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ABSTRACT
Nicotinamide dinucleotide phosphate oxidases (NOX)

control various cellular signaling cascades. In the nerv-

ous system, there is recent evidence that NOX-derived

reactive oxygen species (ROS) regulate neurite out-

growth, regeneration, and stem cell proliferation; how-

ever, a comprehensive NOX gene expression analysis is

missing for all major model systems. Zebrafish embryos

provide an excellent model system to study neurodevel-

opment and regeneration because they develop quickly

and are well suited for in vivo imaging and molecular

approaches. Although the sequences of five NOX genes

(nox1, nox2/cybb, nox4, nox5, and duox) have been

identified in the zebrafish genome, nothing is known

about their expression pattern. Here, we used quantita-

tive polymerase chain reaction combined with in situ

hybridization to develop a catalog of nox1, nox2/cybb,

nox5, and duox expression in zebrafish during early

nervous system development from 12 to 48 hours post

fertilization. We found that expression levels of nox1,

nox5, and duox are dynamic during the first 2 days of

development, whereas nox2/cybb levels remain remark-

ably stable. By sectioning in situ hybridized embryos,

we found a pattern of broad and overlapping NOX iso-

form expression at 1 and 1.5 days post fertilization.

After 2 days of development, a few brain regions dis-

played increased NOX expression levels. Collectively,

these results represent the first comprehensive analysis

of NOX gene expression in the zebrafish and will pro-

vide a basis for future studies aimed at determining the

functions of NOX enzymes in neurodevelopment and

regeneration. J. Comp. Neurol. 524:2130–2141, 2016.
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Reactive oxygen species (ROS) are a class of small

molecules that can oxidize many biomolecules including

proteins and lipids. Overproduction of ROS has been

implicated in a number of diseases including hyperten-

sion, neurodegenerative conditions, and cancer (Monte-

zano and Touyz, 2014; Nakanishi et al., 2014; Nayernia

et al., 2014). However, when produced in a controlled

fashion in response to a specific stimulus, ROS also act

as critical signaling intermediates in a growing number

of cellular signaling pathways regulating multiple biolog-

ical processes including cell differentiation, migration,

and death (Finkel, 2011; Forman et al., 2014). Although

there are several sources of ROS within the cell, one

class of enzymes called nicotinamide dinucleotide phos-

phate (NADPH) oxidases (commonly abbreviated NOX)

are especially interesting in the context of cellular sig-

naling, because these enzymes can be activated and

inactivated by a variety of mechanisms, including by

cytosolic proteins and signaling molecules as well as by

controlling expression (Bedard and Krause, 2007; Lam-

beth et al., 2007; Brown and Griendling, 2009; Brandes

et al., 2014). Thus, a comprehensive knowledge of NOX

isoform expression could inform future studies on the

regulation and function of different NOX isoforms.

NOX2 is the first isoform to be identified and charac-

terized. It is expressed in phagocytes, which use NOX2-

derived ROS for bacterial killing (Nauseef, 2004). Fol-

lowing the initial discovery of NOX2, several additional

isoforms were identified in multicellular organisms,

including NOX1, NOX3, NOX4, NOX5, DUOX1, and

DUOX2 in humans (Fig. 1A) (Kawahara et al., 2007). In

the human cardiovascular system, NOX1, NOX2, NOX4,
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and NOX5 are expressed in vascular smooth muscle

cells (Jay et al., 2008; Zimmerman et al., 2011; Xu

et al., 2014) as well as in endothelial cells (BelAiba

et al., 2007; Drummond and Sobey, 2014). NOX activity

is involved in blood pressure regulation and can lead to

hypertension if out of control (Bedard and Krause,

2007). In the reproductive systems, NOX1 and NOX5

have been detected in human uterine tissue (Cheng

et al., 2001; Brown and Griendling, 2009), whereas tes-

tis and ovary express NOX2, NOX4, and NOX5 (Cheng

et al., 2001; Banfi et al., 2004b). NOX isoforms are also

found in several other tissues including rabbit fibro-

blasts (NOX2), fish keratinocytes (DUOX), human kid-

neys (NOX1/2/4/5), human epithelial tissues of the

colon (NOX1) and lung (DUOX), and human thyroid tis-

sue (DUOX) (Pagano et al., 1997; De Deken et al.,

2000; Harper et al., 2006; Bedard and Krause, 2007;

Rokutan et al., 2008; Rieger and Sagasti, 2011; Holter-

man et al., 2015; Zhu et al., 2015).

Of particular interest to the present study is the

expression of NOX in the nervous system. NOX1,

NOX2, and NOX4 have been identified in cultured neu-

rons derived from both the peripheral and the central

nervous system (Hilburger et al., 2005; Tejada-Simon

et al., 2005; Coyoy et al., 2008; Cao et al., 2009; Sorce

and Krause, 2009; Choi et al., 2012; Kallenborn-

Gerhardt et al., 2012; Munnamalai et al., 2014; Wilson

et al., 2015). NOX3 is expressed in inner ear neurons

(Banfi et al., 2004a) and has been implicated in balance

based on swimming defects observed in NOX3 mutant

mice (Paffenholz et al., 2004). Not surprisingly, NOX1

and NOX2 are also expressed in microglia, the

phagocyte-like cells with immune function in the central

nervous system (Wu et al., 2006; Cheret et al., 2008;

Fischer et al., 2012). With respect to neuronal func-

tions, NOX proteins have been implicated in neuronal

stem cell maintenance in the brain (Dickinson et al.,

2011), cerebellar development (Coyoy et al., 2013),

neuronal differentiation (Tsatmali et al., 2006), neuronal

polarity and neurite outgrowth (Munnamalai and Suter,

2009; Munnamalai et al., 2014; Olguin-Albuerne and

Moran, 2015; Wilson et al., 2015), and synaptic plastic-

ity (Kishida et al., 2006).

As detailed above, different NOX enzymes are found

in many tissue types including in the nervous system

and perform critical functions in these cells. In several

cases, different NOX isoforms have been identified in

the same tissue or even cell types; however, the func-

tional relationship of the individual isoforms is often

unclear. NADPH oxidase appears to have important

roles in neuronal development; however, a systematic,

tissue-scale characterization of NOX isoform expression

throughout development of the nervous system has not

been performed so far. In part, this is due to the limited

availability of antibodies against several NOX isoforms

in a number of species including zebrafish (Danio rerio)

Figure 1. nox genes are expressed during early zebrafish develop-

ment. A: Schematic of subunit composition of zebrafish NADPH

oxidase complexes. NOX1, NOX2/CYBB, NOX5, and DUOX com-

plexes are shown in their “active” state. NOX1 and NOX2/CYBB

are activated by cytosolic subunits, whereas NOX5 and DUOX are

activated by calcium. B: Relative expression levels derived via

quantitative PCR from each of the four zebrafish NOX genes nor-

malized to cybb at 12 hpf. cybb was chosen to normalize the

dataset, as it was the most consistently expressed isoform. n 5 6

for each data point. Error bars 5 SEM from all six data points.

Abbreviations

3V third ventricle
CYBB cytochrome B-245
DC diencephalon
DIG digoxigenin
DUOX dual oxidase
E eye
hpf hour post-fertilization
ISH in situ hybridization
MC mesencephalon
MyC myelencephalon
NC notochord
NOX nicotinamide dinucleotide phosphate oxidase

ON optic nerve
OV otic vesicle
PTU N-phenylthiourea
qPCR quantitative polymerase chain reaction
ROS reactive oxygen species
SC spinal cord
SM somites
SSC saline sodium citrate
TC telencephalon
Tec tectum
TecV tectal ventricle
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(Altenhofer et al., 2012). Furthermore, the current

expression data from antibodies lacks validated support

from other methods such as in situ hybridization (ISH)

(Nayernia et al., 2014). Tissue-specific NOX expression

has often been reported in the form of western blot

data involving mixed cell populations. Some studies

have shown cell-type–specific expression of NOX in cul-

tured cells, but these are often limited to specific iso-

forms (Kishida et al., 2006; Munnamalai et al., 2014;

Wilson et al., 2015) and therefore fail to show the con-

tributions, if any, of other NOX isoforms in the same

cell type. In addition, immunolocalization studies using

cell cultures often focus on a specific cell type. Thus,

only a few studies have investigated NOX isoform

expression in a broad range of tissues during develop-

ment and into adulthood (Cheng et al., 2001). These

authors found that NOX5 is expressed in all human

fetal tissues but later becomes restricted to specific

adult tissue such as the uterus (Cheng et al., 2001). In

summary, a comprehensive NOX isoform expression

analysis in the developing nervous system is missing.

Expression data would not only confirm/identify the

neuronal source of ROS for established functions but

potentially unveil new functions of ROS signaling in

neurons.

Here, we analyzed expression of NOX isoforms during

early zebrafish development. Zebrafish have been used

to study several NOX functions including neutrophil

migration, wound healing, and axon regeneration (Niet-

hammer et al., 2009; Rieger and Sagasti, 2011; Yoo

et al., 2011; Yan et al., 2014; de Oliveira et al., 2015).

Sequences for nox1, nox2 (also called cytochrome B-

245 or cybb), nox4, nox5, and duox genes have been

identified in the zebrafish genome. nox4, however, is

not well annotated and consists of multiple transcripts;

in addition, the suggested mRNA sequence does not

align well with other known nox4 gene sequences.

Therefore, we decided to focus our expression analysis

on the other four isoforms. Humans express two dis-

tinct isoforms of duox (1/2), whereas zebrafish express

only a single isoform (Niethammer et al., 2009; Rigutto

et al., 2009). To expand the current knowledge of NOX

function in zebrafish nervous system development and

regeneration, it is critical to know the spatiotemporal

expression pattern of NOX genes. We used quantitative

polymerase chain reaction (qPCR) along with ISH to

characterize expression of nox1, nox2/cybb, nox5, and

duox in the embryonic zebrafish during the first 48

hours after fertilization, which coincides with the devel-

opment of major aspects of the zebrafish central nerv-

ous system (Schmidt et al., 2013). We identified

dynamic changes in expression levels among three of

the four isoforms studied. Furthermore, we found broad

expression of all NOX isoforms during early develop-

ment, which becomes more enhanced in specific

regions of the brain at later developmental stages.

MATERIALS AND METHODS

Zebrafish housing/breeding
All animal work and experimental protocols were

approved by the Purdue Animal Care and Use Commit-

tee. Zebrafish (Danio rerio) of the AB line (RRID:-

ZIRC_ZL1) were maintained according to standard

procedures (Westerfield, 2000; Hensley and Leung,

2010). Parental fish were set in pairs, and embryos

were collected 15 minutes after breeding to obtain

cohorts of the same stage. Embryos were maintained in

E3 medium at 28 8C and staged as described prior to

harvest (Kimmel et al., 1995). Between 12 and 23

hours post fertilization (hpf), 0.003% N-phenylthiourea

(PTU) (Sigma, St. Louis, MO) in E3 medium was applied

to embryos used for ISH to inhibit melanization (Li

et al., 2012).

Quantitative PCR
Total RNA was isolated from 12, 24, 36, and 48 hpf

embryos with TRIzol reagent (Life Technologies, Carlsbad,

CA). The 36 and 48 hpf embryos were anesthetized with

0.016% tricaine methanesulfonate (Sigma) prior to RNA

isolation. First-strand cDNA was prepared using the

polyA primers supplied in the SuperScriptVR III First-Strand

Synthesis System (Life Technologies). Primer sets against

nox1, nox2/cybb, and nox5, and duox, b-actin, and ribo-

somal protein L13a were designed to target exons using

ProbeFinder software (version 2.50, Roche Diagnostics,

Indianapolis, IN) (see Table 1 for a summary of primer

sequences). For each gene and each stage, samples

were analyzed in three independent wells in a single 96-

well plate. The experiment was repeated with two biolog-

ical replicates of total RNA isolated from independent

cohorts of embryos. Samples were run in a LightCycler96

(Roche Diagnostics,) for 35 cycles, and the relative

expression levels were analyzed with the accompanying

software (version 1.0.0.1240; RRID: rid_000088). Relative

expression levels were calculated by using the cumulative

ratio of the cycle threshold of the target gene to the

cycle threshold of two reference genes (rpl13a and b -

actin). These two genes were chosen as they show the

most consistent expression pattern of commonly used

reference genes (Tang et al., 2007). These calculated val-

ues were then normalized against the relative expression

value for nox2/cybb at 12 hpf. nox2/cybb was chosen

for normalization because of the stability of expression

throughout the testing period. One-way analysis of var-

iance (ANOVA) and direct comparisons via Dunnett’s post

C.J. Weaver et al.
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hoc analyses were carried out using GraphPad Prism soft-

ware version 6.05 (RRID: rid_000081).

In situ hybridization
Probe sequences were amplified from 3-day-old

zebrafish cDNA, prepared as described above, and

cloned into the pGEM-T Easy vector (Promega, Madison,

WI). The primers used for amplification are indicated in

Table 2. Probe sequences were selected by aligning the

zebrafish NOX genes, and identifying isoform-specific

regions. Each prospective sequence was then used as

the query for a BLAST search against the zebrafish

RefSeq RNA database. The selected probes did not

align to any other gene besides the target. The sizes of

the riboprobes are as follows: nox1, 207 nucleotides

(NM_001102387.1 position 645–851); nox2/cybb, 207

nucleotides (NM_200414.1 position 719–925); nox5-

202 nucleotides (XM_009297785.1 position 512–713);

and duox, 1,000 nucleotides (XM_001919359.5 posi-

tion 1013–2012). Probe-containing vectors were then

linearized, and riboprobes were synthesized using the

DIG RNA Labeling Kit (Roche Diagnostics) and purified

with 4M LiCl (Sigma) precipitation.

The ISH protocol was adapted from previous reports

(Thisse and Thisse, 2008; Hensley et al., 2011). Whole-

embryos were anesthetized in 0.016% tricaine methane-

sulfonate (Sigma) at 24, 36, and 48 hpf before fixation

in 4% paraformaldehyde in phosphate-buffered saline

(PBS; Sigma). Samples from the same time-point were

processed together. The samples were then dehydrated

stepwise in methanol (30%, 50% 70%, 100%), digested

with 10 mg/mL Proteinase K (Worthington Biochemical,

Lakewood, NJ) for 5 minutes (24 hpf), 12 minutes (36

hpf), or 20 minutes (48 hpf), and prehybridized in

hybridization buffer (50% formamide, 5 3 saline sodium

citrate [SSC], 0.1% Tween 20, 5 mg/mL torula RNA,

50 mg/mL heparin) overnight at 65 8C. Embryos were

then incubated overnight with 100 ng of riboprobe in

0.5 mL of hybridization buffer at 65 8C. Excess and

imperfectly bound probes were then removed by wash-

ing twice with 50% formamide/2 3 SSCT (SSC, 0.1%

Tween 20) at 65 8C, once in 2 3 SSCT, and twice in

0.2 3 SSCT. Finally, embryos were washed twice with

PBST (1 3 PBS, 0.1% Tween 20). Anti-digoxigenin (DIG)

antibodies (Roche Diagnostics) were preadsorbed by

diluting 1:1,000 in blocking solution (2 mg/mL bovine

serum albumin, 2% normal sheep serum, 1 3 PBST) con-

taining� 50 embryos of various stages overnight at

4 8C on a shaker. RNA-hybridized embryos were incu-

bated in blocking solution for 2 hours at room tempera-

ture. DIG-containing riboprobes were labeled overnight

at 4 8C on a rocker with preadsorbed anti-DIG antibody

diluted 1:3 in blocking solution. Excess antibody was

removed with five washes in PBST and three washes in

TABLE 2.

Primers Used for In Situ Hybridization (ISH)

Gene Gene ID Primer 50 to 30

nox1 NM_001102387.1 NOX1_ISH_forward TGCTGGTTTAGTTTTCCACG
nox1 NM_001102387.1 NOX1_ISH_reverse AGCAGCCGTTCACAAATGTA
cybb NM_200414.1 CYBB_ISH_forward CATTGGATTGGTGCTTCATG
cybb NM_200414.1 CYBB_ISH_reverse CTCTCACAGACATACAGGAACATG
nox5 XM_009297785.1 NOX5_ISH_forward ACAACAGTGGCTCCATCACA
nox5 XM_009297785.1 NOX5_ISH_reverse CCGTACAGGCAAAGGAAGAAG
duox XM_001919359.5 DUOX_ISH_forward ATATAAAAGGAACAGGACGTGTCA
duox XM_001919359.5 DUOX_ISH_reverse GAAGGTCTGGAAAACTTTCTTCTC

TABLE 1.

Primers Used for Quantitative Polymerase Chain Reaction (qPCR)

Gene Gene ID Primer 50 to 30

nox1 NM_001102387.1 NOX1_qPCR_forward GCTCCAAGACTCCAGTGAATTA
nox1 NM_001102387.1 NOX1_qPCR_reverse GACCCGCAATACTGGTGAATA
cybb NM_200414.1 CYBB_qPCR_forward CTTTCGTTATGAAGCGGTGATG
cybb NM_200414.1 CYBB_qPCR_reverse GGTTCTCCTGGACGTGTTTAT
nox5 XM_009297785.1 NOX5_qPCR_forward TCATGTGCCGCTATCGTATG
nox5 XM_009297785.1 NOX5_qPCR_reverse CCACCTTCCTCAGCTTCATT
duox XM_001919359.5 DUOX_qPCR_forward CCTGGGAGGACTTTCACTTTC
duox XM_001919359.5 DUOX_qPCR_reverse CTTGTGCTGTCTGCCTAGTT
rpl13a NM_212784.1 Rpl13a_qPCR_forward TCCTCCGCAAGAGAATGAAC
rpl13a NM_212784.1 Rpl13a_qPCR_reverse TGTGTGGAAGCATACCTCTTAC
b-actin NM_007393.3 Bactin_qPCR_forward CCTTCCAGCAGATGTGGATTAG
b-actin NM_007393.3 Bactin_qPCR_reverse TGAAGTGGTAACAGTCCGTTTAG

NADPH oxidase expression in zebrafish
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staining buffer (100 mM Tris, pH 9.5, 50 mM MgCl2,

100 mM NaCl, 0.1% Tween 20, 1 mM levamisol). The

colorimetric reaction was carried out by incubation in

nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl-phos-

phate (Sigma) diluted in water at room temperature

until slight color was visible in the sense control sam-

ples. The incubation times were kept consistent among

time points for each gene (nox1 for 3 hours, cybb for 3

hours, nox5 for 4 hours, and duox for 2.5 hours). Non-

specific signals were washed out with a series of meth-

anol washes (30%, 50% 70%, 100%) and a 1-minute

incubation in benzyl alcohol/benzyl benzoate solution

(2:1). Finally, the destained embryos were rehydrated

with a series of methanol washes (100%, 70% 50%,

30%) and three washes in PBST.

Labeled embryos were stored in 4% paraformalde-

hyde in PBS at 4 8C and imaged as whole-mounts on a

microscope slide in 3% methylcellulose using an Olym-

pus SZX16 stereo microscope (Olympus, Center Valley,

PA) with an SDF PLAPO 13PF objective prior to being

embedded in blocks of Tissue Freezing Media (Triangle

Biosciences, Cincinnati, OH). A series of 10-mm trans-

verse sections was collected from the most anterior

region of the embryo through the spinal cord using a

Leica CM 1510S cryostat (Leica Biosystems, Buffalo

Grove, IL). Sections were mounted on microscope

slides in VectaMount permanent mounting medium

(Vector, Burlingame, CA). Cryosections were imaged on

an Olympus BX51 upright microscope at with UPlanFL

103/0.3 and UPlanS Apo 203/0.75 objectives,

respectively (Olympus). Images from both microscopes

were captured by using a SPOT RT3 2.0Mp Slider CCD

camera (SPOT Imaging Solutions, Sterling Heights, MI).

At minimum, five individual samples were processed for

each gene and time-point combination.

RESULTS

nox1
In the present study, we investigated the expression

of nox1, cybb, nox5, and duox genes at the mRNA level

during the first 48 hours after fertilization in developing

zebrafish embryos. The molecular compositions of the

respective NADPH oxidase complexes for each of these

isoforms are shown in Figure 1A. qPCR performed on

mRNA extracted from whole zebrafish embryos showed

that nox1 expression was the highest, at 12 hpf, among

all four isoforms investigated (Fig. 1B). After this time

point, the nox1 expression decreased nearly 10-fold

and remained consistent at this level throughout the

next 36 hours (P< 0.0001 at 12 hpf versus 24, 36, and

48 hpf). We next used ISH with single-stranded, anti-

sense RNA probes to investigate nox1 gene expression

in the nervous system of developing zebrafish embryos

at 24, 36, and 48 hpf (Fig. 2). We did not use 12 hpf

embryos for ISH because our main focus was on the

nervous system, and no significant nervous system

development has occurred at this stage. Images of

whole-mount embryos demonstrated that nox1 expres-

sion was broad in the head and anterior spinal cord

(Fig. 2A–C). Next, we made 10-mm-thick transverse tis-

sue sections from in situ hybridized embryos to provide

a higher spatial resolution profile of nox1 expression in

the forebrain (Fig. 2E–H), eye (Fig. 2I–L), midbrain (Fig.

2M–P), hindbrain (Fig. 2Q–T), and anterior spinal cord

(Fig. 2U–X). At 24 and 36 hpf, nox1 expression was rel-

atively uniform in all of these regions. By 48 hpf, nox1

expression was slightly elevated in the region corre-

sponding to the optic tectum (Fig. 2O) and the dorsal

region of the spinal cord (Fig. 2W).

nox2/cybb
Nomenclature for NOX2 varies among species. In

zebrafish, it is commonly referred to as cytochrome b-

245 beta polypeptide (cybb; GenBank ID 393386). As

assessed via qPCR, cybb expression levels display

marked consistency during the first 2 days of develop-

ment in comparison with the other NOX isoforms (Fig.

1B). Images of whole-mount ISH embryos showed broad

expression of cybb throughout the head and spinal cord

(Fig. 3A–D). Similarly to nox1, cybb was broadly

expressed in all tissues examined during the first 36

hours (Fig. 3E,F, I,J, M,N, Q,R, U,V). By 48 hpf, the

region of the midbrain corresponding to the optic tec-

tum showed a slight increase in cybb expression (Fig.

3O). cybb remained broadly expressed in the forebrain,

eye, hindbrain, and spinal cord.

nox5
qPCR results indicated that nox5 had a similar

expression profile as nox1 but at a significantly lower

level (Fig. 1B). nox5 reached peak expression at 12 hpf,

but exhibited lower expression levels by 24 hpf, which

remained constant until 48 hpf (P< 0.0001 at 12 hpf

vs. 24, 36, and 48 hpf). By 36 hpf, nox5 exhibited the

lowest expression levels of any NOX isoform during

zebrafish development. Both whole-mounts and trans-

verse tissue sections of ISH embryos demonstrated

that nox5 was broadly expressed throughout the nerv-

ous system at 24 and 36 hpf, similarly to nox1 and

nox2 (Fig. 4A,B, E,F, I,J, M,N, Q,R, U,V). By 48 hpf, nox5

showed a small increase in expression levels dorsally

along the anterior–posterior axis from the forebrain

(Fig. 4G) to the spinal cord (Fig. 4W).

C.J. Weaver et al.
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duox
At 12 hpf, total duox expression was lower than any

other NOX isoform. duox remained at this low level until

36 hpf, when expression increased by more than 10-

fold (P 5 0.0001 at 36 hpf vs. 12 and 24 hpf). High

expression levels similar to cybb and nox1 were main-

tained from 36 hpf to 48 hpf (Fig. 1B). duox was the

only NOX isoform to undergo such a significant

increase in expression during the first 48 hours of

development. Similarly to the other three NOX isoforms,

whole-mount ISH embryos and tissue sections through

the head and spinal cord at 24 and 36 hpf demon-

strated that duox expression was relatively broad (Fig.

5A,B, E,F, I,J, M,N, Q,R, U,V). By 48 hpf, duox expres-

sion domains became more unique. In the midbrain of

48 hpf fish, duox demonstrated a unique expression

pattern that clearly deviated from any other NOX iso-

forms. duox was highly expressed in small regions

Figure 2. Broad nox1 expression through the first 2 days of development. A–D: Lateral views of whole-mount ISH embryos probed with

antisense (A–C) and sense control (D) riboprobe against zebrafish nox1 mRNA. Lines represent the position of sections shown in E-X. E–

H: 10-mm-thick transverse sections through the forebrain (line labeled “f” in A) of 24, 36, and 48 hpf embryos incubated with antisense

probes (E–G, respectively) and 24 hpf embryo incubated with a sense control probe (H). I–L: Transverse sections through the eye (line

labeled “e” in A). M–P: Corresponding midbrain sections (line labeled “m” in A). Q–T: Corresponding hindbrain sections (line labeled “h” in

A). U–X: Corresponding spinal sections (line labeled “s” in A). Abbreviations: 3V, third ventricle; DC, diencephalon; E, eye; MC, mesenceph-

alon; MyC, myelencephalon; NC, notochord; ON, optic nerve; OV, otic vesicle; SC, spinal cord; SM, somites; TC, telencephalon; Tec, tec-

tum; TecV, tectal ventricle. Scale bar 5 0.5 mm in A–D; 100 mm in E–X.

NADPH oxidase expression in zebrafish

The Journal of Comparative Neurology | Research in Systems Neuroscience 2135



surrounding the tectal ventricle, rather than broadly

expressed in the dorsal region, as found for nox5 (Fig.

5O). Furthermore, duox expression was not increased in

the tectum, unlike the other three isoforms. In the spi-

nal cord, duox was expressed throughout the neural tis-

sue of 48 hpf fish, with a slight increase on the dorsal

side (asterisk in Fig. 5W). In summary, similarly to the

other NOX isoforms, duox exhibited a relatively broad

expression pattern in the developing zebrafish nervous

system until 48 hpf, when more distinct expression

domains appeared.

DISCUSSION

NOX enzymes are a family of multi-subunit enzyme

complexes, and each NOX isoform is subject to a

unique type of regulation (Fig. 1A). This makes NOX

enzymes excellent candidates to participate in cellular

Figure 3. Broad nox2/cybb expression through the first two days of development. A–D: Lateral views of whole-mount ISH embryos probed

with antisense (A–C) and sense control (D) riboprobe against zebrafish nox2/cybb mRNA. Lines represent the position of sections shown

in E-X. E–H: 10-mm-thick transverse sections through the forebrain (line labeled “f” in A) of 24, 36, and 48 hpf embryos incubated with

antisense probes (E–G, respectively) and 24 hpf embryo probed with a sense control (H). I–L: Transverse sections through the eye (line

labeled “e” in A). M–P: Corresponding midbrain sections (line labeled “m” in A). Q–T: Corresponding hindbrain sections (line labeled “h” in

A). U–X: Corresponding spinal sections (line labeled “s” in A). Abbreviations: 3V, third ventricle; DC, diencephalon; E, eye; MC, mesenceph-

alon; MyC, myelencephalon; NC, notochord; ON, optic nerve; OV, otic vesicle; SC, spinal cord; SM, somites; TC, telencephalon; Tec, tec-

tum; TecV, tectal ventricle. Scale bar 5 0.5 mm in A–D; 100 mm in E–X.
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signaling in response to specific upstream stimuli.

Within the nervous system, NOX isoforms have been

shown to function in astrocytes, microglia, and neurons

(Sorce and Krause, 2009; Fischer et al., 2012; Nayernia

et al., 2014). NOX hyperactivity plays a role in the

development and progression of neurodegenerative dis-

eases such as Alzheimer’s, Parkinson’s, and amyotro-

phic lateral sclerosis (Bedard and Krause, 2007).

Despite these well-publicized deleterious roles, NOX

enzymes also have important functions in normal cen-

tral and peripheral nervous system development and

function (Sorce and Krause, 2009; Nayernia et al.,

2014). These include neuronal stem cell maintenance

(Dickinson et al., 2011), cerebellar development (Coyoy

et al., 2013; Olguin-Albuerne and Moran, 2015), neuro-

nal differentiation (Tsatmali et al., 2006), neuronal

polarity and neurite outgrowth (Munnamalai and Suter,

2009; Munnamalai et al., 2014; Wilson et al., 2015),

Figure 4. Broad nox5 expression through the first 2 days of development. A–D: Lateral views of whole-mount ISH embryos probed with

antisense (A–C) and sense control (D) riboprobe against zebrafish nox5 mRNA. Lines represent the position of sections shown in E–X. E–

H: 10-mm-thick transverse sections through the forebrain (line labeled “f” in A) of 24, 36, and 48 hpf embryos incubated with antisense

probes (E–G, respectively) and 24 hpf embryo probed with a sense control (H). I–L: Transverse sections through the eye (line labeled “e”

in A). M–P: Corresponding midbrain sections (line labeled “m” in A). Q–T: Corresponding hindbrain sections (line labeled “h” in A). U–X:.

Corresponding spinal sections (line labeled “s” in A). Abbreviations: 3V, third ventricle; DC, diencephalon; E, eye; MC, mesencephalon;

MyC, myelencephalon; NC, notochord; ON, optic nerve; OV, otic vesicle; SC, spinal cord; SM, somites; TC, telencephalon; Tec, tectum;

TecV, tectal ventricle. Scale bar 5 0.5 mm in A–D; 100 mm in E–X.
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and synaptic plasticity (Kishida et al., 2006). However,

comprehensive analyses of NOX expression in the nerv-

ous system, such as the current study, are crucial to

better understand the role these enzymes plays in

development, disease, and regeneration.

In this study, we provide a detailed characterization

of NOX expression within the nervous system of the

developing zebrafish embryo. Sequences for nox1,

cybb, nox5, and duox genes have been identified in the

zebrafish genome; however, when and where individual

NOX genes are expressed in fish embryos is currently

unknown. We used qPCR (Fig. 1B) and ISH (Figs. 2–5)

to characterize the expression of nox1, cybb, nox5, and

duox in the developing fish nervous system between 12

and 48 hpf. qPCR data show dynamic changes in nox1,

nox5, and duox expression, whereas cybb levels are

Figure 5. duox is highly expressed around tectal ventricle at 48 hpf . A–D: Lateral views of whole-mount ISH embryos probed with anti-

sense (A–C) and sense control (D) riboprobe against zebrafish duox mRNA. Lines represent the position of sections shown in E–X. E–H:

10-mm-thick transverse sections through the forebrain (line labeled “f” in A) of 24, 36, and 48 hpf embryos incubated with antisense

probes (E–G, respectively) and 24 hpf embryo probed with a sense control (H). I–L: Transverse sections through the eye (line labeled “e”

in A). M–P: Corresponding midbrain sections (line labeled “m” in A). High duox expression was detected around the tectal ventricle

(arrows in O). Q–T: Corresponding hindbrain sections (line labeled “h” in A). U–X: Corresponding spinal sections (line labeled “s” in A).

Asterisk and arrows represent regions and small areas of increased duox expression in the spinal cord and midbrain, respectively. Abbrevi-

ations: 3V, third ventricle; DC, diencephalon; E, eye; MC, mesencephalon; MyC, myelencephalon; NC, notochord; ON, optic nerve; OV, otic

vesicle; SC, spinal cord; SM, somites; TC, telencephalon; Tec, tectum; TecV, tectal ventricle. Scale bar 5 0.5 mm in A–D; 100mm in E–X.
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remarkably consistent from 12 to 48 hpf. Whole-mount

ISH data are overall qualitatively in agreement with the

qPCR data; however, it is important to keep in mind

that ISH is not a quantitative method. Thus, proper

quantification of ISH is difficult if not impossible

between different time points and within tissues. All

four NOX isoforms are broadly expressed in the early

nervous system at 24 and 36 hpf. Whereas the broad

expression continues, subtle differences in midbrain

expression are visible by 48 hpf. nox1, cybb, and nox5

show slightly elevated expression in the dorsal regions

of the midbrain corresponding to the optic tectum. In

contrast, duox expression was enriched in the regions

adjacent to the tectal ventricle by this time. Increased

labeling in dorsal and ventricle-adjacent regions was

not observed in other samples using tissue of compara-

ble thickness. Therefore we believe that the small

increases in nox1, cybb, and nox5 expression in the

dorsal midbrain is real and not due to a technical arti-

fact caused by incomplete probe penetration or probe

trapping. Nonetheless, in most cases these increases

are subtle and may not necessarily suggest functional

significance.

One might wonder why the four zebrafish NOX iso-

forms show a very similar expression pattern early in

development. A few points should be considered here.

First, we have not assessed protein levels, because

isoform-specific antibodies are still sparse and not well

validated in the zebrafish model system. It is possible

that different NOX isoforms show more distinct expres-

sion patterns at the protein level during first 2 days of

zebrafish development depending on translational regu-

lation. MicroRNAs have been shown to affect the activ-

ity of NOX4, the constitutively active isoform of NOX

(Gordillo et al., 2014; Wang et al., 2014). Based on this

information, it is plausible that other NOX isoforms

could be post-transcriptionally regulated. Thus, it will be

important to investigate the levels of protein expression

in the developing nervous system. Second, broad NOX

expression during early development is not without

precedent, as NOX5 expression is present in all human

fetal tissues but is more restricted in adult tissue

(Cheng et al., 2001). Because of broad expression of all

NOX isoforms early during development, knocking out

one isoform might result in functional compensation by

another NOX isoform, and therefore strong phenotypes

would not be generated. This idea is supported by the

fact that ROS levels in cultured cerebellar granule neu-

rons derived from NOX2 knockout mice were not differ-

ent from wild-type control neurons (Olguin-Albuerne and

Moran, 2015). In addition, there is not much informa-

tion in the literature about strong nervous system phe-

notypes of existing NOX knockout mouse models

except for the mild impairments in hippocampus-

dependent memory in NOX2 knockout mice (Kishida

et al., 2006). Lastly, it is important to keep in mind that

the different NOX isoforms have unique activation

mechanisms, and the resulting ROS are expected to act

locally close to the source. Thus, even if multiple iso-

forms are expressed in the same cell type at any given

time, different upstream signals could activate distinct

NOX isoforms, which act in specific functions such as

cell differentiation, adhesion, or migration.

Our current data on broad expression of NOX genes

suggest that NOX activity may be a central contributor

during nervous system development. We are aware that

the present expression data for the main enzymatic

subunit of the NOX complex are not sufficient to form

any conclusions about ROS levels in different regions of

the nervous system. However, we believe that the

results from this study will provide important informa-

tion when interpreting the results of future studies

addressing the function of NOX enzymes in embryonic

zebrafish nervous system development and neurogene-

sis using pharmacological and molecular manipulations

of activity and expression levels of NOX isoforms.
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