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In order to survive, animals must avoid injury and be able to detect potentially
damaging stimuli via nociceptive mechanisms. If the injury is accompanied by
a negative affective component, future behaviour should be altered and one
can conclude the animal experienced the discomfort associated with pain.
Fishes are the most successful vertebrate group when considering the
number of species that have filled a variety of aquatic niches. The empirical
evidence for nociception in fishes from the underlying molecular biology, neu-
robiology and anatomy of nociceptors through to whole animal behavioural
responses is reviewed to demonstrate the evolutionary conservation of noci-
ception and pain from invertebrates to vertebrates. Studies in fish have
shown that the biology of the nociceptive system is strikingly similar to that
found in mammals. Further, potentially painful events result in behavioural
and physiological changes such as reduced activity, guarding behaviour, sus-
pension of normal behaviour, increased ventilation rate and abnormal
behaviours which are all prevented by the use of pain-relieving drugs. Fish
also perform competing tasks less well when treated with a putative painful
stimulus. Therefore, there is ample evidence to demonstrate that it is highly
likely that fish experience pain and that pain-related behavioural changes are
conserved across vertebrates.

This article is part of the Theo Murphy meeting issue ‘Evolution of mech-
anisms and behaviour important for pain’.
1. Introduction
Pain is considered a negative affective state associated with tissue injury and we
seek to alleviate pain to improve both the human condition and animal welfare
[1,2]. Biomedical and basic fundamental studies explore the mechanisms of
pain with a view to discovering novel compounds or drugs to reduce pain.
In such studies, animal models are often employed and these have been
effective in understanding pain and analgesia in humans and other animals
[2,3]. A range of animal models has been explored, from invertebrates such
as nematodes (Caenorhabditis elegans), leeches (Hirudo medicinalis), fruit flies
(Drosophila melanogaster) and molluscs (Aplysia califonica) through to vertebrates
[4]. By adopting a comparative approach, an analysis of these studies can yield
insights into the evolution of pain. This review will focus on the empirical
evidence from fishes since they represent an interesting evolutionary and eco-
logical group. Phylogenetically, fishes are the closest vertebrate group to
invertebrates and gave rise to vertebrate tetrapods [5]. Fishes also live a
mainly aquatic life-style and thus have different life history and ecological
pressures shaping their evolution in comparison with terrestrial invertebrates
and vertebrates [6]. An exploration of the research findings from fishes might dis-
cover the extent of evolutionary conservation or differences in the underlying
mechanisms through to whole animal behavioural responses to pain.
2. Definition of pain
The definition of human pain suggests that there are two components: firstly, a
stimulus that could or does cause damage is perceived (termed nociception)
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and secondly, this leads to a psychological state where an
individual experiences suffering or discomfort (termed
pain) [1]. Assessment of pain in humans relies on self-
report in that we share a common language and we can
convey whether we are in pain or not, and further can rate
that pain [2]. This becomes problematic in the assessment
of pain in animals and infant humans since we cannot com-
municate with them directly [2]. Instead we identify
behavioural and physiological indicators in response to a
potentially painful event that are used to indicate pain and
in some cases gauge the severity of that pain. For example,
grimace scales based on changes in facial expression using
Facial Action Coding Schemes have been developed for a var-
iety of mammals including rats [7], mice [8,9], rabbits [10],
horses [11] and piglets [12]. In effect, we rely on scientific
measures that signify pain in animals and make a judgement
based on the animal’s responses to make our assessment.
Therefore, the modern definition of animal pain relies on a
number of testable principles when deciding if an animal
can be considered as capable of experiencing pain [2]. All ani-
mals are considered capable of nociception, which is the
detection of potentially injurious stimuli, and is usually
accompanied by a nocifensive withdrawal reflex away from
that stimulus. For pain, however, the animal must demon-
strate a change in future behavioural decisions and
motivational changes [2]. This relies on the fact that pain is
an adverse psychological experience resulting in learning,
memory formation and altered strategic decision making
during and after the event. If an animal has the neural appar-
atus to detect and experience painful stimuli, their behaviour
is altered and this indicates a change from their normal reper-
toire (e.g. suspension of feeding), which may be detrimental
to the animal and all responses are prevented by analgesic
drugs, then this evidence confirms pain occurs. Human
pain is often referred to when considering pain in animals,
but this is flawed thinking in many ways as the nociceptive
and pain system will be shaped quite differently in animals
which have had a different ecological and evolutionary his-
tory [13,14]. Thus, differences or similarities in the
molecular, physiological, neurobiological and behavioural
changes in response to pain by fishes will be discussed
below with a view to understanding the comparative biology
of nociception in pain in animals.
3. Molecular biology of nociception
Many molecules and their receptors are involved in nocicep-
tion and pain. Not all can be discussed here, but examples of
those that have been implicated in mammalian pain are acid
sensing ion channels (ASICs), which mediate nociceptive
responses to acids [15–18], transient receptor potential
(TRP) channels, which underpin thermal (heat) nociception
[19], and opioid receptors and endogenous substances
inherent in opioid-mediated pain-relief or analgesia [20,21].

ASICs are coded by four genes that with alternative spli-
cing result in six isoforms (ASIC1a, ASIC1b, ASIC2a, ASIC2b,
ASIC3 and ASIC4) [17] which are expressed in mammalian
mechanosensory neurons and are gated by low pH or
protons. These membrane-bound receptors are activated by
decreased extracellular pH resulting in the opening of an
intrinsic membrane-spanning sodium channel. ASICs have
been identified in vertebrates [17,22]. However, molecular
phylogenetics and electrophysiological approaches have
also characterized ASICs from tunicates, lancelets, sea urch-
ins, starfish and acorn worms (belonging to the phyla
Hemichordata and Chordata). Therefore, the function of
ASICs is conserved across these animal phyla [22]. Prior to
this study, it was believed the proton-mediated activation of
ASICs (except ASIc2b and ASIC4) originated in teleost
(bony) fish since the ASICs identified in a jawless fish, Lampe-
tra fluviatilis, and a cartilaginous fish, Squalus acanthias, formed
membrane proteins that were not activated by protons [23].
This means if these species possess nociceptors or other che-
mosensory receptors they may not respond to acid. Six
ASICs have been characterized in zebrafish, Danio rerio,
(zASICs; ZASIC1.1, zASIC1.2, zASIC1.3, zASIC2, zASIC4.1
and zASIC4.2) and have similar predicted molecular masses
and share 60–75% amino acid similarity with rat and human
ASICs [24]. Exposure to or injection of low pH chemicals,
and in particular acetic acid, does result in altered behaviour
and physiology in zebrafish and rainbow trout [25–33] that
is prevented by analgesic drugs and has been shown to be
mediated by ASICs [34]. Thus, the function of ASICs does
appear to be evolutionarily conserved.

TRP ligand-gated ion channels (TRPV1, TRPV2, TRPV3,
TRPV4, TRPM8 and TRPA1) innervate sensations related to
temperature and mechanical stimuli and are expressed in
mammalian nociceptors [19]. These ion channels form a pri-
mary step for detection of pain since they transduce
noxious stimuli into currents. TRP ion channels or homol-
ogues can be found in invertebrates (e.g. Drosophila [35];
Hirudo [36,37]). Nine thermo-TRP channels have been ident-
ified in zebrafish, some of them differing from those
present in mammals [38], which may be due to the past
genomic duplication in zebrafish. Once activated, the
thermo-TRPs of zebrafish (TRPV1/2, TRPV4, TRPM2,
TRPM4a, TRPM4b, TRPM4c, TRPM5, TRPA1a and
TRPA1b) promote ion influx eliciting changes in the resting
membrane potential. They are responsive to a broad range
of temperatures, from noxious cold to high temperature,
which are potentially tissue damaging [39]. Electrophysio-
logical studies in rainbow trout (Oncorhynchus mykiss) failed
to find cold responsive nociceptors [40], but this species
lives in very low temperatures (0–25°C), whereas zebrafish
are a tropical species inhabiting a smaller range of tempera-
tures (20–30°C). Noxious heat does have a negative effect
on goldfish (Carassius auratus) and zebrafish behaviour that
is ameliorated by analgesia [41,42], but analgesia did not
prevent behavioural responses to cold in larval zebrafish,
where it appeared as if cold had an anaesthetizing effect [42].

The endogenous opioid system comprises three
G-protein-coupled receptors, the µ, δ and κ-receptors, and
their respective ligands β-endorphin, enkephalin and dynor-
phin [20]. These receptors and substances are found
primarily in the nervous system regions involved in nocicep-
tion and pain in mammals [20], and endogenous substances
offer analgesia in both central and peripheral nociceptive sys-
tems. Peripheral opioid receptors can be located chiefly in the
primary sensory neurons [21], but these receptors are usually
inactive until the neurons respond to a noxious stimulus.
Opioid drugs exert peripheral anti-nociceptive effects [43–
46]. Morphine, a classic opioid drug, exerts influence through
μ-opioid receptors and is administered in the case of severe
pain [47,48]. In invertebrates, opioid-like receptors and
endogenous substances have been found (e.g. C. elegans;
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Aplysia) although some species lack any discernible opioid
receptors or substances (e.g. Drosophila [49]). Nevertheless,
opioids can modulate and reduce the nociceptive responses
of invertebrates (e.g. Drosophila [50]; Hirudo [51]; Aplysia
[52–54]; therefore, the mechanisms are not known [49]. The
opioid system in fishes is very similar to that found in mam-
mals [55] and thus fish models are used for testing addiction
and withdrawal [56]. Several studies have demonstrated sig-
nificant changes in the behaviour of zebrafish to potentially
painful stimuli, including reduced activity [28–33,57,58],
which has also been observed in mammals [2]. Exposure con-
centration at 0.1% acetic acid or above causes hypoactivity in
5 day post fertilization (dpf) zebrafish, whereas the anaes-
thetics aspirin (2.5 mg l−1), lidocaine (5 mg l−1) and
morphine (48 mg l−1) prevent the change in behaviour [59].
Subcutaneous injection of acetic acid into the frontal lips
resulted in a substantial reduction in activity in adult zebra-
fish and rainbow trout [29,58]. Morphine administration
effectively prevents these changes, providing evidence for
the conserved role of opioid receptors in fish analgesia
[32,59,60]. Although further testing is required, opioids
would seem to exert the same function in nociception
across the animal kingdom.
 290
4. Nociceptors
Nociceptors are free nerve endings that preferentially detect
injurious stimuli that cause tissue damage; in vertebrates they
are usually of two fibre types: small myelinated A-delta fibres
and smaller unmyelinated C fibres [61]. Nociceptors can be
found in both the periphery [17,61] and the viscera and deep
tissues [62,63]. Electrophysiological and anatomical investi-
gation can identify which type of fibre nociceptors are, since
C fibres lack myelination, are of small diameter and have a
slow conduction velocity. Several nociceptor C fibre types
have been characterized in mammals. For example, one type
is solely mechanically sensitive, whereas another type are
also responsive to cold or heat. ‘Silent’ C fibres only respond
to heat when sensitized [64]. The majority of cutaneous mam-
malian fibre types have a nociceptive function (approx. 67% of
total fibre type (12% Aδ, 30% C-polymodal’ 20% C-mechan-
othermal or heat alone, and 5% C silent)) leaving 33% as
touch and pressure fibres [64–67]. Thus, the mammalian noci-
ception system must be able to differentiate between types of
noxious stimuli since they possess a range of stimuli-specific
receptors. Terrestrial mammals may have evolved this ability
to avoid extremes of heat and cold as well as chemicals and
damaging mechanical stimuli.

Aδ-mechanonociceptors conduct rapidly and are believed
to signal ‘first pain’ [68]. These receptors have relatively
higher mechanical thresholds than touch fibres (5 versus
1–1.5 mN; [66,68]), and a small percentage are heat respon-
sive (12%) and half are stimulated by cold temperatures
[66]. C fibres are thought to underpin longer-term pain
with humans categorizing Aδ stimulation as ‘pricking’
pain and C-mediated stimulation as ‘pressing’ and ‘dull’
pain [69]. Approximately one-third of C fibres in mammals
are polymodal and responsive to noxious chemicals in
addition to mechanical and thermal stimuli. Electrophysio-
logical properties of nociceptors have been well investigated
(reviews in [15,19,32]); functionally, they encode information
on the modality of stimulus, intensity and duration to reflex
centres in the central nervous system, they mediate nocifen-
sive withdrawal responses away from the damaging
stimulus [70] and they facilitate longer-term behavioural
alterations since their continued excitation results in
prolonged pain [2].

When considering the watery environment fishes inhabit
it is unlikely that their nociception and pain system will be
similar to animals that live in a terrestrial environment. The
ecological and evolutionary history of fish is likely to present
different risks and, in particular, that will affect the risk of
encountering potentially painful events or stimuli. Fishes
that have a swim bladder can adjust their buoyancy in the
water; thus injuries related to gravity (falling) may be
reduced. From this perspective, it would be interesting to
explore nociception in benthic or bottom-dwelling species
that constantly come into contact with possibly hard sub-
strates. Dilution of noxious chemicals entering a large water
body may mean they pose a lower risk if dilution results in
a sub-threshold concentration. Substantial changes in temp-
erature occur less compared with terrestrial environments;
thus the risk of heat or cold damage may be lower. Any
differences in the fishes’ nociceptive system may reflect
these environmental differences.

A jawless fish, the lamprey, possesses receptors that
respond to damaging stimuli, along with neuronal opioid-
like receptors [71,72]. Studies have yet to conclusively find
nociceptors in elasmobranchs [73]. However, in the teleost
fishes electrophysiological and anatomical studies have
identified nociceptors in the rainbow trout [74,75]. C fibres
and Aδ fibres were characterized into three classes of nocicep-
tors including polymodal, mechanothermal and
mechanochemical [40,75–77]. These electrophysiology studies
confirmed that the trout nociceptors are physiologically iden-
tical to mammalian nociceptors [78,79]. However, there are a
number of fascinating differences: for example, trout nocicep-
tors are not responsive to noxious cold temperatures below
4°C [40]. In an evolutionary context, this lack of responsive-
ness to noxious cold (less than 4°C) makes sense, since
trout are found at very low temperatures, making it maladap-
tive to have cold nociceptors. This loss of function is also seen
in a mammal: the African naked mole rat (Heterocephalus
glaber), which lives in carbon dioxide (CO2)-rich burrows
has nociceptors that do not respond to acids. High CO2

levels cause peripheral tissue acidosis, which excites nocicep-
tors in many species, but for the naked mole rat this function
has been lost since it would not be adaptive in its natural
environment [80,81]. Thus, life history and ecology can
shape the nociception and pain system. Zebrafish larvae at
5 dpf perform behavioural changes when exposed to noxious
heat, CO2-infused water and acetic acid but no behavioural
changes occur when a range of analgesic drugs are provided
[42,59,82]. In terms of fibre composition, a comparatively
small percentage are innervated by C fibres (4–5%, [83,84])
(terrestrial vertebrates (approx. 50–65%, [84]). Reptiles,
including terrestrial species, also have fewer C fibres than
mammals [85]. However, in trout, Aδ fibres function as poly-
modal nociceptors and so have the same functionality as the
mammalian C fibres. These fish Aδ polymodal nociceptors
are myelinated, so conduction velocity is more rapid and
thus signalling of damaging stimuli may be quicker.

Thresholds also differ in fishes compared with mammals.
The mechanical and heat thresholds of rainbow trout
nociceptors are lower than those found in mammals. The
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fish mechanical thresholds are comparable to those recorded
on the mammalian cornea, where low mechanical thresholds
are found compared with mammalian cutaneous nociceptors
[86]. If we consider the easily damaged nature of the fish
skin, fishes may have evolved nociceptors that respond to
relatively lower thresholds to avoid mechanical injury [75];
although scales can provide some protection they can also
be lost during abrasion. The thermal threshold of mammalian
nociceptors is greater than 40°C yet trout nociceptors are
somewhat responsive to temperatures greater than 33°C
[40]. If we deliberate on the thermal ecology of rainbow
trout, they can be found in temperatures up to 25°C and
the risk of coming into contact with higher temperatures is
unlikely for this temperate species. By contrast, the behaviour
of zebrafish, a tropical species, is not altered by a temperature
of 30°C, which is within their natural tolerance range. How-
ever, when subject to 40°C, zebrafish activity is significantly
reduced, which can be prevented by administering analgesics
[42]. Studies using avoidance paradigms suggest that the
noxious threshold is 36.5°C in zebrafish [87]. These findings
suggest that the heat threshold of fish nociceptors may
differ between temperate and tropical species. It would be
interesting to test the influence of the thermal environment
further by inclusion of thresholds from polar and desert
fishes and those that inhabit hydrothermal vent areas. As
ectotherms, fishes’ body temperature is dependent upon
environmental temperatures (typically 0–30°C), whereas
endothermic mammals largely maintain their temperature
at 37°C. Temperatures above 30°C could be detrimental to
fishes but not to mammals; thus fish nociceptors may have
evolved to respond to a relatively lower heat threshold.

Are differences in mechanical and thermal thresholds
observed in invertebrates and, as such, are fishes a stepping
stone between invertebrates and vertebrates? For mechanical
threshold the answer is no; invertebrates including
arthropods, nematodes, annelids and molluscs have high
mechanical thresholds similar to those found in amphibians,
birds and mammals (reviewed in [4]). In the case of heat
thresholds, the answer is also no since these invertebrate
groups have higher heat thresholds than fishes, which are
similar to those found in other vertebrate groups [4]. The
only similarity appears to be a lack of cold responsive
nociceptors in both invertebrates and fishes, which suggests
the development of cold nociceptors evolved in terrestrial
vertebrates. To test this hypothesis it would be interesting
to investigate nociceptor properties in aquatic mammals,
which are exposed to similar environmental conditions to
many fishes, to determine whether cold responsiveness has
been lost or is conserved. Of course many marine mammals
undertake oceanic migrations and would naturally come
into contact with a wide range of temperatures from polar
regions to the tropics.
5. Behavioural costs of nociception and pain
Many species exhibit nocifensive instantaneous withdrawal
responses to damaging stimuli, but to infer an experience of
pain, behavioural responses should be lengthier than a
short reflex reaction and should be more complicated in
nature. For example, normal behaviour should be suspended
for a prolonged period and further future decisions should be
altered [2]. Nocifensive reflexes have been documented in
many taxa and do not necessarily require higher brain
areas for processing [2–4]. Prolonged changes in behaviour
after a potentially painful stimulus have also been documen-
ted in vertebrates and some invertebrates and are indicative
of higher central processing [2]. Therefore, behavioural
alterations and the performance of abnormal or unusual
behaviours often indicate pain. Changes in mammals include
modified demeanour (e.g. [88]), responses to handling (e.g.
[89]), altered posture (e.g. [90]), reduced activity (e.g. [91]),
vocalizations (e.g. [10]), changes in food and water intake
(e.g. [10]), gait [92], rearing [93] and many more, dependent
upon the species and pain modality. Normal behaviour is
affected in fishes during a potentially painful event.
Although species dependent, changes in activity, perform-
ance of anomalous behaviours (e.g. rubbing affected area;
rocking on the substrate; wafting of tail fin; stereotypical
swimming), altered posture, suspension of feeding and
increased ventilation have been recorded in fishes [25–
33,57,58]. Motivational shifts and longer-term behavioural
changes have also been recorded in a number of species
and reviewed extensively [2–4].

Behaviours are often reduced or not performed during
pain, and one can infer that deleterious changes in normal
behaviour mean the animal pays a cost whether that be
reduced energy intake when feeding is suspended, or time
and energy spent on pain-related behaviours. For example,
rodents are highly driven to rear up in their cages, but this
is reduced after abdominal surgery [94]. Thus, the experience
of pain results in a behavioural cost that in some cases may be
lethal. Studies in cephalopods have demonstrated that
injured squid, Doryteuthis pealeii, altered their escape strategy:
injured squid fled from predators at a greater distance than
non-injured squid; thus, the response to tissue damage has
evolved as a survival tactic. Injury motivated the squid to
respond at a greater distance to measurably reduce predation
risk [95]. However, when damaged squid were anaesthetized
during injury such that they did not experience the associated
negative affective component, they did not show an enhanced
flight and were more vulnerable to predation. When exposed
to a predator, uninjured D. pealeii had 80% survival in
contrast to only 19% in anaesthetized injured animals. Anaes-
thesia administered without injury resulted in a 75% survival
rate; thus anaesthesia alone did not significantly affect survi-
val. When D. pealeii were injured without anaesthesia so that
they would have experienced the injury, 45% survived, since
they responded to predators at a greater distance compared
with those that were anaesthetized. Thus, the cost of injury
is 35% mortality but if the associated experience of the
inury is blocked via anaesthesia, then the mortality cost
rises to 61%. Studies investigating responses to electric
shock in hermit crabs (Pagurus bernhardus) that occupy
mollusc shells, which protect their soft abdomen, have
demonstrated 95% of these animals will evacuate a shell
when an electric shock is applied [96]. This would leave
these crabs vulnerable to predation; however, when this
was repeated in the presence of a predator cue only 47% of
crabs left their shell, which represents a trade-off between
pain and the risk of predation. In fishes, normal feeding
behaviour in rainbow trout can be suspended for approxi-
mately 3 h in comparison with sham (non-noxious saline
injection) treated fish [25–28]. Further, when in pain rainbow
trout do not show neophobia to novel objects [26] (2003;
figure 1a), nor anti-predator responses in the presence of a
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predator cue [29]. Obviously failing to respond to predators
may have detrimental consequences in a natural habitat
where predators may be present. However, this is yet to be
explicitly tested. Angling injuries to the mouths of marine
shiner perch (Cymatogaster aggregata), which use a suction
method of foraging, resulted in reduced feeding compared
with fish caught using a non-injurious capture method;
thus damage is costly in terms of energy intake [97]. Adult
zebrafish demonstrate a substantial reduction in activity
and swimming distance resulting in a reduction in complex-
ity of movement (figure 2) as well as space use [58] during
pain. The impact of noxious events on activity is also seen
in 5 dpf larvae [42,59,82] (figure 1b). These changes will
incur a cost in terms of time and energy but the benefits
may be to reduce pain, prevent further damage and promote
healing. These responses are ameliorated by the use of
analgesic or pain-relieving drugs and indeed a range of
drugs prevent pain-related changes in fishes (reviewed in
[3]; figure 1b), which is also the case in mammals [2,4]. One
study explored the impact of an electric shock in goldfish
given in an area of their tank where they received food; the
fish avoided this area for 3 days before they would enter
[98]. These findings clearly show that the fish paid a nutri-
tional cost where their energy intake dropped for 3 days
which would negatively affect their physiology. After 3
days of fasting, the hungry goldfish traded off the avoidance
of the noxious painful shock with satiating their hunger and
meeting their energy requirements.
6. Conclusion
The underlying anatomical, molecular and electrophysiologi-
cal properties of nociceptors generally appear conserved from
invertebrates to vertebrates, with some interesting anomalies.
Loss of or lack of evolving a function occurs in fishes where
cold nociceptors are yet to be identified. This may be due to
the species tested either inhabiting cold waters or never
coming into contact with such cold temperatures in their
natural habitat; thus they have not evolved cold nociceptors.
By contrast, terrestrial vertebrates may suffer tissue damage
in extreme cold climactic events, and thus require cold noci-
ception to avoid such injury. Testing of marine mammals
may yield interesting insights into whether these aquatic
mammals have lost cold responsive nociceptors. Certainly,
the African naked mole rat has lost acid responsive nocicep-
tors, possibly owing to the CO2-rich environment it inhabits,
showing that pain perception mechanisms are likely shaped
to suit the environment that a species inhabits over evolution-
ary time frames. Nocifensive instantaneous withdrawal
reflexes are observed in many taxa, and as such these are evo-
lutionarily conserved as they serve an important function—to
prevent and limit contact with damaging stimuli. Behavioural
responses that are prolonged and complicated in nature have
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been recorded in cephalopods and crustaceans whereby costs
are incurred. Behavioural costs are also observed in fishes
and other vertebrate species. When experiencing a painful
stimulus, fish do not show appropriate fear or anti-predator
responses, and this may be detrimental in the natural
environment if predation risk is a factor. Changes in behav-
iour are prevented by drugs that provide effective
analgesia, providing evidence that these changes are driven
by nociception and pain mechanisms. Taken together, this
combined evidence suggests a pain experience that domi-
nates attention in fish, and thus it is vital that we seek to
minimize and alleviate pain in fish when logistically possible.
The empirical evidence in fish demonstrates pain-related
behaviours are conserved across vertebrates, with more
research needed in invertebrates to investigate prolonged
changes in behaviour to discern when these behaviours first
arose in evolution.
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