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tissue-scale gradient of hydrogen peroxide
' letection in zebrafish

Philipp Niethammer'*, Clemens Grabher®*%, A. Thomas Look®” & Timothy J. Mitchison'

Barrier structures (for example, epithelia around tissues and
plasma membranes around cells) are required for internal homeo-
stasis and protection from pathogens. Wound detection and heal-
ing represent a dormant morphogenctic program that can be
rapidly executed to restore barrier integrity and tissue homeo-
stasis. In animals, initial steps include recruitment of leukocytes
to the site of injury across distances of hundreds of micrometres
within minuotes of wounding. The spatial signals that direct this
immediate tissue response are unknown. Owing to their fast
diffusion and versatile hiological activities, reactive oxygen
species, including hydrogen peroxide (H,0.), are interesting can-
didates for wound-to-leukocyte signalling. Here we probe the role
of H,O, during the early events of wound responses in zebrafish
larvae expressing a genetically encoded H,(O, sensor’. This
reporter revealed a sustained rise in H,O, concentration at the
wound margin, starting ~3 min after wounding and peaking at
~20 min, which extended ~100-200 pm into the tail-fin epithe-
Hum as a decreasing concentration gradient. Using pharmaco-
logical and genetic inhibition, we show that this gradient is
created by dual oxidase (Daox), and that it is required for rapid
recruitment of leukocytes to the wound. This is the first obser-
vation, to our knowledge, of a tissne-scale H,, pattern, and the
first evidence that H,0, signals to leukocytes in tissues, in addi-
tion to its known antiseptic role.

Hydrogen peroxide (3,0,) is 2 chemically relatively stable reactive
oxygen species (ROS) that can diffuse in tissues and cross cell mern-
branes’, making it an interesting candidate for paracrine tissue sig-
nalling. Plants exploit H,O; as a paracrine signal to regulate xylern
differentiation and lignification”. The known signalling roles of H,05
in animals are primarily within the cytoplasm, where it regulates
metabolism, phosphatase activity and gene transcription, and causes
oxidative damage at higher concentrations®. Paracrine signalling has
been seen in cell culture experiments, but these may not faithfully
mimic extracellular conditions in tissues™.

To investigate possible paracrine signalling by H,O,, we imaged its
spatictemporal dynamics, together with leukocyte motility, in an
intact vertebrate tissue subjected to mechanical wounding. The zebra-
fish larval tail fin has become a popular vertebrate model system to
study inflammatory and regenerative responses to wounds®”. Rapid
leukocyte recruitment to the wound can be easily imaged, and the
molecular dynamics of the tissue perturbed using morpholino knock-
down, transgenic expression and pharmacology.

We measured H,O, by expressing HyPer, a genetically encoded
ratiometric sensor that is highly selective for H,G, over other ROS'.
HyPer consists of the bacterial H,0,-sensitive transcription factor
OxyR fused to a circularly permuted yellow fluorescent protein
{YEP). Cysteine oxidation of the OxyR partinduces a conformational

change that increases emission excited at 5300 nm (YFPsqq) and
decreases emission excited at 420 nm (YFP,0). This change is rapidly
reversible within the reducing cytoplasmic environment, allowing
dynamic monitoring of intracellular H,O, concentration. We intro-
duced HyPer by messenger RNA injection into zebrafish embryos to
induce global cytoplasmic expression (Fig. 1a) and confirmed that
HyPer ratios respond to externally added H,O, {Supplementary
Fig. 1a).

Upon local injury of the tail fin of zebrafish larvae at 3 days post
fertilization (3d.p.f.), we observed a rapid and marked increase in
HyPer ratio signal (YFPsqe/YFPyy0) at the wound margin (Fig. 1b
and Supplementary Movie 1). To test if this was caused by a non-
specific environmental effect {for example, pH change), we expressed
YFEP alone, and observed only a marginal fluorescence increase, most
probably due to ruffling/contraction of the wound margin inducinga
local increase in tissue thickness (Supplementary Fig. 1b). Similarly,
the pH reporter BCECF-AM did not indicate a major contribution of
pH to the wound margin signal. H,(O, production at the wound
margin was confirmed by using the H,O;-selective fluorogenic probe
acetyl-pentafluorobenzene sulphonyl fluorescein® (Supplementary
Fig. 1c). Hence, the primary wound margin signal is due to H,0; or

(0,7 or nitric oxide {NO}'. The H,0, signal peaked ~20 min after
wounding (Fig. 1c). At this time, the observable H,O, gradient
extended ~100-200 pm inward from the wound margin (Fig. 1d),
so that its low concentration end approached the nearest blood vessel.

We quantified leukocyte recruitment to the wound by imaging
transmiitted light and two different leukocyte-specific fluorescent
tags: mponGEP (vef. 9) {Figs 2d and 3¢) and lysC:IDsRED2 (vef. 10)
{Fig. le). Some leukocytes were located in the fin at the time of
wounding, whereas others were apparently recruited from the vascu-
fature. Excluding occasional cases where a leukocyte was already
present at the wound site, the first leukocyte arrived at the wound
margin 17 & 6 min after wounding (mean & s.d. of = 14 larvae).
This timing is superimposed on a typical H,O, profile in Fig. 1c.
Wound margin H,O, production deady preceded recruitment of
the first leukocyte in most cases (see also Fig. le, Supplementary
Fig. 1d and Supplementary Movie 2, indicating that the source of
H>0; must be tail-fin epithelial cells, not leukocytes. This finding
runs counter to the prevailing view that ROS production during
inflammatory responses originates from leukocyte oxidative bursts''.

The main physiological source of extracellular H,O, is likely to be
NADPH oxidases, which tansport electrons from  cytoplasmic
NADPH to generate O, or H,0, in phagosomies or outside the cell'”.
The zebrafish genome encodes Nox, Nox2 (feukocyte oxidase), Nox4,
Nox5 and a stugle isoform of Duox'? (Fig. 2a). Nox1-5 generate super-
oxide, which can be dismutated into H; O, by separate superoxide
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Figure 1| Wound margin M0, preduction in zebrafish larvae.

a, Expertmental procedure. b, HyPer imaging in an injured zebrafish larva.
[H,O,] is inferred from the YFPsoo/ YEFP 0 excitation ratio of HyPer.
Greyscale scaling is adjusted to improve contrast. ¢, Temporal |H,0,]
profile in a ~10-30-pun broad region of interest along the wound margin.

dismutase (SOD) enzymes, whereas Duox generates H,0, without
requiring a separate SOD™. To test for a role of any Nox enzyme in
generating wound margin H,O,, we added two structurally unrelated
small molecule inhibitors of the whole family, diphenyleneiodonium
{DP) and VAS2870"7%, 1o the bathing water before wounding. Both
efficiently inhibited H,0, production without obvious toxicity
{Fig. 2b, ¢ see also Supplementary Movie 3).

Wenext quantified leukocyte recruitment in the mipon GEP fish line’
during the peak period of H,0O, production. Under control condi-
tions, an average of 4-6 leukocytes arrived at the wound margins
within the first 42 min after wounding. Nox inhibition strongly atte-
nuated leukocyte recruitment to the wound during this initial phase of
the response, with less than one leakocyte arriving, on average, in
drug-treated larvae (Fig. 24, e and Supplementary Movie 4).

The specific Nox that generates wound margin H,O, was identified
by targeting pre-mRNA splice sites with antisense morpholinos.
Interference with pre-mRNA splicing of P22P"* (cyba), an essential
subunit of Noxi—4 (ref. 12}, led to quantitative conversion of its
mRNA level into a mutant with a premature stop codon that probably
terminated translation of P22P"* after the 28th amino acid residue
{Supplernentary Fig. 2¢, inset). Thishad no effect on the H,O, gradient
{Supplementary Fig. 2a-c and Supplementary Movie 5) or leukocyte
recruitment to the wound {Supplementary Fig. 2d). Nox3 and Duox
remained as candidates. By semi-quantitative polymerase chain
reaction {PCR} we confirmed that duox but not nox5 is expressed in
tail-fin tip tissue (Supplementary Fig. 3¢). In mammals, DUOX is
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Distance from wound
margin {im)

51 min after
wounding

R

200 =

99 min after
wounding

83 min after
weunding

67 min after
wounding

Arrival of first leukocyte at wound (solid red line) = s.d. (dashed red line} is
shown. d, {H,0,] line profile normal to the wound margin. e, Imaging of
leukocyte recruitment and [F,0;) in a lysC:DsRED2 fish line'. Coloured
lines are superimposed leukocyte tracks. Pseudo-colour calibration bars:
HyPer ratio (YPPsq0/YFP 120). Scale bars: 100 pm.

mainly expressed in the thyroid gland, where it generates H,O, for
organification of I” {ref. 19), but also in epithelial surfaces that contact
liquid environments, including the luminal surface of the gut and lung.
Extracellular H,;O, made by DUOX is thought to react with halide or
thiocyanate, catalysed by secreted lactoperoxidases, to generate more
RS that kill luminal bacteria®. DUOX contains two Ca”* binding
EF-hand motifs and, at least in cell culture, can be activated by Ca®t-
mobilizing small molecules® and by mechanical cell injury®, making it
a good candidate for wound signalling.

Morphoelino-induced perturbation of duex pre-mRNA splicing
(Fig. 3b, inset} caused a developmental morphology phenotype char-
acterized by cell death predominanty 1o the head region. This
phenotype is probably specific for duox knockdown, because two
independent splice morpholines, but not a corresponding 5-
misprime morpholino, induced the same phenotype (not shown}.
To generate morphologically normal tail fins for the assay, we simul-
tancously knocked down p33, which partially rescued the duox
knockdown morphological phenotype. Notably, we found a signifi-
cant reduction of wound-induced H,O, production in duox/p53
knockdown larvae compared with duox 5-MP/p53 controls {Fig. 3a,
b, Supplementary Fig. 2a and Supplementary Movie 6). Furthermore,
duox knockdown strongly attenuated recruitment of leukocytes to
the wound {Fig. 3¢, d and Supplementary Movies 7 and 8). This
attenuation was not caused by a reduction of total leutkocyte number
in duox knockdown larvae {Supplementary Fig. 2e). Duox

knockdown did cause a significant reduction in the number of
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Figure 2 | Nox/Duox activity is required for wound margin H,0,
production and leukocyte recruitment. a, Scheme of mammalian NADPH
oxidases also found in zebrafish***. b, Wound margin |H,0,| with/without
DPI or VAS2870 (VAS), or carrier (1% DMSO), imaged 17 min atter
wounding. Pseudo-colour calibration bar: HyPer ratio (YFP500/YFPy50).

¢, Statistical quantification of wound margin [H;0,]. d, Injured tail fins of
mpo:GEP larvae® with/without DPI (42 min after wounding). Coloured lines
are Jeukocyte tracks derived from the corresponding time-lapse movies.

&, Statistical quantification of leukocyte recruitment to wound margin. Ervor
bars indicate s.e.m. of indicated number of larvae (brackets}. Triple asterisk,
P < 3.001 {versus control}. Scale bars: 100 um.

leukocytes infiltrating the tail fin after wounding, reducing it to near
the level seen in unwounded fins (Supplementary Fig. 3a). It also
caused a significant decrease in divectional migration towards the
wound, whereas basal leukocyte motility, as observed in the absence
of a2 wound, was not affected. These data implicate Duox as the
main source of wound margin H,O, required for rapid leukocyte
recruitment.

We have visualized, for the first time, a tissue-scale gradient of
H,0,; induced by wounding, found that it is generated by Duox
activity in epithelial cells, and shown that it is required for leukocyte
recruitment to the wound. On the basis of published calibration of
HyPer in tssue culture’, wound-induced extraceflular H,0, may
reach concentrations of ~0.5-50 yM near the wound margin. The
gradient was established within 10 min of wounding, and gradually
dissipated over ~1-2 b. Visual inspection of movies (Figs 1e, 2d and
3c) suggested that leukocytes sensed the wound within ~10 min,
from distances as large as 200 um. Thus, the spatiotemporal scales
of the H,0, gradient and the leukocyte response were roughly
similar. Trajectory analysis showed that the H,O, gradient stimu-
lated leukocyte recruitment mainly by increasing directionality of
leukocyte migration and tissue infiltration (Supplementary Fig. 3a
and Supplementary Movies 4 and 8). This argues against a permissive
role of extracellular H,O, for basal leukocyte motility in our assay,
and favours the idea that wound margin H,G; production spatially
instructs rapid wound recruitment of leukocytes, either by direct
chemotactic signalling or by stimulating production of a downstream
chemoattractant. Direct chemotactic activity of H,0O, was previously
demonstrated in vitro for neutrophils®™ and vascular smooth musdle
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Figure 3 | Duox activity is required for wound margin H,0, production and
leukocyte recruitment. a, Wound margin H,O, after morpholino-mediated
duox knockdown (MO1-duox) or injection of a corresponding 5-misprime
morpholine (5-MP} imaged 17 min after wounding. Inset: RT-PCR of a
ditox mRNA region flanking the targeted splice site. Pseudo-colour
calibration bar: HyPer ratio (YFPsoo/YFPa0). b, Quantification of wound
margin [H,0,]. ¢, Injured tail fins of mpe:GFP larvae® injected with MO1-
duox, or 5-MP (42 min after wounding). Coloured lines are leukocyte tracks.
d, Quantification of leukocyte recruitment. Error bars indicate s.e.m. of
indicated number of larvae (brackets). Double asterisk, P <(0.01; triple
asterisk, P <7 0.001 (versus control). Scale bars: 100 pum.

celis™ at concentrations™ {~ 10 uM) that are roughly consistent with
our estimation of wound margin [H,0O,|. Together with our data,
this raises the possibility that H,0, itself acts as a paracrine, chemo-
tactic signal during the initial phase of wound detection. Leukocytes
might express trans-membrane receptors for H,O,—none are
known, but T-type Ca®" channels are thought to have this func-
tion in sensory neurons™. Alternatively, H,O, might direct migra-
tion by entering the cytoplasm and locally modifying intracellular
receptors, such as the redox-sensitive phosphatase PTEN?.
Phosphatidylinositol-3,4,5-trisphosphate  phosphatases  such  as
PTEN or SHIPT are thought to be important regulators of chemo-
and electrotactic responses™%, Gur current data do not distinguish
whether the spatial H,O, gradient reflects diffusion from a localized
source at the wound margin combined with global breakdown by
catalases and/or peroxidases, or rather a gradient of H, 0O, production
induced by some upstream regulatory pattern, such as an electric
field or a spatial gradient of an upstream signalling molecule.
DUOX was previously implicated in constitutive ROS-induced
microbial killing by mucosal epithelia®®. Our data implicate it, for
the first time, as a major, non-myeloid ROS source in the initial phase
of inflammation. We hypothesize that the DUOX/lactoperoxidase
system evolved to have two useful roles in early responses to epithelial
wounding: local killing of invading bacteria, and rapid recruitment of
phagocytic leukocytes from distant sites.

METHODS SURMARY

Umaging of H,O, and lenkocytes in zebrafish. One-celi-stage zebrafish embryos
were injected with HyPer mRNA. 3 d.p.f. larvae were subjected to tail-fin tip
amputation and mounted in 1% low-melting agarose. HyPer fluorescence was
excited with 501/16 and 420/40 band-pass excitation filters and corresponding
YFP emission was acquired every 2 min within 3—42 min after injury using a 535/
30 band-pass emission fi HyPer ratio images, YFPsoq and




YFPyy images were smoothed, background subtracted, thresholded, and then
divided.

Leukocytes were imaged every 30s within 3-42 min after tail-fin incision of
fluoresce
wound was observed both by fluorescence and transmission ir
ieukocyte count at the wound m:

Zebrafish larvae were anaesthetized for wounding and imaging experiments.
All media were sterile filtered. Blades were
Tmagi
wide-field microscope equipped with a CCD camera and a mercary illumi

leukocyte reporter sebrafish larvae. Leukocyte migration to the
ging. Final
rgin was assessed 42 min after injury.

ated with 70% ethanol before use.
jon, and performed on an lrverted

g was optimized for low illumir

source.

Genetic and pharmacological perturbations. Anaesthetized larvae were i
bated with pharmacological compounds up to 40min before woundir

18 and

during imaging. Antisense morpholinos were injected into 1-cell-stage embryos.
Morpholino-mediated splice perturbation was confirmed by RT-PCR,

Full Methods and any asscciated references are available in the onlin
the paper at www.nat

e version of
ure.com,/nature.
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METHODS

General fish procedures. Zebrafish strains AB, mponGFP (ref. 9} and
lysC::DsREDZ (ref. 10} were maintained as described™. For wounding assays,
zebrafish were anaesthetized in E3 (5 mM NaCl, 0.17 mM KC}, 0.33 mM CaCl,,
0.33mM MgSO,) containing 0.1mgml™ ! Tricaine (Sigma) before wounding,
To prevent pigment formation, larvae were maintained in E3 containing (.2 mM
N-phenylthiourea (PTU; Sigma}. All buffers were sterile filtered and blades were
sterilized using 70% ethanol before use.

Imaging the wound response. For all imaging, larvae were maintained in E3
supplemented with 0.1 mgml ™" Tricaine.

For imaging of H,0, production, 1-cell-s
with HyPer! mRNA (~0.5mgmi™ 1. 3 d.p.L. larvae were subjecied to tail-fin tip
amputation using a needle knite (Fine Science Tools) and embedded in 1% low
melting agarose (Lonza) in a glass-bottom dish (Matek Corporation). Every
2 min starting ~3 min after wounding, HyPer fluorescence was excited using
420/40 and 501/16 band-pass filters (Chroma), and YFP emission was acquired
using a 535/30 band-pass filter.

For alternative H,O» imaging, 2-3 d.p.f. larvae were loaded ~~60 min with
50 uM acetyl-pentafluorobenzene sulphonyl fluorescein (Calbiochem) before
wounding. Emission was excited using a 484/15 band-pass filter (Chroma)
and acquired uﬁing a 525/50 band-pass filter (Chroma).

For pH imaging, 2-3 d.p.f. larvae were loaded ~60min with 50 pM 3"-O-
acetyl-2",7 -bis carbw(v thyl)-4 or 5-carboxyfluorescein diacetoxymethyl ester
(BCECF-AM, Calbiochem) before wounding. Emission was excited using a 484/
15 band-pass filter (Chroma) and ac Guxred using a 535/30 band-pass filter
{Chroma). For imaging of leukocyte rec nt, 3-5d.p.L. mporGFP or
lysCa:DsREDZ larvae were cut at the tail fin using a tungsten needle (Fine
Science Tools), mounted in agarose, and leukocyte fluorescence was excited
using a 484/15 or 540/15 band-pass filter (Chroma). Emission was acquired
every 30 s using a 525/50 or 610/80 band- pass filter (Chroma). All images wer
acquired at room temperature (~-26 °C) using Metamorph (Molecular Devices)
and a Nikon Eclipse TE300 microscope equipped with 206X plan-apochromate
NA 0.75 air objective lens, an ORCA-ER camera (Hamamatsy), and a mercury
Light source (Chiu Technical Corporation).

Taijl-fin tip amputation (needle blade} was used in all HyPer assays; tail-fin
incision {tungsten needle) in all chemotaxis assays. Only the same types of cuts
were directly compared. The HyPer signal was not dependent on ¢ the type of cut
(Supplementary Fig. 3b).

Generally, each imaging set-up was optimized for minimal light exposure of

larvae. Whenever possible, we used two neutral density filters (except for
BCECE-AM where dye loading was rather ineflicient, so that we had to use
one neutral density filter), highest camera gain, and high binning (for example,
8X bin for probe imaging, 4X bin for leukocyte tmaging).
Image processing and data analysis. For calculating HyPer ratio images,
smoothed (one-pass median filter), background subtracted and thresholded
YFPso and YFP 4y images were divided (YFP500/YFPyyg) using Image] (NIH)
ofr Matlab (Mathworks). Upregulation of H,O, was calculated by dividing the
mean ratio acquired in a vegion of intevest divectly at the wound margint (fwound)
by the mean basal ratic acqum—d ina reg.or of intevest inside the body (rpa6,
~300-400 pm distant from the wound malglr ). 0, upregulation was
expxessed either as multiple (f,,, ; for example, Supplementary
. 2b) or fraction of the base level ( (Fwound ™ Thasal)/ Toasd )~ Relative H,O,
production at wound margin (for example, Figs 2¢ and 3b) was derived as fqo0
wrimalized to the control (fiq = fraa(sample)/ f strol) ).

Leukocyte recruitment was determined by counting all migrating cells that
arvived at the wound margin within 42 min after wounding as judged from the
30 s per frame time-lapse movies of wmpo::GFP leukocyte reporter fish (transmis-
sion and GFP channel). Celis that aueady resided at the wound margin at the
beginning of the time-lapse sequence (~3min after wounding) were not
counted.

Leukocyte trajectory analysis. Trajectory
leukocyte time-lapse data that were also used to quantify wound recruitment of
leukocytes. Trajectories were generated by marking the approximate centre of
mass of those cells that moved in the ventral tail fin, and could be identified with
adequate reliability. Only those cells were included in the statistical path analysis
that described a path of at least 50 um. Furthermore, tracks or part of tracks

tage zebrafish embryos were injecied

analysis was performed on the same

within a radius of 50 pm around the centre
region were not included into the analvsis I id tracking of cells that had
region were not included (1o the analysis to avold tracking of cells that ha
already reached the wound, and merely moved along the wound margins.
Average velocity (v,) was calculated as v, = fraad trace With lpaqc being the
length of the track and fi,q being the total track time.

of mass of the triangular wound

Path linearity {which is frequently also termed ‘directionality’) was calculated
as Dir, = dog/fraa0 with dog being the Fuclidian distance between origin {Q)
and endpoint (E) of the track.

Wound divectionality was calculated as Divy, = (dow — dow)/ lyace with dow

being the distance between track origin and centre of mass of the wound (W),
and dpw being the distance between track endpoint and W.
Pharmacological and morpheline treatments. Larvae were incubated in B3
supplemented with 100 pM DPI (Sigma), 20pM VAS2870, 1% DMSO
{Sigma) 30-40 min before wounding, Mounting agarose and imaging medium
{E3) were supplemented with the indicated compound concentrations.

The following splice morpholinos {Gene Tools) were injected into I-cell-stage
farvae {(~0.5-1 mM): MO-cyba, 5'- AT‘_ATAG(_ATG AAGGATACATCCC-37
MO1-duox, 5 -AGTGAATTAGAGAAATGCACCTTTT-3"; I\{Oﬁ—i\/ﬂj—a’{ox
(5-MP}, 5'- AGTcAATTACAGAAATcCAgCTaTT-3"; MO2-duox, 53'- ACATTC

ACTCTCTCACCTGGATATG-3'. Lower-case lct\ers indicate base-pair mis-
match with the target sequence.

For morphotyping, RNA was prepared from 3d.p.f larvae by phenol-
chloroform extraction (TRI solaution, Ambion), and one-step RT-PCR
{Qiagen) was performed to confirm knockdown efficiency using the foiiow‘-ng
primers: cyba forward, 5'-GCGAAGATTGAGTGGGCGATGTGGGCC-3'; cyba
reverse, 5 -TTATTCGTTGATGGTGACAGACATAGGATTGTC-3'; duox for-
ward, 5 -ACACATGTGACTTCATATCCAG-3'; duox reverse, 5 -ATTATTAAC
TCATCCACATCCAG-3'.

The RT-PCR producis were sequenced. MO-cyba-mediated splice perturba-
tion produced a 146-bp deletion in the cyba mRNA, iiﬁtmducing a premature
stop codon into the resulting splice-mutant mRNA, coding for a Z8-amino-acid
?runcatﬁd translation product. MO -duox-mediated splice perturbation pro-
duced a 39-bp in-frame deletion within the peroxidase-like domain of duox.
MO -duox and MO2-duox produced identical phenotypes; however, MO2-
duox-injected larvae vielded neither detectable wild-type nor splice-mutant
amplification product, whereas beta-actin could successfully be amplified from
the same template. This indicated that MO2-duox resulted in duox mRNA
knockdown, either by generating a splice-mutant mRNA that was rapidly
degraded or that was too large to be amplified under our counditions. For phe-
notypical rescue of the il fin in the HyPer and leukocyte migration assays,
MO -duoxand MOS-MP-duocx (5-MP) moxpnolmo were generally co-injected
with a morpholino inhibiting p53 mRNA translation (~0.2mM, 5-GCG

CCATTGCTTTGCAAGAATTG-37%)

Cell sorting. Larvae (~150) were collected from Tg(mpo::GFP) at 80 hup.f. and
disaggregated into a single-cell suspension as previously described™. Sorting of
mipo:GFP positive cells was performed on a BD Aria based on GFP fluorescence.
RMNA isclation and semr._quantxtanve RT-PCR. Total RNA from amputated tail
fins (80 h.p.f.) or sorted GFP™ cells was extracted with TRIzol {Invitrogen). RT—
PCR was performed with a one-Step RT-PCR kit (Qiagen) according to the
manufacturer’s protocol using 35 cycles on 2 ng total RNA with intron-spanning
primers. Oligo sequence duox forward, 5'—GTTGGCTT
TGGTGTAACTGTA-3'; duox reverse, 5’ -GCCCAGGCTGTGAGAG-3"; nox5
forward, 5 —TGGCCTAA GGTGGTCTGTITC- Q', nox5 reverse, 5 CA'\JACC
CGAAACCCAGATG-3'; beta-actin forward, 5 -CATTGGCAATGAGCGTT
TC-3'; beta-actin reverse, 5'-TAC ‘M;LwCTTGCTGA;T CCAC-3 .

Statistics. All error bars indicate standard errors of means (s.e.m.). All P-values
have been devived by an unpaired, two- tau:d t-test assuming unequal variances
(heteroscedastic} using Excel (Micro
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