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Simple Summary: Cuttlefish is an important species both in scientific and commercial use. To
improve their welfare, assessments and reducing pain in animals are necessary. However, studies on
nociception in cephalopods have so far focused on the octopus and squid, with no investigations with
respect to our knowledge on cuttlefish. We used acetic acid to identify grooming, a key behaviour
linked to pain in cuttlefish, as the assessment of pain and ascertained the efficacy of analgesics on
pain perception in cuttlefish. We found that when more acetic acid is injected, increased grooming
behaviour is induced in cuttlefish, and the injection of lidocaine reduced grooming behaviours in
acetic-acid-injected cuttlefish; thus, we can recommend this drug for use as a local anesthetic.

Abstract: Nociception is the neural process of encoding noxious stimuli and is typically accompanied
by a reflex withdrawal response away from the potentially injurious stimulus. Studies on nociception
in cephalopods have so far focused on octopus and squid, with no investigations to our knowledge
on cuttlefish. Yet, these are an important species both in scientific and commercial use. Therefore, the
present study demonstrated that a standard pain stimulus, acetic acid, induced grooming behaviour
directed towards the injection site in cuttlefish and that the injection of lidocaine reduces grooming
behaviours in acetic-acid-injected cuttlefish. Wound-directed behaviour demonstrates that the animal
is aware of the damage; thus, when subjecting these animals to any painful treatments in the
laboratory, researchers should consider alleviating pain by the administration of pain-relieving drugs.

Keywords: cephalopoda; analgesia; acetic acid test; nociception

1. Introduction

Nociception is the neural process of encoding noxious stimuli and is typically accom-
panied by a reflex withdrawal response away from the potentially injurious stimulus [1].
If damage occurs this can elicit the experience of pain, which is an unpleasant sensory
and emotional experience associated with, or resembling that associated with, actual or
potential tissue damage [2]. All animals are considered capable of nociception, since ani-
mals must avoid injury and be able to detect potentially damaging stimuli via nociceptive
mechanisms in order to survive [3]. Experiencing pain is detrimental to animal welfare;
however, scientific evidence is needed to confirm that pain occurs in an animal [1]. Pain
perception in animals must be assessed by methods other than human languages, including
an analysis of physiological signs (heart rate, respiratory rate, and body temperature) [4],
pain measurement tools (Numerical Rating Scale and Glasgow Composite Measure Pain
Scale) [5,6], the measurement of neural activity [7], and behavioural changes that are indica-
tive of pain rather than a nocifensive reflex [1]. In animals, if the injury is accompanied by
a negative emotional component, subsequent behaviour should be altered for a prolonged
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period, and based upon this evidence, we can infer that the animal experiences the dis-
comfort associated with pain [1,3]. Much empirical evidence has been gathered to support
the concept that all vertebrate groups such as fishes, birds, and mammals can experience
pain-like states, and invertebrate models yielded important insights into the underlying
mechanisms of nociception and pain [1].

The cephalopods (cuttlefish, octopuses, and squids), which have the most complex
central nervous systems among invertebrates [8,9], are protected under European legisla-
tion (Directive 2010/63/EU) as well as many other countries [10]. However, the underlying
mechanisms of nociception and pain are less well studied than vertebrate groups [1], so
there is currently no standard means of measuring welfare in cephalopods [11]. Cephalopods
models have been used in a few studies exploring nociceptive sensitization and pain-like
behaviours [12]. They are neurologically and behaviourally complex. Previous studies
have shown that cuttlefish are able to adapt during food choice and that learning plays an
important role in shaping their foraging behaviours [13-17]. It has also been shown that
cuttlefish are able to integrate the “what”, “where”, and “when” components of a single
event during an experiment, which is evidence of possessing episodic-like memory [18].
They display the short- and long-term sensitization of primary nociceptive afferents after
injury [19,20], and this sensitization elicits adaptive behaviours to prevent further dam-
age [21,22]. In a recent study, it has been reported that the injection of acetic acid induced
lasting, location-specific grooming behaviour in octopus, and the octopuses avoided a
location after it was associated with this noxious stimulus, suggesting that octopuses
are capable of experiencing the emotional component of pain [23]. Studies on pain and
nociception in cephalopods have so far focused on octopus and squid [19,24], with no
investigations to our knowledge on cuttlefish. Yet, these are an important species both
in scientific and commercial use. Therefore, the present study aimed to explore whether
a standard pain stimulus, acetic acid, induced grooming behaviour directed towards the
injection site. To determine if this grooming behaviour is reduced by the use of a drug
with analgesic properties, we administered lidocaine, a local anesthetic [25], to determine
the impact on spontaneous pain-associated grooming behaviour. If lidocaine prevents
grooming in response to acetic acid, then this supports the use of lidocaine in reducing
pain in cuttlefishes and confirms studies in other cephalopods.

2. Materials and Methods

This study was conducted with ethics approval from the Institutional Animal Care
and Use Committee of the National Tsing Hua University (protocol no. 111025).

2.1. Subjects
2.1.1. Animals

The eggs of pharaoh cuttlefish (Sepia pharaonis), which were spawned by wild caught
females, were incubated by the Aquatic Biotech Company Ltd. (Yilan, Taiwan) during
March 2021 for 2 weeks. The eggs were then transported to the aquarium at the National
Tsing Hua University (Hsinchu, Taiwan). After hatching, juvenile cuttlefish were housed
individually in porous containers floating inside the rearing tank. Depending on the
individual cuttlefish’s mantle length (ML), different containers were used (ML < 2 cm, kept
in a container 16 cm x 11 cm X 6 cm; ML > 2 cm, kept in a container 24 cm X 16 cm X 6 cm).
Cuttlefish are solitary individuals and show aggression to conspecifics; therefore, individual
housing prevented any aggression. The animals were fed two post-larval white shrimp
(Litopenaeus vannamei) and freshwater shrimp (Neocaridina denticulate) twice per day. The
length of the shrimp was about 50% of the cuttlefish’s body length. In total 35 cuttlefish
were used in the present study. After experiments concluded, animals were returned to their
home tank and remained in the laboratory that was kept in optimal conditions. As they were
unfit to return to the wild, they were held until they died of natural causes. Their typical
lifespan is 240 days, so they lived for a natural length of time in the laboratory’s aquarium.
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2.1.2. Aquarium System

The animals were reared in the laboratory using two closed recirculating aquaculture
systems (700 L each) that were maintained at approximately 24°C, with seawater taken from
the ocean at a salinity of 33 parts per thousand. Seawater in the rearing tank passed through
a mechanical and biological filter with a protein skimmer (removes organic compounds),
coral sand (as a bio-filter), and UV light (to kill any microorganisms present). An airstone
linked to an aquarium air pump via an airline in the filter tank was used to oxygenate
the seawater. The photoperiod of the recirculating aquaculture systems was a 12/12 h
light/dark cycle. Water quality is assessed by measuring pH, ammonia, nitrite, and nitrate
levels daily using a pH meter and commercially available water-testing kits (API). The
average pH of the seawater was 8.0 £ 0.5. The amount of ammonia and nitrite was kept
under 0.25 ppm, and the amount of nitrate was under 80 ppm. To ensure acceptable water
quality, 20% of the water volume in each tank was replaced weekly.

2.2. Experimental Apparatus and Procedure

For the experimental setup, aluminium extrusion frames were used to fix the position
of the camera and the LED lights (see Figure 1). A digital video camera, Panasonic LUMIX
GHS5, was mounted above the acrylic test tank (17 x 6 x 15 cm) to record the responses of
the cuttlefish. Videos were recorded continuously at 4K and 60 frames per second. Two
white LED lights were the main light source for the experiment. They were placed above
from both sides to provide homogenous luminance. Any reflection caused by the water
surface was suppressed in this condition. Cuttlefish were placed in the test tank, which was
cleaned with water between experiments. A matte film was placed inside the acrylic tank
to prevent any mirror effects from inside on the glass and enabled a uniform background
to be filmed.

Cuttlefish were removed from their home tank and placed immediately into 1% or 1.5%
ethanol in seawater for 5 min for anesthesia. Depending on the individual cuttlefish’s ML,
different concentrations of ethanol were used (ML < 2 cm, 1% ethanol was used; ML > 2 cm,
1.5% ethanol was used since smaller cuttlefish are anaesthetized at lower doses). Then, the
cuttlefish were injected subcutaneously on the fourth right arm with either sterile seawater
(control) or acetic acid (pain) with a Hamilton syringe. The length of time for anesthesia
and injection was less than 10 min. Cuttlefish were then immediately moved into the acrylic
recording tank with only seawater and the recording of their behaviour for 10 min started
with the camera when they were fully awake.

Aluminium extrusion frame
Digital video camera

White light LED
Acrylic recording tank

i L

Figure 1. Diagram of the experimental setup showing the position of the recording tank and the
overhead camera.

2.3. Experimental Design

Cuttlefish (N = 41) were randomly assigned to one of the following experimen-
tal groups.
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2.3.1. Acetic Acid Injection Group

An injection of 0.5% v/v (5 mL/L) acetic acid was used since this induces lasting,
location-specific grooming in octopus [23]. To investigate whether acetic acid can affect
cuttlefish’s behaviour, after being sedated with ethanol, cuttlefish (N = 6 per group) were
injected at about one-quarter along the length of the fourth right arm under the dorsal
skin with 2 uL of either 0.5% or 2% acetic acid (Figure 2). This allowed the assessment of a
potentially low and high intensity of pain.
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Figure 2. A schematic showing the experimental design.

2.3.2. Acetic Acid and Lidocaine Injection Group

Local anesthesia using 0.5% w/v (5 g/L) of injected lidocaine has been shown to be
effective in preventing responses to a pinch in cuttlefish [25]. To investigate which con-
centration of lidocaine works effectively on acetic-acid-injected individuals, the cuttlefish
(N = 6 per group) were immediately injected at the same point with 2 uL of either 2% or
3% lidocaine when injected with either 0.5% or 2% acetic acid, respectively (Figure 2).
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2.3.3. Lidocaine Control Group

To control for any negative effects caused by lidocaine [26], 3% Lidocaine was injected
subcutaneously into the cuttlefish’s arm (N = 6, Figure 2).

2.3.4. Injection Control Group

To control for any pain caused by injection, 2 pL of sterile seawater rather than acetic
acid was injected subcutaneously into the cuttlefish’s arm (N = 6, Figure 2).

2.3.5. Sham Control Group

To control for changes in the cuttlefish’s behaviour due to handling and anesthesia,
cuttlefish (N = 5) were anesthetized with no injection and then immediately moved into
the acrylic recording tank (Figure 2).

2.4. Data Analysis

For each cuttlefish, the behavioural scoring of pain-related behaviour (grooming) was
conducted for all recording videos using direct observation. Grooming was defined as the
cuttlefish touching the injection site with its other arms. The total time period in which the
cuttlefish showed grooming behaviour was calculated. For the intra-observer reliability
test, the same observer randomly selected 6 videos and repeated the measurements of
grooming time on a separate day from the first observation. The intraclass correlation
(ICC) was used to determine the intra-observer reliability. The result suggested that the
intra-observer reliability for grooming time was valid (ICC = 0.996). Due to the data not
being normally distributed (using the Kolmogorov-Smirnov normality test; p < 0.001), the
total grooming time for different treatments were compared using the Kruskal-Wallis test to
analyse whether time spent on grooming differed between treatment groups. Since we were
only interested in the impact of lidocaine on grooming behaviour caused by acetic acid, we
performed planned comparisons after the Kruskal-Wallis test using Mann-Whitney U tests
for only 6 comparisons, with Bonferroni corrections applied. All statistics were conducted
using SPSS Version 20.0.0.

3. Results

There was a significant difference in the time spent on grooming between the treatment
groups (H = 26.591, p < 0.001). Grooming behaviour did not occur in the sham control
group (Figure 3). Cuttlefish in the injection control group only exhibited a very low level of
grooming behaviour (Figure 3). Cuttlefish in the lidocaine control group also showed low
levels of grooming behaviour (Figure 3). After the subcutaneous injection of 0.5% acetic
acid, cuttlefish showed that grooming behaviour increased significantly more than the
sham control group (Figure 3, U = 0.00, p = 0.024). The cuttlefish injected with 2% acetic
acid showed even more grooming behaviour than the sham control (Figure 3, U = 0.00,
p = 0.024) and 0.5% acetic acid groups (Figure 3, U = 0.00, p = 0.012).

The cuttlefish administered with 0.5% acetic acid and 2% lidocaine simultaneously
spent less time grooming compared with the 0.5% acetic acid group (Figure 3, U = 0.00,
p = 0.012). The cuttlefish treated with 2% acetic acid plus 3% lidocaine also had a profoundly
lower grooming time compared with the 2% acetic acid group (Figure 3, U = 0.00, p = 0.012),
demonstrating that 3% lidocaine reduced the cuttlefish’s grooming behaviour caused by
2% acetic acid injection.
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Figure 3. Injection of acetic acid induces grooming behaviour in cuttlefish and that injection of
lidocaine reduces grooming behaviours in acetic acid injected cuttlefish. The dots indicate the data
points outside the upper and lower quartiles. * p < 0.05.

4. Discussion

Injection into the arm of the S. pharoaensis with acetic acid resulted in grooming be-
haviour directed towards the injection site. This behaviour was not observed in the control,
sham, or lidocaine-injected groups. It is likely that acetic acid stimulated nociceptors, as
seen in octopuses [23,27]. The incidence of grooming behaviour was performed at a higher
rate when a higher concentration of acetic acid was used. Although few studies in cephalo-
pod species have determined responses to different concentrations of acetic acid, one study
on zebrafish (Danio rerio) showed that acetic acid did have a concentration-dependent
effect on complex swimming trajectories where 10% had a profound impact on reducing
complexities, followed by 5%, and then 1% had the least effect on these fish [28]. The
administration of lidocaine to the acetic acid injection site reduced the grooming behaviour
of the cuttlefish in the present study. This agrees with other studies on cephalopods [23] and
fishes [28-31] reporting that this local inaesthetic drug appears to prevent the transmission
of the nociceptive signal, thereby reducing grooming substantially.

The acetic acid test is a standard pain test and a model for exploring behavioural
responses to acetic acid to determine the intensity of pain and also the effect of analgesics
or other tested substances [32,33]. This test is generally used in mammals [34,35] but
has been applied to other non-mammalian studies investigating fishes, amphibians, and
cephalopods (e.g., [23,35,36]). Cuttlefish received less attention with respect to nocicep-
tion and the present study demonstrates that “wound”-directed behaviours do occur in
S. pharoaensis. This is one of the behavioural criteria that animals must fulfil to be consid-
ered of experiencing pain [1] and provides valuable evidence to inform decisions regarding
the welfare of cuttlefish.

Grooming behaviour caused by the acetic acid may be similar to the grooming be-
haviour observed in octopus [23] and also the rubbing behaviour of injured body areas as a
nociceptive response occurring in mammals and in fish [37-39]. It has been hypothesised
that rubbing the affected area reduces the amount of pain experienced through the touch
sensation, inhibiting the painful stimuli and thereby reducing the sensation of pain in
what is known as the Gate Control Theory, which only applies to vertebrates since the
inhibition of the pain signal by the touch signal occurs at the level of the spinal cord [40].
There is some evidence in the leech, Hirudo, that repeated activations of touch afferents
(T cells) decrease both synaptic transmissions by nociceptive afferents (N cells) and the
magnitude of a withdrawal reflex when N cells are stimulated [41,42]. Whether a compa-
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References

rable phenomenon exists in cephalopods is currently unknown; therefore, this requires
further studies. The grooming behaviour was only observed in the 3 h after acetic acid
injection (Figure S1). This concurs with other studies using the acetic acid model in pain
testing where recovery is observed within this time period [37-39]. In tunicates, lancelets,
sea urchins, starfish, acorn worms, and vertebrates, the detection of acids is conducted via
acid-sensing ion channels (ASICs; [43]), although these have yet been identified in cuttlefish
or other cephalopods. Therefore, future studies should target the mechanisms of action of
acetic acid in the cephalopod nervous system.

5. Conclusions

In conclusion, these results indicate that the application of a noxious, potentially
painful stimulus induces grooming behaviour in cuttlefish; thus, exposure to low pH
should be avoided to safeguard welfare. The grooming behaviour of the injection site may
be an attempt to reduce the pain via the inhibition of the pain signal by stimulation touch
receptors, but this remains to be investigated. Wound-directed behaviour does demonstrate
that the animal is aware of the damage; thus, when subjecting these animals to any painful
treatments in the laboratory, we should consider alleviating pain by the administration of
pain-relieving drugs. Here, we injected 3% lidocaine at the site and prevented grooming
behaviours elicited by acetic acid; thus, we can recommend this drug for use as a local
inaesthetic. Future studies should investigate lidocaine’s efficacy in cuttlefish when subject
to other potentially painful treatments.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biology11111560/s1, Table S1: Data-R1; Figure S1: The grooming
behaviour in cuttlefish during the 6-h observation period; Figure S2: The grooming behaviour in
cuttlefish during the 10-min observation period; Video S1: Grooming.

Author Contributions: T.-H.K. conceived, designed, carried out the work, and drafted the manuscript.
L.US., JJWS. and C.-C.C. helped plan experiments, interpreted data, and revised the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Ministry of Science and Technology of Taiwan, MOST
110-2311-B-007-007-MY?3 (to C.-C.C.) and National Tsing Hua University and University of Liverpool
Collaborative Partnership (to T.-H.K.).

Institutional Review Board Statement: This work was carried out in accordance with the EU-
Directive 2010/63/EU, and all procedures were approved by the Institutional Animal Care and Use
Committee of the National Tsing Hua University (protocol no.111025).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are available in the electronic Supplementary Materials.

Acknowledgments: We thank José Jiun-Shian Wu and Yao-Chen Lee for their help with the experi-
mental design.

Conflicts of Interest: We have no competing interest to declare. LS is one of the guest editors on this
special issue entitled “Anaesthetics and Analgesics Used in Aquatic Animals” but was not involved
in the editorial process for this manuscript.

1.  Sneddon, L.U.; Elwood, RW.; Adamo, S.A.; Leach, M.C. Defining and assessing animal pain. Anim. Behav. 2014, 97, 201-212.

[CrossRef]

2. Raja, S.N,; Carr, D.B.; Cohen, M.; Finnerup, N.B.; Flor, H.; Gibson, S.; Keefe, F.; Mogil, ].S.; Ringkamp, M.; Sluka, K.A. The revised
IASP definition of pain: Concepts, challenges, and compromises. Pain 2020, 161, 1976-1982. [CrossRef] [PubMed]
3. Sneddon, L.U. Evolution of nociception and pain: Evidence from fish models. Philos. Trans. R. Soc. B 2019, 374, 20190290.

[CrossRef] [PubMed]

4. Bufalari, A.; Adami, C.; Angeli, G.; Short, C.E. Pain Assessment in Animals. Vet. Res. Commun. 2007, 31 (Suppl. 1), 55-58.

[CrossRef]


https://www.mdpi.com/article/10.3390/biology11111560/s1
https://www.mdpi.com/article/10.3390/biology11111560/s1
http://doi.org/10.1016/j.anbehav.2014.09.007
http://doi.org/10.1097/j.pain.0000000000001939
http://www.ncbi.nlm.nih.gov/pubmed/32694387
http://doi.org/10.1098/rstb.2019.0290
http://www.ncbi.nlm.nih.gov/pubmed/31544617
http://doi.org/10.1007/s11259-007-0084-6

Biology 2022, 11, 1560 80of9

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

Mathews, K.; Kronen, PW.; Lascelles, D.; Nolan, A.; Robertson, S.; Steagall, P.V.; Wright, B.; Yamashita, K. Guidelines for
Recognition, Assessment and Treatment of Pain: WSAVA Global Pain Council members and co-authors of this document. J. Small
Anim. Pract. 2014, 55, E10-E68. [CrossRef]

Stasiak, K.L.; Maul, D.; French, E.; Hellyer, PW.; Vandewoude, S. Species-specific assessment of pain in laboratory animals. ]. Am.
Assoc. Lab. Anim. Sci. 2003, 42, 13-20.

Molony, V.; Kent, ].E. Assessment of acute pain in farm animals using behavioral and physiological measurements. J. Anim. Sci.
1997, 75, 266-272. [CrossRef]

Darmaillacq, A.-S.; Dickel, L.; Mather, J. Cephalopod Cognition; Cambridge University Press: Cambridge, UK, 2014.

Hanlon, R.T.; Messenger, ].B. Cephalopod Behaviour; Cambridge University Press: Cambridge, UK, 2018.

Smith, J.A.; Andrews, P.L.; Hawkins, P.; Louhimies, S.; Ponte, G.; Dickel, L. Cephalopod research and EU Directive 2010/63/EU:
Requirements, impacts and ethical review. J. Exp. Mar. Biol. Ecol. 2013, 447, 31-45. [CrossRef]

Fiorito, G.; Affuso, A.; Anderson, D.B.; Basil, ].; Bonnaud, L.; Botta, G.; Cole, A.; D’Angelo, L.; De Girolamo, P.; Dennison, N.
Cephalopods in neuroscience: Regulations, research and the 3Rs. Invertebr. Neurosci. 2014, 14, 13-36. [CrossRef]

Howard, R.B.; Lopes, L.N.; Lardie, C.R.; Perez, P.P; Crook, R]. Early-life injury produces lifelong neural hyperexcitability,
cognitive deficit and altered defensive behaviour in the squid Euprymna scolopes. Philos. Trans. R. Soc. B 2019, 374, 20190281.
[CrossRef]

Darmaillacqg, A.-S.; Dickel, L.; Chichery, M.-P.; Agin, V.; Chichery, R. Rapid taste aversion learning in adult cuttlefish, Sepia
officinalis. Anim. Behav. 2004, 68, 1291-1298. [CrossRef]

Darmaillacq, A.-S.; Chichery, R.; Dickel, L. Food imprinting, new evidence from the cuttlefish Sepia officinalis. Biol. Lett. 2006, 2,
345-347. [CrossRef] [PubMed]

Darmaillacq, A.-S.; Lesimple, C.; Dickel, L. Embryonic visual learning in the cuttlefish, Sepia officinalis. Anim. Behav. 2008, 76,
131-134. [CrossRef]

Yang, T.-I.; Chiao, C.-C. Number sense and state-dependent valuation in cuttlefish. Proc. R. Soc. B Biol. Sci. 2016, 283, 20161379.
[CrossRef] [PubMed]

Kuo, T.-H.; Chiao, C.-C. Learned valuation during forage decision-making in cuttlefish. R. Soc. Open Sci. 2020, 7, 201602.
[CrossRef]

Jozet-Alves, C.; Bertin, M.; Clayton, N.S. Evidence of episodic-like memory in cuttlefish. Curr. Biol. 2013, 23, R1033-R1035.
[CrossRef]

Alupay, ].S.; Hadjisolomou, S.P.; Crook, R.J. Arm injury produces long-term behavioral and neural hypersensitivity in octopus.
Neurosci. Lett. 2014, 558, 137-142. [CrossRef]

Crook, R.J.; Hanlon, R.T.; Walters, E.T. Squid Have Nociceptors That Display Widespread Long-Term Sensitization and Sponta-
neous Activity after Bodily Injury. J. Neurosci. 2013, 33, 10021-10026. [CrossRef]

Crook, R.J.; Dickson, K.; Hanlon, R.T.; Walters, E.T. Nociceptive Sensitization Reduces Predation Risk. Curr. Biol. 2014, 24,
1121-1125. [CrossRef]

Oshima, M.; von Treuheim, T.d.P.; Carroll, J.; Hanlon, R.T.; Walters, E.T.; Crook, R.J. Peripheral injury alters schooling behavior in
squid, Doryteuthis pealeii. Behav. Process. 2016, 128, 89-95. [CrossRef]

Crook, R.J. Behavioral and neurophysiological evidence suggests affective pain experience in octopus. iScience 2021, 24, 102229.
[CrossRef] [PubMed]

Crook, RJ.; Lewis, T.; Hanlon, R.T.; Walters, E.T. Peripheral injury induces long-term sensitization of defensive responses to
visual and tactile stimuli in the squid Loligo pealeii, Lesueur 1821. J. Exp. Biol. 2011, 214, 3173-3185. [CrossRef] [PubMed]
Butler-Struben, H.M.; Brophy, S.M.; Johnson, N.A.; Crook, R.J. In Vivo Recording of Neural and Behavioral Correlates of
Anesthesia Induction, Reversal, and Euthanasia in Cephalopod Molluscs. Front. Physiol. 2018, 9, 109. [CrossRef] [PubMed]
Collymore, C.; Banks, E.K.; Turner, P.V. Lidocaine hydrochloride compared with MS222 for the euthanasia of zebrafish (Danio
rerio). J. Am. Assoc. Lab. Anim. Sci. 2016, 55, 816-820.

Imperadore, P; Shah, S.B.; Makarenkova, H.P; Fiorito, G. Nerve degeneration and regeneration in the cephalopod mollusc
Octopus vulgaris: The case of the pallial nerve. Sci. Rep. 2017, 7, 46564. [CrossRef]

Deakin, A.G.; Spencer, ].W.; Cossins, A.R.; Young, I.S.; Sneddon, L.U. Welfare Challenges Influence the Complexity of Movement:
Fractal Analysis of Behaviour in Zebrafish. Fishes 2019, 4, 8. [CrossRef]

Deakin, A.G.; Buckley, J.; AlZu’bi, H.S.; Cossins, A.R.; Spencer, ].W.; Al'Nuaimy, W.; Young, 1.S.; Thomson, J.S.; Sneddon, L.U.
Automated monitoring of behaviour in zebrafish after invasive procedures. Sci. Rep. 2019, 9, 9042. [CrossRef]

Mettam, J.J.; Oulton, L.J.; McCrohan, C.R.; Sneddon, L.U. The efficacy of three types of analgesic drugs in reducing pain in the
rainbow trout, Oncorhynchus mykiss. Appl. Anim. Behav. Sci. 2011, 133, 265-274. [CrossRef]

Thomson, J.S.; Al-Temeemy, A.A.; Isted, H.; Spencer, ]. W.; Sneddon, L.U. Assessment of behaviour in groups of zebrafish (Danio
rerio) using an intelligent software monitoring tool, the chromatic fish analyser. J. Neurosci. Methods 2019, 328, 108433. [CrossRef]
Koster, R. Acetic acid for analgesic screening. In Proceedings of the Federation Proceedings, Godesberg, Germany, 14 September
1959; p. 412.

Le Bars, D.; Gozariu, M.; Cadden, S.W. Animal Models of Nociception. Pharmacol. Rev. 2001, 53, 597-652.

Dai, G.; Li, B.; Xu, Y.; Li, Z.; Mo, E; Wei, C. Synergistic interaction between matrine and paracetamol in the acetic acid writhing
test in mice. Eur. J. Pharmacol. 2021, 895, 173869. [CrossRef] [PubMed]


http://doi.org/10.1111/jsap.12200
http://doi.org/10.2527/1997.751266x
http://doi.org/10.1016/j.jembe.2013.02.009
http://doi.org/10.1007/s10158-013-0165-x
http://doi.org/10.1098/rstb.2019.0281
http://doi.org/10.1016/j.anbehav.2004.01.015
http://doi.org/10.1098/rsbl.2006.0477
http://www.ncbi.nlm.nih.gov/pubmed/17148399
http://doi.org/10.1016/j.anbehav.2008.02.006
http://doi.org/10.1098/rspb.2016.1379
http://www.ncbi.nlm.nih.gov/pubmed/27559063
http://doi.org/10.1098/rsos.201602
http://doi.org/10.1016/j.cub.2013.10.021
http://doi.org/10.1016/j.neulet.2013.11.002
http://doi.org/10.1523/JNEUROSCI.0646-13.2013
http://doi.org/10.1016/j.cub.2014.03.043
http://doi.org/10.1016/j.beproc.2016.04.008
http://doi.org/10.1016/j.isci.2021.102229
http://www.ncbi.nlm.nih.gov/pubmed/33733076
http://doi.org/10.1242/jeb.058131
http://www.ncbi.nlm.nih.gov/pubmed/21900465
http://doi.org/10.3389/fphys.2018.00109
http://www.ncbi.nlm.nih.gov/pubmed/29515454
http://doi.org/10.1038/srep46564
http://doi.org/10.3390/fishes4010008
http://doi.org/10.1038/s41598-019-45464-w
http://doi.org/10.1016/j.applanim.2011.06.009
http://doi.org/10.1016/j.jneumeth.2019.108433
http://doi.org/10.1016/j.ejphar.2021.173869
http://www.ncbi.nlm.nih.gov/pubmed/33454375

Biology 2022, 11, 1560 90f9

35.

36.

37.

38.

39.

40.

41.

42.

43.

Stevens, C.W.; Maclver, D.N.; Newman, L.C. Testing and Comparison of Non-Opioid Analgesics in Amphibians. J. Am. Assoc.
Lab. Anim. Sci. 2001, 40, 23-27.

Sneddon, L.U.; Braithwaite, V.A.; Gentle, M.]. Do fishes have nociceptors? Evidence for the evolution of a vertebrate sensory
system. Proc. R. Soc. Lond. Ser. B Biol. Sci. 2003, 270, 1115-1121. [CrossRef]

Dubuisson, D.; Dennis, S.G. The formalin test: A quantitative study of the analgesic effects of morphine, meperidine, and brain
stem stimulation in rats and cats. Pain 1977, 4, 161-174. [CrossRef]

Roveroni, R.C.; Parada, C.A.; Cecilia, M.; Veiga, E.; Tambeli, C.H. Development of a behavioral model of TMJ pain in rats: The
TMJ formalin test. Pain 2001, 94, 185-191. [CrossRef]

Sneddon, L.U. The evidence for pain in fish: The use of morphine as an analgesic. Appl. Anim. Behav. Sci. 2003, 83, 153-162.
[CrossRef]

Melzack, R.; Wall, P.D. Pain Mechanisms: A New Theory: A gate control system modulates sensory input from the skin before it
evokes pain perception and response. Science 1965, 150, 971-979. [CrossRef] [PubMed]

Yuan, S.; Burrell, B.D. Endocannabinoid-Dependent LTD in a Nociceptive Synapse Requires Activation of a Presynaptic TRPV-like
Receptor. J. Neurophysiol. 2010, 104, 2766-2777. [CrossRef]

Yuan, S.; Burrell, B.D. Nonnociceptive afferent activity depresses nocifensive behavior and nociceptive synapses via an
endocannabinoid-dependent mechanism. J. Neurophysiol. 2013, 110, 2607-2616. [CrossRef]

Lynagh, T.; Mikhaleva, Y.; Colding, ].M.; Glover, J.C.; Pless, S.A. Acid-sensing ion channels emerged over 600 Mya and are
conserved throughout the deuterostomes. Proc. Natl. Acad. Sci. USA 2018, 115, 8430-8435. [CrossRef]


http://doi.org/10.1098/rspb.2003.2349
http://doi.org/10.1016/0304-3959(77)90130-0
http://doi.org/10.1016/S0304-3959(01)00357-8
http://doi.org/10.1016/S0168-1591(03)00113-8
http://doi.org/10.1126/science.150.3699.971
http://www.ncbi.nlm.nih.gov/pubmed/5320816
http://doi.org/10.1152/jn.00491.2010
http://doi.org/10.1152/jn.00170.2013
http://doi.org/10.1073/pnas.1806614115

	Introduction 
	Materials and Methods 
	Subjects 
	Animals 
	Aquarium System 

	Experimental Apparatus and Procedure 
	Experimental Design 
	Acetic Acid Injection Group 
	Acetic Acid and Lidocaine Injection Group 
	Lidocaine Control Group 
	Injection Control Group 
	Sham Control Group 

	Data Analysis 

	Results 
	Discussion 
	Conclusions 
	References

