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Abstract
Acute and chronic pain conditions are often debilitating, inflicting severe physiological, emo-

tional and economic costs and affect a large percentage of the global population. However,

the development of therapeutic analgesic agents based primarily on targeted drug develop-

ment has been largely ineffective. An alternative approach to analgesic development would

be to develop low cost, high throughput, untargeted animal based behavioral screens that

model complex nociceptive behaviors in which to screen for analgesic compounds. Here

we describe the development of a behavioral based assay in zebrafish larvae that is effec-

tive in identifying small molecule compounds with analgesic properties. In a place aversion

assay, which likely utilizes supraspinal neuronal circuitry, individually arrayed zebrafish lar-

vae show temperature-dependent aversion to increasing and decreasing temperatures de-

viating from rearing temperature. Modeling thermal hyperalgesia, the addition of the

noxious inflammatory compound and TRPA1 agonist allyl isothiocyanate sensitized heat

aversion and reversed cool aversion leading larvae to avoid rearing temperature in favor of

otherwise acutely aversive cooler temperatures. We show that small molecules with known

analgesic properties are able to inhibit acute and/or sensitized temperature aversion.

Introduction
The ability to sense pain is normally advantageous, motivating animals to withdraw from inju-
rious stimuli, to protect damaged tissue allowing it to heal, and to avoid dangerous environ-
ments in the future. However, acute and chronic pain affects hundreds of millions of people
and imposes a severe emotional and economic burden on both individuals and society as a
whole. Pain is a major symptom in many illnesses, and can also be particularly debilitating
when it becomes disassociated from injury or illness, entering a chronic phase in which pain it-
self becomes the disease [1]. Despite massive investment in the past half century, there has
been limited success in the development of novel analgesic compounds. The dominant
drug development model follows a preclinical path in which a selected target is subjugated
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to high-throughput in vitro screens, the generation of lead compounds, and testing in disease
model systems for safety and efficacy assessments. While this approach can be successful, it
often leads to failure due to poor target selection, the inability to model complex behaviors
using in vitro testing and/or ineffectiveness and unforeseen side effects in animal model testing
[2]. In fact many current drugs such as NSAIDS, gabapentin and ketamine were identified due
to their analgesic properties prior to the identification of their targets. While may not be possi-
ble to measure pain due to its complexity in animal model systems, measurement of nocicep-
tion, the behavioral response to noxious stimuli, is routinely used to measure the efficacy of
potentially analgesic compounds [3, 4]. It could therefore be advantageous to develop high-
throughput phenotypic assays to model complex nociceptive behaviors in which one could
screen for novel analgesics in an unbiased manner. While much work has been performed
using rodents to model nociceptive behavior, screening for small molecule analgesics using
these models is neither practical nor feasible due to the high cost, time and manpower neces-
sary to conduct such a screen.

Zebrafish have a number of attributes that lend themselves to inquiries into the biology of
nociception. They can be generated in large numbers, have relatively low maintenance costs,
develop very quickly such that embryos/larvae have an intact nervous system that allows them
to perceive and respond robustly to sensory stimuli and they have been successfully utilized in
a number of behavioral screens [5–11]. More importantly, a growing body of evidence suggests
that the development and organization of both peripheral and central nociceptive processing
systems is similar between teleost fish such as the zebrafish and other vertebrates such as mam-
mals even at early larval stages [12–14].

Here we report the development of a novel behavioral assay to model acute and sensitized
temperature aversion with large numbers of zebrafish larvae. Furthermore, we show that these
assays can be used to screen for small molecule analgesics, by showing that previously de-
scribed analgesics with different pharmacological properties are able to suppress noxious
avoidance behavior.

Materials and Methods

Zebrafish
Zebrafish were maintained at 28.5°C on a 14 h/10 h light/dark cycle following established
methods and all experiments were conducted with the approval of the University of Washing-
ton Office of Animal Welfare Institutional Animal Care and Use Committee. Larvae were
maintained in an E2 medium (EM) and staged as described previously (Kimmel et al., 1995).
All experiments utilized 30–90 larvae per assay, at stages before sex could be determined.

Drug Preparation
Clonidine hydrochloride (C7897; Sigma), Amitriptyline hydrochloride (A8404; Sigma),
HC-30031 (TRPA1 antagonist; H4415; Sigma), Gabapentin (G154; Sigma), A-803467 (Nav1.8
blocker; 2976; Tocris), TC-N1752 (Nav1.7 blocker; 4435; Tocris), Atenolol (A7655; Sigma),
Ibuprofen (I4883;Sigma), Naloxone (0599; R&D Systems) Atenolol (A7655; Sigma), Lamotri-
gine (L3791; Sigma), Enalipril (CDS020548; Aldrich), Ethyl 3-aminobenzoate methanesulfo-
nate (Tricaine; E10521; Sigma), Omeprazole (O104; Sigma), Promethazine hydrochloride
(P4651: Sigma), Diphenhydramine hydrochloride (D3630; Sigma), and Pancuronium bromide
(P1918; Sigma) were dissolved in DMSO to a 1000x concentration. Buprenorphine hydrochlo-
ride (12496–0757; Reckitt Benckiser Pharmaceuticals) was obtained as a 3mg/mL injection so-
lution from UWMedicine Drug Services. Candidate analgesics were further diluted in a
solution of EM and 2% DMSO for the behavioral assay.

Modeling Nociception in Zebrafish

PLOS ONE | DOI:10.1371/journal.pone.0116766 January 14, 2015 2 / 18



Temperature Aversion Assay
The Temperature Aversion apparatus consists of three elements: a dual solid-state heat/cool
plate (AHP-1200°CP; Teca); a Canon high-definition digital video camcorder; and custom-
made choice testing arenas. Oval shaped arenas were machined out of 3mm thick silicone rub-
ber to final dimensions of 20mm by 8mm. Arenas were bonded to 0.05mm thick aluminum
shim (40002; ShopAid) with a waterproof adhesive (00688; DAP).

Randomly selected five days post-fertilization (5dpf) zebrafish embryos were caught with a
cut 200uL pipette tip and placed in 0.1ml EM in the previously described arenas. The arenas
were then loaded with 0.1ml of candidate analgesic in 2% DMSO or a 2% DMSO vehicle con-
trol to achieve a final concentration of 1% DMSO and the reported concentration of analgesic.
Embryos were then incubated at 28.5°C for 10 minutes. After incubation, the choice testing
arenas were transported to the dual-sided heat/cool plate. One side of the heat/cool plate was
maintained at a constant 28.5, while the temperature of the other side was adjusted according
to the experiment. The choice testing arenas were centered on the heat/cool plate boundary
such that each arena was half way on each side. Each trial consisted of 4 minutes of video re-
corded from a fixed position above the hot/cold plate.

Sensitized Temperature Aversion Assay
The sensitized pain assay was carried out in a similar manner to the choice test assay. However
embryos were caught in 50mL of EM then loaded into the arenas with 50uL of 2mM allyl iso-
thiocyanate (AITC; 377430; Sigma) and 100mL of the prospective analgesic for a final concen-
tration of 0.5mMAITC.

Washout Assay
Zebrafish embryos were caught and placed in a mesh bottomed Corning netwell (CLS3521;
Sigma) and incubated in 4uM AITC for 10 minutes. After incubation, embryos underwent 4
successive washes in EM and were loaded into the test arenas in 0.2ml EM. At selected time
points, embryos were tested for temperature aversion at 24.5°C versus 28.5°C for 4 minutes.

Data Analysis
Videos from each trial where cropped to 4 minutes and imported into EthoVision XT locomo-
tion tracking software (Noldus Information Technology). A custom template defined two
zones within each choice testing arena such that one corresponded to the 28.5°C side and the
other to the experimental temperature. The position and velocity of each embryo was tracked
for both zones and exported into Microsoft Excel. Both position and velocity data were normal-
ized to their respective controls, either 1% DMSO or 0.5mMAITC, by dividing the mean posi-
tion or velocity value by the result of a control experiment performed on the same day.
Standard errors were propagated with the same linear transformation.

Statistical Analysis
Position and velocity data were imported fromMicrosoft Excel into GraphPad Prism 6 statisti-
cal analysis software. Two-way ANOVA was performed on both position and velocity data, fol-
lowed by post-hoc analysis using Sidak’s multiple comparison correction. When only a single
condition was tested, such as when non-analgesic compounds were screened in the sensitized
temperature aversion assay, the entire panel of drugs was treated as single experiment. Aster-
isks in all figures represent two-way ANOVA post-hoc comparisons unless otherwise noted.
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Results

Acute Temperature Discrimination
We have developed a two-temperature discrimination assay that records the preference of zeb-
rafish larvae to rearing temperature versus an aversive testing temperature. A potential advan-
tage of this assay for conducting analgesic screens is that higher order supraspinal pain
pathways may be employed by the larvae to escape and avoid aversive temperatures versus sim-
pler acute locomotor based assays, which may only require spinal based reflexive movement
[3, 8, 15–17]. Thus it is possible that a choice based screen could identify analgesics that would
go undetected in a reflexive behavior based assay. We previously reported that groups of freely
swimming 5dpf zebrafish larvae robustly choose their rearing temperature 28.5°C over noxious
hot 36.5°C and noxious cold 12°C temperatures (Gau et al., 2013). In order to remove the pos-
sibility that group behavior was influencing temperature avoidance, we designed an apparatus
where individually arrayed larvae were allowed to freely explore an arena where two different
temperatures could be set in each half of the arena (Fig. 1A). For each test, larvae chose between
a control zone set at 28.5°C and an experimental zone set to hotter or colder temperatures.
5dpf zebrafish larvae consistently chose the 28.5°C control zone over the experimental zone set
to temperatures greater than 30.5°C, with maximal avoidance at 36.5°C (Fig. 1B). Larvae also
avoided the experimental zone when it was set to temperatures cooler than 24.5°C (Fig. 1B).
Fish did not spend a statistically different amount of time in either zone when both were set to
28.5°C indicating that there were no internal biases in our apparatus.

We also measured the velocity of larval movement in control and experimental zones. As
temperatures in the experimental zone got hotter the velocity of the larvae increased compared
to the velocity of the same larvae in the control 28.5°C zone (Fig. 1C). These findings are in
alignment with our previous finding that larval locomotion increased with temperature, and
was similar to the increased locomotion observed in larvae exposed to noxious compounds
such as AITC (Gau et al., 2013). Larvae showed little to no changes in velocity set to tempera-
tures cooler than 28.5°C (Fig. 1C). It appears then that at lower temperatures, velocity or loco-
motion measurements may not be a good measure of acute temperature aversion compared to
place aversion. In sum our findings suggest that zebrafish larvae have a fairly narrow range of
preferred temperatures and temperatures that deviate from this range drive aversive behavior.

Sensitized temperature discrimination
Inflammatory compounds such as mustard oil (AITC) can reduce the threshold of stimuli nec-
essary to evoke a nociceptive response and are often used to invoke behavioral sensitization
[18–20]. To model sensitized temperature aversion, zebrafish larvae (5dpf) were pre-incubated
(10 min) with 0.5mMAITC and tested for temperature avoidance (Fig. 2). We found that incu-
bation with 0.5mMAITC increased avoidance of temperatures greater than or equal to 31.5°C
compared to vehicle treated larvae (Fig. 2A,B). More strikingly, AITC treatment caused the lar-
vae to prefer normally neutral cooler (26.5°C) and aversive cooler (22.5–24.5°C) temperatures
compared to 28.5°C (Fig. 2A). When AITC treated larvae were given a choice between 20.5°C
and 28.5°C, the larvae showed no preference for either zone when compared against chance
but did spend significantly less time at 28.5°C than vehicle treated larvae, which strongly prefer
the 28.5°C zone (Fig. 2A). It seems that any preference for cool temperature over 28.5°C in the
presence of AITC is lost due to the aversive nature of increasingly cold temperature (Fig. 1B).
We also found that while AITC-treated larvae showed no changes in velocity of movement
when both zones were at 28.5°C, they showed significant increases in velocity in a warmer
zone at lower threshold (�30.5°C) than for vehicle treated larvae (�34.5°C; Fig. 2C compare to
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Fig. 1C). AITC-incubated larvae also showed increased velocity in the 28.5°C zone when tested
against cooler temperatures (20.5–26.5°C; Fig. 2C). This was in contrast to our earlier observa-
tion where larvae had nearly indistinguishable velocity at 28.5°C versus cooler temperatures
(Fig. 1C). These results support the interpretation that after AITC treatment, lower tempera-
tures are less noxious than rearing temperature. Taken together these data suggest that velocity
and temperature aversion is influenced by the relative level of noxious stimuli in each of the
juxtapositioned testing environments.

The most common behavioral paradigms for measuring sensitized temperature hyperalgesia
involve the single application of an inflammatory agent followed by the repeated measurement
of temperature invoked behavior at regular time intervals until the heightened response to tem-
perature stimuli resolves to baseline or vehicle control levels [20, 21]. These models are thought
to mimic changes in nociception brought about by acute injuries such as those caused by sur-
gery and other painful inflammatory conditions [20]. To test whether zebrafish show a similar

Figure 1. 5 dpf zebrafish larvae robustly avoid hot and cold temperatures. A, Track plot of zebrafish larvae where the position of the larvae in the control
zone is represented in blue and the position of the larvae in the experimental temperature zone are represented in red. Left, control zone = 28.5°C,
experimental zone = 28.5C; right, control zone = 28.5°C, experimental zone = 36.5°C. Larvae show no choice when each zone is set to 28.5°C, but spend
less time in the experimental zone when it is set to 36.5°C.B, Distribution of time larvae spend in the 28.5°C control zone when experimental zone
temperature set as indicated. Animals showed no choice when control and experimental zones were set to 28.5°C but preferred the 28.5°C control zone
when juxtaposed with hotter and colder temperatures. C, Velocity of larval movements in control and experimental zones. The velocity of larvae was greater
in the 34.5°C and 36.5°C zones than in the corresponding 28.5°C zone. * p<0.05, ** p<0.01, *** p<0.001. Error bars represent SEM.

doi:10.1371/journal.pone.0116766.g001
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alteration in hyperalgesic response, larvae were incubated in AITC (2mM) or vehicle control
(1% DMSO) for 10 min followed by washout of AITC. We compared temperature aversion
for 28.5°C versus 24.5°C since temperature preference was reversed after AITC treatment
(Fig. 2A). While animals continued to prefer the cooler temperature immediately after AITC
washout, by 30 min after washout they showed no preference and by 60 min they showed the
same preference for the warmer temperature as vehicle-treated controls (Fig. 2D). This result
suggests that our sensitized temperature discrimination assay may appropriately reflect sensi-
tized nociception.

Buprenorphine reverses acute and sensitized thermal aversion
If our temperature-based place preference assay reflects nociceptive behavior, then analgesic
compounds should alter the ability of the zebrafish larvae to discriminate between innocuous
and noxious environments. To test this concept, we investigated whether buprenorphine, a
partial opioid agonist that is used in the treatment of acute and chronic pain, could suppress

Figure 2. AITC promotes thermal aversion and reverses cool aversion. A, 5dpf larvae incubated in 0.5μMAITC showed increased aversion to 32.5°C
and preferred temperatures below 24.5°C when compared to responses of vehicle-treated larvae when tested against 28.5°C. AITC treated larvae also
showed aversion to 28.5°C when matched to temperatures between 26.5°C and 22.5°C when compared against chance.B, AITC increases aversion to
31.5°C and reverses aversion for 24.5°C when compared to vehicle treated larvae when tested against 28.5°C (2-way anova post hoc comparison) while not
affecting zone preference in the 28.5°C versus 28.5°C test. C, AITC treated larvae display increased velocity above 30.5°C when compared to velocity in the
28.5°C zone (paired student’s t-test). Conversely, AITC treated larvae showed an increased velocity in the 28.5°C zone when compared to velocity in zones
cooler than 26.5°C (paired student’s t-test).D, AITC dependent aversion of 28.5°C when tested against 24.5°C is time dependent. Up to 15 min after AITC
washout, treated larvae avoided 28.5°C more than vehicle treated fish but not after 20 min after washout (2-way anova post hoc comparison). * p<0.05, **
p<0.01, *** p<0.001. Error bars represent SEM.

doi:10.1371/journal.pone.0116766.g002
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thermal discrimination in our assays [22–24]. We focused our analysis primarily on place aver-
sion rather than velocity since this measurement was the most consistent across all testing con-
ditions. Experimental temperature zones were set at 31.5°C or 24.5°C and compared to 28.5°C
as these were the minimal temperatures that we observed place preference in the acute temper-
ature discrimination assay and also revealed enhanced or reversed choice in the sensitized tem-
perature discrimination assay. Buprenorphine completely inhibited both acute hot and cold
temperature aversion (Fig. 3A). Furthermore, buprenorphine suppressed sensitized heat avoid-
ance after AITC treatment, reducing choice to levels seen with larvae not treated with AITC,
and eliminated AITC induced sensitized cool preference (Figs. 3A, 3B, 4A). We also noted that
buprenorphine reduced velocity in the 31.5°C zone of AITC treated larvae to levels seen for lar-
vae that were not exposed to AITC, suggesting that buprenorphine reversed the sensitizing ef-
fects of AITC but not did not effect locomotion (Table 1). To further investigate if
buprenorphine was suppressing locomotion and therefore place preference, we measured the

Figure 3. Buprenorphine temperature aversion in a dose-dependent and specific manner. A, Buprenorphine (5μM) significantly reduced 24.5°C and
31.5°C aversion when compared to vehicle treated larvae (2-way anova post hoc comparison) and eliminated aversion to 24.5°C and 31.5°C as measured by
no significant difference from chance (1-way anova against a hypothetical mean of 50%). Buprenorphine did not induce aberrant zone preference (1-way
anova against a hypothetical mean of 50%) and did not differ from vehicle treated larvae in the 28.5°C vs 28.5°C assay (2-way anova post hoc comparison).
B, Buprenorphine significantly reduced AITC sensitized preference for 24.5°C and aversion for 31.5°C when compared to vehicle treated larvae (2-way
anova post hoc comparison). Buprenorphine did not induce aberrant zone preference (1-way anova against a hypothetical mean of 50%) and did not differ
from vehicle treated larvae in the AITC sensitized 28.5°C vs assay (2-way anova post hoc comparison). C, Buprenorphine inhibits AITC sensitized thermal
aversion in a dose-dependent manner.D, Buprenorphine inhibition of AITC sensitized thermal aversion is reversed by addition of naloxone (2-way anova
post hoc comparisons). * p<0.05, ** p<0.01, *** p<0.001. Error bars represent SEM.

doi:10.1371/journal.pone.0116766.g003
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effects of buprenorphine on velocity of larvae incubated at 28.5°C alone and found no differ-
ence in velocity between vehicle treated and buprenorphine treated larvae (Table 2). This sug-
gests that buprenorphine treatment likely effected temperature aversion and not locomotion. If
buprenorphine were acting to reverse thermal aversion, we would also expect a correlation be-
tween its dose and the behavioral response. To test this we focused on the sensitized heat aver-
sion assay as this behavior was consistently robust and may reflect inflammatory nociception.
Indeed, we found that buprenorphine reversed thermal aversion in a dose dependent manner
(Fig. 3C). Furthermore, the opioid receptor antagonist naloxone abolished the effects of bupre-
norphine on AITC induced sensitized thermal aversion indicating that buprenorphine was act-
ing directly on opioid receptors to inhibit nociception. Naloxone plus buprenorphine treated
animals did not differ significantly versus vehicle or naloxone only-treated larvae in the
amount of time spent in the 28.5°C zone. On the other hand buprenorphine alone treated lar-
vae spent significantly less time in the 28.5°C zone than vehicle, naloxone alone or naloxone
plus buprenorphine treated larvae (Fig. 3D). These data support the conclusion that AITC sen-
sitized thermal aversion is reflective of nociceptive behavior and that this assay could be useful
in the identification of analgesic compounds.

Effect of small molecules on larval velocity in the 31.5°C during AITC sensitized thermal
aversion 28.5°C assay. Small molecule analgesics (buprenorphine, clonidine, HC-030031, ami-
triptyline) inhibited AITC sensitized thermal aversion suppressed larval velocity significantly
from AITC (0.5mM) + vehicle alone conditions but had velocity indistinguishable from No
AITC controls. Other small molecules (A-803467, lamotrigine, enalipril) also inhibited larval
velocity but did not effect sensitized thermal aversion possibly indicative of non-analgesic ef-
fects on locomotion. A third category of anesthetic/paralytics (tricaine, pancuronium bromide)

Table 1. AITC Sensitized Velocity in 31.5°C Zone.

Drug Normalized Velocity SEM p-value

0.5µM AITC 1.00 0.05

No AITC 0.56 0.05 p<0.001

Analgesics

5µM Buprenorphine 0.62 0.06 p<0.001

5µM Clonidine 0.52 0.07 p<0.001

50µM HC-030031 0.52 0.05 p<0.01

0.5µM Amitriptyline 0.64 0.04 p<0.05

5µM TC-N 1752 0.76 0.10 p>0.05

20µM A-803467 0.62 0.04 p<0.001

100µM Gabapentin 0.84 0.07 p>0.05

400µM Ibuprofen 0.79 0.05 p>0.05

Non-Analgesics

1µM Naloxone 0.98 0.02 p>0.05

1µM Atenolol 0.46 0.05 p<0.001

50µM Lamotrigine 0.70 0.06 p<0.05

1µM Enalipril 0.89 0.08 p>0.05

1μM Omeprazole 1.01 0.08 p>0.05

5μM Diphenhydramine 1.00 0.10 p>0.05

1μM Promethazine 1.02 0.07 p>0.05

Anesthetic/Paralytic

500µM Tricaine 0.02 0.00 p<0.001,p<0.001*

100μM Pancuronium Bromide 0.36 0.07 p<0.001,p<0.05*

doi:10.1371/journal.pone.0116766.t001
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suppressed sensitized thermal aversion and velocity, but suppressed velocity significantly
below the velocity of No AITC controls possibly indicative of non-analgesic effects on locomo-
tion. p-value, statistical comparison between effect of small molecule and AITC controls.
�p-value, statistical comparison between effect of small molecule and No AITC controls
(2-way anova post hoc comparison).

Effect of small molecules of baseline velocity. Small molecule analgesics that did suppress lar-
val velocity below that of No AITC controls in the AITC sensitized thermal aversion assay had
no effect on baseline larval velocity. The small molecules tricaine (anesthetic) and pancuronium
bromide (paralytic), which did significantly suppress larval velocity below that of No AITC con-
trols, significantly inhibited baseline larval velocity indicating a non-analgesic effect on locomo-
tion. p-value represents comparison between 1% DMSO and small molecule condition.

Analgesic compounds reverse sensitized thermal aversion
To further test whether the AITC sensitized thermal aversion assay might be useful as a screen-
ing method for the identification of presumptive analgesics, we tested seven additional com-
pounds with well characterized analgesic properties that have different molecular targets: the
α2-adrenergic receptor agonist clonidine, the TRPA1 antagonist HC-030031, the tricyclic sero-
tonin and norepinephrine transport inhibitor amitriptyline, the NaV1.7 antagonist TC-N 1752,
the NaV1.8 antagonist A803467, the α2δ-ligand gabapentin, and the nonsteroidal anti-inflam-
matory drugs ibuprofen. As only a single concentration was used for each compound, a nega-
tive result is not an indication that a compound does not have analgesic properties.

The selective α2-adrenergic receptor agonist clonidine, originally identified for use as an an-
tihypertensive agent, has subsequently been used in pain management [25, 26]. Clonidine is
proposed to exert its analgesic effects by acting on both peripheral and central pain mecha-
nisms, though on which pathways clonidine acts remains unclear [27]. Like buprenorphine,
clonidine blunted AITC induced sensitized heat aversion, reducing place avoidance and veloci-
ty in the 31.5°C zone to levels observed in vehicle/no AITC-treated larvae (Fig. 4A, Table 1).

Since AITC acts through its receptor TRPA1 to induce nociception and neurogenic inflam-
mation [18], we reasoned that a TRPA1 antagonist (HC-030031) would likely suppress AITC
sensitized temperature discrimination [28–30]. Indeed HC-030031 dramatically reduced sensi-
tized thermal aversion (Fig. 4A). HC-030031 also suppressed AITC induced increases in veloci-
ty in the 31.5°C zone to levels equivalent to those observed for vehicle/no AITC controls (Table
1). The tricyclic serotonin and norepinephrine transport inhibitor amitriptyline has been
shown to be an effective analgesic for the treatment of inflammatory and neuropathic hyperal-
gesia, while having no effect on acute nociception [31–33]. Amitriptyline suppressed AITC
sensitized aversion at 31.5°C and suppressed changes in velocity caused by AITC treatment
(Fig. 4A, Table 1).

NaV1.7 is a voltage gated sodium channel that is specifically expressed in nociceptive sensory
neurons [34–36]. Loss of function mutations in this gene have been shown to cause insensitivi-
ty to pain whereas gain of function mutations cause chronic pain conditions [37, 38]. It is
therefore appears to be an excellent candidate for analgesic intervention. Indeed the small mol-
ecule antagonists including TC-N 1752 and antibodies against NaV1.7 have been shown to in-
hibit nociceptive behavior in rodent models of pain [39–43]. The zebrafish ortholog of NaV1.7,
Scn1Laa is specifically expressed in somatosensory neurons [44]. TC-N 1752 significantly re-
duced the sensitizing effects of AITC but did not significantly suppress the elevated velocity in-
duced by ATIC in the 31.5°C zone (Fig. 4A, Table 1).

Three of compounds that act as analgesics in other systems had no effect on AITC sensitized
thermal avoidance. For example the voltage gated sodium channel NaV1.8 antagonist A-
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803467, which has potent anti-nociceptive properties in rodents, had no effect on sensitized
avoidance but did reduce velocity to control levels [45] (Fig. 4A, Table 1). However, there does
not appear to be a direct ortholog of NaV1.8 in zebrafish [44], most likely explaining why we
observed no effect of this drug on place aversion. We also found no differences in thermal
avoidance nor in velocity in the experimental zone between control and gabapentin treated lar-
vae (Fig. 4A, Table 1). Gabapentin, a ligand for the α2δnon-essential subunit of L-type calcium
channels, is closely associated with the treatment of neuropathic pain and has been found to

Figure 4. Analgesics can inhibit AITC sensitized thermal aversion. A, The percent time larvae incubated with analgesic plus AITC (0.5μM) spent in the
28.5°C zone during a 28.5°C vs 31.5°C assay normalized to percent time larvae incubated in AITC (0.5μM) + vehicle alone spent in the 28.5°C zone. No
AITC larvae were treated with 1% DMSO vehicle alone. B, The percent time larvae incubated with non-analgesic plus AITC (0.5μM) spent in the 28.5°C zone
during a 28.5°C vs 31.5°C assay normalized to percent time larvae incubated in AITC (0.5μM) + vehicle alone spent in the 28.5°C zone. No AITC larvae were
treated with 1% DMSO vehicle alone. * represent statistical difference from AITC (0.5μM) alone condition (2-way anova post hoc comparison) * p<0.05, **
p<0.01, *** p<0.001. Error bars represent SEM.

doi:10.1371/journal.pone.0116766.g004
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be ineffective as a treatment for acute or inflammatory nociception in a number of studies
[46, 47].

Lastly we tested whether or not the NSAID ibuprofen altered ATIC sensitized thermal aver-
sion. Ibuprofen inhibits the production of the prostaglandins and NSAIDs are commonly used
in the treatment of inflammatory pain [48]. NSAIDs have been reported to inhibit temperature
hyperalgesia by acting on both central and peripheral pathways [49]. Additionally, ibuprofen
has been shown to reduce the inflammatory response evoked by AITC [30]. Ibuprofen no effect
on sensitized temperature avoidance and velocity (Fig. 4A, Table 1).

We also tested whether compounds that are not classified as analgesics would affect AITC
sensitized thermal avoidance. In addition to naloxone, which did not effect sensitized thermal
avoidance, we tested 1) the selective β1 adrenoreceptor antagonist, atenolol, commonly used in
the treatment of hypertension, 2) the anticonvulsant, lamotrigine, used in the treatment of epi-
lepsy and bipolar disorder, 3) the angiotensin-converting enzyme inhibitor, enalapril, used in
the treatment of high-blood pressure, 4) the antihistamine, diphenhydramine, used in the treat-
ment of allergies, 5) The proton-pump inhibitor, omeprazole, commonly uses in the treatment
of gastroesophageal reflux disease and 6) promethazine, a phenothiazine derivative with antihis-
tamine, anti nausea and sedative properties. None of these compounds affected AITC sensitized
thermal aversion, though both atenolol and lamotrigine caused a reduction in velocity in the
31.5°C zone potentially pointing to an effect on locomotion by these drugs (Fig. 4B, Table 1).

We next assessed the effects of an anesthetic, tricaine, and a paralytic compound, pancuro-
nium bromide. These compounds would be expected to cause sensory and/or motor im-
pairment and therefore potentially inhibit thermal aversion. Tricaine completely abolished
thermal aversion while pancuronium bromide reduced thermal aversion to levels induced by
acute thermal aversion at 31.5°C (Fig. 4B). However both compounds significantly reduced ve-
locity in the 31.5°C zone below levels observed for larvae in the acute thermal aversion assay,
while none of the analgesic compounds effective in inhibiting AITC sensitized aversion sup-
pressed velocity below that seen for vehicle only/No AITC treated controls (Table 1).

To further investigate if any of the compounds that reversed temperature aversion were also
impeding motor function, we assayed the effects of each of the compounds on locomotion at
rearing temperature. None of the analgesic compounds impaired velocity while tricaine and
pancuronium bromide significantly reduced velocity at 28.5°C (Table 2). This provides evi-
dence that the sensitized thermal aversion assay can distinguish between compounds that have
analgesic properties versus those that suppress locomotion independent of an analgesic effect.

Since clonidine, HC-030031, TC-N1752, and amitriptyline showed efficacy in the AITC
sensitized thermal aversion assay, we tested all these compounds on our remaining

Table 2. Baseline Velocity at 28.5°C..

Drug Normalized Velocity SEM

1% DMSO 1.00 0.12

Buprenorphine 1.38 0.27

Clonidine 0.76 0.11

Hc-030031 0.73 0.12

Amitriptyline 0.89 0.10

TC-N 1752 1.01 0.11

A-803467 1.56 0.22

Gabapentin 1.00 0.10

Ibuprofen 0.80 0.12

doi:10.1371/journal.pone.0116766.t002
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temperature avoidance assays. Like buprenorphine, clonidine blocked acute hot and cold aver-
sion (Fig. 5A). Clonidine blunted AITC induced sensitized heat aversion, reducing choice to
similar levels observed in vehicle-treated larvae but had little effect on AITC-induced sensitized
cool preference (Fig. 5B). Unlike buprenorphine and clonidine, HC-030031, TC-N1752 nor
amitriptyline had any effect on acute hot or cold thermal aversion (Fig. 5C, 5E, 5G). HC-
030031 and TC-N 1752 in addition to reversing AITC sensitized thermal aversion also inhib-
ited AITC sensitized cool preference (Fig. 5D, 5F). Amitriptyline on the other hand had no ef-
fect on AITC sensitized cool preference (Fig. 5H).

Discussion
Nociception occurs when intense chemical, temperature or mechanical stimulation is detected
by diverse subpopulations (nociceptors) of peripheral neurons that arise in the trigeminal gan-
glion that innervates the head and the dorsal root ganglia that innervate the body or trunk. Pre-
vious studies have identified multiple subtypes of nociceptors in zebrafish suggesting a similar
organization of nociceptive circuits between mammals and zebrafish even at timepoints as
early as 1–3 dpf, [8, 50, 51]. Furthermore, many of the molecular receptors for nociception
such as TRPV1 (noxious heat, pH, chemical) and TRPA1 (noxious chemosensation, including
response to AITC) have conserved function in the zebrafish [8, 11].

We have established that individually arrayed 5 dpf zebrafish larvae make consistent choices
when presented with two zones of different temperatures. They avoid temperatures deviating
as little as 3°C above and 4°C below the rearing temperature of 28.5°C, with generally stronger
aversion as the difference in temperatures widened. This behavior corresponds with our previ-
ous findings that trigeminal somatosensory neurons expressing the noxious heat receptor
TRPV1 are activated with increasing intensity at temperatures greater than or equal to 28°C
and that activation of TRPV1 drives thermal aversion behavior in zebrafish (Gau et al., 2013).

Thermal hyperalgesia is a common symptom of individuals suffering from chronic inflam-
matory pain [52]. Inflammatory compounds have been shown to shift and potentiate the ther-
mal aversion of rodents [15, 53]. To model this process in zebrafish, we incubated larvae with
the noxious inflammatory agent, AITC to induce neurogenic inflammation and inflammatory
pain and has been shown to induce thermal hyperalgesia in a TRPV1 dependent manner [21].
We found that AITC incubation sensitized aversion to hot temperatures (�31.5°C) and caused
larvae to avoid rearing temperature (28.5°C) in favor of cooler temperatures that would other-
wise be acutely aversive.

In addition to place aversion, we measured the velocities of larval movements in each zone,
as increased velocity has previously been used as a measure of nociception in zebrafish [8, 11].
We found that velocity of the larvae corresponded with place aversion when warmer tempera-
tures were analyzed, with increased velocity in the warm zone, but not when cooler tempera-
tures were presented. After AITC sensitization velocity was consistently elevated in the warmer
zone. For instance an elevation in velocity was seen in the 28.5°C zone after AITC treatment,
but only when presented with a cooler temperature alternative. This result suggests that in this
assay, nociceptive stimuli induce a greater behavioral response when juxtaposed with a less
noxious environment and might reveal nociception that would be otherwise masked in a uni-
form environment.

A hallmark of nociception assays is that analgesic compounds should reverse the behavior
in a dose dependent manner [3]. We hypothesized that that if our temperature aversion assay
was modeling nociception, analgesic compounds should be able to blunt or inhibit aversion.
To test this idea, we measured the efficacy of the opioid buprenorphine to disrupt temperature
aversion in either acute or AITC-sensitized assays [22]. We found that buprenorphine was
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Figure 5. Analgesic molecules have differential effects on thermal aversion. A, Clonidine (5μM) significantly reduced 24.5°C and 31.5°C aversion when
compared to vehicle treated larvae (2-way anova post hoc comparison) and eliminated aversion to 24.5°C and 31.5°C as measured by no significant
difference from chance (1-way anova against a hypothetical mean of 50%). Clonidine did not induce aberrant zone preference (1-way anova against a
hypothetical mean of 50%) and clonidine treated larvae did not differ from vehicle treated larvae in the 28.5°C vs 28.5°C assay (2-way anova post hoc
comparison). B, Clonidine significantly reduced AITC sensitized aversion to 31.5°C but not 24.5°C preference when compared to vehicle treated larvae (2-
way anova post hoc comparison). Clonidine did not induce aberrant zone preference (1-way anova against a hypothetical mean of 50%) and did not differ
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effective in suppressing temperature aversion in both the acute and AITC sensitized tempera-
ture aversion assays. Furthermore when measured using the AITC sensitized thermal aversion
assay, buprenorphine was able to inhibit thermal aversion in a dose dependent manner. We
were also able demonstrate that buprenorphine was acting via opioid receptors as the opioid re-
ceptor antagonist naloxone was able to reverse the action of buprenorphine on thermal aver-
sion as has been shown for mammalian models of nociception using these drugs [54]. Based on
these findings, we believe that we are likely modeling nociceptive behavior in our temperature
aversion assays.

Because of the scalability of our assays and their relatively low cost, we reasoned that it
might open up an avenue for large-scale high throughput screening for small molecule analge-
sics that are not practical to conduct in other model systems. By using our model where drugs
are administered at an organismal level, one might be able to screen for molecules that can act
anywhere throughout the highly complex and still not well understood nociceptive pathway(s).
To see if a screen might be effective in identifying potential analgesics, we screened a number
of analgesics and non-analgesics using the AITC sensitized thermal avoidance assay as this be-
havior was very robust and could be modeling complex inflammatory nociception. Only a sin-
gle concentration of each compound was assessed usually greater than ten times the reported
EC50 but also within the micromolar range utilized in many small molecule screens. Therefore
failure for a molecule to inhibit temperature aversion should not be interpreted as a lack of an-
algesic properties. This is often the case in any screen where the goal is to identify potential
candidates not every candidate. Of the eight analgesic compounds tested, five of the com-
pounds, buprenorphine, clonidine, HC-030031, TC-N1752 and amitriptyline all reversed
AITC sensitized thermal aversion and velocity to levels indistinguishable from vehicle-only (no
AITC) treated larvae at the tested temperatures. This would suggest that these compounds
were reducing sensitized aversion without effecting baseline aversion to heat in this assay as the
animals still avoided the 31.5°C zone to levels equivalent with vehicle alone/no AITC treated
larvae. The three others, gabapentin, ibuprofen and A-803467 had no effect in this assay. As
mentioned this could be due to improper dosage or lack of efficacy in this assay due to a num-
ber of reasons. It may be that the molecular targets of these drugs do not exist in zebrafish as is
the case for A-803467 or are significantly different in how they would interact with drugs. For
example, capsaicin causes a burning sensation in mammals by interacting with TRPV1, but has
no effect on zebrafish as the zebrafish TRPV1 does not bind and is insensitive to this com-
pound (Gau et al., 2013). Another possibility is that the behavior being utilized is not a target
for the tested compound. A number of analgesics are only effective in the treatment of specific
pain conditions. It appears though that the AITC sensitized aversion assay may be a useful tool
to identify analgesic molecules.

We next tested a number of therapeutics that are not widely characterized or used as analge-
sics. None of these compounds affected AITC sensitized thermal aversion, suggesting that a de

from vehicle treated larvae in the AITC sensitized 28.5°C vs 28.5°C assay.C, HC-030031 (50μM) treated larvae did not differ from vehicle-treated larvae in
avoidance of either 24.5°C or 31.5°C zones (p>0.05, p>0.05, respectively, 2-way anova post hoc comparison. D, HC-030031 significantly reduced AITC
sensitized aversion to 24.5°C and 31.5°C when compared to vehicle treated larvae (p<0.0X, p<0.01, respectively, 2-way anova post hoc comparison). HC-
030031 did not induce aberrant zone preference (p>0.05, 1-way anova against a hypothetical mean of 50%) and did not differ from vehicle treated larvae in
the AITC sensitized 28.5°C vs 28.5°C assay. E, TC-N 1752 (5μM) treated larvae did not differ from vehicle-treated larvae in avoidance of either 24.5°C or
31.5°C zones. F, TC-N 1752 significantly reduced AITC sensitized aversion to 24.5°C and 31.5°C when compared to vehicle treated larvae. TC-N 1752 did
not induce aberrant zone preference (p>0.05, 1-way anova against a hypothetical mean of 50%) and did not differ from vehicle treated larvae in the AITC
sensitized 28.5°C vs 28.5°C assay.G, Amitriptyline (0.5μM) treated larvae did not differ from vehicle-treated larvae in avoidance of either 24.5°C or 31.5°C
zones (p>0.05, p>0.05, respectively, 2-way anova post hoc comparison). H, Amitriptyline significantly reduced AITC sensitized aversion to 31.5°C but not
24.5°C when compared to vehicle treated larvae (p<0.05, p>0.05 respectively, 2-way anova post hoc comparison). Amitriptyline did not induce aberrant
zone preference (p>0.05, 1-way anova against a hypothetical mean of 50%) and did not differ from vehicle treated larvae in the AITC sensitized 28.5°C vs
28.5°C assay (p>0.05, 2-way anova post hoc comparison). * p<0.05, ** p<0.01, *** p<0.001. Error bars represent SEM.

doi:10.1371/journal.pone.0116766.g005
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novo screen might not have a high false positive rate. Three of the compounds that did not af-
fect sensitized thermal aversion, A-803467, atenolol and lamotrigine did inhibit velocity during
testing, suggesting that is possible to suppress locomotion without affecting place aversion. It is
possible that these compounds would have scored as positives in a purely locomotion based
nociception assay and provides evidence that the place aversion based assay is more selective
than a solely locomotor based assay.

To test if we could identify compounds that might impair place aversion by suppressing
motor function, we assayed two compounds the anesthetic, tricaine and the paralytic, pancuro-
nium bromide. Both of these compounds blocked sensitized thermal avoidance, but they also
significantly reduced velocity below that seen for vehicle only/no AITC treated larvae. It might
be prudent then to exclude molecules that suppress locomotion beyond that seen for vehicle
only/no AITC controls or to perform a secondary screen on all compounds found to diminish
place aversion for effects on motor function. When all the compounds that reversed thermal
aversion were tested for effects on baseline locomotion only tricaine and pancuronium bro-
mide suppressed larval velocity. This would indicate that velocity measurements taken during
the AITC sensitized thermal avoidance assay could be predictive of molecules that would sup-
press locomotion independently of analgesic properties.

Through additional secondary screening with acute hot and cold temperature aversion as-
says and AITC sensitized cool preference assays, it should be possible to further classify the
properties of small molecules identified as being effective in the AITC sensitized thermal aver-
sion assay. Our initial characterization of analgesics that suppressed AITC sensitized thermal
aversion revealed differential effects on the various assays. For instance some compounds at
the concentration tested inhibited sensitized temperature aversion without having any effect
on acute temperature aversion. The effectiveness of a potential analgesic in each of these assays
could be informative in determining its therapeutic potential.

A behavioral phenotype based small molecule screen offers a separate pathway from tradi-
tional candidate target based approaches. Indeed phenotypic observations have been very suc-
cessful in identifying analgesics, often as off-target effects of drugs used for other purposes.
While nociception screens in model systems such as C. elegans and Drosophila have been
somewhat successful, modeling nociceptive behavior in these models systems is limited by the
fundamental differences between their nervous systems and those of vertebrates [55–57].
Though zebrafish have been used to examine nociception previously, the main criterion has
been velocity changes in a chamber, and drugs that would inhibit motor behavior would be
identified as false positives. By testing behavioral discrimination and velocity concurrently,
these confounds would be eliminated.

Based on our findings, we believe it is possible to model nociception in zebrafish larvae and
that the assays we have developed could provide a way forward for analgesic discovery that
may offer a complementary parallel pathway to target-based drug development. Furthermore
advances in measuring the neuronal activity at single neuron resolution in the entire zebrafish
larval nervous system, provides the opportunity to discover on which neurons in the pain path-
way a potential analgesic is acting on [58]. This would allow further characterization of poten-
tial analgesic before testing in other animal models. We also believe the place preference assay
can be adapted through the expression of channel rhodopsin in specific neuronal circuits to de-
termine the attractive or aversive nature of any neuronal circuit in the zebrafish and thereby
open up opportunities for therapeutic discovery for a variety of neurological diseases.

Acknowledgments
We thank Jason Poon, Corinna Kimball, and Tor Linbo for technical assistance.

Modeling Nociception in Zebrafish

PLOS ONE | DOI:10.1371/journal.pone.0116766 January 14, 2015 15 / 18



Author Contributions
Conceived and designed the experiments: AD ACMR SG. Performed the experiments: AC MR
SG BK EW JS. Analyzed the data: AC MR. Contributed reagents/materials/analysis tools: AD
DWR. Wrote the paper: AD DWR ACMR.

References
1. Basbaum AI, Bautista DM, Scherrer G, Julius D (2009) Cellular and molecular mechanisms of pain.

Cell 139: 267–284. doi: 10.1016/j.cell.2009.09.028 PMID: 19837031

2. Woolf CJ (2010) Overcoming obstacles to developing new analgesics. Nat Med 16: 1241–1247. doi:
10.1038/nm.2230 PMID: 20948534

3. Bars DL, Gozariu M, Cadden SW (2001) Animal Models of Nociception. Pharmacol Rev 53: 597–652.
PMID: 11734620

4. Gregory NS, Harris AL, Robinson CR, Dougherty PM, Fuchs PN, et al. (2013) An Overview of Animal
Models of Pain: Disease Models and OutcomeMeasures. J Pain 14: 1255–1269. doi: 10.1016/j.jpain.
2013.06.008 PMID: 24035349

5. Brockerhoff SE, Hurley JB, Janssen-Bienhold U, Neuhauss SC, Driever W, et al. (1995) A behavioral
screen for isolating zebrafish mutants with visual system defects. Proc Natl Acad Sci U S A 92: 10545–
10549. doi: 10.1073/pnas.92.23.10545 PMID: 7479837

6. Clark DT (1981) Visual Responses in Developing Zebrafish (Brachydanio Rerio). University of Oregon.
276 p.

7. Gahtan E, Tanger P, Baier H (2005) Visual Prey Capture in Larval Zebrafish Is Controlled by Identified
Reticulospinal Neurons Downstream of the Tectum. J Neurosci 25: 9294–9303. doi: 10.1523/
JNEUROSCI.2678-05.2005 PMID: 16207889

8. Gau P, Poon J, Ufret-Vincenty C, Snelson CD, Gordon SE, et al. (2013) The zebrafish ortholog of
TRPV1 is required for heat-induced locomotion. J Neurosci Off J Soc Neurosci 33: 5249–5260. doi: 10.
1523/JNEUROSCI.5403-12.2013

9. Granato M, Eeden FJ van, Schach U, Trowe T, Brand M, et al. (1996) Genes controlling and mediating
locomotion behavior of the zebrafish embryo and larva. Development 123: 399–413. PMID: 9007258

10. Kimmel CB, Patterson J, Kimmel RO (1974) The development and behavioral characteristics of the
startle response in the zebra fish. Dev Psychobiol 7: 47–60. doi: 10.1002/dev.420070109 PMID:
4812270

11. Prober DA, Zimmerman S, Myers BR, McDermott BM, Kim S-H, et al. (2008) Zebrafish TRPA1 Chan-
nels Are Required for Chemosensation But Not for Thermosensation or Mechanosensory Hair Cell
Function. J Neurosci 28: 10102–10110. doi: 10.1523/JNEUROSCI.2740-08.2008 PMID: 18829968

12. Braithwaite VA, Boulcott P (2007) Pain perception, aversion and fear in fish. Dis Aquat Organ 75: 131–
138. doi: 10.3354/dao075131 PMID: 17578252

13. Sneddon LU (2002) Anatomical and electrophysiological analysis of the trigeminal nerve in a teleost
fish, Oncorhynchus mykiss. Neurosci Lett 319: 167–171. doi: 10.1016/S0304-3940(01)02584-8 PMID:
11834319

14. Sneddon LU (2003) Trigeminal somatosensory innervation of the head of a teleost fish with particular
reference to nociception. Brain Res 972: 44–52. doi: 10.1016/S0006-8993(03)02483-1 PMID:
12711077

15. Balayssac D, Ling B, Ferrier J, Pereira B, Eschalier A, et al. (2014) Assessment of thermal sensitivity in
rats using the thermal place preference test: description and application in the study of oxaliplatin-in-
duced acute thermal hypersensitivity and inflammatory pain models. Behav Pharmacol. doi: 10.1097/
FBP.0000000000000026 PMID: 24525711

16. Chapman CR, Casey KL, Dubner R, Foley KM, Gracely RH, et al. (1985) Pain measurement: an over-
view. Pain 22: 1–31. doi: 10.1016/0304-3959(85)90145-9 PMID: 4011282

17. Vierck CJ, Hansson PT, Yezierski RP (2008) Clinical and pre-clinical pain assessment: Are we measur-
ing the same thing? PAIN 135: 7–10. doi: 10.1016/j.pain.2007.12.008 PMID: 18215466

18. Bautista DM, Jordt SE, Nikai T, Tsuruda PR, Read AJ, et al. (2006) TRPA1Mediates the Inflammatory
Actions of Environmental Irritants and Proalgesic Agents. Cell 124: 1269–1282. doi: 10.1016/j.cell.
2006.02.023 PMID: 16564016

19. Negri L, Lattanzi R, Giannini E, Colucci M, Margheriti F, et al. (2006) Impaired Nociception and Inflam-
matory Pain Sensation in Mice Lacking the Prokineticin Receptor PKR1: Focus on Interaction between
PKR1 and the Capsaicin Receptor TRPV1 in Pain Behavior. J Neurosci 26: 6716–6727. doi: 10.1523/
JNEUROSCI.5403-05.2006 PMID: 16793879

Modeling Nociception in Zebrafish

PLOS ONE | DOI:10.1371/journal.pone.0116766 January 14, 2015 16 / 18

http://dx.doi.org/10.1016/j.cell.2009.09.028
http://www.ncbi.nlm.nih.gov/pubmed/19837031
http://dx.doi.org/10.1038/nm.2230
http://www.ncbi.nlm.nih.gov/pubmed/20948534
http://www.ncbi.nlm.nih.gov/pubmed/11734620
http://dx.doi.org/10.1016/j.jpain.2013.06.008
http://dx.doi.org/10.1016/j.jpain.2013.06.008
http://www.ncbi.nlm.nih.gov/pubmed/24035349
http://dx.doi.org/10.1073/pnas.92.23.10545
http://www.ncbi.nlm.nih.gov/pubmed/7479837
http://dx.doi.org/10.1523/JNEUROSCI.2678-05.2005
http://dx.doi.org/10.1523/JNEUROSCI.2678-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16207889
http://dx.doi.org/10.1523/JNEUROSCI.5403-12.2013
http://dx.doi.org/10.1523/JNEUROSCI.5403-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/9007258
http://dx.doi.org/10.1002/dev.420070109
http://www.ncbi.nlm.nih.gov/pubmed/4812270
http://dx.doi.org/10.1523/JNEUROSCI.2740-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18829968
http://dx.doi.org/10.3354/dao075131
http://www.ncbi.nlm.nih.gov/pubmed/17578252
http://dx.doi.org/10.1016/S0304-3940(01)02584-8
http://www.ncbi.nlm.nih.gov/pubmed/11834319
http://dx.doi.org/10.1016/S0006-8993(03)02483-1
http://www.ncbi.nlm.nih.gov/pubmed/12711077
http://dx.doi.org/10.1097/FBP.0000000000000026
http://dx.doi.org/10.1097/FBP.0000000000000026
http://www.ncbi.nlm.nih.gov/pubmed/24525711
http://dx.doi.org/10.1016/0304-3959(85)90145-9
http://www.ncbi.nlm.nih.gov/pubmed/4011282
http://dx.doi.org/10.1016/j.pain.2007.12.008
http://www.ncbi.nlm.nih.gov/pubmed/18215466
http://dx.doi.org/10.1016/j.cell.2006.02.023
http://dx.doi.org/10.1016/j.cell.2006.02.023
http://www.ncbi.nlm.nih.gov/pubmed/16564016
http://dx.doi.org/10.1523/JNEUROSCI.5403-05.2006
http://dx.doi.org/10.1523/JNEUROSCI.5403-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16793879


20. Ren K, Dubner R (1999) Inflammatory Models of Pain and Hyperalgesia. ILAR J 40: 111–118. doi: 10.
1093/ilar.40.3.111 PMID: 11406689

21. Caterina MJ, Leffler A, Malmberg AB, Martin WJ, Trafton J, et al. (2000) Impaired nociception and pain
sensation in mice lacking the capsaicin receptor. Science 288: 306–313. doi: 10.1126/science.288.
5464.306 PMID: 10764638

22. Christoph T, Kögel B, Schiene K, Méen M, De Vry J, et al. (2005) Broad analgesic profile of buprenor-
phine in rodent models of acute and chronic pain. Eur J Pharmacol 507: 87–98. doi: 10.1016/j.ejphar.
2004.11.052 PMID: 15659298

23. Evans HC, Easthope SE (2003) Transdermal Buprenorphine. Drugs 63: 1999–2010. doi: 10.2165/
00003495-200363190-00003 PMID: 12962515

24. Heel RC, Brogden RN, Speight TM, Avery GS (1979) Buprenorphine: A Review of its Pharmacological
Properties and Therapeutic Efficacy. Drugs 17: 81–110. doi: 10.2165/00003495-197917020-00001
PMID: 378645

25. J.E. Neil M (2011) Clonidine: Clinical Pharmacology and Therapeutic Use in Pain Management. Curr
Clin Pharmacol 6: 280–287. doi: 10.2174/157488411798375886

26. Okun A, DeFelice M, Eyde N, Ren J, Mercado R, et al. (2011) Transient inflammation-induced ongoing
pain is driven by TRPV1 sensitive afferents. Mol Pain 7: 1–11. doi: 10.1186/1744-8069-7-4

27. Chan AKM, Cheung CW, Chong YK (2010) Alpha-2 agonists in acute pain management. Expert Opin
Pharmacother 11: 2849–2868.doi: 10.1517/14656566.2010.511613 PMID: 20707597

28. Eid SR, Crown ED, Moore EL, Liang HA, Choong K-C, et al. (2008) HC-030031, a TRPA1 selective an-
tagonist, attenuates inflammatory- and neuropathy-induced mechanical hypersensitivity. Mol Pain 4:
48. doi: 10.1186/1744-8069-4-48 PMID: 18954467

29. McNamara CR, Mandel-Brehm J, Bautista DM, Siemens J, Deranian KL, et al. (2007) TRPA1mediates
formalin-induced pain. Proc Natl Acad Sci U A 104: 13525–13530. doi: 10.1073/pnas.0705924104

30. Moilanen LJ, Laavola M, Kukkonen M, Korhonen R, Leppänen T, et al. (2012) TRPA1 Contributes to
the Acute Inflammatory Response and Mediates Carrageenan-Induced Paw Edema in the Mouse. Sci
Rep 2. Available:http://www.nature.com/srep/2012/120424/srep00380/full/srep00380.html. Accessed
2014 May 14.

31. Bomholt SF, Mikkelsen JD, Blackburn-Munro G (2005) Antinociceptive effects of the antidepressants
amitriptyline, duloxetine, mirtazapine and citalopram in animal models of acute, persistent and neuro-
pathic pain. Neuropharmacology 48: 252–263. doi: 10.1016/j.neuropharm.2004.09.012 PMID:
15695164

32. Eisenach JC, Gebhart GF (1995) Intrathecal amitriptyline acts as an N-methyl-D-aspartate receptor an-
tagonist in the presence of inflammatory hyperalgesia in rats. Anesthesiology 83: 1046–1054. doi: 10.
1097/00000542-199511000-00018 PMID: 7486155

33. Mika J, Zychowska M, MakuchW, Rojewska E, Przewlocka B (2013) Neuronal and immunological
basis of action of antidepressants in chronic pain—clinical and experimental studies. Pharmacol Rep
PR 65: 1611–1621. doi: 10.1016/S1734-1140(13)71522-6

34. Dib-Hajj SD, Yang Y, Black JA, Waxman SG (2013) The Na(V)1.7 sodium channel: frommolecule to
man. Nat Rev Neurosci 14: 49–62. doi: 10.1038/nrn3404 PMID: 23232607

35. Minett MS, Falk S, Santana-Varela S, Bogdanov YD, Nassar MA, et al. (n.d.) Pain without Nociceptors?
Nav1.7-Independent Pain Mechanisms. Cell Rep. 6, 301–312. doi: 10.1016/j.celrep.2013.12.033
PMID: 24440715

36. Nassar MA, Stirling LC, Forlani G, Baker MD, Matthews EA, et al. (2004) Nociceptor-specific gene dele-
tion reveals a major role for Nav1.7 (PN1) in acute and inflammatory pain. Proc Natl Acad Sci U S A
101: 12706–12711. doi: 10.1073/pnas.0404915101 PMID: 15314237

37. Cox JJ, Reimann F, Nicholas AK, Thornton G, Roberts E, et al. (2006) An SCN9A channelopathy
causes congenital inability to experience pain. Nature 444: 894–898. doi: 10.1038/nature05413 PMID:
17167479

38. Fertleman CR, Baker MD, Parker KA, Moffatt S, Elmslie FV, et al. (2006) SCN9Amutations in paroxys-
mal extreme pain disorder: allelic variants underlie distinct channel defects and phenotypes. Neuron
52: 767–774. doi: 10.1016/j.neuron.2006.10.006 PMID: 17145499

39. Bregman H, Berry L, Buchanan JL, Chen A, Du B, et al. (2011) Identification of a potent, state-depen-
dent inhibitor of Nav1.7 with oral efficacy in the formalin model of persistent pain. J Med Chem 54:
4427–4445. doi: 10.1021/jm200018k PMID: 21634377

40. Clare JJ (2009) Targeting voltage-gated sodium channels for pain therapy. Expert Opin Investig Drugs
19: 45–62. doi: 10.1517/13543780903435340

41. Lee J-H, Park C-K, Chen G, Han Q, Xie R-G, et al. (n.d.) A Monoclonal Antibody that Targets a NaV1.7
Channel Voltage Sensor for Pain and Itch Relief. Cell. 157, 1393–1404.

Modeling Nociception in Zebrafish

PLOS ONE | DOI:10.1371/journal.pone.0116766 January 14, 2015 17 / 18

http://dx.doi.org/10.1093/ilar.40.3.111
http://dx.doi.org/10.1093/ilar.40.3.111
http://www.ncbi.nlm.nih.gov/pubmed/11406689
http://dx.doi.org/10.1126/science.288.5464.306
http://dx.doi.org/10.1126/science.288.5464.306
http://www.ncbi.nlm.nih.gov/pubmed/10764638
http://dx.doi.org/10.1016/j.ejphar.2004.11.052
http://dx.doi.org/10.1016/j.ejphar.2004.11.052
http://www.ncbi.nlm.nih.gov/pubmed/15659298
http://dx.doi.org/10.2165/00003495-200363190-00003
http://dx.doi.org/10.2165/00003495-200363190-00003
http://www.ncbi.nlm.nih.gov/pubmed/12962515
http://dx.doi.org/10.2165/00003495-197917020-00001
http://www.ncbi.nlm.nih.gov/pubmed/378645
http://dx.doi.org/10.2174/157488411798375886
http://dx.doi.org/10.1186/1744-8069-7-4
http://dx.doi.org/10.1517/14656566.2010.511613
http://www.ncbi.nlm.nih.gov/pubmed/20707597
http://dx.doi.org/10.1186/1744-8069-4-48
http://www.ncbi.nlm.nih.gov/pubmed/18954467
http://dx.doi.org/10.1073/pnas.0705924104
http://www.nature.com/srep/2012/120424/srep00380/full/srep00380.html
http://dx.doi.org/10.1016/j.neuropharm.2004.09.012
http://www.ncbi.nlm.nih.gov/pubmed/15695164
http://dx.doi.org/10.1097/00000542-199511000-00018
http://dx.doi.org/10.1097/00000542-199511000-00018
http://www.ncbi.nlm.nih.gov/pubmed/7486155
http://dx.doi.org/10.1016/S1734-1140(13)71522-6
http://dx.doi.org/10.1038/nrn3404
http://www.ncbi.nlm.nih.gov/pubmed/23232607
http://dx.doi.org/10.1016/j.celrep.2013.12.033
http://www.ncbi.nlm.nih.gov/pubmed/24440715
http://dx.doi.org/10.1073/pnas.0404915101
http://www.ncbi.nlm.nih.gov/pubmed/15314237
http://dx.doi.org/10.1038/nature05413
http://www.ncbi.nlm.nih.gov/pubmed/17167479
http://dx.doi.org/10.1016/j.neuron.2006.10.006
http://www.ncbi.nlm.nih.gov/pubmed/17145499
http://dx.doi.org/10.1021/jm200018k
http://www.ncbi.nlm.nih.gov/pubmed/21634377
http://dx.doi.org/10.1517/13543780903435340


42. McGowan E, Hoyt SB, Li X, Lyons KA, Abbadie C (2009) A peripherally acting Na(v)1.7 sodium channel
blocker reverses hyperalgesia and allodynia on rat models of inflammatory and neuropathic pain.
Anesth Analg 109: 951–958. doi: 10.1213/ane.0b013e3181b01b02 PMID: 19690272

43. Priest BT (2009) Future potential and status of selective sodium channel blockers for the treatment of
pain. Curr Opin Drug Discov Devel 12: 682–692. PMID: 19736626

44. Novak AE, Taylor AD, Pineda RH, Lasda EL, Wright MA, et al. (2006) Embryonic and larval expression
of zebrafish voltage-gated sodium channel alpha-subunit genes. Dev Dyn Off Publ Am Assoc Anat
235: 1962–1973.

45. Jarvis MF, Honore P, Shieh C-C, Chapman M, Joshi S, et al. (2007) A-803467, a potent and selective
Nav1.8 sodium channel blocker, attenuates neuropathic and inflammatory pain in the rat. Proc Natl
Acad Sci 104: 8520–8525. doi: 10.1073/pnas.0611364104 PMID: 17483457

46. Field MJ, Oles RJ, Lewis AS, McCleary S, Hughes J, et al. (1997) Gabapentin (neurontin) and S-(+)-3-
isobutylgaba represent a novel class of selective antihyperalgesic agents. Br J Pharmacol 121:
1513–1522. doi: 10.1038/sj.bjp.0701320 PMID: 9283683

47. Wallace MS, Schulteis G (2008) Effect of chronic oral gabapentin on capsaicin-induced pain and hyper-
algesia: a double-blind, placebo-controlled, crossover study. Clin J Pain 24: 544–549. doi: 10.1097/
AJP.0b013e3181673b93 PMID: 18574364

48. Bingham S, Beswick PJ, Blum DE, Gray NM, Chessell IP (2006) The role of the cylooxygenase path-
way in nociception and pain. Semin Cell Dev Biol 17: 544–554. doi: 10.1016/j.semcdb.2006.09.001
PMID: 17071117

49. Yaksh TL, Dirig DM, Conway CM, Svensson C, Luo ZD, et al. (2001) The Acute Antihyperalgesic Action
of Nonsteroidal, Anti-Inflammatory Drugs and Release of Spinal Prostaglandin E2 Is Mediated by the
Inhibition of Constitutive Spinal Cyclooxygenase-2 (COX-2) but not COX-1. J Neurosci 21:
5847–5853. PMID: 11487607

50. Caron SJC, Prober D, Choy M, Schier AF (2008) In Vivo Birthdating by BAPTISMReveals That Trigem-
inal Sensory Neuron Diversity Depends on Early Neurogenesis. Development 135: 3259–3269. doi:
10.1242/dev.023200 PMID: 18755773

51. Pan YA, Choy M, Prober DA, Schier AF (2012) Robo2 Determines Subtype-Specific Axonal Projections
of Trigeminal Sensory Neurons. Development 139: 591–600. doi: 10.1242/dev.076588 PMID:
22190641

52. Koltzenburg M, McMahon SB, Tracey I, Turk DC (2013) Wall & Melzack’s Textbook of Pain,Expert
Consult—Online and Print,6: Wall & Melzack’s Textbook of Pain. Elsevier Health Sciences. 1507 p.

53. Lee H, Iida T, Mizuno A, Suzuki M, Caterina MJ (2005) Altered thermal selection behavior in mice lack-
ing transient receptor potential vanilloid 4. J Neurosci 25: 1304–1310. doi: 10.1523/JNEUROSCI.4745.
04.2005 PMID: 15689568

54. Bryant RM, Olley JE, Tyers MB (1983) Antinociceptive actions of morphine and buprenorphine given in-
trathecally in the conscious rat. Br J Pharmacol 78: 659–663. doi: 10.1111/j.1476-5381.1983.tb09417.x
PMID: 6687818

55. Drew LJ, Wood JN (2005) Worm sensation! Mol Pain 1: 8. doi: 10.1186/1744-8069-1-8 PMID:
15813996

56. Neely GG, Hess A, Costigan M, Keene AC, Goulas S, et al. (2010) A Genome-wide Drosophila Screen
for Heat Nociception Identifies α2δ3 as an Evolutionarily Conserved Pain Gene. Cell 143: 628–638.
doi: 10.1016/j.cell.2010.09.047 PMID: 21074052

57. TraceyWD, Wilson RI, Laurent G, Benzer S (2003) painless, a Drosophila Gene Essential for Nocicep-
tion. Cell 113: 261–273. doi: 10.1016/S0092-8674(03)00272-1 PMID: 12705873

58. Ahrens MB, Orger MB, Robson DN, Li JM, Keller PJ (2013) Whole-brain functional imaging at cellular
resolution using light-sheet microscopy. Nat Methods 10: 413–420. doi: 10.1038/nmeth.2434 PMID:
23524393

Modeling Nociception in Zebrafish

PLOS ONE | DOI:10.1371/journal.pone.0116766 January 14, 2015 18 / 18

http://dx.doi.org/10.1213/ane.0b013e3181b01b02
http://www.ncbi.nlm.nih.gov/pubmed/19690272
http://www.ncbi.nlm.nih.gov/pubmed/19736626
http://dx.doi.org/10.1073/pnas.0611364104
http://www.ncbi.nlm.nih.gov/pubmed/17483457
http://dx.doi.org/10.1038/sj.bjp.0701320
http://www.ncbi.nlm.nih.gov/pubmed/9283683
http://dx.doi.org/10.1097/AJP.0b013e3181673b93
http://dx.doi.org/10.1097/AJP.0b013e3181673b93
http://www.ncbi.nlm.nih.gov/pubmed/18574364
http://dx.doi.org/10.1016/j.semcdb.2006.09.001
http://www.ncbi.nlm.nih.gov/pubmed/17071117
http://www.ncbi.nlm.nih.gov/pubmed/11487607
http://dx.doi.org/10.1242/dev.023200
http://www.ncbi.nlm.nih.gov/pubmed/18755773
http://dx.doi.org/10.1242/dev.076588
http://www.ncbi.nlm.nih.gov/pubmed/22190641
http://dx.doi.org/10.1523/JNEUROSCI.4745.04.2005
http://dx.doi.org/10.1523/JNEUROSCI.4745.04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15689568
http://dx.doi.org/10.1111/j.1476-5381.1983.tb09417.x
http://www.ncbi.nlm.nih.gov/pubmed/6687818
http://dx.doi.org/10.1186/1744-8069-1-8
http://www.ncbi.nlm.nih.gov/pubmed/15813996
http://dx.doi.org/10.1016/j.cell.2010.09.047
http://www.ncbi.nlm.nih.gov/pubmed/21074052
http://dx.doi.org/10.1016/S0092-8674(03)00272-1
http://www.ncbi.nlm.nih.gov/pubmed/12705873
http://dx.doi.org/10.1038/nmeth.2434
http://www.ncbi.nlm.nih.gov/pubmed/23524393

