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Analgesia encompasses drugs used to reduce perceived pain.

The attribution of pain to non-mammalian vertebrates has

widened markedly over the last 20 years, based on common

nociceptive pathways, the presumption of evolutionary

advantage in the experience of pain, and particularly,

behavioral findings. Central processing of pain in non-

mammalians is not well understood which has hindered both

the attribution of pain and the emphasis placed on analgesia in

non-mammalian vertebrates. Nociception (the processing of

harmful stimuli, which does not require the emotive aspect of

pain) triggers a wide-ranging physiological cascade that,

irrespective of the attribution of pain, is sufficient to warrant the

use of analgesic drugs. Consolidated research between

physiologists and veterinarians is required into the dosages

and efficacies of analgesics in the many and varied taxa of

physiological interest.

Addresses
1 Zoophysiology, Department of Biological Sciences, Aarhus University,

DK-8000, Denmark
2Centre for Zoo and Wild Animal Health, Copenhagen Zoo,

Frederiksberg, DK-2000, Denmark

Corresponding author: Wang, Tobias (tobias.wang@bios.au.dk)

Current Opinion in Physiology 2019, 11:75–84

This review comes from a themed issue on Physiology of pain

Edited by Lucy F Donaldson and Cheryl L Stucky

For a complete overview see the Issue and the Editorial

Available online 11th July 2019

https://doi.org/10.1016/j.cophys.2019.07.001

2468-8673/ã 2019 Elsevier Ltd. All rights reserved.

Introduction
Nociception — the neural process of encoding noxious

stimuli — is of obvious importance across animals, as it

allows immediate responses to detrimental conditions that

could compromise survival or reduce fitness. There is

broad consensus that nociception evolved early amongst

multicellular animals and certainly before the division of

extant vertebrates and invertebrates over 500 million years

ago [1�,2,3]. Pain has distinct significance because it is

believed to enable longer-term learning and avoidance

behavior and by definition includes an ‘affective or

emotional component in response to actual or potential
www.sciencedirect.com 
tissue damage or described in terms of this damage’ [4].

The sensation of pain is therefore perceived to possess

evolutionary advantages that outweigh its immediate

negative effect on welfare. Antinociception and analgesia

describe the reduction or abolition of nociception and

pain, respectively. Therefore, if defined strictly, the need

to provide analgesia rests on the attribution of pain to

organisms. Drugs which act to provide analgesia in those

animals where pain is attributed can act either centrally

or peripherally, and often therefore are described as

anti-nociceptive if their action is peripheral, or in animals

where pain is not experienced, for example, those under-

going concurrent anaesthesia.

The distinction between pain and nociception is relatively

straight-forward in communicating humans, but more

challenging in non-verbal humans, such as infants. It is

even more problematic and contentious in other animals,

particularly non-mammalian vertebrates; probably explain-

ing why renaissance scientists reasoned that animals live

senseless lives without the ability to feel pain. This

Cartesian view was paraphrased by French priest and

philosopher Nicolas Malebranche (1638–1715) proclaiming

“animals eat without pleasure, cry without pain, grow without
knowing it; they desire nothing, fear nothing, know nothing”. Into

the 1980s there were controversies as to whether human

babies benefit from analgesia [5]. Our views have changed

profoundly in recent decades and there is now general

academic consensus that all mammals are endowed with

the ability to feelpain[6].However,althoughallvertebrates

(as well as cephalopods) are now covered by many legisla-

tions on animal experiments [7], there continues to be

intractable controversy regarding the emotional component

in the definition of pain in non-mammalian vertebrates.

The debate is most prevalent in fish [8,9,10��,11�,12��]
leading to geographical differences in legislation and

policies in scientific journals as to how analgesia is viewed

and applied. Parts of the dispute reside with the perceived

link of pain to consciousness.

Here we discuss the use of analgesia for non-mammalian

taxa. We begin with the anatomy of pain, demonstrating

that virtually all vertebrates possess the neural circuitry to

carry nociceptive information to the central nervous system

(CNS) (Figure 1), but that there has been considerable

controversy as to whether the structures in the CNS enable

the emotional state of pain. We then discuss whether long-

term behavioral changes in response to noxious stimuli may

provide a better indication of pain in non-verbal animals.

Finally, we argue, separate from the unresolved discussion
Current Opinion in Physiology 2019, 11:75–84
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Figure 1
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A phylogeny of vertebrates with diagrams of gross brain regions, and description of nociceptive pathways, modified from Refs. [12��,137] with

additional data from literature referenced in the text. NT = not tested,? = disputed in the literature. Substance P = a neurotransmitter and

neuromodulator which is released from specific sensory nerve terminals often associated with inflammation and pain.
of whether non-mammalian vertebrates experience pain,

that nociception, irrespective of its emotional correlates,

triggers parallel cascades of physiological responses that

can be mitigated or alleviated by proper anti-nociception

(Figure 2). Hence, the use of appropriate drugs is central to
Current Opinion in Physiology 2019, 11:75–84 
acquisition of good quality physiological data from animals

that have been subject to interventions with tissue damage,

regardless of their capacity to experience pain (Figure 3).

This is as part of a wider goal of reducing stress in experi-

mental animals, refining experimental planning, for the
www.sciencedirect.com
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Figure 2
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The potential effects of nociception and additionally of pain (central column), with consequences of for the animal (right hand column), and for the

physiologist (left hand column) Modified from Ref. [138].
provision of good quality science as well as animal welfare,

within the framework of recommended or mandated 3Rs

provision and legislation [7,13,14].

How to study pain in non-mammalian species

Given the inability of animals to declare whether or not they

feelpain,wemust resort to indirectapproaches todistinguish

pain from nociception [12��]. An immediate withdrawal in

response to a harmful stimulus does not suffice because

this type of reflex does not require emotional input. Two

different approaches have been advanced; one focusing on

the presence or absence of peripheral and central anatomy

required for nociception and pain, [10��,15] and another

interrogating behavioral changes in response to harmful

stimuli [16,17�]. As reviewed below, we believe these

approaches complement each other.

The anatomy of pain
Nociceptors, primary neurons and the spinal cord

Nociceptors were defined by Sherrington as a distinct

class of nerve fibers conveying noxious information more
www.sciencedirect.com 
than a century ago [18]. Nociceptors in mammals are

classically polymodal, responding to a variety of noxious

or potentially noxious signals, such as intense mechanical

pressure, extreme temperature, low pH and certain chem-

ical stimuli. Their receptors include families of acid

sensing receptors (ASICs) and transient receptor potential

receptors (TRPs), which are widely present amongst

sensory systems in vertebrates and invertebrates

[1�,19–21]. Nociceptors are characterized by free nerve

endings connected to a small diameter myelinated fiber

(Ad) or un-myelinated C fiber. These fiber types provide

the sharp early sensation of pain and later dull/burning

sensation, respectively, due to their different conduction

velocities. These nerves can be sensitized by a milieu of

inflammatory mediators leading to increased firing, or

recruited to fire when sensitized, thus giving rise to

increased pain from the same stimulus (hyperalgesia).

Nociceptive fibers synapse within the dorsal horn of the

spinal cord, where further sensitization can take place in

response to injury, recruiting non-nociceptors, such as Ab
mechanoreceptors, producing sensations of pain from
Current Opinion in Physiology 2019, 11:75–84
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Figure 3
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A nociceptive pathway illustrated for the snake, with sites of action of the major classes of analgesic drugs. Cell bodies illustrated for known sites,

thicker red line for unknown pathways in reptiles. Modified from Refs. [101,139–141].
non-noxious stimuli (allodynia). Sensation from the head,

including nociception, proceeds to the central nervous

system in the trigeminal cranial nerve. Nociceptive infor-

mation from the body mainly crosses the spinal cord,

moves in the spinothalamic tract to the thalamus and

thence to central processing areas in the mammal brain.

Nociceptors have been characterized in most major groups

of vertebrates (Figure 1). Broadly, slower conduction com-

pared to non-noxious stimuli, and responses to multiple

classes of noxious stimuli are conserved. There are however

taxonomic differences in threshold and response of the

putativenociceptive receptors, for example, of theTRP-V1

channel to capsaicin reactivity between mammals and

other phyla. Differing responses of TRP-A to heat, noxious

heat or cold potentially align with adaptations, such as the

apparent emergence of cold nociception with the transition

to terrestrial living or endothermy [1�,22–27]. Differences

in transmission of nociceptive stimuli are not only found

in non-mammalian systems; specialized mammals have

different nociceptive thresholds, such as naked mole rats
Current Opinion in Physiology 2019, 11:75–84 
that are insensitive to acid [28], and grasshopper mice that

are insensitive to bark scorpion toxin [29].

Within agnathans, modern representatives of the earliest

vertebrate group, sea lampreys have small diameter

un-myelinated fibers running to the spinal cord and in

the trigeminal nerve with a polymodal profile responding

to extreme heat and intense mechanical pressure but

not cold [30,31], although enkephalin opiates appear to

be absent from the spinal cord [32]. The presence of

nociception in elasmobranchs is questioned [33] due to

very low numbers of unmyelinated fibers in somatic

nerves of fully grown specimens (0.7–1.2%), along with

a lack of some dorsal horn nociceptive areas, and

an absence of classic polymodal nociceptors (despite

detection of some myelinated mechanical nociceptors

in sting rays [34]). It will be interesting to unravel whether

this represents a loss of function in transmitting informa-

tion on chemical and thermal damage. However, more

work is required to rule out elasmobranch nociception,

especially given high concentrations of enkephalin and
www.sciencedirect.com



Analgesia for non-mammalian vertebrates Williams et al. 79
neuromodulators, such as Substance P, in the spinal cord

[35], as well as the presence of acid sensing receptors in

the central nervous system [34,36]. There is speculation

that localized chemical and thermal stimuli may simply

not require responses in a marine environment (Leonard,

1985, however c.f. their sensation in teleost fish) or that

integration of other sensory modalities, for example,

electroception, may give earlier warning of potential

damage, rendering local nociception unnecessary [33].

Polymodal and bi-modal nociceptors, with Ad and C fiber

projections to the spinal cord dorsal horn or in trigeminal

nerve have been found in teleost fish [22,37�,38], amphi-

bians [39,40,41�], reptiles [42–44], and birds [45–47]. The

proportion of C fibers, for example, in the trigeminal

nerve varies widely from 65% in amphibians and

40–50% in mammals, to 28–30 % in birds and 4% in

the rainbow trout [47,48], but the functional significance

of these differences is largely unknown and we must also

account for effect of body temperature on nerve

conduction.

Central processing

Central processing of pain in humans and other mammals is

a rapidly evolving research area, where neuroimaging has

recently allowed the emergence of the ‘pain matrix’. This is

a network of areas activated in pain after relay of informa-

tion through the thalamus, including the primary and

secondary somatosensory cortex, posterior and anterior

insula and anterior cingulate cortices, pre frontal cortex

and amygdala [49–53]. Of these areas, the first three have

been linked to somatosensory pain, with the latter three

permissive of emotional pain experience [54,55]. Whether

these areas and their connections have homologues in the

non-human and non-mammalian brains has understand-

ably attracted attention. The presence of a layered cortex

with interconnected association areas has for some

researchers been non-negotiable in terms of attributing

pain [10��,15,41�,56]. However, despite a lack of columnar

cortical structure, and a much less developed research field

than that active in mammals, central projections of

nociceptive pathways in fish have begun to be identified

i) to the telencephalon showing amplitude variable

responses to stimulus intensity [57�,58–60] ii) projecting

to areas considered homologous to the amygdala (medial

telecephalonic pallium) and iii) implicated in avoidance

learning, leading to changes to behavior upon lesioning

[61]. These projections lead to species-specific findings of

nociceptive localization, learning and post nociceptive

behavior [58,62,63], and are subject to central modulation

[64,65,66�,67]. Hence, mounting evidence supports sub-

stantive central nociceptive modulation in fish, which

together with increasing evidence of complex cognitive

ability, is supportive of pain attribution[11�,68,69]. In birds,

reptiles and amphibians, primary spinal neurons and dorsal

horn characteristics are similar to those in mammals, but

central projections to the thalamus and telencephalon are

less well understood. There are reports of projections to
www.sciencedirect.com 
and from the medullary reticular formation [70,71] and

primordial hippocampus [72] reviewed for amphibians

[41�] and birds [47].

Some CNS measures such as electroencephalogram

(EEG) or functional magnetic resonance imaging (fMRI)

blood-oxygen-level-dependent imaging (BOLD-contrast

imaging) pattern activity changes following nociceptive

stimulation may be highly instructive in non-mammalian

vertebrates, but could suffer methodologically from the

difference in architecture of the pallium, such as a deeper

non-columnar structure in birds and smaller CNS of

amphibians, reptiles and fish [73��]. A deeper understand-

ing of nociceptive neuroanatomy in non-mammalian

species is required to ground future studies.

In mammals, descending modulation of spinal nociceptive

signals is coordinated by the periaqueductal gray (PAG),

and rostroventral medial medulla (RVM), leading to

facilitation or depression of ascending spinal pathways.

These are classically a site of high opiate receptor concen-

tration, along with the dorsal horn of the spinal cord.

Non-opiate modulation, for example by oxytocin in the

PAG, is common in rodents, but less repeatable in human

studies [74]. Endogenous opiates and their receptors have

been found in the CNS of reptiles, amphibians, fish and

birds [75–78], allowing modulation by endogenous opiates

of nociceptive responses in response to conspecific alarm

and stress infish[64,79].Behavioral evidenceof theefficacy

of exogenous opioids as analgesics in non-mammalian

animals has been another bulwark of attribution of pain

in these species [12��]. Effective doses of drugs such as

morphineare higher in ectotherms, than those necessary for

antinociception in mammals, [39,80–82] and while physio-

logical side effects such as respiratory depression, sedation

or hyperexcitability are noted, they also occur at doses

much higher than the therapeutic index in mammals.

Central processing and experience of any sensory input are

not going to be the same in humans and other vertebrates

with markedly different natural histories, evolutionary

trajectories and CNSs. However, the shared features of

nociceptive pathways, central modulation and descending

influence of opiate system argue for a common framework

for the processing of noxious stimuli and their integration

into a sensory milieu that informs CNS function. High level

cortical functions, such as learning and memory, have

different CNS anatomical substrates in birds to that in

mammals but similar networks and abilities [83], and the

same may be true for the complex production of pain.

Hence, neuroanatomy cannot provide the only way to

understand this important question.

Behavior as a measure of pain in animals?
Measuring the behavioral output of an organism is the other

arm of research investigating nociception and pain in non-

mammalian animals, and may be sensitive to different
Current Opinion in Physiology 2019, 11:75–84
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neurological systems’ potential to produce an organismal

effect in response to noxious stimuli. Behavioral tests can

be divided into nociceptive tests and those testing more

complex outcomes. The former test reflex outcome to

standardized noxious stimuli such as thermal and electrical

stimuli, used in rodents and adapted for birds [84,85��],
amphibians [86,87] reptiles [81,88,89,90�,91�,92] and fish

[59,60,93–95]. Thermal nociceptive tests have been produc-

tive, but could be prone to misinterpretation as exposure to

different temperaturecanhavecomplexeffects in ectotherms

where temperature conditions may vary in terrestrial versus

aquatic habitats [86,87,90�]; temperature changes may be

locally noxious but if experienced systemically also cause

obvious changes to all physiological functions and therefore

render interpretation difficult. Well-established tests in

mammalian research use exposure to noxious chemicals such

as acetic acid, formalin and capsaicin to produce a potentially

longer-lasting nociceptive stimulus, causing immediate

physiological or behavioral changes, for example, in amphi-

bians [39,86], reptiles [96–98] and longer term behavioral

change such as change to locomotion, abnormal rocking

and rubbing behaviors when injected in fish [37�,63,82,99],
and delayed return to normal feeding, mimicking that of a

surgical stimulation under anesthesia in pythons [17�]. These

can also be the substrate for testing the efficacy of analgesics

[99,100] (Figure 3).

These nociceptive tests validate stimuli then used to

measure more complex outcomes, such as clinical exami-

nation of the whole organism [101] and the change in

behavior from a normal ethogram [102�], and in mammalian

literature the recent development of the pain face, which

can be dissociated from nociceptive reflexes by lesion of

the anterior insula [49]. The ‘pain face’ explosion in mam-

malian literature [103,104] is limited in its application to

non-mammals by the profound differences in facial skele-

ton and musculature. Long-term feeding behavior and

associative learning, such as place preference and other

changes in long-term behavioral patterns, may be more

amenable to transfer and give more information about

affective state, for example, cognitive bias. Nociceptive

tests while useful for drug screening cannot fully replicate

the tonic spontaneous pain associated with surgery, or

injury, and may not reveal the full efficacy of analgesics

in these cases, so surgical or spontaneous models of pain are

used within both mammalian and non-mammalian

systems. Thesehave included behavioral and physiological

sparing effects of opiate or nonsteroidal analgesia following

surgery in fish and reptiles, [82,105�,106,107�,108,109],
surgery or spontaneous orthopedic injury in chickens

[110,111]. One difficulty of using more complex behaviors

to assess analgesic activity is the need to fully validate the

measures of species-specific behavior before testing and

rule out effects of the analgesics themselves on behavior

[13,102�]. Improved knowledge of opiate systems is

required given inconsistencies across taxa in efficacy in

nociceptive tests [91�].
Current Opinion in Physiology 2019, 11:75–84 
The classes of drugs that are available for use in vertebrates

act at the nociceptive pathway to block transduction  (local

anesthetics), the inflammatory milieu surrounding nocicep-

tors in inflamed areas (non-steroidal anti-inflammatories), or

on central and descending pathways (opiates, NMDA

antagonists, alpha 2 agonists, oxytocin like molecules and

neuraxial use of local anesthetics) Figure 3. The possibilities

mirror those currently used in mammalian systems,but more

research is required innon-mammalianorganismsintowhich

groups, drugs dosages and means of application are effective

forwhichtaxa.Optionsarereviewedinlaboratoryanimaland

veterinary literature for fish, reptiles, amphibians and birds

[101,112��,113–116].

Since analgesic drugs interact with widespread receptors if

given systemically, they may also have their own physio-

logical effects, especially undesired within experimental

situations [96,107�,117] requiring greater study of the

appropriate drugs, dosages and routes across taxa. Some

of the criticisms that have been made of nociceptive

research in non-mammalian animals focus on the potential

for different pharmacokinetics and dynamics of thedosages

used andtheneedforconsiderationofnon-analgesiceffects

[107�,118,119�].

Conclusions, perspectives, and
recommendations
For the authors, the evidence for central modulation of

nociceptive inputs and the balance of behavioral evidence

reinforces the attribution of pain and therefore the necessity

for effective analgesia in non-mammalian vertebrates. Even

if pain is not ascribed, the effect of tissue damage without

antinociception has causative and parallel cascades of

effects on stress, behavior and immunofunction, profoundly

affecting most physiological data. Effective pharmacological

anti-nociceptives which act as analgesics therefore form part

of a holistic stress-reducing set-up to improve the animal’s

experimental environment and the physiological data

collected whether in non-verbal humans [120] or non-

mammalian animals. Analgesia can run parallel with good

handling and surgical practice, for example, the Keepemwet

campaign and the effect of reducing surgical invasiveness

and improving surgical practice on physiological variables

[121,122]. Analgesia is a mainstay of veterinary medicine;

using opioid analgesia in surgery can reduce the anaesthetic

agent concentration required (i.e. Minimum Anaesthetic

Concentration (MAC) sparing effect) therefore reducing

the anaesthetic’s off-target physiological effects [123,124].

Pre-emptive analgesia, for example, premedication before

anaesthesia for surgery, or use of local anaesthesia before

incision, prevents sensitization at the level of the spinal

cord, production of PGE2 in the brain and activation of

the pituitary adrenal stress axis in mammals [125,126].

Multimodal and balanced analgesia, a concept brought from

human to veterinary medicine [127,128] allows multiple

pathways to nociception and pain to be blocked or modu-

lated, effecting post-operative analgesia with lower drug
www.sciencedirect.com
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doses, thus reducing their unwanted physiological effects.

These techniques are now routine and advocated in non-

mammalian veterinary care [101,129] and can be employed

by comparative physiologists in non-mammalian species

following verification of efficacy. Physiologists working on

terminal preparations gain from the reduction in off-target

effects after multimodal analgesia as well as the avoidance of

complex immune/neural networks of effects following noci-

ception via pre-emptive and peri-surgical anti-nociception

(Figures 2 and 3). Those working on animals after recovery

from surgery additionally benefit from the effects of post-

operative analgesia.

The argument for effective analgesia mirrors the progres-

sion of knowledge within our species; while human infants

were not believed to ‘feel’ pain the physiological conse-

quences of providing them with antinociceptives under

surgery were stark [5] and evidence of a discrimination of

pain from other sensory modalities has later reinforced this

view [130]. Imaging and electrical mapping of pain and

efficacy of analgesics in infants [131,132] are a useful

mirror for experimental design in non-mammalian

vertebrates, but differences in pallial architecture must

be taken into account [73��]. Non-mammalian vertebrates,

especially zebrafish, are increasingly used as model

systems, including in pain and nociception [133–136]. It

is key that comparative physiology is central to these

experiments given physiologists’ knowledge of the biology

of their study species. Collaborations between physiolo-

gists and veterinary professionals can aid drug selection in

specific experiments, but also enable the experimental

planning required to illuminate non-mammalian nocicep-

tion and pain [13].
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