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Abstract

Aims: Recent advances in redox biology have emphasized the role of hydrogen peroxide (H2O2) in the
modulation of signaling pathways and revealed that H2O2 plays a role in cellular remodeling in adults. Thus, an
understanding of the mechanisms that control H2O2 levels in mature tissue would be of great interest. Results:
We used a denervation strategy to demonstrate that sensory neurons are responsible for controlling H2O2 levels
under normal conditions and after being lesioned. Moreover, we demonstrate that severed nerves respond to
appendage amputation via the induction of Hedgehog signaling and that this signaling is responsible for H2O2

production in the wounded epidermis. Finally, we show that H2O2 and nerve growth are regulated via reciprocal
action in adults. Innovation and Conclusion: These data support a new paradigm for the regulation of tissue
homeostasis: H2O2 attracts nerves and nerves control H2O2 levels in a positive feedback loop. This finding
suggests that the peripheral nerve redox environment could be a target for manipulating cell plasticity in adults.
Antioxid. Redox Signal. 24, 299–311.

Introduction

Reactive oxygen species (ROS) have long been con-
sidered deleterious compounds that induce pathological

situations by damaging biological molecules (DNA, proteins,
and lipids). It is becoming increasingly clear that ROS, which
are constantly produced at various levels by virtually all cells,
also contribute to physiological processes (11, 43, 47, 54),
mainly by causing cysteine modifications in signaling pro-
teins (14, 41). The redox state of a tissue results from a
complex balance between the production and degradation of
oxidative molecules (58). Unchecked ROS levels have been
identified in many pathological conditions, including neuro-
degenerative disorders, aging, and cancer, as illustrated by
the development of pro- and antioxidant therapeutic strate-
gies to treat cancer (2, 18).

Of the ROS, hydrogen peroxide (H2O2) has a long life span
and participates in redox signaling, and it has recently been
demonstrated that a transient increase in H2O2 is necessary
for inducing a regenerative program in Xenopus larvae (29),
adult zebrafish (15, 20), and mice (1), as well as for enhancing
cell plasticity (4, 53). Reciprocal interactions between H2O2

and nerves are suggested by two observations: H2O2 en-
hances peripheral sensory axon growth in wounded caudal
fins of zebrafish larvae (44), and efficient epidermal wound
healing requires the presence of sensory neurons (21, 52). In
addition, innervation has been demonstrated to be essential
for launching a regenerative program in adults (16, 25, 50).
Caudal fin regeneration in adult zebrafish therefore appears to
be a suitable model in which to study the relationship be-
tween nerves and tissue redox status. Indeed, H2O2 produc-
tion starts soon after fin amputation, and it is necessarily
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2École Normale Supérieure, Institute of Biology at the Ecole Normale Supérieure (IBENS), CNRS UMR8197, INSERM U1024, Paris,

France.
3PSL Research University, Paris, France.
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maintained while cells of various lineages in the stump re-
spond to the injury by dedifferentiating and acquiring pro-
genitor identities (15, 20).

We previously showed that in this context, ROS induce
apoptosis, which in turn stimulates progenitor recruitment
and proliferation through a purinergic signaling pathway
(40). Progenitor cells subsequently accumulate at the dam-
aged surface underneath the wound epithelium from 15 to 36
hours postamputation (hpa) and form a mass of proliferating
cells, the blastema that is clearly visible at 48 hpa (38). The
missing fin is then replaced through blastema growth, dif-
ferentiation, and morphogenesis.

The present article addresses the control of H2O2 levels by
nerves and the reciprocal action of H2O2 on nerve growth in
adults in normal conditions and after lesioning. To determine
the relationship between H2O2 and nerves, we first developed
a model in which we measure levels of ROS (specifically
H2O2) after denervation of the adult caudal fin, and we then
coupled this assay with manipulation of H2O2 levels and
signaling pathway analysis. In this study, we demonstrate that
in adult zebrafish, sensory nerves are involved in the control
of redox levels both in normal mature tissue and following
injury. Moreover, we show that Schwann cells (SCs), through
Shh signaling, mediate this control of redox status by nerves.
Finally, we also demonstrate that H2O2 stimulates nerve
growth in adults. Our results suggest that nerves control tis-
sue redox levels and H2O2 attracts nerves in a positive
feedback loop and that this feedback loop is involved in tissue
homeostasis.

Results

Nerve remodeling after injury

Adult zebrafish caudal fins primarily contain sensory neu-
rons as the fin does not contain muscle. Axons, which are
fasciculated inside the rays in the uninjured fin, defasciculate
as early as 6 hpa when Wallerian degeneration begins (Fig. 1).
This tip degeneration of the sectioned nerves, which is ac-

companied by axonal skeleton disintegration and the disap-
pearance of acetylated tubulin staining, is much faster than in
mammals; in zebrafish, axon regrowth is clearly visible at
15 hpa. Before 18 hpa, cell proliferation occurs mostly in the
epidermis/dermis of the stump and mainly involves epidermal
cells and SCs (40). We therefore used an antiphosphorylated
histone H3 antibody to count proliferating Schwann and epi-
dermal cells during nerve remodeling (Fig. 1D–I). Prolifera-
tion is strongly enhanced during axon regrowth (Fig. 1F–H).
Nerve remodeling involves systemic activation of Sox10 in
SCs shortly after amputation (Fig. 2) and local activation after
lesion (Supplementary Fig. S1; Supplementary Data are
available online at www.liebertpub.com/ars). It is worth noting
that in uncut fins, only some of the most distal SCs are positive
for Sox10 (Fig. 2B). By 18–24 hpa, the axons (Fig. 1G, H) and
the first blastemal cells (40) have reached the wound epider-
mis, and ROS levels in the wound epidermis have decreased
(15). These data reveal dynamic degeneration and regrowth of
sensory axons, as well as activation of SCs, within the first 24 h
of amputation.

Nerves control redox levels in mature tissue

To dissect the involvement of nerve tracks in H2O2 regu-
lation and the establishment of a regenerative field, we de-
veloped a denervation assay (Fig. 3A–C). At the base of the
caudal fin, sensory neurons are fasciculated and split into two
branches, with one branch innervating the dorsal part and one
innervating the ventral part of the fin. We performed a re-
section of the dorsal branch at the time of amputation
(Fig. 3A) and verified the efficiency of the surgery by testing
for the presence of axons with acetylated tubulin staining
3 days postamputation (dpa) (Fig. 3B) and quantifying the
effect of denervation on the size of the regenerated fin
(Fig. 3C). Denervation abolished the regenerative capacity of
the amputated caudal fin. We then used this assay to deter-
mine whether peripheral nerves influence the tissue redox
status in mature tissue. ROS detection was performed 16 h
postdenervation in nonamputated fins. The nondenervated
part of the adult caudal fin is mainly in a reduced state
(Fig. 3E, G), but denervation induced a twofold increase in
the ROS levels in the tissue (Fig. 3F, G). Thus, peripheral
nerves control redox status in this mature tissue.

Nerves control redox levels after amputation

When the caudal fin was amputated, a substantial and
sustained production of H2O2 was observed (15) (Fig. 3H).
To test the involvement of nerves in this lesion-induced ROS
production, we combined the denervation assay with am-
putation and measured ROS production over time (experi-
mental scheme presented in Supplementary Fig. S2). We

Innovation

The present study demonstrates that redox levels in
mature tissue are controlled by sensory nerves via
Hedgehog signaling. In a positive feedback loop, hydro-
gen peroxide (H2O2) stimulates nerve growth and the Shh
pathway. This finding not only identifies cooperation be-
tween nerves, H2O2, and Hedgehog signaling to ensure
tissue homeostasis and repair in adults but also provides a
tractable mechanism for the wound healing deficiency
associated with neuropathies.

FIG. 1. Wallerian degeneration and axon growth after amputation are very rapid in adult fish. (A) Scheme of the experi-
ment. (B–I) Caudal fins of adult fish were amputated (t = 0, blue arrow), and the axon cytoskeleton (green) and mitosis (white) were
visualized over time through immunofluorescence staining for the axonal marker, acetylated tubulin (green), and phosphorylated
histone H3 (white), respectively. (D¢, E¢, H¢) Show higher magnifications of the distal parts of (D, E, H), respectively. At 6 hpa, the
extremities of the axons begin to be fragmented, and the nerves begin to defasciculate; at 10 hpa, defasciculation is more pronounced.
During Wallerian degeneration (10–12 hpa), epidermal and SCs start to proliferate. At 15 hpa, axons have regrown, and some axons
cross the amputation plane at 18 hpa. Dotted line: amputation plane. Dashed line: distal part of the fin. Before 24 hpa, the amputation
plane corresponds to the distal part of the fin. For each time point, the most distal part of the fin (upper panel) and a proximal part
(lower panel) are shown. Scale bars = 50lM. hpa, hours postamputation; SCs, Schwann cells. To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/ars
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subsequently denervated the dorsal part of the caudal fin and
examined the ROS induced by amputation at 1 hpa (fin am-
putated 16 h postdenervation; Supplementary Fig. S2C and
Fig. 3J) and 17 hpa (fin amputated at the time of denervation;

Supplementary Fig. S2B and Fig. 3H, I, K). Denervation
reduced the redox levels at the tip of the fin, the major site of
ROS production after amputation, during both the immedi-
ate response (1 hpa) and the sustained production of ROS

FIG. 2. Systemic Sox10 activation in SCs following amputation. (A) Scheme of the experiment. (B–H) Caudal fin of
adult fish was amputated (t = 0, blue arrow), and the axon cytoskeleton (red) and immature SCs (white) were visualized over
time through immunofluorescence staining for the axonal marker, acetylated tubulin (red), and the immature SC marker,
Sox10 (white), respectively. Immunostaining in uncut fin (B) or after amputation (C–H). (B–G) The upper panel shows the
distal part of the amputated fin, and the lower panel shows a more proximal part. (H¢) Shows a higher magnification of (H).
Dotted line: amputation plane. Dashed line: distal part of the fin. Scale bars = 50 lM. R, ray; IR, inter-ray. To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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FIG. 3. Sensory neurons control ROS levels in the adult caudal fin. (A) The dorsal part of the caudal fin was
denervated (black arrow) at the time of amputation (blue arrow). At 3 dpa, the dorsal part (denervated) had not re-
generated compared with the ventral part (-) (representative image). (B) At 3 dpa, antiacetylated tubulin staining indicates
the absence of axons in the denervated part. (C) Quantification of the size of the regenerated tissue at 3 dpa in the control
(-) and denervated parts. The efficiency of regeneration is expressed as a percentage of the control. (D) Schematic
representation of ROS detection in fin denervated in the dorsal part, with and without amputation. The squares indicate
the position of ROS measurement, and the letters refer to panels in this figure or Supplementary Figure S3. (E–G) ROS
detection at the level of the first ray bifurcation in an uncut fin. (H–K) ROS detection at the level of the amputation plane
at 1 and 17 hpa. (H, I) Representative images at 17 hpa. (L–N) Mitotic cells were stained with antiphosphorylated histone
H3 at 24 hpa in fins denervated at the time of amputation on the dorsal part (red line) and incubated in water (L) or 1 mM
(H2O2) (M). Quantification of proliferation was performed on the distal part of the fin (blue dashed line) in the control
part or the denervated part (red line) (N). The red line indicates the denervated part. (H, I) Dotted line: amputation plane.
Dashed line: distal part of the fin. Error bars represent the SEM (*p < 0.05; ***p < 0.001). n Values are indicated at the
bottom of each column of the graphs. Scale bars = 50 lM. A scheme of the different conditions in which ROS were
measured is given in Supplementary Figure 2. dpa, days post amputation; H2O2, hydrogen peroxide; ROS, reactive
oxygen species; SEM, standard error of the mean. To see this illustration in color, the reader is referred to the web version
of this article at www.liebertpub.com/ars
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(17 hpa) (Fig. 3H–K). However, far from the amputation
plane, that is, in the stump, denervation had the same effect
as in the uncut fins; it induced a mild increase in the redox
levels at all stages (Supplementary Fig. S3). Cell prolifera-
tion in the epidermal compartment is a prerequisite to re-
generation (40). At 24 hpa, proliferation concerned dermal
and epidermal cells of the distal part of the fin (six segments
from the amputation plane). Cell proliferation in the stump at
24 hpa was strongly inhibited by denervation (Fig. 3L, N).
Addition of H2O2 in water enhanced proliferation in the
control part of the fin (nondenervated) and extended the
domain of proliferation to the more proximal part of the fin,
suggesting that the entire epidermis is able to answer to H2O2

(Fig. 3M). Moreover, addition of H2O2 was sufficient to
partially reverse the inhibition of proliferation induced by
denervation (Fig. 3M, N). In conclusion, denervation of the
appendage induced a twofold increase in oxidative levels on
a global scale, while it strongly inhibited the large and sus-
tained injury-induced increase in ROS in the wound epi-
dermis. As expected, denervation in zebrafish also inhibited
further steps of regeneration (i.e., proliferation in the stump),
and this inhibition could be reversed by addition of H2O2

(Fig. 3N). Thus, peripheral nerves constrain the tissue redox
level in mature tissue and they are also involved in the
modification of ROS levels induced by wounding and
amputation.

Hedgehog signaling and SCs participate
in redox control

The vertebrate peripheral nervous system is able to re-
generate (10). This remarkable property is mainly dependent
on SCs, which have a high degree of plasticity and dedif-
ferentiate to progenitor or stem cells after nerve damage (46).
During dedifferentiation, SCs provide signals that transform
the environment to one that supports axon growth and guides
axons to the distal stump (35). Several signals are likely to be
involved in the rapid reprogramming and proregenerative
properties of glial cells after neuronal injury. For instance,
Hedgehog signaling appears to be a good candidate because it
has been proven to be a key element in the definition of a
niche that favors activation of glial cells or, more generally,
stem cells in both central and peripheral axon regeneration (7,
42, 51). Furthermore, Hedgehog is regulated by Sox10, the
expression of which is induced shortly after nerve lesions
(Fig. 2 and Supplementary Fig. S1). Moreover, Hedgehog
signaling is directly involved in osteoblast proliferation
during late stages of caudal fin regeneration (from 2 to 7 dpa)
(39, 60) and in heart regeneration (55), and it has recently
been proposed that peripheral nerve-derived Hedgehog might
be involved in non-neuronal tissue regeneration (7, 36, 61).

We took advantage of a transgenic line that recapitulates
sonic hedgehog expression in adult fish (shh:green fluores-
cent protein [GFP]) (13, 60) to follow shh expression after
amputation. To enable the very early detection of shh locus
activity, we resorted to anti-GFP staining rather than imaging
direct reporter fluorescence. In agreement with previous ob-
servations (60), a group of Shh-positive cells was localized at
the end of each ray in the mature uncut fin (Fig. 4B). Axon
staining with an antiacetylated tubulin antibody indicated
that the Shh-positive cells crown the axons of peripheral
sensory neurons (Fig. 4B). This group of cells disappeared

after denervation (Fig. 4C, D), which suggests that they are
nerve dependent or part of the nerve. It is unclear whether
these cells originate from the mesoderm or the neural crest
(19). To test whether they could be derived from SCs, we
performed coimmunostaining for GFP and Sox10 shortly
after amputation of the adult caudal fin (at 0.5 hpa [Fig. 4E–
G] or at 12 hpa [Fig. 4H, I]). The adult caudal fin contains few
types of neural crest-derived cells, including SCs and mela-
nophores (Supplementary Fig. S4). To avoid confusion, the
coimmunostaining was performed in the nacre strain of fish,
which lack neural crest-derived melanophores. Confocal
images of the whole fin (Fig. 4E–G) or cryosections (Fig. 4H,
I) indicated that the Shh-positive cells were also Sox10
positive and therefore were derived from the neural crest. We
subsequently analyzed the behavior of these cells during re-
generation (Fig. 5). GFP was detected in a subpopulation of
activated SCs shortly after amputation (Fig. 5B). This shh
expression was also observed in SCs activated by skin lesions
as soon as 15 min after lesion (Supplementary Fig. S1). After
amputation, Shh-expressing cells changed shape and position
during Wallerian degeneration, and some cells in the inter-
rays migrated to the tip of the amputated fin while the axons
regrew (Fig. 5E, F). By 72 hpa, most of the Shh-expressing
cells were localized at the tip of the hemirays and reformed
the pools of cells (Fig. 5H) that were later responsible for
osteoblast proliferation (39). Thus, shortly after amputation
or lesioning, activated SCs begin to express Sox10 and some
cells induce Shh expression. Shh-positive cells migrate to the
tip of the fin while axons regrow and they form groups of cells
that crown the axons.

To test the role of Shh in the very first events following
amputation (before 24 hpa), we disrupted Hedgehog signaling
with cyclopamine (HH-i) (Fig. 6). HH-i treatment during the
first 24 hpa impaired blastema formation, which could be
rescued by a Smoothened agonist (Smo-A) (Fig. 6A–C and
Supplementary Fig. S5). It is worth noting that Shh likely has
distinct and opposite effects during healing (0–8 hpa) and
during the subsequent steps of regeneration (8–24 hpa) be-
cause the inhibition of regeneration is stronger when Shh is
inhibited only after 8 hpa (Fig. 6C). To more precisely examine
the output of Hedgehog signaling, we analyzed the first signs
of regenerative tissue, that is, (i) ROS production at 16 hpa, (ii)
cell proliferation, and (iii) axon growth in the regenerating fin
in the presence of HH-i. At 16 hpa, HH-i strongly reduced ROS
production (Fig. 6D–F) and cell proliferation (Fig. 6G, H),
mimicking the effects of denervation (Fig. 3K–N). We de-
tected far fewer Shh-positive cells in denervated regenerating
fins than in nondenervated regenerating fins (Supplementary
Fig. S6). This result, which corresponds to an inhibition of Shh
expression or an inhibition of the migration of Shh-expressing
cells, was expected for SCs.

Next, to test whether a reduction in ROS levels could
modify Shh expression, we inspected Shh-positive cells in
fish incubated with a pan-NADPH oxidase inhibitor (VAS-
2870, Nox-i). We previously showed that Nox-i treatment
significantly reduces ROS production at 6 hpa, the size of the
regenerated tissue at 72 hpa, and cell proliferation at 24 hpa
(15). We therefore visualized the Shh-positive cells at 48 hpa,
when they reform a specific structure at the tip of each ray, in
fish challenged to regenerate in the presence of Nox-i. Under
these conditions, the expression of Shh was strongly inhibited
(Fig. 6I). This result suggests that ROS partially control Shh

304 MEDA ET AL.



signaling via activation of Shh transcription. Together, our
results strongly suggest that nerve control of redox levels
operates through activated SCs that express Shh and that
redox levels also influence the Shh pathway (Fig. 7H).

Shh controls nerve growth through H2O2

It has been demonstrated in zebrafish larvae that H2O2

stimulates axon growth after lesion (44). We therefore
examined the nature of the ROS involved in adult ap-

pendage regeneration. We already knew that NADPH
oxidase inhibition impairs the process of regeneration and
reduces DCFDA staining (15), which is in favor of H2O2.
We then designed a transgenic fish expressing the HyPer
biosensor for H2O2 (3) under a ubiquitous promoter
(ubi:HyPer). The detection of H2O2 in regenerating fins
mimicked the DCFDA staining (Fig. 7B, C), and Nox-i
reduced H2O2 levels to the same extent as ROS levels
detected with DCFDA fluorescent probe (Fig. 7D). On the
contrary, Nox-i had a mild effect if any on the

FIG. 4. Activated SCs express Shh and form a specific structure at the tip of the axon. (A) Schematic representation of the
intact fin or the fin after amputation. The squares indicate the position of the acquisitions, and the letters refer to the figure panels of
this figure. The dorsal part of the caudal fin was denervated (black arrow) or the fin was amputated (blue arrow). (B) Immuno-
fluorescence staining for GFP in shh:GFP fish (white) and axon cytoskeleton (red) in uncut fin. (C, D) Immunofluorescence staining
for GFP in shh:GFP fish (green) and for the axon cytoskeleton (red) in control side (-) and denervated part of a nonamputated fin 2
days postdenervation. (E–G) Immunofluorescence staining for GFP in shh:GFP fish (green) and Sox10 (white) in the whole fin at
0.5 hpa. (F, G) Magnification of (E). (H, I) Immunofluorescence staining for GFP in shh:GFP fish (green), axon cytoskeleton (red),
and Sox10 (white) in a cryosection of a regenerating fin at 12 hpa. (I) Magnification of (H). Confocal images, 1–3lM. Dotted line:
amputation plane. Dashed line: distal part of the fin. Scale bars = 50lM in (B–H) and 25lM in (I). GFP, green fluorescent protein. To
see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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mitochondrial ROS level (Supplementary Fig. S7). These
experiments suggest that the ROS detected with DCFDA
and involved in adult appendage regeneration is H2O2.
We then investigated the potential role of Hedgehog
signaling and H2O2 in nerve growth during appendage
regeneration in adults. We assessed nerve growth in fish
exposed to NADPH oxidase inhibition (Nox-i) or
Hedgehog signaling inhibition (HH-i) during adult caudal
fin regeneration (Fig. 7E–G). First, adult fish were incu-
bated with Nox-i or HH-i at the time of amputation, and
then axon growth was scored at 24 hpa (Fig. 7E, F). Nox-i
significantly reduced axon regrowth in adults (Fig. 7F, G),
which suggests a positive feedback loop by which H2O2

stimulates nerve growth in adults, similar to what was
found in larvae. Furthermore, HH-i inhibited axon growth
to approximately the same extent as Nox-i (Fig. 7G). This
last result suggests that Shh partially contributes to H2O2

signaling. These data identify a positive feedback loop in
which H2O2 attracts nerves and nerves control H2O2 ho-
meostasis during regeneration (Fig. 8).

Discussion

We first established that denervation abolishes the re-
generative capacities of the amputated caudal fin, consis-

tent with previous experiments performed on the pectoral
fins of other teleost fish (16) and on newt appendages (50).
We were led to examine a possible link between nerves
and redox status by the demonstration that regeneration of
a denervated appendage in newts can be rescued by
overexpression of newt anterior gradient (nAG, AGR2 in
mammals) (27), a protein disulfide isomerase that is ex-
pressed successively in SCs and in the wound epidermis.
Additional results underlined the central role of this dis-
ulfide isomerase in the nerve dependence of fin regenera-
tion: during development, nAG is first expressed in the
epidermis, then switched off by nerve arrival, and later
reinduced by the nerves themselves after lesioning (26). By
contrast, prevention of appendage innervation during de-
velopment leads to continuous nAG expression and re-
generation becomes nerve independent (26). Although the
relationship between ROS levels and nAG expression was
not addressed at that time, those results pointed to the
relevance of redox balance in the control of appendage
regeneration by nerves.

We then proved that nerves control the dynamic redox
levels in the adult fin and after amputation and that im-
plementing this control involves SCs and Hedgehog signaling.
These results support a new paradigm for the regulation of
tissue homeostasis. We have identified two unexpected

FIG. 5. Behavior of Shh-
expressing cells during regen-
eration. (A) Cells expressing
Shh were visualized during
the time course of regenera-
tion by immunodetection of
the GFP in shh:GFP trans-
genic fish. Until 12 hpa, Shh-
positive cells were detected in
the inter-ray of the stump (B–
D). At 18 hpa, some Shh-
positive cells were present at
the tip of the regenerating ray
(arrow) (E) and their numbers
increased over time to reform
the structure present in the
uncut fin by 48–72 hpa (F–H).
Scale bars = 50 lM. Dotted
line: amputation plane. Da-
shed line: distal part of the fin.
To see this illustration in
color, the reader is referred to
the web version of this article
at www.liebertpub.com/ars
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feedback loops (Fig. 7H) between H2O2 and Hedgehog sig-
naling in injured growing nerves, which cooperate to ensure
tissue growth and coordination for the regeneration of a
properly innervated appendage (Fig. 8). The findings that pe-
ripheral nerves control redox levels and that in turn H2O2

regulates nerve growth support the idea that organ size
and regeneration are intimately dependent on this positive
interaction.

The crowning of axons by Schwann-derived cells expres-
sing Shh has not previously been described in vertebrates,
although the importance of Hedgehog signaling in SC be-
havior was demonstrated a long time ago (31). In mammals,
Dhh is expressed in glial cells and is a key element in
maintaining peripheral nerve integrity (49). It will be inter-
esting to determine whether Dhh is also involved in redox
homeostasis and whether Dhh and Shh are commutable in
SCs for ensuring nerve maintenance and regeneration. The
involvement of Shh in the control of nerve growth has been
known for a decade (reviewed in Bovolenta and Sanchez-
Arrones5 and Yam and Charron57) and its role in neuropro-
tection via its secretion by SCs has also been documented
(22). The importance of SCs for nerve regeneration is also
well known (reviewed in Glenn and Talbot17 and Jessen
et al.23), as is the fact that SCs are sensitive to the redox
environment (30, 45, 48). However, our results demonstrate
for the first time that these different pathways are mecha-
nistically linked by reciprocal interactions during appendage
regeneration.

Our findings demonstrate the translational potential of the
extracellular application of H2O2 in diseases involving ax-
onal degeneration. Neuropathies are often associated with
chronic wounds or tumor irradiation, and in both cases,
nerve degeneration is due to miscommunication between
axons and glia (12, 59). Manipulation of Hedgehog signal-
ing can reverse diabetic neuropathy (8), and a few reports
have addressed the involvement of H2O2 in this kind of
neurological complication (34, 37). However, these studies
did not consider a possible interaction of the Hedgehog
pathway with H2O2, and our results lead for the first time to
the idea that cross talk between neurons and glia operating
in vertebrate regeneration involves the regulation of H2O2

homeostasis.
Cellular redox homeostasis mediates a plethora of cellular

pathways, as indicated by the roles of ROS in cell plasticity,
tissue regeneration, and wound healing, as well as the imbalance
of ROS homeostasis in pathogenesis (e.g., tumorigenesis, au-
toimmunity, degenerative diseases, and diabetes) (4, 28, 47, 54,
56). Our observations put Shh on the list of redox targets. Taking
into account that Shh signaling has a central role in various
human pathologies such as degenerative diseases, cancer, and
autoimmunity (reviewed in Briscoe and Therond,6 Carney and
Ingham,9 and Petrova and Joyner36), in which the balance be-
tween oxidants and antioxidants is often perturbed (54, 58), our
results provide a new mechanism that may be of crucial im-
portance in controlling these biological processes. Conse-
quently, targeting the Hedgehog pathway with topical

FIG. 6. Early HH signaling is necessary for ROS production. (A–C) HH-i added to the water bath from 0 to 24 hpa (blue) or
from 8 to 24 hpa (orange) inhibits regeneration, which can be rescued by Smo-A (green). (D–H) Hedgehog inhibition with HH-i
(cyclopamine) (D) reduced ROS levels at the amputation plane at 16 hpa (E, F) and stump proliferation at 24 hpa (G, H). (G, H)
Immunofluorescence staining for the axonal marker, acetylated tubulin (green), and for the mitotic cell marker, phosphorylated
histone H3 (red). (I) Nox-i added to the water bath from 0 to 24 hpa reduced the number of Shh-positive cells detected at 48 hpa. Shh-
positive cells were visualized by immunodetection of the GFP in shh:GFP transgenic fish. Error bars represent the SEM (*p < 0.05;
***p < 0.001). n Values are indicated at the bottom of each column of the graphs. HH-i, hedgehog inhibitor, cyclopamine; Smo-A,
smoothened agonist. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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application of H2O2 may be a novel therapeutic strategy outside
the field of peripheral neuropathy.

Materials and Methods

Fish care, surgery, and quantification of regeneration

Zebrafish colonies (AB-Tu and nacre fish) and transgenic
fish [sox10(7.2):mrfp (24) and 2.4shh:GFP:ABC#15 (13)]
were maintained using standard methods. The animal facility
obtained approval from the French agreement from the Min-
istère de l’agriculture (No. C75-05-12), and the protocols were
approved by the Ministère de l’éducation nationale de l’en-
seignement supérieur et de la recherche (00477.02). To
maintain a healthy colony, a cycle of 14-h light–10-h dark was
used, and a water temperature of 28�C was maintained, with a
maximal density of five fish per liter. Water filtration depended
on Aquatic Habitat stand-alone fish housing and operated au-
tomatically (Aquatic Habitat, Inc., Apopka, FL). Fish were fed
twice per day with live 2-day-old artemia. For manipulation
and amputation, the adult zebrafish (5–10 months of age) were
anesthetized in 0.1% tricaine (ethyl-m-aminobenzoate), the
caudal fins were amputated at the level of the first ray bifur-
cation and the fins were allowed to regenerate for various

FIG. 8. Synthetic model for H2O2/nerve interaction
during appendage regeneration. In adults, tissues are
mainly in a reduced state (top, blue). Amputation induces an
increase in H2O2 levels (orange) that is nerve dependent and
involves Shh signaling (right). Following Wallerian de-
generation (dashed lines), regions of high H2O2 levels at-
tract axons (red) and are essential for progenitor cell
recruitment and blastema formation (bottom). H2O2 levels
decrease upon reinnervation (left). To see this illustration in
color, the reader is referred to the web version of this article
at www.liebertpub.com/ars

FIG. 7. H2O2 stimulates axon growth in a positive feedback loop. (A) Scheme of the experiments. (B) ROS detection
with DCFDA fluorescent probe. (C, D) Detection of H2O2 in ubi:HyPer fish. Fish were incubated in water (C) or Nox-i (D)
and fluorescence of HyPer analyzed on adult anesthetized fish. [H2O2] is inferred from the YFP500/YFP420 excitation ratio of
HyPer. Pseudocolor calibration bars: HyPer ratio (YFP500/YFP420). (E, F) Growing nerves were detected in the re-
generating fin at 24 hpa by immunodetection of acetylated tubulin in fish incubated in vehicle (E), Nox-i (F), or HH-i (not
shown). The quantification presented in (G) corresponds to the number of rays with growing nerves per half fin (maximum
9). n Values: dimethyl sulfoxide = 36; NOX-i = 29; HH-i = 11. (H) This article reveals the interaction between two feedback
loops in the regulation of axon growth. Error bars represent the SEM (**p < 0.01; ***p < 0.001). Scale bars = 200 lM. YFP,
yellow fluorescent protein. To see this illustration in color, the reader is referred to the web version of this article at
www.liebertpub.com/ars
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lengths of time. Denervation was performed on the dorsal part
of the caudal fin using a trapezoidal microknife (Bausch &
Lomb, Rochester, NY). The efficiency of regeneration was
quantified at 3 dpa. The surface of the blastema was measured
and subsequently divided by the square length of the ampu-
tation plane for each fish. The efficiency of regeneration is
expressed as a percentage of the control.

Transgenic line

The sequence coding for HyPer (3) was introduced into a
vector suitable for transgenesis under a ubiquitous promoter
(ubi) (33). The details of the cloning procedures are available
upon request. Stable transgenic lines with ubiquitous ex-
pression of the fluorescent proteins were selected.

ROS detection

The compound, 2¢,7¢-dichlorodihydrofluorescein diacetate
(H2DCFDA; Calbiochem, San Diego, CA), was used to
monitor the accumulation of ROS in adult zebrafish fins.
Fluorescent DCF was formed through ROS oxidation. Zebra-
fish were incubated with H2DCFDA (50 lM) 2 h before con-
focal imaging. Spinning-disk images were acquired using a 4·/
0.15 N.A. objective on a Nikon Eclipse Ti microscope equip-
ped with a CoolSnap HQ2/CCD camera (Princeton Instru-
ments, Trenton, NJ) and a CSUX1-A1 (Yokogawa, Tokyo,
Japan) confocal scanner. MetaMorph software (Molecular
Devices, Sunnyvale, CA) was used to collect the data. Fluor-
escence was excited with a 491 nm laser and detected with a
525/39 nm filter. Quantification of fluorescence intensity was
performed using ImageJ software. Oxidation of MitoSOX�

Red (Molecular Probes, Eugene, OR) reagent by superoxide
produces red fluorescence specifically targeted to mitochondria
in live cells. For double detection of mitochondrial superoxide
and cellular ROS, adult zebrafish were incubated with Mito-
SOX Red (0.5 lM) and H2CDFDA (50 lM) 2 h before confocal
imaging. Leica SP5-MP images were acquired using a Leica PL
APO 25· objective (Leica Microsystems GmbH, Wetzlar,
Germany). Acquisitions were made in 1024 · 1024 pixels with
a line average of 4 and a scanning speed of 400 Hz. H2CDFDA
acquisitions used a spectral band from 495 to 535 nm and Mi-
toSOX from 610 to 750 nm.

H2O2 detection with the HyPer probe

HyPer fluorescence was excited with 501/16 and 420/40
bandpass excitation filters, and the corresponding yellow fluor-
escent protein (YFP) emission was acquired using a 530/35
bandpass emission filter. Spinning-disk images were acquired
using a 4· – -1.5· objective on a Nikon Eclipse Ti microscope
(Nikon Instruments, Melville, NY) equipped with an Evolve�

512 EMCCD camera (Photometrics, Tucson, AZ). To calculate
the HyPer ratio, images were treated as previously described
(32).

Immunofluorescence and imaging

The fins were fixed in 4% paraformaldehyde overnight at
4�C and used for whole-mount immunohistochemistry with
antiphospho-histone H3 (No. SC-8656-R; Santa Cruz Bio-
technology, Inc., Dallas, TX) to detect proliferative cells,
antiacetylated tubulin (No. T7451; Sigma-Aldrich, Saint
Louis, MO) to detect axons, anti-GFP to detect GFP in

Shh:GFP fish (No. ab13970; Abcam, Cambridge, MA), anti-
mCherry (No. 6332543; Clontech Laboratories, Inc., Moun-
tain View, CA) to detect mRFP in sox10:RFP fish, and anti-
Sox10 (No. GTX128374; GeneTex, Inc., Irvine, CA). The P-
H3-positive cells were counted in ray and inter-ray two in all
segments. Immunofluorescence images were acquired using
an inverted Leica SP5 with a Leica PL APO 20·/N.A. = 0.7
oil immersion objective. For coimmunolabeling of Sox10
and HH-positive cells, the fins were snap-frozen in optimal
cutting temperature compound and sectioned at 20 lM with
a cryomicrotome (No. HM560; Thermo Fisher Scientific,
Waltham, MA).

Pharmacological treatments

A maximum of five adult fish were incubated in 200 ml of
water for all pharmaceutical treatments. VAS-2870 (Nox-i)
was purchased from Enzo Life Sciences (No. BML-El395-
0010; Enzo Life Sciences, Inc., Farmingdale, NY), and cy-
clopamine V (HH-i) (No. 239803) and Smo-A (No. 566660)
were obtained from Calbiochem and H2O2 from Merck
Millipore (Darmstadt, Germany). Fish incubated in dimethyl
sulfoxide comprised the control group. The fish were main-
tained in the dark and returned to the light for 1 h per day for
feeding and water change.

Statistical analysis

Continuous variables are expressed as the mean – standard
error of the mean. Comparisons between multiple groups
were performed using one-way analysis of variance, followed
by Tukey’s post-tests. Comparisons between the two groups
were performed using Student’s t-tests. p Values <0.05 were
considered significant.
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AB-Tu¼AB x Tübingen hybrid zebrafish line
AGR2¼ anterior gradient 2

ANR¼ agence nationale de la recherche
CCD¼ charged coupled device
DCF¼ dichlorofluorescein
Dhh¼ desert hedgehog gene

DNA¼ deoxyribonucleic acid
dpa¼ days postamputation

GFP¼ green fluorescent protein
H2DCFDA¼ 2¢,7¢-dichlorodihydrofluorescein diacetate

H2O2¼ hydrogen peroxide
HH¼ hedgehog protein

HH-i¼ hedgehog inhibitor, cyclopamine
hpa¼ hours postamputation
hpl¼ hours postlesion

HyPer¼Hydrogen Peroxide sensor
mRFP¼monomeric red fluorescent protein

N.A.¼ numeric aperture
NADPH¼ reduced form of nicotinamide adenine

dinucleotide phosphate
nAG¼ newt anterior gradient

Nox-i¼VAS-2870
P-H3¼ phospho-histone H3
ROS¼ reactive oxygen species
SCs¼ Schwann cells

SEM¼ standard error of the mean
Shh¼ sonic hedgehog gene

Smo-A¼ smoothened agonist
Sox10¼ SRY-related HMG-box 10

VAS-2870¼ pan-NADPH oxidase inhibitor
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