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Synaptic Responses, Neuronal Circuitry and Neuromodulation Using the Crayfish: Student Laboratory Exercises


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 to demonstrate properties in synaptic transmission. Also we will examine the influence of neromodulators on synaptic transmission. With the techniques obtained in this exercise, one can utilize them to answer and address questions remaining in other experimental preparations as well as in physiological applications related to medicine and health. This exercise will also help to demonstrate the usefulness of a model invertebrate preparation to address fundamental questions pertinent to all animals.



1. 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; Wu and Cooper, 2010, 2012a,b) 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 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. These preparations will also be used to monitor the effects of neuromodulators (Strawn et al., 2000; Wu and Cooper 2012a,b).

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.

	These are the same muscles that were used in an earlier exercise to examine the effects of alterations in extracellular Na+ and K+ on the resting membrane potential. Please refer to the previous protocols and references utilized in the earlier experiments for this course.

2. METHODS

2.1 Materials

· Scissors (1)
· Forceps (1)
· Silver Wire for ground wire (1)
· Microscope (1)
· Electrode Probe (1)
· Petri Dish with Sylgard on the bottom (1)
· Saline Solution (1)
· Potassium Solutions:  5.4mM (normal saline), 10, 20, 40, 80, 100 mM
· Bleach (Small Amount, Use for the tip of the silver wire to build Ag-Cl)
· Glass Pipette (1), to remove and add solutions
· Syringe (1)
· Amplifier/Acquisition System (1)
· Faraday Cage (1)
· Desktop/Laptop (1)
· Dissection pins (4)
· Crayfish



2.2 Preparation/Dissection:

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:

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  (The crayfish may be placed in crushed ice for 5 minutes to anesthetize it prior to cutting off the head). 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. 

[image: F:\LabPictures\DSCN8532.JPG]
Figure 1: 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 1 and 2). Next, separate the abdomen from the thorax. Make a cut along the articulating membrane which joins the abdomen and thorax (Figure 3). 

3. Save the abdomen portion of the crayfish and dispose of the thorax.

[image: F:\LabPictures\DSCN8533.JPG]
Figure 2: Image shows the placement of the stylets that can be removed from the crayfish.

[image: F:\LabPictures\DSCN8534.JPG]
Figure 3: Image shows the placement of the cut to remove the thorax from the abdomen.
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Figure 4: Removal of the thorax from the abdomen. The cut should be made in circular fashion along the line of the joining of the segments.

[image: F:\LabPictures\dscn8536.JPG]
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Figure 5: The top image (A) shows the abdomen with swimmeret appendages. Bottom image (B) shows the abdomen without the swimmeret appendages.


4. With the abdomen, a cut should be made in the shell along the lower, lateral border of each side of the abdomen. Care should be taken not to cut too deeply into the crayfish. To help in the process of cutting the shell, the cut should be made with the scissors pointing slighting down towards the ventral side and at an angle.  Follow the natural shell pattern of lines of the crayfish that run the length of each segment (Figure 
6).
[image: ]
Figure 6: Scissors are placed at an angle and follow the natural alignment of the shell. Do not cut too deep and destroy the preparation. The arrowheads point to the natural line along each segment that should be followed for the cuts.

5. Remove the ventral portion of the shell. Take care not to destroy the abdominal muscles. Use forceps to remove the ventral portion. When the ventral portion of the shell is removed, a white mass of tissue can be seen on top of the deep flexor muscles. This tissue can be removed carefully with forceps. 
[image: ]
Figure 7: Removing the ventral portion of the shell with forceps. Pull up and back on the ventral portion to remove. Do not destroy muscles under the ventral shell. 

[image: ]
Figure 8: Pulling back on the ventral portion of the shell, which is to be discarded.[image: ]
Figure 9: Cut the ventral portion of the preparation with scissors and discard.

6. The GI tract, a small tube running along the midline of the deep flexor muscles, can be removed from the crayfish. Pinch the top of the tract with the forceps and pull away from the abdomen. Cut the bottom of the tract – at the end of the tail. Rinse the dissection with saline to ensure the fecal waste does not interfere with the preparation.
[image: ]
Figure 10: Image shows the removal of the GI tract from the preparation.

7. Use dissection pins to secure the preparation to the Petri dish. The top and bottom corners of the preparation should be pinned down to the dish. Saline solution should be poured into the Petri dish and cover the preparation completely until intracellular recordings are performed.

This dissection dish should have a Sylgard (Dow Corning) coating on the bottom (1cm thick) so that insect pins can be stuck into it.

Dissected preparations are bathed in standard crayfish saline, modified from Van Harreveld’s solution (1936), which is made with 205 NaCl; 5.3KCl; 13.5 CaCl2; 2H2O; 2.45 MgCl2; 6H2O; 5 HEPES and adjusted to pH 7.4 (in mM). 







2.3 Stimulating the segmental nerve and obtaining intracellular recordings:

[image: ]
Figure 11: Overall setup of the recording equipment.

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. 

2. The specimen dish with preparation should be placed under the microscope and secured with wax or clay on the sides of the dish to prevent movement. 
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Figure 12: Placement of the preparation under the microscope.
 
3. Two wires each with a 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 an Ag-Cl coating. Wash the wire with distilled water before using.  A glass intracellular pipette should be obtained and carefully backfilled with a long needle attached to a syringe filled with a 3M KCl solution (Figure ?). The pipette should be turned down (with the opening facing the floor) and filled with solution. This 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 the saline bath. Turn the pipette upright when finished filling with potassium chloride solution. The silver wire can then be placed into the pipette (Figure 13). Care should be made not to break the electrode tip. Another wire is attached to the Faraday cage or into ground directly on the intracellular amplifier 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). 

[image: ]
Figure 13: Filling the microelectrode with 3 M KCl

[image: ]
Figure 14 : Microelectrode and holder 
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Figure 15: Front face of the intracellular amplifier used during the intracellular membrane potential recordings. The “Ω TEST” switch used to test electrode resistance is center left. The DC offset knob is in the upper right corner, and should be turned counter clockwise to start. The ground wire is placed in the “GND” pin jack opening. The amplifier in this set-up amplifies the signal by 10X.

Software Set-up
4.  Be sure your amplifier and PowerLab units are on before opening the software!
5. Open the LabChart software.  Adjust the chart to display only one channel by clicking “Setup”, then “Channel settings.” Under “Channel settings,” change number of channels to one. Click “OK.” 
6. At the top of the chart, left hand corner, cycles per second should be 2K. Set volts (y-axis) to around 1V. 
7. Click on “Channel 1” on the right hand portion of the screen. Click “Input Amplifier” and that the following settings are selected:

	Single ended
	OFF

	Differential
	Checked

	AC-Coupled
	OFF

	Anti-alias
	Checked

	Invert
	OFF



Amplifier Set-up
8. The amplifier output cable should be plugged into channel one. The following settings should be used with the intracellular amplifier (see Figure 14 for reference):

	Current Comp.(3 knobs)
	counter clockwise

	Capacity Comp.
	counter clockwise, OFF

	Capacity Amp (A)
	counter clockwise

	DC Offset knob
	Varies (see part 16 below)

	Low Pass knob
	50 kHz

	Notch
	OFF

	Current Injection
	0 A

	ΩTEST
	OFF




9. CHECK THE RESISTANCE OF YOUR ELECTRODE. 

To measure the resistance, place the tip of the glass electrode into the saline bath. Make sure a ground wire is also in the saline bath. While recording, the Ω TEST switch should be turned on and then off several times (Figure 16).
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Figure 16: Front face of the intracellular amplifier with the “Ω TEST” switch in the on position.

The amplitude (mV) of the resulting changes should be measured. To measure the amplitude changes in the trace, place the marker on the steady base line and then move the cursor to the peak amplitude. The trace might be condensed so use the “zoom function” under the “window” menu. Then move the “M” at the bottom left to base line and the cursor over the peak response (Figure 17). Then the delta value will display at the top in mV. In the figure it is 222.7 mV.
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Figure 17: Use the cursor to the peak amplitude for obtaining electrode resistance.

As a measure of the electrode resistance, the voltage should be divided by the current, which is 2 nA (ie., R=V/I, or Ohm’s law). The resulting value is the resistance of your glass electrode. Recall the BNC output of the intracellular amplifier is connected to the 10X output. Thus, divide by 100 to obtain the correct electrode resistance. 

Electrode Resistance (MΩ) = ____________________

The resistance should be within 20 to 60 MegaOhms. Low (<20) and high resistance (>100) are not acceptable. Troubleshoot as necessary to bring your electrode’s resistance within the acceptable range. 

Set the gain in your software to 1 or 5 V/div. Begin recording by pressing “start” at the bottom of the screen. Use the DC offset knob on the amplifier to adjust the recording trace to zero before inserting the electrode into the tissue. This sets your extracellular voltage to zero. This is the difference from the glass microelectrode to the ground wire which should be both in the saline.

10.  NEXT, SET YOUR EXTRACELLULAR VOLTAGE TO ZERO. Set the gain in your software to 1 or 5 V/div. Begin recording by pressing “start” at the bottom of the screen. Use the DC offset knob on the amplifier to adjust the recording trace to zero before inserting the electrode into the tissue. This sets your extracellular voltage to zero. 

Leave the electrode in the bath over the side of the dish away from preparation.

11.  Setting up the stimulating electrode

	Use the microscope to find the nerve to be recorded. Note: Look for the segment with the most accessible nerve. The nerve is white, and can be seen by using the pipette to spray saline around the nerve or by lightly blowing on the preparation. This causes the nerve to move around and makes it easier to identify. See figure 18 for details. 
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Figure 18: In this methylene blue stained preparation. The segmental nerve approached the extensor muscle from the lateral-caudal aspect of each segment. The nerve is close to the SEL muscle. The red arrows depict the approximant locations where the segmental nerve can be located. 

[image: ]Now that the nerve has been identified place the suction electrode from the micromanipulator directly over the nerve (Figure 19). Gently pull on the syringe to draw the nerve into the electrode (one can see the nerve being sucked into the electrode with the use of the microscope). 


Figure 19: The nerve bundle to be sucked up into the recording electrode. (A) The free nerve is shown floating over the dissected abdomen. (B) Outlines the nerve bundle and the plastic suction electrode close by the nerve. (C) The segmental nerve is pulled into the suction electrode, which is outlined in blue. 


12. Stimulate the segmental nerve and see phasic muscles twitch

The PowerLab system (PowerLab interface from AD Instruments, Australia) will serve as the stimulating voltage source in this experiment. 
(i) Attach the PowerLab’s USB cable to the computer. Make sure PowerLab is on and open the LabChart program from the desktop. 
(ii) Select “New File.” 
(iii) A window will appear with multiple recording channels. Select “Setup” at the top and click on “Channel Settings.” In the bottom left corner of the window, decrease the Number of Channels to 1; on Channel 1, change the Range to 5 V. 
[bookmark: _GoBack](iv) Connect the Stimulator cable with the two mini-hook leads to the Output portals on the PowerLab as follows: attach the red connector cable to the positive Output portal and the black connector cable to the negative Output portal. 
(v) Next, it is necessary to change the power output, frequency, and pulse duration of the PowerLab. In order to do this, select “Setup,” and then “Stimulator Panel.” Short pulses and small voltages to start off with are required for the first portion of the experiment, so adjust the amplitude to 0.5 V; this will give a range of 1.0 V (the PowerLab will emit a voltage fluctuating between positive and negative 0.5 V). Set the frequency (0.5 Hz) and pulse duration (0.3s).
While one person watches the muscles through the microscope for twitching behavior another person will adjust the stimulating setting to higher voltages. When muscle twitches occur stop stimulating and now get ready to record the electrical signal in the muscle fibers.

2.4 Intracellular recording

	Electrically ground the bath by placing a silver-chloride ground wire in the bath and the other end to a common ground.  Note: sometimes this can cause electrical noise during the recording. If this happens do not ground the bath.
1. Use the micromanipulator and dissecting scope to insert the microelectrode tip into the SEM tonic muscle of the preparation (see Figure 20 for muscle names and locations). The electrode should barely be inserted into the muscle. You will likely see the muscle dimple as the electrode penetrates. Do not penetrate completely through the muscle. The high intensity illuminator should be adjusted to clearly see the muscle as the electrode is being inserted. When poking muscle fibers in this preparation, one can commonly run into spaces and clefts within the muscle. This is the reason why the membrane potential can appear, then disappear, and then reappear. 
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Figure 20: Schematic presentation of crayfish abdomen extensor musculature. Each side of each segment contains deep extensor medial muscle (DEM), deep extensor lateral muscle 1 (DEL1), deep extensor lateral muscle 2 (DEL2), superficial extensor lateral muscle (SEL), superficial extensor medial muscle (SEM). On the left side of the figure, dorsal SEL, SEM is viewed by removing DEM, DEL1, and DEL2. DEM, DEL1 and DEL2 are phasic muscles whereas SEM and SEL are tonic in nature. A1-A5 means abdomen segments. Scale bar = 2.35 mm. The figure is from Wu and Cooper, 2012c. 


2. To measure the membrane potential, use the coarse knob on the amplifier to move the line on the LabChart to zero before inserting the electrode. Poke a muscle fiber. Next, measure the amplitude of the resulting values. Place a marker on the steady base line and record the value. 

The difference in the marker and the active cursor is displayed on the right side of the screen. The value is gives the voltage. The recorded voltage might need to be adjusted to account for any amplification used on the amplifier (i.e. 10X amplification). The voltage should be converted to millivolts if the values are reported on the software as volts (1 V = 1,000mV). 


3.  Once a good RP is measured in a SEL muscle fiber, start the stimulator and look for the appearances of EPSPs on the screen after each stimulation artifact. One may have to increase the voltage, but if the DEL1,2 and DEM muscles are twitching then likely the SEL is being stimulated as well. One can then increase the stimulation frequency form 0.5Hz to 1.0 Hz, then 2 Hz, then 3Hz and 4Hz and 5Hz. Then stop stimulating and zoom in on the recorded file to see if the EPSPs are present. Also take a quick look over the amplitude differences in the EPSP during the various stimulation frequencies given. Later one can record the amplitudes of the various EPSPs at each stimulation frequency. SAVE THIS FILE on the computer and then start a new file with the same settings.

4. Now one is to record from the phasic muscles. If the phasic muscles could still twitch and the phasic responses do not appear decreased extensively then one might be able to stay in the same segment and record from them. If they appear too depressed then move the stimulating electrode to another segment and stimulate just enough to obtain some twitch response. Use 0.5 Hz as a stimulating frequency. Look for a region of the stimulating muscle that is not moving as much for obtaining an intracellular recording. Stop the stimulation and obtain a good RP in one of the longitudinal muscles (DEM or DEL1 or DEL2) of the preparation (see Figure 17). Then turn on the stimulator and hope the electrode remaining in the muscle fiber. SAVE THIS FILE on the computer.

5. Measure the EPSP amplitudes from the tonic muscle at the different frequencies and phasic muscle fibers. One can make a graph of the responses. Think how you might represent the data. 

6. One can also apply exogenous compounds such as serotonin (Strawn et al., 2000) or glutamate while recording from the phasic or tonic muscles.  Record a base line then add concentrated 5-HT (1 mM or 500 nM) by a pipette aimed at the muscles one is recording from. Mark the file in the chart software when the compound is added. Now measure, in the chart file, the EPSP amplitudes before and after the compound was added.


3. 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.  	

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).


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. See a review on 5-HT’s action on a variety of invertebrate NMJs (Wu and Cooper, 2012b)

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 (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 muscle preparations 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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