yduasnuel Joyny vd-HIN

1duasnuely Joyny Yd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

o NATIG,

Published in final edited form as:
J Cell Physiol. 2014 March ; 229(3): 300-308. doi:10.1002/jcp.24447.

Extreme Thermal Noxious Stimuli Induce Pain Responses in
Zebrafish Larvae

Valentina Malafoglial4, Marco Colasanti3, William Raffaeli4, Darius Balciunas?, Antonio
Giordanol:2”* and Gianfranco Bellipannil:2*#

1Sbarro Institute for Cancer Research and Molecular Medicine, Temple University, Philadelphia,
Pennsylvania 19122, USA.

2Department of Biology, College of Science and Technology, Temple University, Philadelphia,
Pennsylvania 19122, USA.

3Department of Biology, University of Roma Tre, Rome, Italy.

4|SAL-Foundation, Institute for Research on Pain. Via San Salvador 204 - 47922 Torre Pedrera
(RN), Italy.

Abstract

Exposing tissues to extreme high or low temperature leads to burns. Burned animals sustain
several types of damage, from the disruption of the tissue to degeneration of axons projecting
through muscle and skin. Such damage causes pain due to both inflammation and axonal
degeneration (neuropathic-like pain). Thus, the approach to cure and alleviate the symptoms of
burns must be twofold: rebuilding the tissue that has been destroyed and alleviating the pain
derived from the burns. While tissue regeneration techniques have been developed, less is known
on the treatment of the induced pain. Thus, appropriate animal models are necessary for the
development of the best treatment for pain induced in burned tissues. We have developed a
methodology in the zebrafish aimed to produce a new animal model for the study of pain induced
by burns. Here we show that two events linked to the onset of burn-induced inflammation and
neuropathic-like pain in mammals, degeneration of axons innervating the affected tissues and
over-expression of specific genes in sensory tissues, are conserved from zebrafish to mammals.
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INTRODUCTION

Severe tissue burns are the source of great distress for the subjects affected. On the one hand
there is psychological downside of irreparable cosmetic problems due to the disruption of
skin. On the other hand, the continuous suffering from inflammatory and neuropathic-like
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pain that derive from the burned area (Fauerbach et al., 2005; Schneider et al., 2006; Wong
and Turner, 2010).

While, the biology and medicine of tissue transplants and building in vitro new skin tissue
from stem cells precursors is well developed (Priya et al., 2008), pain caused by burns has
not followed the same path. This may be due in part to the paucity of animal models
available for such studies. Animal in vivo experimentation, above all in the field of pain and
nociception, presents ethical and scientific limitations. Rats and mice are considered the
most useful animal models in this context, being suitable for genetic manipulation and
having a large choice of mutants already available (Nozaki-Taguchi and Yaksh, 1998;
Yregard et al., 2001; Wang et al 2005; Mogil and Basbaum, 2011; Shields et al., 2012).
Studies of skin burns in animal models showed how axons innervating the tissue could be
severely affected either in the short-term period directly by the burns (deCamara et al., 1982;
Summer et al., 2007), or by the scar tissue, that can heavily affect axons growth in the long-
term (Summer et al., 2007; Morellini et al., 2012). In addition, it has been shown that
macrophages migrate to the damaged tissues and neurons and their behavior is indicative of
inflammation and related pain states (Summer et al., 2008). This type of pain is frequently
resistant to opioid treatment. Thus, the type of pain produced by tissue burns shows strong
resemblance with inflammatory pain but also with neuropathic pain, leading researchers to
coin the term “phantom skin” for the pain induced by skin burns (Atchison et al., 1991).

Numerous reports have shown that, in response to neuropathic pain and inflammation, the
synthesis of several genes is de-novo induced or augmented in mammals. These factors are
not simply markers of neuropathic and inflammatory pain. They also play key roles in
sensitization and neuropathic pain in primary nociceptors and in the spinal cord (Ru-Rong Ji
and Strichartz 2004). Some of the factors up-regulated in response to neuropathic pain and
inflammation include Jun family factors, (Herdegen et al., 1991a; Herdegen et al., 1991b;
Leah et al., 1991; Jenkins and Hunt, 1991;). c-Jun in turn activates the expression of
Vasoactive Intestinal Peptide (VIP) (Mulderry and Dobson., 1996; Son et al., 2007) as well
as other neuropeptides. Peripheral nerve injury induces higher expression levels of Pituitary
Adenylate Cyclase-Activating Polypeptide (PACAP) in dorsal root ganglia (Zhang et al.,
1996; Mabuchi et al., 2004) and Brain-Derived Neurotrophic Factor (BDNF) in dorsal root
ganglia (Tonra et al., 1998, Li et al., 1999; Zhou et al., 2000; Fukuoka et al., 2001; Obata et
al., 2003; Obata et al., 2006) and in spinal cord (Miletic and Miletic, 2002, Obata and
Noguchi, 2006; Geng et al., 2010). After nerve lesions, the ubiquitous oncogene marker, c-
fos, is also highly induced in mammal spinal dorsal horn neurons within 0.5/2.0 hours after
the stimulation (Hunt et al., 1987; Herdegen et al., 1991a; Herdegen et al., 1991b;
Coggeshall, 2005). From now on, we will refer to these genes as pain markers genes
(PMGs)

The non-mammalian vertebrate zebrafish has been used to model many human diseases and
is potentially a good animal model for pain and nociception studies (Sneddon LU. 2009;
Gonzalez-Nunez V, Rodriguez RE. 2009; Malafoglia et al., 2013). Here we present data
showing that zebrafish larvae treated with high temperatures present the characteristics of
mammalian animal model suffering of tissue burns and pain suggesting that these
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mechanisms are evolutionarily conserved and that zebrafish could be suitable for pain
studies.

MATERIALS AND METHODS
-Fish Husbandry

We used zebrafish larvae from various wild type strains (AB, Brass, Tlibingen) and
heterozygous larvae for the gene trap line nsftPl006Gt (Balciunie et al., 2013). Animals were
maintained in a 14h/10h light/dark cycle following standard husbandry protocols
(Westerfield, 1993). Embryos were obtained by natural mating in mating cages and
collected in Petri dishes with embryo medium. They were cultured at 28.5°C in the
incubator, with 1x phenylthiourea (PTU) in embryo medium to stop the formation of
pigment. The developmental stages of the embryos were determined days post fertilization
(dpf). All procedures involving zebrafish were conducted in accordance with Institutional
Animal Care and Use Committee (IACUC) policies. Every effort was made to minimize the
number of zebrafish used.

-Extreme High temperature test

We moved batches of 20 5dpf larvae from a beaker with embryo medium at 28°C to another
beaker at 48°C, for 5 seconds, and the back to the beaker with embryo medium at 28°C. We
collected the treated larvae at specific time points after the test: T0.5, T2, T4, T6, T24
(numbers express hours after stimulus). We used 5dpf sibling larvae unexposed to the shock
as negative control.

For each time point samples were fixed in 4% paraformaldehyde/PBS (PFA) at 4°C
overnight and then stored in methanol at —20°C. Then, we used these fish for whole-mount
in situ hybridization (WISH) analysis, for FM1-43 staining or for gRT-PCR.

-FM1-43 staining

Lateral line hair cells of 5dpf zebrafish larvae were labeled by incubation in 7 mM FM1-43
dye (INVITROGEN) for 5 min in embryo medium, followed by 3 washes in fresh embryo
medium (Prober et al 2008). Larvae were anesthetized in embryo medium containing 0.02%
Tricaine (Sigma-Aldrich, St. Louis, MO) for live imaging. Animals were imaged using an
AXIO IMAGER. Al fluorescence microscope (ZEISS), and analyzed with the software
SPOT Advanced.

-Cloning and probe preparation

Total RNA was extracted from 5dpf zebrafish larvae (AB strain) using Quiagen RNeasy
Mini Kit, accordingly to the manufacturer instructions. Total RNA (1pg) was reverse
transcribed to cDNA using the SuperScript® Il First-Strand Synthesis System kit
(Invitrogen).

We designed gene specific primers for each PMG cloning by finding their sequences in the
databases. c-fos (DQ003339.2) primer pair: forward 5’-ttgcagtggatggtccage-3’, reverse 5’-
aggtagtgacgatctctggg-3’ for a 438bp amplification fragment; c-jun (DQ003340.1) primer
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pair: forward 5’-agcgatatcctcacttctcc-3’, reverse 5’-tttcctcttccggceatttgg-3’ for a 582bp
fragment; vip (NM_001114553.2) primer pair: forward 5’-aatgcttgtgcggaacggce-3’, reverse
5’-aacgtgtcggatccaaggce-3’ for a 677bp fragment; pacaplb (NM_214715.2) primer pair:
forward 5’-ataaaagtgaaggggttgaaccg-3’, reverse 5’-acaaataagcaaatcgacgtcc-3’ for a 683bp
fragment; bdnf (NM_131595.2) primer pair: forward 5’-ttgcatgagagctgcgee-3’, reverse 57-
aaccgccagccgatcttce-3’ for a 717bp fragment.

We cloned the RT-PCR products by TA based cloning into pCRIlI TOPO, we used TOPO
TA Cloning® Kit Dual Promoter (with pCR®II-TOPO® vector) with One Shot® TOP10F’
Chemically Competent E. coli following the kit instructions (Invitrogen).

-In situ hybridization

Samples in 100% methanol were rehydrated by rinsing in an increasing dilution of
methanol/PBS and permeabilized with Proteinase K (10pg/ml) for 30 minutes at RT. Then
we followed the protocol as in (Bellipanni et al., 2010). The staining reaction was stopped at
the same time for control and experimental samples by fixation with 4% PFA. For longer
preservation the larvae are kept in 75% glycerol in 1XPBT. The images were captured with
stereo-microscope SMZ800 (Nikon), and analyzed with the software NIS-Elements BR3.0
(Nikon).

-Real Time-PCR (qRT-PCR)

Up regulation of the PMGs was quantitatively tested by gRT- PCRs. For each heat shock
time point RNA from 10 larvae was extracted and cDNA was prepared as described above.
cDNA concentration was determined by measuring the absorbance at 260nm with the
spectrophotometer. The quantification of the PCR products was accomplished with a
standard curve using the SYBR-Green method. SYBR-Green was included in a 2X Master
Mix (Roche). We used oligonucleotides primers to amplify ~100bp fragments of each PMG
using 100ng/ul of specific cDNA in each reaction. The primer pair was for c-fos-forward 5’-
atctgagtgtctaagtgec-3’, c-fos-reverse 5’-tgcttctcttgttggaggte-3’ to amplify a 190bp fragment;
for c-jun-forward 5’-attaaagccggaggaagceg-3’, c-jun-reverse 5’-actttctgcttgagcetgtge-3’ to
amplify a 180bp fragment; for vip-forward 5’-ggctcttcacaagcggatac-3’, vip-reverse 5’-
atcatcactgacccgctttc-3’ to obtain a 92bp fragment; for pacaplb-forward 5’-
cacgcctattgggatgactt-3’, pacaplb-reverse 5’-caaaagccaggtcgcttaac-3’ to have a 89bp
fragment; for bdnf-forward 5’-gagctcagcgtttgtgacag-3’, bdnf-reverse 5’-
gtctggcccgacatgtctat-3’ to amplify a 80bp fragment. We tested the same gene in triplicate
and we used beta-actin (actb) and glyceraldehyde 3-phosphate dehydrogenase (gadph)
specific primers as standards: actb-forward 5’-tcaccaccacagccgaaag-3’, actb-reverse 5°-
agaggcagcggttcccat-3’ for a product of 98bp; gadph-forward 5’-gtgtaggcgtggactgtggt-3°,
gadph-reverse 5’-tgggagtcaaccaggacaaata-3’ for a 121bp fragment.

A standard curve was constructed for each PMG by serial dilution of cDNA: 25ng/pl,
50ng/ul, 100ng/ul and 200ng/ul, and it was determined that all the primers had the same
efficiency. The amplification reaction took place in a Roche Light Cycler 48011 System.
Each reaction was performed in triplicate and each experiment had two biological replicates.
The first biological replicate was tested twice from two independent preparations of cDNA.
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The second biological replicate was tested once for a total of 3 experimental replicates. We
analyzed the results with the second derivative method, choosing the mRNA expression
level of 5dpf untreated larvae to normalize our data.

We statistically analyzed mRNA expression level for each gene with n=9 (3 triplicates for
each gene in a single experiment, for a total of 3 experiments) with one-way ANOVA (and
nonparametric) analysis. Data were expressed as mean plus error standard; we used
Bonferroni post-test gene expression at different time points multiple comparisons, showing
significant results (*=p<0.0001). We statistically analyzed the percentage of larvae showing
over-expression in each time point using Fisher’s exact test.

Extreme thermal (ET) noxious stimuli induce nerves damages

Zebrafish larvae are known to respond to thermal noxious stimuli, either hot or cold, by
showing an increased locomotor activity (Prober et al., 2008). Embryo medium at a
temperature up to 42°C passing in a flow-through system was used in an assay that tested
behavioral locomotor responses of the larvae (Prober et al., 2008; Gomez Lima et al., 2012;
Malafoglia et al., 2013). In this study we were interested in determining if exposure of 5dpf
larvae to the highest possible temperature would mimic some of the effects of burns seen in
mammals. For our purposes we used an immersion system where larvae were pooled in
baskets closed at the bottom with a fine mesh net. The baskets were initially located in a
floating rack and immersed in a beaker containing embryo medium at 28°C. To select the
optimal temperature we tested at various temperatures starting at 35°C increasing in 5°C
increments. We determined that at 50°C a large subset of larvae was severely affected with a
deformed body and eventual death. Subsequent tests at 1°C intervals starting from 45°C
helped us to establish the highest temperature we could use to set up the experiment, without
killing the animals, was 48°C. The type of noxious heat stimulus we provide to the larvae is
the highest they can tolerate; therefore it might induce extreme effects like in the case of
burns in mammals. Thus, we will refer to it from now on as extreme thermal (ET) stimulus.

In higher vertebrates severe burns result in tissue nerves degeneration and eventually in
neuropathic-like pain and inflammation (Summer et al., 2007). Following this reasoning, to
check the peripheral innervations of skin and muscles, we conducted our ET assay using a
neuronal Gal4 driver line (nsftPl096Gt) This gene-trap line expresses Gal4 and uas:egfp
under the control of the endogenous nsf promoter gene (Wood et al., 2006; Balciunie et al.,
2013). In this line egfp is expressed in a large subset of neurons of spinal cord
(motoneurons), dorsal root ganglia and trigeminal ganglia. In addition this gene trap line
makes visible many axonal projections (Fig. 1A). After the noxious ET stimulus at 48°C or
a stimulus at 45°C we could detect two distinct categories of larvae. Exposure to 48°C
produced larvae with a curved or wavy body axis and slightly deformed mouth, while
exposure to 45°C resulted in larvae still looking normal. The swimming ability of the first
group was dramatically reduced and the most affected larvae were not able to swim away
after being stimulated by touching. Instead, these larvae showed a shaking movement. This
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may be the result of the neuromuscular projections and/or of muscular damage and
deformation induced by the heat. Indeed, the first category had major tissue and nerve
disruption including motoneuron projections and skin innervation (Fig. 1A), while the
second showed no effects in any visible axons (Fig. 1C).

Zebrafish larvae are able to regenerate axotomized innervation in a timely fashion when the
nerve soma remains intact and this regeneration begins already at 24h following axotomy
(Martin et al., 2010; Rosenberg et al., 2012). We followed single larvae with the most severe
phenotype obtained after ET stimulus to check if axons were able to regenerate. In the 4
larvae we followed we saw that axon-disruption persisted at 6h after the stimulus, but at 24h
after the stimulus larvae showed signs of recovery and 2 days later were swimming normally
(data not shown), suggesting that motor nerve somata were not destroyed by our assay.

These data clearly indicate that the extreme thermal noxious stimulus we used induces a
temporary degeneration of motor innervation.

Quantitative analysis of gene expression in zebrafish larvae after ET stimulus

Studies in mammals have identified a set of genes that are activated after neuropathic and
inflammatory pain. We decided to test if a subset of these factors, c-jun, c-fos, vip, pacaplb
and bdnf, that we called PMGs (pain marker genes), was activated after noxious ET stimuli
in zebrafish larvae. We first compared the expression levels of the PMGs in control and
experimental larvae by real time RT-PCR (qRT-PCR). The purpose of such test was to
determine quantitatively if the expression level of any of these markers was effectively up-
regulated in the larvae exposed to noxious temperature and if our choice of time intervals
was appropriate. We tested up to 5 time points: 30’min; 2h; 4h; 6h and 24h after stimulus,
and used 5 and 6 day untreated larvae as controls. The early responsive genes c-fos and c-jun
exhibited higher levels of mMRNA expression already after 30 from the thermal nociceptive
stimulation followed by a consistent decrease in expression at later time points. Expression
of c-fos (Fig. 2A) showed the earliest and strongest enhancement 30’ after noxious heat
stimulus and it was activated ~140 fold more than the control sample at 5dpf, which we used
for normalization. At the following time points (2h and 4h after stimulus) c-fos expression
level decreased dramatically but was still 20-25 fold higher than the control. At 6h and 24h
after the stimulus the levels were even lower but still above the levels of expression of c-fos
in the control larvae at 5dpf. However, when compared to 6dpf untreated control larvae the
levels of expression of c-fos at 6h and 24h after the stimulus were the same of the other
control.

After 30° from noxious heat stimulus c-jun transcription (Figure 2B) was also rapidly
activated, but only by ~4 fold. This initial activation decreased about 25% in 2-4h after
stimulus. At 6h and 24h the expression levels had returned to the control levels.

The expression levels of vip, pacaplb and bdnf (Figure 3ABC) were analyzed starting at 2h
after the stimulus. In all cases the mMRNA levels peaked at 4h after the heat stimulus and
were close to the normal physiological level at the earlier and later time points (2h and 24h).
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These data clearly indicate that the noxious ET stimulus induces the PMG expression, that
this induction is time-dependent and that the time points we chose for our analysis were
appropriate. In fact, after the stimulus we see a dynamic behavior: first an increase, then a
decrease to normal levels of expression at 24h.

of PMG expression in noxious heat treated zebrafish larvae

The results from gRT-PCR are not sufficient to test our original hypothesis, which proposes
that PMGs expression in mammals in response to neuropathic pain and inflammation is
evolutionary conserved in the chordate lineage from teleosts to humans. In fact such
expression may be caused by several other factors such cell stress and apoptosis. However,
it has been shown that the expression of these factors is closely dependent on noxious
stimuli when the expression is localized in specialized tissues, like centers functioning in
pain transduction and sensing like the dorsal spinal cord and the dorsal root ganglia, (Ji and
Strichartz 2004; Coggeshall, 2005; Malafoglia et al., 2013). Thus, we needed to determine if
there is a similar pattern in the zebrafish. We addressed this point by analyzing the
expression patterns of each PMG by WISH at the same time points used for the qRT-PCR.
Consistent with the relative gRT-PCR results we found that, after the ET stimulus, all the
PMGs are up-regulated. In addition, some of the PMGs were up-regulated in regions
predicted to be involved in noxious signal transduction. Specifically, we found that PMGs
were up-regulated in specific sensory systems like the spinal cord and brain, but not in
dorsal root ganglia. In addition, we found some of the PMGs expressed in single cells
surrounding the gut that may be enteric neurons and in the neuromasts of the lateral line.

Starting from 30’ after the stimulus we analyzed the expression of c-fos that is usually
localized at the level of the hindbrain, the trigeminal ganglia, the spinal cord neurons, the
telencephalon, the diencephalon and a small population of blood cells (Thiesse et al., 2001).
In our assay c-fos appeared to be enriched at the spinal cord and in the brain relative to the
control (Fig. 4A). This result was particularly clear because, when c-fos expression in
discrete cells of the dorsal spinal cord of treated larvae were fully stained, the control larvae
still lacked coloration. Interestingly, such up-regulation persisted until 6h after the stimulus
(Fig. 4B), a time in which the gRT-PCR levels were already markedly reduced. This
suggests that this specific expression is unrelated to the high levels of induction of c-fos seen
30min after the stimulus by qRT-PCR. Moreover, expression in treated larvae analyzed 24
hours after the stimulus returned to normal levels (identical to the untreated controls) not
presenting anymore the high levels of expression in the brain and spinal cord. In figure 5A
we show c-jun WISH analysis. c-jun is normally present in the brain, gill, liver and muscular
system of zebrafish (Gonzalez et al, 2006). The treated larvae did not show up-regulation in
the spinal cord or dorsal root ganglia. However, in our assay c-jun appeared to be up-
regulated beginning at 30 after the stimulus at the level of the gut, in which we saw a
homogeneous coloration, and in lateral spots that could be neuromasts of the lateral line.
This expression reached its peak, in terms of percentage of larvae presenting such
coloration, at 4h and returned to normal levels at 6h (Figure 5A and 5B). Neuromasts of the
lateral line are very sensitive neurosensory structures that could have been affected by the
ET treatment. Therefore, to determine if the noxious ET treatment could have a major effect
on the neuromasts, we decided to look more carefully at this structure after ET stimulation.
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Before the stimulus we labeled the neuromasts of the sensory lateral line of wild type (or
nsftPl008G [ine) 5dpf zebrafish larvae by exposing them to the dye FM-143 (Gale et al.,
2001; Meyers et al., 2003; Prober et al., 2008) and observed and counted the neuromasts
before and 1 hour after the treatment. Using this methodology we did not find a statistical
significantly effect of the ET treatment on neuromast number or organization (Fig 1C
arrowheads and 1D). To determine if the noxious ET assay had a delayed effect on the
neuromasts we analyzed the larvae a second time, 2-3 hours after the stimulus. Again we
found no effect (data not shown).

In goldfish, the mRNA for vip is usually expressed in the brain and intestine (Tse et al.,
2002). In zebrafish VIP is localized in nitrergic neurons and fibers of the neuro-enteric
system (Olsson et al., 2008; Uyttebroek et al., 2010; Shepherd and Eisen, 2011).
Interestingly, these neurons are involved in gut related neuropathies in humans (Furness,
2000; Furness, 2012). After the noxious ET stimulus there was clearly a strong enhancement
of expression with a salt and pepper pattern along the gut line in cells that may belong to the
neuro-enteric system of the zebrafish and in particular to the nitrergic neurons, where vip is
normally present (Figure 6A). As an interesting correlation to our finding, high levels of VIP
have been reported in plasma and rectal mucosa of patients suffering of irritable bowel
syndrome (Simrén et al., 2001; Palsson et al., 2004) and increased number of VVIP-neurons
has been found in sub-mucosal plexus in non-inflamed rectum of patients suffering for
Crohn’s disease (Schneider et al., 2001). Moreover, c-jun up-regulation in the whole gut
region after 30min from the stimulus (Fig 5A arrowhead, Fig5B), and vip expression in the
neuro-enteric system (Figure 6A and B) after 2-6h, nicely correlates with the findings in
mammals that induction of c-jun determines vip expression in rat sensory neurons (Mulderry
and Dobson. 1996; Son et al., 2007).

In zebrafish two pacap genes have been identified and both found to be duplicated
(Fradinger and Sherwood, 2000; Wang et al., 2003). Transcripts for the gene pacaplb have
been detected at the level of the telencephalon, the diencephalon, the rhombencephalon, in
neurons of dorsal part of the spinal cord (Alexandre et al., 2011) and in neurons of the
neuro-enteric system (Olsson et al., 2008; Uyttebroek et al., 2010). In our treated larvae we
found stronger expression in single cells of the spinal cord and gut. As in the case of c-fos
and vip, and consistent with the reported expression pattern, these could be neurons of the
dorsal spinal cord and neurons of the neuro-enteric system, where pacaplb is normally
expressed at lower levels (Figure 7A). In the brain there was also an increased but more
diffuse expression of pacaplb. Again, the higher percentage of larvae expressing pacaplb
and vip in putative neurons were seen at 6h after the ET stimulus (Fig 6AB and 7AB), a
stage in which the over-all increase of expression levels, seen by gRT-PCR, were returning
to normal. Moreover, about 25% of the larvae analyzed 24h after the stimulus, when the
mRNAs levels analyzed by gRT-PCR were indistinguishable from the controls, showed
expression of pacaplb and vip in the spinal cord and putative enteric neurons. This suggests
that a subset of the larvae exposed to ET stimulus may show persistent activation of
pathways linked with pain perception.

Normal bdnf expression is found in the brain specifically in the telencephalon, the peripheral
olfactory organ and the cranial ganglion (Thisse et al. 2004). This was the only PMG
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showing over-expression after the thermal stimulus just within the same regions stained in
the control larvae. The higher levels of expression were restricted between 4h and 6h after
stimulus (Figure S1 A and B).

All our WISH analyses were conducted so that both control and experimental larvae were
stained for the same time. Thus, together these data indicate that the majority of the PMGs
we chose for our analysis are up-regulated after the ET stimulus in a specific subset of
neurosensory cells of the zebrafish in a restricted timeline and at specific loci.

DISCUSSION

We have established a noxious thermal assay for 5dpf zebrafish larvae that produces effects
similar to tissue burns in higher vertebrates. After the ET assay, axons innervating the trunk
musculature and skin of 5dpf zebrafish larvae appeared dramatically affected, with large
regions presenting axonal degeneration. In mammals, axon degeneration is known to
produce post-burn neuropathic-like pain (Fauerbach et al., 2005; Schneider et al., 2006;
Wong and Turner, 2010), and expression of pro-inflammatory cytokines that induce an
inflammatory response in the organism (Summer et al., 2008). In addition, these burn effects
will probably induce macrophage activation and migration to the site of injury (Yregard et
al., 2001; Shields et al., 2012; Rosenberg et al., 2012). Inflammation and neuropathic pain
have been shown to activate a list of factors in key neuromodulatory regions in mammals,
like dorsal root ganglia, spinal cord neurons and neurons of the brain. We have analyzed
quantitatively and qualitatively the expression levels of the transcripts of a set of these genes
identified in previous studies in mammals that respond to noxius stimuli (c-fos, c-jun, vip,
pacaplb and bdnf) (Ru-Rong Ji and Strichartz 2004; Coggeshall, 2005). c-Jun and c-Fos are
members of the immediate-early gene family (Herdegen and Leah, 1998). These factors are
involved in a variety of cellular processes including proliferation and survival,
differentiation, growth, apoptosis, response to cell stress, cell migration and transformation
(Loebrich and Nedivi 2009; Pérez-Cadahia et al., 2011). VIP is a potent peptide having
many functions such as stimulating exocrine and endocrine secretion, moderating smooth
muscle relaxation, regulating circadian rhythms and neuro-modulation (Tse et al, 2002).
Nerve injury determines vip induction in dorsal root ganglia and dorsal horn of the spinal
cord in rat (Ma and Bisby, 1998). It has been found that vip is under a regulatory pathway
controlled by c-JUN, and neuropathic pain induction of c-jun results into a following
induction of vip in cultured sensory neurons and in dorsal root ganglia in rat (Mulderry and
Dobson, 1996; Son et al., 2007). PACAP belongs to the same super-family of neurotrophic
factor of VIP (the glucagon/secretin superfamily) and it has a wide range of functions as
neuromodulator, neurotrophin, smooth muscle relaxant (Dickinson and Fleetwood-Walker,
1999; Fradinger et al., 2003; Krueckl et al., 2003); PACAP also stimulates the growth
hormone release from the pituitary cells (Parker et al., 1997, Wong et al., 1998). In human
there are two biologically active PACAP forms, PACAP27 and PACAP38, where the
second one is a C-terminal extension of PACAP27 (Miyata et al., 1989; Miyata et al., 1990).
Both VIP and PACAP have an excitatory effect in spinal cord function (Dickinson and
Fleetwood-Walker, 1999). In fish, two pacap genes were identified and both have been
duplicated (Fradinger and Sherwood, 2000; Wang et al., 2003). BDNF is a neurotrophin
(brain-derived neurotrophic factor) that supports the survival of existing neurons and
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stimulates the differentiation and the growth of new neurons. Thus, all these factors respond
to several types of biological events including noxious stimuli, and in this last case they are
not simply markers for neuropathic pain and inflammation, instead they appear to be
actively involved in the modulation of these mechanisms.

The noxious ET assay causes axon degeneration and inflammation, but is probably also
inducing a variety of other effects in the zebrafish, including cell stress and apoptosis. Thus,
it is very difficult to determine unambiguously the effect that leads to the activation of the
genes we have studied. For instance, in our quantitative analysis the PMGs showed a rapid
response to the noxious heat, in particular c-fos and c-jun, with an up-regulation by 30" after
the stimulus. At later time points, their expression levels decreased to the control levels.
These quantitative data let us determine if and when the over-expression of these factors
occurs after the ET stimulus. However, they do not discriminate between the various cellular
and tissue processes induced by the assay and leading to PMG induction. To clarify this
point we conducted WISH to analyze the expression of PMGs. If generic stress status or
apoptosis were the source of PMGs expression we would expect to see their expression
diffused across many cellular types and tissues, in a timeline strictly correlated with the
gRT-PCR profile. Alternatively, if the axon degeneration and related inflammatory states
lead to PMGs expression, we would also expect up-regulation of PMGs in restricted areas of
the larvae, especially in sensory tissues. Indeed, WISH analysis brought additional and
relevant information to our study. In fact, we determined that PMGs are up-regulated in
sensory tissues of zebrafish larvae. Moreover, this specific expression is still persistent after
the peak of induction seen by gRT-PCR, meaning that the specific expression in
neurosensory tissues is temporally distinct from the bulk of generic gene induction.

Taken together, these results restrict the possible cellular/tissue responses that may lead to
PMG over expression, suggesting that the persistent activation of these factors in
neurosensory structures may be determined by degeneration of motor axons and skin
innervation and/or the resulting inflammatory state. In the future, it would be interesting to
study the effect of single neuron ablation on the expression in the spinal cord of c-fos and
pacaplb as well as determining cytokine levels and macrophage localization during the
same time window that we have studied. Moreover, these tests and the use of specific anti-
inflammatory drugs would help to better define the roles of inflammation and axon
degeneration in determining PMG up-regulation.

In our study, c-jun is particularly interesting. We think that the induction of c-jun expression
in the gut of zebrafish larvae could be indicative of painful conditions. There are at least
two, not mutually exclusive, explanations of how gut epithelia may be affected by our
noxious ET stimuli: first the 5dpf larvae we used are extremely tiny and heat could quickly
pass from the body surface into the interior of the zebrafish. Alternatively, the treatment
may have caused the forced ingestion of hot water and subsequent stimulation of the gut
epithelia. We think that the expression of c-jun in the gut could have neurosensory
relevance, because it precedes by about 2-3 hours the increase of vip and pacaplb mRNA
levels in putative enteric neurons, suggesting that c-Jun may control vip and pacaplb
expression in that tissue. This hierarchical genetic cascade has been shown in dorsal root
ganglia of rat models for neuropathic pain (Mulderry and Dobson, 1996; Son et al., 2007),
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suggesting that this mechanism may be conserved during the evolution from teleosts to
mammals. In addition, in Crohn’s disease and irritable bowel syndrome the number of VIP
positive neurons and VIP blood-levels, respectively, are increased. Further studies will be
necessary to finally demonstrate this genetic pathway in zebrafish gut and if our approach
could model such diseases in zebrafish.

In our assay we also found that pacaplb mRNA levels were increased in the spinal cord a
few hours after the onset of c-fos expression and in putative enteric neurons after c-jun
expression. The mammalian pacap promoter/enhancer region contains sequence motifs
homologous to cAMP response element (CRE), TPA response element, and growth

hormone factor-1 binding site (Yamamoto et al., 1998). Thus, pacap, as well as c-fos,
contains a CRE element. However, no cis-regulatory sequences for c-Jun and c-Fos have yet
been identified in the pacap promoter. Further studies on zebrafish pacaplb promoter-
enhancer elements would be very informative regarding the possible direct or indirect role of
c-Jun and c-Fos in controlling pacaplb expression in our assay.

Interestingly, we do not see induction of any of these factors in the dorsal root ganglia. This
could be due to the relative early developmental stage at which we conducted our assay,
reflecting an incomplete development of the dorsal root ganglions cell types (Raible et al.,
1992; An et al., 2002; McGraw et al., 2008). Alternatively, our noxious ET test may have
destroyed dorsal root ganglia neurons.

In conclusion, we have established a new assay of nociception in zebrafish larvae that
induces effects similar to post-burn neuropathic pain as seen in mammals. The temporally
restricted localization of some PMGs in sensory structures of the spinal cord strongly
suggests that their roles in neuropathic pain modulation may be conserved from zebrafish to
mammal. In addition, the over expression of c-jun, vip and pacaplb in putative enteric
neurons of the gut may be the result of an additional nociceptive mechanism that we have
stimulated with our treatment and which indicates a genetic hierarchy in this response. Thus,
we think that with this work we have provided evidence supporting the use of zebrafish
larvae to study cellular and genetic networks related to neuropathic and/or inflammatory
pain symptoms in mammals.
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Figure 1. Nerve degeneration in zebrafish, after ET stimulus
A, 5dpf nsftPl006Gt /+ [arvae 2 hours after being exposed to ET treatment (48°C) (right) and

control siblings (left). Arrows indicate nerves fragmentation. B, chart showing the
percentage of larvae presenting at least 4 degenerating motor nerves from 3 independent
experiments, ET stimulus 1-3. Control and larvae treated at 45°C show no defects. C,
FM1-43 labeling of lateral line hair cells of 5dpf nsfiP!006Gt /+ |arvae control before the
stimulus and experimental samples after the stimuli at 45°C or at 48°C. D, Average number
of neuromasts labeled with FM1-43 for ET treated and untreated larvae. Error bar represent

SEM. Size bar 40um.
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Figure 2. Quantitative analysis of c-fos and c-jun expression

A, quantification of c-fos and B, c-jun mRNA expression in 5dpf larvae after 30’, 2h, 4h, 6h
and 24h from the ET treatment. We used mRNA expression level of 5dpf untreated larvae to
normalize our data. n=9 per gene, data are expressed as mean £ SEM; Bonferroni post-test
gene expression at different time points comparisons: * = p<0.0001 between TO and T0.5;

**= p<0.0001 between T0.5 and T2, T4, T6, T24
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Figure 3. Quantitative analysis of bdnf, vip and pacaplb mRNAS expression
A, bdnf; B, vip; C, pacaplb in 5dpf larvae after 2h, 4h, 6h and 24h from the ET treatment.

We used mRNA level of 5dpf untreated larvae to normalize our data. n=9 per gene, data are
expressed as mean £ SEM; Bonferroni post-test gene expression at different time points
comparisons:* = p<0.0001 between TO and T4; **= p<0.0001 between T4 and T2, T6, T24
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Figure4. WISH analysis of c-fos
A, Expression a t 30’ after the ET treatment compared with the physiological c-fos

expression in 5dpf untreated larvae. Treated larvae present c-fos high expression at the level
of the spinal cord and brain (arrowheads). Size bar 100um. B, Chart indicates the percentage
of larvae showing expression of c-fos in the spinal cord of 5dpf larvae at 30’, 2h, 4h, 6h and
24h from the ET treatment. * p<0.001 (Fisher’s exact test).
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Figure 5. WISH analysis of c-jun
A, Expression at 30’ after the ET treatment, at the level of the gut (arrow) with

homogeneous coloration and in the neuromasts of the lateral line (arrowheads) compared
with the normal expression in the 5dpf untreated larvae. Size bar 100um. B, Chart indicates
the percentage of larvae showing expression of c-jun in the gut and neuromasts of 5dpf
larvae at 30, 2h, 4h, 6h and 24h from the ET treatment. * p<0.001; ** Is p<0.002 (Fisher’s
exact test).
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Figure 6. WISH analysis of vip

A, Expression at 4h after the stimulus in spots along the gut (arrows), that might be enteric
neurons compared with a 5dpf control larva. Size bar 100um. B, Chart indicates the
percentage of larvae showing expression of vip in the gut of 5dpf larvae at 2h, 4h, 6h and

24h from the ET treatment. * p<0.001; (Fisher’s exact test).
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Figure 7. WISH analysis of pacaplb
A, Expression at 4h after the stimulus, in the spinal cord (arrowheads), brain and in spots

along the gut(arrows), that might be enteric neurons, compared with 5dpf control. Size bar
100pm. B, Chart indicates the percentage of larvae showing expression of pacaplb in the
spinal cord and gut of 5dpf larvae at 2h, 4h, 6h and 24h from the ET treatment. * p<0.001;
*** |s p<0.01 (Fisher’s exact test).
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