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Modulation of nociceptive-like behavior in zebrafish (Danio 
rerio) by environmental stressors
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Abstract
Zebrafish have been demonstrated to react consistently to noxious chemical stimuli and present reliable phenotypes of stress, 
fear, and anxiety. In this article, we describe the modulation of nociceptive-like responses of zebrafish to fear-, stress-, and 
anxiety-eliciting situations. Animals were exposed to an alarm substance, confinement stress, or a novel environment before 
being injected with 1% acetic acid in the tail. The alarm substance and confinement stress reduced the display of erratic 
movements and tail-beating behavior elicited by acetic acid. The novelty of the environment, in contrast, increased the 
frequency of tail-beating behavior. The results suggest that descending modulatory control of nociception exists in zebrafish, 
with apparent fear- and stress-induced analgesia and anxiety-induced hyperalgesia. Keywords: nociception, defensive 
behavior, fear, anxiety, stress, zebrafish.
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Introduction

Nociception has been proposed to be a widespread 
function in vertebrates, with evidence of its existence in 
taxa as basal as teleost fish (Dunlop & Laming, 2005; 
Sneddon, Braithwaite, & Gentle, 2003b). Evidence shows 
that not only fish have peripheral nociceptors (Sneddon, 
Braithwaite, & Gentle, 2003a; Sneddon, 2003b; Sneddon 
& Gentle, 2002), but also present centrally mediated 
responses to nociceptive stimulation. These animals exhibit 
behavioral responses to peripheral nociceptive stimulation 
(Nordgreen et al., 2009; Prober et al., 2008; Reilly, Quinn, 
Cossins, & Sneddon, 2008a; Sneddon, 2003a, b), and these 
responses are processed centrally. For example, electrical 
(Dunlop & Laming, 2005; Nordgreen, Horsberg, Ranheim, 
& Chen, 2007) and gene-expression (Reilly, Quinn, 
Cossins, & Sneddon, 2008b) responses to nociceptive 
stimuli were recorded in the tectum and telencephalon of 
teleost fish. Zebrafish have peripheral and central opioid 
receptors, which are pharmacologically analogous to 
those found in vertebrates (Barrallo, Gonzalez-Sarmiento, 
Alvar, & Rodríguez, 2000; González-Nuñez, Barallo, 
Traynor, & Rodríguez, 2006; González-Nuñez, Gonzalez-
Sarmiento, & Rodríguez, 2003a, b, c; González-Nuñez 

& Rodriguez, 2009; Rodríguez Barrallo, Garcia-Malvar, 
McFayden, Gonzalez-Sarmiento, & Traynor, 2000), and a 
paleospinothalamic pathway (Becker, Wullimann, Becker, 
Bernhardt, & Schachner, 1997) that, in mammals, is thought 
to conduct nociceptive information to sensory and limbic 
areas of the central nervous system (Liu, 1986). In common 
carps (Cyprinus carpio, a closely related cyprinid), an 
acetic acid injection in the lips produced “rocking” behavior 
(Reilly et al., 2008a) and up- or downregulated the genes 
that code for kainate glutamatergic and cannabinoid CB1 
receptors and brain-derived neurotrophic factor (Reilly 
et al., 2008b). This evidence indicates the existence of 
ascending pathways that conduct nociceptive information 
to the brain of cyprinid fish.

The motivational component of nociception is 
thought to be bidirectional. Pain is a powerful motivator 
for recuperative behavior but is also inhibited by 
environmental stressors that trigger defensive behavior 
(Amit & Galina, 1986; Bolles & Fanselow, 1980). 
This latter phenomenon, usually termed stress-induced 
analgesia or fear-induced analgesia, is thought to be 
adaptive because the allocation of attentive resources 
to defensive strategies at the detriment of nociception 
increases the chances of successful antipredatory 
behavior (Amit & Galina, 1986; Bolles & Fanselow, 
1980). Thus, threatening situations increase the 
nociceptive threshold, enabling the animal to execute 
proper defensive behavior to remove itself from the 
threat. Stress-induced analgesia is mediated by many 
different neurochemical systems, including opioid, 
g-aminobutyric acid, glutamate, cannabinoid, serotonin, 
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and norepinephrine systems, and stress hormones 
(Butler & Finn, 2009). Each of these systems is highly 
conserved in the central nervous system of zebrafish 
(Alderman & Bernier, 2007; Ampatzis & Dermon, 2010; 
Ampatzis, Kentouri, & Dermon, 2008; Chandrasekar, 
Lauter, & Hauptmann, 2007; González-Nuñez & 
Rodriguez, 2009; Kim, Nam, Yoo, & Lee, 2004; 
Lam, Rastegar, & Strähle, 2006; Lillesaar, Stigloher, 
Tannhäuser, Wullimann, & Bally-Cuif, 2009). The 
degree of uncertainty of threat appears to modulate this 
response. In humans, experimental situations that are 
thought to involve fear (proximal threat) increase the 
nociceptive threshold, whereas situations that produce 
anxiety (potential threat) decrease it (Rhudy & Meagher, 
2000). Results in animal models are contradictory, 
with some studies showing no effect, hypoalgesia, or 
hyperalgesia after anxiogenic situations (Butler & Finn, 
2009). Fear and anxiety are now understood as different 
but interrelated processes, with fear representing the 
behavioral and neurovegetative responses to proximal 
threat, and anxiety representing the adjustments to a 
threat that is merely potential (Blanchard & Blanchard, 
2008). Fear and anxiety responses are organized at 
different levels in a putative rostro-caudal hierarchical 
circuitry for defense reactions (McNaughton & Corr, 
2004); therefore, we predict that direct exposure to 
threatening stimuli should induce high levels of fear and 
arousal and inhibit pain, whereas exposure to diffuse or 
potentially threatening stimuli (e.g., novelty) induce a 
state of anxiety and enhance pain (Rhudy & Meagher, 
2000). Aside from anxiety and fear, stressful stimuli 
that do not produce fear but induce neuroendocrine 
responses (e.g., restraint stress, social isolation, and 
forced swimming) can induce analgesia (Bodnar, 
Glusman, Brutus, Spiaggia, & Kelly, 1979; Bodnar, 
Kelly, Spiaggia, Ehrenberg, & Glusman, 1978; Bodnar, 
Merrigan, & Sperber, 1983; Costa, Smeraldi, Tassorelli, 
Greco, & Nappi, 2005; Puglisi-Allegra & Oliverio, 
1983), an effect that is mediated by hypothalamic-
pituitary-adrenal axis hormones (Butler & Finn, 2009).

In fish, the only extant work that has studied the role 
of defensive behavior in the modulation of nociception is 
that of Sneddon and colleagues regarding the novel object 
test (Sneddon et al., 2003b). The presentation of a novel 
object in the tank produces signs of neophobia, including 
avoidance of the novel object and increased respiratory 
frequency. The frequency of rubbing behaviors, but not 
rocking, after acid injection to the lips of rainbow trout 
decreased after presentation of a novel object (Sneddon et 
al., 2003b). No effect was observed when the animals were 
habituated to the object. However, the results are difficult 
to interpret because acid-injected animals spent more time 
closer to the novel object than controls, suggesting that 
these animals were not avoiding it. Although the authors 
argue that this was attributable to noxious stimulation 
“drawing” more attention than fear, some evidence 

indicates that fear is not the only motivation in novel 
object exploration (Powell, Geyer, Gallagher, & Paulus, 
2004). Indeed, fish from the control group showed a 
biphasic temporal distribution of novel object avoidance, 
suggesting approach-avoidance conflict.

The novel object test may not be the best approach 
to elicit fear in fish, but an alarm substance released after 
damage to epidermal club cells of conspecifics is capable 
of doing so in Ostariophysi (Pfeiffer, 1977; von Frisch, 
1938, 1941). In that regard, alarm substance-induced 
reactions, such as increased bottom-dwelling, erratic 
swimming, and freezing, closely parallel those produced 
by visual contacts with predators or predator models in 
zebrafish (Gerlai, 2010). This species is a well-established 
laboratory model whose genome is almost completely 
mapped and that shows robust behavioral phenotypes of 
fear, anxiety, and stress (Barcellos et al., 2007; Mathur & 
Guo, 2010; Maximino et al., 2010; Norton & Bally-Cuif, 
2010). It also shows marked nociceptive-like responses 
to chemical noxious irritants (Prober et al., 2008; Reilly 
et al., 2008a) and a relatively well-conserved opioidergic 
system (Barrallo et al., 2000; González-Nuñez et al., 
2006; González-Nuñez et al., 2003a, b, c; González-
Nuñez, & Rodriguez, 2009; Rodríguez et al., 2000). 
This species, therefore, is ideal for the study of the 
modulation of nociception by fear- and anxiety-eliciting 
environmental stressors in teleost fish. In this work, we 
analyzed the effects of alarm substance-induced fear, 
novelty-induced anxiety, and confinement stress in the 
nociceptive responses of zebrafish to acetic acid.

Methods

Animals and housing
One hundred thirty-two adult wildtype zebrafish 

(shortfin phenotype) were kept in collective 40 liter 
tanks (n = 20 fish per tank) for 2 weeks before the 
experiments began. The water was reconstituted and 
buffered to pH 7.0 (Mydor Target 7.0 buffer), and the 
tanks had constant filtering, temperature control (27 ± 
2ºC), illumination (14 h/10 h, lights on at 7:00 AM), and 
feeding (Oscar Gold pellet ration). The animals were 
used only in the present experiment. Rearing and welfare 
conditions were in accordance with the standards set by 
ASAB/ABS (2006) and Colégio de Experimentação 
Animal – COBEA/Brazil (Andersen et al., 2008) and 
were approved by UFPA’s Ethics Committee.

Experiment 1: Effects of alarm substance exposure on 
nociceptive-like responses in zebrafish	

Two groups of animals (n = 16 per group) were 
transported daily to the observation apparatus (10 cm 
length x 10 cm width x 20 cm height Plexiglas tank 
containing water from the home tank) and left there, 
individually, to explore the tank for 10 min. Afterward, 
they were returned to their home tank. On the sixth day, 
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16 animals were transferred to a 2 liter beaker containing 
3.5 ml/l skin extract (alarm substance) made as proposed 
by Waldman (1982). Briefly, excess water was removed 
from the skin of the donor zebrafish with a paper towel. 
The animal was then quickly sacrificed by immersion in 
a lethal dose of MS 222. Fifteen shallow cuts were made 
on each side of the trunk of 10 donor fish, and the cuts 
were washed with Milli-Q water. Care was taken not 
to contaminate the solution with blood. A total of 100 
ml of alarm substance solution was collected, and the 
aliquots were diluted to a 50% concentration. A second 
group of animals (n = 16) was also transferred to a 2 liter 
beaker that did not contain alarm substance.

After 5 min exposure to either regular water or alarm 
substance-spiked water, these animals were removed 
from the exposure beaker and quickly injected with either 
5 ml of Cortland’s salt solution (Perry, Davie, Daxboeck, 
Ellis, & Smith, 1984; 124.1 mM NaCl, 5.1 mM KCl, 2.9 
Na2HPO4, 1.9 mM MgSO4·7H2O, 1.4 mM CaCl2·2H2O, 
11.9 mM NaHCO3, and 1,000 USP units of heparin) or 
Cortland’s solution with 1% acetic acid in the tail in a 
region near the adipose fin. The final composition of the 
groups (n = 8 per group) was the following: (i) pure water 
+ Cortland’s, (ii) pure water + acetic acid, (iii) alarm 
substance + Cortland’s, and (iv) alarm substance + acetic 
acid. Immediately after the injection, the animals were 
transferred to the observation tank, and their behavior 
was video recorded for 10 min. Digitized video files were 
then analyzed, and four categories were scored: bottom-
dwelling (percentage of session time spent in the bottom 
third of the tank), erratic swimming (percentage of session 
time spent swimming in a “zig-zag,” unpredictable 
pattern), freezing (percentage of session time spent 
immobile, with the exception of eye and gill movements), 
and tail-beating (the number of tail-beat movements 
that did not lead to propulsion in the water). Data were 
analyzed using one-way analysis of variance (ANOVA) 
for each behavioral category, followed by Dunnett’s post 
hoc test when appropriate.

Experiment 2: Effects of confinement stress on 
nociceptive-like responses in zebrafish

Two groups of animals (n = 20 per group) were 
transferred daily to the observation apparatus (10 cm length 
x 10 cm width x 20 cm height Plexiglas tank containing 
water from the home tank) and left there, individually, to 
explore the tank for 10 min. Afterward, they were returned 
to their home tank. On the sixth day, 16 animals were 
transferred to the observation apparatus and displaced 
to a small side of the aquarium by means of an opaque 
partition, restricting the individual to 8% of the aquarium 
water volume for 30 min (adapted from Auperin, Baroiller, 
Ricordel, Fostler, & Prunet, 1997). Stressor efficacy was 
confirmed by observing increases in ventilatory frequency 
(data not shown). A second group of animals (n = 16) was 
not subjected to confinement stress.

Afterward, the animals were removed from the 
tank and injected with either Cortland saline solution 
or Cortland’s solution with 1% acetic acid, similar to 
Experiment 1. The final composition of the groups in 
Experiment 2 was the following: (i) no confinement + 
Cortland’s, (ii) no confinement + acid, (iii) confinement 
+ Cortland’s, and (iv) confinement + acid. The same 
behavioral categories as in Experiment 1 were analyzed.

Experiment 3: Effect of apparatus novelty on 
nociceptive-like responses in zebrafish

For this experiment, one group of animals (n = 16) 
was transferred daily to the observation apparatus (10 
cm length x 10 cm width x 20 cm height Plexiglas tank 
containing water from the home tank) and left there, 
individually, to explore the tank for 10 min. Afterward, 
they were returned to their home tank. On the sixth day, 
this group, as well as a second group of animals that was 
not previously exposed to the apparatus, was injected 
with either Cortland saline solution or Cortland’s 
solution with 1% acetic acid, similar to Experiment 
1. The final composition of the groups in Experiment 
3 was the following: (i) habituation + Cortland’s, (ii) 
habituation + acid, (iii) no habituation + Cortland’s, 
and (iv) no habituation + acid. The same behavioral 
categories as in Experiment 1 were analyzed.

Results

Exposure to alarm substance induces hypoalgesia in 
zebrafish

The alarm substance increased bottom-dwelling 
(F1,33 = 25.87, p < .0001), erratic movements (F1,33 = 
38.93, p = .0299), and freezing (F1,33 = 34.56, p < .0001) 
compared with non-exposed animals in the control 
situation (i.e., animals injected with Cortland’s solution; 
Bonferroni post hoc test: t ≥ 2.698, p < .05; Figure 1A-
C). The injection of acetic acid did not produce changes 
in bottom-dwelling or freezing in any of the conditions 
(F1,33 < 4.139 , p > .05; Figure 1A, C), but it increased 
erratic swimming (F1,33 = 16.91, p = .002) and tail-beating 
(F1,33 = 25.87, p < .0001), a behavior that did not appear 
in the conditions without acid injection. Pre-exposure to 
the alarm substance, in contrast, reduced the levels of 
these measures to near control values (Bonferroni post 
hoc test: t = 7.511, p < .001, for tail-beating; t = 6.282, p 
< .001, for erratic swimming; Figure 1B, D).

Confinement stress induces hypoalgesia in zebrafish
Confinement stress increased bottom-dwelling 

(F1,36 = 21.16, p < .0001) and freezing (F1,36 = 182.3, 
p < .0001) compared with non-confined, Cortland’s-
injected control animals (Bonferroni post hoc test: t ≥ 
5.091, p < .001; Figure 2A, C). Freezing also increased 
in acid-injected animals after confinement (Bonferroni 
post hoc test: t = 4.351, p < .001). Confining the animals 
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Figure 1. Effects of pre-exposure to the alarm substance (black bars) or pure water (gray bars) on (A) bottom-dwelling, (B) 
erratic swimming, (C) freezing, and (D) tail-beating in acetic acid- or Cortland solution-injected zebrafish. *p < .05, ***p < .001.

Figure 2. Effects of confinement stress (black bars) and no confinement (gray bars) on (A) bottom-dwelling, (B) erratic 
swimming, (C) freezing, and (D) tail-beating in acetic acid- or Cortland solution-injected zebrafish. **p < .01, ***p < .001.
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for 30 min prevented the increase in erratic swimming 
and tail-beating that was observed with injection of 
acetic acid in non-stressed animals (erratic swimming: 
F1,36 = 11.46, p = .0017, Figure 2B; tail-beating: F1,36 = 
72.2, p < .0001, Figure 2D). Again, tail beating did not 
appear in the conditions without acid injection.

Environmental novelty induces hyperalgesia in zebrafish
Prior habituation to the test tank decreased 

bottom-dwelling (F1,36 = 20.75, p < .0001; Figure 3A) 
and freezing (F1,36 = 28.56, p < .0001; Figure 3C) in 
Cortland’s-injected animals and acid-injected animals 
(Bonferroni post hoc test: t = 3.068, p < .01; Figure 3A). 

Figure 3. Effects of habituation (black bars) or no habituation (gray bars) on (A) bottom-dwelling, (B) erratic swimming, (C) 
freezing, and (D) tail-beating in acetic acid- or Cortland solution-injected zebrafish. **p < .01, ***p < .001.

Habituation decreased tail-beating behavior (F1,36 = 
51.2, p < .0001; Figure 3D). No difference was observed 
in the other measures (F1,36 < 4.113, p > .05; Figure 3A-
C). Again, tail beating did not appear in the conditions 
without acid injection.

Discussion

The present work reported the behavioral 
consequences of injecting a chemical irritant, acetic 
acid, in the tail of zebrafish and its modulation after 
exposure to different environmental stressors. Acetic 
acid injection selectively increased the amount of erratic 
swimming and produced a very specific display of tail-
beating behavior, without affecting bottom-dwelling 
and freezing (i.e., two behavioral reactions to aversive 
stimulation observed in zebrafish in response to novelty 
or fear-eliciting stimuli; Gerlai, 2010; Maximino et al., 
2010). Pre-exposure to the alarm substance increased 
freezing, bottom-dwelling, and erratic movement 
in animals that were not injected with acetic acid, 

consistent with the elicitation of fear (Gerlai, 2010; 
Maximino et al., 2010). In animals that were injected 
with acetic acid, pre-exposure to the alarm substance 
prevented the increase in erratic swimming and tail-
beating, suggesting an antinociceptive effect of fear.

Confinement stress increased bottom-dwelling 
and freezing in Cortland’s-injected animals, consistent 
with the behavioral responses to stress observed in 
other teleost fish (Øverli, Sorensen, & Nilsson, 2006; 
Pottinger, & Carrick, 2001; van Raaij, Pit, Balm, 
Steffens, & van den Thillart, 1996; Verbeek, Iwamoto, 
& Murakami, 2008). These results confirm that the 
confinement protocol produced stress in zebrafish. 
Moreover, confinement stress prevented the increase 
in erratic swimming and tail-beating in acid-injected 
animals, suggesting that acute stress also produces an 
antinociceptive effect.

Habituation to the test tank decreased bottom-
dwelling and freezing, suggesting that the novelty of 
the environment is anxiogenic to zebrafish (Egan et al., 
2009; Wong et al., 2010). Tail-beating frequency was 



diminished in habituated animals that were injected with 
acetic acid. This reduction in tail-beating by previous 
habituation suggests that novelty (and therefore anxiety) 
has pro-nociceptive effects in zebrafish.

These results suggest the existence of adaptive 
mechanisms in zebrafish that inhibit nociception in 
situations of threat and release it in situations of novelty 
or expectancy. These results are consistent with Walters’ 
(1994) general adaptive model of injury-related behavior, 
in which proximate and distal threatening situations signal 
a high probability of injury, which elicits a fear state that 
inhibits pain. When the probability of injury is low, however, 
animals should display increased anxiety and increased pain. 
These results are not better explained by attentional models 
of pain (Arntz, Dreessen, & de Jong, 1994; Janssen & 
Arntz, 1996; Malow, 1981; McCaul & Malott, 1984). These 
interpretations suggest (perhaps correctly) that fear draws 
attention away from nociceptive stimuli, but anxiety should 
also divert attention from pain processing. If novelty is “less 
salient” than noxious stimuli (as Sneddon et al., 2003b, 
proposed), however, then habituation to the test tank should 
not change the measures of nociceptive-like behavior. 
Therefore, the best explanation for the current data is that 
fear, stress, and anxiety, and not attentional biases, produced 
effects on analgesia.

The neural mechanisms of fear-induced analgesia 
are rather well-described. A network that includes the 
ventrolateral periaqueductal gray area, hippocampus, 
amygdala, and hypothalamus converges to rostroventral 
medullary (RVM) cells (mainly the medial nucleus 
raphe magnus), which in turn modulate spinal 
nociceptive processing (Gebhart, 1986; Hammond, 
1986). Low-intensity electrical stimulation of these 
RVM cells decreases nociception and spinal nociceptive 
transmission in rats, whereas high-intensity stimulation 
increases both measures. A similar effect is observed 
with microinjection of low and high concentrations of 
glutamate or neurotensin in the RVM (Gebhart, 2004). 
This may be the neural substrate for the modulation of 
nociception by fear and anxiety observed elsewhere and 
in the present work.

Overall, this preliminary study provides good 
evidence of the descending modulation of nociception 
in zebrafish and opens new avenues for further 
investigations that relate these effects to their neural, 
genetic, and developmental underpinnings.
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