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Abstract

A primary goal of our research is to explore proximate mechanisms important in recruiting 

adaptive social behaviors. For instance, if one of three different behaviors may be expressed in a 

particular set of circumstances, how do neurochemical mechanisms bias behavior towards the 

expression of one act in lieu of the other possibilities? In this article, we review recent results 

suggesting that serotonin may play such a role in the control of aggression in crayfish. First, we 

summarize techniques that have been optimized for sensitive characterization of neurochemical 

profiles in crayfish. Then, borrowing concepts from behavioral ecology, we review a framework 

for quantitative investigation, which regards behavior as a set of individual decisions, each with a 

particular probability for occurrence, a motivational context, and controlled by its own distinct 

neurochemical mechanisms.
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Introduction

A fundamental goal for contemporary neuroscience is to understand how neurochemical 

substrates foster behavioral, motivational, and affective states. During the last half-century, 

the emergence of a vast collection of neurotransmitters and neuropeptides has challenged 

investigators to explore the precise interactions between such neurochemicals, brain 

systems, and behavior. Moreover, identifying the functional role of such molecules has 

benefited immensely from the existence of phylogenetic homologies. For instance, the 

respective roles of glutamate and gamma-aminobutyric acid as excitatory and inhibitory 

neurotransmitters were first established in studies of decapod crustaceans (Iversen et al., 

1967; Taraskevich, 1971). Our understanding of how neurochemical mechanisms bias 

behavior in ethological contexts, however, is fragmentary at best. Although biogenic amines 

are commonly recognized for their substantial involvement in a spectrum of behaviors, a 

comprehensive framework linking neuromodulator function with motivational aspects of 

behavior has remained elusive.
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The indolamine serotonin has received a disproportionate amount of attention for its role in 

aggression (Dyakonova and Schürmann, 1999; Higley et al., 1996; Kravitz, 2000; Overli et 

al., 1999), social dominance (Bloch et al., 2000; Matter et al., 1998; Raleigh et al., 1991; 

Winberg et al., 1993), feeding (Heinz et al., 1996; Meguid et al., 2000; Rozenboim et al., 

1999), and sexual behavior (Evans et al., 1998; Meston and Frohlich, 2000; Uphouse, 2000), 

as well as being implicated in the etiology of affective disorders ranging from depression to 

schizophrenia (Blier and de Montigny, 1999; Kroeze and Roth, 1998; Lucki 1998; Sivam, 

1996; Yadid et al., 2000). As might be expected when many behaviors are represented by a 

single neural system, the anatomical and physiological properties of serotonin systems are 

inherently difficult to study. In most species, serotonin neurons are situated along the 

neuroaxis, with extensive projections branching across large areas of nervous tissue 

(Azmitia and Segal, 1978; Beltz and Kravitz, 1987; Lidov and Molliver, 1982). Serotonin 

neurons and their targets are endowed with a full complement of receptors, each with a 

unique coupling mechanism and binding profile (Hen, 1993; Kroeze and Roth, 1998; 

Tierney, 2001). Electrophysiological studies demonstrate that serotonergic neurons cycle in 

the range of 0.5–3.0 Hz as slow-rhythm oscillators (Ma et al., 1992; Wang and Aghajanian, 

1977) with depolarization commonly followed by autoinhibition (Heinrich et al., 1999; 

Wang and Aghajanian, 1977). Furthermore, depending on the precise context and species, 

serotonin can serve as a trophic factor during development, a classical neurotransmitter, a 

neuromodulator, or a neurohormone.

Serotonin systems are implicated as key physiological mechanisms in the control of 

agonistic behavior and social dominance in species ranging from ants (Kostowski et al., 

1975) to humans (Lesch and Merschdorf, 2000) with many taxa in between (Blanchard et 

al., 1991; Dornberg et al., 2001; Dyakonova and Schürmann, 1999; Korzan et al., 2000; 

Maler and Ellis, 1987; Raleigh et al., 1991; Reisner et al., 1996). In different species, 

investigators have utilized a variety of experimental approaches by studying the 

physiological correlates of social status or aggressive state (Blanchard et al., 1991; Eloffson 

et al., 2000; Higley et al., 1996), applying pharmacological interventions (Fuller, 1996; 

Larson and Summers, 2001; Olivier et al., 1989; Raleigh et al., 1991), or adopting gene-

knockout techniques (Cases et al., 1995; Chen et al., 1994; Saudou et al., 1994). However, 

as with all behaviors, serotonin's precise role in aggression is unknown, and controversy 

surrounds seemingly incompatible interpretations. Attempts at resolving such issues have 

focused on phylogenetic differences where increased serotonin function is often considered 

to lower aggression in vertebrates, while the opposite scenario seems to hold true for 

invertebrate taxa (Edwards and Kravitz, 1997; Weiger, 1997).

Although it is possible that the role of serotonin systems in aggression underwent such a 

sign change during early vertebrate evolution, disagreement also arises from the use of 

different, often unstated, definitions when dealing with the concept of aggression. When 

addressed at the individual or paired level, aggression has been considered from a variety of 

disparate perspectives; including aggressive state, risk taking, lack of control for 

impulsiveness or violence, negative effects of stress, an ability to win single agonistic 

encounters, or achieving and maintaining social dominance. If the rules that govern 

behavioral intricacies in social relations are to be described, it becomes essential to 

unambiguously specify the precise phenomena under study. Moreover, it is beneficial to 
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consider how social structures have been shaped during their evolutionary history. In 

invertebrates, dominance is primarily a result of physical superiority, while in many 

vertebrates it is determined additionally by the formation of coalitions and by differential 

treatment of kin. However, important differences exist even within vertebrate social 

systems, where overt aggression may be a main route to high social rank in some taxa 

(Blanchard et al., 1991; Larson and Summers, 2001; Winberg and Nilsson, 1993), but not in 

others (Raleigh et al., 1991). Since the utility and expression of agonistic behavior varies 

greatly as a function of the particular social system under study, it is clear that general 

theories attempting to explain aggression should be invoked with great care.

Recent work in our laboratory centers on using crayfish to study links between serotonin, 

aggression, and social dominance (Huber et al., 2001a). Unlike many vertebrate social 

systems; social rank among crayfish is not complicated by social coalitions or pair bonds 

(Goessmann et al., 2000; Issa et al., 1999). Individuals primarily maintain a solitary 

existence, where conflict between conspecifics occurs in attempts to obtain or defend 

resources such as shelter (Ranta and Lindström, 1993), food (Ranta and Lindström, 1992; 

Stocker and Huber, 2001), or mates (Berrill and Arsenault 1982, 1984). However, even in 

the absence of a resource, crayfish exhibit an aggressive predisposition (Bruski and 

Dunham, 1987; Goessmann et al., 2000; Issa et al., 1999) that may be due to selective 

pressures of living in habitats that can reach densities in excess of fifty individuals/m2 

(Berrill, 1978; Stewart and Haynes, 1994; personal observation). Agonistic meetings 

between crayfish are characterized by a series of highly structured behavioral acts with 

escalation governed by strict rules (Huber et al., 2001b). Typically, fights progress through 

several conspicuous stages that include ritualized visual displays, antennae whipping, claw 

lock, wrestling, and if size asymmetries are small, brief periods of unbridled claw use 

(Bovbjerg, 1953; Bruski and Dunham, 1987; Huber and Kravitz, 1995; Rubenstein and 

Hazlett, 1973). Such behavioral characteristics are consistent with predictions derived from 

game theory (Austad, 1989; Enquist and Leimar, 1983; Maynard-Smith and Price, 1973; 

Parker and Rubenstein, 1981) and are thus well suited for quantitative assessment of 

individual agonistic encounters (Huber et al., 2001b).

The presence of a highly structured behavioral framework presents new vistas for exploring 

the interface between behavior and its underlying physiological mechanisms. Serotonin is 

likely to play a role in the control of aggression between clawed decapod crustaceans such 

as crayfish and lobsters (Kravitz, 2000). A small population of serotonin-containing neurons 

(Beltz and Kravitz, 1983; Real and Czternasty, 1990) is involved in controlling 

characteristic postures of dominant animals (Harris-Warrick and Kravitz, 1984; Ma et al., 

1992) and the generation of tail flips, a common form of retreat (Edwards et al., 1999; 

Glanzman and Krasne, 1983; Yeh et al., 1996, 1997). Moreover, work from several labs 

indicates an association between serotonin systems and aggression in clawed-crustacean 

species (Antonsen and Paul, 1997; Doernberg et al., 2001; Krasne et al., 1997; Sneddon et 

al., 2000; Tierney 2000; Yeh et al., 1997). In collaborations with others, our lab has 

employed several approaches for exploring the relationships between serotonin and fighting 

behavior in crayfish. Specifically, we have (1) developed a framework for identifying 

sources of behavioral variation in need of physiological explanation, (2) explored the 

behavioral consequences of acute and chronic pharmacological interventions of the crayfish 
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serotonin system, and (3) attempted to relate variation in amine levels to social status. 

Quantitative verification of amine manipulations is an important aspect of such studies. 

Towards this goal, we have optimized chromatographic techniques for sensitive detection of 

biogenic amines in crustacean nervous tissues and hemolymph. In this article, we review our 

efforts to relate pharmacologically induced as well as naturally occurring changes in 

crayfish aggression to serotonin using high performance liquid chromatography with 

electrochemical detection.

General Overview of Quantitative Neurochemistry

High performance liquid chromatography coupled with an electrochemical detection system 

(HPLC-ED) offers a highly selective and sensitive tool for analyzing substances in catechol- 

and indolamine pathways. HPLC-ED allows separation of a complex mixture of 

neurochemical constituents, as well as determination of the number, identity, and quantity 

present in crustacean nervous system tissues. Based on surface properties of their functional 

groups, analytes are differentially adsorbed onto a non-polar stationary phase (i.e., a C18-

chromatography column) until eluted with a sufficiently polar mobile phase. Non-polar 

substances are retained longer in the stationary phase, while polar and ionic molecules are 

not adsorbed and thus elute near the void volume.

Under most elution conditions, serotonin, dopamine, and other aromatic amines of interest 

exist as positively charged ions (basic pKa of 4–7). Retaining such molecules sufficiently 

long for analysis thus entails the additional electrostatic action of a negatively charged ion-

pairing counter-ion (e.g., an anionic detergent). Control of retention time for these 

compounds, as well as their relative order of elution, depends on the amount of organic 

modifier and ion pairing agent, and the electrical charge of functional groups at the mobile 

phase pH. Electrochemical detectors measure the current produced by chemical reactions in 

which molecules lose (oxidation) or gain (reduction) electrons as they pass through a 

potential applied to an analytical cell. Aromatic amines are quite suitable for such detection 

systems, as they are readily oxidized at low applied potentials. At any given potential, the 

size of the resulting current is proportional to the concentration of the molecule that is being 

reacted. Moreover, characteristic current/voltage relationships of compounds produce 

distinct profiles of peak heights at different potentials and thereby aid in their identification.

Over the last several years, we have optimized chromatographic techniques for the analysis 

of crayfish central nervous system homogenates (Benton et al., 1997; Panksepp and Huber, 

2002; Yue and Huber, unpublished data) using reversed-phase, ion-pair HPLC coupled with 

a single-cell amperometric system or, more recently, with a four-channel, flow-through 

coulometric detection instrument. Crayfish are anesthetized in ice, followed by a rapid 

dissection of the ventral nerve cord. Tissues are placed into 1.5-ml microfuge tubes 

containing 200 μl 0.1N perchloric acid (PCA), mechanically disrupted with a motor driven 

homogenizer (Kontes pelleting tool) equipped with a Teflon pestle, and cellular debris and 

denatured proteins are pelleted with a tabletop centrifuge (Capsulefug, 6200RPM, 15 

minutes). Aliquots (20 μl; supernatant diluted 10–100 fold with mobile phase) are applied 

directly to an HPLC system consisting of a solvent delivery pump (Jasco PU 1580), injector 

(Rheodyne 9725I), with 20-μl sample loop, pulse dampener (ESA PEEK), and analytical 
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column (Spherisorb S3ODS2, 10 cm, ø4.6 nm). The mobile phase contains 50 mM sodium 

phosphate (6.9 g/l monobasic anhydrous, FW 120.0; Sigma S-0751), 5 mM heptanesulfonic 

acid (1g/l sodium salt; FW: 202.2; Sigma H-2766), and vol/vol 15% MeOH and 7% 

Acetonitrile as organic modifiers. The final solvent buffer is adjusted to pH 2.8 with 

concentrated phosphoric acid (ACS reagent; FW: 98.0; Sigma P-6560), filtered through a 

0.22-μm filter, and operated under ambient temperatures at a flow rate of 1.0 ml/min. 

Detection is achieved with a 4-channel electrochemical cell controller (ESA Coulochem II 

with 2 additional potentiostat modules, ESA Inc., Chelmsford, MA), conditioning cell (ESA 

5021, ESA Inc., Chelmsford, MA), and analytical cell array (4-channel coulometric cell 

array, ESA Inc., Chelmsford, MA).

Potentials for the serially arranged cells are set at progressively higher levels, so each 

coulometric cell functions as a screening electrode for subsequent cells. Potentials and their 

typical background currents are, respectively, set for conditioning cell (800 nA @ 35 mv), 

detector 1 (5 nA @ 300 mv), detector 2 (32 nA @ 420 mv), detector 3 (25 nA @ 540 mv), 

and detector 4 (177 nA @ 660 mv). Analog signals from the cell controller are recorded 

with 4-channel analog/digital converter hardware (MacLab/s4, CB Sciences) and multi 

channel strip chart software (MacLab Chart v3.3.3, CB Sciences) on an Apple Macintosh 

computer. A 6V circuit monitors the position of the injector and automatically triggers the 

start of recording when a switch from “load” to “inject” is detected. Recorded 

chromatograms are analyzed with chromatography software (MacLab Peaks v 1.3.1, CB 

Sciences).

Identification of amines is based on (1) comparison with external standards by retention time 

under several different mobile phase conditions, (2) the ratio of peak currents between 

different detectors, and (3) adding known amounts of substance to the sample. Known 

standards are dissolved in 0.1N PCA at a concentration of 1 mg/ml with final concentrations 

(50 pg amine/20 μl) in mobile phase made from stock each day. Detection limits are < 1 pg 

serotonin or dopamine injected on column. Recovery rates are close to 100% and no further 

correction is applied. Standards are applied every fifth sample, and at the beginning and end 

of each analytical session. Figure 1 illustrates chromatograms of the first and second channel 

for crayfish supraesophageal ganglion (i.e., brain) and hemolymph.

Acute Serotonin Treatment in Crayfish

Experimental alteration of central nervous system serotonin alters aggressive motivation in 

many taxa (Doernberg et al., 2001; Dyakonova and Schürmann, 1999; Fuller, 1996; Larson 

and Summers, 2001; Maler and Ellis, 1987; Raleigh et al., 1991). In particular, close 

associations between serotonin systems and aggressive state have been demonstrated in 

clawed decapod crustaceans (Antonsen and Paul, 1997; Kravitz, 2000; Sneddon et al., 2000; 

Tierney, 2000). Our first attempts to examine effects of serotonin manipulations on fighting 

behavior included pairing crayfish (Astacus astacus) with large size asymmetries (>30%) 

and securing a fine-bore, fused silica cannula into the pericardial sinus of the smaller 

individual (Huber et al., 1997a,b; Huber and Delago, 1998). Initially, pairs established a 

dominance relationship that invariably resulted in continued retreat of the smaller opponent. 

Following a saline-control that fostered no associated behavioral changes, the pump was 
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switched to infusion of serotonin. Such treatment resulted in marked changes in the behavior 

of the subordinate crayfish, an effect that continued well after the pump had been turned off. 

Infused animals again re-engaged their larger opponents; fights lasted longer and reached 

higher levels of intensity compared to controls. Multivariate techniques (e.g., discriminant 

function analysis) revealed that serotonin treatment had specifically altered the decision to 

retreat from an opponent, without affecting how likely the animal was to initiate fights, how 

individual fights progressed to higher intensities, or in the case of large size asymmetries, 

the eventual establishment of social rank. Furthermore, it was likely that serotonin reuptake 

mechanisms played a crucial role in this behavioral change as the behavioral effect of 

serotonin was blocked when fluoxetine was infused concurrently (Huber et al., 1997a,b; 

Huber and Delago, 1998).

To further explore the physiological time course of the experimental treatment (in A. 

astacus), a second group of animals was injected with a bolus of serotonin for which the 

half-life in hemolymph was estimated at10.1 minutes using HPLC-ED. Taken together, the 

behavioral and neurochemical data illustrated that an altered decision to retreat was evident 

once serotonin levels had stabilized around 10 μM, and persisted even after a large amount 

of serotonin had been cleared from the hemolymph. The delay between turning the pump 

on/off and the respective appearance/decline of behavioral effects, in conjunction with data 

from the fluoxetine infusions, suggested that such changes in aggressive motivation required 

prolonged loading of presynaptic terminals and were possibly mediated through the activity 

of slow acting, metabotropic receptors.

Acute serotonin treatment in crayfish exhibits a unique behavioral specificity: treated 

animals continue to engage larger opponents in prolonged bouts of fighting even in instances 

that carry substantial risk of injury. We postulated that such treatment specifically alters 

properties and/or activity of neurons present at key sites for agonistic “decision making” in 

the crayfish central nervous system (Huber and Delago, 1998). It is important to note, 

however, that interpretations from other studies of decapod “aggression” (e.g., Peeke et al., 

2000) seemingly disagree with any role for serotonin in decapod fighting behavior and 

rather suggest serotonin treatment may indirectly affect social interaction through altered 

muscle coordination. Such a discrepancy provides an excellent opportunity to address the 

previously mentioned caveat of viewing aggression from multiple perspectives (see 

Introduction), and thus may help to underscore what can go astray when different behavioral 

concepts are conflated. Figure 2 illustrates how seemingly subtle differences in independent 

and dependent variables may, upon closer examination, produce appreciably different 

experimental conditions.

Chronic Serotonin Pharmacology in Crayfish

Since the discovery of the tricyclic antidepressants (Kuhn, 1958) and monoamine oxidase 

inhibitors (Bloch et al., 1954), interest in and use of drugs that alter biogenic amine systems 

have grown considerably. Initial discoveries were followed by the emergence of a large 

group of therapeutic compounds (Blier and de Montigny, 1999; Nestler, 1998) that share the 

common biochemical property of direct affinity for monoamine systems. However, the 

particular benefits conferred by such therapies are not manifest in a single physiological 

Panksepp et al. Page 6

Microsc Res Tech. Author manuscript; available in PMC 2016 March 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



axis, but rather through several, often unexpected, physiological and behavioral alterations 

(Berry et al., 1996; Kalsner, 2000; Nestler, 1998; Rossby et al., 1995; Silva and Brandao, 

2000; Sivam, 1995; Smith et al., 2000; Yadid et al., 2000). With regard to such 

pharmacotherapies, amine modulatory systems may be more appropriately viewed as 

initiating mechanisms for a cascade of large scale neurochemical, hormonal, and anatomical 

changes (Duman et al., 1997; Jacobs et al., 2000; Kudryavtseva and Avgustinovich, 1998; 

McEwen, 2000; McKittrick et al., 2000; Nestler, 1998). Irrespective of their (direct or 

indirect) association with affective disorders, biogenic amines clearly play a critical role in 

the control of motivational elements underlying fundamental behaviors such as feeding or 

aggression. To understand the actions of amine-modifying drugs in such behavioral 

contexts, it is essential to examine how motivational plasticity parallels alterations in amine 

function.

We began this task by examining the agonistic behavior patterns of crayfish that received 

continuous infusions of fluoxetine (Prozac) over a 3-week period via osmotic mini-pumps 

(Delago et al., unpublished data). The behavioral effects were in general agreement with 

findings from experiments with acute serotonin infussions: treated animals exhibited a 

behavioral profile characterized by a decreased willingness to retreat, resulting in more 

intense and prolonged fighting, particularly during the initial days of treatment. The 

behavioral effects accompanying chronic fluoxetine treatment, however, were less 

pronounced than those associated with acute serotonin infusion.

To further explore differences in fighting behavior resulting from chronic augmentation or 

disruption of the crayfish (Orconectes rusticus) central serotonin system, we used silastic 

tube implants containing serotonin, or the serotonin-depleting compounds 5,7-

dihydroxytryptamine and alpha-methyltryptophan (Panksepp and Huber, 2002). Following 

behavioral trials carried out across a range of exposure periods, the entire nervous system 

was assayed for serotonin with HPLC-ED (Fig. 3). 5,7-dihydroxytryptamine was present at 

high levels in all segments of the central nervous system and resulted in significant depletion 

in all tissues, except brain. Alpha-methyltryptophan treatment was much less effective in 

depleting serotonergic stores. Counter to our predictions, chronic infusion of serotonin at 

two different rates (0.60 and 7.81 μg/hour) did not augment baseline serotonin levels in the 

central nervous system. Findings were even more counter-intuitive once the agonistic 

behavior of treated crayfish was included. Serotonin-depleted animals were 

indistinguishable from controls, whereas differences in fighting behavior were detected 

between experimental groups where serotonin content had not changed in absolute terms 

(i.e., animals receiving serotonin at a lower rate escalated more quickly and those treated 

with serotonin at a faster rate escalated more slowly).

Results of the experiments reported above strongly suggested the activation of compensatory 

mechanisms that appear to have counteracted our pharmacological interventions. As has 

been demonstrated in other species, neuronal compensation can be manifested at many 

levels; including synthesis (Sivam, 1995; Stachowiak et al., 1986), amine release (Hall et al., 

1999; Lent, 1984), metabolic activity (Ase et al., 2000; Fickbohm et al., 2000), and receptor 

turnover (Patel et al., 1996; Woo et al., 1996). To begin addressing such possibilities in 

crayfish, we compared the rate of serotonin clearance from hemolymph between individuals 
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chronically treated with serotonin-filled silastic implants and controls that received empty 

silastic tubes. Seven days after implantation, crayfish (O. rusticus) were challenged with a 

single injection of serotonin (1.415 μg/g body weight) into the abdominal musculature and 

the rate of clearance was estimated from HPLC-ED measures obtained 8 minutes later. 

Serotonin was removed rapidly from the hemolymph of control individuals (mean t1⁄2 = 254 

s at 21°C) and no significant differences were detected in this measure (F(118) = 0.09, P = 

0.766) for individuals that had carried chronic 5-HT implants. It thus appears the 

mechanisms that inactivate and remove serotonin from the hemolymph are not a primary site 

for compensatory changes in this species. Other potential levels of compensation include 

modulation of release, central metabolism, or receptor turnover (Cooper et al., 2001).

Amine Correlates of Social Status in Crayfish

Serotonin and its metabolites are closely associated with both aggressive state and social 

rank (Blanchard et al., 1991; Higley et al., 1989; Matter et al., 1998; Winberg and Nilsson, 

1993). Moreover, serotonin concentration in crustacean hemolymph (Sneddon et al., 2000) 

and its efficacy for receptors on a neuronal circuit controlling tail flip (Yeh et al., 1997), 

varies as a function of social status. Recently, we examined whether social status is reflected 

by changes in the concentration of biogenic amines in the crayfish central nervous system 

(Huber et al., 2001a; Yue and Huber, unpublished data).

In a series of experiments, conditions were chosen to maximize the behavioral differences 

associated with social dominance. Pairs of socially-naive crayfish were closely matched for 

body weight, carapace length, and claw size, and remained together continuously for 24 

hours. Following a series of initial agonistic interactions, fighting subsided and a dominant 

animal emerged with little challenge from the subordinate. No reversals in dominance were 

observed during the 24 hours following initial pairing. Central nervous system levels of 

serotonin and dopamine were subsequently measured with HPLC-ED in dominant and 

subordinate individuals, as well as in size-matched controls. No significant differences in 

amine levels were detected between these three groups (Fig. 4). Much like the 

pharmacological experiments mentioned above, physiological changes related to social 

status may be expressed over different time frames or involve metabolism (Blanchard et al., 

1991; Summers et al., 1997; Winberg et al., 1991; Winberg and Nilsson, 1993), changes in 

receptor populations (Flugge et al., 1997; McKittrick et al., 1995; Yeh et al., 1997) or 

release (Sneddon et al., 2000).

Conclusions

A common misconception is the notion that a particular monoamine system is the 

physiological underpinning of a specific behavioral state. For instance, neurotoxic lesions or 

gene “knockouts” are often expected to obliterate the behavior in question. However, such 

neuromodulatory systems do not produce behavior per se; they rather appear to fine-tune 

ongoing activity by modulating neuronal environments towards a changed probability of 

adaptive responsiveness (Kravitz, 1988). Destruction of a modulatory, neurochemical 

system should thus not alter the patterns of behavior themselves, but only their modulation 

within a given set of circumstances.
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A main challenge for understanding biogenic amine systems is the inclusion of contextual 

specificity. This requires that we reevaluate the orthodox assumption of a one-way causal 

route from brain to behavior. For instance, it is likely that many of the reported behavioral 

effects associated with biogenic amines hinge on the precise social (Berton et al., 1999; Ison 

et al., 1996; Yeh et al, 1997), genetic (Cases et al., 1995; Rilke et al., 1998; Yadid et al., 

2000) and developmental (Ferris, 2000; Schenk et al., 1987) context in which they are 

expressed. Likewise, in both healthy and diseased states many amine modulated behaviors 

may obtain specificity through interactions with other aminergic and peptidergic systems 

(Bradwejn and Koszycki, 1991; Ferris and Delville, 1994; Jacobs and Fornal, 1999; Meguid 

et al., 2000; Sivam, 1996). It is, therefore, essential that multi-disciplinary and integrated 

approaches are applied to such problems, where quantitative neurochemistry, pharmacology, 

and molecular biology are combined with quantitative behavioral analyses (Lederhendler 

and Shulkin, 2000).

Towards this goal, work from our lab has illustrated that serotonin reuptake mechanisms are 

specifically involved in decisions to retreat during agonistic encounters between crayfish. 

Moreover, in accordance with studies in vertebrates (Ase et al., 2000, Gingrich and Hen, 

2000, Pan et al., 2001), powerful compensatory mechanisms are ultimately manifested at the 

behavioral level following chronic amine manipulations in crayfish. In conjunction with 

experiments addressing the acquisition of social status in crayfish, our studies identifying 

biochemical changes induced by pharmacological disruption of crayfish serotonin systems 

and those of others (e.g., Teshiba et al., 2001), support a view of biogenic amines as 

individual elements embedded in a dynamically orchestrated system, rather than simply as 

static neurochemical characteristics.

High performance liquid chromatography with electrochemical detection has contributed 

greatly to our ability to identify, and partially resolve, the questions and assumptions raised 

in this article. In a much more general sense inextricably linked to our experimental 

paradigm is the acceptance that a pharmacological basis for the study, as well as therapy, of 

motivational states has become a major facet of behavioral neuroscience in the 21st century. 

To truly understand how behavioral and neural processes are modified with this cornucopia 

of molecules, it will be essential to not only characterize the induction of transient and 

persistent alterations in nervous system biochemistry, but to identify how the nervous 

system responds to the altered state that we, as experimenters, produce.
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Fig. 1. 
Representative chromatograms for injections of a 5-HT standard, a perchloric acid extract of 

brain homogenate, and a hemolymph sample from crayfish, Orconectes rusticus. The mobile 

phase contained 50 mM sodium phosphate, 5 mM heptanesulfonic acid, 15% MeOH, and 

7% Acetonitrile at pH 2.8. A 4-channel coulometric cell array was operated with test 

electrodes set at 300 mV (channel 1), 420 mV (channel 2), 540 mV (channel 3), and 660 mV 

(channel 4). a: Applied to the column were 50 pg of 5-HT (269.5 s), N-acetyl 5-HT (234.3 

s), and other substances. b: The supraesophageal ganglion (brain) of one female (4.2 g) was 

dissected, homogenized in 200 μl of 0.1N perchloric acid, centrifuged, and the supernatant 

diluted 1.20 times with mobile phase. c: A 40-μl hemolymph sample from a female crayfish 

(9.5 g) was collected, precipitated in 10 μl 0.5N PCA, centrifuged, and the supernatant 

diluted 1:100 times with mobile phase. Pictured are currents on channels 1 (dark grey) and 2 

(black) at a full current range of 10 nA. The ratio of peak areas on different detectors (in nA 

seconds) is diagnostic for each substance. In addition to eluting at the same time, ratios 

(det1/det2) for the peak at 269.5 seconds in tissues match that of the standard with 14% 

(standard), 13% (brain), and 15% (hemolymph), respectively.
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Fig. 2. 
Model of temporal dynamics for hemolymph 5-HT concentrations illustrate the particular 

differences for seemingly similar pharmacological treatments. Curves represent 5-HT levels 

in hemolymph following administration of a total of 90 μg 5-HT into a 30-g crayfish 

(Orconectes rusticus) with approximately 8 ml of hemolymph in the form of (a) a single 

injection or via (b) continuous infusion into the pericardial sinus for 30 minutes. 

Calculations were obtained from rate and amount of 5-HT administered, as well as from 

empirical measures of its half-life in the circulation (t1/2 = 254 s at 21°C; see data presented 

in text). A single-3 μg/g body weight injection of 5-HT raises hemolymph concentrations to 

a peak of 48 μM, which then declines rapidly. Less than 1% of injected 5-HT remains after 

10 minutes. Continuous infusion, in contrast, stabilizes hemolymph concentrations around 8 

μM 5-HT. Injections of radioactively labeled sucrose into the pericardial cavity indicated 

that substances of interest are evenly distributed throughout the body within 30 seconds 

(unpublished data). Comparison of the area under each curve indicates differences in the 

amount of 5-HT available over time for these experimental conditions. Seemingly similar 

treatments (e.g., administration of 90 μg 5-HT using different techniques) may actually, 

upon closer inspection, be creating different neurochemical contexts. Although both 

neurochemical treatments are intended to address a similar question, they are not doing so 

by an equivalent means of investigation. Such issues become especially relevant considering 

the importance of loading presynaptic terminals through uptake mechanisms (Huber and 

Delago, 1998), with a Km value for decapod nervous tissue of 0.66 μM (Livingstone et al., 

1981). Moreover, a variable related to crayfish and lobster aggression (e.g., excitability of a 

neuronal circuit that controls tail flip) can achieve opposite states depending on both the 

duration and concentration of 5-HT exposure (Teshiba et al., 2001). In attempts to resolve 
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apparent differences in experimental findings, consideration of a series of questions should 

prove helpful. How much substance was injected and over what time frame? What was the 

site of pharmacological administration (abdominal muscle, pericardial cavity, or ventral 

blood sinus)? Were behavioral effects resulting from 5-HT treatment measured during 

treatment or well after? Is there an underlying motivational construct that might explain both 

engaging a physically superior opponent and not fleeing from a novel situation?
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Fig. 3. 
5-HT content is plotted for individual segments of the crayfish central nervous system 

following chronic treatment with pharmacological compounds. Silastic tubes (15.0 mm 

length, 0.635 mm Ø) were loaded with crystals of 5,7-dihydroxytryptamine (5,7-DHT), α-

methyltryptophan (AMTP), 5-HT (“fast” = 7.81 μg/hr and “slow” = 0.60 μg/hr), or left 

empty (control). Tubes were implanted into the crayfish thoracic body cavity and individuals 

were socially isolated across a range of time periods (1-5 weeks) before fighting a randomly 

selected, size-matched conspecific. Following behavioral trials, experimental animals were 

anaesthetized on ice and the entire ventral nerve cord was dissected out. Individual segments 

were assayed for 5-HT content with HPLC-ED. a: supraesophageal ganglion; F(4,52) = 1.54, 

P = 0.205; b: sub- and circumesophogeal ganglion; F(4,52) = 69.94, P < 0.001; c: thoracic 

ganglia (1–5); F(4,51) = 34.95, P < 0.001; d: abdominal ganglia (1–6); F(4,53) = 10.46, P < 

0.001. Measures of 5-HT were log-transformed to reduce heteroscedasticity of treatment 

variances. Post-hoc differences between individual groups were identified with Tukey's 

HSD test (α = 0.05) and are indicated with an asterisk.
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Fig. 4. 
Ten groups of three size-matched crayfish were randomly selected: two crayfish were placed 

in an observation aquarium and allowed to interact for 24 hours, while the third individual 

served as a control. Following determination of social status 5-HT and dopamine in 

individual central nervous system segments were measured using HPLC-ED. Kruskal Wallis 

analysis of variance (α= 0.05) revealed no significant differences in 5-HT (illustrated above) 

or dopamine (results not shown) content for dominant, subordinate, or control crayfish 

across any individual central nervous system tissues.
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