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i n f o

a b s t r a c t
In mammals, rewarding properties of drugs depend on their capacity to activate appetitive motivational
states. With the underlying mechanisms strongly conserved in evolution, invertebrates have recently
emerged as a powerful new model in addiction research. In crayfish natural reward has proven surprisingly sensitive to human drugs of abuse, opening an unlikely avenue of research into the basic
biological mechanisms of drug addiction. In a series of studies we first examined the presence of natural
reward systems in crayfish, then characterized its sensitivity to a wide range of human drugs of abuse. A
conditioned place preference (CPP) paradigm was used to demonstrate that crayfish seek out those environments that had previously been paired with the psychostimulants cocaine and amphetamine, and
the opioid morphine. The administration of amphetamine exerted its effects at a number of sites, including the stimulation of circuits for active exploratory behaviors (i.e., SEEKING). A further study examined
morphine-induced reward, extinction and reinstatement in crayfish. Repeated intra-circulatory infusions
of morphine served as a reward when paired with distinct visual or tactile cues. Morphine-induced CPP
was extinguished after repeated saline injections. Following this extinction phase, morphine-experienced
crayfish were once again challenged with the drug. The priming injections of morphine reinstated CPP
at all tested doses, suggesting that morphine-induced CPP is unrelenting. In an exploration of drugassociated behavioral sensitization in crayfish we concurrently mapped measures of locomotion and
rewarding properties of morphine. Single and repeated intra-circulatory infusions of morphine resulted
in persistent locomotory sensitization, even 5 days following the infusion. Moreover, a single dose of
morphine was sufficient to induce long-term behavioral sensitization. CPP for morphine and contextdependent cues could not be disrupted over a drug free period of 5 days.
This work demonstrates that crayfish offer a comparative and complementary approach in addiction research. Serving as an invertebrate animal model for the exposure to mammalian drugs of abuse,
modularly organized and experimentally accessible nervous systems render crayfish uniquely suited for
studying (1) the basic biological mechanisms of drug effects, (2) to explore how the appetitive/seeking
disposition is implemented in a simple neural system, and (3) how such a disposition is related to the
rewarding action of drugs of abuse. This work aimed to contribute an evolutionary, comparative context to
our understanding of a key component in learning, and of natural reward as an important life-sustaining
process.
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The development of an addictive cycle depends on two separate components. First, psychoactive drugs, acting as reinforcers,
are able to strengthen behaviors that promote continued drug consumption. Then, drug-seeking behaviors become compulsive, even
when paired with negative consequences (Wise, 1998). A common
misconception holds that only humans possess a susceptibility for
these phenomena and it may explain why evolutionary factors have
received scant attention in addiction research compared to cultural, environmental, biological, or pathological concerns (Nesse
and Berridge, 1997; Panksepp et al., 2002; Panksepp et al., 2004).
It has become clear that a wide range of mammals will work long
and hard to obtain access to human drugs of abuse through compulsive self-administration (Johanson et al., 1976). Structured by
selective pressures, natural reward systems in all mammals usually align with an individual’s adaptive needs, enticing it to satisfy
inherent motivations for nourishment, sex, or “contact comfort”
(Panksepp, 2005). Across a wide range of mammals neural reward
circuits have proven highly sensitive to a wide spectrum of substances, including psychostimulants, opioids, and alcohol. Several
lines of evidence indicate that drug-induced sensitization is associated with a continued and enduring amplification of reinforcement
following drug intake (Robinson and Becker, 1986; Vanderschueren
and Kalivas, 2000; Vanderschueren et al., 1997). The degree of
drug-induced behavioral sensitization depends on the precise patterns of drug regimes (Shaham et al., 1994). For instance, repeated
drug exposure, separated by long intervals, is thought to be more
effective in inducing sensitization than a chronic regime of high
or escalating doses at short intervals (Vanderschueren and Kalivas,
2000; Vanderschueren et al., 1997; Robinson and Becker, 1986).
Repeated, intermittent, or chronic exposure to amphetamine,
cocaine, and morphine causes long-lasting behavioral sensitization in rats (Vanderschueren et al., 1999; Pierce and Kalivas, 1997;
Zarrindast et al., 2007; White, 1995). Opioids in mammals either
reduce or enhance locomotor activity, depending on dose and time
protocols (Timára et al., 2005; Zhao et al., 2004). Parallels to the
general phenomena of acute response, tolerance, withdrawal and
sensitization have been identified in many mammals (Morgan and
Sedensky, 1995; Singh and Heberlein, 2000; Schafer, 2004; Scholz,
2005; Nichols, 2006; Morozova et al., 2006; Raffa et al., 2006; Feng
et al., 2006).
Mammalian analogs specifically center on the function of SEEKING systems (Panksepp, 1998), a set of brain mechanisms that
underly anticipation, curiosity, excitement and pursuit. Full capitalization for primary-process, emotional systems (e.g., SEEKING)
is a nomenclature used for mammals (Panksepp, 1998, 2005), and
does not necessarily apply fully to the present review of addictive
tendencies in invertebrates.
Hypotheses for the underlying neural pathways focus on the
importance of mesolimbic, dopaminergic neurons (Alcaro et al.,
2007; Panksepp, 1998). Traditionally the role of this SEEKING pathway is viewed via the generation of hedonic affect (Wise, 1982).
Mounting evidence, however, challenges a simple, unitary “pleasure” view of dopamine function. Instead, the role of mesolimbic
dopamine circuits in behavior has recently been conceptualized
within more ethological domains (Ikemoto and Panksepp, 1999;
Panksepp, 1998; Robinson and Berridge, 2001) as well as operantanticipatory learning contexts (Schultz, 1997). In particular, the
attribution of incentive salience to rewarding or aversive events
figures prominently in current perceptual/sensory hypotheses of
dopamine function (Robinson and Berridge, 1993; Spanagel and
Weiss, 1999), while SEEKING urges are phrased in more actionoriented terms (Panksepp, 1998, 2005; Panksepp et al., 2002, 2004).
Dopamine’s role in behavioral control is supported by the existence of residual reward capacity even after substantial depletion
(Berridge and Robinson, 1998). Modulation of the motivational
value of reward-related stimuli, separable from traditional con-

cepts of hedonia, have been re-conceptualized in terms of ‘wanting’
(Berridge and Robinson, 1998) and SEEKING (Panksepp, 1998).
Mesolimbic and neostriatal dopaminergic processes may thereby
foster the expression of rewarded behavior via enhanced perceptual salience of stimuli and invigorated action terms. Dopamine
systems may be essential for ‘wanting’/SEEKING incentives through
an increase in perceived attractiveness, rather than ‘liking’ them
via the mediation of pleasurable internal states (Robinson and
Berridge, 2001, 2003). ‘Reward’ is not a unitary process but rather a
system into which an assembly of constituent elements feed, many
of which can be separately identified and manipulated (Berridge
and Robinson, 1998; Robinson and Berridge, 2003). Drugs alter
brain functions, and the resulting drug-associated behaviors can, in
turn, be activated and maintained when a particular environmental
cue is associated with the effect of the drug. In the absence of the
drug, the conditioned stimulus can sustain, and even re-establish
drug-seeking behavior (Davis and Smith, 1976; Cervo et al., 2003;
Burbassi and Cervo, 2008).
Widely conserved throughout mammalian evolution, dopaminergic pathways of ventral tegmental area, medial forebrain bundle,
and nucleus accumbens are integral elements for feelings of desire
in humans (Alcaro et al., 2007). Moreover, compulsive aspects
of addictive behaviors map onto motivational, subcortical neural
circuits, with strong anatomical, neurochemical, and possibly motivational homologies (Butler and Hodos, 1996; Vincent et al., 1998;
Panksepp and Panksepp, 2000). Alternative hypotheses for mammalian dopamine function in reward concern a more direct role
in the learning process (Schultz, 1997). Single unit recordings in
monkeys, combined with theoretical considerations from formal
learning theory, implicate dopamine specifically in the modulation of memory formation or expression for cues predictive of
positive reinforcement. Initially, mesolimbic dopamine neurons
fire phasically and unconditionally to the presentation of novel,
natural rewards (Schultz, 2001). When a reward is paired with a
cue in repeated learning trials, however, preferential dopamine
neuron firing shifts from the presentation of the reward itself to
the presentation of the predictive cue. Upon successful prediction
of the reward, these neurons no longer respond to the predictive cue. Such findings underscore the fundamental importance
of novelty in natural activity patterns of dopamine neurons and
suggest a role of mesolimbic, dopamine circuits in the coding of
prediction errors that can serve as a global teaching signal (Waelti
et al., 2001). Behavior indicative of reward is controlled by three
distinct sub-processes: the ‘Pavlovian labeling’ of an object’s attractiveness (i.e., its incentive value), the learning of a relationship
between potentially predictive cues and the object of attraction
maintaining approach behavior, and the object’s ability to produce hedonic affect. Although hypotheses of dopamine function
have been advanced for each one of these sub-processes underlying reward, ethological hypotheses ultimately converge on a
dopamine-based neurochemical signal that fosters reinforcement
(Wise, 1998; Ikemoto and Panksepp, 1999; Kelley, 1999; Everitt
et al., 2001; Panksepp et al., 2004). Compulsive components of
addiction hinge on motivational subcortical neural circuits, with
anatomical, neurochemical and motivational similarities shared
across all vertebrates (Panksepp and Burgdorf, 2000; Butler and
Hodos, 1996). The overarching theme strongly suggests that addictive compounds act on evolutionarily conserved brain substrates
for reward that we share with much of our phylogenetic lineage.
The search for the evolutionary antecedents of drug-induced
reinforcement, compulsive drug seeking, withdrawal, reinstatement, and continued drug consumption has now broadened.
Invertebrate model systems, where exposure to mammalian drugs
of abuse causes enduring effects on nervous system and behavior,
have emerged as powerful new tools in drug addiction research
(see review in Wolf and Heberlein, 2003). Invertebrate taxa share
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significant commonalities with mammals in key neurochemical
properties of reward including sequence homologies in crucial
receptor elements (Hen, 1992, 1993), neuropharmacology (Tierney,
2001), methods of inactivation (Poerzgen et al., 2001), general
modes of action (Vernier et al., 1995, 1997), and association
with similar behavioral contexts (Kravitz et al., 1980; Kravitz,
2000). Aminergic systems using G protein-coupled, metabotropic
monoamine receptors emerged during an early evolutionary transition to multicellular life (Vernier et al., 1995). Presumably, early
metazoans adopted monoamine systems to coordinate functions of
individual cells in different parts of the body for orchestrating an
adaptive response towards environmental perturbations (Gillette,
2006). Emergence of dopamine and serotonin receptors, for example, predate that of a chordate lineage (Hen, 1992; Peroutka and
Howell, 1994; Vernier et al., 1995; Walker et al., 1996), such that
invertebrates and vertebrates share homologies within functional
sets of receptor families. Since the pre-Cambrian, however, independent evolutionary paths have given rise to the present-day
diversity of (ortho- and paralogous) subtypes, each with a particular
pharmacological profile.
In invertebrates repeated application of addictive drugs produces a number of behavioral stereotypies (Palladini et al., 1996;
McClung and Hirsh, 1998; Torres and Horowitz, 1998), that are
both dose-dependent and subject to sensitization (McClung and
Hirsh, 1999). Fruit flies exhibit a form of behavioral sensitization
(McClung and Hirsh, 1998, 1999) that resembles the protracted
neurobehavioral effects of psychostimulants in the mammalian
brain (reviewed in Berridge and Robinson, 1998; Ikemoto and
Panksepp, 1999; Pierce and Kalivas, 1997). Behavioral sensitization
is thought to reflect an intensification of drug craving in mammals
(Robinson and Berridge, 1993) and its relevance broadly extends
to a wide range of rewards (Nocjar and Panksepp, 2002). The
demonstration of sensitization in fruit flies presents an opportunity to study the neurobiology of addiction in a genetically tractable
species (Wolf, 1999; Wolf and Heberlein, 2003). Exhibiting striking parallels to sensitization in mammals, catecholamine circuits
appear to be a common neurochemical denominator in this process.
Consistent with antagonist and lesion studies in mammals (e.g.,
Kelly and Iversen, 1976; Vezina and Stewart, 1989), dopamine modulates the behavioral efficacy of cocaine administration (Bainton et
al., 2000; Li et al., 2000; Palladini et al., 1996; Torres and Horowitz,
1998). In both flies (Li et al., 2000) and rats (Kalivas, 1995), stimulation of pre-synaptic sites is essential for the initiation of behavioral
sensitization. The integral role of post-synaptic monoamine receptors in cocaine-induced fruit fly behavior has been characterized in
strains of mutant flies that exhibit either compensatory under- or
over-expression of such receptors (Li et al., 2000). Flies that underexpress such receptors display a blunted response to cocaine upon
initial exposure, whereas the opposite is true of over-expressing
flies. Neither mutant sensitizes. Flies with reduced dopamine levels
lack the characteristic, cocaine-induced motor behaviors (Bainton
et al., 2000), and selective vertebrate dopamine receptor antagonists block cocaine-induced behavioral stereotypies in fruit flies
(Torres and Horowitz, 1998) and planarians (Palladini et al., 1996).
Consistent with work in both mammals and flies, pre-synaptic catecholaminergic mechanisms appear to modulate the formation of
behavioral sensitization, while post-synaptic elements act in its
maintenance.
Besides underscoring the neurochemical similarities of vertebrate and invertebrate lineages, work with psychostimulants
in fruit flies has also contributed new hypotheses and insights
concerning the roles of trace amines and circadian mechanisms
in drug addictions. Tyramine, the monohydroxyphenol analog of
dopamine, is essential for behavioral sensitization of Drosophila.
Mutants with reduced levels of this trace amine exhibit a normal
initial response to cocaine exposure, but do not sensitize, while
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an increase in tyramine mirrors behavioral sensitization of wildtype flies (McClung and Hirsh, 1999). Behavioral sensitization in
flies also depends on tyramine interactions with members of the
circadian gene family. In contrast to wild-type flies, those lacking
the per gene do not exhibit a normal sensitization response when
challenged with post-synaptic stimulation of a vertebrate D2 agonist (Andretic et al., 1999; Andretic and Hirsh, 2000). With attention
focused on these processes in mammals, recent work has suggested
that the validity of such findings could well span wide, taxonomic
borders. Tyramine occurs at trace levels in the mammalian brain
(Durden and Davis, 1993), mostly supplied through food intake. Its
pharmacological profile in vertebrates is “amphetamine-like”, as
it augments synaptic catecholamines through inhibition of membrane transporter uptake (Sitte et al., 1998). Moreover, some of the
15 trace amine receptors that have since been cloned in both rats
and humans, are located in the ventral tegmental area (Borowsky
et al., 2001). Finally, up-regulated transcription of per, a circadian
gene required for sensitization in flies, has been demonstrated in
mammalian, dorsal striatal regions receiving input from midbrain
dopamine neurons (Nikaido et al., 2001). Such work highlights how
an exploration of basic processes in simpler systems can advance
unanticipated hypotheses for a study of related phenomena in
mammals.
To date, natural reward processes have received relatively little
attention in invertebrates. Rewarding properties for invertebrate
taxa have been demonstrated for psychostimulants (Wolf, 1999;
Kusayama and Watanabe, 2000; Panksepp and Huber, 2004), opioids (Srivastava and Singh, 2006; Nathaniel et al., 2009, 2010),
alcohol (Parsons, 1979; Bellen, 1998; Cadieu et al., 1999; Abramson
et al., 2000, 2004), nicotine (Singaravelan et al., 2005), and caffeine
(Singaravelan et al., 2005). Initial work in fruit flies (McClung and
Hirsh, 1998; Torres and Horowitz, 1998) and planarians (Palladini
et al., 1996) characterized unconditioned, stereotypical motor
behaviors that accompany cocaine administration. Psychostimulant sensitivity in stereotypical movements, increased locomotor
activity, and consummatory behaviors (Bellen, 1998; Torres and
Horowitz, 1998; Wolf, 1999; Kusayama and Watanabe, 2000) is
similar to the behavioral effects of cocaine in mammals (reviewed
in Wise and Bozarth, 1987). Due to their small size, fruit flies
have mainly been used in studies of reflexive motor sequences
rather than for more complex studies of behavioral reward. Despite
similar mechanisms of behavioral sensitization in invertebrates
and vertebrates, it remains unclear whether a conditioned stimulus can be attractive, salient, and directly induce behavioral
sensitization to promote drug-seeking behavior in an invertebrate system. It is also not known whether the elimination of the
response-contingent drug in an invertebrate model decreases drug
seeking behavior. Evidence from land snails indicates that individuals will readily self-administer electrical current into brain
regions related to sexual behavior (Balaban and Chase, 1991), while
avoiding such treatment for areas controlling escape. Thus, snails
appear to have distinct neuroanatomical substrates for reward or
punishment (Balaban, 1993; Balaban and Maksimova, 1993). A
study of natural substrate preference in planarians demonstrated
a switch to the non-preferred environment when it was paired
with methamphetamine, an effect that was blocked by pretreatment with selective vertebrate D1 and D2 antagonists (Kusayama
and Watanabe, 2000).
In crayfish, a complex behavioral repertoire combines with
detailed knowledge of neurochemical systems and a body size
that supports in vivo handling. This offers distinct advantages for
a dissection of drug-sensitive reward. Crayfish have proven to be
a useful model for exploring the proximate neural mechanism of
behavioral decisions (Mullonev, 2003), and neurochemical mechanisms in neuroethological studies (Panksepp and Huber, 2002),
suggesting that crayfish may contribute more as an invertebrate
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Fig. 1. Overhead view of the arena for CPP experiments which contained four quadrants of two different visual areas, arranged diagonally from each other. The arena was lit
from below with distinct, alternating black/white stripes in one area. Free-ware, Java-based software was used to track the crayfish in a video feed from a camera mounted
above the tank. In a conditioning session a crayfish was isolated in a specific quadrant (A) with a removable Plexiglas enclosure for 30 min where amphetamine or cocaine
was infused for the first 5 min. When allowed to move freely about the entire arena (B) following 5 successive days of psychostimulant conditioning, crayfish exhibited a
strong preference for the environment that had been paired with amphetamine or cocaine.

model to explore the neurochemical basis of drug addiction apart
from showing reward to psychostimulants. The comparative simplicity of their nervous system facilitates the recognition of the
biological underpinnings of behavioral responses to drugs. Decapod crustaceans, such as crayfish and lobsters, have been used
extensively in neuroethology (Livingstone et al., 1981; Edwards
et al., 2003), making them great models for studies of invertebrate
drug reward. Due to their anatomical and physiological characteristics (Ma et al., 1992; Beltz, 1999; Heinrich et al., 2002), as well as
their accessibility to pharmaco-behavioral manipulations (Huber
and Delago, 1998; Panksepp and Huber, 2002), monoamine neuromodulatory systems have received particular emphasis in previous
research with decapod crustaceans. The aminergic system in crayfish is mapped onto fewer than 1000 large and accessible neurons
(Elofsson et al., 1966; Cournil et al., 1994, 1995; Tierney et al.,
2003). About 30–35 dopamine neurons are located in the brain
and nerve cord of crayfish (Furshpan and Potter, 1959; Tierney
et al., 2003), including neurons such as the Br and L cells with large
somata (up to 100 !m diameter) and far-reaching axonal projections (Tierney et al., 1999). Furthermore, evidence for conserved,
monoamine re-uptake mechanisms in invertebrates (Corey et al.,
1994; Demchyshyn et al., 1994; Poerzgen et al., 2001) suggests
that crayfish offer an opportunity to characterize the fundamental neural mechanisms for reward to amphetamine, cocaine and
morphine.
Systemic injections of cocaine and amphetamine were accompanied by characteristic, unconditioned changes in crayfish
behavior (Panksepp and Huber, 2004). Intracardial infusions
of cocaine produced rapid backwards walking, waving of the
claws, and a series of tailflips. The crayfish then assumed a
static posture with an overall flexion of the abdomen and
walking legs, and claws that pointed towards the front and
slightly downwards. The duration of the cocaine-induced posture was dose dependent. Following an infusion of a large dose
of amphetamine, crayfish moved to the corner of the aquarium and investigated the perimeter walls with their antennae.
Muscle tremors were observed in walking legs. These druginduced, stereotyped behavior patterns are reminiscent of those
commonly seen in mammals following high doses of psychostimulants. Videos of the elicited behavior patterns are available at
<http://caspar.bgsu.edu/∼crayfish/psychostimulant/reward/>.
Reinforcing properties of psychostimulants were tested in a
series of conditioned place preference experiments. Crayfish were
connected to an infusion cannula and isolated in a specific quadrant with a removable Plexiglas enclosure for 30 min (see Fig. 1).
Amphetamine (5 !g/g body weight) or cocaine (2.5 !g/g body
weight) was infused for the first 5 min of the session. On 5 succes-

sive days each animal received two conditioning sessions per day
(separated by 8–12 h), one in each environment in random order
(i.e., psychostimulant-treated crayfish received one drug and one
vehicle infusion/day while crayfish in the control group received
two vehicle infusions/day). For the test trial on day 6, the crayfish
was placed into the center of the aquarium and was allowed access
to the entire aquarium in a drug-free state for 60 min. To confirm
successful treatment during CPP testing, an application of a 50 !g
cocaine bolus produced robust postural effects. Amphetamine and,
to a lesser extent, cocaine both served as rewards when paired with
a distinct visual environment (Panksepp and Huber, 2004). Treated
animals showed an increased preference (+46.3% for amphetamine;
+24.9% for cocaine) for the area that had been paired with the drug
(Fig. 1).
Subsequent work was designed to investigate the fundamental, biological mechanisms of drug effects, to explore how the
appetitive/seeking disposition is implemented in a simple neural system, and how such disposition is related to the rewarding
action of drugs of abuse. To explore whether amphetamine stimulates exploration, novelty and SEEKING in crayfish, we identified
three distinct exploratory behaviors (i.e., locomotion, rearing up
on the side of the tank, and antennae movements) when crayfish
were placed into a novel arena. Dose-response curves for changes
in these behaviors were obtained when amphetamine was infused
systemically or directly into the head ganglion. In order to distinguish between novelty and the unconditioned effects of the
drug, a subset of experiments administered amphetamine in an
environment to which crayfish had previously been habituated.
When applied systemically, infusions of amphetamine as low as
0.5 !g/g increased activity, including use of antennae and rearing. Stimulant effects of amphetamine were demonstrated at even
smaller amounts and with a faster time course when the drug infusion was applied directly to the supraesophageal ganglion (Fig. 2).
When habituated to their environments, crayfish typically remain
stationary for extended periods of time, however, systemic administration of various doses of amphetamine strongly aroused active
exploratory behaviors. This effect was dose dependent and greatly
enhanced locomotion, antenna movements, and rearing. A number
of other behaviors, including excavating a depression and grooming, were unaffected by amphetamine. This suggests the presence
of selective effects towards specific behavioral patterns associated
with exploration, rather than a more generalized arousal state. It
appears that enhanced locomotion and exploratory sampling arises
from brain networks for appetitive motivational states that can be
recruited by psychostimulants such as amphetamine.
Exploratory behaviors in crayfish are driven by tactile and olfactory information (McMahon et al., 2005; Patullo and Macmillan,
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Fig. 3. Mean distance traveled in crayfish pretreated with 2.5 !g/g, 5.0 !g/g and
10.0 !g/g doses of morphine (n = 7) or saline (n = 7) for textured compartments with
tactile stimuli. Injection of morphine significantly increased locomotion when compared with saline injection. Locomotion was high at 2.5 !g/g and 5.0 !g/g doses
(*P < =0.05; **P < 0.01).

Fig. 2. Dose-dependent changes in crayfish exploratory behaviors over a 40 min
period as a function of infusions of amphetamine into the systemic circulation (A) or
the supraesophageal ganglion (B). Results are expressed as changes in mean percentage of time (±SE) spent in each behavioral category compared to saline. Significance
levels from post hoc tests are listed as *P < 0.05, **P < 0.01, ***P < 0.001.

2006), detected primarily via antennae and antennules, and conveyed mainly to the olfactory lobe of the brain (Mellon, 2000;
Sullivan and Beltz, 2005). Modulated by serotonin and dopamine
transmission (Sandeman and Sandeman, 1987; Sandeman et al.,
1995, Schmidt, 1997), the olfactory lobe of crayfish may represent the site of action of amphetamine, and perhaps other drugs
as well. In sum, theses data are consistent with rewarding properties of amphetamine in crayfish as determined by CPP procedures
(Panksepp and Huber, 2004), and such reward components may
arise from the activation of explorative and approach dispositions within crayfish brains. Integrative control of such adaptive
responses may be to promote the ability of organisms to search for
favorable, life-supporting environmental conditions.
Morphine, as an unconditioned stimulus, was presented in
a particular area marked by visual and tactile cues (Nathaniel
et al., 2009). In crayfish, multiple administration of morphine
produced behavioral sensitization, manifested in enhancing locomotion behavior at low doses. Higher doses suppressed locomotor
activity in crayfish suggesting the development of tolerance. A
study of a conditioned place preference paradigm in crayfish
explored morphine-induced reward, extinction and reinstatement
(Nathaniel et al., 2009). After testing for the presence of the CPP
we aimed to determine: (1) whether it could be extinguished by
repeated pairing with saline and (2) whether, following extinction, CPP could be reinstated by priming injections of different
doses of morphine given prior to the test session. Regardless
of the doses used, morphine acted as a powerful reward when
paired with a novel environment. Extinction trials, where the previously reinforced environment was repeatedly paired with saline
alone, reduced the previous established CPP. This reduction in
compulsive drug-seeking behavior likely resulted from a declining
significance of drug-paired stimuli. Behavioral sensitization to opiates enhanced the behavioral effects upon their re-administration
(Heidbreder et al., 1996; Mattingly et al., 1997). In crayfish behavioral response to morphine resulted from a direct pharmacological
effect of the drug as well as learned associations of distinct stimuli
with the drug rewarding experience. These data suggest that, as in

mammals (Lubman et al., 2007; Robinson and Berridge, 1993; Lu
et al., 2002; Fattore et al., 2005; Bartoletti et al., 1987; Tao et al.,
2006), the link between environmental cues and behavioral sensitization in opiate relapse also exists in crayfish.
Nathaniel et al. (2010) examined whether behavioral sensitization can be evoked by single or repeated drug pre-treatment
regimes in an open field test. Systemic infusions of morphine produced distinct postural displays, grooming behavior, a series of
tail-flipping, movement of mouthparts, continuous exploration of
the corners of the aquarium, and mild leg tremor. Regardless of the
dose, a single systemic injection of morphine produced an enduring
enhancement of locomotion compared to saline during the entire
challenge period (Fig. 3). In the repeated dose regimen, locomotor
activity was even higher. Five days later, the amount of locomotion
was remeasured to determine the presence of long-lasting effect
of morphine on behavioral sensitization. Locomotion of crayfish,
pretreated with single or repeated morphine, remained sensitized
to different doses of morphine, while pretreatments with saline
were unaffected when injected with saline. This finding indicated
that a single dose of morphine is sufficient to induce long-term
behavioral sensitization in an invertebrate system. The induction
of behavioral sensitization with a single dose of morphine had previously been observed in mammals (Smith, 1985, 1991; Zarrindast
et al., 2007) and such motivational similarities appear to extend
to invertebrates (Panksepp and Burgdorf, 2000; Poerzgen et al.,
2001). Although sensitization (or reverse tolerance) is progressively enhanced, sensitization is not only a direct pharmacological
action of the drug, but also of learned associations with drug experience (Pierce and Kalivas, 1997).
Altogether these studies demonstrate that research into drugsensitive reward in crayfish offers significant new insights into the
complex interactions of behavioral sensitization and neurochemical changes in the development of drug addiction. Not particularly
known for their cognitive abilities, crayfish continue to surprise
with behavioral phenomena indicating powerful effects for drugsensitive reward, behavioral sensitization, and drug dependence.
In short, the basic motivational and emotional processes that are
so evidently coded by specific neurochemical systems, apparently
already had their start long before vertebrates walked (or swam)
the face of the earth.
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