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CHAPTER I 

INTRODUCTION 

Kennedy (1975) lists five major reasons for studying the nervous 

system of Crustacea. First of all, the system is greatly reduced in 

number of neurons, thus a single cell with its diversity of outputs 

may serve the function of a whole series of cells in vertebrates. 

Secondly, in spite of the reduction in numbers, the basic mechanisms 

of interaction - presynaptic inhibition, chemical excitacory and in

hibitory synapses and electrical connections, are the same in both 

vertebrates and crustaceans. Thirdly, thanks to the recent develop

ment of dye techniques, a large number of neurons have been identified. 

These neurons always occupy the same position in the nervous system, 

and they show a remarkable constancy in the branching pattern of the 

axons between animals of the same species. Fourthly, a wide variety of 

simple and complex behaviors are exhibited, and these behaviors are 

controlled by relatively few interneurons. While all of these ad

vantages are also available in insects, which have the added advantage 

of being better understood genetically, crustaceans have a fifth ad

vantage of size. Many of the techniques used in the neuropil of insects 

were first perfected in crustaceans (Kennedy, 1975). 

Probably the most intensely and widely studied areas of crustacean 

neurobiology are the sensory and neuromuscular systems of the appendages. 

It is the purpose of this introduction to review for the head and 

thoracic appendages of Crustacea: I. the proprioceptors, II. the neuro

muscular systems and III. some simpler reflexes. In the rest of this 

paper, I will try to increase the understanding of one particular reflex, 

the claw closure reflex. Although Limulus polyphemus is not a crustacean, 

I will include it in this discussion as it shares a number of proprio

ceptor types with Crustacea (Eagles, 1973; Eagles and Hartman, 1975). 

The Proprioceptors 

The proprioceptors on the appendages of Crustacea have been 

reviewed in a number of places (Cohen and Dijkgraaf, 1961; Bullock 



and Horridge,1965; Barker et.al,, 1972; Mclver, 1975; Laverack, 1976; 

Bush and Laverack, 1982). Bush and Laverack (1982) divide the 

receptors into internal receptors, cuticular receptors and external 

receptors. 

Internal Receptors 

The internal receptors include muscle receptor organs (MROs), 

apodeme tension receptors, chordotonal organs and myochordotonal 

organs. 

Muscle receptor organs (MROs) were first described by Alexandrowicz 

(1951, 1952a, b) in the thorax and abdomen of Homarus and Panulirus. 

Two kinds of MROs are found in the appendages of Crustacea. One is 

the thoracic - coxal MRO (TCMRO) and the other is the mandibular MRO. 

The TCMRO has been studied so far only in Decapoda (Alexandrowicz 

and Whitear,1957; Alexandrowicz, 1958, 1967). The morphology has been 

studied in detail for Astacus, Carcinus, Pagurus (Whitear, 1965) and 

Cancer (Krauhs and Mirolli, 1975), Physiological recordings have also 

been taken in a number of animals (Ripley, et al., 1968; Bush and Roberts, 

1968, 1971; Mirolli,1974). TCMROs have a peculiar physiology in that 

the afferent response is non-impulsive; the afferent response is 

similar to a receptor potential. The response has dynamic and static 

components that relate to stretching and to maintaining tension of the 

organ. The response is also graded to both rate and amplitude of the 

stretch. The afferent response is conducted in a non-impulsive, dec-

remental fashion along the entire afferent neuron. An extensive review 

of TCMROs has been published by Bush (1976). The mandibular MRO has 

only been studied so far in Homarus (Wales and Laverack, 1972a, b; 

review in Wales, 1976). 

The MRO is an enclosed bundle of muscles running parallel with a 

major muscle. It has an afferent output of four to six neurons 

(Wales,1976) usually at one end and a motor input to the receptor 

muscles. The MRO responds to changes in length and its sensitivity can 

be at least partially adjusted by the motor input. 

In recent years, a new receptor has been discovered in the limbs 

of certain Crustacea. The receptor was found in a number of joints but 



is particularly associated with the muscles of the mero-carpopodite 

joint. Because a convoluted process is usually found extending into 

the apodeme at the insertion of the muscle, the receptors have been 

labeled apodeme tension receptors. These receptors are analogous 

to Golgi tendon organs in that they monitor the contractile tension of 

the muscle (MacMillan and Dando,1972). In earlier works, Burke (1954), 

while studying the chordotonal organ of the propodite-dactylopodite 

joint, noticed a response to isometric contractions of the closer 

muscle that he assumed came from the chordotonal organ. Clarac and 

Vedel (1971) noticed that tension changes in muscles can modify 

reflexes from associated chordotonal organs. 

While possible apodeme tension receptors have been observed in 

methylene blue stainings of a variety of leg muscles, they have only 

been studied in depth in Cancer (MacMillan and Dando, 1972; Dando and 

MacMillan, 1973) and Carcinus (Parsons,1980). In addition, tension 

receptors have been studied on the flexor muscles of the tailspine 

and in the walking legs of Limulus (Eagles and Hartman,1975; Eagles, 

1978; Eagles and Gregg,1979). 

The third internal proprioceptor is the chordotonal organ. The 

chordotonal organ is an elastic strand innervated by 40 - 80 bipolar 

cells (Mill, 1976) that either lies close to or spans a joint. The 

term chordotonal was first used by Wetzel (1934), and the organ was 

first recorded from by Burke (1954). Generally the organ attaches 

at one end to a tendon and to the cuticle at the other, although the 

organs of the thoracic-coxal and coxal-basiopodite joints are attached 

to cuticle at both ends. The organ responds to stretching of the strand 

and responds most strongly while the change in length is actually 

occurring. Following a tradition started by Alexandrowicz (Alexandrowicz 

and Whitear, 1957; Alexandrowicz,1958) and Wiersma (1959) the chordo

tonal organ is named for the joint it monitors, thus the propodite-

dactylopodite joint has a PD organ, etc. In addition to the joints 

of the walking legs, chordotonal organs have also been described in the 

antennae and antennules of certain Crustacea (Wyse and Meynard, 1965; 

Hartman and Austin, 1972) . 

A number of people have contributed information about various 
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chordotonal organs which is summarized best in Mill (1976). Other 

excellent reviews have been published by Howse (1968) and Moulin (1976). 

The fourth internal receptor is a chordotonal-like organ which, 

because it is always associated with a muscle, is called a myochordotonal 

organ (MCO). In crustacean appendages, the MCO is associated with the 

accessory flexor muscle (AFM). An MCO was first recorded from by 

Burke (1954). 

In Astacura there is only one MCO while Palinura, Brachyura and 

Anomura have two: MCOl and MC02 (Mill, 1976). In the brachyurans MC02 

is divided into a main part (MCOm) and a proximal part (MCOp) (Barth, 

1934; Clarac, 1968a). As with the chordotonal organs, a number of 

people have contributed to the knowledge of MCOl (Barth, 1934; Hwang, 

1961; Cohen, 1963b; Clarac, 1968; Clarac and Masson, 1969; Alexandero-

wicz, 1972) and MC02 (Barth, 1934; Whitear, 1962; Cohen, 1963a; Clarac, 

1968; Clarac and Vedel, 1971; Horch, 1971; Alexandrowicz, 1972). Wiersma 

and Ripley (1952) and Angaut-Petit et al. (1974) studied the motor 

innervation of the MCO-AFM complex. 

Cuticular Receptors 

These are two types of cuticular receptors: the hypodermal 

mechanoreceptors and the cuticular stress detectors (CSDs) . Of these 

two, only the CSD is found in the appendages of Crustacea. So far, 

the CSD has been studied only in Decapoda (review - Clarac, 1976). There 

are two CSDs (CSDl and CSD2) and both are located on the basiopodite -

ischiopodite segment(s) of the leg. CSD2 was first noted in Astacus 

(Clarac and Masson, 1969) and CSDl was first identified in Homarus 

(Wales et al., 1970). Wales et.al (1971) were the first to describe the 

organ in detail. The organs have also been described in Carcinus 

(McVean, 1974; Parsons, 1980) and Cardisoma (Moffett, 1975). The CSD is 

essentially a soft patch of cuticle that responds to stress on the 

surrounding cuticle. The CSD plays a role in autotomy, but its precise 

role is still in controversy (McVean, 1974; Moffett, 1975). 

External Receptors 

The three external mechanoreceptors are the campaniform organs. 



the cuticular articulated pegs (CAPs) and the setae. An excellent 

review of the external receptors can be found in Laverack (1976), 

The first external mechanoreceptor, the campaniform organs, have 

been described in two sites in Crustacea and in Limulus. At the tip 

of the dactylopodite of the walking legs of Palinurus, Panulirus, 

Homarus and Carcinus are a series of funnel canals which extend into 

the epicuticular cap and are innervated by bipolar neurons. These 

neurons respond to strain on the cuticle of the cap (Shelton and 

Laverack,1968; Barth,1980; Bush and Laverack, 1982). 

The second location of companiform organs in Crustacea is along 

the antennules of Nephrops, Homarus (sensillum at the base of much 

larger hairs) and Crangon (a single sensilla on each annulation of the 

antennular flagellum) (Laverack,1976). Wyse (1971) also found two 

types of channel organs on the chelae of Limulus. 

The cuticular articulated pegs (CAPs) are the second major extra-

cuticular organ. CAPs are short, stubby sensilla located in pits near 

the I-M, M-C and C-P joints. They are found in large numbers and 

arranged in precise patterns in Astacura and Palinura, in smaller numbers 

in Anomura and are not found in Brachyura (Laverack,1976). While it 

is unclear exactly what the proper stimulus is, CAPs are mechanosensory 

and appear to respond to flexion of the associated joint. Perhaps the 

articulating membrane rolls over them. 

True CAPs have been studied mainly by Laverack (1976, 1978a, b) 

and Wales (1976; Wales et.al.,1970) but similar structures with longer, 

more hair-like pegs have been found at the base of the antennae of 

Palinurus (Clarac and Vedel,1973) and Phasiphaea (Laverack,1978b). 

In spite of the plethora of setae on the cuticle of crustaceans, 

this third external proprioceptor is poorly studied outside of the 

equilibrium receptors. Much of the information available is extran

eous data collected while working with chemoreceptors and chordotonal 

organs. Often when physiological data are sought from setae, little 

effort is made to control the parameters of the stimulus. The 

exceptions to this is the work by Kennedy and others (Kennedy,1975; 

Kennedy and Mellon,1964), where they recorded from an interneuron 

while stimulating particular hairs, and a few other studies (Laverack, 



1962a, b; Mellon, 1963; Wiese, 1976), where discrete hair types were 

stimulated. 

In spite of the lack of interest in setae, at least a partial 

picture is starting to form. Scanning electron micrographs from 

Homerus americanus (Solon and Cobb, 1980), Palinarus vulgaris (Vedel 

and Clarac, 1976), Austropotamobius pallipes (Thomas, 1970, 1973) and 

a copepod, Gladioferens pectinatus (Ong, 1969) have appeared in the 

literature. Electrophysiological data have been collected, however 

crudely, from setae in various crayfish (Mellon and Kennedy, 1962; 

Mellon, 1963; Wiese, 1976; Hatt and Bauer, 1980) the American lobster 

(Laverack, 1962a, b), the rock lobster (Clarac and Vedel, 1973; Vedel 

and Clarac, 1976) and hermit crabs (Field, 1974a, b). 

The Neuromuscular System 

The true elegance of the crustacean neuromuscular system lies in 

its simplicity. While a vertebrate muscle may receive input from 

hundreds of neurons, each of the muscles of crustacean limbs are inner

vated by only two to five neurons. 

Richet (1882) and Biedermann (1887, 1888) were the first to use 

crustacean appendages as neuromuscular preparations (Wiersma, 1961a). 

Lucas (1917) was the first to distinguish between fast and slow muscle 

fibers. A single excitatory impulse to a fast fiber is often sufficient 

to produce a twitch and repeated stimulation causes a fast, strong 

contraction that rapidly fatigues. For slow fibers, a single ex

citatory impulse never causes a twitch. When contraction finally 

occurs as a result of a train of impulses, it is slow and steady and 

may remain for a significant period after stimulation has ceased. The 

inhibitory system of crustacean limbs has become the "classic" example of 

presynaptic, peripheral inhibition. 

Because the motoneurons are few in number and large in size, in 

the 1930s and 1940s, van Harreveld and Wiersma, using a combination of 

methylene blue staining and electrophysiological techniques, worked out 

the efferent innervation patterns for a number of muscles (van Harreveld 

and Wiersma, 1936, 1937, 1939; Wiersma and van Harreveld, 1938; Marmont 
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and Wiersma, 1938; van Harreveld, 1939a, b, c; Wiersma, 1941; Wiersma 

and Ellis, 1942). By the 1950s, reviews were beginning to be published 

(Wiersma and Ripley, 1952; Hoyle and Wiersma, 1958a, b, c; Wiersma, 

1961a; Bullock and Horridge, 1965). The innervation schemes proposed 

by van Harreveld and Wiersma have remained unchanged until Hill and 

Lang (1979) corrected the proposed inhibitory pattern. 

By now we have an extensive understanding of the neuromuscular 

system and its components. A recent review by Govind and Atwood (1982) 

has an extensive table which lists all the limb muscles studied so far, 

what genera they have been studied in, their innervation pattern and 

contractile properties. 

Using an isolated ganglion-claw preparation, Weins (1976) on 

Procambarus clarkii and Govind and Lang (1980) on Homarus americanus 

have recorded from the soma of the motoneurons to the claw closer muscle. 

Silvey (1981) has identified motoneurons in Jasus using C0CI2 backfills. 

Others, using electron micrographs, have even been able to identify three 

different synaptic vesicles to fast excitatory, slow excitatory and in

hibitory motoneurons (Atwood and Morin, 1970; Hill and Govind, 1981). 

Simple Limb Reflexes 

There are three excellent reviews of reflexes in Crustacea 

available (Wiersma, 1961b; Bullock and Horridge, 1965; Wiens, 1982). 

The reflexes in crustacean limbs I will review include a posture reflex 

involving the chordotonal organs, autotomy and the claw closing/claw 

opening reflex. 

The best studied of these three reflexes is the response of the 

motoneurons to the output of a chordotonal organ during passive move

ments of a joint. Generally, a number of statistical techniques are 

used to show that in a set period of time after a chordotonal spike, 

there is either an increased or decreased probability of a spike in 

the motoneuron. The importance of this reflex in posture control is 

obvious. 

This posture reflex has been studied in Homarus using the CB, TC 

and MC organs (Ayers and Davis, 1977, 1978; Bush et.al., 1978), in 

Carcinus using PD, CP and MC organs (Bush, 1962, 1963, 1965), in 
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Palinurus for CB and MC organs (Clarac et al., 1978; Vedel and Clarac, 

1979), in Procambarus for PD, MC and CB organs (Combs et al., 1979; 

Lindsey and Gerstein, 1979a, b; Lindsey and Brown, 1981) and other 

crustaceans (Astacus - Vedel et al., 1975; Cancer - Evoy and Cohen, 

1969; Uca - Spirito, 1970). The reflex has been shown to operate 

between joints of the same leg (Lindsey and Gerstein, 1979a, b) and 

even to adjacent legs (Clarac et al., 1978). 

Other receptors have been shown to affect this reflex. As 

mentioned earler, Clarac and Dando (1973) showed that the reflex 

can be inhibited by apodeme tension receptors. Wiens and Gerstein 

(1976) showed that stimulation of the tactile hairs on the claw 

blocked the reflex driven by the PD organ in Procambarus. 

Like the first reflex, autotomy has been extensively studied 

(reviews by Wood and Wood, 1932; Bliss, 1960; McVean, 1982). Fredericq 

(1883) first used the term autotomy to describe the process by which 

an animal loses a part of its body. Autotomy is characterized by being 

quick and resulting in a minimum of bleeding by the animal. In crus

taceans, autotomy is a separation of the cuticle at the basiopodite-

ischiopodite joint with a concurrent separation of blood vessels and 

nerves. The reflex usually in response to an injury to the limb and the 

remaining stump seals itself almost immediately. 

While autotomy has been studied in Pagurus (Morgan, 1902; Fildlay 

and McVean, 1977), Cardisoma (Moffett, 1975), Homarus (Clarac and 

Wales, 1970; Clarac et al., 1971; Wales et al, 1971), Hemigrapsus 

(Easton, 1972) and Uca (Weiss, 1977), it has been most extensively 

studied in Carcinus (McVean, 1973, 1974; McVean and Findlay, 1976; Findlay, 

1973. Easton (1972) has shown that at least in Hemigrapsus, autotomy 

in one limb increases the threshold for autotomy in the remaining limbs. 

McVean (1973, 1974) has shown that certain limbs are more likely to 

autotomize than others. 

The structures used during autotomy are also used by the animal 

during normal behavior. McVean (1974) proposed a mechanism where 

extreme stress on the limb increases the firing rate of the cuticular 

stress detector (CSD). The CSD stimulates the posterior levator 

muscle (PL) of the basiopodite - ischiopodite joint which uses a lever 



system to fracture the joint. Moffett (1975), working with 

Cardisoma, has shown that neither the CSD nor the PL are neccessary 

for autotomy. She and others (Clarac and Wales, 1970; Clarac et al., 

1971) have formulated a mechanism where the CSD stimulates the PL to 

prevent autotomy. Under conditions promoting autotomy, the CSD and 

PL are inhibited and the anterior levator muscle is strongly con

tracted. 

Unlike the previous two reflexes, the claw closing/claw opening 

reflex (actually two separate but closely related reflexes) has been 

virtually ignored. When certain hairs on the claw are touched, the claw 

closes, and stimulating other hairs causes the claw to open (Barnes, 

1932). In many crustaceans, the animal must be aroused before reflexive 

closing manifests itself (Wiersma, 1961b; Norris, unpublished). 

Most of what is known of these two related reflexes was learned 

incidentally while studying other reflexes. Von Uxkuhl and Gross 

(1913) determined that the claw closing reflex is isolated to the cheliped 

ganglion (Wiersma, 1961b). Weins and Gerstein (1976) mentioned closing 

and opening fields while studying the PD organ in Procambarus and 

Bush (1972) showed that the PD organ could inhibit reflexive opening. 

Hawkins and Brunner (1981) recorded from the claw motoneurons involved 

in opening during the defensive posture reflex. Wilson and Davis (1965), 

while working with the opener muscle, recorded a reflexive response to 

certain hairs. 

Current Research 

In spite of the fact that it has been largely overlooked in the 

literature, further study of the claw closure reflex does recommend 

itself. Perhaps one reason for its being passed by is that in a 

number of crustaceans, as mentioned earlier, it is present only when 

the animal is in an aroused state. However, in at least one species 

of crayfish, it appears to be present constantly (Pacificasticus 

leniusculus - Hartman, personal communication). 

Amongst the advantages in studying this reflex is the fact that 

the sensory input is by a discrete, external receptor. In addition, 

the sensory axons are discrete and isolatable up to a location 
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quite proximally in the propodite. Thus, there can be 2 or 3 cm of 

nerve chat is entirely sensory. Also, the neuromuscular component of 

the reflex is quite well understood, and the reflex concludes in an 

action that is readily visible. In some of the chordotonal reflexes, 

one cannot be certain if a reflex is occuring or not until certain 

statistical tests on the efferent impulses are performed. 

The reflex also lends itself to simple, extracellular recordings 

in which the animal is relatively undamaged and allowed a certain 

freedom of movement. And finally, the reflex shows simple learning 

(habituation, dishabituation, etc.) that has been studied in other in

vertebrates (reviews by Kandel, 1975, 1976). 

The purpose of this study is to concentrate on the sensory receptors 

involved in the closure reflex. I will attempt to map out sensory fields 

on the index of the propodite and test the innervation of the individual 

receptors. The receptors will also be tested for directionality of 

response. 

The hypothesis tested will be that the claw closure reflex is 

triggered by a series of short blade-like structures that line the 

internal surface of the index of the propodite and the dactylopodite. 

The alternative hypothesis is that the reflex is triggered by the 

clumps of setae that run parallel to the blade-like structures. 

In addition to increasing the information about setae and their 

physiology, it is my hope that my efforts will encourage additional 

research with the claw closure reflex. Study of this reflex, in 

addition to increasing our understanding of crustacean neurobiology, 

will offer insight into the simpler learning processes. 



CHAPTER II 

MATERIALS AND METHODS 

The crayfish used in my experiments were identified as Procambarus 

simulans simulans (Faxon) using Penn and Hobbs (1958). They were 

collected from a small pond one mile south of Bull Lake near Littlefield, 

Texas. The animals were kept in dim light at room temperature (21°C.) 

and fed beef liver once a week. Animals were chosen without regard to 

sex. 

Two kinds of experimental preparations were used. The first was 

a whole animal preparation to measure the closure reflex of the cheliped. 

The crayfish was glued with epoxy cement to a Lucite rod in the center 

of its carapace on the dorsal side. Two pairs of silver wires that 

were insulated with enamel were run down the rod and tacked to the 

carapace, the carpopodite and the propodite using a cyanoacrylate adhesive 

The carpopodite-propodite (CP) joint was immobilized to prevent the animal 

from breaking the wires. 

To recore muscle and nerve action potentials, four fine holes 

were drilled in the propodite. Two were drilled over the center of the 

closer muscle 10 to 15 mm apart. The other two were drilled at the base 

of the index of the propodite. The insulation from the ends of the 

silver wires was removed, the ends were inserted into the holes, and the 

wires were fixed in place with dental wax. The animal was allowed to 

recover from the handling for an hour before testing. 

The cheliped closure reflex was tested while the animal was 

suspended with the walking legs and the tip of the abdomen in contact 

with a substrate. As the reflex only occurred while the animal was in 

an aroused state, often a touch to a walking leg or the abdomen was 

necessary to excite the animal. The stimulus consisted of a touch to 

the inside border of the propodite. 

A number of objects were tested as the stimulus, including small 

wooden dowels of various diameters, pipecleaners of assorted thicknesses, 

and a paintbrush. The larger the object, the more effective it was as 

a stimulus. In addition, a more flexible object was more effective. 

The stimulus finally chosen was a pipe cleaner trimmed to 3 mm in 

diameter to limit the number of receptors touched. 

11 



To map the receptors stimulating the closure reflex (and other 

receptors on the propus), an isolated claw preparation was used. In 

addition to testing the size of the action potentials from the various 

receptors, this preparation was also used to test for directionality of 

the receptors. 

The claw was removed from the animal at the CP joint. Windows, 

about 2 x 2 mm, were cut on opposite sides of the propodite at the 

base of the index. Part of the closer muscle was removed to expose the 

sensory nerves from the index. The early preparations were dissected 

right at the base of the index to allow maximum subdivision of the sensory 

nerves. Later preparations were dissected more proximally and were not 

subdivided to avoid damage to smaller axons. 

While recording, the claw was suspended in a dish containing 75 ml 

of van Harreveld's saline (van Harreveld, 1936) buffered with Tris 

buffer at pH 7.4. The open end of the propodite at the CP joint was 

wedged onto the end of a plastic syringe. The syringe was mounted on 

a micromanipulator and the propodite index was lowered into the saline. 

Care was taken to avoid contact between the claw and the side or bottom 

of the dish. The saline was maintained at 16°C using a Peltier 

crystal powered by an Electro EFBR DC power supply (see figure 1 for 

an illustration of the preparation), 

To record the exact position of the individual receptors, 

a photograph was taken of the claw. The negative from the picture 

was used as a slide and projected onto a white sheet of paper inside 

the Faraday cage. The location of the receptors was marked on the 

sheet of paper during the recording session. 

To record action potentials, the cut ends of the isolated in

dividual nerves were drawn into glass suction electrodes (Hartman and 

Boettiger, 1967). Specific receptors were stimulated by a sharpened 

wooden toothpick or a stream of saline delivered by a syringe. Care 

was taken not to touch the cuticle but only the hairs whenever possible. 

The receptors at the tip of the propodite were so sensitive that a touch 

anywhere on the claw, even on the dactyl, would elicit a response. In 

later preparations, after the distal hairs had been recorded from, a hole 

was drilled near the tip of the index and the distal nerves were cut. 

12 
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This allowed the smaller signals from the more proximal receptors to be 

observed. After recording, the index was immersed in saline with a 

few drops of methylene blue to stain the receptor hairs. 

The signals from both preparations were fed into Grass P15 AC pre

amplifiers. The amplified signals were displayed on two Philips PM 

3232 oscilloscopes and audible cues were provided by a Frederick Haer 

audio analyzer. The output was recorded on magnetic tape by a 

Tandberg series 115 D four-channel FM instrumentation recorder. The 

tape output was monitored by a Tektronix 5110 oscilloscope. 

Data stored on magnetic tape were later analyzed by displaying on 

a Tektronix 5110 storage oscilloscope. Permanent records were made 

by feeding the tape output into a Tektronix 565 oscilloscope and 

filming onto Kodak Linagraph (1930) paper with a Nikon-Kohden continuous 

recording oscilloscope camera. 

A scanning electron microscope was used to observe the individual 

receptors. The index of the propodite was dehydrated in an alcohol 

series and allowed to air dry. The index was mounted on aluminum studs 

with Scotch double sided tape and coated with gold/palladium in a 

Technics Hummer V Sputterer, Preparations were observed in a Cambridge 

S-4 10 Stereoscan electron microscope at an accelerating voltage of lOkV. 



CHAPTER III 

RESULTS 

Claw Closure Reflex 

While recording the claw closure reflex, the animal is in a 

defensive posture with claws raised and open when the stimulus is 

applied. An extracellular recording from the afferent nerve and 

a myogram from the closer muscle are shown in figure 2. In the 

closer muscle myogram, the closer inhibitory neuron (CI) can be 

seen firing just prior to the reflex. After the propodite index 

is touched, a burst in the afferent nerve can be seen followed 

shortly afterward by a reflexive response in the closer muscle. 

It cannot be determined from myograms if the fast closer excitatory 

neuron (FCE) responds first and the slow closer excitatory neuron 

(CE) follows. Behavioral observations suggest that the initial burst 

is by the FCE. Whether the excitation switches from FCE to CE, as it 

at least superficially appears to, will have to be determined by re

cording from the motor neurons. 

The time delay between the firing of the afferent neurons and 

the response in the closer muscle varied from 30 to 80 msec in one 

carefully measured preparation. When the time delays were averaged 

from 10 responses in this animal, the average delay time was 60 msec. 

Afferent Aspects 

The neuromuscular component of the claw closure reflex is well 

understood while almost nothing is known of the sensory component. 

What is the anatomy of the sensory receptors? How do they respond to 

stimulation? The first step in answering these questions is to expose 

the afferent nerves for more precise recordings using a suction electrode. 

When the afferent nerves are exposed as they transverse the main 

body of the propodite, a characteristic branching pattern is observed. 

Right at the base of the propodite, the afferent nerves divide with one 

group innervating the dorsal (heavily pigmented) side of the index and the 

other group innervating the ventral side. The ventral group is further 
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sub-divided into two larger and three smaller branches (fig. 3a). The 

ventral pattern was very consistant in the seven claws observed. The 

dorsal branch was less consistant but essentially consisted of three 

branches of roughly equal diameter (fig. 3b). 

Patterns of Innervation 

Do each of the different branches innervate a particular patch 

of cuticle and if so, is the pattern consistant from claw to claw? 

Each of the branches were drawn in turn into a suction electrode 

and receptors were individually stimulated. Afterwards, the claws 

were stained with methylene blue to highlight the receptors. One 

such claw is shown in figure 4. As can be seen, the receptors are 

arranged in three rows on both sides of the claw with an additional 

row along the bottom edge. 

The pattern of innervation was mapped out for seven preparations 

and the results compiled in figure 5. As can be seen, with the ex

ception of nerve branch two on both sides, each branch innervates all 

or part of a single row. If the branches were further sub-divided, 

smaller axons tended to be damaged and so it was not possible to re

cord from some receptors. However, when nerve branches were sub

divided, the zones of innervation tended to be consistantly divided 

into two or three parts (dotted lines in fig. 5), Thus, the index 

could also be divided into three sections, one division occuring at the 

first (more distal) enlarged tubercle and the second division just 

distal to the second enlarged tubercle. 

Receptor Anatomy and Distribution 

Does each branch of the afferent nerve innervate a particular 

type of receptor? Before this question can be answered, one must 

determine if there is more than one type of receptor. Scanning electron 

micrographs were taken of the index and of individual receptors. All 

the receptors are combinations of simple and pappose setae (seta types 

named by Factor, 1978). The lengths of individual setae were measured 

under a dissecting scope using a methylene blue stained claw. Five to 
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seven of each receptor type (from a single claw) were measured. The 

pappose setae were all approximately the same length from one receptor to 

another (ca. 200 ym), but the simple setae length varied with the receptor 

type. 

Based on the micrographs, the receptors were divided into four 

types which can be seen in figures 6 through 9. All micrographs are 

from dorsal receptors except for figure 9, which is along the bottom 

edge. Dorsal receptors contain more and longer setae than their ven

tral counterparts. Type 1 receptors consist of a clump of seven to 

twenty long simple setae (ca. 200 um) bordered by five to seven pappose 

setae (fig. 6). Type 2 receptors are similar to type 1 except they 

only have one to three short simple setae (ca. 80 ym) and three to five 

pappose setae (fig. 7). Receptor type 3 is a fan-shaped arrangement 

of pappose setae with one or two simple setae (ca. 60 ym) at the edges. 

These receptors may either form a complete fan or may have a gap in 

the center (fig. 8). Type 4 receptors are large clumps (10 to 50 setae) 

of very long simple setae (200 to 600 ym) and contain no pappose setae 

(fig. 9). 

The distribution of the different receptor types is shown in 

figure 10. If the rows are labeled one to three from medial to lateral 

with the outermost row being labeled the bottom row, row one consists 

of type 1 receptors, row two is type 3 proximally and type 2 distally, 

row three has a proximal section of type 3, a middle section of type 2 

and a distal section of type 1 and the bottom row is type 3 except for 

the distal six receptors which are type 4. 

The earlier question of whether each nerve branch innervates a 

particular type of receptor can now be considered. By comparing figures 

5 and 10 it can be seen that the answer is no. Which branch innervates 

a particular receptor appears to be determined by that receptor's posi

tion on the index. However, when the branches to individual rows are 

sub-divided, innervation patterns correspond to receptor types within 

the rows. For example, when rows two and three are divided into sec

tions in figure 5, the division occurs at a transition of receptor 

type. 
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Innervation of Individual Receptors 

While stimulating single hairs on the thorax of the lobster, 

Laverack (1962a, b, 1963) and Mellon (1963) found that these hairs 

were doubly innervated and that one neuron responded most strongly 

when the hair was pushed in a particular direction, and the other 

neuron responded most strongly when the hair was moved in the op

posite direction. How are the receptors on the index of the cray

fish claw innervated, and are they directionally senstitive? In the 

earlier works mentioned above, the hairs were all isolated, and it 

was possible to stimulate a single hair. Although each of the setae 

in the crayfish claw receptors are individually articulated with the 

cuticle, they are so close together that only in rare instances is it 

possible to stimulate an individual seta. 

Not surprisingly, each receptor type has a characteristic response 

pattern (fig. 11). The response from type 1 receptors consists of 

three or four units and has the largest spikes (>200yV; fig. 11a). 

These receptors are also the most sensitive and respond to very slight 

pressure waves. Type 2 receptors generally have one or two moderate 

sized units (40-50 yV) and many have a large unit (100-150 yV). The 

large unit is highly phasic and only responds once or twice at the be

ginning of stimulation (fig. lib). Type 3 receptors drive either one 

or two small units (50 yV; Fig. lie). If a type 3 receptor drives 

two units, usually one is driven by the medial half and one is driven 

by the lateral half. Type 4 receptors drive one to four units and 

the spikes are just slightly smaller than those from receptor type 1 

(fig. lid). All receptor responses are phasic and essentially only 

fire while setae are actually moving. Variation in the length of 

response in figure 11 was caused by a non-uniform stimulus. 

Although the epicuticular cap, the structure at the top of the 

propodite, is probably not involved in the closing reflex, it does 

respond to force against the cap (fig. lie). The cap drives three or 

four very large units (largest = 250 yV) and only responds to force 

against the cap itself. The epicuticular cap does not respond to 

pressure waves. 

From these findings it appears that a single neuron innervates 

more than one seta and possibly more than one seta type. To test this. 
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a series of cobalt backfills were run to see if soma and dendritic 

processes to individual hairs could be stained. Although it was 

unclear whether individual neurons innervated more than one seta 

type, quite clearly in some cases a single neuron innervated more 

than one seta of the same type. 

Receptor Directionality 

Finally, are receptors more sensitive to stimuli from a part

icular direction? While recording from the different nerve branches, 

each receptor was moved in four different directions. The stimulation 

was repeated three times in each direction, the response displayed 

on a storage oscilloscope and the total number of impulses averaged. 

No attempt was made to isolate individual units. Some receptors 

showed no directionality. 

It is sometimes possible to judge directional sensitivity in a 

receptor by its orientation, and this is true for the crayfish claw 

receptors. Often receptor types 1 and 2 are situated so that all the 

hairs slant in one direction. When these receptors show any direction

ality, it is usually for a stimulus that rights the hairs (fig. 12a). 

Type 3 receptors also respond best to stimuli that tend to right 

the hairs, but because of the fan-shaped arrangement, these receptors 

respond to a range of stimuli for almost 180° (fig. 12b). The direction

ality of the type 1, 2 and 4 receptors (when any was shown) for one 

particular preparation is shown in figure 12c. Generally speaking, type 

1 receptors in row one are most responsive to lateral stimuli. Type 1 

and 2 receptors in rows two and three are most sensitive to movement 

towards or away from the tip of the claw. Type 4 receptors are most 

sensitive to movements towards the claw tip. All type 3 receptors are 

sensitive to range of directions, as described earlier. 
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CHAPTER IV 

DISCUSSION 

There are three results that seem to stand out from this study: 

the first is the row arrangement of the receptors and their pattern 

of innervation, secondly is the receptor mrophology and the inner

vation of individual setae and thirdly is the claw closure reflex it

self (Is the reflex monosynaptic or polysynaptic?). Finally I shall 

show that all evidence seems to support the alternate hypothesis. 

Receptor Arrangement and Pattern of Innervation 

As seen in this study, the receptors on the claw of the crayfish 

Procambarus simulans were arranged in very orderly rows and the nerves 

that innervate these rows show a very rigid branching pattern. In 

seven preparations, the number of receptors on the index of each claw 

was virtually identical. The nerve branching pattern was essentially 

one branch to one row of receptors. 

But is this pattern only restricted to this particular group of 

crayfish? In morphological studies of the pereiopods, mouthparts 

and antennae of a number of Decapoda, where the location of setae or 

clumps of setae were mapped out, the row arrangement of receptors re

peated itself (Thomas, 1970, 1973; Clarac and Vedel, 1973; Farmer, 

1974; Factor, 1978; Solon and Cobb, 1980). 

In addition to the receptors on my animals being arranged in rows, 

each row was innervated by a single branch of the afferent nerve, and 

all receptors in the same row tended to be most sensitive to movement in 

the same direction. This linking of row receptors has only been shown 

in crustaceans in a series of studies involving the telson of the cray

fish Procambarus clarkii (Kennedy and Mellon, 1964; Kennedy, 1971; 

Wiese, 1976). While the telson receptors were not in quite as neat rows 

as those on the chelae, they were arranged in rostrally/caudally elon

gated fields, and each field was innervated by an isolated root from 

the last abdominal ganglion. Wiese (1976) has shown that receptors with

in each field do have a crude row arrangement and that within each row, 

receptors are most sensitive in the same direction. 
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Although this phenomenon has not been studied much in crusta

ceans, it has been extensively studied in an insect structure: the 

cerci of crickets Gryllus bimaculatus and Achacta domestica (Gnatzy 

and Schmidt, 1971, 1972a, b; Edwards and Palka, 1974) and cockroaches 

Periplaneta americana and Areaivaga (Nicklaus, 1965; Dagan and Camhi, 

1979; Hartman, et al., 1979). 

Nicklaus (1965) commented on the rigid row arrangement of the 

filiform hairs on the ventral surface of the cerci of ̂ . americana. 

He found that it required less force to push the hairs back and forth 

in one particular plane than in any other plane. Furthermore, Edwards 

and Palka (1974) in crickets and Dagan and Camhi (1979) and Hartman, 

et al. (1979) in cockroaches showed that for the receptors studied, 

hairs within the same row showed the same directional sensitivity, and 

the direction might or might not be different from adjacent rows. This 

continuity of directionality was in spite of the fact that the cercus 

is segmented and a row of hairs spans many segments. Finally, Edwards 

and Palka (1974 - crickets) and Leander (1979 - Arenivaga) showed that 

the branching pattern of the cereal nerve was very regular, and the basic 

pattern of one branch per row was seen. 

What is the advantage of having the recptors arranged in rows, 

and all receptors in a row showing the same directionality? It is 

easy to see the advantage of having receptors that are sensitive to 

different directions. A stimulus, be it pressure waves or wind, from 

any direction would be picked up by some receptor. And if more than 

one receptor were sensitive to that direction, the parrallel input 

per stimulus would be increased. If the receptors were arrayed in a 

specific pattern, and all their axons traveled towards the central 

nervous system as a unit, then a row of receptors (or a patch or whatever) 

would become a very sensitive, very responsive receptor. 

Receptor Morphology and Innervation 

With the exception of the type 4 receptors, all the receptors 

are combination of simple and pappose setae. Why are there two types of 

seta? One possible explanation is that each type is specific to a part

icular type of stimulus. Given the location and nature of the receptors, 

it would be logical if one seta type responded to pressure waves and the 
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other to tactile stimulation. Although I have no experimantal support 

for this hypothesis, there is a certain amount of circumstantial evidence. 

The pappose setae might be pressure wave receptors because their 

branching structure increases their surface area. In a clump of mixed 

pressure wave and touch receptors, one would expect the wave receptors 

on the outer edge. In all type 1 and 2 receptors, the simple setae are 

bordered by pappose setae. 

One would also expect that receptors along the edges of and near the 

tip of the claw would be more concerned with touch while those along the 

flat sides of the claw would be more concerned with pressure waves. The 

type 1 receptors in rows one and three and the type 4 receptors are all 

located near the edge or at the tip and all contain relatively large 

numbers of simple setae. The type 2 and 3 receptors are located on the 

flat dorsal and ventral surfaces of the claw and are mostly pappose 

setae with few or no simple setae. Lastly, the type 3 receptors are not 

neccessary as touch receptors since a touch anywhere to the cuticle 

elicits a response greater than the receptor response. Shelton and 

Laverack (1968) assign this "generalized sensitivity" to funnel canals 

and Buschelorganen scattered across the cuticle. 

In all the receptors studied, whenever it was possible to stimul

ate a single seta, that seta always drove a single unit. To read earlier 

studies (Laverack, 1962a, b, 1963; Mellon and Kennedy, 1962; Mellon, 1963) 

one gets the impression that all crayfish setae were innervated by at least 

two neurons. 

As I mentioned before, all these earlier studies were concerned 

with isolated setae. Only one previous study has dealt with a single 

seta in the midst of a clump. That study involved the British crayfish 

(Orconectes limosus) and studied clumps of setae on the dactylopodite 

and the index of the propodite of the first two walking legs (Hatt and 

Bauer, 1980). In every case, each seta was singly innervated, and, 

although the paper did not say so directly, it appeared the whole re

ceptor was innervated by a single unit. 
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Claw Closure Reflex 

Wiens (1982) believed the claw closure reflex was monosynaptic, 

based on the delay time between the afferent burst and the sensory 

response. Using results from a number of sources (Furshpan and Potter, 

1959; Kennedy and Mellon, 1964; Wiens and Gerstein, 1976), one would 

calculate a delay time of 25 to 45 msec if the reflex was monosynaptic. 

Although the fastest time recorded here was 30 msec and was well with

in this range, this is only the weakest of evidence and so the matter 

remains unresolved. 

Finally the original hypothesis, concerning which receptors trig

gered the reflex, can be considered. It has long been known that a 

touch to the inside of the claw stimulated closing while a touch anywhere 

else on the index of the propodite or the dactylopodite caused opening. 

Because the animal would not exhibit the reflex while restrained, it 

was impossible for me to stimulate a particular receptor and see if it 

triggered closing. However, the stimulus could be limited so that the 

receptors were either the type 1 receptors in row one or the short blade

like structures along the inside border of the claw (fig. 6). In all 

seven preparations, the blade-like structures showed no mechanosensory 

response at all. Yet when clearing the claws during cobalt backfill 

attempts, channels could be seen through the cuticle from the inside to 

the base of the blade-like structures. Similar channels were seen ex

tending to the base of all setae. The explanation seems to be that in 

fact the type 1 receptors of row one trigger the closure reflex while the 

short, blade-like structures are chemosensory. This is the conclusion 

Field (1974) reached while working with the chelae of hermit crabs. 

The next steps in continuing this research would be first to fill 

the afferent neurons into the ganglion to see if they synaps directly 

with the motoneuron or with an interneuron. Then, utilizing an isolated 

ganglion-claw preparation (Wiens, 1976), it should be possible to define 

the limits of the reflex, i.e,, the number of receptors needed to trig

ger the reflex, and whether the receptors are graded in importance; and to 

dissect physiologically and anatomically the simple learning shown by 

this reflex. 
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