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ABSTRACT 
 
The purpose of this exercise is to help develop an understanding synaptic transmission. 
The crayfish abdominal extensor muscles are in groupings with some being tonic (slow) 
and others phasic (fast) in their biochemical phenotypes, structure as well as the motor 
neurons that innervate them. We use these muscles as well as the superficial, tonic 
abdominal flexor muscle to demonstrate properties in synaptic transmission. In addition, 
we introduce a sensory-CNS-motor neuron-muscle circuit to demonstrate the effect of 
cuticular sensory stimulation as well as the influence of neromodulators on each aspect 
within the circuit. With the techniques obtained in this exercise, one can utilize them to 
answer many questions remaining in other experimental preparations as well as in 
physiological applications related to medicine and health. We have demonstrated the 
usefulness of a model invertebrate preparations to address fundamental questions 
pertinent to all animals. 
 
 
 
INTRODUCTION 
  
 
The abdominal extensor muscle preparation used to demonstrate the resting membrane 
potential is also ideal for demonstrating induction of synaptic responses at the NMJs 
from the various muscles.  Some muscles in crustaceans are selectively innervated by 
either a phasic or a tonic motor neuron, although some single fibers can be innervated 
by both phasic and tonic excitatory motor neurons, such as for extensor muscle in the 
crayfish walking legs (Atwood, 2008; see JOVE production  id#2319-Wu and Cooper, 
2010) and most other limb muscles (Wiersma, 1961a). By selectively stimulating phasic 
and tonic motor neurons, physiological differences in the EPSPs may be measured. 
Phasic motor neurons produce rapid twitching of muscle fibers and evoke EPSPs on the 
order of 10–40 mV. The phasic response can depress rapidly with 5–10-Hz trains of 
stimulation. The tonic motor neurons give rise to smaller EPSPs that can be facilitated 
in the presence of a higher frequency (10–50 Hz) of stimulation. Structurally, the 
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presynaptic phasic and tonic terminals at the NMJs are different (Atwood and Cooper, 
1996; Bradacs et al., 1997; Cooper et al., 1998). 
 
Surprisingly the phenotype of the phasic physiological responses can undergo a 
transformation to a tonic-like state by electrically conditioning phasic neurons for a few 
hours daily over 7 days (Cooper et al., 1998; Mercier and Atwood, 1989). Also the 
sensitivity to neuromodulation of the transformed NMJs is prime for investigating the 
regulation of receptor expression (Griffis et al., 2000). 
 
In this relatively robust preparation (crayfish abdominal muscles), both tonic and phasic 
responses are easily recorded and examined for facilitation and/or depression of the 
synaptic responses with varied stimulation paradigms. With these preparations, 
students will be able to recognize generalities of the phasic and tonic synaptic 
responses by stimulating a nerve bundle. 
 
An additional NMJ preparation presented is used for monitoring intrinsic motor activity 
and sensory stimulus induced motor activity from the CNS. This is the superficial flexor 
muscle on the ventral side of the crayfish abdomen. This preparation will also be used 
to monitor the sensory-CNS-motor-muscle circuit and the effects of neuromodulators 
(Strawn et al., 2000). 
 
In each of the abdominal segment (except the last) there are three functional groups of 
muscles: (1) those controlling pleopod (swimmerets) movement, (2) three extensor 
muscles and (3) three flexor muscles. The flexors and extensors are antagonistic 
groups of muscles which bring about either abdominal flexion or extension by causing 
rotation about the intersegmental hinges. The phasic musculature occupies most of the 
volume of the abdomen, while the tonic muscles comprise thin sheets of fibers that span 
the dorsal (extensors) and ventral (flexors) aspect of each abdominal segment. 
 
In crayfish, the tonic abdominal flexor muscles of crayfish are innervated in each half 
segment by five motoneurons and by a peripheral inhibitory neuron. The excitatory 
motoneurons use glutamate as a neurotransmitter. Glutamate depolarizes the muscle 
fibers by causing an increase in permeability primarily to sodium ions. The inhibitory 
neurons release gamma-amino butyric acid (GABA), which usually hyperpolarizes the 
muscle fibers by causing an increase in permeability to chloride ions. In some 
crustacean muscles (mainly in limbs), the peripheral inhibitory neurons make synaptic 
contacts with motor neuron terminals as well as with the muscle fibers, and reduce the 
amount of transmitter released by the motor neuron (presynaptic inhibition) (Dudel and 
Kuffler, 1961). This phenomenon is not present in the tonic flexor muscles of crayfish. 
 
The ventral nerve cord of crayfish is a bilaterally symmetrical structure running the 
length of the animal. There is one ganglion per body segment. In the abdomen (6 
segments), each ganglion contains several hundred neurons, and each of the two 
connectives consists of a few thousand axons. The nerve cell bodies form a layer 
several cell bodies thick on the ventral surface of each ganglion. Immediately above the 
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cell body layer is a fine meshwork of neuronal processes, the neuropile. All synaptic 
interactions occur here; the cell bodies are devoid of synapses. 
 
Each abdominal ganglion (except the last) has three roots on each side. The first root 
contains axons of neurons innervating the pleopod musculature and sensory axons; the 
second root contains axons innervating phasic and tonic extensor musculature and 
sensory axons; and the third root, which leaves the nerve cord several millimeters 
caudal to the ganglion, contains axons innervating phasic and tonic flexor musculature. 
There are two branches of the third root. The deep branch (IIIa) innervates only phasic 
flexor muscles. The superficial branch of the third root (IIIb) in each half-segment 
contains six axons, which innervate the tonic flexor muscles. 
 
The neurons innervating the tonic flexor are spontaneously active, unlike the phasic 
efferent neurons, and in a good preparation, they will continue to fire for many hours 
after the abdomen has been removed from the animal. For a review of the historical 
nature of the discoveries made in these abdominal preparations see Atwood (2008). 
The cell bodies of four of the motor neurons and of the peripheral inhibitory neuron 
innervating the tonic flexor muscle in any half segment are located in the ganglion of 
that segment. The cell body of the remaining motor neuron is located  in the next caudal 
ganglion. These neurons may be reliably distinguished from each other on the basis of 
extracelluarly recorded spike amplitudes. If the tonic flexor muscle from one half 
segment is removed along with the two ganglia containing the neurons innervating this 
muscle, five neurons usually show some degree of spontaneous activity. These neurons 
are numbered on the basis of relative extracellular spike amplitude, in ascending order. 
f1 to f4 are motoneurons and f5, the largest spontaneously active neuron, is the 
peripheral flexor inhibitor. f6, the largest motor neuron, is an excitatory motor neuron 
which is seldom spontaneously active. 
  
The spontaneous nature of tonic motor neuron activity can be modulated by exogenous 
application of compounds or by providing a sensory stimulus to the cuticle within the 
same segment that is being monitored for motor nerve activity. 
 
Dissection 
 
To obtain the abdominal extensor preparation the same procedure as described above 
for examining the resting membrane potentials in relation to extracellular potassium. 
The difference is to take care of the segmental nerve bundle that runs along the side if 
the carapace. This nerve will be pulled into a suction electrode which will serve as the 
stimulating electrode. Stimulate at 1 Hz for monitoring phasic responses. Stimulate with 
short bursts of pulses 10Hz for 10 to 20 stimuli while monitoring the tonic responses. 
 
The experimental procedures for caring out experiments on the  crayfish tonic flexor 
muscles are different and one needs to leave the ventral nerve cord intact. A 
preparation consisting of several abdominal segments is made. This is obtained as 
follows: 
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1. A crayfish approximately 6-10 cm in body length should be obtained (or a 
manageable size). Obtain the crayfish by holding it from the back of the head or 
approximately 2 or 3 centimeters from the back of the eyes. Ensure that the claws of the 
crayfish or mouth cannot reach the experimenter when handling the crayfish. Dispose of 
the head and appendages after removing them. 
 
2. Use the scissors to quickly remove the head. Make a clean and quick cut from behind 
the eyes of the crayfish.  
 

 
Figure 18: Image shows placement of the cut to remove the head of the crayfish. 
 
The legs and claws of the crayfish can be removed at this point to avoid injury. Stylets 
on males and swimmerets on both males and females can also be removed (Figure 19 
and 20). Next, separate the abdomen from the thorax. Make a cut along the articulating 
membrane which joins the abdomen and thorax (Figure 20).  
 
3. Save the abdomen portion of the crayfish and dispose of the thorax. 
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Figure 19: Image shows the placement of the stylets that can be removed from the 
crayfish. 
 

 
Figure 20: Image shows the placement of the cut to remove the thorax from the 
abdomen. 

 
Figure 21: Removal of the thorax from the abdomen. The cut should be made in circular 
fashion along the line of the joining of the segments. 
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Figure 22: The top image shows the abdomen with appendages. Bottom image shows 
the removal of the abdominal appendages. 
 
4. Place the isolated tail preparation in saline solution in a large Petri dish. Pin down the 
tail and upper portion of the preparation to the dish. Make sure the preparation is 
secure. Use a scalpel to remove a square portion of the ventral side of the preparation 
between the ribs. 
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Figure 23: Shows where the cut should be made to remove the ventral potion of the 
preparation. 
 
1. A small cut should be made (can also be done with scissors). A flap should be 
cut and lifted upward. The flap can then be removed with scissors, exposing the deep 
flexor muscles. The microscope should be used during this process to ensure precision 
in removing the ventral portion of the preparation. 
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Figure 24: Cutting preparation with scissors to expose muscles. 
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Figure 25: Top image shows the grasping of the flap with forceps. Bottom image shows 
the removal of the flap from the preparation using the microscope. 
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Figure 26: Exposure of the superficial flexor muscles. 
 
 
5.3) Intracellular Recording: 
 

 
Figure 27: Overall setup of the recording equipment. 
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1. The Petri dish with preparation should be placed under the microscope and secured 
with wax at the bottom of the dish to prevent movement.  
 

 
Figure 28: Shows the placement of the preparation under the microscope. Use wax to 
secure the Petri dish and preparation.  
 
 
UPDATE 10/16/2010: 
We are not using the amplifier and head stage in the movie or in this 
write up. You will use an upgraded version of the intracellular 
electrode holder and amplifier. You will be shown in lab during the 
introduction. 
 
 
2. Two wires with short length of silver wire attached to one end should be obtained. 
The silver wire should be dipped into a small amount of bleach for about 20 minutes to 
obtain a Ag-Cl coating. Wash the wire with water before using.  A glass intracellular 
pipette should be obtained and carefully filled with a KCl (3 M) solution. The pipette 
should be turned down (with the opening facing the floor) and filled with solution. The 
latter will ensure that any excess KCl will drip out the back of the electrode. Be sure no 
KCl runs along the glass pipette that will enter into the saline bath. Turn the pipette 
upright when finished filling with potassium chloride solution. The silver wire can then be 
placed into the pipette. The other end is connected to the +(positive) pole on the head 
stage. The pipette is then secured on the electrode probe. Care should be made not to 
break the electrode pipette. A third wire attached to the Faraday cage should be placed 
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into the green pole of the head stage. Lastly the Ag wire of the remaining lead should be 
placed in the bath and the other end attached to the – (negative) pole shown below. A 
wire should also be placed from the Faraday cage to the ground portion of the AD 
converter Powerlab. The head stage is connected to the “input-probe” on 
acquisition/amplifier (Powerlab).  

 
Figure 29: Head stage configuration. The wire connected to the green portion of the 
head stage is grounded to the amplifier or Faraday cage. The wire connected to the red 
portion is connected to the electrode wire. The black portion is used to connect to the 
bathing solution. 
 
 

 
Figure 30: “Test toggle” is in the bottom row  to test electrode resistance. The “coarse” 
knob is also found under DC offset which should be turned counter clock wise. Gain is 
set to 50, which amplifies signals by a factor of fifty. The ground wire from the head 
stage is placed in the “GND” pin jack opening. 
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3. The LabChart software should be opened on the desktop or laptop. Adjust the chart 
to display only one channel by click “Setup”, then “Channel settings.” Under “Channel 
settings,” change number of channels to one. Click “OK.” At the top of the chart, left 
hand corner, cycles per second should be 2K. Set volts (y-axis) to around 200mV to 
500mV. Click on “Channel 1” on the right hand portion of the screen. Click “Input 
Amplifier.” Make sure the following setting is checked: 
• Differential  
 
The amplifier output should be in channel one. The following settings should be used 
with the amplifier: 
• High Pass- DC 
• Notch Filter- OFF 
• Low Pass- 20kHz 
• Capacity Comp.- counterclockwise 
• DC Offset Fine and Course knob- counterclockwise 
• DC Offset (+OFF-)- OFF 
• Gain knob- 50 
• Input (DIFF MONO GND)- Diff 
• MODE(STIM-GATE-REC)- REC 
• ΩTEST- OFF 
 
4. To measure the electrode resistance, the voltage should be divided by the current, 
which is 2.0 nA. The resulting value is the resistance of the glass electrode. The 
resistance should be 20 to 60 MegaOhms. Once the resistance has been determined, 
intracellular recordings can begin. Place the tip of the glass electrode into the saline 
bath. Make sure a ground wire is also in the saline bath. 
 
To begin recording, press “start” at the bottom of the screen. Make sure the gain is set 
to 5 V/div. Use the course knob on the amplifier to move the line on the LabChart to 
zero before inserting the electrode. The toggle knob should be turned on and then off 
several times in order to test the electrode resistance. Next, the amplitude of the 
resulting values should be measured. Place one maker the steady base line and then 
place the second at the peak to obtain the electrode resistance.  
 
5. Use the electrode probe and microscope to insert the electrode into the muscle. Do 
not penetrate through the muscle. Use microscope and probe settings in order to find 
the thin layer of muscle fiber and to insert the electrodes into the fibers. The high 
intensity illuminator can be used as a light source when penetrating the muscle. 
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Figure 31: Insertion of electrode into the muscle. 
 
6. Care must be taken to avoid damaging the nerve roots to the superficial muscles. 
 
It is advisable to keep the saline bathing the preparations cool (10-15 degrees Celsius) 
and well oxygenated while carrying out the experimental procedures. If cooling units are 
not available replace the saline with fresh, cooled saline regularly. Oxygen gas, or at 
least air, should be bubbled through the saline. 
 
7. Record the spontaneous activity of the EPSPs. Note the different sizes of the EPSPs 
and if IPSPs are present.  
 
8. Very carefully take a small paint bush and by hand stimulate along the cuticle edge 
within the same segment that one is monitoring the spontaneous activity. Note a change 
in frequency of the responses and if different size EPSPs appear that were not there 
prior to stimulating the cuticle. 
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Figure 32: Preparation with stimulating brush and nerve roots. (modified from Strawn et 
al., 2000) 
 
9. The stimulation can be repeated after carefully exchanging the saline bath with one 
containing a neuromodulator such as serotonin (1 microM) or saline bubbled with CO2. 
Note the effect on the activity profile for a given stimulus. Also note if exchanging the 
saline back to fresh saline returns the activity to its initial condition. 
 
10. Next, one can monitor neural activity within the sensory-CNS-Motor neuron circuit in 
various ways. We can  use a suction electrode instead of an intracellular electrode 
(Figure 33) to monitor motor neuron activity. At the tip of the glass suction electrode, 
plastic tubing is placed which has an opening of the correct size to pull the nerve into 
the tip. The opening should not be too large, as the nerve would fall out; or too small, 
because the nerve would be damaged by the pressure of the electrode. The plastic 
tubing is pulled over a flame and trimmed back to the size needed. 
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 Figure 33: Set up with suction electrode recording arrangement. 
 
Position the micromanipulator in a position where the suction electrode has easy access 
to the saline bath. Suction up saline until it is in contact with the silver wire inside the 
suction electrode. Arrange the other wire on the cut-side of suction electrode close to 
the tip of electrode, so both wires will be in contact with the saline bath.  
 
As for the electrical monitoring connect the AC/ DC Differential Amplifier (amplifier) to 
the Power Lab 26T. Do this by connecting the proper cord from Input 1 on the 
PowerLab 26T to the output on the amplifier. 

• The amplifier instrument controls should be set to the following settings: 
o High Pass- DC 
o Notch Filter- OFF 
o Low Pass- 20kHz 
o Capacity Comp.- counterclockwise 
o DC Offset Fine and Course knob- counterclockwise 
o DC Offset (+OFF-)- OFF 
o Gain knob- 50 
o Input (DIFF MONO GND)- Diff 
o MODE(STIM-GATE-REC)- REC 
o ΩTEST- OFF 

 
Connect the head stage to the ‘input- probe’ on the amplifier. 
Connect the electrical wires from the suction electrode to the head stage. The wires 
should be connected with the red (positive) at the top left, green (ground) in the middle, 
black (negative at the bottom. This is indicated in Figure 34.  The ground wire can just 
be put in the saline bath.  
 
 



17 
 

 
Figure 34: Head stage configuration 
 
10. Now connect the USB cord from the PowerLab 26T to the laptop. Ensure that both 
the amplifier and PowerLab26T are plugged in and turned on before opening LabChart7 
on the computer.  
 
11. Open LabChart7. 

o The LabChart Welcome Center box will pop open. Close it. 
o Click on Setup 
o Click on channel settings. Change the number of channels to 1 

(bottom left of box) push OK. 
o At the top left of the chart set the cycles per second to about 2k. 

Set the volts (y-axis) to about 500 or 200mv. 
o Click on Channel 1 on the right of the chart. Click on Input 

Amplifier. Ensure that the settings: single-ended, ac coupled,   and 
invert (inverts the signal if needed), and anti-alias, are checked. 

o To begin recording press start. 
 

We can record from the branch of the 3rd root that  innervates the superficial flexor 
muscle (branch IIIb) to monitor size of the action potentials with extracellular recording. 
The extracellular nerve impulses are referred to as ‘spikes’. Recall that there are  five 
excitor motor neurons and one inhibitor motor neuron in this root (Kennedy and Takeda, 
1965; Velez and Wyman, 1978).  Stimulation of the cuticle with a brush or the exposure 
of neuromodulators can be utilized (Figure 35). The paintbrush could be used by hand 
or for consistent stimulation it could be mounted on a micromanipulator to control the 
amount of pressure and movement.  
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Figure 35: Activity of the 3rd root before and during cuticular stimulation in saline (top) 
and in 100 nM 5-HT (bottom). The time during cuticle stimulation is indicated by the bar. 
Note the enhanced activity before and after stimulation when the preparation is bathed 
in 5-HT (modified from Strawn et al., 2000). 
 
 
We can record from the 1st or 2nd roots by making an en passant recording of the nerve; 
or we can transect the root away from the VNC and record pure sensory input arising 
from the periphery which would be sending signals into the VNC. Thus, you would 
record from the transected root leading to the periphery for sensory activity. 
 
The 2nd root contains very large primary afferent axons from the muscle receptor organs 
(MRO) and smaller axons of efferents to extensor motor neurons (Fields and Kennedy, 
1965).  There are many sensory axons in the 1st and 2nd roots.  
The mechanosensory neurons have direct connections, by electrical synapses with the 
lateral giant axons (LG) (Krasne 1969; Zucker 1972). Also, mechanosensory neurons 
are known to excite interneurons via chemical synapses.   
 
To examine how sensory input can influence motor neuron activity, through a sensory-
CNS-motor neuron circuit, we can record the synaptic responses in a muscle. Various 
aspects of the circuit we will use can be examined. For example, we can record from 
the sensory nerve root alone or the motor root with or without intact sensory input into 
the VNC  To analyze the spike frequency recordings, one can count over a period time 
in different conditions. The measures can be made prior to brush stimulation and during 
the brush stimulation for a given amount of time (Figure 35). One can repeat the 
conditions 5 times and obtain the average percent change in frequency as a measure to 
make comparisons. 
 
One can also apply exogenous compounds such as serotonin (Strawn et al., 2000) or 
acetylcholine (Ach), nicotine or  glutamate.  Various behavioral actions have been 
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described for nicotine in invertebrates. This would suggest the presence of nicotinic 
receptors (Tsunoyama and Gojobori, 1998). Glutamate is a major excitatory 
neurotransmitter in most invertebrates at the NMJ and Ach is the major excitatory 
neurotransmitter within the CNS (Monoghan et al, 1989; Watkins, et al., 1990). 
 
One can try heptanol or CO2 bubbled saline since it will uncouple the crayfish septate 
(or gap) junctions within the circuit as Dr. Sonya M. Bierbower (University of Kentucky) 
has shown in her dissertation research. This action may account for altered whole 
animal behavior when exposed to high CO2 in the environment (Bierbower and Cooper, 
2010). When you stimulate the cuticle with a brush and drive sensory input and record a 
response in the motor neurons, note if there is a difference in the activity before and 
during heptanol or CO2 exposure. This may or may not suggest gap junctions to have a 
role in the sensory-CNS-motor neuron circuit. 
 
 
DISCUSSION 
 
The details provided in the associated movie and text has provided key steps in order to 
sufficiently record membrane potentials and investigate muscle structure as discussed 
in the first part of this report. In the second part, the demonstration of how to dissect and 
record synaptic transmission at the NMJs of phasic and tonic motor units provided an 
exposure to the potential for these preparations in student run investigative laboratories 
to teach fundamental concepts in physiology.   The exposure to a neural circuit, which 
can in part, can be used to explain associated intact animal behaviors has potential not 
only for students to investigate various open ended questions within their laboratory 
exercise but also for future research in dissecting out neuronal circuits in a well 
established invertebrate preparation (Kennedy et al., 1969; Antonsen and Edwards, 
2003) 
 
These preparations can be used to investigate synaptic facilitation, depression and 
long-term plasticity. Even within some species of crayfish they show neuronal plasticity 
depending on the experimental stimulation conditions (Mercier and Atwood, 1989; 
Cooper et al., 1998) as well as their natural environment. To what extent the ability to 
alter synaptic efficacy and muscle dynamics serves the animal remains to be 
investigated. Since crayfish do alter their behavior in relation to seasonal variation and 
the molt cycle, there are relatively long-term activity differences in their neuromuscular 
systems. It has been shown that the phasic motor nerve terminals of claw closer 
muscles exhibit the classic phasic morphology during the winter, but swell and become 
more varicose along the length of the terminal during the summer months (Lnenicka 
1993; Lnenicka  and Zhao, 1991). 
 
Some early studies conducted in crayfish lateral giant (LG) interneurons within the 
ventral nerve cord demonstrated the presence of gap junctions (Johnson, 1924; 
Watanabe and Grundfest, 1961). It is well known that CO2 has an effect on electrical 
communication by uncoupling gap junctions (Arellano et al, 1990). It was recently 
shown that the nerve cord and communication within the sensory-CNS-motor-muscle 
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circuit, as described in this report, is also sensitive to CO2 exposure, indicating the 
presence of gap junctions (Bierbower, 2010; Bierbower and Cooper, 2010) 
 
The phenomena of the spontaneous activity of the 3rd motor root has been a topic since 
the 1960’s when Eckert (1961) examined if the tonic firing static muscle receptor organ 
(MRO) within the same or neighboring segment could account for the spontaneous 
motor drive. In these earlier studies it became apparent that the activity was driven 
within the ventral nerve cord (VNC) possibly from higher centers (Eckert, 1961; 
Kennedy and Takeda, 1965a,b; Strawn et al., 2000). Since the presence of CO2 
stopped the spontaneous activity, one can assume somewhere in the drive to the motor 
neurons there might be gap junctions or even glutamatergic excitatory drive. The NMJs 
are blocked or present a decreased sensitivity to glutamate in the presence of CO2, so it 
is likely that they maybe blocked as well within the CNS (Bierbower, 2010; Bierbower 
and Cooper, 2010; see also Badre et al., 2005).  
 
The action of various neuromodulators is also readily studied at the various types of 
NMJs (Cooper and Cooper, 2009; Griffis  et al., 2000; Southard et al.,  2000; Strawn et 
al., 2000) presented in addition to the influences on various aspects of the CNS 
circuitry. It has been suggested that the 5-HT and octopaminergic neurons may function 
as ‘gain-setters’ in altering the output of neuronal circuits (Ma et al., 1992; Schneider et 
al., 1996; Hörner et al., 1997; Edwards et al., 2002). Much work remains to be done 
before we can fully understand the effects of neuromodulators on individual target cells. 
Given that different neuromodulators may work in concert with one another, analysis of 
their mixed action is an area for future research (Djokaj et al., 2001). In addition, few 
studies, particularly in the vertebrates, address the effects of neuromodulators on entire 
pathways which can regulate a specific behavior. In this sensory-CNS-motor unit 
preparation one can examine the influence of both sensory input and neuromodulators  
on the activity of the motor neurons (Kennedy et al., 1969). 
 
Since it has been postulated that 5-HT plays a role in regulating the behavioral state of 
the crayfish, lobsters, and crabs (Livingstone et al.,1980; Sneddon et al., 2000), several 
attempts have been made to determine its concentration in the VNC, the hemolymph, 
and in isolated ganglia of lobsters (Livingstone et al., 1980; Harris-Warrick and Kravitz 
1984; Fadool et al., 1988). However, there has been considerable variation in the 
recorded measurements which eludes a specific dosage and effect relationship to 
account for behavioral actions. 
 
A crayfish with the claws held in a raised position with the tail tucked under its abdomen 
was touted as a dominate posture (Livingstone et al., 1980). The state of abdominal 
flexion in crayfish does not appear to be the posture that dominant crayfish, within a 
pair, exhibit during the social interactions or while maintaining a dominant hierarchical 
status (Listerman et al., 2000). Submissive crayfish will even tuck their abdomens under 
themselves as they cower to an opponent. Such tail tucking is also seen as a defense 
posture (Listerman et al., 2000).  These behaviors have been readily observed in the 
field and in laboratory settings (Bovbjerg, 1953, 1956; Bruski and Dunham, 1987; Li et 
al., 2000; Listerman et al., 2000). Interestingly, the behavioral postures noted in lobsters 
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(Livingstone et al., 1980) are reversed for 5-HT and octopamine injections in the 
Australian crayfish, Cherax destructor (McRae, 1996). Possibly, entirely different 
responses would be observed in the superficial flexor preparation in the Australian 
crayfish. In addition, since dominance is generally size related among crayfish, one 
would expect a very plastic response system for rapidly altered social conditions 
(Strawn et al., 2000). The plasticity in responsiveness to neuromodulators in 
invertebrates is an open area of investigation. 
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