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Fifty years of study of the nervous system and behavior of crayfish have revealed

neural circuits for movements that are similar to those seen during formation of a dominance
hierarchy. Given this background, it is of interest to ask what is understood about the neural
substrates of dominance hierarchy formation. Here we will consider the social behavior that
crayfish display in the wild and in the laboratory, and its relationship to movements released by
activation of specific neural circuits. We will consider how these movements might be knit together
to produce the behavior patterns that are characteristic of dominant and subordinate animals.

Microsc. Res. Tech. 60:369-376, 2003.

BEHAVIOR IN THE WILD

Crayfish live along the banks of streams or lakes, in
underwater crevices or in burrows that they dig along
the mud bank. Their burrow entrances are often clus-
tered together, separated by less than a meter, so that
upon leaving the burrows the animals gather in small
groups on the adjacent stream bottom. In such circum-
stances, they necessarily compete for food and shelter
resources, and for the opportunity to mate. The result
of this competition is no highly organized society, but
rather a set of dominance relationships that determine
who will have first access to available resources and
who will have the remains. We have little formal
knowledge of social interactions among crayfish in the
wild, except that dominance has its reward. Food re-
peatedly placed at one end of a zone populated by
crayfish led to eviction of the smaller crayfish from
burrows near the food by larger crayfish (Ranta and
Linstrom, 1992). Informal personal observation of cray-
fish in the wild suggests that smaller ones usually give
way to larger ones, and that fights are both rare and
brief. We don’t yet know how often any individual is
likely to interact with another crayfish or with another
specific individual. Nearly all of what is known results
from observation of crayfish in laboratory aquaria
where animals are usually matched in size and each
animal has little opportunity to avoid others in the
same aquarium. As a result, the level and duration of
fighting is undoubtedly higher and longer than it would
be in the wild, where there are usually many opportu-
nities to escape and more objects and animals to draw
attention (discussed in Goessmann et al., 2001; Peeke
et al., 2000).

BEHAVIORAL OBSERVATIONS IN
THE LABORATORY

Social interactions among crayfish were described by
Huxley (1880), who noted that “Crayfishes, in fact, are
guilty of cannibalism in its worst form; and a French
observer pathetically remarks, that, under certain cir-
cumstances, the males “méconnaissent les plus saints
devoirs;” and, not content with mutilating or killing

© 2003 WILEY-LISS, INC.

© 2003 Wiley-Liss, Inc.

their spouses, after the fashion of animals of higher
moral pretensions, they descend to the lowest depths of
utilitarian turpitude, and finish by eating them.” Can-
nibalism occurs most frequently when crayfish are
crowded, which is the condition that is also most favor-
able for observing the formation of dominance hierar-
chies. Bovbjerg (1953) and Lowe (1956) were the first to
note that like many other animals, crayfish in small
groups (six or less) formed linear dominance hierar-
chies that were transitive, such that if animal A was
dominant to B and B was dominant to C, then A was
dominant to C. Size is the major factor in determining
dominance order (Pavey and Fielder, 1996), although
both individual aggressiveness (Issa et al., 1999) and
experience can be important factors as well (Lowe,
1956).

During pairwise interactions, dominance is also de-
termined primarily by the relative sizes of the two
animals, although other factors, including residence
status and reproductive state can become significant
(Figler et al., 1995, 1999). When they differ signifi-
cantly in size, the smaller avoids the approach of the
larger by retreating or tailflipping. More evenly
matched animals pass through a gradually escalating
series of interactions, beginning with a mutual size
comparison. The two animals simultaneously extend
their claws to the farthest extent laterally, upward and
forward, towards their opponent, to form a mirrored
image as the opposing claw tips touch (Bruski and
Dunham, 1987; Huber and Kravitz, 1995). This “meral
spread” is identical to the “defense posture” that is
evoked by visual looming stimuli (Atwood and
Wiersma, 1967; Kelly and Chapple, 1990). If this size
comparison fails to resolve the dominance relationship,
the two animals perform a dance very similar to that
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Fig. 1. Offensive tailflipping during a dominance contest. Five
video frames, each 5-ms duration, at the times indicated after the first
display one cycle of an offensive tailflip by the crayfish on the left.
Electric field potential recording from a pair of electrodes in the water
at either end of the aquarium (left and right sides of each frame) is
displayed above the video frames; the period of each frame is indicated
above. An oscilloscope display of the same potential is shown in the
top portion of each frame; this was used to identify the portion of the
potential coincident with the frame. Reproduced from Herberholz et
al. (2001) with permission of the publisher.

seen in lobsters (Huber and Kravitz, 1995), in which
one animal advances and the other retreats, followed
by a reversal of direction (Goessmann et al., 2001). As
each animal moves forward, it lashes the other with its
antennae while ejecting urine from the antennal
glands directly toward the opponent (Breithaupt and
Eger, 2001; Bushmann and Atema, 1994). This stage is
followed by one in which the animals grasp each other
with their claws and wrestle, each trying to turn the
other over and move it about. Again, the contest could
easily end at this point, with the rapid escape of one
animal from the other. Finally, all-out fighting occurs,
in which the animals strike at each other with the
major claws, grapple each other, and perform offensive
tailflips. These last behavior patterns are rapid tail
flexions that thrust the tailflipping animal up into the
water column above its opponent, which is dragged
upward (Fig. 1; Herberholz et al., 2001). Unlike aggres-
sive tailflips performed by fighting lobsters (Mello et
al., 1999), offensive tailflips do not produce dismember-
ment of the opponent, perhaps because the thrust they
produce is submaximal, and well below the thrust pro-
duced during a tailflip escape. Nonetheless, offensive
tailflips appear to demonstrate the power of the tail-
flipping animal to the animal being dragged. Finally, at
some point during the contest and often at the end of a
bout of offensive tailflipping by the opponent, one ani-
mal will initiate a series of repeated tailflip escapes
and retreats that breaks off the fight and signals its
defeat. The initial dominance decision is made: the
retreating animal is the subordinate and the attacking
animal is dominant. Thereafter, the patterns of behav-
ior expressed by the two animals are quite different
(Herberholz et al., 2001).

An example of the sequence of behaviors produced by
a pair of juvenile crayfish during the first 30 minutes of
dominance hierarchy formation is seen in Figure 2. The
two animals’ behavior was scored for occurrence of
three offensive behavior patterns, attack, approach,
and offensive tailflip, and five defensive behaviors, re-
treat, lateral giant (LG) escape tailflip, medial giant
(MG@G) escape tailflip, non-giant (NG) escape tailflip, and
swimming. (LG, MG, and NG tailflips derive their
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Fig. 2. Ethogram of dominance hierarchy formation between
two juvenile crayfish. Occurrences of each of 7 behaviors during
30 minutes following pairing of two unfamiliar juvenile crayfish.
Dashed line marks time of dominance decision: thereafter one animal
(open circles) displays defensive behavior in response to the other’s
aggressive behavior. Off. t.f.: offensive tailflip; MG t.f.: Medial Giant
tailflip, NG t.f.: Non-giant tailflip. Reproduced from Herberholz et al.
(2001) with permission of the publisher.

names from discrete central command systems that
produce them, and are discussed in more detail below.)
For this pair, agonistic interactions began 7 minutes
after the animals were introduced, and were balanced
between the two animals: both initiated attacks, ap-
proaches, and offensive tailflips. Defensive behavior
was minimal during this period: one animal tailflipped
away from one encounter and retreated from a second,
while the other animal only retreated once. A pause in
their interactions lasted nearly 2 minutes (Fig. 2,
dashed vertical line), after which one animal (Fig. 2,
filled symbols) initiated a vigorous series of attacks,
approaches and bouts of offensive tailflips, while the
other (Fig. 2, open symbols) responded with purely
defensive measures, including MG and non-giant es-
cape tailflips, swims away from the attacker, and re-
treats. The first animal’s attacks persisted throughout
the remainder of the half hour, broken by pauses and
the occasional aggressive response of the defending
animal, which otherwise responded with escape tail-
flips, swims, and retreats from the aggressor. LG tail-
flips failed to occur during this interaction, and oc-
curred only once in encounters observed between eight
pairs of animals, when a dominant struck the abdomen
of a subordinate with a claw (Herberholz et al., 2001).
A rise in the stimulus threshold of the LG tailflip that
occurs during fighting may account for the absence of
LG tailflips (Krasne et al., 1997).

Once the initial dominance relationship is estab-
lished, the frequency of agonistic encounters declines
steadily (Goessmann et al., 2001; Issa et al., 1999). This
is seen in observations of small groups of socially naive
juvenile crayfish that were introduced simultaneously
and kept together for 2 weeks (Fig. 3; Issa et al., 1999).
The decline in agonistic encounters was accompanied
by a corresponding reduction in the frequency of at-
tacks and escapes, and a rise in the frequency of re-
treats. As the group became more peaceful, subordi-
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Fig. 3. Decline in the frequency of aggressive interactions follow-
ing during formation of a dominance hierarchy in each of five groups
of five juvenile crayfish. Top: Average frequencies (and SD) of encoun-
ters between any two animals and of each of four behaviors: attacks,
approaches, retreats, and escapes. Measurements were made over
15-minute periods during the first hour of group formation and over
1-hour periods during the following days. Bottom: Relative propor-
tions of each behavior. Reproduced from Issa et al. (1999) with per-
mission of the publisher.

nate animals replaced the use of tailflip escapes with
ambulatory retreats, in which the animals backed off
at the approach of the superdominant animal. Contact
was avoided and the interval between fights increased.
Similar results were recently obtained from groups of
four adult crayfish (Astacus astacus) in which the ani-
mals were separated except during 2-hour observation
periods on each of 5 days (Goessmann et al., 2001).

NEURAL CIRCUITS FOR RELEVANT
BEHAVIOR PATTERNS

The individual behaviors used in agonistic interac-
tions, including escape, postural changes, forward
walking, backward walking, and defense, have been
shown to result from activation of discrete neural cir-
cuits that can be excited by specific sensory stimuli or
by command systems of central neurons. However,
with the exception of escape and defense, little is
known about how these circuits are excited in a social
context to produce adaptive patterns of behavior (Her-
berholz et al., 2001).
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Escape Tailflips

Three different neural circuits mediate tailflip es-
cape responses. Two of these have giant interneurons
as command elements. The lateral giant (LG) interneu-
rons respond to a phasic tactile stimulus on the abdo-
men with a single spike that activates pre-motor inter-
neurons and motor neurons in a highly stereotyped
manner to produce an equally stereotyped tailflip es-
cape response (Edwards et al., 1999; Wine and Krasne,
1982). The tailflip results from a strong, rapid flexion of
the anterior abdominal joints and simultaneous promo-
tion of the uropods. This causes the animal to “jack-
knife” upward and forward, away from the attack. The
pair of medial giant (MG) interneurons respond to sim-
ilar strong, phasic tactile stimuli to the front of the
animal, or to rapidly looming visual stimuli. A single
spike in the MGs moves caudally along both sides of
the nerve cord and excites the same pre-motor inter-
neurons and motor neurons in a different segmental
pattern to produce a pattern of rapid flexion at each
abdominal joint. This pattern thrusts the animal back-
ward away from the frontal attack. The non-giant cir-
cuit is much less understood, but is known to consist of
a set of non-giant interneurons that excite sets of ab-
dominal fast flexor motor neurons in a pattern that will
carry the animal away from the point of attack. Non-
giant tailflips are evoked by more gradually developing
noxious stimuli such as pinching a limb, but can also be
produced “voluntarily,” in which the animal tailflips in
response to no obvious stimulus, and “swimming,” a
repetitive series of flexions and extensions that propels
the animal backward rapidly through the water.
Whereas the latencies of the giant-mediated tailflips
are 10—25 ms, depending on the size of the animal, the
latency of the non-giant tailflip is four to eight times
greater. This longer latency may be attributed to the
time required to determine both the direction of the
source of the attack and the motor pattern required to
move the animal in the opposite direction.

Posture

Body posture depends on the behavioral context.
Crayfish may rest on their ventral surface, with the
abdomen flexed or extended, or hold themselves more
erect, often while walking. Abdominal postural motor
neurons, which are always tonically active in dissected
preparations, are silent in freely behaving resting an-
imals, suggesting that the overall level of nervous ex-
citability then is low (Edwards, 1984). When the ani-
mal is aroused, the body posture can be elevated or
supine, depending on the context: the posture of dom-
inant animals, and animals engaged in a dominance
contest tends to be elevated, whereas that of subordi-
nate animals is more supine (Livingstone et al., 1980).
The control of body posture is produced by a balance
between central commands and local reflex systems
(Cattaert and Le Ray, 2001; Fields, 1966). Abdominal
posture is controlled by a command network of inter-
neurons, subsets of which are activated to produce
specific flexed or extended postures (Jones and Page,
1986; Kennedy et al., 1966; Miall and Larimer,
1982a,b). Overall control of body posture may be held
by interneurons in the circumeoesophageal connectives
that activate different body postures, usually in the
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context of a specific behavior such as walking or de-
fense (Bowerman and Larimer, 1974). Local control
systems include a set of proprioceptors in the limbs,
abdominal segments, and ventral nerve cord that me-
diate both resistance and assistance reflexes, and a set
of photoreceptors in each abdominal ganglion that ex-
cites postural flexion motor neurons locally and in all of
the more caudal abdominal ganglia (Clarac et al., 2000;
Edwards, 1984).

Walking

Walking provides the primary means of locomotion
within small areas along a stream- or lake bed, or
during overland treks between watersheds. During so-
cial interactions, approaches are mediated by forward
walking, whereas retreats are mediated by backward
walking, although forward and backward walking can
be components of other behaviors as well. Forward
walking is usually accompanied by abdominal exten-
sion, whereas backward walking is often accompanied
by a cyclical pattern of abdominal flexion and exten-
sion. Networks of interneurons that promote cyclical
patterns of abdominal flexion and extension (Moore
and Larimer, 1988, 1993) are tied into the network that
produces backward walking in response to central com-
mands, visual looming stimuli, or illumination of the
caudal photoreceptor (Kovac, 1974; Miall and Larimer,
1982b; Simon and Edwards, 1990). This network con-
sists of two levels of interneurons, the pattern inter-
neurons (PIs) and the partial pattern interneurons
(PPIs; Moore and Larimer, 1993). The Pls are a set of
electrically coupled interneurons, each of which ex-
tends one or two segments along the ventral nerve cord
and can excite the entire motor program. The PPIs
conduct the PI signal to the segmental motor neurons.
Other sets of interneurons produce forward walking.
Motor patterns for either backwards or forwards walk-
ing can be excited by application of muscarinic cholin-
ergic agonists (Chrachri and Clarac, 1990; Cattaert et
al., 1995); these rhythms can be entrained by stimula-
tion of proprioceptive afferents (Elson et al., 1992;
Leibrock et al., 1996). Circuitry mediating both resis-
tance and assistance reflexes has been described and
shown to be active in enabling normal walking (Clarac
et al., 2000).

Meral Spread

Meral spread is used both offensively and defensively
to confront an opponent with the crayfish’s principal
weapons, the large claws. Meral spread is used offen-
sively as one of several behaviors that include grap-
pling and striking the opponent. Meral spread is also
part of a defense response that is triggered by visual
looming stimuli and consists of an elevation and spread
of the claws, a widened stance, an extended abdomen,
and a flattened tail. It is a low-threshold response, as
anyone who has approached an aquarium containing
crayfish has observed. The defense response is guided
by visual stimuli, as the direction of the body axis and
thrust of the claws will follow the movement of a visu-
ally threatening stimulus (Kelly and Chapple, 1990).
The defense response can also be evoked by stimulation
of any one of a set of three to six defense interneurons
(DIs) in the circumesophageal connectives (Atwood and
Wiersma, 1967; Bowerman and Larimer, 1974). Both
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the DIs and the defense response are subject to facili-
tation and habituation, and to modulation by the “ex-
cited state” of the animal. The DIs appear to be mono-
synaptically excited by “jittery movement detector”
(JMD) interneurons found in the optic nerve (Glantz,
1974). Consequently, the defense response appears to
be evoked by an ensemble of DIs that are excited by a
small group of JMDs as they respond to a looming
stimulus. Although it is likely that many of the same
elements also mediate offensive use of meral spread
displays, the circuitry has not yet been studied in this
context.

USE OF NEURAL CIRCUITS IN DOMINANCE
HIERARCHY FORMATION

Many of the different patterns of behavior displayed
during hierarchy formation can be related directly to
those for which neural circuits have been described.
Attack and approach behaviors make use of forward
walking, whereas retreat relies on backward walking;
the neural substrates for these agonistic behaviors are
likely to include activation of the appropriate walking
command circuits. The defense posture that occurs in
response to the approach or attack of another crayfish
is likely to result from excitation of the DIs and other
postural command elements by the JMDs as they re-
spond to looming stimuli provided by the approach of
the other crayfish. The meral spread that accompanies
forward walking during an attack may be mediated by
some of the DIs that produce the defense response.
Defensive behavior can include the three forms of tail-
flip escape that are released by their respective neuro-
nal command systems, whereas offensive tailflipping is
likely to be released by yet another command system.

Activation of the different neural circuits and pat-
terns of behavior are highly coordinated, but the pat-
tern of coordination can change dramatically, as when
an animal breaks off the contest and escapes. In the
example shown in Figure 2, offensive behaviors were
frequent and defensive behaviors were rare before that
point, whereas afterward the reverse was true of the
new subordinate. Before the status decision, MG and
non-giant escapes of the prospective subordinate were
rare and occurred in response to an approach or attack
by the prospective dominant as the two animals faced
each other. After the decision, many of the MG and
non-giant escape tailflips displayed by the new subor-
dinate resulted from no actual contact with the aggres-
sor; they appeared to be “voluntary” or in response to
the slow approach of that animal. This suggests that
the excitability of these defensive circuits suddenly
changed from being low before the subordinate’s deci-
sion to retreat to very high afterwards, while the excit-
ability of circuits that mediate offensive action (ap-
proaches, attacks, offensive tailflips) changed in the
opposite direction. In the dominant animal, the excit-
ability of circuits that evoke defensive behavior re-
mained low throughout, whereas that for offensive be-
havior remained high.

The failure of LG to respond more than once is con-
sistent with these changes. The animals faced each
other throughout these bouts, and so provided little
opportunity for an attack on the tail that would excite
LG. At the same time, LG also failed to respond to the
inadvertent bump of a retreating animal into a side of
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the aquarium, suggesting that LG’s excitability is kept
low throughout these encounters. This suggestion is
supported by results from experiments on established
dominant and subordinate adult animals (Krasne et
al., 1997), in which LG’s stimulus threshold was shown
to rise substantially in subordinates and less in domi-
nants during fighting, but not before or after.

MECHANISMS OF CIRCUIT ACTIVATION
AND INHIBITION

The sudden and persistent shift in the excitability of
suites of neural circuits has been seen before in cray-
fish, and occurs when a feeding animal is suddenly
challenged by a threatening stimulus (Bellman and
Krasne, 1983). If the food was readily portable, the
animal tailflipped quickly away. The normally low ex-
citability of LG increased during feeding, and the cir-
cuit and escape behavior were triggered by relatively
weak stimuli directed at the abdomen. If the food was
heavy or hard to move, the LG excitability was low, and
even strong hits to the abdomen would not evoke es-
cape. These variations in LG’s excitability were attrib-
uted to the effects of “tonic inhibition” of LG (Vu et al.,
1993; Vu and Krasne, 1993), which is active during the
display of behaviors that are mutually exclusive with
escape, including restraint, walking, defense, and feed-
ing (Beall et al., 1990). Activation of LG or MG also
inhibits abdominal postural movements (Kuwada and
Wine, 1979; Kuwada et al., 1980). This mutual inhibi-
tion provides the animal with control over the release
of different discrete patterns of behavior, and does not
have to be centrally generated by a master decision
network. Mutual inhibition among circuits that pro-
duce different behavior patterns provides a mechanism
for behavioral choice in which the “decision” to display
any particular behavior is distributed across the cir-
cuits (Edwards, 1991). It may be, then, that the deci-
sion to break off aggressive behavior and initiate de-
fensive behavior by the new subordinate reflects such a
shift between excitation and inhibition among the cir-
cuits that organize different behavior patterns.

SEROTONERGIC NEUROMODULATION AND
THE FORMATION OF DOMINANCE
HIERARCHIES

Although tonic inhibition might account for the im-
mediate shift in the excitability of the affected circuits,
it is likely that longer-lasting mechanisms activated by
neuromodulators are involved as well. Neuromodula-
tors that have been identified as affecting the social
behavior of decapod crustaceans include the mono-
amines serotonin and octopamine (Kravitz, 2000), ste-
roid hormones (Bolingbroke and Kass-Simon, 2001),
and peptide stress hormones (Chang et al., 1999b;
Kravitz et al., 2001). Serotonin is the best understood
of these substances in crayfish, although others, in-
cluding these and as yet unidentified substances, may
play important roles. When injected into crayfish, lob-
sters, squat lobsters, and prawns, serotonin and octo-
pamine released postures that resembled those of dom-
inant and subordinate animals, respectively (Antonsen
and Paul, 1997; Livingstone et al., 1980; Sosa and
Baro, 2001). Although serotonin injections did not pro-
duce behavior patterns that were specifically associ-
ated with aggression (Tierney and Mangiamele, 2001),
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manipulations that altered serotonin levels delayed a
subordinate’s decision to retreat from an aggressive
dominant (Doernberg et al., 2001; Huber et al., 1997,
2001; Huber and Delago, 1998). The effect of increased
serotonin on withdrawal was blocked by fluoxetine,
which inhibits uptake of serotonin. This result sug-
gests that the delay in withdrawal results from extra
serotonin that is taken up and released by serotonergic
neurons onto normal targets.

We don’t know what those targets are, but we do
know that serotonin modulates the excitability of ab-
dominal postural circuits (Djokaj et al., 2001; Harris-
Warrick and Kravitz, 1984, 1985), claw opening (Qian
and Delaney, 1997), escape circuits (Glanzman and
Krasne, 1983), heart rate (Florey and Rathmayer,
1978), locomotion (Gill and Skorupski, 1996; Glusman
and Kravitz, 1982; Pearlstein et al., 1998; Rossi-Du-
rand, 1993), swimmeret beating (Barthe et al., 1993),
digestion (Ayali and Harris-Warrick, 1999; Katz and
Harris-Warrick, 1990; Tierney et al., 1999), and gut
movements (Musolf and Edwards, 2000). In most of
these systems, serotonin acts to increase or decrease
the system’s “gain” (Kravitz, 1988, 2000; Ma et al.,
1992), to enhance the excitation or inhibition produced
by the local transmitter.

The type of serotonergic modulatory gain-setting that
occurs, whether facilitation or inhibition, and whether
brief or long-lasting, depends on the receptors and sec-
ond-messenger systems, and also on the pattern of expo-
sure (Teshiba et al., 2001). For example, the LG’s re-
sponse was facilitated by rapid application of low concen-
trations (1 wM) of serotonin, but was inhibited by rapid
application of higher concentrations (50 pM). The same
high concentration had a facilitative effect when applied
slowly (i.e., it reached 95% of final concentration after
25 minutes), presumably because activation of a facilita-
tory mechanism early in the application prevented acti-
vation of an inhibitory mechanism when the concentra-
tion reached levels that could activate it. Brief exposures
(e.g., 10 minutes) were immediately followed by a return
of the system to basal responsiveness, whereas longer
exposures (> 30 minutes) evoked long-term (i.e., at least
5 hours) facilitation when the serotonin was removed,
regardless of whether the initial effect was facilitatory or
inhibitory.

Different patterns of exposure can result from differ-
ent methods of serotonin release, whether synaptic,
paracrine, or endocrine. All of these patterns appear to
occur in the crayfish, which has a large complement of
serotonergic neurons and an open circulatory system
(Beltz and Kravitz, 1983; Real and Czternasty, 1990).
Patterns of release can be matched with patterns of
uptake to create an individual pattern of exposure; the
pattern of exposure may then be matched to receptors
and second-messenger systems that respond preferen-
tially to that pattern (Teshiba et al., 2001).

One might imagine, then, that different behavioral
states would be associated with different patterns of
modulator release and modulatory effect (Blitz et al.,
1999; Kravitz, 2000). Preliminary evidence that this
occurs in crayfish of different social status has been
obtained from recordings of the pairs of large seroto-
nergic neurons in the last thoracic (T5) and first ab-
dominal (A1) ganglia. These tonically active cells mod-
ulate the abdominal postural and thoracic locomotor
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systems in both crayfish and lobsters. They project
unilaterally in their own and more rostral ganglia, and
they are neurosecretory, with endings on adjacent gan-
glionic third nerves (Beltz and Kravitz, 1987; Harris-
Warrick and Kravitz, 1984; Ma et al., 1992; Real and
Czternasty, 1990). A light touch to one side of the Al
segment of restrained, decapitated dominant crayfish
excited ipsilateral serotonergic neurons and inhibited
their contralateral homologs; the same touch of subor-
dinates produced either bilateral excitation or bilateral
inhibition of the Al and T5 serotonin neurons (Drum-
mond and Edwards, 1998). When delivered to unex-
pecting, freely behaving animals, the same touch al-
ways caused a dominant animal to make a rapid turn
towards the stimulus source to confront it, whereas
subordinate animals consistently moved straight for-
ward or straight backward away from the stimulus
source (Song et al., 2000). If the pattern of serotonin
release depends on the firing frequency, then the asym-
metrical responses of modulatory neurons in domi-
nants increased the amounts of serotonin released ip-
silateral to the touch and reduced the amounts re-
leased contralaterally. This asymmetric release may
help account for the asymmetry of the turning response
of dominant animals. In a similar vein, the bilateral
increases or decreases in neuronal firing seen in sub-
ordinates should produce bilateral increases or de-
creases in released serotonin. These symmetric
changes in release may help account for the symmet-
rical forward or rearward retreats evoked by the same
touch stimulus in these animals.

LONG-TERM ADAPTATIONS TO A CHANGE
IN SOCIAL STATUS

Longer-term changes in social behavior may require
corresponding longer-term changes in the neuromodu-
latory systems and circuits that mediate the different
components of social behavior. For example, the 2-week
decline in agonistic activity among five juvenile cray-
fish that occurred following the initial formation of a
dominance hierarchy was accompanied by a decline in
the frequency of tailflip escape behavior of social sub-
ordinates and a rise in the frequency of retreats (Fig. 3;
Issa et al., 1999). A similar decline in the aggressive-
ness of paired animals was accompanied by a change in
the modulatory effect of serotonin on the LG neuron
(Yeh et al., 1996, 1997). Serotonin changed from being
facilitatory in newly paired subordinates to being in-
hibitory after 2 weeks of pairing, whereas serotonin
remained facilitatory in their dominant partners
throughout. These changes, which appear to have re-
sulted from changes in the population of serotonin re-
ceptors, were readily reversible over the same time-
course by re-isolation of the subordinate or by enabling
the subordinate to become dominant to another ani-
mal. We don’t know how these changes might apply to
a mid-ranking animal, nor do we know whether domi-
nance relationships in the wild persist long enough for
these changes to develop, although it seems likely.
Crayfish cluster in small groups along the banks of
streams or ponds where they interact both competi-
tively and cooperatively. It is likely that these groups
persist in a stable configuration for the 2 weeks needed
to produce changes in receptor populations.
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It is likely that other circuits experience similar long-
term changes in neuromodulation. The MG and non-
giant circuits, which were very active in new subordi-
nates (Herberholz et al., 2001), were rarely excited
after animals had been grouped for 2 weeks (Issa et al.,
1999). They appear to have experienced long-term
changes in neuromodulatory effect similar to those pro-
duced by serotonin in LG. The backward walking cir-
cuits that mediate retreat might become more excitable
as the crayfish learns to avoid the approach of the
dominant animal, whereas the defense circuits may
become less excitable.

Such gradual changes require a daily signal that
reports to the rest of the nervous system, including the
abdominal ganglia where the LG is located, about the
current social status of the animal. That signal appears
to be humoral and may be the release of serotonin
itself. The same changes in the modulatory effect of
serotonin on LG in new subordinate and dominant
animals have been achieved in animals where the ven-
tral nerve cord was cut between the abdomen and
thorax before the animals were paired to form the
hierarchy (Arfai and Krasne, 1999). If the changes in
the modulatory effect of serotonin result from a change
in the population of serotonin receptors (Yeh et al.,
1997), then these results indicate that a humoral factor
released from the anterior nervous system is sufficient
to induce changes in the sensitivity of LG to serotonin
by changing the population of serotonin receptors in
the cell. Given that patterns of serotonin release differ
in dominant and subordinate animals (Drummond and
Edwards, 1998), it may be that the pattern or level of
serotonin release tells the LG and other neurons which
serotonin receptors to display.

CONCLUSIONS

This sketch of our knowledge of the neural circuits,
neuromodulation, and social behavior of crayfish shows
that the neural mechanisms that underlie social behav-
ior are accessible to reductionist explanation. Nonethe-
less, many holes remain in the story. All of the agonis-
tic behavior patterns described here are much more
complex and variable than the simple movements
evoked by stimulation of individual command circuits.
How these and other circuits are orchestrated to pro-
duce these complex behaviors remains unclear. We are
also ignorant of the substrate of the subordinate’s de-
cision to escape from the dominant. That decision de-
termines social dominance status and affects the be-
havioral state profoundly, and we have no idea where it
is mediated in the brain or how it is communicated to
the rest of the nervous system. Serotonin has received
the most attention in this article, but undoubtedly
other transmitters and hormones play key roles. Octo-
pamine was identified early with serotonin as affecting
cells (e.g., LG) and systems (e.g., escape, posture) that
are important to social behavior (Glanzman and
Krasne, 1983; Livingstone et al., 1980); but the detailed
experiments on this and other substances (e.g., dopa-
mine, and peptides such as crustacean hyperglycemic
hormone) are just beginning (Chang et al., 1999a).
Hormones such as 20-hydroxyecdysone have been
shown to affect peripheral synapses in crayfish (Cooper
and Ruffner, 1998) and aggressive behavior in lobster
(Bolingbroke and Kass-Simon, 2001), but effects on
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CNS circuits and functions remain to be described. The
receptors for serotonin and other transmitters have yet
to be identified, characterized, and localized; this will
tell us how the neuromodulatory and neurohormonal
systems adapt to changes in an animal’s social status.
Finally (but by no means exclusively), the feedback
loops that link social experience to changes in neuro-
modulation to changes in circuit activation to changes
in social behavior to changes in social experience are
seen only in outline; most of the important details are
missing. Nonetheless, a framework for how the ner-
vous system governs social behavior and how social
experience affects nervous function has emerged and
the prospect for building upon it is exciting.
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