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Can crayfish take the heat? Procambarus clarkii show nociceptive
behaviour to high temperature stimuli, but not low temperature or

chemical stimuli

Sakshi Puri and Zen Faulkes*

ABSTRACT

Nociceptors are sensory neurons that are tuned to tissue damage.
In many species, nociceptors are often stimulated by noxious
extreme temperatures and by chemical agonists that do not
damage tissue (e.g., capsaicin and isothiocyanate). We test
whether crustaceans have nociceptors by examining nociceptive
behaviours and neurophysiological responses to extreme
temperatures and potentially nocigenic chemicals. Crayfish
(Procambarus clarkii) respond quickly and strongly to high
temperatures, and neurons in the antenna show increased
responses to transient high temperature stimuli. Crayfish showed
no difference in behavioural response to low temperature stimuli.
Crayfish also showed no significant changes in behaviour when
stimulated with capsaicin or isothiocyanate compared to controls, and
neurons in the antenna did not change their firing rate following
application of capsaicin or isothiocyanate. Noxious high temperatures
appear to be a potentially ecologically relevant noxious stimulus for
crayfish that can be detected by sensory neurons, which may be
specialized nociceptors.

KEY WORDS: Nociception, Crayfish, Antenna, Procambarus
clarkii, Pain

INTRODUCTION
Many large crustaceans (lobsters, crabs, and crayfish) are cooked
as seafood by being boiled alive, which is a controversial
practice. Many people believe crustaceans experience pain, while
others argue that they do not. Whether an animal experiences pain
is complicated, but a much more tractable question is whether a
particular species has nociceptors, which are neurons tuned to
tissue damage, or to stimuli that could cause tissue damage. It is
reasonable to think nociceptors would be widespread across
species, since they have obvious and profound survival value
(Crook et al., 2014).

Tissue can be damaged in many ways, and accordingly, many
nociceptors are polymodal (Kumazawa, 1998; Ashley et al.,
2007; Srinivasan et al., 2008), and respond to multiple kinds of
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stimuli, including temperatures of ~45°C or more (Defrin et al.,
2002; examples in fishes, Ashley et al., 2007; Nordgreen et al.,
2009; Caenorhabditis elegans, Wittenburg and Baumeister, 1999;
Liu et al., 2012; Hirudo medicinalis, Pastor et al., 1996,
Drosophila melanogaster, Tracey et al., 2003; Sokabe et al.,
2008), extreme pH, mechanical pressure, and chemicals that often
stimulate nociceptors, which are hereafter referred to as nocigenic
chemicals. Nocigenic chemicals cause ion channels in
nociceptors to open and are usually interpreted as noxious, but
the chemicals themselves do not damage tissue. For example, the
feeling of extreme heat when eating certain pungent foods is due
to chemicals like capsaicin (found in chillies and peppers;
Thomas et al., 1998; Tewksbury et al., 2008) or isothiocyanate
(found in mustards, horseradish, and wasabi; Sultana et al.,
2003b; Sultana et al., 2003a).

As with other sensory stimuli, species vary in what stimuli
trigger nociceptors. For example, capsaicin is an agonist for
nociceptors in multiple vertebrate (LaMotte et al., 1992; Jordt
et al., 2003) and invertebrate (Pastor et al., 1996; Wittenburg and
Baumeister, 1999) species. Some vertebrates are insensitive to
capsaicin (Szolcsanyi et al., 1986; Jordt and Julius, 2002; Park
et al., 2008). Fruit flies (D. melanogaster) prefer foods with
capsaicin, but avoid isothiocyanate (Al-Anzi et al., 2006). These
behaviours can also be shaped by experience: in humans, naive
tasters do not prefer pungent foods, but they can be an “acquired
taste” (Dib, 1990).

The evolutionary reasons for such variation of response are
unknown. While mammalian nociceptors have been studied
intensively (Le Bars et al., 2001) because of their relevance for
human pain, research on nociceptors in non-mammalian animals,
such as fishes (Sneddon, 2002; Sneddon, 2003; Sneddon et al.,
2003) and invertebrates (Kavaliers, 1988; Smith and Lewin,
2009; Crook et al., 2011) is less comprehensive. Comparative
studies may well create new models for studying nociception and
pain.

Arthropods are the most abundant invertebrate taxon, but the
suggestion that insects may not have nociceptors persisted into
this century (Eisemann et al., 1984; Le Bars et al., 2001). This
view is untenable now, given extensive research on nociception in
D. melanogaster (Tracey et al.,, 2003; Al-Anzi et al., 2006;
Hwang et al., 2007; Tracey, 2007; Sokabe et al., 2008; Neely
etal., 2011; Hwang et al., 2012; Kim et al., 2012). There are clear
behavioural responses to noxious stimuli (Tracey et al., 2003; Al-
Anzi et al., 2006; Chattopadhyay et al., 2012; Johnson and
Carder, 2012) occurring in ecologically relevant contexts (Hwang
et al., 2007; Johnson and Carder, 2012), and identified genes that
are strongly implicated in nociceptors (Tracey et al., 2003; Kim
et al., 2012). Nevertheless, such clear evidence for nociceptors
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does not exist for other species of arthropods, including
crustaceans. Insects are descended from crustaceans (Regier
et al.,, 2010), but that insects have nociceptors does not
necessarily mean that crustaceans also have nociceptors. For
example, some forms of nociception in D. melanogaster are
mediated by the painless gene (Tracey et al., 2003; Al-Anzi et al.,
2006), a transient receptor potential A (TRPA) ion channel.
Several insect species have four or five TRPA genes, but the
crustacean species Daphnia pulex has only one TRPA gene
(Matsuura et al., 2009), which might not be a painless homologue
and could have nothing to do with nociception. Nociception may
have evolved in insects after the split between insects and
crustaceans. Similarly, there has not yet been any physiological
identification of crustacean neurons that are tuned to tissue
damage.

Molecular and physiological data do not answer whether
crustaceans have nociceptors, but, several papers suggest that
crustaceans show nociceptive behaviour (Barr et al., 2008; Appel
and Elwood, 2009; Elwood and Appel, 2009). Some results of
nociceptive behaviour (Barr et al., 2008) have not been replicated
in other crustacean species (Puri and Faulkes, 2010). Further, the
existing behavioural data can be interpreted in ways that do not
require specialized nociceptors to explain the results. For example,
several studies have used electric shock as a noxious stimulus to
hermit crabs (Appel and Elwood, 2009; Elwood and Appel, 2009)
and shore crabs (Magee and Elwood, 2013). Electric shock will
activate any electrically excitable cell, including non-neural ones,
and the ecological relevance of electric shock is not clear. Injection
of formaldehyde is another noxious stimulus (Dyuizen et al., 2012),
which is also likely cause non-specific effects on many cells, not
just nociceptors, and is a stimulus that a crustacean is unlikely to
encounter in the wild. Thus, nociceptive behaviours triggered by
such stimuli may represent abnormal responses of the nervous
system rather than the workings of a nociceptive sensory system
tuned to tissue damage by evolution.

Here, we test whether crayfish respond to noxious temperatures
and nocigenic chemicals, using both behavioural and
physiological methods. Temperature extremes are ecologically
relevant stimuli for crayfish (Payette and McGaw, 2003), and
trigger nociceptors in other freshwater species, such as trout
(Sneddon et al., 2003). Fruit flies (D. melanogaster) respond to
nocigenic chemicals, which lead us to hypothesize that crayfish
should respond to isothiocyanate, but not capsaicin, provided a
homologue to the D. melanogaster painless gene was present in
crustacean nociceptors. Crustaceans should respond to neither
isothiocyanate nor capsaicin if crustaceans have no nociceptors,
or nociceptors unlike those described in many other taxa.

Portions of this work have appeared in abstract (Puri and
Faulkes, 2009; Puri and Faulkes, 2014).

MATERIALS AND METHODS

Louisiana red swamp crayfish, Procambarus clarkii (Girard, 1852) of
both sexes were purchased from a commercial supplier (Carolina
Biological Supply Company) and housed individually in small tanks,
consistent with previous experiments (Puri and Faulkes, 2010). All
experiments complied with U.S. animal welfare regulations.

Thermal stimuli

Behavioural experiments

Because the stimuli used were potentially noxious to the crayfish, all
behavioural experiments were conducted so that the stimuli would be
brief, and to allow individuals to remove themselves from the noxious
stimuli.
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For the first behavioural experiments, crayfish were removed from
water and placed in a small tank, and presented with control and high
temperature stimuli on the claw. For high temperatures, we touched
crayfish with the lightest pressure possible (i.e., touching rather than
pressing the tip against the claw) in the nook of the claw (i.e., where the
dactyl meets the propus in the interior gripping surface of a chela) with a
soldering iron either at ~20°C (room temperature control) or heated to
~54°C. The soldering iron was plugged into a variable transformer to
reduce its temperature, which was measured with a Fluke Ti9 thermal
imaging camera (Fig. 1A). The temperature of the tissue elevated quickly
even after a brief touch of the soldering iron (Fig. 1B). If the crayfish did
not remove its claw from the soldering iron, we held the soldering iron
against the claw for 3 s.

For low temperatures, we touched the nook of the claw with plastic
forceps (control), or dry ice (~—78.5°C) held within the same plastic
forceps. Crayfish were touched four times, alternating between the left
and right claws, for each condition, and an average was taken of the four
responses for analysis. Behaviours were ranked as: 1=no response,
2=movement of claw; 3=movement of body; 4=movement of claw and
body; 5=tailflip. Latency was measured from the first touch of the
control and test stimuli, and latencies longer than 3 s were coded as 3 s.

Because we used antennae for physiological tests, we conducted a
second experiment in which we touched crayfish on the antenna with a
soldering iron, either at ~20°C (room temperature control) or heated to
~54°C. The legs and claws of crayfish were restrained, and crayfish were
held in position while the soldering iron was touched to one antenna
while the antenna was stationary. We measured whether the crayfish
responded to the touch, and the latency of the response to the nearest
second. Movement of the antenna within 30 s after the touch was counted
as a response. For latency, no response after 30 s was recorded as 30 s. A
video camera was placed above the crayfish to record movement of the
antenna. Crayfish were given a three hour rest period between the two
stimuli.

Physiological experiments

Crayfish were anesthetized by chilling on ice, and one second antenna
(Sandeman, 1989) was cut at the base, and placed in freshwater crayfish
saline (210 NaCl mmol 17!, 2.5 KCl mmol 1!, 2.5 MgClL, mmol 1"}, 14
CaCl, mmol 17!, and buffered to pH 7.45-7.6 with TRIS; Paul and
Mulloney, 1986) at room temperature (~20°C).

The antenna contains two nerve branches of about equal size. Each
branch was teased apart and recorded individually with an extracellular
suction electrode. The antenna was held in position by placing pins at the
margins of antennae (i.e., not through the tissue).

Stimuli were delivered by 100 ul of physiological saline by a
micropipette, either at room temperature or heated to ~60°C. Because
the amount of saline introduced was so small, water temperature in the bath
was approximately the same at the beginning and end of the experiment
(i.e., room temperature). In no case did the overall bath temperature rise to
the levels expected to set off nociceptors (i.e., over 40°C).

Electrical activity was sampled at 20 kHz though a CED 1902
amplifier (Cambridge Electronic Design), HumBug noise filter (Quest
Scientific), CED Micro 1401 Mark II analogue-to-digital board
(Cambridge Electronic Design), and recorded on a Windows-based PC
using Spike 2 version 5.20 software (Cambridge Electronic Design).

The neural activity of the two nerve branches differ slightly in their
baseline spontaneous activity and maximum spike size. The branches
were sorted into “high-frequency baseline” and “low frequency
baseline” by their spontaneous activity, measured by the average
spontaneous activity from three individual seconds of recording,
selected at random, before the first stimulus was delivered. Only
antennae in which baseline recording could be measured from both
branches were used in analyses.

Spontaneous activity was monitored throughout the experiment for
baseline drift. There was no evidence of consistent changes in baseline
activity due to application of the stimulus.

Control and high temperature stimuli were presented in alternating
sets: three control stimuli, three high temperature stimuli, followed by
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Fig. 1. Behaviour of crayfish in
response to noxious thermal
stimuli. (A,B) Thermal images of
(A\) soldering iron tip and (B) crayfish
immediately after being touched by
soldering iron. (C,D) Response of
crayfish touched on the claw with
(C) high temperature stimulus or

(D) low temperature noxious
stimulus. (E) Proportion of crayfish
responding to touch on claw with high
temperature stimulus. n=11.

(F) Latency of response to touch on
the antennae. No response within
30 s was coded as 30 s. Dot=mean;
line dividing box=median; box=50%

Max = 58.9

C Tailfip] Z =-5.313,n=9,p=0.00 D Tailfip Z=-0.75,n =8.p = 0.45 of data; whiskers=95% of data;
asterisks=minimum and maximum.
Move claw and body Move claw and body n=11.
g Move body- % Move body
g g
@ @
@ @
Move claw- Move claw- 4
——
B .
No response- No response-| &— —————
leﬂrol Hlot Goﬁtml C(IJId
Stimulus Stimulus
E 100% | F W=0,n=11,p<001
30 4
80% -
g =
2 F
a 60%- g 20
@ ]
5 ¢
T 40%- g
S 3
ES @ 10 4
20% -
_
0% T T 0 - T T
Control Hot Control Hot
Stimulus Stimulus

two more alternating sets of control and high temperature stimuli (a total
of nine control and nine high temperature stimuli each). The response to
the stimulus was measured as the total number of action potentials during
the 1 s when the stimulus was delivered. To normalize for differences in
baseline spontaneous activity, the number of action potentials generated
in response to stimuli was divided by the calculated baseline of
spontaneous activity. Results were analyzed using Origin 7.5
(OriginLab Corporation).

Chemical stimuli

Behavioural experiments

Two types of behavioural experiments were performed to test for
nociceptive responses to nocigenic chemicals: food consumption and
antenna swabbing.

Animals were given foods containing capsaicin and isothiocyanate to
see if they would avoid these foods. Two separate experiments were
conducted using peppers and wasabi rhizomes to test for avoidance of
capsaicin and isothiocyanate, respectively.

Anaheim peppers, Capsicum annuum L., and habanero peppers, C.
chinense Jacq., were purchased from a local grocery store. Peppers are
pungent due to capsaicin. The pungency of peppers is measured by the

Scoville scale (Scoville, 1912), which provides a gross estimation of the
capsaicin content. Anaheim peppers rate very low on the Scoville scale,
whereas habaneros peppers have high capsaicin content, rating 100,000—
500,000 Scoville units (Bosland, 1992; Thomas et al., 1998; Chancellor
and de Groat, 1999). One author (Z.F.) ate representative slices of the
peppers, similar to those fed to the subjects, to confirm that there were
noticeable differences in pungency, and the habanero slices were
unpleasantly pungent.

Each crayfish, housed individually, was given two slices of Anaheim
pepper and two slices of habanero pepper simultaneously. The amount
eaten was checked at 15 minute intervals for 90 min, and then again the
following day. The amount eaten was coded as: 1=not eaten at all,
2=less than 50% eaten; 3=50-89% eaten; 4=90-99% eaten; 5=entirely
eaten.

Wasabi rhizomes, Eutrema japonica (Miq.) Koidz., were bought from
a commercial supplier. There is no equivalent to the Scoville scale for
isothiocyanate, and the amount of isothiocyante varies with cultivation
practices (Sultana et al., 2002; Sultana et al., 2003b; Sultana et al.,
2003a). One author (Z.F.) ate representative slices to confirm that the
samples were pungent. Each crayfish was given one sliver of wasabi
rhizome. We looked for avoidance of the wasabi rhizome. Similar to the
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capsaicin experiment, the amount eaten was checked at 15 minute
intervals for 90 min and then the following day. The amount eaten was
coded as: 1=not eaten, 2=less than 25%; 3=25-50%; 4=51-75%; 5=
76-99%, 6=100%.

In the antenna swabbing experiments, individuals were removed from
water and placed on a paper towel, and one antenna was swabbed with
either a control (ethanol) or a chemical agonist (10 mmol 1~ 'capsaicin in
ethanol, or 10 mmol 17! benzyl isothiocyanate in ethanol). The other
antenna was not swabbed, so that any changes caused by the mechanical
action of swabbing could be detected. Each individual was placed in a
tank (175 mm long x 100 mm wide x 90 mm high) filled with ~50-
80 mm of aged tap water. Behaviour was recorded for 10 min using a
digital video camera (Logitech). We measured any contact of other
portions of the body (i.e., mouth, legs) with either antenna; the movement
of the animal in its environment, by recording the number of times the
anterior region of the carapace (i.e., eyes) crossed the midline of the tank
along its long axis; and tailflips. Ten individuals were tested in each
condition. No individuals were tested twice. Following their use in these
experiments, animals were kept and housed in the lab. Their status was
monitored during routine animal care. Results were analyzed using SPSS
12 for Windows.

Physiological experiments

Animals of both sexes were anesthetized by chilling on ice. One second
antenna (Sandeman, 1989) was cut and placed in freshwater crayfish
saline (210 NaCl mmol 17!, 2.5 KCI mmol 17", 2.5 MgCl, mmol 17/, 14
CaCl, mmol 17!, and buffered to pH 7.45-7.6 with TRIS; Paul and
Mulloney, 1986). The nerve was exposed by dissection.

We prepared a dish containing a petroleum jelly well about 10-20 mm
in diameter. The antenna was placed across the top of the well, and was
then secured with additional petroleum jelly. Crayfish saline was added
to the dish outside the well. The well prevented the liquid being tested
from interacting with the exposed nerve at the dissected end of the tissue.
The nerve tip was placed inside a suction electrode. The recording was
allowed to equilibrate for 2 min, which established a baseline. A control
liquid (ethanol) was placed in the petroleum jelly well for 1 min. The
saline was withdrawn from the well, and the preparation was again
allowed to equilibrate for 2 min. Then, the test stimulus (capsaicin or
isothiocyanate) was placed in the well for 1 minute. The series of
treatments (baseline, control liquid, and test liquid, interleaved with
equilibration periods) was conducted at least twice for each individual.

Electrical activity was sampled at 20 kHz though a CED 1902
amplifier (Cambridge Electronic Design), HumBug noise filter (Quest
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Fig. 2. Physiology of neurons in antenna of crayfish in response to high temperature stimuli. (A,B) Representative recordings of low-frequency baseline
nerve and high-frequency baseline nerve. Bars above traces indicate approximate delivery of 100 pl saline stimulus; c=control; h=high temperature.

(C,D) Increase in number of action potentials relative to baseline spontaneous activity generated in response to delivery of 100 pl of saline in (C) low-frequency
baseline nerve, and (D) high-frequency baseline nerve. Dot=mean; line dividing box=median; box=50% of data; whiskers=95% of data; asterisks=minimum

and maximum.
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Scientific), CED Micro 1401 Mark II analogue-to-digital board
(Cambridge Electronic Design), and recorded on a Windows-based PC
using Spike 2 version 5.20 software (Cambridge Electronic Design). The
spike sorting capabilities of Spike 2 software were used to identify
individual neurons. For each treatment, we made at least five recordings
where we were able to distinguish three spikes or more.

RESULTS

Crayfish respond to high temperatures but not low
temperatures

High, but not low, temperatures caused rapid nociceptive-like
behaviours in crayfish (Fig. 1; supplementary material Movie 1).
Crayfish consistently responded to touches to both the claw and
the antenna with high-temperature soldering iron tip, but less
often and less intensely to room temperature control touches.
When touched on the claw, every crayfish tested responded more
intensely to the high temperature than the control (Fig. 1C). Only
11% of crayfish (1 of 9) responded in less than 2 s when touched
with the control, whereas 100% of crayfish responded in less than
2's when touched with the high temperature stimulus. The
behaviours of the crayfish when touched with high temperatures
often included repeated tailflipping (an escape response; Wine
and Krasne, 1972; Krasne and Wine, 1984; Wine, 1984; Reichert,

—s— Anaheim
61 —o— Habanero

Amount eaten + SD

0 T T T T T T 7—
0 15 30 45 60 75 90 960

Minutes

Movement (mean + SD)

Control Capsaicin Isothiocyanate

Stimulus

1988; Herberholz et al., 2004; Faulkes, 2008), walking rapidly
away from the soldering iron, grabbing the soldering iron with the
non-touched claw (supplementary material Movie 1).

Crayfish responded to low temperatures touches at the same
intensity as control (Fig. 1D). The latency of the response was
significantly longer to low-temperature stimuli than controls
(Wilcoxon signed-rank test, W=0, n=11, p<<0.01), which is the
opposite pattern predicted if crayfish found the low temperatures
noxious and avoided it. In one case, a crayfish grabbed and held
on to dry ice for 17 s before releasing it (supplementary material
Movie 1).

All crayfish responded to high temperature touches on the
antenna by moving the touched antenna away from the soldering
iron, but responded to room temperature touches to the antenna
less than 40% of the time (Fig. 1E). Crayfish responded to
touches of high temperatures in about 1 s (Fig. 1F).

Crayfish showed no long-term damage or changes after
either behavioural experiment (e.g., no legs autotomized, loss
of function, sudden increase in animal deaths, etc.).

Neurophysiological recordings in the antennal nerve also
showed a difference between high temperature stimuli and
room temperature controls, delivered as transient exposure to

—s=— Wasabi

Amount eaten + SD

T
0 15 30 45 60 75
Minutes

Fig. 3. Behaviour of crayfish in response to chemicals that often stimulate nociceptors. (A) Crayfish were presented with peppers containing both low
(Anaheim peppers) and high (habanero peppers) concentrations of capsaicin simultaneously. The amount eaten (Y axis) was coded as: 1=not eaten, 2=less
than 50% eaten; 3=50-89% eaten; 4=90-99% eaten; 5=entirely eaten. (B) Crayfish presented with fresh wasabi rhizomes containing isothiocyanate. The

amount eaten was coded as: 1=not eaten, 2=less than 25%; 3=25-50%; 4=51-75%; 5=76-99%, 6=100%. (C) Movement of crayfish measured by number of
times individuals crossed between tank halves after application of control (ethanol) or 10 mmol I~ capsaicin 10 mmol I~ isothiocyanate to one antenna. Error

bars show standard deviation.
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small amounts of physiological saline. There are two branches of
the antennal nerve, which differ in their baseline activity
(Fig. 2A,B). Neural activity in the antenna to high temperature
stimuli was significantly higher than control stimuli in both the
low-baseline (paired t-test, ts=—4.10, p=0.0064; Fig. 2C) and
the high baseline (paired t-test, ts=—2.53, p=0.035; Fig. 2D)
branches of the nerve.

Crayfish do not respond to nocigenic chemicals

If crayfish detect capsaicin, as many mammals and multiple
invertebrate species do, they would be expected to eat the food
with low capsaicin concentrations before they ate the food with
high capsaicin concentrations. The opposite occurs (Fig. 3A):
crayfish ate larger amounts of habanero peppers than Anaheim
peppers. Crayfish ate wasabi slices, although they were often
slow to do so (Fig. 3B). Wasabi slices tend to float on the surface
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I 1 1 ]
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Fig. 4. Extracellular recordings of neurons in antenna of crayfish in response to nocigenic chemical stimuli. (A,B) Capsaicin. (C,D) Isothiocyanate. Each

of the water, making it more difficult for crayfish to grab and
handle the food.

Crayfish whose antennae were swabbed with nocigenic
chemicals showed no significant differences in activity between
animals in the control, isothiocyanate, and capsaicin treatments
(ANOVA, F,,7;=0.275, p=0.762; Fig. 3C). No individuals
groomed either antenna, or performed escape tailflips, under
any condition.

There was no consistent change in antenna sensory neuron
activity when the antennae were presented with either capsaicin
(Fig. 3) or isothiocyanate (Fig. 4).

DISCUSSION

Crayfish respond with nociceptive behaviours to noxious high,
but not low, temperatures. Neurophysiological recordings show
that antenna neurons can detect short, transient high temperature

A3 Capsaicin

B3 Capsaicin

14} IO TR AT I L R

TERE T

L] [ (DT RTRE R | DN T DU 1] 0T TR R TRV R TR R

Wl 0 w00 T T T T T T

C3 Isothiocyanate

@ il R o ) O

D3 Isothiocyanate

10s

row shows recordings from one individual. (1, left column) control with no chemicals showing spontaneous baseline activity; (2, center column) control with
ethanol only; (3, right column): test with 10 mmol I~" capsaicin (A,B) or 10 mmol I " isothiocyanate (C,D) in ethanol.
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stimuli, which is consistent with the antenna containing neurons
sensitive to high temperatures. Based on the behaviour of the
crayfish, we predict that these sensory neurons will be better
described as specialized nociceptors rather than generalized
thermoreceptors. Previous research showed that crayfish
consistently avoid high temperatures, but do not consistently
avoid low temperatures (Hall et al., 1978; Payette and McGaw,
2003). This, combined with the results of this study, indicate that
high temperatures are noxious stimuli to crayfish with potentially
ecological relevance.

We found no evidence that crayfish respond to capsaicin or
isothiocyanate, despite multiple tests at different levels of
organization. Crayfish did not avoid pungent foods containing
capsaicin or isothiocyanate; they did not respond when these
chemicals were applied to a major sensory organ (i.e., the
antennae); their sensory neurons did not increase their firing rate
when exposed to these chemicals. Several hypotheses are
consistent with these data. The first hypothesis is that
crustaceans do not have nociceptors. The absence of
nociceptors seems unlikely, because our experiments with high
temperatures show that crayfish have nociceptive behaviour, and
there is clear evidence of such neurons in another arthropod, D.
melanogaster (Tracey et al., 2003; Al-Anzi et al., 2006; Hwang
et al., 2007; Tracey, 2007).

The second hypothesis is that crustaceans have nociceptors that
are insensitive to both these chemicals. It may be argued that
crustacean nociceptors would not respond to capsaicin or
isothiocyanate because crustaceans are not ecologically relevant
to plants that produce these compounds. The “directed
deterrence” hypothesis suggests that nocigenic chemicals like
capsaicin have evolved to be noxious to some herbivores
(Tewksbury and Nabhan, 2001; Levey et al.,, 2006). The
directed deterrence hypothesis has rarely been tested, although
it has been tested for chillies (Levey et al., 2006). The directed
deterrence hypothesis does not explain why capsaicin activates
nociceptors in organisms for which capsaicin does not appear to
be ecologically relevant (e.g., C. elegans, Wittenburg and
Baumeister, 1999; H. medicinalis, Pastor et al., 1996).
Capsaicin concentrations in chillies are also correlated to
microbial pathogens, which are facilitated by insect feeding
(Tewksbury et al., 2008). Based on such ecological interactions,
one might predict that insects, which often eat plants, might be
sensitive to capsaicin, but D. melanogaster is not (Al-Anzi et al.,
2006). Whether the nocigenic chemical binds to a nociceptive ion
channel in a given species is probably coincidence, although the
amount of a nocigenic chemical that a plant produces would be
the product of ecological interactions and subsequent natural
selection.

We caution against over interpreting these results. Many
people are interested in whether crustaceans feel pain because
crustaceans are often cooked by boiling them alive. When
research on crustacean nociception is presented to the general
public, it is often placed in the context of the “lobster in the pot”
scenario, even though no previous studies have used high
temperature as a noxious stimulus. We wish to be clear that we
are not claiming crustaceans generally, or even crayfish
specifically, feel pain. We are claiming that crayfish detect and
respond to noxious high temperature stimuli in ways that they do
not to other potentially noxious stimuli. This suggests that
crayfish have nociceptors specialized to detect noxious high
temperature stimuli. Nevertheless, whether a species has
nociceptors or not is not conclusive evidence that the species

feels pain (Varner, 1998), although it is clearly relevant and
informs thinking about the question. If crayfish have specialized
nociceptors, these sensory neurons may detect other sorts of
noxious stimuli, but we have found no other stimuli that elicit
these nociceptive behaviours yet.
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