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Abstract

All animals face hazards that cause tissue damage and most 
have nociceptive refl ex responses that protect them from 
such damage. However, some taxa have also evolved the 
capacity for pain experience, presumably to enhance long-
term protection through behavior modifi cation based on 
memory of the unpleasant nature of pain. In this article I 
review various criteria that might distinguish nociception 
from pain. Because nociceptors are so taxonomically wide-
spread, simply demonstrating their presence is not suffi -
cient. Furthermore, investigation of the central nervous 
system provides limited clues about the potential to experi-
ence pain. Opioids and other analgesics might indicate a 
central modulation of responses but often peripheral effects 
could explain the analgesia; thus reduction of responses by 
analgesics and opioids does not allow clear discrimination 
between nociception and pain. Physiological changes in 
response to noxious stimuli or the threat of a noxious 
stimulus might prove useful but, to date, application to in-
vertebrates is limited. Behavior of the organism provides 
the greatest insights. Rapid avoidance learning and pro-
longed memory indicate central processing rather than 
simple refl ex and are consistent with the experience of pain. 
Complex, prolonged grooming or rubbing may demonstrate 
an awareness of the specifi c site of stimulus application. 
Tradeoffs with other motivational systems indicate central 
processing, and an ability to use complex information sug-
gests suffi cient cognitive ability for the animal to have a 
fi tness benefi t from a pain experience. Available data are 
consistent with the idea of pain in some invertebrates and 
go beyond the idea of just nociception but are not defi nitive. 
In the absence of conclusive data, more humane care for 
invertebrates is suggested. 
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Defi ning Pain versus Nociception 

A ll species of animal are susceptible to a variety of natu-
rally occurring hazards that can cause tissue damage. 
Sharp objects, such as teeth or mandibles of predators, 

or defensive thorns or spines in plants or animals, are common. 
Chemicals, blunt objects, and thermal extremes may also cause 
damage. Some plants (e.g., nettles) and animals (e.g., hy-
menoptera and coelenterates) have specialized structures that 
are sharp, penetrate the tissues, and transfer noxious, poten-
tially damaging chemicals. However, animals have mecha-
nisms that enhance their ability to maintain the integrity of their 
tissues through the detection of noxious stimuli and action to 
get away from them and/or minimize their deleterious effects. 

The sensory systems that respond to noxious stimuli 
and mediate protective refl exes are termed nociceptors 
(Sherrington 1906). Nociception is defi ned as “the neural 
processes of encoding and processing noxious stimuli” (Loeser 
and Treede 2008, 475) or the detection and reaction “to 
stimuli that may compromise their integrity” (Besson and 
Chaouch 1987, 67). Thus nociception is the perceptual 
mechanism coupled with the organization of responses that 
typically take the animal away from the stimulus or at least 
are effective in terminating the perception. For example, 
Drosophila larvae attacked by a parasitoid wasp respond by 
rolling toward the stimulus, which causes the wasp’s ovipositor 
to pull out and the wasp to leave (Hwang et al. 2007). 

By contrast, the defi nition of pain in humans is “an un-
pleasant sensory and emotional experience associated with 
actual or potential tissue damage, or described in terms of 
such damage” (IASP 1979, 250). Various defi nitions have 
been used with respect to animals—for example, “an aver-
sive sensory experience caused by actual or potential injury 
that elicits protective motor and vegetative reactions, results 
in learned avoidance and may modify species-specifi c be-
haviors, including social behavior” (Zimmerman 1986, 1). A 
shorter defi nition that excludes pain assessment criteria is 
“an aversive sensation and feeling associated with actual or 
potential tissue damage” (Broom 2001, 17). 

It is clear that nociception is central to the concept of 
pain, as without it the experience of pain is unlikely. How-
ever, simply observing a nociceptive ability does not demon-
strate pain. Nociception per se is an involuntary rapid refl ex 
response and lacks the negative emotional response or feel-
ing associated with pain (Bateson 1991; Broom 2001). In-
deed, in humans the refl ex response to touching something 
hot precedes the experience of pain. 
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Although the distinction between nociception and pain is 
widely accepted there are semantic issues that may cloud the 
issue. The term “pain perception” is frequently used in pain 
studies (e.g., Braithwaite 2010; Sneddon 2009) and nerve 
fi bers are said to “transmit pain” (Weary et al. 2006). Even in 
studies that are overtly about nociception rather than pain, 
nociception is described as “pain sensing” and ascending 
tracts in the vertebrate spinal cord are said to carry “painful 
sensory information” (Hwang et al. 2007) or “pain informa-
tion” (Sneddon 2009). Larval Drosophila that lack a par-
ticular functional gene fail to roll away from thermal or 
mechanical stimuli and the mutation has been called “pain-
less” even though the gene function is in the activation of 
transducer channels by which a neural signal results from 
physical stimuli (i.e., a key part of nociception) (Tracey et al. 
2003). The use of these terms blurs the critical distinction 
between nociception and pain. 

I prefer to use terms such as “pain experience” to denote 
an internal awareness, coupled with a negative emotional 
state or feeling, that results from perception of actual or 
potential tissue damage. It is the damage that is perceived. 
There is no “pain” to be perceived and the information car-
ried to the brain in vertebrates is not in itself “painful.” The 
pain results from a powerful, unpleasant emotion that is part 
of, or coupled with, a strong motivation to terminate the experi-
ence that results from neural signals about tissue damage. 

Clarity about the defi nitions of and distinctions between 
nociception and pain is essential for determining whether 
pain occurs in particular groups of animals.

Function and Evolution of Pain 

As noted above, nociception provides a means of detecting 
and escaping from a stimulus that might continue to cause 
damage in the absence of action. Thus there are clear bene-
fi ts in nociception and, presumably, they outweigh the costs 
of developing, maintaining, and using the system. What fur-
ther advantage is gained by having an additional system that 
enables the experience of nociceptive inputs as an unpleas-
ant emotion? It may be that the “emotional” component pro-
vides a long-lasting motivation that enables the animal to 
better maintain its tissue integrity (Bateson 1991). 

A nociceptive response may be organized as a refl ex 
(Sneddon et al. 2003) but may not be associated with a last-
ing memory and motivational change. Pain, on the other 
hand, might induce a long-term memory and be coupled 
with learning to avoid situations that gave rise to the original 
pain experience (Bateson 1991). The greater the tissue dam-
age in the original experience the greater may be the un-
pleasant emotional response and the greater the motivation 
to avoid it in the future. Thus pain experience has a longer-
lasting effect and protects the animal from future damage in 
a more effective manner than does nociception alone. 

Nociceptive abilities are found in most of the major 
animal phyla and thus are presumably a product of very early 
evolution. They clearly predate the Cambrian “explosion,” a 

period approximately 530–550 million years ago during 
which the major modern phyla evolved (Budd and Telford 
2009). The next step in the development of pain was proba-
bly a link between nociception (with the associated refl ex 
response) and a longer-term motivational change (with cen-
tral processing and memory). But in which groups did this 
development take place and when? Some researchers are 
confi dent that it occurred only in vertebrates and that it is 
evident in fi sh and also perhaps the more primitive lamprey 
(Braithwaite 2010; Sneddon 2009). If correct then pain has 
been around since the Cambrian explosion because that is 
when many of the major invertebrate phyla evolved. But if it 
is accepted that pain occurs in fi sh and lamprey then the 
question is whether it is a novel development in the verte-
brates or if the ability to experience pain predated the split of 
the vertebrates from the ancestors of some other phyla and 
could thus be present in some extant invertebrate groups? 
Alternatively, if there is an advantage in experiencing pain, it 
could be that it has evolved on more than one occasion 
(Elwood et al. 2009).

How Can Pain Be Identifi ed? 

The interest in the potential of invertebrates to experience 
pain lies in the quest to understand and improve welfare, as 
humans generally seek to avoid causing pain or suffering to 
animals (Broom 2007). If an animal responds to a noxious 
stimulus in an adaptive fashion via a nociceptive refl ex and 
without any unpleasant experience, then welfare concerns 
are diminished. The key objective of this article is to exam-
ine the evidence that some invertebrates may or may not ex-
perience pain.

Inferring feelings or mental states in animals is fraught 
with diffi culty (Dawkins 2006). A common approach is to 
use argument by analogy (Dawkins 1980; Sherwin 2001): if 
an animal responds to a potentially noxious stimulus in a 
manner similar to that observed to the same stimulus in hu-
mans then it is reasonable to argue that the animal has had an 
analogous experience (Sherwin 2001). However, Sherwin 
(2001) notes differences in the acceptance of this argument 
depending on the species rather than the behavior: observers 
of a dog or primate writhing in response to an electric shock 
accept that the animal is experiencing pain, whereas much 
the same response in an invertebrate is often dismissed as 
irrelevant to the question of pain. He suggests a more sym-
metrical approach when comparing vertebrates with in-
vertebrates, with consistent acceptance or rejection of the 
argument by analogy (Sherwin 2001). However, empathy for 
invertebrates is typically low and some researchers believe 
that it would be “inconvenient” if these animals were be-
lieved to feel pain (Kellert 1993).

Coupled with analogy, various criteria have been proposed 
as collectively having the potential to demonstrate pain in mam-
mals (Bateson 1991) and have been applied to pain in amphib-
ians (Machin 1999; Stevens 2004), fi sh (Sneddon et al. 2003), 
and various invertebrates (Broom 2007; Elwood et al. 2009; 
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Fiorito 1986; Sherwin 2001). In the following sections I con-
sider criteria that are similar (but not identical) to those used 
in previous work (Bateson 1991; Broom 2007; Sherwin 
2001), assessing the presence of the following features: 

suitable receptors; •
a suitable central nervous system;  •
responsiveness to opioids, analgesics, and anesthetics;  •
physiological changes;  •
avoidance learning;  •
protective motor reactions;  •
tradeoffs between stimulus avoidance and other activi- •
ties; and
cognitive ability and sentience. •

Suitable Receptors 

Sea anemones respond to mechanical stimuli and to the 
stings of other anemones but not to thermal stimuli (Mather 
2011, in this issue). Annelids have nociceptors that respond 
to acid, capsaicin, and heat (although the sensitivity to acid 
is lower than that seen in vertebrates; Smith and Lewin 2009) 
and cells that respond to touch and pressure (Nicholls and 
Baylor 1968). Nociceptors and nociceptive behavior have 
been described in molluscs; for example, the snail (Cepaea 
nemoralis) responds to a hot plate at >40°C by lifting the 
anterior portion of its foot (Kavaliers et al. 1993). In Aplysia 
californica (Castellucci et al. 1970; Smith and Lewin 2009), 
once the stimulus threshold is reached, nociceptors increase 
fi ring in line with subsequent increase in stimulus strength 
and show maximal activity with the crushing or tearing of 
tissues. 

Nociceptive systems have been described in particular 
detail in the nematode (Caenorhabditis elegans) and fruit 
fl y (D. melanogaster) (reviewed by Smith and Lewin 2009) 
and molecular tools have been applied to elucidate the de-
tailed development and functioning of their nociceptors 
(Goodman 2003; Tobin and Bargmann 2004). Nociceptive 
neurons of Drosophila larvae have multiple dendritic 
branches with naked endings attached to epidermal cells 
(Hwang et al. 2007); several classes of such multidendritic 
(md) neurons have been described but not all are involved in 
nociception. If all these md neurons are rendered inactive in 
particular genetic mutants, the larvae fail to respond to nox-
ious stimuli, showing that at least one is nociceptive (Tracey 
et al. 2003). Selective silencing of particular classes of md 
neurons, however, showed that one class serves as the pri-
mary nociceptive system and that the silencing of this class 
of neurons eliminates the rolling response of larvae to ther-
mal stimuli (Hwang et al. 2007). The nociceptive neurons 
are also responsive to attacks by parasitic wasps attempting 
to insert their ovipositor (as described above; Hwang et al. 
2007), indicating that they are polymodal, as are those of 
vertebrates (Goodman 2003). 

The common theme of these studies is the ability of a 
wide range of taxa to detect noxious stimuli and to translate 

them into neuronal signaling (Tobin and Bargmann 2004). 
The systems involved are complex but conserved across 
markedly different taxa, as is evident from the use of Dro-
sophila in drug discovery for application in vertebrates, espe-
cially humans (Manev and Dimitrijevic 2005). In addition, 
these systems show adaptive, temporary, heightened, and 
reduced sensitivity and these features are also conserved 
across phyla (Babcock et al. 2009). One recent study, how-
ever, failed to detect nociceptors in decapod crustaceans and 
also noted little ability to respond to noxious stimuli (Puri 
and Faulkes 2010) despite organized responses to noxious 
chemical and electrical stimuli noted in other studies (Barr 
et al. 2007; Elwood et al. 2009; Elwood and Appel 2009). 

Vertebrates have a variety of nociceptive fi bers, some 
myelinated and others not. By contrast, those in invertebrate 
groups are only unmyelinated (Smith and Lewin 2009). 
However, this distinction reveals little about any taxonomic 
difference in pain experience because it is the unmyelinated 
C fi bers in mammals that are most prevalent and are impor-
tant in the perception of stimuli that give rise to pain (Smith 
and Lewin 2009). Because pain experience associated with 
tissue damage typically depends on nociception, a lack of 
nociceptors would suggest that the animal was insensitive to 
noxious stimuli and could not experience pain. This argu-
ment was central in recent work in fi sh that demonstrated 
nociceptors similar to those of mammals, allowing the con-
clusion that fi sh had apparatus that should be suffi cient for 
them to experience pain (Sneddon 2003). However, that 
study was also right to state that the presence of nociceptors 
per se does not demonstrate that pain is experienced. 

A Suitable Central Nervous System 

Because it is clear that the human brain is suitable for pain 
experience there has been an assumption by some (Rose 
2002) that only animals with structures very similar to those 
of humans have the capacity to experience pain. For exam-
ple, the possibility of fi sh experiencing pain has been dis-
missed because human pain is experienced in parts of the 
cerebral cortex whereas fi sh lack this structure (Rose 2002). 
If one accepts this argument then the possibility of pain be-
ing experienced by any invertebrate must be dismissed 
because none has a central nervous system (CNS) built on 
the vertebrate plan. However, according to the same logic it 
could be suggested that because crustaceans or cephalopods 
lack any of the visual system found in humans they must be 
blind. This is not the case as both have a well-developed vi-
sual ability, each based on an entirely different CNS and re-
ceptors. Thus clearly the same function can arise in different 
animal taxa using different morphology, and it appears to be 
illogical to accept this reasoning for some experiences but to 
dismiss it for pain (Elwood et al. 2009). 

In his review of pain criteria Bateson (1991, 834) avoided 
the idea that structures homologous to those of humans must 
be present and instead suggested that there should be “struc-
tures analogous to the human cerebral cortex.” Because 
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many invertebrates have a remarkably complex brain structure, 
albeit rather different from that of humans, some might have 
structures analogous to the cortex (Smith 1991). For exam-
ple, it has been suggested that specifi c brain areas in the 
octopus are specialized for sensory analysis, memory, learn-
ing, and decision making and thus may be considered analo-
gous to the human cerebral cortex (Wells 1978).

A second argument for rejecting a pain experience in in-
vertebrates is that their brains might be too small. However, 
the octopus brain is larger than that of most fi sh and reptiles 
when regarded as a ratio of body weight (Smith 1991) and 
even the brains of many decapod crustaceans (e.g., crabs, 
lobsters, shrimp) are likely to be considerably larger than 
those of many vertebrates when regarded in an absolute 
comparison (Elwood et al. 2009). Broom (2007) notes that 
brain size does not necessarily equate to complexity of func-
tion (Broom and Zanella 2004); indeed, the brains of some 
invertebrates have a surprising complexity (Sandeman et al. 
1992; Wells 1978), with clear functional separation of dis-
tinct areas, and thus might be suffi ciently complex in func-
tion to enable pain experience (Broom 2007). 

Responsiveness to Opioids, Analgesics, and 
Local Anesthetics

Mammals have a system for regulating pain such that the 
same tissue damage may result in very different responses 
depending on the situation. For example, humans engaged in 
sports often report little pain in response to tissue damage. 
The physiological basis of this regulation is complex but in 
part is dependent on endogenous opioids, release of which 
reduces the pain experience. Injection of the opiate morphine 
also reduces the pain experience and the opiate antagonist 
naloxone reverses this effect. For these reasons the presence 
of opioid receptors and responses to analgesics has been re-
garded as an indicator that animals experience pain (Bateson 
1991; Roughan and Flecknall 2001; Sneddon et al. 2003). 

A particularly persuasive approach is to offer the animal 
a choice between water (or food) that does or does not con-
tain an analgesic and to observe whether a preference devel-
ops for the analgesic when noxious stimuli are applied 
(Colpaert et al. 1980). Danbury and colleagues (2000) found 
that lame chickens consumed more feed containing an anal-
gesic than did those that were not lame. As far as I am aware 
this approach has not been tried with invertebrates, but vari-
ous studies have applied analgesics and local anesthetics and 
examined their effects on responses to noxious stimuli. For 
example, in the crab (Chasmagnathus granulatus) electric 
shock elicited a defensive threat display and the percentage 
of animals that showed this response rose with the voltage 
applied. Injection of morphine hydrochloride reduced the 
crabs’ sensitivity to the shock in a dose-dependent manner 
and naloxone injection inhibited the effects of morphine 
(Lozada et al. 1988). Morphine also had inhibitory effects on 
the escape tail-fl ick response to electric shock in mantis 
shrimps (Squilla mantis) that was reversed by naloxone 

(Maldonado and Miralto 1982), and researchers observed a 
similar effect of opioids and naloxone in nematodes (Pryor 
et al. 2007) and snails (Kavaliers et al. 1983). 

This approach, however, is problematic because analge-
sics might produce a general reduction in responsiveness to 
all stimuli. One way around this is to create a situation in 
which analgesia might increase particular responses. In one 
such study, fruit fl ies placed in a tube at the darker side of a 
light gradient moved toward the light. If the center of the 
tube was heated, however, the fl ies were inhibited from pass-
ing this section. The application of specifi c analgesics (ago-
nists for GABAB that are effective analgesics in hot plate 
tests in rats; Thomas et al. 1996) reduced this inhibition and 
the fl ies passed through the heat to the lighter area (Manev 
and Dimitrijevic 2005). 

A recent study on the glass prawn (Palaemon elegans) 
noted that the animal engaged in prolonged grooming of the 
antennae and rubbed them against the side of the tank when 
the antennae were treated with acetic acid or sodium hydrox-
ide, but prior treatment with a local anesthetic (benzocaine) 
reduced the rubbing and grooming (Barr et al. 2008). There 
was no effect of benzocaine on the general locomotion of the 
prawn so the reduction in the two behaviors was not simply 
due to inactivity. However, the result with acid was not rep-
licated in other decapod species (Puri and Faulkes 2010).

Both opioid analgesics and local anesthetics have effects 
that appear similar to those observed in vertebrates. But 
local anesthetics block sodium channels (Machin 2005) 
and, in crayfi sh (Procambarus clarkia; Leech and Rechnitz 
1993), prevent the conduction of impulses from nociceptors, 
so it is the nociception that is reduced or eliminated. Further-
more, opioids may produce analgesia by acting on a modula-
tory system in the CNS (Tomsic and Maldonado 1990), but 
they might also have a peripheral effect (Del Seppia et al. 
2007; Pryor et al. 2007). In all of these cases the nociception 
is or may be disrupted, so conclusions about the potential for 
the animal to experience pain are limited.

Physiological Changes

Noxious stimuli applied to vertebrates typically result in 
tachycardia, pupil dilation, and defecation. Changes in blood 
fl ow, respiratory patterns, arteriole blood gases, electrolyte 
imbalance, and endocrine changes are also common (Short 
1998; Sneddon et al. 2003). The latter often involve corticos-
teroid release, which is used as a measure of stress (Stafford 
and Mellor 2005). 

There has been limited examination of similar responses 
in invertebrates. Cephalopods are said to have an adrenal 
system that releases adrenal hormones when the animal is 
exposed to noxious, potentially painful stimuli, and nora-
drenaline and dopamine are released when the animal is 
disturbed (Stefano et al. 2002). Crustaceans have a stress 
hormone, the crustacean hypoglycemic hormone (CHH) 
(Chang 2005; Lorenzon et al. 2004), that functions to con-
vert glycogen to glucose in a manner analogous to that of 
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cortisol in vertebrates. Glucose rose substantially in edible 
crabs when a claw was removed in a manner that caused a 
wound but not when the crab was induced to autotomize the 
claw (Patterson et al. 2007). However, this might be due to 
the tissue damage per se rather than any negative emotional 
state.1

There is a clear need for more studies on physiological 
aspects of invertebrate responses to noxious stimuli. Of par-
ticular use would be an examination of physiological changes 
during avoidance learning and during presentation of just the 
conditioned stimuli (without the noxious event) to determine 
whether features akin to anxiety are present. 

Avoidance Learning

I have noted that nociception allows for an immediate escape 
by use of a refl ex response whereas pain enables motiva-
tional change and avoidance learning. The key function of 
pain is thus to reduce damage over a relatively long term. 
One would therefore expect to see evidence of rapid avoid-
ance learning coupled with a long memory in an animal that 
experiences pain. 

Such evidence has been reported in Drosophila that 
learned to associate an odor that preceded or overlapped 
with an electric shock: after eight (Yarali et al. 2008) or 
twelve trials (Tully and Quinn 1985) they avoided the odor 
for up to 24 hours. Researchers have used this paradigm to 
examine genetic infl uence on learning and memory and the 
morphology involved in terms of brain region (de Belle 
and Heisenberg 1994) and to create mutants for dissecting 
biochemical pathways involved in learning and memory 
(Sokolowski 2001). Curiously, Drosophila also learn to as-
sociate the odor if it occurs after the shock has ended and in 
this case they show a mild preference for the odor, a feature 
termed pain relief learning (Yarali et al. 2008). 

Similarly, the crab C. granulatus associated a shock 
with a particular location (Denti et al. 1988) after just a 
single trial and retained the association for 3 (but not 24) 
hours. Subsequent experiments involving multitrial train-
ing, however, showed retention after a 24-hour rest inter-
val in a different environment from that used in training 
(Fernandez-Duque et al. 1992). 

Experiments with crayfi sh (P. clarkia) demonstrated an 
association between a light and a shock given 10 seconds 
later: the animals learned to respond by walking to a safe 
area in which the shock was not delivered (Kawai et al. 
2004). But the animal did this only if it was facing the area 
to which it could walk to avoid the shock; if it was facing 
away from the safe area it exhibited a tail-fl ick escape re-
sponse, by which it moved away tail fi rst. Despite repeated 
pairings of light and shock, the animal did not learn to avoid 
the shock by tail fl icking in response to light. However, when 
the animals that had experienced shocks while facing away 

1Crabs lacking a claw showed a higher level of glucose when an intact crab 
was housed in the same tank, an effect that might be due to fear or increased 
alertness (Patterson et al. 2007). 

from the safe area were subsequently tested facing toward 
the safe area they showed a very rapid avoidance of the shock 
at the onset of the light. Thus they seemed to have learned 
the association although they had not previously used it to 
avoid the shock. This fi nding was explained by the specifi c 
associations between cues and particular responses that are 
also common in vertebrates. 

Hermit crabs (Pagurus bernhardus) in their shell that 
were shocked on the abdomen demonstrated a long-term be-
havioral change compared with crabs that were not shocked. 
The shocked crabs were more likely to approach and enter a 
newly offered empty shell (Elwood and Appel 2009) and, 
compared to those not shocked, they moved into the new 
shell more quickly, spent less time investigating it, and 
inserted their chelipeds into its aperture less often before 
moving in.2 This is consistent with the idea that shocked 
crabs assessed their original shells as being of very poor 
quality. Shocked crabs altered their behavior for up to a day 
after the initial shock (the maximum time tested), indicating 
a long-term shift in motivation about obtaining a new shell 
after the aversive experience (Appel and Elwood 2009a). 

Taken together, these studies on learning and motiva-
tional change show abilities in arthropods that seem to fi t 
this key criterion for pain experience. 

Protective Motor Reactions

Protective motor reactions include refl ex withdrawal from a 
noxious stimulus, but this is a basic feature of nociception 
and gives little indication of emotional state. Weary and 
colleagues (2006) argued that prolonged rubbing denoted an 
awareness of the site of the noxious stimulus and Sneddon 
and colleagues (2003) noted that rainbow trout (Oncorhyn-
chus mykiss) that had noxious chemicals injected into the lip 
showed rubbing of the lip on the substrate, consistent with 
the idea of pain. 

Hermit crabs induced to evacuate their shells by electric 
shock to the abdomen demonstrated sustained grooming by 
use of claws on the abdomen (Appel and Elwood 2009a,b; 
Elwood and Appel 2009), a response not seen when the crabs 
are cracked out of their shell or evicted in a shell fi ght. Fur-
ther, when either sodium hydroxide or acetic acid solution 
was applied to one antenna of a glass prawn there was a sig-
nifi cant increase in grooming of that antenna during which it 
was pulled repeatedly through the animal’s small pincers 
and mouth parts (Barr et al. 2008), and there was an increase 
in rubbing of that antenna against the side of the tank. The 
animal seemed to be aware of the specifi c location of the 
noxious stimulus and directed its attention to the treated an-
tenna. (However, work on three species of prawn found no 
signifi cant increase in directed grooming of treated anten-
nae; Puri and Faulkes 2010.) In addition, when acetic acid 
was applied to an eye of a glass prawn there was a marked 
increase in grooming that involved both pincers moving 

2Such a minimum of investigation of the new shell is otherwise characteristic 
of crabs in shells of inadequate size (Elwood and Stewart 1985). 
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simultaneously and in very different and complex ways. 
The grooming was directed specifi cally to that eye, again 
demonstrating that the animal was aware of the location of 
the noxious event (Barr et al., unpublished data). The com-
plexity of these prolonged responses is beyond that expected 
from a nociceptive refl ex response and consistent with the 
idea of pain. 

Another protective motor response in arthropods is auto-
tomy, in which an appendage is cast off from the body. In the 
spider Argiope aurantia, legs may be autotomized when 
damaged (Eisner and Camazine 1983). This was seen during 
attempts by these spiders to capture ambush bugs (Phymata 
fasciata), typically when the bug grasped a spider leg and 
probed a joint with its proboscis (the venomous saliva is 
painful to humans)—autotomy occurred within 5 seconds 
(Eisner and Camazine 1983). Simple experimental penetra-
tion of the joint with a sterile pin did not cause autotomy, 
indicating that the saliva had an effect. Eisner and Camazine 
(1983) also injected bee and wasp venom, both of which in-
duced autotomy. They found that when individual compo-
nents of the venom were injected, some, but not all, produced 
autotomy; effective components were histamine, serotonin, 
phospholipase, and melittin, all of which induce pain in 
humans; ineffective components were acetylcholine, brady-
kinin, hyaluridase, adrenaline, and dopamine. Acetylcholine 
and bradykinin induce pain in humans but not autotomy in 
spiders, and hyaluridase, adrenaline, and dopamine do not 
induce pain in humans, suggesting a concordance between 
pain effects in humans and autotomy in the spider. 

Autotomy in crustaceans typically leaves a clean break 
at a specifi c joint close to the main body, which immediately 
seals to prevent loss of hemolymph. Cutting a membrane at 
a joint distal to the autotomy plane, causing hemolymph loss, 
elicits rapid autotomy (within a few seconds) of that append-
age, preventing further loss of fl uid (Patterson et al. 2007). 
Crabs also autotomize limbs in situations that do not involve 
hemolymph loss, for example if the whole animal is placed 
on a hot plate (Fiorito 1986) or if the leg is subject to electric 
shock or injected with acetic acid (Barr and Elwood, unpub-
lished observations). The acetic acid treatment rapidly induces 
autotomy in a dose-dependent manner and the results are 
consistent with pain mediation of the autotomy response. 

Tradeoffs between Stimulus Avoidance and 
Other Activities

Bateson (1991) suggests that one criterion for pain should be 
a relatively inelastic response (sensu Dawkins 1990), but a 
response that is purely mediated by nociception is an inelastic 
refl ex—it should be the same regardless of other motivational 
priorities. Thus an animal that is hungry or satiated would 
likely exhibit the same refl ex avoidance to a noxious stimu-
lus, even if food is present. By contrast, pain is a negative 
emotional state, typically coupled with a very high motiva-
tion to escape that state, and thus should be given a high pri-
ority and might appear to be inelastic. Thus it seems diffi cult 
to discriminate pain from nociception by this criterion. 

However, if variation in the response to noxious stimuli 
is dependent on other motivational requirements then there 
must be some higher-level interaction between competing 
motivational systems (McFarland and Sibly 1975). In fi sh, 
for example, those deprived of food are less likely to respond 
to an electric shock in a feeding area than those that are not 
food deprived (Millsopp and Laming 2008). And lame hens 
stop limping in the period leading up to egg laying but limp 
again after laying (Gentle 2001). Competition between dif-
ferent activities for expression or requirements is the essence 
of motivational tradeoffs. Such competition is important for 
pain research as it is a strong indicator that the response to 
the noxious stimulus is not purely refl exive: tradeoffs clearly 
involve some form of processing in which different needs 
are weighed.

Tradeoffs were the subject of two experiments in which 
hermit crabs were given shells with two small holes drilled 
and electrodes inserted so the crab could be shocked on the 
abdomen. When shocks of a single intensity were applied, at 
a level that was hoped would not cause evacuation, some 
crabs evacuated and were more likely to do so from a less 
preferred shell species (Elwood and Appel 2009). Similarly, 
when the shocks increased in intensity, crabs evacuated the 
shell at a lower shock intensity if they were in a less pre-
ferred shell species (Appel and Elwood 2009b). Thus, the 
animals’ response to the shock was determined in part by 
their normal preference for particular species of shell. Fur-
ther, they were much less likely to evacuate after being 
shocked when the odor of a predator was present, suggesting 
a tradeoff between shock avoidance and predator avoidance 
(Wilson and Elwood, unpublished observations). These re-
sponses cannot be a refl ex response as they required infor-
mation from sources other than the noxious stimulus to have 
an effect on the response.

This approach of determining what is “traded off” 
against avoidance of the noxious stimulus may give insights 
into an animal’s priorities (Dawkins 1990)—that is, what it 
might “pay” to avoid the noxious stimulus in terms of lost 
opportunities to satisfy other motivational demands. For ex-
ample, among the shocked hermit crabs that evacuated their 
shell some stayed near the shell and many got back into it; 
others, however, walked away and even attempted to climb 
the walls of the observation chamber (Appel and Elwood 
2009a,b). This is remarkable because the shell is a vital re-
source and abandoning it indicates the aversive nature of 
the shock. 

Octopuses provide another example of tradeoff in their 
avoidance of stinging sea anemones. Octopuses readily prey 
on hermit crabs but experiments have shown that when the 
crabs placed an anemone on their shell as protection the 
octopuses dramatically changed their tactics. They tried a 
variety of approaches such as moving below the anemone, 
blowing jets of water at it, and using a single outstretched 
arm. Thus they seemed to try to avoid the stings while at-
tempting to maintain food intake, albeit with tactics that are 
less effi cient for food capture (MacLean 1983; Mather 
2008).
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High Cognitive Ability, Consciousness, 
and Sentience

Several authors have considered a high cognitive ability cou-
pled with consciousness or sentience a prerequisite for a 
pain experience or at least have suggested that such abilities 
make pain experience more likely. Bateson (1991, 832), for 
example, suggests that “if the animal can be shown to be 
conscious of what it is doing, then most people would con-
clude that it could experience pain.” Particular cognitive 
abilities are also considered important in assessing the 
welfare status of animals (e.g., Braithwaite 2010; Chandroo 
et al. 2004; Duncan 1996; Duncan and Petherick 1991). At 
the very least sentience probably involves awareness of in-
ternal and external stimuli (Chandroo et al. 2004; Duncan 
1996), and “primary consciousness” involves the ability to 
generate a mental scene in which diverse information is inte-
grated for the purpose of integrating behavior (Chandroo 
et al. 2004; Edelman and Tononi 2000). I consider here sev-
eral examples of invertebrate abilities in integrating informa-
tion from different sources to make “informed” decisions.

Spiders exhibit a variety of complex behaviors that ap-
pear to illustrate a capacity for information integration. 
Jumping spiders, for example, are known to adjust hunting 
methods depending on the type of prey and its ability to 
escape (Bartos 2008). The hunting spider (Portia labiata), 
when it hunts spitting spiders (Scytodes pallidus), which are 
themselves predators of spiders and thus dangerous, gathers 
information as to whether the spitting spider is carrying eggs 
in the mouth and thus less dangerous; if so, the hunting 
spider modifi es its attack (Jackson et al. 2002). Furthermore, 
when hunting prey in complex environments, Portia appears 
to plan routes with detours that initially take it away from the 
prey item to avoid obstructions (Tarsitano 2006). Such be-
havior suggests an ability to comprehend the complex spa-
tial relationships between itself and the prey and possible 
routes to a goal (Sherwin 2001). 

Male giant cuttlefi sh (Sepia apama) exhibit a remark-
able ability to change shape and color to switch between the 
appearance of a female and that of a male in order to foil the 
mate-guarding attempts of larger males. Norman and col-
leagues (1999) showed that small males that assumed the 
body shape and patterns of a female were not attacked by 
the larger mate-guarding male. When the larger male was 
distracted by another large male intruder, the small males 
changed body pattern and behavior to those of a male in mat-
ing display and successfully mated. 

Squid use surprisingly complex color patterns for court-
ship and protection (Hanlon et al. 1994). A male can display 
a courtship coloration on one side of the body toward a 
female while at the same time displaying a completely dif-
ferent pattern on the other side to ward off an intruding male 
(Mather 2004, 2008). And he can switch the sides of the 
body showing the two displays as soon as the relative posi-
tions of the other two animals change. 

Octopuses also show complex learning abilities (Edelman 
et al. 2005). When confronted with a maze in which the 

experimenter frequently changed the nature of the obstacles 
octopuses readily solved the maze, apparently considering 
the maze before proceeding (Moriyama and Gunji 1997), sug-
gesting a level of ability that might signal consciousness. 

A fi nal example concerns hermit crabs, which when de-
ciding to change shells systematically evaluate various com-
ponents of potential new shells to determine whether they 
offer a gain in terms of size, shape, and weight before mov-
ing in (Elwood and Stewart 1985). The evaluation continues 
even after moving in and a crab may switch between the two 
before making a fi nal decision (Elwood 1995). Hermit crabs 
that fi ght to take the shell from another hermit crab not only 
evaluate the opponent’s shell (Dowds and Elwood 1983) but 
also take in information about the opponent (e.g., its size and 
power; Briffa and Elwood 2002; Dowds and Elwood 1985). 
In addition, they monitor their own physiological state dur-
ing the encounter in order to make effective fi ght decisions 
(Briffa and Elwood 2000, 2002, 2005)—for example, when 
lactate increases the attack rate slows and the attacker then 
stops fi ghting (Briffa and Elwood 2002, 2005). Hermit crabs 
can remember particular opponents for up to 4 days after an 
encounter (Gherardi and Artema 2005).

It is clear from the above examples and others (Broom 
2007; Mather 2008) that some invertebrates are capable of 
integrating information from various sources, both internal 
and external, to enable complex decisions. Also apparent is a 
fi ne discrimination learning ability (Mather 2008), indicat-
ing a high cognitive ability. For example, honeybees can 
learn a complex learning task in which they have to select 
from previously unseen shapes on the basis of whether they 
are symmetrical or not (Benard et al. 2006; Giurfa et al. 
1996) and cephalopods appear particularly adept at a range 
of learning tasks (Mather 2008). 

Good discrimination learning may not necessarily indi-
cate an ability to experience pain, but one might expect to 
see such discrimination when pain is experienced—simple 
nociceptive refl ex avoidance results in an immediate with-
drawal but does not imply any long-term motivational 
change. To benefi t from pain experience the animal needs 
to be able to discriminate between the specifi c situation that 
led to the pain and other situations that did not. Animals 
that cannot make fi ne discriminations may avoid potentially 
harmless or even useful situations or objects. Thus it seems 
reasonable to speculate that the evolution of pain experi-
ence developed hand in hand with enhanced discrimination 
learning. 

Conclusion

It is clear that the various criteria I have described differ in 
their usefulness in discriminating pain from nociception. 
Because of the wide taxonomic occurrence of functional no-
ciceptors, the demonstration of their presence does not indi-
cate the capacity to experience pain, and investigation of the 
central nervous system provides limited clues of what is or is 
not suitable for pain experience. The use of opioids and other 
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analgesics might indicate a central modulation of responses, 
but potential peripheral effects may explain the analgesia. 
Physiological changes might prove useful but, to date, the 
study of their appearance in invertebrates is limited and re-
veals little about their pain experience. 

It is thus behavior that provides the greatest insights into 
the likely experience of pain. Rapid avoidance learning, cou-
pled with a prolonged memory, indicates central processing 
and is consistent with pain, but it is more convincing after 
one stimulus than after numerous repetitions. Complex, pro-
longed grooming or rubbing might indicate an awareness of 
the specifi c site of stimulus application and seems to be more 
than a refl ex reaction. Tradeoffs with other motivational 
systems indicate central processing and may be useful to de-
termine what an animal will “pay” to avoid the noxious stim-
ulus. An ability to use information from various sources 
might indicate suffi cient cognitive ability for the animal to 
have a fi tness benefi t from a pain experience. 

Evidence from behavioral studies is entirely consistent 
with the idea that some invertebrates, particularly crusta-
ceans and molluscs, experience pain. However, more studies 
must use a variety of imaginative techniques to confi rm that 
invertebrates do indeed experience pain. Substantial research 
on various taxa is necessary to assess which, if any, show (1) 
rapid avoidance learning of noxious stimuli, (2) prolonged 
responses directed to the specifi c site on their body where 
the noxious stimulus was applied, and/or (3) tradeoffs be-
tween avoidance and other activities that would indicate cen-
tral decision making rather than refl ex reaction. Studies that 
demonstrate marked physiological stress responses to condi-
tioned stimuli that herald the imminent application of a nox-
ious stimulus would also be helpful. 

Clearly, a start has been made on some of these approaches 
but much more is needed. Recently, Braithwaite (2010) was 
confi dent enough to state that fi sh feel pain but invertebrates 
do not. I do not share the confi dence to make that discrimina-
tion. Neither do I feel confi dent in stating unequivocally that 
some of them do feel pain, although it is clear that the re-
sponses described above cannot be explained just by nocicep-
tive refl exes. While awaiting the results of further relevant 
studies, perhaps all who use invertebrates should consider 
the possibility that at least some might suffer pain and, as a 
precaution, ensure humane care for these animals.

Acknowledgments

I thank Lisa Collins, Cameron Fletcher, and four anonymous 
referees for many useful comments that helped to improve 
this work.

References

Appel M, Elwood RW. 2009a. Gender differences, responsiveness and 
memory of a potentially painful event in hermit crabs. Anim Behav 
78:1373-1379.

Appel M, Elwood RW. 2009b. Motivational trade-offs and the potential for 
pain experience in hermit crabs. Appl Anim Behav Sci 119:120-124.

Babcock DT, Landry C, Galko MJ. 2009. Cytokine signaling mediates UV-
induced nociceptive sensitization in Drosophila larvae. Curr Biol 19:
799-806.

Barr S, Laming PR, Dick JTA, Elwood RW. 2008. Nociception or pain in a 
decapod crustacean? Anim Behav 75:745-751.

Bartos M. 2008. Alternative predatory tactics in a juvenile hunting spider. 
J Arachnol 36:300-305.

Bateson P. 1991. Assessment of pain in animals. Anim Behav 42:827-839.
Benard J, Stach S, Giurfa M. 2006. Categorisation of visual stimuli in the 

honeybee Apis mellifera. Anim Cogn 9:257-270.
Besson JM, Chaouch P. 1987. Peripheral and spinal mechanisms of noci-

ception. Physiol Rev 67:88-186.
Braithwaite V. 2010. Do Fish Feel Pain? Oxford: Oxford University Press.
Briffa M, Elwood RW. 2000. The power of rapping infl uences eviction dur-

ing hermit crab shell fi ghts. Behav Ecol 11:288-293.
Briffa M Elwood RW. 2002. Power of signals infl uences physiological costs 

and subsequent decisions during hermit crab fi ghts. Proc R Soc B 269:
2331-2336.

Briffa M, Elwood RW. 2005. Rapid change in energetic status in fi ghting 
animals: Causes and effects of strategic decisions. Anim Behav 70:
119-124.

Broom DM. 2001. Evolution of pain. In: Soulsby EJL, Morton D, eds. Pain: 
Its Nature and Management in Man and Animals. Royal Society of 
Medicine International Congress Symposium Series, vol 246. London: 
Royal Society of Medicine. p 17-25.

Broom DM. 2007. Cognitive ability and sentience: Which aquatic animals 
should be protected? Dis Aquat Org 75:99-108. 

Broom DM, Zanella AJ. 2004. Brain measures which tell us about animal 
welfare. Anim Welf 13:S41-S45.

Budd GE, Telford MJ. 2009. The origin and evolution of arthropods. Nature 
457:812-817.

Castellucci V, Pinsker H, Kupfermann I, Kandel ER. 1970. Neuronal mech-
anisms of habituation and dishabituation of the gill-withdrawal refex in 
Aplysia. Science 167:1745-1748.

Chandroo KP, Duncan IJH, Moccia RD. 2004. Can fi sh suffer? Perspectives 
on sentience, pain, fear and stress. Appl Anim Behav Sci 86:225-250.

Chang ES. 2005. Stressed-out lobsters: Crustacean hyperglycemic hormone 
and stress proteins. Integ Comp Biol 45:43-50. 

Colpaert FC, de Witte PC, Maroli AN, Awouters F, Niemgeens CA, Janssen 
PAJ. 1980. Chronic pain. Life Sci 27:921-928.

Danbury TC, Weeks CA, Waterman-Pearson AE, Kestin SC, Chambers JP. 
2000. Self-selection of the analgesic drug carprofen by lame broiler 
chickens. Vet Rec 146:307-311.

Dawkins MS. 1980. Animal Suffering: The Science of Animal Welfare. 
London: Chapman and Hall. 

Dawkins MS. 1990. From an animal’s point of view: Motivation, fi tness and 
animal welfare. Behav Brain Sci 13:1-61.

Dawkins MS. 2006. Through animal eyes: What behaviour tells us. Appl 
Anim Behav Sci 100:4-10.

de Belle JS, Heisenberg M. 1994. Associative odor learning in Drosophila 
abolished by chemical ablation of mushroom bodies. Science 251:692-
695.

Del Seppia C, Ghione S, Luschi P, Ossenkopp P, Choleris E, Kavaliers M. 
2007. Pain perception and electromagnetic fi elds. Neurosci Biobehav 
Rev 31:619-642.

Denti A, Dimant B, Maldonado H. 1988. Passive avoidance learning in the 
crab Chasmagnathus granulatus. Physiol Behav 43:317-320.

Dowds BM, Elwood RW. 1983. Shell wars: Assessment strategies and the 
timing of decisions in hermit crab fi ghts. Behaviour 85:1-24.

Dowds BM, Elwood RW. 1985. Shell wars 2: The infl uence of relative size 
on decisions made during hermit crab shell fi ghts. Anim Behav 33:
649-656.

Duncan IJH. 1996. Animal welfare defi ned in terms of feelings. Acta Agric 
Scand A Suppl 27:29-35.

Duncan IJH, Petherick C. 1991. The implications of cognitive processes for 
animal welfare. J Anim Sci 69:5017-5022.

Edelman GM, Tononi G. 2000. A Universe of Consciousness. New York: 
Basic Books.



Volume 52, Number 2  2011 183

Edelman DB, Baars BJ, Seth AK. 2005. Identifying hallmarks of conscious-
ness in non-mammalian species. Consc Cogn 14:169-187.

Eisner T, Camazine S. 1983. Spider leg autotomy induced by prey venom 
injection: An adaptive response to “pain”? Proc Natl Acad Sci U S A 
80:3382-3385.

Elwood RW. 1995. Motivational change during resource assessment in her-
mit crabs. J Ex Mar Biol Ecol 193:41-55.

Elwood RW, Appel M. 2009. Pain in hermit crabs? Anim Behav 77:1243-
1246.

Elwood RW, Barr S, Patterson L. 2009. Pain and stress in crustaceans? Appl 
Anim Behav Sci 118:128-136.

Elwood RW, Stewart A. 1985. The timing of decisions during shell investi-
gation by the hermit crab, Pagurus bernhardus. Anim Behav 33:620-
627.

Fernandez-Duque, E, Valeggia C, Maldonado H. 1992. Multitrial inhibitory 
avoidance learning in the crab Chasmagnathus. Behav Neur Biol 57:
189-197.

Fiorito G. 1986. Is there “pain” in invertebrates? Behav Proc 12:383-388.
Gentle MJ. 2001. Attentional shifts alter pain perception in the chicken. 

Anim Welf 10:S187-S194.
Gherardi F, Atema J. 2005. Memory of social partners in hermit crab domi-

nance. Ethology 111:271-285.
Goodman MB. 2003. Sensation is painless. Trends Neurosci 26:643-645.
Giurfa M, Eichmann B, Menzel R. 1996. Symmetry perception in an insect. 

Nature 382:458-461.
Hanlon RT, Smale MJ, Sauer WHH. 1994. An ethogram of body patterning 

behavior in the squid Loligo vulgaris reynaudii on spawning grounds in 
South Africa. Biol Bull 187:363-372.

Hwang RY, Zhong L, Xu L, Johnson T, Zhang F, Deisseroth K, Tracey WD. 
2007. Nociceptive neurons protect Drosophila larvae from parasitoid 
wasps. Curr Biol 17:2105-2116.

IASP [International Association for the Study of Pain]. 1979. Pain terms: A 
list with defi nitions and notes on usage. Pain 6:247-252.

Kavaliers M, Hirst M, Tesky GC. 1983. A functional role for an opiate sys-
tem in snail thermal behaviour. Science 330:99-103.

Kawai N, Kono R, Sugimoto S. 2004. Avoidance learning in the crayfi sh 
(Procambarus clarkia) depends on the predatory imminence of the un-
conditioned stimulus: A behavior systems approach to learning in inver-
tebrates. Behav Brain Res 150:229-237.

Kellert RS. 1993. Values and perceptions of invertebrates. Conserv Biol 
7:845-855. 

Jackson RR, Pollard SD, Li D, Fijn N. 2002. Interpopulation variation in the 
risk-related decisions of Portia labiata, an araneophagic jumping spider 
(Araneae, Salticidae), during predatory sequences with spitting spiders. 
Anim Cogn 5:215-223. 

Leech D, Rechnitz GA. 1993. Crayfi sh walking leg neuronal biosensor for 
the detection of pyrazinamide and selected local anaesthetics. Anal 
Chimica Acta 274:25-35.

Loeser JD, Treede RD. 2008. The Kyoto protocol of IASP Basic Pain Ter-
minology. Pain 137:473-477.

Lorenzon S, Edomi P, Giulianini PG, Mettulio R, Ferrero EA. 2004. Varia-
tion in crustacean hyperglycemic hormone (CHH) level in the eye stalk 
and hemolymph of the shrimp Palaemon elegans following stress. J Exp 
Biol 207:4205-4213.

Lozada M, Romano A, Maldonado H. 1988. Effects of morphine and 
naloxone on a defensive response of the crab Chasmagnathus granula-
tus. Pharm Biochem Behav 30:635-640.

Machin KL. 1999. Amphibian pain and analgesia. J Zoo Wildl Med 30:
2-10.

Machin KL. 2005. Avian analgesia. Sem Avian Exotic Pet Med 14:236-
242.

MacLean R. 1983. Gastropod shells: A dynamic resource that helps shape 
benthic community structure. J Exp Mar Biol Ecol 69:151-174.

Maldonado H, Miralto A. 1982. Effects of morphine and naloxone on a de-
fensive response of the mantis shrimp (Squilla mantis). J Comp Physiol 
A 147:455-459.

Manev H, Dimitrijevic N. 2005. Fruit fl ies for anti-pain drug discovery. Life 
Sci 76:2403-2407.

Mather JA. 2004. Cephalopod skin displays: From concealment to com-
munication. In: Oller K, Greibel U, eds. Evolution of Communication 
Systems. Cambridge MA: MIT Press. p 193-213.

Mather JA. 2008. Cephalopod consciousness: Behavioural evidence. Consc 
Cogn 17:37-48.

Mather JA. 2011. Philosophical background of attitudes toward and treat-
ment of invertebrates. ILAR J 52:205-212.

McFarland DJ, Sibly R. 1975. The behavioural fi nal common path. Phil 
Trans R Soc B 270:265-293.

Millsopp S, Laming P. 2008. Trade-offs between feeding and shock avoid-
ance in goldfi sh (Carassius auratus). Appl Anim Behav Sci 113:247-
254.

Moriyama T, Gunji YP. 1997. Autonomous learning in maze solution by 
Octopus. Ethology 103:499-513.

Nicholls JG, Baylor DA. 1968. Specifi c modalities and receptive fi elds of 
sensory neurons in the CNS of the leech. J Neurophysiol 31:740-756.

Norman MD, Finn J, Tregenza T. 1999. Female impersonation as an alterna-
tive reproductive strategy in giant cuttlefi sh. Proc R Soc B 266:1347-
1349.

Patterson L, Dick JTA, Elwood RW. 2007. Physiological stress responses in 
the edible crab Cancer pagurus to the fi shery practice of de-clawing. 
Mar Biol 152:265-272.

Pryor SC, Nieto F, Henry S, Sarfo J. 2007. The effects of opiates and opiate 
agonists on heat latency response in the parasitic nematode Ascaris 
suum. Life Sci 80:1650-1655.

Puri S, Faulkes Z. 2010. Do decapod crustaceans have nociceptors for ex-
treme pH? PLoS One 5:e10244.

Roughan JV, Flecknell PA. 2001. Behavioural effects of laparotomy and 
analgesic effects of ketoprofen and carprofen in rats. Pain 90:65-74.

Rose D. 2002. The neurobehavioral nature of fi shes and the question of 
awareness and pain. Rev Fish Sci 10:1-38.

Sandeman D, Sandeman R, Derby C, Schmidt M. 1992. Morphology of the 
brain of crayfi sh, crabs and spiny lobsters: A common nomenclature for 
homologous structures. Biol Bull 183:304-326.

Sherrington C. 1906. The Integrative Action of the Nervous System. 
Oxford: Oxford University Press. 

Sherwin CM. 2001. Can invertebrates suffer? Or how robust is argument by 
analogy? Anim Welf 10:S103-S118.

Short CE. 1998. Fundamentals of pain perception in animals. Appl Anim 
Behav Sci 59:125-133.

Smith JA. 1991. A question of pain in invertebrates. ILAR J 33:25-31. 
Smith ES, Lewin GR. 2009. Nociceptors: A phylogenetic view. J Comp 

Physiol A 195:1089-1106.
Sneddon LU. 2003. The evidence for pain in fi sh: The use of morphine as 

an analgesic. Appl Anim Behav Sci 83:153-162.
Sneddon LU. 2009. Pain perception in fi sh: Indicators and endpoints. ILAR 

J 50:338-342.
Sneddon LU, Braithwaite VA, Gentle MJ. 2003. Do fi shes have nocicep-

tors? Evidence for the evolution of a vertebrate sensory system. Proc R 
Soc B 270:1115-1121.

Sokolowski MB. 2001. Drosophila: Genetics meets behaviour. Nat Rev 
Genet 2:879-890.

Stafford J, Mellor DJ. 2005. Dehorning and disbudding distress and its al-
leviation in calves. Vet J 169:337-349. 

Stefano GB, Cadet P, Zhu W, Rialas CM, Mantione K, Benz D, Fuentes R, 
Casares F, Fricchione GL, Fulop Z, Slingsby B. 2002. The blueprint for 
stress can be found in invertebrates. Neuroendocrinol Lett 23:85-93.

Stevens CW. 2004. Opioid research in amphibians: An alternative pain 
model yielding insights on the evolution of opioid receptors. Brain Res 
Rev 46:204-215.

Tarsitano MS. 2006. Route selection by a jumping spider (Portia labiata) 
during the locomotory phase of a detour. Anim Behav 72:1437-1442.

Thomas DA, Navarrete IM, Graham BA, McGowan MK, Hammond DL. 
1996. Antinociception produced by systematic r(+)-baclofen hydro-
chloride is attenuated by CGP 35348 administered to the spinal cord or 
ventromedulla of rats. Brain Res 718:129-137.

Tobin DM, Bargmann CI. 2004. Invertebrate nociception: Behaviors, neu-
rons and molecules. J Neurobiol 61:161-174.



184 ILAR Journal

Tomsic T, Maldonado H. 1990. Central effect of morphine pre-treatment on 
short- and long-term habituation to a danger stimulus in the crab Chas-
magnathus. Pharm Biochem Behav 36:787-793.

Tracey J, Daniel W, Wilson RI, Laurent G, Benzer S. 2003. Painless, a Dro-
sophila gene essential for nociception. Cell 113:261-273.

Tully T, Quinn WG. 1985. Classical conditioning and retention in normal 
and mutant Drosophila melanogaster. J Comp Physiol A 157:263-
277.

Weary DM, Neil L, Flower FC, Fraser D. 2006. Identifying and preventing 
pain in animals. Appl Anim Behav Sci 100:64-76.

Wells MJ. 1978. Octopus: Physiology and Behaviour of an Advanced Inver-
tebrate. London: Chapman and Hall.

Yarali A, Niewalda T, Chen YC, Tanimoto H, Duerrenagel S, Gerber B. 
2008. “Pain relief ” learning in fruit fl ies. Anim Behav 76:1173-1185.

Zimmerman M. 1986. Physiological mechanisms of pain and its treatment. 
Klinische Anäesthesiol Intensivtherapie 32:1-19.


