octaval population; TeO,
tectum opticum; TL, torus longitudinalis; TLa, torus lateralis; TPp,
periventricular nucleus of posterior tuberculum; TS, torus semicircu-
laris; V, ventral telencephalic area; V3, third ventricle; VII, sensory root
of the facial nerve; VIII, octaval nerve; VCe, valvula cerebelli; Vd, dor-
sal nucleus of ventral telencephalic area; VL, ventrolateral thalamic
nucleus; VM, ventromedial thalamic nucleus; VOT, ventrolateral optic
tract; Vp, postcommissural nucleus of ventral telencephalic area; Vv,

ventral nucleus of ventral telencephalic area; ZL, zona limitans.

3 | RESULTS

3.1 | Distribution and morphology of L-plastin and
mpeg1l.1-positive cells (microglia) in the adult
zebrafish brain under homeostatic conditions

We first decided to provide a general overview of the distribution
of microglia in the adult zebrafish brain. For this purpose, we used
the Tg(mpeg1.1:GFP) transgenic fish line (labeling microglia in the
brain) and performed L-plastin (Lcp1) immunohistochemistry consid-
ering that under homeostatic condition, no peripheral immune cell
infiltration occurrs. We first demonstrated that both markers (mpeg1.1
and L-plastin) were highly co-expressed in microglial cells within dif-
ferent brain regions such as the telencephalon and the mesencephalon
parenchyma (Figure 1). In the healthy brain, we observed elongated,
ramified, and rounded/amoeboid cells throughout all the regions stud-
ied (Figure 1, left panels). Evidently, in the midbrain, microglia appeared
much more ramified/hyper-ramified than in the telencephalon, as
shown in Figure 1 (right panels). The different morphologies were also
shown in Figure S1.

In the forebrain, we observed a few microglial cells in the periphery
and interior of the olfactory bulbs by performing L-plastin immuno-
histochemistry (not shown). In the telencephalon, small numbers of
microglia were detected in all nuclei and brain regions, including the
central (Dc), dorsomedian (Dm), and dorsoposterior (Dp) regions of the
pallium as well as the central (Vc), ventral (Vv), and dorsal (Vd) nuclei of
the subpallium. Microglia were detected in the brain parenchyma and
also in close proximity to the ventricles (Figure 2a).

More dorsally, microglia were again detected in the pallium, partic-
ularly in the dorsolateral telencephalon (Dl). They were also reported
in the postcommissural nucleus of the ventral telencephalic area (Vp)
(Figure 2b). In the diencephalon, a high density of microglia was
observed in the anterior (PPa) and posterior (PPp) parts of the preop-
tic area, in the entopeduncular nucleus (Env), suprachiasmatic nucleus
(SC), ventrolateral and ventromedial thalamic nuclei (VL and VM,
respectively), and in the habenula (Hav) (Figure 2b,c). Overall, our data
showed that in the forebrain, under homeostatic conditions, microglia
appear to be elongated or rounded but not so hyper-ramified.

More caudally, numerous and abundant microglia were detected in
the ventral, mediobasal, and caudal hypothalamus (Figure 2d-f) along
the ventricular layer but also in the parenchyma. A significant number
of microglia were detected along the lateral and posterior recess of

the hypothalamus. They were also observed in the optic tectum (TeO),
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FIGURE 1 Co-expression of L-plastin and mpeg1.1:GFP in microglia from the telencephalon and midbrain regions showing different microglia
morphologies. (a-h) L-Plastin immunohistochemistry (red, b and f) on Tg(mpeg1.1:GFP) fish (green, c and g) with DAPI counterstaining (blue, a and
e) showing a co-expression of both markers in the dorsomedian (Dm) telencephalon (left panels) and the midbrain parenchyma (right panels). In the
telencephalon, most microglia appeared elongated (arrows) or rounded with a low number of processes (arrowheads). In contrast, in the posterior
part of the brain, microglia appeared hyper-ramified (arrowheads). Bar: 70 um. (i and j) Quantification of the number of mpeg1.1:GFP and

L-plastin double positive cells, L-plastin-positive cells only, and mpeg1.1:GFP positive cells only in the central telencephalon and mesencephalon.
Note that most of microglial cells express both markers. n = 3 brains; ****p < 0.0001

the torus longitudinalis (TLa), the anterior preglomerular nucleus
(Pga), and in the cerebellum, especially in the valvula cerebelli (VCe). L-
Plastin-positive cells were also found in the periventricular nucleus of
the posterior tubercle (TPp) and in the zona limitans (ZL). A high density
of microglia was also observed below the TeO, near the tectal ventricle

and in the region of the torus semicircularis (Ts). Clearly, microglia den-

sity appears to be higher in the hindbrain than in the telencephalon, and
hyperbranched microglia are more numerous (Table 2 and Figure 3).
This distribution of microglia in the adult fish brain was also
supported by the use of Tg(mpegl.1:mCherry). Therefore, under
homeostatic conditions, we observed (1) elongated microglia that

are notably localized in the telencephalon, (2) rounded/amoeboid



FIGURE 2 Mapping of microglia in the brain of adult zebrafish showing a heterogeneous distribution of microglia. (a-f) The scheme provides
the localization of the transversal section with purple cells corresponding to the schematic distribution of microglia. (a-c) L-Plastin
immunohistochemistry in the telencephalon (a and b), diencephalon with the anterior (b, PPa), and posterior (c, PPp) parts of the preoptic area.
Note that in the telencephalon, ramified, elongated, and rounded microglia have been detected. (d-f) L-Plastin immunohistochemistry in
transversal brain section through the anterior part of the hypothalamus (d, Hv), the mediobasal hypothalamus (e, Hv LR), and the caudal
hypothalamus (at the level of LR PR). Note the higher density of microglia in the posterior brain section than in the telencephalon. Microglia were
detected in the anterior part of the hypothalamus (d2), the periventricular nucleus of the posterior tuberculum (TPp in d3), the central posterior
thalamic nucleus (CP in e2), the torus semicircularis (TS in f2), and midbrain parenchyma (f3). Note that the higher magnification pictures do not
systematically correspond to the same picture of the lower magnification provided in (a1-f1). Arrows pointed to ramified microglia, arrowheads
showed elongated microglia, and asterisks to almost amoeboid microglia. Bar: 30 um (a3, b2, b3; d2, d3, e3, and f3); 45 um (e2); 60 um (f2); 70 um
(c3); 90 um (a2, ¢c2); 200 um (c1); 500 um (d1, e1, and f1); 600 um (a1 and b1)
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FIGURE 3 Number of L-plastin-positive cells in key regions of the adult zebrafish brain under homeostatic condition. (a-d) Graphs showing
the number of L-plastin positive cells in the subpallium, pallium, preoptic region, and posterior brain (anterior hypothalamus, around the lateral and
posterior recess, and in the midbrain parenchyma). Note that the number of L-plastin positive cells is higher in the midbrain parenchyma (Mes Par)
compared to more anterior regions. (e) Percentage of elongated versus branched microglia analyzed in telencephalon (pallium) and midbrain
parenchyma (Mes Par) as indicated by the black square in the upper schemes. Mes Par: Mesencephalon parenchyma. n = 5 brains; *p < 0.05;

**p <0.01;***p < 0.0001

microglia detected along all the ventricular layers from the tel-,
di- and rhombencephalon as well as in the tela choroidea, and (3)
ramified/hyper-ramified microglia. The latter microglia were more
abundantly observed in the posterior part of the brain. These dif-
ferent morphologies were provided in Figure S1. The relative abun-
dance of microglia within the different brain subdivision and brain

nuclei/domains was provided in Table 2, Figures 3 and S2.

3.2 | Microglia are detected in the vicinity of blood
vessels and neural stem cells (NSCs)

The careful observation of elongated microglia suggests that some
microglia in zebrafish may also be associated with blood vessels. To

confirm this hypothesis, we generated double transgenics by crossing

Tg(mpeg1.1:mCherry) with Tg(fli:GFP) fish, in which GFP is expressed
in endothelial cells (Lawson & Weinstein, 2002; Cassam-Sulliman et al.,
2021). As clearly demonstrated, many elongated microglial cells were
extended along the blood vessels, namely, in the dorsolateral and dor-
somedial telencephalon and in the preoptic area. In Figure 4c, microglia
clearly surrounded a blood vessel (Figure 4c,f, arrow in high-power
view).

In addition, numerous L-plastin and mpeg1.1:mCherry-positive cells
were also detected in the ventricular/periventricular layer, where neu-
ral stem cells (NSCs) are located (Pellegrini et al., 2007; Marz et al,,
2010). To better describe the potential interaction between microglia
and NSCs, we generated double transgenic fish by crossing two existing
lines and obtained Tg(mpeg1.1:mCherry) x Tg(GFAP::GFP) fish, allowing
the detection of microglia and NSCs in red and green, respectively. In

the pallium (Dm), we observed a close proximity of rounded/amoeboid



FIGURE 4 Microglia are detected along blood vessels in the brain. (a-f) Double transgenic Tg(mpeg1.1:mCherry) x Tg(fli:GFP) fish showing
microglia (red) and endothelial cells (green), respectively. In the dorsolateral (DI) and dorsomedian (Dm) telencephalon, as well as in the anterior
part of the preoptic area (PPa) of the diencephalon, numerous elongated microglia are interacting with blood vessels (arrows). (d-f) Higher
magnifications of the respective white boxes found in (a-c). Note that such interactions were observed in the whole brain. Bar: 16 um (f), 28 um

(dande), 42 pm (c),and 70 um (a and b)

microglia with GFAP::GFP positive NSCs (Figure 5a,d, arrows). Such
interactions were also observed in the Vv/Vd (Figure 5b,e, arrows).
Also, some microglia far from the ventricular zone also appeared to
make contact with NSC processes as shown, for instance, in the poste-
rior part of the preoptic area (PPp) (Figure 5f, arrows). Generally, these
rounded/amoeboid cells were observed along the ventricular zones
where NSCs are localized.

3.3 | Recruitment of microglia/peripheral immune
cells during telencephalic regeneration and links to
oxidative stress

After stab wound injury of the telencephalon, microglial cells are acti-
vated, then they proliferate and migrate to the injured site within
few hours (Marz et al.,, 2011; Kyritsis et al., 2012; Ghaddar, Lubke,
et al, 2021). In the injured hemisphere, the number of microglia
increases to reach a peak between 2- and 3-day post-lesion accord-
ing to the different studies, while their number remains constant in
the control hemisphere (Marz et al., 2011; Kyritsis et al., 2012; Kana-
garaj et al., 2020; Ghaddar, Lubke, et al., 2021). Moreover, it is well

admitted that after traumatic brain injuries, peripheral immune cells
such as neutrophils and macrophages could be recruited to the dam-
age area (Alam et al., 2020). In zebrafish, macrophages also express
mpegl.1and L-plastin. Consequently, in such traumatic conditions, the
mpegl.1:mCherry and L-plastin-positive cells could be microglia and
peripheral immune cells.

In our study, we demonstrated using Tg(mpeg1.1:mCherry) that the
number of microglia/immune cells was still significantly increased in
the injured hemisphere at 5 dpl (Figure 6a,b). Similar results were also
obtained by L-plastin immunohistochemistry (not shown). In parallel, a
significant ventricular cell proliferation was observed in the lesioned
hemisphere (Figure 6a,c), as previously described (Rodriguez Viales
etal., 2015).

Reanalysis of the RNAseq data sets reinforced the immunostain-
ing results. Indeed, focusing on the expression of six genes (mpeg1.1,
spila, slc7a7, irf8a, apoeb, and Icp1) that were found to be enriched in
zebrafish microglia (Oosterhof et al., 2017), we observed their signifi-
cant upregulation 5 dpl (Figure 6d-i). Therefore, at 5 dpl, microglia are
still activated and abundantly present in the injured hemisphere.

During brain damage, oxidative stress is an important factor occur-
ring (Slemmer et al., 2008; Miyamoto et al., 2013; Hameed et al.,



FIGURE 5 Some microglia are close to neural stem cells. (a-f) Double transgenic Tg(mpeg1.1:mCherry) x Tg(GFAP::GFP) fish showing microglia
(red) and radial glial neural stem cells (radial glia in green), respectively. In the ventral (Vv and Vd nuclei) and dorsal (Dm) telencephalon as well as in
the posterior part of the preoptic area (PPp) of the diencephalon, numerous rounded microglia are in the close vicinity of GFAP::GFP positive cells
known to correspond to radial glia (neural stem cells) (arrows). Most of these interactions were observed at the ventricular surface (d and e) but
also at the level of neural stem cell (NSC) processes in the parenchyma (f). (d-f) Higher magnifications of the respective white boxes found in (a-c).

Bar: 14 um (d and e), 20 um (f), 40 um (a), and 60 um (b and c)

2015; Sakai & Shichita, 2019; Eastman et al., 2020). We consequently
decided to use the DCFH-DA probe to monitor oxidative stress in
our brain injury model. First, the efficiency of the probe was assessed
in 3-day postfertilization eleutheroembryos in a model of tail ampu-
tation well known to induce oxidative stress (Mugoni et al., 2014;
Sipka et al., 2021). As expected, it led to DCFH-DA staining at the
injury site (Figure 7a-c). So, we injected the DCFH-DA probe prior to
telencephalic stab wound injury, and a strong fluorescent staining was
observed 30 min after the lesion (Figure 7d). The telencephalic region
where DCFH-DA staining was observed was also associated to cell
death as shown by TUNEL staining (Figure 7e,f). In parallel, no DCFH-
DA labeling was observed in 5 dpl hemisphere probably due to the
inability of the probes to reach the brain tissue once brain repair had
begun.

In mammals, ROS are generated by microglia via NADPH oxidase
(NOX). Single-cell RNAseq demonstrated that Nox2 (Cybb) is the most
highly expressed Nox gene in human and mouse microglia (Zhang et al.,
2014; Simpson & Oliver, 2020). In zebrafish, the nox2 gene was also
shown to be enriched in microglia, and Ingenuity Pathway Analysis

showed that genes strongly expressed in microglia are notably associ-

ated with ROS production (Oosterhof et al., 2017). So far, we decided to
monitor nox2 gene expression by reanalyzing the RNAseq data set from
Rodriguez Viales et al. (2015) and Gourain et al. (2021). Nox2 expres-
sion was significantly upregulated in the injured hemisphere compared
to the control one at 5 dpl (Figure 8a). Similarly, the expression of nrf2a,
atranscription factor activated for combating oxidative stress, was also
significantly increased at 5 dpl (Figure 8b).

At the same time, by performing the Amplex Red assay, we observed
asignificantly higher fluorescence in the injured hemisphere compared
with the control. This shows that H,O, levels are still elevated in the
injured hemisphere 5 dpl (Figure 9c). Interestingly, cell dissociation
from 5 dpl telencephalon and incubation with DCFH-DA demonstrated
that numerous mpegl.1:mCherry positive cells exhibited oxidative
stress (Figure 9d, see arrows).

Given the presence of ROS and the upregulation of nrf2, known to
regulate antioxidant defenses (Miller et al., 2012; Zhao et al., 2013),
we then studied the gene expression of the main antioxidant enzymes
GPx and SOD. The expression of gpx1a and 1b, gpx4a and 4b, and gpx8
genes remained unchanged, whereas gpx7 was significantly increased

in the stab-wounded hemisphere (Figure 8d-f). The transcript level of
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FIGURE 6 Recruitment of microglia/immune cells and expression of “microglia”-enriched genes at 5-day post-telencephalic injury. (a)
Proliferative cell nuclear antigen (PCNA) immunohistochemistry (green) on Tg(mpeg1.1:mCherry) fish (red) showing a strong ventricular cell
proliferation within the telencephalic neurogenic niche and the presence of a higher number of microglia 5 days after brain injury. (b and c) The
quantification of the PCNA- and mpeg1.1:mCherry positive cells demonstrated their significant increase in the stab-wounded hemisphere (SW)
compared to control one (CTRL). The quantification corresponds to the mean of three different brains. (d-i) Reanalysis of the RNA-sequencing
data set from injured and uninjured zebrafish telencephalon at 5 dpl from Rodriguez Viales et al. (2015) and Gourain et al. (2021). Enriched
microglia genes are upregulated at 5-day post-brain injury. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001. Bar: 50 pm

sod1, sod3a, and 3b remained unchanged at 5 dpl in the stab-wounded
telencephalon compared to the control telencephalon, while sod2
was barely but significantly reduced (p = 0.03). Interestingly, the
glutathione reductase gene encoding the enzyme that reduces oxidized
glutathione to the sulfhydryl form (reduced form) was significantly
upregulated (Figure 8c). We also measured the activities of the
antioxidant enzymes GPx and SOD. The SOD activity was significantly
upregulated at 5 dpl. The GPx activity, which remains nonsignificant,
was nevertheless observed to be increased in two independent exper-
iments, correlated with a significant increase in Amplex Red staining
(Figure 9b,c).

Taken together, these data suggest the persistence of a prooxidant

environment up to 5 dpl and the activation of antioxidant defense,

associated with the presence of microglia and the activation of reactive
neurogenesis. At 5 dpl, microglia seem to be an important contributor

of oxidative stress generation.

4 | DISCUSSION

In this work, we provided a better description of the distribution of
microglia in the adult zebrafish brain using immunohistochemistry
of L-plastin and Tg(mpeg1.1:mCherry) fish in homeostatic conditions.
Our results showed that microglia exhibited different distributions
and phenotypes throughout the healthy brain. In addition, we also

demonstrated a close association among microglia, blood vessels, and
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DCFH-DA oxidative stress staining showing increased fluorescence in the stab-wounded hemisphere 30-min post-injury. (e and f) Quantification
and representative picture of TUNEL-positive cells in the control (CTRL) and stab-wounded (SW) telencephalon at 1 h post-lesion (n = 4). Bar:

600 um (a-c and f) and 50 um (d); *p < 0.05

NSCs raising the question of a potent role for zebrafish microglia in the
establishment and functions of the blood-brain barrier and in neuro-
genesis as shown in mammals. In the context of telencephalic injury, we
noted that genes known to be enriched in microglia are still upregu-
lated at 5 dpl (mpeg1.1, sic7a7, irf8, apoeb, spila, and Icp1). These data
were also supported by an increased number of mpegl.1:mCherry-
and L-plastin-positive cells in the injured hemisphere compared with
the control hemisphere. Furthermore, we showed that some impor-
tant regulators of oxidative stress are also upregulated at 5 dpl, such as
nox2, nrf2a, and glutathione reductase, while gene expression of antiox-
idant enzymes (SOD and GPX) remains almost unchanged, except for
gpx7 and sod2 that were slightly increased and decreased, respec-
tively. However, SOD activity was significantly higher in the injured
telencephalon, correlated to an increase in H, O, levels without signif-
icant change in peroxidase activity. Together, these data highlight the
distribution and potent functions of microglia/immune cells in brain
homeostasis in constitutive and regenerative conditions and suggest

important roles of oxidative stress in brain regeneration.

4.1 | Microglia are widely but heterogeneously
distributed in the brain of adult zebrafish

In our study, we provided a detailed mapping of microglia distribution
across the different brain nuclei and domains of adult zebrafish based
on L-plastin immunohistochemistry and using Tg(mpeg1.1:mCherry)
fish. This general overview of microglia distribution in the brain of adult
zebrafish completed other studies that mainly focused on some brain
regions such as some telencephalic and midbrain areas (Marz et al,,
2011; Baumgart et al., 2012; Oosterhof et al., 2018; Wu et al., 2020;
Cassam-Sulliman et al., 2021). We observed microglia in all brain sub-
divisions studied (tel-, di-, rhombencephalon). Interestingly, we noticed
that the density of microglia varies from one brain regions to another,
as well as its morphology. For example, in the telencephalon, the den-
sity of microglia under homeostatic conditions is quite low, whereas
it is much higher in the mesencephalon (in the optic tectum and the
brain domains below). These data raise the question of the roles

and mechanisms that support the correct establishment of microglia



RPKM

4-

2+

15+

RPKM
RPKM

10+

RPKM
a2 N W
o © o &
L L L L
RPKM
=3 =) o
T r %

RPKM
N » [=2]
(=] (=) o o
I 1 1 1
- *
RPKM
e o o o
[=3 o - -
(=] a o (3.}
1 1 1

FIGURE 8 Expression of genes involved in oxidative stress and antioxidant defense during brain injury. (a-h) nox2, nrf2a, gsr (glutathione
reductase), gpx, and sod gene expression in the control (CTRL) and stab-wounded (SW) telencephalic hemisphere 5 days after brain injury.
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FIGURE 9 Antioxidant enzyme activities and oxidative stress after telencephalic injury. (a) Superoxide dismutase (SOD) activities from control
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density and its correct migration in the brain. The csfir (colony-
stimulating factor 1 receptor) genes have been shown to play a key
role in the density and distribution of microglia in the optic tectum
(Oosterhof et al., 2018). However, csf1r involvement in other brain

regions is largely unknown.

4.2 | Microglia display different phenotypes in the
brain of adult zebrafish

In our study, different types of microglia have been reported in
homeostatic conditions (i) elongated microglia mainly localized along
blood vessels, (ii) rounded/amoeboid microglia mostly localized in the
vicinity of cerebral ventricles known to correspond to neurogenic
niches, and (iii) ramified and hyper-ramified microglia that were found
for a high proportion in the diencephalon and midbrain. The roles of
these different microglia subtypes are still not known in the healthy

zebrafish brain.

Elongated microglia were mainly associated with endothelial cells
(Figure 4). In mammals, microglia participate in the establishment and
physiology of the BBB, allowing, among other things, its opening to pro-
mote leukocyte extravasation and angiogenesis (Dudvarski Stankovic
et al.,, 2016). Consequently, it would be interesting to further investi-
gate the role of zebrafish microglia in the maintenance and/or function
of the blood-brain barrier. These blood vessel-associated microglia
could also correspond to migratory microglia using the vasculature to
reach their destination, as it has been shown in mice (Mondo et al.,
2020), and/or participate in neurovascular unit complexes (Schaeffer
& ladecola, 2021).

The presence of rounded/amoeboid microglia associated with NSCs
in the ventricular zone has also been observed. Similar data have also
been reported in some ventricular regions in mice, as well as in the
subventricular zone of the lateral ventricle, corresponding to a major
neurogenic niche in adult mammals (Ribeiro Xavier et al., 2015; Tan
et al., 2020). These data suggest a possible role of microglia in the

regulation of neurogenic processes in healthy conditions. In mammals,



microglia have been described for modulating NSC proliferation, new
neuron differentiation, and synaptogenesis (Sato, 2015; Diaz-Aparicio
et al., 2020; Araki et al., 2021; Perez-Rodriguez et al., 2021). They par-
ticipate in the clearance and removal of cells, the regulation of neural
progenitor differentiation into neuroblasts, their survival, and func-
tional integration (Ribeiro Xavier et al., 2015; Rodriguez-Iglesias et al.,
2019; Al-Onaizi et al., 2020; Diaz-Aparicio et al., 2020). So far, in addi-
tion to their scavenger roles, microglia are implied in brain remodeling
and plasticity of neural circuits (Paolicelli et al., 2011; Paladini et al.,
2021). Such features would benefit further investigation in fish.

Regarding ramified microglia, they appear more numerous in the
posterior part of the brain where they coexist with amoeboid microglia.
In the midbrain, Wu et al. (2020) showed that ccl34b.1-negative
microglia have branched processes, low mobility, and phagocytic char-
acteristics. They also demonstrated that ccl34b.1-positive microglia
were the predominant population in the midbrain and exhibited amoe-
boid, motile, and phagocytic properties (Wu et al., 2020). Also, in
zebrafish larvae and young fish (7- and 28-day postfertilization), it was
shown that in the posterior brain, ramified microglia were increased
in synaptic regions of the midbrain and hindbrain, while amoeboid
microglia were detected in the optic tectum around neurogenic zones
(Silva et al., 2021). We also observed amoeboid microglia along the dif-
ferent neurogenic areas of the whole brain. These data suggest that
different types of microglia could mediate synaptic remodeling and cell
engulfment.

This diversity in microglia density and phenotype in the adult
zebrafish brain is to be compared with the situation in mammals.
Indeed, in mice, the number of microglia, their morphology, their molec-
ular signature, and their functions differ among brain areas (Tan et al.,
2020). This suggests that different phenotypes might also contribute
to different microglial functions in fish, as shown by Wu et al. (2020) in
the zebrafish midbrain.

4.3 | Microglia/immune cell recruitment and
oxidative stress after telencephalic injury

After any type of brain injury, inflammatory and oxidative stresses
occur, leading to a disruption of brain homeostasis (Rodriguez-
Rodriguez et al., 2014). Under such conditions, microglia mediate
oxidative and inflammatory processes. In zebrafish, after stab wound-
ing of the telencephalon, microglia are rapidly activated and recruited
to the wound site (Marz et al., 2011; Baumgart et al., 2012; Kyritsis
et al., 2012; Diotel et al., 2020; Ghaddar, Lubke, et al., 2021). Moreover,
peripheral immune cells can enter within the brain parenchyma due to
BBB breakdown. The number of microglia/immune cells recruited to
the injured telencephalon increases from 4 to 6 h after injury, peaking
at around 1-3 days depending on the microglia marker used for tracing
these cells and then slowly decreases. It nevertheless remains signif-
icantly elevated at 3-4 dpl in the injured telencephalon compared to
the control telencephalon (Marz et al., 2011; Baumgart et al., 2012;
Kyritsis et al., 2012; Kanagaraj et al., 2020; Ghaddar, Lubke, et al.,

2021). At 5 dpl, a key time point for regenerative neurogenesis (Marz

etal,2011; Baumgart et al., 2012; Kyritsis et al., 2012; Kanagaraj et al.,
2020; Ghaddar, Lubke, et al., 2021), we demonstrated that the num-
ber of mpegl.1:mCherry-positive cells remained significantly higher in
the injured hemisphere than in the control one (Figure 6). These data
were supported by L-plastin immunohistochemistry (data not shown)
and by reanalysis of RNAseq data sets, demonstrating the upregulation
of genes enriched in microglia (Figure 6).

The inflammatory processes taking place during zebrafish brain
damage induce regenerative neurogenesis (Kyritsis et al., 2012),
and recent data suggest that this injury-induced neurogenesis was
microglia dependent (Kanagaraj et al, 2020). Nevertheless, brain
inflammation appears to be transient with a fast upregulation of pro-
inflammatory cytokines that is coming back to basal levels in as early as
1dpl (Kyritsis et al., 2012).

Until recently, only few data were available concerning oxidative
stress process during brain regeneration in fish. The injection of the
fluorescent oxidative stress probe DCFH-DA prior to stab wound
injury resulted in a strong fluorescence staining 30 min after the lesion
(Figure 7). However, at 5 dpl, no fluorescence staining was observed
(data not shown). We hypothesized that the lack of fluorescence
might be due to the inability of the probe to reach the brain tissue
once brain repair had begun. Alternatively, the dissociation of cells
from 5 dpl telencephalon and their incubation with DCFH-DA probes
revealed that mpeg1.1:mCherry positive cells (microglia/immune cells)
are a source of oxidative stress. In addition, we analyzed oxidative
stress-related genes and performed the Amplex Red assay on the
stabbed hemispheres. The nox2 and nrf2a genes were upregulated,
showing the persistence of a pro-oxidative environment at 5 days.
This was confirmed by the increase in H,O, levels revealed by the
Amplex Red assay and by the increased SOD activity, an antioxidant
enzyme known to be upregulated under pro-oxidative conditions.
These last results are in agreement with the recent study by Anand
et al. (2021) showing that stab wounding of the zebrafish telen-
cephalon leads to a significant increase in SOD activity at 1 and 4 dpl,
correlated with a significant increase in lipid peroxidation and reduced
levels of glutathione (GSH). Interestingly, we showed the significant
upregulation of the glutathione reductase gene. Indeed, glutathione
reductase catalyzes the reduction of glutathione disulfide (GSSG, the
oxidized form of glutathione) to glutathione in the sulfhydryl form
(GSH, the reduced form), participating in the resistance to oxidative
stress and the maintenance of a reducing environment. Thus, the work
of Anand et al. (2021) and ours suggest that the expression of the
glutathione reductase enzyme is increased during brain repair and
leads to higher amount of GSH (glutathione) that is an antioxidant
species preventing cell damage caused by ROS (Pompella et al., 2003).
In parallel, Anand et al. also demonstrated that catalase activity
increased only transiently at 1 dpl before reaching normal levels at
4 dpl. In our series of experiments, we were unfortunately unable
to monitor catalase activity. Interestingly, although the GPx activity
remains nonsignificant, it tended to be increased in two independent
experiments. Possibly, the size of our sampling could be increased
to limit individual response and the differences of the damaged

areas.



Overall, these data suggest the persistence of a pro-oxidative envi-
ronment at 5 dpl and point to microglia/immune cells as a main source
of oxidative stress during brain repair. It raises questions about the
role of oxidative stress and microglia/immune cells in brain repair
mechanisms, involving among others cell survival and activation of
regenerative neurogenesis, as well as the occurrence of oxidative
stress in the cytoplasm or in mitochondria. Further functional stud-
ies would be needed to determine the actual beneficial or detrimental
effects of oxidative stress during zebrafish brain regeneration through
the inhibition of oxidative stress during brain repair mechanisms. Thus,
it would be interesting to inhibit oxidative stress following brain injury
to analyze microgliosis, cell survival, NSC proliferation, and newborn

neuron migration.

5 | CONCLUSION

In this work, we provided a general mapping of microglia and reported
different densities and morphologies of microglia in the healthy brain
of adult zebrafish. We highlighted the proximity of microglia with
endothelial cells and NSCs. These neuroanatomical observations raise
the question of the possible role of microglia in BBB and neurogenic
functions in the brain of adult zebrafish. Finally, we showed that at
5 dpl, microglia/immune cells are still abundantly present at the injury
site with persistent oxidative stress in the injured hemisphere as
shown by the analysis of different markers such as nox2 and nrf2a and
antioxidant defense activities. This work paves the way for further
research on the links between microglia and oxidative stress on
brain repair, notably in neurogenesis. Moreover, it opens the way
to further research and the possible interaction between microglia,
endothelial, and NSCs and their possible roles on BBB and neurogenic
functions.
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