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A B S T R A C T

The ability to detect noxious stimuli is essential to survival. However, pathological pain is maladaptive and
severely debilitating. Endogenous and exogenous opioids modulate pain responses via opioid receptors, reducing
pain sensibility. Due to the high genetic and physiological similarities to rodents and humans, the zebrafish is a
valuable tool to assess pain responses and the underlying mechanisms involved in nociception. Although mor-
phine attenuates pain-like responses of zebrafish, there are no data showing if the antagonism of opioid receptors
prolongs pain duration in the absence of an exogenous opioid. Here, we investigated whether a common opioid
antagonist naloxone affects the abdominal constriction writhing-like response, recently characterized as a
zebrafish-based pain behavior. Animals were injected intraperitoneally with acetic acid (5.0%), naloxone
(1.25mg/kg; 2.5mg/kg; 5.0 mg/kg) or acetic acid with naloxone to investigate the changes in their body cur-
vature for 1 h. Acetic acid elicited a robust pain-like response in zebrafish, as assessed by aberrant abdominal
body curvature, while no effects were observed following PBS injection. Although naloxone alone did not alter
the frequency and duration of this behavior, it dose-dependently prolonged acetic acid-induced abdominal
curvature response. Besides reinforcing the use of the abdominal writhing-like phenotype as a behavioral
endpoint to measure acute pain responses in zebrafish models, our novel data suggest a putative role of en-
dogenous opioids in modulating the recovery from pain stimulation in zebrafish.

1. Introduction

Pain is a serious health problem that affects 20% of adult population
worldwide [18]. Thus, understanding the basic physiological mechan-
isms underlying pain is a cornerstone for developing new therapeutic
strategies [18]. Pain is frequently comorbid with other disorders, in-
cluding depression [2–4], anxiety [13,30], and other neuropsychiatric
conditions [17]. Acute pain plays an adaptive role, eliciting fast phy-
siological and behavioral response against tissue damage
[23,24,28,39].

Pain activates synaptic terminals located on peripheral fibers, car-
rying the information to the brain which triggers descending pathways
of pain [7,15,33,40]. Collectively, these biochemical events also release

endogenous opioid peptides (β-endorphins, enkephalins, and dynor-
phins), evoking adaptive analgesic effects in vertebrates [11,40]. As
important regulators of nociception, these peptides are of great interest
in drug addiction research [14,29], including functional studies of a key
role of opioid system in modulating pain-like responses in novel ex-
perimental models, such as fish [5,13,14,31].

The zebrafish (Danio rerio) is a promising alternative model or-
ganism in translational pain research [10,22]. This species possess the
classic μ (ZfMOP), δ (ZfDOP1 and ZfDOP2), and κ (ZfKOP) opioid re-
ceptors, as well as agonist opioid peptide precursors with high simi-
larity to their human orthologs [1,5,6,13,22,29]. Mounting evidence
shows that fish are sentient species and discriminate pain caused by
different stimuli [10,12,32]. For example, the abdominal constriction
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writhing-like behavior following acetic acid intraperitoneal (i.p.) in-
jection has been recently described in adult zebrafish [10]. Because this
phenotype is pharmacologically sensitive to classical analgesics (e.g.,
morphine and diclofenac) this model shows a high degree of predictive
validity to assess pain-like responses in zebrafish [10,37]. Although
naloxone (a non-selective opioid antagonist) antagonizes morphine-
induced analgesia [10,12], there is no evidence suggesting a putative
role of endogenous opioid system in modulating pain-like behaviors in
zebrafish so far. To further test this hypothesis, the goal of this study
was to investigate whether naloxone can dose-dependently prolong the
recovery of abdominal constriction writhing-like responses following
acetic acid i.p. injection in zebrafish.

2. Materials and methods

2.1. Animals

Wild-type adult zebrafish (Danio rerio) (∼50:50 male:female ratio,
4–6 months-old, weighing 0.25–0.3 g, short-fin phenotype) were ob-
tained from a local commercial supplier (Hobby Aquários, RS, Brazil)
and kept for two weeks in a 50-L thermostatic aquarium filled with
aerated non-chlorinated water at 27±1 °C, pH 7.0–7.2. Fluorescent
ceiling-mounted light tubes provided room illumination on a 14/10
light/dark photoperiod cycle (lights on at 7:00 am and off at 9:00 pm).
Animals were fed thrice daily with commercial flake food (Alcon
BASIC™, Alcon, Brazil). All protocols were approved by the Ethic
Commission on Animal Use of The Federal University of Santa Maria
(Protocol 5438310817) and animal experimentation fully adhered the
National Institute of Health Guide for Care and Use of Laboratory.

2.2. Drugs

Acetic acid (99%), naloxone methiodide, and phosphate buffered
saline (PBS) were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.3. Experimental protocol

All behavioral tests were performed between 09:00 am and 4:00 pm.
Experiments were performed using acetic acid (5.0%, i.p.) to induce
pain responses, and PBS as vehicle [10]. Injections were performed with
a BD Ultra-fine™ 30U syringe (needle size 6mm×0.25mm) at a vo-
lume of 10 μL. First, animals were anesthetized in cold water [25] and
injected i.p. with PBS (control), acetic acid alone, naloxone alone, or
acetic acid plus naloxone at three doses (1.25, 2.5, and 5.0mg/kg). The
doses of naloxone used here were chosen based on previous reports
[10,37]. After injection, animals were individually transferred to ob-
servation tanks (15×13×10 cm, length× height×width) with a
10 cm water column height, and their behaviors were recorded for 1 h
using a digital camera (Nikon Coolpix P900, Tokyo, Japan). Animals
were further anesthetized in cold water (4 °C) and then euthanized by
decapitation. Because no sex differences are observed in fish behavior
following acetic acid i.p. administration [10], both male and female
zebrafish were separated from their home tanks and divided randomly
for each cohort by a computerized random number generator (www.
random.org).

The abdominal constriction writhing-like phenotype was used as a
behavioral endpoint to measure pain-like responses, as described else-
where [10]. Briefly, frontal photos were taken every 30 s and later
analyzed using ImageJ 1.45 for Windows. We selected three positions: a
frontal (in the front of head), a central (middle of the animal body –
between anal and dorsal fins) and posterior (at the dorsal fin) to esti-
mate the fish body curvature. Results were subtracted from 180° and
multiplied by (-1) to estimate the body curvature index. Temporal
variations in the body curvature index were measured by two trained
observers blinded to the experimental condition (inter-rater reliability
>0.90). Fig. 1 outlines the experimental design of the present study.

2.4. Statistics

Data normality and homogeneity of variances were analyzed by
Kolmogorov–Smirnov and Bartlett’s tests, respectively. Changes in the
body curvature index were analyzed by unpaired Student’s t-test and
latencies to recover pain-like behavior were analyzed using one-way
analysis of variance (ANOVA) (treatment as factor). Temporal varia-
tions in the behavior were analyzed using repeated measures ANOVA
(treatment as factor and time as repeated measure). Post hoc compar-
isons were made using Tukey’s test when necessary. Results were ex-
pressed as means± standard error of the mean (S.E.M.), and statistical
significance was set at p ≤ 0.05.

3. Results

To assess whether the antagonism of opioid receptors prolongs the
abdominal constriction writhing-like response in a dose-dependent
manner, animals were injected with a single concentration of acetic
acid (5.0%) in the presence or absence naloxone (1.25, 2.5 and 5.0mg/
kg). Fig. 2 shows the temporal effects of naloxone and acetic acid on the
body curvature index for 1 h. Repeated measures ANOVA yielded sig-
nificant effects of treatment x time interaction (F(595, 2856)= 21.97,
p< 0.0001), time (F(119, 2856)= 92.24, p< 0.0001), and treatment
(F(5, 24)= 1375, p<0.0001). Acetic acid induced a robust abdominal
constriction writhing-like behavior, with maximal response observed
120 s after the injection. The area under curve (AUC) analyses showed
that naloxone alone (5.0 mg/kg, i.p.) did not modify the abdominal
curvature compared to the PBS group (t(df = 8)= 1.03, p=0.3333)
(Fig. 3). Similarly, both lower doses of naloxone alone (1.25 and
2.5 mg/kg) did not alter the body curvature index (data not shown).
However, fish cotreated with naloxone (1.25, 2.5, and 5.0mg/kg) and
5.0% acetic acid showed longer latency to return to the baseline normal
curvature than fish injected with acetic acid alone (F(3,16)= 1577, p<
0.0001) (Fig. 4).

4. Discussion

The present study examined whether the non-selective blockade of
opioid receptors modulates selected pain-like responses in zebrafish
injected with acetic acid. Our novel findings show that naloxone
markedly prolongs the recovery of abdominal constriction writhing-like
behavior, suggesting that the activation of opioid receptors by en-
dogenous ligands may play a role in adaptive antinociception in zeb-
rafish.

Zebrafish are responsive to acetic acid administration, which acti-
vates acid-sensing ion channels (zASIC) [26] and elicits pain-like re-
sponses [9]. While morphine induces analgesia in the acetic acid model
described here, the co-administration of naloxone blocked such effect,
supporting the involvement of opioid system in zebrafish antinocicep-
tion [10,37]. Likewise, both zebrafish μ-opioid receptor and peptide
precursors share a high molecular homology with their respective
human counterparts [21,27].

Interestingly, naloxone alone (0.5–5mg/L) elicits anxiogenic-like
effects in adult zebrafish by reducing the time spent in top area of the
novel tank and increasing the number of erratic movements [35]. Like
rodents [16,34], zebrafish display robust behavioral responses to
morphine and naloxone, which modulate rewarding properties and the
development of withdrawal-like symptoms [8]. For example, naloxone
precipitates withdrawal-like syndrome in zebrafish, implicating the
opioidergic system in such response [34]. Here, in line with these
findings, we showed that naloxone (1.25–5.0mg/kg) dose-dependently
prolonged pain-like responses in adult zebrafish induced by acetic acid.

Notably, the opioid peptide precursors reported in zebrafish include
two proenkephalin genes (PENKa and PENKb), two proopiomelano-
cortin genes (POMCa and POMCb), one prodynorphin gene (PDYN),
and one pronociceptin gene (PNOC). PENKa codes four Met-ENKs (ME),
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one Met-enkephalin-Ile (MEI), and one Met-enkephalin-Asp (MED)
[21,22,36]. PENKb codes four Met-enkephalins (ME) one Leu-en-
kephalin (LE), and one Met-enkephalin-Gly-Tyr (MEGY) [19]. POMCa
codes for adenocorticotropin (ACTH), γ-lipotropin (γ-LPH), β-melano-
tropin (β-MSH) and β-endorphin (β-END), while POMCb codes for only
α-MSH and β-END [20]. Interestingly, naloxone shows a highest affinity
toward zebrafish μ-opioid receptor (followed by β-END=mor-
phine>MEGY>ME>LE) and this species also has some duplicated
genes of opioid peptide precursors [22,29]. Thus, it is difficult to
compare results across species, as well as establish a specific mechanism
of action, since possible differences in binding affinities may also exist.
Although we cannot rule out the involvement of endogenous opioids in
the results described here, the activation of opioid receptors play a role
in the recovery of abdominal constriction writhing-like behavior fol-
lowing acetic acid i.p. injection because naloxone, a potent opioid re-
ceptor antagonist, prolongs this response. Nevertheless, further studies
are needed to probe the pharmacological properties of zebrafish opioid
receptors and ligands in both pain- and pain-unrelated neurobehavioral
models.

In conclusion, zebrafish treated with naloxone show delayed re-
covery of abdominal constriction writhing-like behaviors evoked by
acetic acid i.p. administration. Although the involvement of human
endogenous opioid system in pain-responses has long been known
[14,33,38], the putative similar role for fish endogenous opioids in the
recovery of pain-like phenotypes is novel, and merits further scrutiny.
The present study may also have several additional implications. For

Fig. 1. A brief summary of the experimental protocol. Pain-like
responses were measured following vehicle (PBS), acetic acid
(AA), naloxone, and AA plus naloxone intraperitoneal (i.p.) in-
jections. Behaviors were analyzed for 1 h after treatments for
three body points (frontal, central and posterior, denoted by
yellow dots) used to estimate the angular body curvature.

Fig. 2. Naloxone delays the recovery of abdominal constriction
writhing-like phenotypes in adult zebrafish evoked by 5.0% acetic
acid (AA) i.p. injection. Changes in the body curvature index
(assessed as area under the curve, AUC) in vehicle (PBS), AA,
naloxone (NAL), and AA+NAL groups are presented across time
for the entire duration of 1-h testing. Data are expressed as
means± S.E.M. (n=5 per group) and analyzed by repeated
measured ANOVA followed by Tukey’s test, considering p<0.05
as significant.

Fig. 3. Intraperitoneal naloxone injection does not change the body curvature
index following vehicle (PBS) and naloxone (NAL) i.p. injection. Area under the
curve (AUC) values were calculated and expressed as arbitrary units. Data are
expressed as means± S.E.M. and analyzed by unpaired Student’s t test (n=5
per group).
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example, despite some species differences in the opioidergic system
between zebrafish and humans [5,13], such similarity in recovery
phenotypes may support a higher (than previously recognized) degree
of evolutionarily conserved pain biology and pathobiology across taxa.
Suggesting the putative role of endogenous opioids in modulating the
recovery from pain stimulation in adult zebrafish, these findings also
corroborate the use of the abdominal writhing-like profiling as a new
promising assay for further nociceptive and anti-nociceptive drug
screening in this aquatic species. Finally, although the present study
focused on adult specimens, the possibility of developing similar pain
models for larval fish may also be critical.
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