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Abstract

Recent investigations in invertebrate neurobiology have opened up a new line of research into the basic behavioral, neurochemical
and genomic alterations that accompany psychostimulant drug exposure. However, the extent to which such findings relate to changes in
motivational and learning processes, such as those that typify drug addictions, remains unclear. The present study addressed this issue i
the crayfishQrconectes rusticud he first set of experiments demonstrated that intramuscular injections of cocaine and amphetamine have
robust and distinguishable effects on crayfish behavior. In the second part of the study, the reinforcing properties of psychostimulants were
tested in a series of conditioned place preference experiments. Amphetamine and, to a lesser extent, cocaine were both found to serve a:
rewards when their intra-circulatory infusion was coupled to a distinct visual environment. The monoaminergic regulation of behavior has
been extensively studied in decapod crustaceans and the present experiments demonstrated that (mammalian) drugs of abuse, capable
interfering with monoamine chemistry, are similarly rewarding to crayfish. Behavioral studies in crayfish can provide a complementary
approach to using other invertebrate species in addiction research.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Novel mechanisms potentially involved in drug addictions
have also emerged from studiesirbsophila For instance,
Invertebrate model systems have recently figured with the trace amine tyramine (TA) appears to play an integral
increasing prominence in drug addiction research. For ex-role in the development of behavioral sensitization to cocaine
ample, initial work in fruit flies[39,58] and planarians  [38] such that circadian gene regulation, TA biosynthesis and
[46] characterized a series of dose-dependent, stereotypicabehavioral sensitization are tightly coupled in fruit fl{@$.
motor behaviors that accompany cocaine administration. Interestingly, subsequent work in mammals demonstrated
With patent similarities to the behavioral effects of cocaine the importance of circadian rhythmicity for psychostimulant
in mammals (reviewed in refl62]), these findings were  sensitizatiorj1,44] and, furthermore, identified a population
essential to the establishment of invertebrate approachesf high-affinity TA receptors in the ventral tegmental area
in addiction research7,33,58,65] Two further insights [11], a focal region of DA-rich cell bodies thought to be a
have illustrated the conceptual validity of psychostimulant primary component of reward circuitry in the mammalian
sensitivity in invertebrate species: first, consistent with an- brain. Although trace amines like TA have historically re-
tagonist and lesion studies in mammals (e.g., [8f,60), ceived less experimental attention than other monoamines,
dopamine (DA) modulates the behavioral efficacy of cocaine there exists a large literature documenting their relationship
administration[4,35,46,58] Moreover, fruit flies exhibit a  to disturbances in affect and cognition (see {&0]), and
form of behavioral sensitizatiof88,39] that resembles the thus psychostimulant studies in flies may also provide a new
protracted neuro-behavioral effects of psychostimulants in source of hypotheses regarding drug addictions.
the mammalian brain (reviewed in ref8,29,48). However, despite the many parallels between fruit flies
and mammals, whether addictive drugs can be rewarding to
"« Corresponding author. an invertebrate has yet to be examined thoroughly. Electri-
E-mail addressjbpanksepp@wise.edu (J.B. Panksepp). cal stimulation[5], biogenic amine§40] or food items[45]
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have served as rewards in past studies of invertebrates and ifstration in crayfish. Crayfish (15.2—-27.9 g) were randomly
some cases there has since been considerable advance inttistributed into seven treatment groups=€ 5 per group).
understanding the underlying proximate mechanisms of suchp-Amphetamine sulfate (FW: 368.5; Sigma, St. Louis: A
processes (e.g., refl2]). A recent study, where planari- 5880) or cocaine HCI (FW: 339.8; Sigma, St. Louis: C 5776)
ans were conditioned to prefer environments associated withwas administered systemically at 2.5, 5.0 and @@
methamphetamine treatments, was a notable exception to théody weight (dosages refer to free base concentrations),
general lack of explicit studies of drug reward in invertebrate with a vehicle-injected (125mM saline) group serving as
taxa[33]. Yet, aside from that study and for preliminary ev- controls. Total injection volumes were adjusted to 1/50 of
idence of ethanol reward iRrosophila[23], drug reward in the estimated hemolymph volume for each crayfish (which
an invertebrate species has remained largely unexplored. was determined in previous experiments) and were deliv-

Decapod crustaceans, such as crayfish and lobsters, havered ventrally into the second abdominal segment, lateral to
been used extensively in neuroethology (reviewed in refs. the nerve cord. The syringe was held in place for approx-
[19,32)), making their use potentially ideal for studies imately 10s to prevent leakage from the injection site.
of invertebrate drug reward. Due to their anatomical and Immediately following an injection, each animal was
physiological characteristid8,24,37] as well as their ac- placed into a Plexiglas aquarium (450 mm320 mm x
cessibility to pharmaco-behavioral manipulatic28,47], 145mm) lined with gravel substrate and videotaped for
monoamine neuromodulatory systems have received par-30—60 min with a digital camcorder (XL1, Canon, Japan).
ticular emphasis in previous research with decapod crus-Videotapes were blinded and analyzed in formats ranging
taceans. Furthermore, evidence for conserved, monoamindrom real-time to frame-by-frame playback. Several con-
re-uptake mechanisms in invertebraf#§,18,49]suggests  spicuous behavior patterns and postures were noted during
the existence of the requisite sites of action (e.g., see ref.the experiments and were subsequently compared to an
[28]) for testing drug-sensitive reward in this group. ethogram designed for crayfish placed into a novel environ-

This paper reports a set of characteristic, stable andment (seeTable 1for behavioral descriptions). Behavioral
robust changes in crayfish behavior that resulted from treat- categories were assigned to individual crayfish at 5s in-
ment with psychostimulant drugs of abuse. The first set of tervals for the first 25 min post-injection. Categories from
experiments examined the consequences of intramusculathe ethogram were considered to be mutually exclusive in
cocaine and amphetamine injections on crayfish behav-that a single category was given for each 5s interval. This
ior. In the second set of experiments, a conditioned place was achieved by assigning the behavioral category that
preference procedure was employed to test the rewardingoccurred for the majority of each 5s interval. To describe
properties of psychostimulants delivered into the crayfish psychostimulant-induced behavioral effects in the most
circulatory system. Together with other recent studies, the comprehensive fashion, several statistical techniques (e.g.,
present experiments demonstrated the advantages of usindNOVA and principal components analysis) were used for
invertebrate species to help characterize the basic biologicalthe behavioral analysis.
processes underlying psychostimulant exposure.

2.3. Conditioned place preference experiments

2. Materials and methods A preliminary set of experiments explored the spatial char-
acteristics of crayfish locomotion within the test aquarium.
2.1. Animals Individual crayfish £ = 10) were placed in the aquarium on

2 successive days for 60 min, and their movement and spa-

Crayfish, Orconectes rusticyswere collected from the tial distribution were measured (see below for descriptions
Portage River near Bowling Green State University in of the aquarium and video tracking system).
Bowling Green, OH, USA. Once in the laboratory, ani- In the next set of experiments, a conditioned place prefer-
mals were isolated in plastic containers (160 mm diameter, ence (CPP) procedure was used to test the rewarding prop-
95 mm depth) and maintained in flow-through holding trays erties of amphetamine and cocaine on crayfish behavior.
that received freshly filtered/aerated water kept at20C. One day before the conditioning trials began, crayfish were
Crayfish were fed 1-2 times per week with tuna fish, earth- anesthetized in crushed ice ferl5 min. A 26.5 gauge nee-
worms or rabbit chow, and housed under a 16:8 h light/dark dle was used to drill a hole in the caudal 1/3 of the dorsal
cycle. Only intermolt males that possessed a full comple- carapace, lateral of the midline to avoid damaging the un-
ment of intact appendages and were socially isolated for >3 derlying heart. 15 mm of deactivated, fine-bore, fused silica

days were used. (Agilent, i.d. = 250.m) was implanted into the pericardial
sinus (allowing 3 mm to enter the sinus), and secured with
2.2. Behavioral experiments small pieces of paper towel and cyanoacrylate. Animals were

placed back in their holding containers to recover overnight.
Initial experiments were focused on characterizing the This method of drug administration is particularly useful in
general behavioral effects of psychostimulant drug admin- crustaceans, as the pericardial organs are primary sites of
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Table 1
Ethogram describing the behavioral tendencies of crayfish when placed
in a novel aquarium

Behavior Behavioral description

Inactive Does not move in space. Most appendages are not
active, although the mouthparts may periodically
move in a rhythmical fashion

Forward walking  Moves forward anywhere in the aquarium

Rearing Stands on hindmost pair of walking legs, typically
using the posterior region of the abdomen for
support as the remaining three pairs of walking
legs move in a pattern similar to that used for
forward locomotion. Occurs a majority of the time
in the corners of the aquarium

Exploring Approaches a corner of the aquarium, places Fig. 1. Overhead view of the arena used for the CPP experiments. An
second antennae on the wall(s) and uses them for ~aquarium was constructed with Plexiglas and the floor was roughened
tactile investigation of the aquarium perimeter with a sand blaster to provide additional traction for crayfish walking. A
Feeding Brings 1 or both front walking legs to mouth area  lighting system was situated below the aquarium in order to enhance the
in a sequence that resembles feeding. From resolution of video tracking. An adjustable camera was mounted above the
time-to-time a piece of gravel is placed in mouth arena and video tracking analyses were carried out with custom-written,
and manipulated Java-based computer software. As illustrated in the picture above, crayfish
Grooming Four distinct forms of grooming behavior were were isolated in a distinct visual environment when receiving respective
pooled together under the category of ‘grooming’ drug or vehicle infusions. Crayfish were allowed to move freely about
for the principle components analysis the entire arena during test sessions that occurred following 5 successive
Ventral side grooming-Contracts thorax and days of psychostimulant conditioning.
abdomen, and uses walking legs to clean
underside

Dorsal side grooming-Uses posterior two pairs visual enwrgnments were alwa)_/s present in adjacent com-
of walking legs to clean the dorsal region of its partmentskig. 1). The visual environments were created by

abdomen, or its anterior two pairs of walking lining the inner walls and outer floor of each aguarium com-
legs to clean its eyestalks or claws partment with plastic transparencies that were either clear
Antennae grooming-Uses third maxillepeds to (which made the environment uniformly white due to the

grasp second antennae near their base. The base ..\ ¢ tha Plexiglas and paper: i.e., the ‘uniform’ envi-
of an antenna is then moved upward and back 9 paper; 1.e.,

toward the eyestalk, allowing the entire length of ~fOnMent), or rather had a continuous array of 10 mm wide,
the antenna to be pulled through the maxillepeds. ~alternating black and white stripes that were orientated ver-
This occurs once or in a repeated sequence tically on the walls (i.e., the ‘striped’ environment).
Antennule grooming-Follows the same Video tracking was carried out with freeware, Java-based
tshe :tutir:'zlrs?rgﬁtreii :: tg.r:,a;gr?ggi23| aet)éf;pt software included with the JavaGr_inders package (available
antennules) are the appendages that are groomed at http:/caspar.bgsu.edusoftware/javgl. In short, an ad-
Behavioral categories were based on observations of crayfish behavior injuStable video camera was mounted above the aquarium and
the field, laboratory and throughout testing. Behaviors occuritigb of the video signal was fed into a video digitizer on a Power
the overall time were not included in the final ethogram. These included Macintosh (8100/100AV) computer. The video tracking pro-
ttail flip’ and ‘backwards locomotion.” Locomotion was initially diviQed gram was set to extract the spatial coordinates of a crayfish
into ‘fast’ (>1cm/s) and ‘slow 1cm/s). However, fast locomotion g0 5 single video frame at a temporal resolution of 1/3 Hz.
occurred infrequently and thus this distinction was not used in the final . .
analysis. The conditioning experiments commenced on the day af-
ter surgery.~0.5m of deactivated, fine-bore, fused silica
needle material (Agilent,d. = 100um) was connected to
releasable monoamingk3,20,36]and amine manipulations  a cannulated crayfish with Tygon microbore tubing (Fisher
in the blood ultimately reach the nerve cqaé]. Scientific, id. = 250um) and ran to a microdialysis swivel
Conditioning trials were carried out in a Plexiglas aquar- (Instech, 375/25P) mounted above the aquarium. Drugs were
ium (525 mmx 525 mmx 150 mm) with opaque walls and administered into the pericardial sinus with a microdialy-
a clear, sand blasted floor (for traction). A continuous sup- sis pump (CMA/102). Prior to connecting an animal, the
ply of water was provided by in/out tubes located at the cannula was primed to fill its void volume so as to insure
center of each wall that were connected to a reservoir (681 that drug infusions began immediately when the pump was
capacity), where water was aerated and mixed before beingturned on.
pumped into the aquarium. A lighting system, comprised Crayfish (11.6-33.7 g) were randomly assigned into five
of five uniformly oriented strip lamps (equipped with 15W groups f = 12 per group): control, uniform/amphetamine,
fluorescent bulbs) and a layer of paper (for light diffusion), striped/amphetamine, uniform/cocaine or striped/cocaine.
illuminated the aquarium from below. The aquarium was di- Thus, all possible pairwise combinations of environment and
vided into four compartments of equal area such that distinct drug were tested. For example, in the uniform/amphetamine
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group a crayfish would receive amphetamine infusions in
the uniform environment and isometric vehicle (125mM
saline) infusions in the striped environment, and so on for
all of the remaining environment/drug combinations. The
control group consisted of crayfish that received vehicle
infusions in both the uniform and striped environments.

A conditioning session entailed connecting an animal to
the infusion cannula and placing it in an isolated quadrant
(seeFig. 1). This was achieved with a removable Plexiglas
enclosure that had walls corresponding to each respective vi-
sual environment. Amphetamine (.8/g body weight) or
cocaine (2.;wg/g body weight) infusions began immediately
after a crayfish was placed in the aquarium and were deliv-
ered continuously for the first 5 min of the session. Crayfish
were allowed to move freely about the respective compart- 4000 ek
ment for an additional 25 min. On 5 successive days each an-
imal received two conditioning sessions per day (separated
by 8-12 h), one in each environment in random order (i.e.,
psychostimulant-treated crayfish received 1 drug and 1 vehi-
cle infusion/day while crayfish in the control group received
2 vehicle infusions/day). For the test trial, each crayfish was
placed into the center of the aquarium on day 6 and was al-
lowed access to the entire aquarium in a drug-free state for
60 min. To insure that infusions had been successfully deliv-
ered into the pericardial sinus throughout the conditioning
sessions, a 20—§0g-cocaine infusion was given to every
animal after being tested for CPP (cocaine administration I__L|
produced a robust and reproducible behavioral response that Contol. Cocalise  Cocainé  Cocaliie
indicated successful treatment; seection 3. (B) (2.5ug/g)  (5.0ug/g) (10.0ug/g)

In a third set of experiments, the same conditioning proce-
dure was used except that only a single day of conditioning Fig. 2. Effects of cocaine injections on crayfish behavior. (A) At every

ions W iven before the test trial. Dr ndition ddosage tested characteristic, static postures always accompanied cocaine
sessions was give €lore the tes al. ug-co one injections. (B) The duration that the posture was displayed was dose

crayfish received only a single experience with drug and gependent K16 = 15611 P < 0.001), with Tukey’s HSD post hoc

vehicle respectively before the test trial, while individu- tests differentiating all groups from each other ¢+, #xx, P < 0.05).

als in the control group were given two experiences with Log-transformations were applied to fit the data to a normal distribution.

vehicle. Furthermore, only a control group & 8) and

a striped/amphetamine group & 10) were used, as the

striped/amphetamine combination was found to be the mostthe ethological analysis. The duration of the cocaine-induced

sensitive to drug effects in the 5-day CPP experiments. In posture was dose dependefit(. 2B; F{3 1) = 15611, P <

all three sets of experiments, parametric statistics were used.001). Similar posturing occurred after intra-pericardial

to evaluate locomation/spatial patterns and the existence ofcocaine infusions (during the CPP experiments) although it

psychostimulant-induced CPP. took place with a slower onset and more rapid disappear-
ance. Following this route of cocaine treatment, crayfish
behavioral patterns were marked by rapid backwards walk-

3000

2000
sk

Posture Duration [s]

1000
*

3. Results ing, claw waving and often concluded with a series of tail
flips before assuming the static posture described above.

3.1. Systemic injections of cocaine and amphetamine All behavior patterns elicited by psychostimulants in cray-

produce characteristic changes in crayfish behavior fish can be viewed as Quicktime movies on the Internet at

http://caspar.bgsu.edutrayfish/psychostimulant/reward/

Irrespective of dose, intramuscular cocaine injections Compared to cocaine, amphetamine treatment resulted
were always associated with a static posture that was charin a markedly different set of behavioral effects. Static
acterized by an overall flexion of the abdomen and walking postures were never observed following amphetamine in-
legs, and claws that pointed downward and out in front of jections; rather, amphetamine-injected crayfish invariably
the thorax Fig. 2A). Due to the rigidity that accompanied situated themselves in an aquarium corner and began to
this method of cocaine administration, crayfish often lost the investigate the perimeter walls with their antennae (see
ability to right themselves and were therefore excluded from Table 1and website). Small muscle tremors in the walking
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PCl, PC2 differentiated amphetamine-treated crayfish from
Feed . controls 3 16) = 11.08, P < 0.001). Exploreandforward

Inactive walking had large factor loadings on PC2, and correlated
negatively in such a way that crayfish either spent a large
amount of the observation period walking about the aquar-
ium or instead explored the perimeter with their antennae.
Amphetamine-injected crayfish spent significantly more
Foryard Walking time exploring the corners of the aquarium (meas.E.
of the total observation time; control, 22+ 6.49%;
2.5p0/g, 331+ 9.78%; 5.0ng/g, 519+ 9.74%; 10.0.9/g,
411+ 10.29%; F{3,16] = 6.62, P < 0.01).

On PC3,groomingwas the sole ethogram category with
a high factor loading. Following approach to an aquarium
Rear corner, several amphetamine-treated crayfish carried out re-
. peated bouts of grooming, particularly of the ventral side
(seeTable 1and website). The PCA revealed no differences
_ S _ _ _in the amount of time spent groomingi 16) = 0.16, P =
Fig. 3. Effects of amphetamine injections on crayfish behavior. PCA is a 0_922)_ However, due to a combination of small sample sizes

valuable data analysis tool when several dependent variables are highly d th lativelv sh f ti . K |
correlated (i.e., to some extent the variables measure the same phe-an the relatively short amount of time it took to complete

nomenon). In essence, PCA constructs linear combinations of dependent@ Single bout of grooming this particular measure may have
variables (PC axes) that subsequently serve as a new coordinate systenbeen insensitive to drug effects. Thus, a separate analysis fo-
for interpreting the data set. For PCA to be successful, the data should cusing on the frequency of grooming behaviors was carried
be parsimoniously explained with a smaller number of derived axes that out and, although statistically insignificant (Kruskal—Wallis

continue to represent a large amount of the behavioral variation. Depicted o
above is a multi-dimensional space that is plotted with respect to the 2 PC ANOVA; X[3] = 221, P = 0.529), there nevertheless re-

axes that explained the most behavioral variation (68.4% of the variation Mmained a noteworthy pattern with respect to the number and
was accounted for by PC1 and PC2). The original dependent variables (i.e.,variability of ventral side grooming bouts (meanS.E.;
ethogram categories) are represented by eigen vectors (otherwise knowrgontrol, 14+ 1; 2.5u9/g, 2+ 1; 5.0pg/g, 5+ 2; 10.0ug/g,

as factor loadings) whose direction depicts the covariance structure in the dg + 4).

data set and whose magnitude represents the respective variation explained.

Ethogram categories were assigned to individual crayfish at 5s intervals . . .

for the first 25 min post-treatment. Categories from the ethogram of cray- 3.2. Untreated crayfish exhibit non-random spatial

fish behavior were highly correlated (ranging fror0.76 to 0.54) and patterns in the conditioning arena

thus the data were well suited for PCA%%transformations were applied

to meet the assumptions of normality and equality of variances. Three ma-
jor sources of behavioral heterogeneity were identified, with a significant
degree of separation between amphetamine-treated crayfish (light grey

PC2

Explore . n

An initial group of animals was tested to characterize the
natural spatial patterns of crayfish in the aquarium that was

squares, 2.5glg; grey squares, 5)0y/g; and black squares, 1Qu8/g) used for the drug conditioning experiments. The first day of
and controls (open circles) on PCZ{ 16 = 1108, P < 0.001). PC2 testing revealed a modest, but statistically significant, natu-
had large factor loadings for thexploreand forward walkingcategories. ral preference for the uniform environment (83 2.47%

Although the antennal exploration response was relatively common in f [ i ; ; ; . ;
im nt in the uniform environment; two-tail
the control group (meatt S.E.; 129 + 6.49% of the total observation of total time spent the unifo e onment; two-tailed

time), crayfish injected with amphetamine would immediately seek out t-test u = 50.0%); f9) = 2.33 P < 0.05). Although the
an aquarium corner and begin behaving in such a way for prolonged pe- Same general pattern was present on day 2, the response be-
riods of time (2.519/g, 331+9.78%; 5.01.g/g, 519+ 9.74%; 10.019/g, came approximately two-fold more variable (54 4.30%
411+ 1029%). of total time spent in the uniform environment; two-tailed
t-test 4 = 50.0%]; 99 = 1.05, P = 0.316). Overall, a
legs were apparent at higher doses and from time to time apaired, two-tailect-test demonstrated that the group pref-
rapid upwards movement of the whole body was observed. erence for the uniform environment was stable across both
A principal components analysis (PCA; see the legend of days (g = 0.41, P = 0.689).
Fig. 3for analysis details) identified three major sources of  Analysis of the spatial behavior of individual crayfish
heterogeneity that together explained 86.2% of the total be-allowed for the appropriate controls to be employed in
havioral variation observed during the first 25 min post-drug the CPP experiments. Had individual crayfish served as
treatment[Eig. 3). The first principal components axis (PC1) their own control condition in the present drug condi-
was strongly weighted by the ethogram categoinestive tioning experiments—such as determining the preference
feedandrear such that periods of inactivity and stereotypical of each individual via an initial screening trial (e.g., ref.
feeding movements co-occurred (i.e., they were highly cor- [33])—the inter-trial consistency of such a putative en-
related) in lieu of rearing in the aquarium corners. Principal vironmental preference would have been equivalent to a
component values for PC1 were distributed evenly acrosscoin flip (i.e., 5 of the 10 crayfish switched the environ-
all experimental groupsHs, 1] = 0.48, P = 0.703). ment they spent a majority of time in across the 2 days
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Table 2 80 *
The spatial distributions of crayfish were monitored on 2 successive days ——
in the test aquarium - #
=
Crayfish i.d. Environment Day 1 (%) Day 2 (%) Switch? °E’ 60
=
18 Striped 43 46 No £
16 Striped 43 44 No =
T45 Striped 47 52 Yes o ———
7 Striped 51 49 Yes a4
183 Striped 29 21 No =
T51 Striped 53 35 Yes £
135 Striped 49 69 Yes °E=
259 Striped 32 36 No 5 20
F13 Striped 46 48 No &
13 Striped 49 59 Yes
lllustrated above is the percentage of time that each crayfish spent in the 0
striped environment of the aquarium on test days 1 and 2. On day 2, 5 of (A) Control Cocaine Amphetamine
the 10 crayfish switched the environment that they had spent a majority
time in on day 1. %0
Z
of observation;Table 3. Together with the prior analysis, E
this result suggested the existence of a stochastic prefer- E 60
ence for the uniform environment that was expressed at g
the level of the entire experimental population—a pref- E
erence that was replicated two additional times in the g
subsequent CPP experiment&ig( 4). This finding thus g 4
guided the decision to use an independent control group, E
instead of a within-subjects design, in the drug-conditioning é
experiments. 20
0
(B) 0-15min  15-30min  30-45min  45-60min
70 S
8 ; ' i Fig. 5. Paired psychostimulant infusions produced a CPP in the striped
= - : i visual environment. (A) Five experiences with amphetamine ((§/0
E ! ! oE ! %* body weight) or cocaine (2459/g body weight) infusions in the striped
e 60 * : : % i visual environment fostered relative shifts in spatial use of 46.3 and 24.9%,
g % 1 ! 1 § respectively, such that a place preference for the striped environment
“E’ X : : was produced Kj2,131] = 1540, P < 0.0001). Independent orthogonal
2 504 ; : : contrasts revealed not only that psychostimulant-conditioned crayfish were
'g : : ! distinguishable from controls:( P < 0.0001), but also that amphetamine-
g E : : : i and cocaine-treated groups were different from each otheP 0.01).
£ 40 1 ' i 1 (B) Psychostimulant-induced CPP became progressively stronger as the
@ : ! ! test session drew on. Conditioning effects became apparent during the
-E : . : second half of the test session (P < 0.05), with a divergence between
= 02 ! ! ! the amphetamine and cocaine effects during the final 15 mif @0.01).
1 1 1
Dayl ' Day2 ' 1-day ' S5-day
Repeated measures CPP 3.3. Psychostimulants are rewarding for crayfish exposed
experiment experiments

to 5 days of a CPP procedure

Fig. 4. In three independent experimentS, rusticus exhibited a

population-level preference for the uniform compartments of the condi-  The spatial distributions of crayfish conditioned in the
tioning aquarium. Based on a null hypothesis that crayfish would spend striped visual environment for 5 days revealed the existence
equal amounts of time in each of two environments (kes= 50.0%), of an environmental preference resulting from its associ-

two-tailedt-test statistics revealed significant deviations from ‘50/50’ spa- . . . . . . .
tial distributions in 3 out of 4 analyses of the natural spatial patterns ation with pSyChOSt'mUIam |nfu5|0n5F|g. SA; ANOVA

of crayfish in the test aquariumk( P < 0.05). Reported are the times ~Main effect, Fi2 131) = 1540, P < 0.0001). Overall, am-
(meartt S.E.) spent in the uniform (open circles) and striped (closed cir- phetamine infusions produced a 46.3% increase in use of
cles) environments by groups of untreated crayfish from three separatethe striped environment relative to the control condition
experiments. The shaded region represents the 95% confidence mterva\,vher(::as cocaine induced a 24.9% relative increasea An

for the expected time spent in each environment under the null hypothe- . . th | trast illustrated that hetami
sis (viz., if crayfish spatial behavior was random, the average amount of prion (Or ogona) contrast fllustrate al amphetamine

time spent in each environment would fall within this region for 95 out Was a more potent reward than cocaing 3] =
of every 100 similarly sampled groups). 6.10, P < 0.01). The ANOVA factor demonstrating
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Table 3

A mixed factorial ANOVA with repeated measures was used to analyze the effects of psychostimulant conditioning

Effect d.f. SS F P-value

Drug 2 0.938 15.40 <0.000F
Psychostimulant vs. vehicle 1 0.747 24.52 <0.000F
Amphetamine vs. cocaine 1 0.186 6.10 <0.01*

Time 3 0.248 2.72 <0.05*
Time bin 1 vs. time bins 2, 3, and 4 1 0.087 2.86 <0.05°
Time bin 2 vs. time bins 3 and 4 1 0.073 2.41 =0.062
Time bin 3 vs. time bin 4 1 0.091 2.98 <0.05

Drug x time interaction 6 0.178 0.97 =0.445
Time bin 1—psychostimulant vs. vehicle 1 0.100 3.29 =0.036
Time bin 2—psychostimulant vs. vehicle 1 0.055 1.80 =0.091
Time bin 3—psychostimulant vs. vehicle 1 0.315 10.35 <0.001
Time bin 3—amphetamine vs. cocaine 1 0.053 1.74 =0.094
Time bin 4—psychostimulant vs. vehicle 1 0.378 12.42 <0.00T
Time bin 4—amphetamine vs. cocaine 1 0.174 5.73 <0.01

A series of orthogonal contrasts were carried out as planned comparisons for each factor. Such tests do not inflate type | error, as the variamise compone
(sums of squares, SS) and degrees of freedom (d.f.) are independent and additive. The SS for the interaction factor did not meet the requirement of
additivity and thus the Bonferroni step-down procedure was used to maintain type | error at a constant rate. AsterisksPineloate that were
statistically significant at an experiment-wigeof P = 0.05.

psychostimulant-conditioning effects in crayfish was partic- randomly ordered striped/amphetamine and uniform/vehicle

ularly robust (statistical power;-18 = 0.99) and thereby in-  pairings were given on the day before testing).

dicates such effects can be reproduced with a high degree of Consistent with all other experiments, vehicle-treated

consistency. crayfish exhibited a natural preference %8& 2.50% of
Psychostimulant-induced CPP became even more apparthe total observation time) for the uniform environment

ent when duration into the 60 min test trial was considered (two-tailed t-test [ = 50.0%]; 77 = 3.31, P < 0.05).

(15 min bins;Fig. 5B). Independent of the experimental con-  Although not statistically significantF{; 177 = 3.43, P <

dition, crayfish exhibited a progressive reduction in locomo- 0.10), a 28.4% increase relative to controls once again

tion (ANOVA main effect, Fi3,127) = 13.64, P < 0.0001) demonstrated that crayfish had a tendency to spend more

where complete acclimation to the aquarium environment time in the striped environment when it was associated with

occurred between time bin 2 and time bin 3 (orthogonal an amphetamine treatment.

contrast,Fj1,1271 = 3.80, P < 0.05). Coincident with loco-

motor acclimation was an increased likelihood of finding

crayfish in the drug-conditioned environment (ANOVA 4. Discussion

main effectF(3 1317 = 2.72, P < 0.05). In fact, psychostim-

ulant CPP became most apparent once crayfish had accli- The present study built upon several existing lines of re-

mated {Table 3—reaching 75 +5.71% and 58 + 5.53% search that have explored the neurochemical basis of reward

of the total time spent in the striped environment during in an invertebrate species (e.g., réf,33,40,45) and, fur-

the final 15min of the test session for amphetamine and thermore, supported the hypothesis that such studies may tap

cocaine-treated crayfish, respectively. Psychostimulant con-into fundamental neurobiological alterations that underlie

ditioning effects were not evident when amphetamine or drug addiction§7,33,58,65] It demonstrated that a psychos-

cocaine was paired with the naturally preferred, uniform timulant drug of abuse could be rewarding to an animal that,

environment (ANOVA main effectf2 1321 = 0.70, P = unlike mammalian species, exhibits a relatively simple neu-
0.499; seeSection 3. ronal organization. With a nervous system containing fewer
than 1000 individually identifiable, monoamine-containing
3.4. Amphetamine CPP begins to appear following a neurons (see ref8]), crayfish may thus substantially reduce
single drug exposure the complexity associated with studying the primary site of

action of psychostimulant drugs.

Another set of conditioning trials was carried out with a One of the more conspicuous findings of the present
specific focus on amphetamine treatment in the striped en-study was the marked dissociation between the effects of
vironment, since this combination of variables was estab- amphetamine and cocaine on crayfish behavior. Even at test
lished as the most effective for drug conditioning in the doses as low as 500 ng/g body weight (data not shown),
previous experiments. A single drug infusion was given a rigid flexed posture always accompanied cocaine injec-
to amphetamine-treated crayfish before the CPP test (i.e.tions. Disruption of sensorimotor integration was the first
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consistently demonstrated effect of psychostimulant treat- perceptual salience of the striped visual environment, as
ments in mammals, making the present results with cocainethe crayfish visual system appears to be particularly adept
injections not entirely unanticipated. Typically measured at extracting vertically oriented contrast informatif2b].
through deficits in motor performance or the occurrence of In fact, this would not be surprising since a similar visual
behavioral stereotypies (e.g., ref3,53)), such effects have  signal can modulate a neural response underlying percep-
become hallmarks of psychostimulant exposure even whentual salience inDrosophila [59]. Moreover, had crayfish
they carry a simultaneous reward val[@3]. Conversely, used such contrast features to distinguish between the two
amphetamine treatment induced an exploratory responseenvironments provided during the CPP experiments, the
(which was at times interrupted by ventral side grooming striped environment may have been perceived as relatively
bouts) wherein crayfish appeared to become ‘channeled’ intonovel (compared to the uniform nature of the other envi-
using their antennae to investigate the aguarium perimeterronment in the aquarium or their home container). In this
The effects of amphetamine on crayfish behavior appearedrespect, novelty has been strongly implicated in the suscep-
more analogous to those reported for mamrf@&s4,29,34] tibility of stimuli to conditioning phenomenf.0,16,34,45]
and may help furnish hypotheses as to where amphetamineMost importantly, however, the contextual dependence of
acts in the crayfish central nervous system. For example,psychostimulant reward in crayfish can be tested in future
systemic injections of DA increase grooming activity in the experiments.
blue crab, another decapod crustacean sp¢e&is The suggestion that fruit flies can serve as a model of
It might seem unexpected that neither amphetamine nordrug addiction has been fleshed out with a number of molec-
cocaine increased measures of locomotion, since locomotorular, biochemical and behavioral studies (reviewed in ref.
activation serves as the most commonly employed measurg64]). The present results have gone on to demonstrate that
of behavioral sensitization in mammals. In crayfish, all tested studies of reward are well within the scope of invertebrate
doses of cocaine completely eliminated locomotion whereas psychostimulant studies. That the current study revealed the
amphetamine treatment, if at all, also produced reductions inrewarding properties of psychostimulants in a wild-caught
locomotion (due to the increase in tactile investigation). In a population of crayfish (with a correspondingly large effect
separate set of experiments, continuous delivery of the samesize and high degree of statistical power) suggests that
dosages of psychostimulants used in the CPP experimentgeward may have a significant impact on the behavior of
over 30 min, rather than 5min, also had no effect on loco- crayfish in their natural habitat.
motion (data not shown). An ethological framework may be  Similar to ethanol preference in fruit flies (see €#]),
useful for understanding this unanticipated result. For in- naturalistic interpretations of crayfish drug reward may de-
stance, in mammals it has been postulated that psychostimfive from evolutionary and ecological considerations. For
ulant drugs activate brain systems involved in exploration example, it will be important to study the mechanisms by
and novelty{10,29,34,51] In crayfish, mechanoreception is which amphetamine infusions are able toigvo-fold more
a significant component of exploring novel environmgéts effective than cocaine infusions for crayfish CPP. While the
and, furthermore, dominates their natural behavioral reper-reduced effectiveness of cocaine for crayfish CPP may be
toire[17]. The stereotyped tactile investigatory response that accounted for by its primary sites of actif®2] or simply
accompanied amphetamine treatment in crayfish may thusby a difference in the dose—response relationship (compared
reflect a species-specific exploratory behavior. to amphetamine), it may also be due to evolutionary pro-
The most significant finding of the present research was cesseq43]. Likewise, it will be essential to explore how
that psychostimulants could serve as rewards in crayfish,both cocaine and amphetamine were able to carry reward-
and it is expected that this initial finding will unfold into a ing qualities despite the markedly different effects they had
more thorough, systematic characterization of drug-sensitiveon crayfish behavior.
reward in this group. As such, it will be important to incor- Can crayfish offer more to studies of psychostimulants in
porate experimental precedents from drug studies in mam-invertebrates, beyond their tractability in behavioral stud-
mals. For example, it has become clear that reward is not aies? The social consequences of drug abuse are §@#@re
simple unitary process, but rather a behavioral phenomenonand recent finding$42] have corroborated previous work
into which an assembly of constituent elements feed (seethat highlighted the interactions between social processes
ref. [9]). In this regard, it has been suggested that the activ- and psychostimulant exposu#l,53] Crayfish aggression
ity of sucrose sensitive neurons in the honeybee HeOh occurs within an intricate social contej1,30], and may
is compatible with the ‘prediction error’ hypothesis that was thus provide a reductionistic framework for studying the
first applied to mammalian DA neuroft$4,61] The present ~ complex relationships between social structure and addic-
experiments suggested that incentive salience will also betive drugs. Furthermore, although inbreeding and mutagen-
an important hypothetical construct to consider. Crayfish esis cannot be efficiently carried out in crustacean species,
only formed a reward association when amphetamine treat-genomic approaches that concurrently measure behavior
ment was paired with the striped environment, but not when and gene expression are now availgbig,56] And finally,
it was made contingent upon exposure to the uniform en- neurophysiological investigations in decapod crustaceans
vironment. Such specificity may be related to the inherent are not restricted to the neuromuscular junction as they
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have been in flies and worms (see €#]), but rather can [10] Bevins RA, Bardo MT. Conditioned increase in place preference by
be carried out on monoaminergic neurons that can be re- access to novel objects: antagonism by MK-801. Behav Brain Res

X ; . . : 1999;99:53-60.
liably identified between different subjects (e.g., [@#4]). [11] Borowsky B, Adham N, Jones KA, Raddatz R, Artymyshyn R

Recordings of DA'Comaining neuror[§7] in behaving Ogozalek KL, et al. Trace amines: identification of a family

crayfish may soon be possilj2]. of mammalian G protein-coupled receptors. Proc Natl Acad Sci
There are distinct experimental advantages to using cray-  2001;98(16):8966-71.

fish in psychostimulant drug studies and thus their use can[12] Brembs B, Lorenzetti FD, Reyes FD, Baxter DA, Byrne JH. Operant

provide a rich, complementary line of inquiry to research reward learning inAplysia neuronal correlates and mechanisms.

carried out in fruit flies and worms. In particular, the present Science 2001,296:1706-9.
-Inp ! P [13] Christie AE, Skiebe P, Marder E. Matrix of neuromodulators in

ex'perime'nts have shown _that crayfish are ideally suited for neurosecretory structures of the cré@lancer borealis J Exp Biol
bringing invertebrate studies of psychostimulants to a level 1995;98(12):2431-9.

of more complex behavioral phenomena_ Psychostimulants[14] Cooper SJ, van der Hoek GA. Cocaine: a microstructural analysis
appear to carry strong reward value not just from mouse to of its effects on feeding and associated behaviour in the rat. Brain

. Res 1993;608:45-51.
man, but rather across a much broader evolutionary repre- R )
. . y rep [15] Corey JL, Quick MW, Davidson N, Lester HA, Guastella J. A
sentation of animal taxa.

cocaine-sensitivdrosophila serotonin transporter: cloning, expres-
sion, and electrophysiological characterization. Proc Natl Acad Sci
1994;91:1188-92.
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