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ABSTRACT 

Grasshoppers are able to spontaneously drop, or autotomize, their large 

metathoracic legs, at the joint between the second and third leg segments. Previous 

work demonstrated that in the grasshopper, Barytettix psoitis, autotomy 

transneuronally induces atrophy in a group of six metathoracic muscles on the 

ipsilateral side. These muscles are neither damaged nor denervated by the loss of the 

leg. The experiments presented in this dissertation support and extend the earlier 

work by examining the effects of autotomy on twelve additional metathoracic 

muscles, one of which was discovered during these studies. 

These experiments demonstrated that atrophy varied both between muscles, 

as well as between fibers within individual muscles. Some muscles degenerated 

uniformly, whereas others contained persisting fibers long after neighboring fibers 

degenerated. Extent of atrophy in each muscle was quantified by measurement of 

total protein content. Histochemical staining of myofibrillar ATPase activity in a 

subset of muscles indicated that slow type fibers comprised the majority of those 

persisting following autotomy. 

Immunohistochemical experiments suggested that persistance of muscle fibers 

was correlated with innervation both by motor neurons (MNs) containing proctolin-

like immunoreactivity (PLI), and by an inhibitory MN containing 7-aminobutyric 

acid (GABA)-like immunoreactivity (GLI). The distributions of PLI and GLI 

indicated that these two types of MNs innervate muscles in parallel. 
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In an attempt to identify the proctolin-like substance, muscle extracts of 

fourteen muscles were purified by HPLC and bioassayed for proctolin-like 

bioactivity (PLB). Nine muscles with PLI also contained PLB. These experiments 

support the presence of proctolin in muscles with PLI. Four out of the five muscles 

lacking PLI also contained PLB. It is likely that these muscles contain at least one 

bioactive peptide that is biochemically similar to proctolin. 

These experiments are the first to suggest the association of proctolin-like 

substances with the majority of leg muscles in any insect. My immunohistochemical 

data combined with the results of previous experiments on the functions of 

proctolinergic and GABAergic innervation suggest that proctolin or proctolin-like 

substances are commonly used to maintain postural tonus in metathoracic leg muscles 

during standing and locomotory activities. 
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CHAPTER ONE: GENERAL INTRODUCTION 

Proper function of a nervous system depends upon the establishment of 

appropriate connections during development. Beginning during embryogenesis, all 

neurons pass through a characteristic series of stages that eventually result in the 

construction of a neural network with the correct central and peripheral wiring, 

enabling the animal to successfully navigate life in its environment. Of these 

sequential stages: 1) determination, 2) proliferation, 3) migration, 4) axon 

outgrowth, 5) synapse formation, 6) synapse rearrangement, and 7) synapse 

maintenance, the last four are not not necessarily confined to embryogenesis, 

particularly in neuromuscular systems. These processes, together, underlie the 

plasticity that is present in many postembryonic life stages. The experiments 

described in this dissertation used a neuromuscular system in the grasshopper, 

Barytettix psolus (Fig. 1.1), in which muscle atrophy can be induced transneuronally 

by causing the animal to autotomize its metathoracic or hind leg. Hindlimb autotomy 

is an active motor behavior that permits a grasshopper to escape from a predator or 

to drop a damaged leg. The leg detaches between the trochanter and femur, the 

second and third leg segments (Fig. 1.1), severing the leg nerve, tracheae, and 

epidermis but damaging no muscle tissue in the process. 

Grasshoppers in all postembryonic stages are capable of autotomizing their 

enlarged metathoracic legs, but, regardless of developmental stage, a new leg is not 

regenerated. In the grasshopper, B. psolus, hindlimb autotomy triggers extensive 
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Fig. 1.1 A shows a photograph of the two grasshoppers used in these experiments. 

Barytenix psolus is on the right, and Melanoplus differentialis is on the left. Note 

that B. psolus has only one pair of non-functional wings on the mesothoracic 

segment, while M. differentialis, like all other grasshoppers discussed in this 

dissertation, has two pairs of fully functional wings. Also note that the third, or 

metathoracic, pair of legs is greatly enlarged and modified relative to the two pairs 

anterior to it. As shown in B, autotomy occurs between the second (trochanter) and 

third (femur) leg segments (dashed line), severing N5, but damaging neither N3 nor 

N4, shown in C. This figure shows only a subset of the muscles used in these 

experiments. The origins and insertions of all muscles examined in these studies are 

proximal to the autotomy site. After Arbas and Weidner (1991). 
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muscle atrophy in a group of ipsilateral leg muscles muscles that are neither 

damaged nor directly denervated by autotomy (Arbas and Weidner, 1991). These 

muscles are intrinsic to the metathorax and the two leg segments remaining after 

autotomy. Autotomy severs nerve (N) 5, which contains sensory and motor axons 

innervating the distal leg structures, but the affected muscles are innervated 

primarily by N3 and N4, as well as branches of N5 that exit the main nerve trunk 

proximal to the autotomy site (Fig. I.l). 

Regardless of developmental stage in B. psoitis, the affected muscles on the 

same side and segment as the lost leg are visibly atrophied within 7-10 days post-

autotomy (Arbas and Weidner, 1991). By 30 days post-autotomy, atrophy is 

complete in all six muscles included in these initial studies, with all muscles 

degenerated to <15% of the mass of their contralateral homologues (Arbas, 1988; 

Arbas and Weidner, 1991). Arbas and Weidner (1991) determined that atrophy 

resulted from direct damage to the leg nerve rather than loss of load on these 

proximal leg muscles. Additional experiments have revealed that motor neurons 

(MNs) to at least two of these muscles, muscle (M) #133b,c and M#120 (muscles 

numbered according to Snodgrass, 1929), maintain terminals out at the muscle long 

after atrophy is complete (Villalobos and Arbas, 1988; Clinton and Arbas, 1994). 

Somata of M#133b,c motor neurons, however, are significantly reduced in diameter 

(Villalobos and Arbas, 1988). 

My studies, which include all six muscles examined by Arbas and Weidner 
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(1991) as well as twelve additional muscles, demonstrate that atrophy varies 

consistentiy both between muscles as well as between fibers within individual 

muscles. These results suggest different levels of plasticity exist throughout the 

motor system of the hind limb. My experiments demonstrate that extent of atrophy 

is strongly correlated with innervation patterns of two classes of motor neurons, 

slow excitatory motor neurons containing a proctolin-like substance and one of the 

three common inhibitory motor neurons (CI MNs) in this segment, CI MN #\ (Hale 

and Burrows, 1985). These experiments also suggest that these two classes of motor 

neurons innervate muscles in parallel. While the mechanisms underlying the 

differential response to autotomy are not revealed by this work, several possibilities 

will be discussed, which require brief introductions to the following subjects: 1) 

synaptic pathways within the metathoracic ganglion; 2) putative functions of the 

neuromodulatory pentapeptide, proctolin (H-Arg-Tyr-Leu-Pro-Thr-OH); 3) function 

of CI MNs; and 4) trophic factors in neuromuscular systems. 

Synaptic Pathways Within the Metathoracic Ganglion 

In 1979, Kuwada and Wine stated that "organized behavior requires central 

neural mechanism.s to prevent the simultaneous occurrence of incompatible 

movements." For example, the nervous system of a grasshopper, whose main 

appendages include three pairs of legs, must coordinate movement of the different 

pairs, movement of both members of a pair, and movement of each of the leg 
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segments during walking, or the animal will make little directional progress. In 

addition, legs are used for behaviors other than walking, such as swimming, 

jumping, running, grooming, and sound production. Motor patterns underlying each 

of these behaviors, while using many of the same motor neurons and muscles, 

would vary substantially in some cases in the order and timing of contraction of 

particular muscles. 

It is widely accepted that many complex behavioral patterns are produced 

within the central nervous system (CNS) by pattern generating circuits composed 

primarily of intemeurons (INs). Much of the work demonstrating the existence and 

properties of such networks has focused on invertebrate animals, because their 

nervous systems, while capable of producing complex behaviors, contain fewer 

neurons than those found in many vertebrates more closely related to ourselves. In 

addition, other advantages include that they are often easily and inexpensively 

maintaintid in a laboratory setting, and in particular that their nervous systems are 

composed of neurons that are often identifiable, on the basis of morphology and 

location, in every animal of the species. 

Grasshoppers and locusts have been used in landmark studies on the nervous 

control of various behaviors. A variety of rhythmic behaviors are easily elicited for 

long periods of time under laboratory conditions, and, because of their large size, 

they have proven ideal for recording intracellular and extracellular electrical activity 

in both muscles and neurons. Methods have been developed to record neuronal 
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activity in preparations ranging from almost intact, behaving animals (e.g. Wolf and 

Pearson, 1987; Wolf, 1990a), to thoracic ganglia isolated from the body (Robertson 

and Pearson, 1982). As such, the organization of various pattern generating 

circuitry, central processing of sensory information, and its effects on motor output 

is better understood in grasshoppers than in most other animals. 

Like all arthropods, the CNS of a grasshopper is segmented and distributed 

along the length of the animal. Several neuromeres from the most anterior segments 

are fused to form the brain. The rest of the CNS is distributed as segmental ganglia, 

comprising the ventral nerve cord (VNC) along the length of the animal. In general, 

each segmental ganglion contains the intemeuronal and motomeuronal circuitry to 

operate the muscles in that segment. Sensory cells, whose somata lie primarily in 

the periphery (for an exception see Braunig and Hustert. 1980) project into the 

ganglion of the segment in which they are located. The metathoracic, or third 

thoracic segment, in most grasshoppers is equipped both with a pair of wings and a 

pair of legs that are specialized for jumping (Fig. 1.1). As such, it has been the 

focus of many studies on neuronal organization of pattern generators and processing 

of sensory input. 

Early studies took advantage of the fact that many grasshoppers, Schistocerca 

gregaria and Locusta migratoria, are willing to fly when tethered in the laboratory, 

and focused on motor output to the various flight muscles {e.g. Weis-Fogh, 1956a; 

Wilson, 1961; Wilson and Weis-Fogh, 1962). Later, methods for intracellular 
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recording of electrical activity of central neurons were used to identify and 

characterize pattern generating intemeuronal circuits used for walking and jumping 

as well as flight (Burrows and Siegler, 1984; Gynther and Pearson, 1986; Pearson et 

al., 1986; Robertson and Pearson, 1983, 1985). Studies of the flight circuitry 

revealed that pattern generator networks could include peripheral, or sensory, as 

well as central neurons (Pearson, Reye, and Robertson, 1983; Wolf and Pearson, 

1987). Other studies revealed that individual muscles and motor neurons can be used 

for multiple behaviors, but the difference in patterned outputs results from 

completely separate pattern generator circuitry (Wilson, 1962; Ramirez and Pearson, 

1988). 

While most sensory cells are not necessary elements of pattern generating 

circuitry, they play a crucial role in modifying the motor output so that the animal 

can accommodate changes in external forces on itself during behavior. For example, 

change in wind speed and direction, detected by various mechanoreceptors of the 

antennae and head, will affect motor outflow to flight muscles (e.g. Gewecke and 

Philippen, 1978; Mohl and Bacon, 1983). Sensory inputs can also act to prevent 

simultaneous expression of multiple interfering motor programs. For example, in the 

locust, input from mechanoreceptors on distal leg segments while the animal is 

standing inhibit the flight motor pattern (Weis-Fogh, 1956b). 

In all behaviors, muscle tension subserving postural control must mesh with 

the motor pattern underlying the behavior to provide joint stability without working 
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against movement imposed by other muscles. This muscle tension is thought to be 

maintained primarily by the output of slow excitatory motor neurons that generally 

innervate a subset of fibers in many muscles. Resistance reflexes result fi-om 

proprioceptive excitation of muscles to oppose movement of the joint (see Burrows 

and Horridge, 1974). Input from proprioceptive organs, which communicate 

information about limb position, must be integrated with receptors sensitive to 

chemical or tactile stimuli to allow patterned motor output to be modified 

accordingly (see reviews in Burrows, 1989, 1992, and 1996). 

The metathoracic leg contains about ten thousand sensory cells, but its 

muscles are innervated only by about 70 MNs, both excitatory and inhibitory 

(Burrows, 1996). Therefore, considerable convergence of this sensory information is 

required before it effects changes in firing patterns in the motor neurons. A few 

sensory afferents have been demonstrated to make monosynaptic connections with 

motor neurons (e.g. Burrows, 1987; Laurent and Hustert, 1988). The bulk of 

sensory information is processed by about one thousand intemeurons, which then 

influence not only motor neurons directly in the same hemi-ganglion but also 

intemeuronal circuitry of the contralateral side of the same segment as well as other 

leg-bearing segments, to insure that movement of all legs is co-ordinated 

appropriately (Burrows, 1989). 

Sensory afferents make excitatory connections in parallel and distributed 

fashion onto both spiking and non-spiking local INs, intersegmental INs, and the 
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occasional MN. The spiking local INs are further divided into two classes based on 

their location within the ganglion and their effect on post-synaptic partners. Those 

located along the ganglion midline have an inhibitory effect while antero-medial INs 

have an excitatory effect. There is good evidence for synaptic connections between 

midline spiking INs and all other types of INs as well as MNs. It is presumed that 

antero-medial spiking INs also make similar connections but with the opposite 

effect. In contrast, non-spiking INs only synapse onto other non-spiking INs or 

MNs, and the effects demonstrated so far are inhibitory in nature. Comparatively 

little is known about the connections of intersegmental INs. It is thought that most 

but not all make excitatory connections with non-spiking INs and MNs. Overall, 

there is a directional flow of information from sensory afferents to, in order, spiking 

local INs, non-spiking INs, intersegmental INs, and finally converging onto MNs 

(for review see Burrows, 1996). 

The system is designed to be highly adaptive to slightly different 

circumstances and the output from the network is state-dependent. For example, 

when an insect is walking, its typical gait is that of the alternating tripod (Graham, 

1972). If one of the three support legs during stance phase brushes against an 

obstacle that would initiate reflexive lifting and withdrawal of the leg, the animal 

would no longer be balanced. Wolf (1992) found in the locust, L. migratoria, that 

during walking these sorts of reflex responses were inhibited during the stance phase 

when their expression would be deleterious. In addition, whole networks as well as 
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individual neurons may exhibit different integrative properties {e.g. change in gain) 

depending upon circumstances like prior history of activity or exposure to 

neuromodulatory substances (Burrows, 1996). 

Function of Common Inhibitory Motor Neurons 

Another way in which muscle tension is finely controlled is through 

inhibitory motor neurons. In grasshoppers, as in crustaceans where they were first 

characterized (see review in Wiens, 1989), single inhibitory motor neurons will 

innervate multiple muscles, and are therefore called common inhibitory motor 

neurons (CI MNs). They were first described in two species of grasshoppers, 

Locusta migratoria and Schistocerca gregaria, and the American cockroach, 

Periplaneta americana by Pearson and Bergman (1969). Most of the muscles in 

each metathoracic leg are innervated by one of three CI MNs whose innervation 

patterns were mapped by Hale and Burrows (1985), in the grasshopper, S. gregaria. 

They found that CI MN innervates thirteen muscles, all with origins and/or 

insertions on the three proximal leg segments, the coxa, trochanter, and femur. CI 

MNs #2 and #3 both innervate an additional group of four muscles in the femur and 

tibia. One muscle not included in their study, the pleuroaxillary muscle (M#114), is 

also likely innervated by CI MN #1, since the presumed ho mo log to M#114 in the 

mesothoracic ganglion (M#85) was found to be innervated by mesothoracic CI MN 

if \ in the grasshopper, Locusta migratoria (Wolf, 1990b). Interestingly, this muscle 
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is the only one of all innervated by each segmental CI MN #1 that is used 

exclusively for wing movement. The remainder are either anatomically situated to 

move both the wing and leg, or are only capable of imposing leg movement. 

CI MNs are found primarily to co-innervate muscle fibers with slow 

excitatory motor neurons (Pearson, 1973; Usherwood and Grundfest, 1965; Hoyle, 

1978; Bums and Usherwood, 1979; Kutsch and Usherwood, 1970; Hale and 

Burrows, 1985; Muller et al., 1992). Since a primary function of slow excitatory 

MNs and the muscle fibers they innervate is to maintain postural stability, this 

innervation pattern suggests that at least one of the functions of CI MNs would be to 

relieve postural muscle tension. Postural stability of the leg joints is likely to be 

provided by tension in many muscles, including those that would act as antagonist 

pairs during locomotion. But co-contraction of multiple muscles would likely inhibit 

more rapid imposed movements. Activation of a CI MN would rapidly eliminate 

tension simultaneously in all muscles, tension that would likely impede the cyclic 

movement imposed by antagonist pairs of muscle during locomotion. 

This proposed function is supported by a variety of experiments on timing 

and firing frequency of CI MN #1 in both grasshoppers and the American 

cockroach, P. americana. Wolf (1990a) demonstrated in tethered walking locusts, L. 

migratoria, that activity in CI MN is minimal during periods of maintained 

posture, but it is tonically active during walking, with higher frequency bursts of 

action potentials occurring just prior to leg protraction. Speed of leg protraction is 
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directly proportional to the number of spikes in the burst, which indicates that the 

summed activity of the CI MNs and the excitatory MNs may provide continuously 

graded muscle tension over a certain range. 

During walking, CI MN function is not dependent upon sensory feedback, 

but they are influenced by it (e.g. Burrows, 1973; Hale and Burrows, 1985; Wolf, 

1992). Schmidt and Rathmayer (1993) have demonstrated in the locust, L. 

migratoria, that when a wide variety of tactile hairs are stimulated in groups, all 

three CI MNs respond similarly. They likely act together as a functional unit, in 

contrast to excitatory motor neurons of antagonist muscle pairs, which receive inputs 

of opposite sign (Siegler and Burrows, 1986; Laurent and Hustert, 1988). These 

data supports the hypothesis that the function of the CI MNs is to rapidly relieve 

residual tension in muscle fibers prior to any movement whether reflexive in nature 

or resulting from directed locomotion. Additional support for this functional role 

comes from experiments by Fourtner and Drewes (1977) in the American 

cockroach, P. americana, where they demonstrated that CI MNs are the t~irst MNs 

to be excited by sensory organs responsible for initiating the escape reflex. 

Trophic Factors in Neuromuscular Systems 

Neuromuscular systems have long been the focus of neurobiologists 

attempting to understand the cellular processes yielding plasticity. For example, 

axotomy in peripheral nerves of many postembryonic animals results in new axonal 
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growth and synapse formation with original muscle targets (see Purves and 

Lichtman, 1985 for examples), as well as many associated electrophysiological 

changes (e.g. Titmus and Faber, 1990). A multitude of studies have documented the 

importance of synaptic interactions, both retrograde and anterograde, between MNs 

and their muscle targets that facilitate various types of plasticity (anterograde: Buller 

et al., 1960; Buller et al., 1969; Salmons and Sreter, 1976; Chan et al., 1982; 

Foehring et al., 1987a; Helgren et al., 1994; retrograde: Czeh et al., 1978; 

Foehring et al., 1987b; Brown and Lunn, 1988; Henderson, 1988; Oppenheim and 

Havercamp, 1988; Foehring and Munson, 1990; Lowrie and Vrbova, 1992; Neff et 

al., 1993; Comella et al., 1994). But other properties seem to be intrinsically 

programmed into MNs or muscle tlbers, and appear to be uninfluenced by 

environmental factors (e.g. Edgerton et al., 1985; Sanes, 1987; Harris et al., 1989; 

Condon et al., 1990a,b; Fredette and Landmesser, 1991). 

Various molecules have been identified as possible anterograde or retrograde 

signaling substances in neuromuscular systems. For example, brain-derived 

neurotrophic factor (BDNF) (Koliatsos, 1993), fibroblast growth factor 5 (FGF-5) 

(Hughes et al., 1993), glial cell-line derived neurotrophic factor (GDNF) 

(Henderson et al., 1994), insulin-like growth factor (IGF) (Neff et al., 1993), 

neurotrophin 3 (NT-3) (Lohof et al., 1993; reviewed in Mendell et al., 1994), 

ciliary neurotrophic factor (CNTF) (reviewed in Sendtner et al., 1994; Helgren et 

al., 1994), acetylcholine receptor inducing activity (ARIA) (Goodearl et al., 1995), 
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and calcitonin gene-related peptide (CGRP) (Sala et al., 1995) are all thought to play 

a role in the maintenance of neuromuscular systems. Loss of such support as a result 

of axotomy or non-invasive disruption of axonal transport has been demonstrated to 

cause up-regulation of nerve growth factor (NGF) receptor mRNA synthesis in MNs 

(Wu et al., 1993). In this case the authors postulated that loss of a retrograde signal 

from either the target muscle or Schwann cells in the nerve was responsible for the 

up-regulation of the mRNA synthesis in the MNs. 

MNs may also provide trophic support to the muscles they innervate. In 

many vertebrates, CGRP is co-released with acetylcholine (ACh) from MNs, and 

has been shown to have multiple effects on target muscle fibers, such as inducing 

synthesis of nicotinic acetylcholine receptors in cultured muscle cells (Fontaine et 

al., 1986; New and Mudge, 1986; Fontaine et al., 1987), and increasing muscle 

tension (Takami et al., 1985) and twitch potentiation (Takamori and Voshikawa, 

1989). Sala et al. (1995) present evidence that expression of CGRP is elevated in 

motor terminals on rat soleus muscle following nerve crush, tetrodotoxin blockade 

of nerve impulses, or paralysis with botulinum toxin. In the first case, following 

nerve crush, increase of CGRP occurred in parallel with reinnervation. In addition. 

Popper et al. (1992) demonstrated that muscle extracts from inactive muscle cause 

upregulation of CGRP expression in MNs. 

Normally CGRP is present in MNs post-natally, but levels decline with 

junctional maturation. The results of Popper et al. (1992) may indicate that CGRP 
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plays a trophic role in maintenance of the neuromuscular junction, or is affected by 

increase in other retrogradely-acting trophic substances that are upregulated 

following denervation or paralysis (see discussion. Popper et al., 1992). Co-release 

with ACh results in an increase in the cyclic nucleotide, cyclic 3',5'-adenosine 

monophosphate (cAMP) in the target muscle (Laufer and Changeux, 1987) and an 

increase in tension production in the muscle. Laufer and Changeux (1989) report 

that, in addition to stimulating synthesis of cAMP, CGRP also causes increased 

hydrolysis of phosphatidylinositol 4,5-bisphosphate. Thus CGRP has been 

demonstrated as responsible for stimulating multiple second messenger pathways in 

target muscle fibers, which could underly its multiple effects. 

Regulation of biosynthesis of trophic substances can also occur through 

action of classical neurotransmitter on their target cells (Zafra et al., 1991). In 

hippocampal neurons, production of BDNF and NGF mRNAs is affected both in 

vivo and in vitro by glutamatergic and GABAergic inputs to the cells. Blocking 

glutamate receptors or stimulating GABAergic pathways decreases mRNA synthesis 

of both factors in the hippocampus as well as NGF protein in the hippocampus and 

septum. Previous studies showed that activation of the system by injection of the 

glutamate agonist, kainic acid, or induction of limbic seizures, increase levels of 

BDNF and NGF mRNAs in the hippocampus (Gall and Isackson, 1989; Zafra et al., 

1991; Gall et al., 1991). 
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Functions of the Neuromodulatory Peptide, Proctolin 

A variety of arthropods have been shown to possess a neuromodulatory 

substance, the pentapeptide proctolin, that has effects on muscle similar to CGRP in 

mammals. Unlike CGRP, however, proctolin has never been demonstrated to have 

trophic effects on either neurons or muscle. As a well-studied insect neuromodulators 

(see review by Orchard et al., 1989), proctolin was first identified and sequenced as 

a result of its effects on hindgut in the cockroach, P. americana, in which it induces 

a myogenic rhythm (Brown and Starratt, 1975; Cook and Holman, 1979). Since then 

proctolin or proctolin-like substances have been found to be associated with a variety 

of visceral and skeletal muscles in a number of arthropods, mostly insects and 

crustaceans (e.g. Bishop et al, 1984; Marder et al., 1986). 

In visceral muscle proctolin often induces a myogenic rhythm. For example, 

in the oviduct of the locust, L. migratoria (Lange and Orchard, 1984), proctolin 

increases basal tonus and increases both the force and frequency of myogenic 

contractions. In skeletal muscles that normally lack an intrinsic myogenic rhythm, 

such as the mandibular closer muscle (Baines et al., 1990) and the ovipositor opener 

muscle (Belanger and Orchard, 1993a) of the locust, L. migratoria, proctolin 

increases the amplitude of neurally-evoked contractions. In general, when proctolin 

is co-released with glutamate, the classical neurotransmitter in insect excitatory 

motor neurons, it generally acts to increase muscle tension over that induced by 

glutamate alone (Orchard et al., 1989). In skeletal muscle it was previously thought 
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to be associated with slow excitatory motor neurons (Orchard et al., 1989), but more 

recent studies have shown that proctolin or proctolin-like substances can also be 

found in fast excitatory motor neurons (Bartos et al., 1994; Belanger and Orchard, 

1993a,b; Facciponte et al., 1995, 1996). 

While the effects of proctolin on its many target tissues are generally 

consistent, both the duration of the effect and the mechanisms underlying tension 

enhancement vary between preparations. In both the mandibular closer muscle 

(Baines et al., 1990; Baines and Downer, 1992) and the oviduct (Lange, 1989) 

proctolin appears to act through phosphoinositide-mediated pathways, but in the 

hindgut of the cockroach, L. maderaea, proctolin activates an adenylate cyclase 

(Wright et al., 1986). In some muscles, rhythmicity or muscle tension are regulated 

by proctolin through calcium-mediated pathways (Orchard et al., 1989). In the tonic 

abdominal flexor muscle of the crayfish, Procambarus clarkii. Bishop et al. (1987, 

1991) found that proctolin increases current through two voltage-sensitive calcium 

channels in the muscle membrane, hence increasing muscle tension produced in the 

presence of glutamate. Yet in another crustacean skeletal muscle preparation, fast 

fibers from the abdominal extensor muscle of the marine isopod crustacean, Idotea 

baltica, proctolin potentiation of muscle contraction resulted from closure of non-

voltage-gated potassium channels (Erxleben et al., 1995). Current flow through these 

channels acts to maintain resting membrane potential, so their closure results 

in increased membrane resistance, causing an increase in amplitude of excitatory 
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post-synaptic potentials and a lowering of the contraction threshold. As in the 

crayfish tonic abdominal muscle, modification of the channel properties likely occurs 

through a cAMP cascade. 

Proctolin may also mediate a more extended contraction, similar to the catch 

state seen in bivalve molluscs (Nunzi et al., 1981), in a coxal muscle of the 

American cockroach, P. americana. A "catch-like" state, in which muscle tension is 

maintained for an extended period of time without tonic nervous input, occurs 

following stimulation of D„ a slow excitatory MN to M#177d. Muscle fibers will 

maintain tension for several minutes (Chesler and Fourtner, 1981). Adams and 

O'Shea (1983) later demonstrated that the D, MN is proctolinergic and that bath 

application of proctolin on to M#177d induced effects similar to those observed by 

Chesler and Fourtner (1981). A catch-like contraction has also been documented in 

another muscle shown to be innervated by a proctolinergic motor neuron, the 

extensor tibiae muscles in the locust, 5. gregaria (Bums and Usherwood, 1978; 

Worden et al., 1985). 

Activity in muscles has been shown to reduce denervation effects in rats (e.g. 

Lamo and Westgaard, 1975, 1976). If proctolin induces a catch-like state in skeletal 

muscles of insects that is mediated through long-term modulation of second 

messenger levels, such sustained changes within the muscle fibers could underly a 

trophic effects similar to those proposed for CGRP in vertebrates. 
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OBJECTIVES 

Earlier studies on autotomy-induced muscle atrophy in the grasshopper, B. 

psolus, demonstrated that a subset of six muscles that are neither damaged nor 

denervated during hind-limb autotomy, undergo severe atrophy through as yet 

unidentified transneuronal mechanism(s) (Arbas and Weidner, 1991). My preliminary 

studies with this system suggested that, in this group of six muscles, atrophy varies 

both between muscles as well as between fibers within individual muscles (Clinton 

and Arbas, 1994). Additional studies also suggested that resistance to atrophy and/or 

degeneration is correlated with presence of a proctolin-like substance on the muscle 

fibers, and innervation by CI MN #1. For this dissertation, experiments were aimed 

at answering the following questions with the original group of six muscles plus an 

additional twelve muscles that are also found within the metathorax and the two 

proximal leg segments, left behind following autotomy: 

1) What is the extent of atrophy and/or degeneration exhibited by each of the 

eighteen muscles, as determined by analysis of total protein content? 

2) Is there a correlation between resistance to atrophy and innervation by 

motor neurons containing proctolin-like substances? 

3) Is there a correlation between resistance to atrophy and innervation by CI 

MN m 

4) Is there a correlation between resistance to atrophy and muscle fiber type? 
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5) Does the distribution of proctolin-like immunoreactivity determined in 

question #2 reflect the distribution of authentic proctolin? 

The experiments in this dissertation were originally designed to identify what 

features of the nervous system determine each muscle's response to hind-limb 

autotomy. The results, however, suggest certain design features of the hind-limb 

motor system and how they contribute to various behaviors. These issues are 

discussed in Chapter Two. Chapter Three focuses on the correlations between the 

innervation patterns of the hind-limb muscles and the extent of autotomy-induced 

atrophy and degeneration in each muscle. Possible mechanisms underlying this 

differential response are presented. In Chapter Four I discuss my experiments in the 

broader context of locomotory behaviors of grasshoppers and other systems in which 

similar transneuronal effects have been observed. 
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CHAPTER TWO: PROCTOLIN-LIKE IMMUNOREACTIVITY AND ITS 

SIGNIFICANCE IN METATHORACIC LEG MUSCLES OF THE 

GRASSHOPPER, BARYTETTIX PSOLUS 

ABSTRACT 

The distribution of proctolin-like immunoreactivity (PLI) was determined in 

eighteen metathoracic leg muscles proximal to the joint between the trochanter and 

femur in adult grasshoppers, Barytettix psoitis. Previous experiments by Keshishian 

and O'Shea (1985) documenting the distribution of PLI in the metathoracic ganglion 

of Schistocerca nitens suggested that few motor neurons to the metathoracic leg 

muscles contained PLI. My results indicate that thirteen out of eighteen metathoracic 

muscles have PLI associated with them, in a staining pattern typical of motor neuron 

terminals. Additionally, metathoracic ganglia stained with two antisera to proctolin 

showed the presence of far more positively-stained somata than previously reported 

by Keshishian and O'Shea (1985). Many of these somata were in regions containing 

motor neurons to the metathoracic leg muscles (Siegler and Pousman, 1990a,b). 

Each positively stained muscle is likely to be innervated separately by one or more 

motor neurons containing PLI. Extracts of nine out of the thirteen muscles with PLI 

were purified by HPLC and assayed for proctolin-like bioactivity (PLB) on 

grasshopper oviduct. All nine contained PLB in the fraction co-eluting with 

proctolin. These results support the presence of proctolin in motor neuron terminals 
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associated with these nine muscles. Extracts of all five muscles lacking PLI were 

similarly purified and assayed for PLB. Four out of these five muscles contained 

PLB. These muscles most likely contain at least one additional peptide that is similar 

but not identical to proctolin, both in its biochemical properties and its effect on 

grasshopper oviduct. 

The distribution of muscles with PLI was similar to that reported for common 

inhibitory motor neuron #1 (CI MN #1) in the locust, Schistocerca gregaria (Hale 

and Burrows, 1985). Immunohistochemical studies confirmed that the distribution of 

7-amino butyric acid (GABA)-like immunoreactivity (GLI) matches that of PLI in B. 

psolus, but differs slighdy from that of CI MN #1 in 5. gregaria. The current 

results, when placed in the context of previous investigations into the effects of 

proctolin on skeletal muscles as well as the role of CI MN #1, suggest that proctolin 

may be commonly used to maintain postural muscle tension in metathoracic leg 

muscles of grasshoppers. 
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INTRODUCTION 

In insects, innervation of multiple muscles by one motor neuron has been 

documented, but it is a relatively rare occurrence. Of the two main types of motor 

neurons, inhibitory motor neurons comprise the majority of cases of multiple muscle 

innervation. Common inhibitory motor neurons (CI MNs), first documented in 

decapod crustaceans by Wiersma (1941), have since been found in motor systems of 

many insects. Pearson and Bergman (1969) determined that CI MNs innervated 

multiple metathoracic leg muscles or the cockroach, Periplanera americana, as well 

as two species of locusts, Locusra migratoria and Schistocerca gregaria. Hale and 

Burrows (1985) found that thirteen muscles associated with the metathoracic leg of 

locusts were innervated by one of the three pairs of common inhibitory motor 

neurons (CI MNs), CI MN #1. One additional flight steering muscle in this segment, 

(M#114, after Snodgrass, 1929), is also likely to be innervated by CI MN#1. Wolf 

(1990b) demonstrated that its presumed segmental homolog, M^85 in the 

mesothoracic segment of the grasshopper, L. migratoria, is innervated by 

mesothoracic CI MN it I. 

In various Orthopterans, CI MNs have also been found to innervate antennal 

muscles of crickets, Grylliis bimaculatus and Gryllus campestris (Honegger et al., 

1990a,b), and most likely the analogous muscles of the locust, Locusta migratoria 

(Bauer and Gewecke, 1991). At least one CI MN appears to innervate the neck 

muscles in the locust, S. gregaria (Shepheard, 1974). Belanger and Orchard (1993) 
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show that the ovipositor opener muscle of female grasshoppers, L. migratoria, are 

sensitive to applied GABA, but whether the muscles used during oviposition are 

irmervated by a CI MN has yet to be determined. 

In all of these systems as well as others, CI MNs were found to innervate 

muscle fibers in parallel with slow excitatory motor neurons (reviewed in Pearson 

1973; also see Allgauer and Honegger, 1993; Hale and Burrows, 1985; Hoyle, 

1978a; Kutsch and Usherwood, 1970; Wolf, 1990b; for exceptions see: Shepheard, 

1974; Belanger and Orchard, 1993a). This general pattern, also evident in crustacean 

neuromuscular systems, led early investigators to propose that CI MNs act to relieve 

postural muscle tension prior to and during active movements (see 

review in Wiens, 1989). If it were not for these inhibitory inputs, the co-contraction 

of antagonist muscle pairs that is necessary for joint stability would act against 

movement of the limb during locomotion. This proposed explanation of the function 

of CI MNs has been borne out in more recent experiments in both crustaceans and 

insects {e.g. Zill and Moran, 1982; Wiens, 1989; Wolf, 1990b). 

In the cockroach, Periplaneta americana, a CI MN is the first MN to be 

activated during walking as well as after sensory stimuli that evoke the escape 

response (Fourtner and Drewes, 1977). CI MNs are also important for the initiation 

of other behaviors as well. In the locust, L. migratoria, CI MN #1, which exhibits 

low levels of activity during standing, fires a high-frequency burst of action 

potentials just prior to initiation of both flight and walking (Wolf, 1990a,b). Of the 
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fourteen muscles innervated by CI MN #1 (Hale and Burrows, 1985; Wolf, 1990b), 

only one muscle, the pleuroalar muscle (mesothoracic M#85 and metathoracic 

M#114), is used exclusively for wing movement. During flight, M#85 is used to 

change the angle of attack of the wing (Wolf 1990b), and during non-flight periods 

in a postural capacity to hold the wings in place, folded along the length of the 

animal (Pringle, 1968). M#85 exhibits basic tonus in the absence of chronic 

excitation, which would act to inhibit the unfolding of the wings before flight. Wolf 

(1990b) demonstrated that just prior to flight, CI MN #1 exhibits a high frequency 

burst of activity, which likely relieves this basic tonus to permit unfolding of the 

wings. The remaining thirteen muscles innervated by CI MN are either used only 

to move the leg, or are used for both wing and leg movement (Burrows, 1996). Even 

muscles that only effect leg movement can also be recruited during flight, since all 

legs are either held in flight posture or are used for steering maneuvers (Arbas, 

1983b; Burrows, 1996; Dugard, 1967). The primary effect of CI MN #1 activity is 

to relieve postural muscle tension that would impede the more rapid leg movements 

required for walking and steering during flight (Wolf, 1990a,b). Wolf (1990a) has 

also provided good evidence, based on the normal activity pattern of all three pairs 

of CI MNs during walking, that activity levels in the metathoracic CI MN #1 

determine the speed with which the leg can be moved forward during the step cycle. 

One other aspect that many of these motor systems have in common is the 

presence of excitatory MNs that contain a proctolin-like substance. In the antennal 
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motor system of the cricket G. bimaculatus, both fast and slow excitatory motor 

neurons have proctolin-like immunoreactivity (PLI) (Bartos et al., 1994), and PLI is 

associated with all antennal muscles in the locust (Bauer, 1991). Proctolin plays an 

essential role in regulating the rhythmic contractions of skeletal muscles underlying 

oviposition behavior in the female locust, L. migratoria (Belanger and Orchard, 

1993a,b). Both the slow coxal depressor motor neuron, D„ of the cockroach and the 

slow extensor tibiae (SETi) motor neuron in the grasshopper, innervate muscle fibers 

that were demonstrated to have basal tonus (Chester and Fourtner, 1981; Hoyle, 

1978b) and to be innervated by CI MNs (Pearson and Bergman, 1969; Hale 

and Burrows, 1985). Later, both D, and SETi were shown to contain proctolin or 

proctolin-like substances (Adams and O'Shea, 1983; Worden et al., 1985). 

Here I provide additional evidence that proctolin-like substances are 

associated with the majority of the muscles that are used to control posture and 

movement of the metathoracic leg. These same muscles have already been shown to 

be innervated by CI MN #1 in another grasshopper, Schistocerca gregaria (Hale and 

Burrows, 1985), and this paper provides evidence that a similar innervation pattern is 

present in the flightless grasshopper, Barytettix psolus. It is possible that, in 

grasshoppers as well as other arthropods, proctolin-like substances are widely used 

in skeletal motor systems to maintain postural tonus. The present data, in addition to 

examples in the literature, suggest that these two types of motor neurons, 

proctolinergic or PLI-containing MNs and CI MNs, are commonly paired in insect 
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skeletal motor systems. I propose that their combined innervation likely facilitates 

production of tension that can be graded in both force and duration for use in 

maintaining joint stability during a variety of behaviors. 
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MATERIALS AND METHODS 

Animals. Grasshoppers used in these studies, Barytenix psolus (Cohn and Cantrall, 

1974), were reared in a laboratory colony established with wild-caught animals on a 

16:8 light/dark cycle at 25-30°C. Grasshoppers were fed Romaine lettuce daily, and 

wheat germ/bran mix ad libitum. 

The following leg muscles, all with origins and insertions proximal to the 

trochanter-femur joint, were included in this study: tergal promoter of the coxa 

(M#118); first and second tergal remotors of the coxa (M#119 and M#120); anterior 

rotator of the coxa (M#121); first, second, and third posterior rotators of the coxa 

(M#122, M#123, and M#124); first abductor of the coxa (M#125); second abductor 

of the coxa (M#126): second pronator-extensor of the hindwing (M#128); depressor-

extensor of the hindwing (M#129); adductor of the coxa (M^130); anterior levator of 

the trochantor (M#131); posterior levator of the trochanter (M#132); and the 

depressor of the trochantor (M#133a,b,c,d) (named and numbered according to 

Snodgrass, 1929; also see Arbas, 1983a). M^133, which has four visually separable 

bundles in B. psoitis, all with a common insertion on the trochanter, was subdivided 

into three parts: M#133a, M^133b,c, and M#133d. One other muscle which neither 

originates nor inserts on the proximal leg segments, the pleuro-alar muscle (M#114), 

was also included in this study. Three muscles typically found in the metathoracic 

segment of grasshoppers were not included in this study because two are absent in B. 

psolus (M#127: first pronator-extensor of the hind wing; M#113: tergo-stemal 
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muscle), and only a few strands of basal lamina are found in the area of the third 

(M#112: dorsal longitudinal muscle) (Arbas 1983a; Arbas and Tolbert 1986). For the 

remainder of the paper, all muscles are referred to by their numerical designation. 

Prior to dissection, animals were anesthetized by cooling, decapitated, and the 

abdomen and gut were removed. For animals used for the protein assays, dissections 

were carried out under normal saline (Belanger and Orchard 1993). Muscles used for 

myofibrillar ATPase staining experiments were dissected under low Ca"^ saline to 

prevent muscle contraction (Belanger and Orchard 1993). 

Methods for muscle extraction, HPLC purification, bioassay for proctolin-like 

bioactivity on oviduct, and protein determination were those of Lange et al. 1986 

and Lange and Orchard (1984). Briefly, muscles were dissected under normal saline, 

quick-frozen over a dry ice/isopropanol bath, and stored at -80°C until used. 

Muscles were then thawed, pooled, and macerated with scissors in ice cold 

methanol:water:acetic acid (100:10:1) (MWAA), and further dissociated by 

sonication, while chilled in ice-water. Pooled muscles were then centrifuged for 

5min. at 14,000^, the supernatant removed, the pellet resuspended in MWAA, 

centrifuged again, and the second supernatant removed and combined with the first. 

The supernatant fractions were evaporated to dryness with a Speed Vac concentrator. 

Pellets were dissolved in 0.5N NaOH (from 50/il to 400 ^1 depending on amount of 

tissue) and assayed for total protein content using a Bio-Rad Protein 

Assay Kit. Bovine gamma globulin was used as the standard (Hercules, CA, USA). 
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Prior to HPLC purification, the dried supernatant fractions were reconstituted 

in saline and chromatographed on a Spice Cig sample preparation cartridge (Rainin 

Instrument Company, Inc., Emeryville, CA, USA). The small peptide fraction was 

eluted with 30% isopropanol in water, dried down and then reconstituted in the 

appropriate solvent for ion-pair reverse-phase HPLC. Samples were purified using 

System I specified in Lange et al. (1986) on a Bio-Rad HRLC model 822 IT with a 

few additional precautionary steps. Bioassay of fractions from solvent-only injection 

blanks revealed that residual bioactive material occasionally accumulated on the 

column from previous runs. To prevent cross-contamination between samples, the 

column was stripped after every two tissue extract samples with a linear gradient 

from 10% to 100% methanol against water over 30 min, followed by 45 min. with 

100% methanol, a linear gradient from 100 to 0% methanol over 30 min, and ending 

with 45min. water. Additional muscle extracts were purified using a modification of 

the protocol for System 1, where 0.1 % heptafluorobutyric acid (HFBA; Pierce, 

Rockford, IL, USA) was substituted for 0.1% trifluoroacetic acid (TEA; Pierce, 

Rockford, IL, USA). Fractions were collected at I min intervals, and evaporated to 

dryness using a Speed Vac concentrator. 

Bioassays for proctolin-like bioactivity were performed according to the 

methods of Lange et al. (1986), using oviducts from adult females of either B. 

psolus or Melanoplus differennalis. Best results were obtained with oviducts isolated 

from females interrupted in the act of oviposition. The ovaries were pinned to a wax 
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dish and a thread tied around the common oviduct and looped around the post of an 

isometric force transducer (model #52-9545, Harvard Apparatus, Inc., South Natick, 

MA, USA). Data were recorded on a Gould chart recorder (model #22(X)). Data 

were included only from those experiments where samples collected from blank 

solvent HPLC runs between muscle extracts elicited no proctolin-like response from 

the oviduct. In addition, a negative response to an applied test fraction was always 

followed by application of a standard solution (e.g. lO^'M proctolin) to ensure that 

the oviduct was capable of a positive response. The test fraction was then re-applied 

to confirm the negative response. Since the magnitude of the tension produced by a 

single proctolin standard solution could be quite variable throughout the course of a 

single experiment, the amount of PLB was presented as a range estimate in Table 

2.2. In addition, PLB was reported as both #fmol proctolin/muscle and #fmol/mg 

protein to correct for size differences between muscles, which could influence the 

total amount of proctolin extracted. For construction of the histogram depicting level 

of PLB found in each HPLC fraction tested for M121 extracts (N=2), the range 

values were converted to a relative amount as follows: O=both test samples were 

below the limit of detectability (<0.1fmol proctolin/muscle); 1= one sample below 

the limits of detection and one sample in the range of 0.1-lfmol proctolin/muscle; 

2=both samples tested between 0.1 and Ifmol proctolin/muscle; 3=one sample 

tested in the range of 0.1-lfmol and one sample in the range between l-4fmol 

proctolin/muscle; 4=both samples in the range l-4fmol proctolin/muscle. 
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Immunohistochemical methods 

GABA. The distribution of 7-amino butyric acid (GABA)-like immunoreactivity 

(GLI) on whole-mount muscles and ventral nerve cords was determined with an 

affinity purified polyclonal antiserum, raised in rabbit against GABA conjugated with 

glutaraldehyde to keyhole limpet hemocyanin (anti-GABA-BCLH), kindly donated by 

Dr. Timothy Kingan (University of Maryland Baltimore County, Baltimore, 

Maryland). This antiserum has been shown to recognize GABA in insect tissue 

(Hoskins et al. 1986). Tissue was dissected under a 1:1 mixture of O.OIM phosphate 

buffer (pH 7.2, plus 0.9% NaCl) (PBS), and glutaraldehyde/picric acid/acetic acid 

(GPA) fixative (Boer et al. 1979). Upon removal from the animal, muscles were 

fixed foar 4 hrs in GPA fixative at room temperature with agitation. Muscles were 

then rinsed for 8hrs in several changes of PBS plus 0.5% Triton X-100 (PBST), and 

stored overnight in the last change at 4°C. Muscles were further permeabilized by 

incubation for Ihr at toom temperature in Img/ml collagenase/dispase (Sigma, St. 

Louis, MO, USA) in PBS + ImM CaCl2, followed by dehydration through ethanol 

series to 100% ethanol, and rehydration to 0.05M TRIS buffer (pH7.4), plus 

0.85%NaCl and 0.25% Triton X-100 (TBST). Preparations were then incubated 

1.5hr at room temperature in lOmg/ml L-lysine (Sigma, St. Louis, MO, USA) in 

TBST buffer, followed by 30min rinsing in TBST. To block non-specific binding of 

the antisera, muscles were incubated 4-6hrs at room temperature in a blocking 

solution of TBST plus 3% fat-free powdered milk, 0.25% bovine serum albumin 
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(Fraction V, Sigma, St. Louis, MO, USA), 2% normal goat serum (Gibco BRL, 

Grand Island, NY, USA), and 0.02% sodium azide. Muscles were incubated in a 

1:1000 dilution of rabbit anti-GABA-KLH antiserum in this same blocking solution, 

either overnight at room temperature with agitation, or for 2-3 days at 4°C. 

Following six Ihr rinses in TBST to remove primary antiserum, muscles were 

incubated overnight at room temperature in 1:200 dilution of biotinylated goat anti-

rabbit IgG (Jackson Immunoresearch Laboratories, Inc., West Grove, PA, USA) in 

blocking solution. Tissue was rinsed for Ihr in TBST and Ihr in PBS. To visualize 

GLI, muscles were then incubated for 2hr in 1:100 dilution of avidin-biotin-horse 

radish peroxidase complex (AB-HRP) (Vectastain AB Kit, Peroxidase standard, 

Vector Labs, Inc., Burlingame, CA, USA) in PBS, rinsed 60 min in PBS to remove 

excess AB-HRP, and incubated with 3,3'-diaminobenzidine (1.4mM) Sigma, St. 

Louis, MO, USA) in the presence of glucose oxidase (0.3%) (Sigma, St. Louis, 

MO, USA) using the method of Watson and Burrows (1981). Following dehydration 

through ethanol series and clearing in benzyl benzoate, preparations were mounted in 

Permount (Sigma, St. Louis, MO, USA). 

Specific staining was eliminated when primary antibody was omitted and 

when primary antiserum was preincubated with concentrations higher than 33^M 

GABA conjugated to bovine serum albumin with glutaraldehyde according to the 

methods of Hoskins et al. (1986) (conjugate obtained from Dr. Jane L. Witten, 

University of Wisconsin, Milwaukee). 
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Proctolin. Rabbit anti-proctolin antisera were kindly donated by Dr. Norman Davis 

(ARLDN, Davis et al. 1989) and Dr. Hans Agricola (Jena, Germany). While both 

yielded the same distribution of PLI on muscles, the antiserum obtained from 

Agricola routinely produced preparations with greater intensity of staining. Likewise, 

some identifiable cell bodies that stained lighdy with the antiserum from Davis were 

routinely more darkly stained with the serum from Agricola, and a larger number of 

lighdy to moderately stained cell bodies were visible with the antiserum from 

Agricola. 

Muscles and ventral nerve cords were dissected out under 4% 

paraformaldehyde in PBS, then fixed overnight at A°C in fresh fixative. Tissue was 

then rinsed for 24hrs in PBST, and incubated in 0.5mg/ml collagenase (Type IV, 

Sigma, St. Louis, MO, USA) in PBS plus ImM CaCl, for Ihr. at room temperature. 

Additional permeabilization was obtained by dehydration through ethanol series to 

100% ethanol, followed by rehydration through ethanol series to TBST buffer. Non

specific binding of primary antisera was blocked by incubation for 4-6hrs. at room 

temperature in the same blocking serum used for the GABA immunohistochemistry 

(above). Tissue was incubated in rabbit anti-proctolin antiserum diluted in blocking 

solution (1:5000 for the antiserum from Agricola; 1:1000 for the antiserum from 

Davis) either overnight at room temperature with agitation, or 2-3days at 4°C. 

Following 6 Ihr rinses in TBST, preparations were incubated in 1:200 dilution of 

biotinylated goat anti-rabbit IgG (Jackson Immunoresearch, Inc., West Grove, PA, 
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USA) in the blocking solution. The distribution of PLI was visualized with the same 

procedure used for GLI (above). 

Specific staining was eliminated when primary antibody was omitted and 

when primary antiserum was preadsorbed with synthetic proctolin (Sigma, St. Louis, 

MO, USA) at concentrations of l/zM or greater. 

Histochemical methods 

Frozen sections of each muscle were stained for myofibrillar ATPase activity 

according to the methods of Maier et al., (1984) at pH9.4. Briefly, muscles were 

removed under low Ca"^"^ saline with substantial sections of cuticle 

still attached at both the origin and insertions. Muscles were immersed in Tissue-Tek 

O.C.T. Compound (VWR Scientific, Cerritos, CA, USA) inside one half of a plastic 

BEEM™ embedding capsule (Electron Microscopy Sciences, Fort Washington, PA, 

USA), and pinned at approximately rest length with minuten pins through the cuticle 

ends to the plastic bottom of the capsule. The capsule was then glued to a small 

piece of cork with additional O.C.T. Compound. The whole assembly was quickly 

frozen in isopentane cooled in liquid Nj, and stored at -80°C. For sectioning, the 

muscle was removed from the BEEM capsule, still encased in frozen O.C.T. 

Compound, trimmed with a razor blade, and mounted with additional O.C.T. 

Compound to the frozen chuck of a Bright cryostat (model 503G, Bright 

Instrument Co., Ltd., Huntingdon, England). 



Sections were cut and mounted on glass cover slips, and dried at room 

temperature for 15-30 min. prior to staining with the procedure in Maier et al. 

(1984) for pre-incubation at pH9.4. Following dehydration and clearing, cover 

were mounted on glass slides with Permount. 
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RESULTS 

Fig. 2.1 shows the location of all muscles that were used in these studies. All 

except one (M#ll4) are associated with the two proximal segments of the hindlimb 

of B. psoitis, and all occupy similar positions to those reported for the grasshoppers, 

Dissosteira Carolina (Snodgrass, 1929) and Locusta migratoria (Albrecht, 1953). 

This figure supplements the thoracic morphology as described in Arbas (1983a). 

Fig. 2.2 shows examples of some of the muscles with evidence of proctolin-

like immunoreactivity (PLI) associated with them. Evidence of PLI ranged from that 

illustrated in Fig 2.2A, where PLI was present throughout most if not all of the 

axonal arborization on the muscle, through that illustrated in Fig 2.2C, where PLI 

was evident only as the occasional series of linearly arranged dots along the muscle 

fibers, typical of the distribution of motor terminals on muscle. Most preparations 

with positive evidence of PLI resembled that shown in Fig 2.2B, where many sites 

contained series of linearly arranged spots, and there were several areas with PLI 

localized to short segments of axonal branches. Table 2.1 shows a table summarizing 

the percentage of preparations that contained PLI, for each of the 18 muscles 

included in these experiments, the combined total number of muscles examined with 

both antisera and the number of each that contained clear evidence of PLI. 

A wide range of PLI density was sometimes observed within the pool for 

each muscle number, but as seen in Table 2.1, some muscles had a higher 

percentage of preparations with PLI than others (e.g. M#118 compared to M#120). 
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Fig. 2.1 Schematic drawings of all metathoracic leg muscles of the grasshopper, B. 

psolus, used in these studies. A-E show the locations of the muscles as viewed from 

the inside of the right hemi-thorax of an adult female, beginning with those medial in 

A, and moving progressively lateral through C as the medial muscles are removed. 

D and E show the locations of the mucscles intrinsic to the coxa and trochanter. Also 

shown for reference are the opening to the mesothoracic coxa {meso cx) and the 

tympanum {tym) in the first abdominal segment. Cc, coxa. 7r, trochanter. Scale bar, 

1mm. 
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Fig. 2.2 Photomicrographs of all muscles containing evidence of PLI. A, M#114. B, 

M#120. C, M#121. D, U§n2. E, M#124. F, M#125. G, M#126. H, M#130. I, 

M#I31. J, M#132. K, M#133a. L, M#133d. Three muscle preparations containing 

PLI illustrate the full range of what was considered positive evidence of staining. E 

shows the most abundant staining on one preparation of M#124, in which large 

portions of the axonal arborization contain abundant PLI. This level of staining was 

seen only rarely. G shows an example of the most common level of staining on one 

preparation of M#126. Axonal terminals are stained along with occasional stretches 

of axon, but full sections of arborizations are not visualized. D shows an example of 

the minimum level of PLI required for positive staining, on a preparation of M#122. 

Sca l e  ba r  fo r  a l l  pho tog raphs ,  lO f im .  
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Positively stained preparations of M#118 contained a very few areas where PLI was 

visible in short segments of axons and axon terminals. In M#118, this may actually 

reflect the percentage of animals in which this muscle receives proctolinergic 

innervation, as opposed to the variation in the ability of the immunohistochemical 

technique to reveal the presence of PLI in all muscles that contain it (see 

Discussion). Positively stained areas on the rest of the muscles, while sometimes 

faint, were abundant and widespread. 

As Table 2.1 indicates, thirteen of the eighteen groups of muscles examined 

contained some preparations with clear evidence of PLI. No wholemount 

preparations of M#119, M#123, M#128, M#129 and M#133b,c contained evidence 

of PLI. Of the remaining muscle pools examined, the percentage of wholemount 

preparations with PLI ranged from 35% (M#118) to 96% (M#120). The underlying 

causes of this wide range are unknown but several factors may contribute (see 

Discussion). It does not appear to result from differences in the ability of the two 

antisera to reveal PLI. In all cases, if preparations of a particular muscle contained 

PLI when stained with the antiserum from Davis, other preparations of the same 

muscle contained PLI when stained with the antiserum from Agricola, and vice 

versa. As noted previously, the intensity of staining on muscles with the antiserum 

obtained from Agricola was consistently greater than that observed with the 

antiserum obtained from Davis. 
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Muscle # % Muscles 
with PLI 

119 0 (0/35) 

123 0 (0/47) 

128 0 (0/22) 

129 0 (0/44) 

133b,c 0 (0/31) 

118 35 (8/23) 

133a 39 (11/28) 

130 44 (19/43) 

132 52 (11/21) 

124 57 (24/42) 

126 60 (29/48) 

133d 61 (17/28) 

122 65 (32/49) 

125 68 (27/40) 

114 72 (18/25) 

121 73 (37/51) 

131 81 (13/16) 

120 96 (43/45) 

Table 2.1. The percentage of wholemount preparations for each muscle that contain 

PLI are listed, ranked in order of increasing % with PLI. In parentheses following 

the percentage are the number of positively stained muscles out of the total number 

examined. These data are combined for both antisera. 
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Such widespread distribution with in this pool of metathoracic leg muscles 

was unexpected given the sparse population of positively stained somata found by 

Keshishian and O'Shea (1985) within the metathoracic ganglion in the locust, S. 

nitens. Results of CNS staining obtained with both the antiserum from Davis and the 

antiserum from Agricola in adult B. psolus revealed the presence of significanUy 

more somata containing PLI than previously reported by Keshishian and O'Shea 

(1985). As with the muscle preparations, staining intensity of somata in the 

metathoracic ganglion was greater with the antiserum from Agricola than with the 

antiserum from Davis. 

Fig. 2.3 shows a photograph of one metathoracic ganglion and line drawings 

summarizing the number and intensity of staining in five metathoracic ganglia stained 

with the Agricola antiserum. The location and intensity of PLI in neurite terminals, 

which was abundant in the neuropil, was omitted from these drawings. There were 

positively stained somata in all of the regions identified by Siegler and Pousman 

(1990b) as containing the motomeurons to each of the muscles containing PLI. There 

were more than enough positively stained cells to allow for separate innervation for 

all muscles with PLI associated with them. Two neuronal cell types, CI MNs and 

dorsal and ventral unpaired medial (DUM and VUM) neurons, are known to 

innervate multiple muscles (Pearson and Bergman, 1969; Hale and Burrows, 1985; 

Hoyle et al, 1974, 1980). As their name indicates, DUM and VUM cells are located 

along the midline of the ganglion and do not occur as bilaterally symmetric pairs. 
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Fig. 2.3. A. Photograph of one metathoracic ganglion stained with the antiserum 

from Agricola. B. Line drawing of the ganglion shown in A. C-F. Line drawings of 

an additional four metathoracic ganglia stained with the same antiserum. The arrow 

in D shows the location of a DUM neuron with PLI in this preparation (see Results). 

Scale bar for A-F, 200/im. 
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The somata of the CI MNs occur as three bilaterally symmetric pairs close to the 

ventral midline, about midway between the anterior and posterior limits of the four 

fused neuromeres that constitute this ganglion. Only one preparation contained a 

DUM cell with PLI (Fig. 2.3D, arrow) in the metathoracic neuromere of this 

ganglion and no positively stained somata were present in the location of the CI 

MNs. This observation, combined with the large number of positively stained somata 

observed in regions where somata of motor neurons are located, indicated that there 

was not a common neuronal source of PLI for the entire group of positively stained 

muscles. 

While Siegler and Pousman (1990a,b) demonstrated that motor neuron somata 

are grouped in bundles, they are interspersed with intemeurons. If axons within the 

ganglion contained abundant PLI, they could possibly be distinguished on the basis 

of the groupings identified by Siegler and Pousman (1990a,b). Since very few axons 

contained PLI, it was impossible to identify and distinguish the motor neurons from 

each other and from the intemeurons which are the possible sources of PLI in the 

neuropil as well as in axons in the connectives. One notable exception was that of 

the fast motor neuron to the extensor tibia muscle, which was easily identifiable on 

the basis of its large size and location, but it was neither darkly nor consistently 

stained. 

Since immunohistochemical methods are prone to both false positive and false 

negative outcomes, biochemical purification and bioassay techniques were used 
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in an effort to confirm the identity of the proctolin-like substance associated with 

these muscles. Using the RP-HPLC and oviduct bioassay methods of Lange et al. 

(1986), the levels of proctolin-like bioactivity were measured in each of the eighteen 

muscles. Fig 2.4 shows examples of the oviduct response to applied samples of the 

HPLC-purified fractions as well as authentic proctolin and saline controls for 

comparison. A typical response to applied proctolin is shown in Fig 2.4A and saline 

in Fig 2.4B. As shown in Fig 2.4C and D, application of the HPLC fractions co-

eluting with authentic proctolin (fraction #20) from extracts of c. muscle that 

contained consistent evidence of PLI (M#120, Fig. 2.4C), and of a muscle that had 

no evidence of PLI (M#119, Fig. 2.4D) are both positive and indistinguishable. Fig 

2.4E shows the negative response of the oviduct to another HPLC fraction from the 

purification of M#120 (fraction #18, Fig. 2.4E) that contained no evidence of PLB. 

Data such as these were used to estimate the amount of proctolin-like 

bioactivity (PLB) in fourteen muscles, and additionally all fractions collected from 

the HPLC purification of M#121 from two separate pools of muscles. Fig. 2.5 

shows a histogram of the relative level of bioactivity (see Materials and Methods) 

from all fractions of M#121 superimposed on chromatograms from the HPLC 

purification of M#121 extract and authentic proctolin (Inmol). Almost all fractions 

eluting between #20 (fraction co-eluting with proctolin) and #30 contained PLB. 

HPLC analysis of authentic proctolin yielded a chromatogram consisting of a single 

peak, and no significant bioactivity was found in the fractions outside those 
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Fig. 2.4 A-E show the response of the oviduct to solutions applied at (•), following 

removal of saline at (A). In each tension record, the shaded area (between • •<) 

indicates the time during which the previously applied sample was washed off with 

saline, which generally resulted in movement of the oviduct. For reference, A shows 

the positive response to lO'M proctolin, while B shows a negative response to 

saline. C and D show indistinguishable positive responses to application of the HPLC 

fraction co-eluting with proctolin (#20) from muscles extracts of M#120 and M#119, 

respectively. Both were applied at the same dilution concentration. E shows a 

negative response to fraction #18 from the HPLC purification of M#120. 
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Fig. 2.5 sliows HPLC chromatograms of both M#121 extract and proctolin, along 

with a histogram of the relative level of bioactivity from all fractions of M#121 (see 

Materials and Methods). 
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coincident with the peak (primarily fraction #20 with some PLB in #21). Therefore, 

I regarded it as unlikely that the bioactive fractions from the purified muscle extracts 

contained degradation products of proctolin that have higher specific bioactivity than 

that present in fraction #20. 

Table 2.2 lists the estimated amounts of PLB found in the HPLC fraction of 

extracts from each muscle that co-eluted with authentic proctolin, both as amount per 

muscle, and to correct for possible differences related to muscle size, as amount 

proctolin per microgram protein. Some muscles were extracted and purified only 

once (e.g. M#I25), others were extracted and purified more than once in either of 

the two solvent systems (e.g. M#120 and M#121). In three muscles, M#119, 

M#126, and M#129, the fraction co-eluting with proctolin in one solvent was 

bioassayed, and then a portion was re-chromatographed with the second solvent 

system, and the fraction co-eluting with proctolin in this system was again 

bioassayed. For extracts purified with the solvent system containing TFA, this was 

fraction #20. When HFBA was substituted for TFA, proctolin eluted in fractions #25 

and #26. The amount of protein in each muscle was determined for each muscle by 

total protein assay (see Chapter Three). Most of the bioassay data were acquired 

with oviducts from M. differemialis, which exhibited substantial variation in tension 

produced for the same concentration proctolin standard applied at intervals over the 

course of a single experiment (2-3 hr). Therefore, all values are reported as a range 

of the amounts of proctolin in the standard solutions which gave tension responses 
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Table 2.2 Summary of the levels of PLB for all muscles, as both #fmol/muscle, and 

as #fmol/^g protein. For muscle extracts purified with TFA-containing solvent 

system, this value is for PLB in fraction #20, and for muscle extracts purified in 

HFBA-containing solvent system, this value is for combined fractions #25-26. 

' The sample purified was combined fractions #25-26 eluted from the sample listed 

above it in the table, where the muscle extract was purified with HFBA-containing 

solvent. 

- The sample purified was fraction #20 eluted from the sample listed above it in the 

table, where the muscle extract was purified with TFA-containing solvent system. 



Muscle H Solvent 
System 

^fmol proctolin/ 
muscle 

#fmol proctolin/ 
mg protein 

118 TFA 1.0-2.0 9.6-19 

119 TFA 3.8-9.6 16-39 

HFBA 0.20-1.0 0.80-4.0 

TFA' 0.83-1.67 3.3-6.6 

120 TFA 3.8-9.6 13-33 

HFBA 0.40-2.0 1.3-6.9 

121 TFA 0.42-4.2 1.0-10 

TFA 1.0-2.0 2.5-5.0 

122 TFA 1.2-2.9 26-65 

123 TFA 0.19-1.9 0.59-5.9 

TFA 0.10-0.50 0.30-1.5 

124 TFA 0.19-0.96 2.6-13 

TFA 0.10-0.50 1.4-6.8 

125 TFA 0.27-1.4 4.1-21 

126 TFA 2.2-4.3 5.3-11 

TFA 1.1-2.1 2.6-5.2 

HFBA= 0.16-0.80 0.39-2.0 

128 TFA <0.12 < 1.0 

HFBA <0.10 < 1.0 

129 TFA 2.0-5.0 5.5-14 

HFBA= 0.10-0.50 0.28-1.4 

133a TFA 2.1-5.4 11-28 

133b,c TFA 1.0-2.0 2.4-4.9 

HFBA' 0.30-1.5 0.73-3.6 

133d TFA 0.20-1.0 1.2-6.0 
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bracketing that produced by the HPLC fraction tested. As the results in Table 2.2 

suggest, the levels of PLB found in muscles with no evidence of PLI (e.g. M#119) 

was comparable to that found in muscles with good evidence of PLI {e.g. M#I20). 

Only one muscle, M#I28, contained levels of PLB below that detectable with this 

method, as determined from purification in both RP-HPLC solvent systems. This 

muscle also exhibited no evidence of PLI (see Table 2.1). Using the values of the 

percentage of muscles containing PLI (Table 2.1) as one estimate of the quantitative 

levels of PLI in each muscle, I plotted the estimated ranges of PLB for each muscle 

(#fmol proctolin/muscle) from Table 2.2 against the % muscles with PLI to see if 

there was a correlation between these values. There was no correlation between the 

measured levels of PLB for each muscle and the likelihood that it showed positive 

evidence of PLI. 

Since it was possible that at least one of the eighteen muscles contained one 

or more additional myoactive peptides that co-eluted with proctolin under the HPLC 

conditions used, I also purified HPLC fraction #20 obtained by using TFA in the 

solvent system, of M#126, M#129, and M#133b,c with a second solvent system in 

which 0.1% HFBA was substituted for 0.1% TFA. M#126 had evidence of PLI 

associated with it, but neither M#129 nor M#133b,c did. Again, for all three 

muscles, PLB was detected in the fractions co-eluting with authentic proctolin 

(fractions #25-26) (Table 2.2). In addition, extract of M#119, which lacked PLI, was 

subjected to a similar experiment in which fractions #25-26 from HPLC with 
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HFBA were subsequently purified further by HPLC with the TFA-containing solvent 

system. Again, PLB was detected in fractions tf25-26 (HFBA system) and fraction 

#20 (TFA system). Extracts of two additional muscles, M#128 and M#120, were 

chromatographed once with each of the two solvent systems, and as indicated in 

Table 2.2, the results were consistant for each muscle. The appropriate fractions of 

M#120 contained PLB in both cases, while neither fraction from the purification of 

M#128 contained measureable PLB. Clearly, additional biochemical analyses were 

required to determine the identity of the bioactive substances in these muscles, and to 

clarify the reason for the discrepancies between the immunohistochemical and 

bioassay data. 

The presence of additional myoactive peptides in these muscles was also 

suggested by Fig 2.5, in which the amount of PLB was measured in all fractions 

from the HPLC purification of extracts of M#121 (n=2 separate experiments). 

Several fractions eluting between #20 (fraction co-eluting with proctolin) and #30 

contained PLB. Since the chromatogram obtained with proctolin contained a single 

peak, and since bioactivity was restricted to this fraction, I regard it as unlikely that 

these fractions contain bioactive degradation products of proctolin. 

Proctolin-like substances are generally associated with slow excitatory motor 

neurons and the muscle fibers they innervate (Orchard et al., 1989). I examined the 

distribution of fiber types in five of the eighteen muscles for comparison with the 

distributions of PLI and PLB. Frozen sections of M# 120-4 were histochemxally 
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stained for myofibrillar ATPase (mATPase) activity at pH9.4 according to the 

methods of Maier, Rathmayer, and Pette (1984). While analysis with a single 

histochemical staining technique does not provide a complete profile of muscle fiber 

properties, MQller et al. (1992) demonstrated that low levels of mATPase staining at 

pH 9.4 of the anterior coxa rotator muscle (M^2) in the locust, L. migratoria, were 

found in slow or Type I muscle fibers. 

Fig. 2.6 shows photomicrographs of four muscles stained for mATPase 

activity at pH9.4. At this pH, slow type fibers stain lightly, and intermediate and fast 

type fibers stain more darkly. As shown in Fig. 2.6, all four muscles contained more 

than one fiber type. In M#120, a substantial bundle of slow type fibers were found 

in the posterior half of the muscle, and in M#l2l, two clusters of slow type fibers 

were visible, one each in the anterior and posterior regions of the muscle. M#124 

contained mostly slow fibers, while M#123 had only two to four slow fibers in the 

center of the muscle. Two other muscles not shown, M#118 and M#133b,c, were 

composed exclusively of fibers with the dark mATPase staining chracteristic of fast 

type fibers at pH9.4 (Kirk Personius, 1996). The staining patterns in some but not 

all of these muscles was correlated with the presence of PLI. In M#120, M#121, and 

M#124 slow fibers were found in the same regions as PLI. M#133b,c had no 

evidence of either PLI or slow type fibers. Of the six muscles in which the 

distribution of both PLI and slow type muscle fibers were documented, these two 

properties were not correlated in two muscles, M#118 and M#123. 
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Fig. 2.6. Photomicrographs of frozen muscle sections stained for mATPase acitivity 

(pH9.4). At pH9.4, slow type fibers stain lightly while intermediate and fast type 

fibers stain more darkly. A. M#120. B. M#121. C. M#123. D. M#124. For all 

muscles, anterior is to the right, dorsal is up. Scale bars; A, D, lOO^m; B, C, 

lO/xm. 
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The distribution of PLI and the corres^'O'^^^'^S presence of mATPase staining 

characteristic of slow type muscle fibers sugg^^^®^ ^^at the majority of these muscles 

were innervated by at least one slow excitatory niotor neuron. Another correlate of 

the presence of slow excitatory innervation in skeletal muscles of other grasshoppers 

is the presence of inhibitory inputs (e.g. Hale Burrows, 1985; Hoyle, 1985; 

Wolf, 1990b). Indeed, the pattern of innervation ''V neurons containing PLI in B. 

psolus corresponded to that reported for CI MN ^1) in the locust, S. gregaria (Hale 

and Burrows, 1985), with two exceptions. M/^23, which has no evidence of PLI 

associated with it <md has few slow-type fiber? in B. psolus, is reported to be 

innervated by CI MN it\ in 5. gregaria. In Hale and Burrows (1985) found 

no evidence of inhibitory innervation in M^ll^' which has evidence of PLI in B. 

psolus, although not on the majority of muscle^s (35%). As mentioned above, this 

muscle also appears to be composed strictly of fibers. Considering that, in 

inputs to skeletal muscle, proctolin and procto^'^'i'^® substances are often found in 

slow excitatory motor neurons (see Orchard et 1989; for exceptions see: 

Belanger and Orchard, 1993a for oviposition rouscles in female grasshoppers, 

Locusta migraioria\ and Bartos et al., 1994 fo^ sntennal motor neurons in crickets, 

Gryllus bimaculatus.), it seemed likely that CI #1 would co-innervate the same 

muscles containing PLI. 

In order to determine the innervation pattern of CI MN #1 in fl. psolus, we 

stained all of the muscles with an antiserum to GABA, the conventional 
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neurotransmitter in inhibitory motor neurons in insects (Emson, 1974). Fig. 2.7 

shows examples of all muscles with clear evidence of GLI associated with them. As 

shown in Table 2.3, the distribution of GLI on whole muscles is similar to that for 

PLI. And in M#I20 and M#12I, where PLI is localized to subregions of the muscle, 

GLI is also restricted to these same regions. While these two patterns are identical in 

B. psolus, they suggest that CI MN ft\ does not innervate the same muscles in B. 

psolus as in S. gregaria (Hale and Burrows, 1985). M^123 was shown to be 

innervated by CI MN #1 in 5. gregaria, but this muscle showed no evidence of GLI 

in B. psolus. In addition, M^l 18 in 8. psolus had clear evidence of GLI, but Hale 

and Burrows (1985) found no electrophysiological evidence that it was innervated by 

CI MN tf\ in 5. gregaria. 
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Fig. 2.7. Photomicrographs of all muscles containing clear evidence of GLI. A, 

M#114. B, M#120. C, M#121. D, M#122. E, M#124. F, M#125. G, M#126. H, 

M#130. I, M#131. J, M#132. K, M#133a. L, Mj?133d. Scale bar for all 

photographs, 10/im. 
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Muscle # % Muscles 
with PLI 

% Muscles 
with GLI 

119 0 (0/35) 0 (0/18) 

123 0 (0/47) 0 (0/20) 

128 0 (0/22) 0 (0/19) 

129 0 (0/44) 0 (0/17) 

I33b,c 0 (0/31) 0 (0/17) 

118 35 (8/23) 27 (4/15) 

133a 39 (11/28) 47 (8/17) 

130 44 (19/43) 84 (16/19) 

132 52 (11/21) 55 (6/12) 

124 57 (24/42) 85 (17/20) 

126 60 (29/48) 89 (17/19) 

133d 61 (17/28) 71 (12/17) 

122 65 (32/49) 90 (18/20) 

125 68 (27/40) 79 (15/19) 

114 72 (18/25) 41 (7/17) 

121 73 (37/51) 71 (15/21) 

131 81 (13/16) 67 (8/12) 

120 96 (43/45) 96 (24/25) 

Table 2.3. The percentage of preparations of each muscle that contain GLI are listed 

in parallel with those containing PLI. In parentheses following the percentage are the 

number of positively stained muscles out of the total number of muscles examined. 
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DISCUSSION 

The presence of PLI on the majority of metathoracic leg muscles in B. psolus 

(Fig. 2.2, Table 2.2) was unexpected since earlier reports on the distribution of PLI 

in the combined four neuromeres of the metathoracic ganglion in the locust, 

Schistocerca nitens, identified at most twenty positively-stained somata (Keshishian 

and O'Shea, 1985). In the metathoracic neuromere, four cells in the ventral medial 

regions were identified by Keshishian and O'Shea (1985) as intemeurons, six to ten 

somata in the anterior ventral lateral region are co-positional with motor neurons to 

several metathoracic leg muscles, and two more in the posterior dorsal lateral area 

are in same location as motor neurons to M#119, M#120, M#129, M#114 (Siegler 

and Pousman, 1990a,b). At most, twelve motor neurons were identified. The results 

of the present studies indicated that thirteen of the eighteen muscles examined 

contained PLI in a pattern consistent with its presence in motor neuron terminals. 

One additional metathoracic leg muscle located distal to the group included in these 

studies, the extensor tibiae muscle, has already been proposed to have PLI associated 

with it and a slow excitatory motor neuron innervating it (Worden et al., 1985). In 

contrast to the work in S. nitens, the metathoracic ganglion in B. psolus contained 

well over fourteen positively stained somata and many of these are co-positional with 

motor neurons to these muscles (see Fig. 2.3) (Siegler and Pousman, 1990a,b). 

Therefore, each muscle in B. psolus is most likely innervated by at least one motor 

neuron containing PLI. It would require additional studies, such as back
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filling combined with immunohistochemical analysis, to determine which neuron(s) 

innervates each muscle. 

Biochemical purification and bioassay analyses were conducted on nine out of 

the thirteen muscles with PLI. In all nine muscles, PLB was found in the HPLC 

fraction co-eluting with proctolin. In all tissues examined to date that have PLI and 

PLB associated with them, the presence of PLB in HPLC fractions co-eluting with 

authentic proctolin was considered to be compelling evidence that proctolin was 

indeed present (e.g. O'Shea and Adams, 1983; Lange et al., 1986). This is also my 

interpretation of the immunohistochemical and bioassay experiments presented here 

for the nine muscles containing both PLI and PLB. 

Muscle extracts of all five muscles lacking PLI were also purified by HPLC 

and bioassayed for PLB. One muscle, M#128, contained no evidence of either PLI 

or PLB. The remaining four muscles, M#119, M#123, M#129, and M#133b,c, 

contained evidence of PLB. Even though the PLB in these four muscles co-eluted 

with proctolin in both solvent systems used, I think propose that the bioactive 

substance(s) in the muscles without PLI is not authentic proctolin. The most likely 

explanation of these results is that there is at least one myoactive substance in these 

muscles that is immunologically different from proctolin, and therefore was not 

recognized by the two antisera. But the substance(s) is most likely a small peptide 

that is biochemically similar enough to proctolin to be non-separable in the two 

similar solvent systems used. A more drastic change in solvent systems or column 
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substrate may be required to separate the bioactive fractions by HPLC. 

My experiments are not the first in which there is a discrepancy between the 

incidence of PLI and measured amounts of PLB. Experiments conducted with the 

lateral white neurons, found in abdominal ganglia of the American cockroach, P. 

americana, revealed a similar discrepancy in the distributions of PLI and PLB. 

Purified extracts from isolated somata of this neuron were found to contain a peptide 

that co-chromatographed with authentic proctolin and exhibited PLB on the myogenic 

bundle of the locust extensor tibiae muscle, another well-accepted and sensitive 

bioassay for proctolin-like substances (O'Shea and Adams, 1981). Yet later 

experiments revealed no evidence of PLI associated with this neuron in the 

abdominal ganglia (Bishop and O'Shea, 1982). O'Shea and Adams (1981) showed 

that in three of the four solvent systems used to purify the neuronal extracts of the 

lateral white cell by thin layer chromatography, PLB was found only in the cell 

extract fraction that co-migrated with authentic proctolin. Yet in the fourth system, 

an additional bioactive fraction was found. Possibly, this myoactive substance was 

present in all of the lateral white cell extracts but was not separable from proctolin in 

the three of the four solvent systems used. Since none of these substances was ever 

sequenced, it is possible that none of the bioactive firactions are authentic proctolin. 

The presence of additional myoactive peptides in the eighteen muscles 

included in these studies was also suggested by Fig. 2.5, in which PLB was found in 

fractions outside those co-eluting with authentic proctolin. So far, no other 
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neuropeptide with a sequence siniilar to proctolin has been isolated from insect 

tissue. But it is also true that peptide sequencing has not been routinely done with 

purified proctoiin-like substances. HPLC purification of muscle extracts and 

bioassay of appropriate HPLC fractions only provide evidence of chemical similarity, 

not of chemical identity. Amino acid sequence analysis of a purified sample of the 

bioactive and immuno-positive substance would be required as final proof of 

molecular identity. 

An alternative but less likely explanation for the discrepancy between 

immunoreactivity and bioactivity in the four muscles is that proctolin is indeed 

associated with all of these muscles except M#128, but that it was undetected by the 

two antisera. My data did not allow an assessment of which of the two techniques, 

immunohistochemical staining or bioassay on grasshopper oviduct, was more 

sensitive to the presence of low levels of proctolin-like substances. Possibly, 

proctolin was present in motor neuron terminals on all of these muscles except 

M#128, but was present at levels too low to be detected by the antisera in M#119, 

M#123, M#129, and M#133b,c. In the antennal motor system of the cricket, G. 

bimaculams, PLI was found in both fast and slow motor neurons innervating all 

antennal muscles, but only two of the four muscles showed evidence of PLI (Bartos, 

ec al., 1994). These authors did not test for PLB in purified muscle extracts so it is 

unknown whether any of the four muscles contained PLB. Possibly, a similar 

situation occurred in B. psolus, in which some of the positively-stained somata in the 
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metathoracic ganglion innervated muscles that showed no evidence of PLI. In 

addition, proctolin may have been present in muscle fibers rather than in motor 

neuron terminals to these four muscles, but not localized in sufficient quantity to be 

visualized with the antisera. 

Additional biochemical analyses are required to determine the identity of the 

bioactive substances in the four muscles lacking PLI, and to clarify the reason for 

the discrepancy between the immunohistochemical and bioassay data. One method 

that could be used to further characterize the fractions with bioactivity is to analyse 

the HPLC fractions with an enzyme-linked immunosorbant assay (ELISA). 

Unfortunately, an ELISA previously developed with the proctolin antiserum from 

Davis (Davis et al., 1989) is unsuitable for revealing the presence of low levels of 

proctolin-like antigen because its avidity is too low (Dr. T. Kingan, personal 

communication). 

The amounts of proctolin-like substances, calculated from the bioassay 

results, were lower than those reported for other muscles containing proctolin-like 

substances (e.g. Adams and O'Shea, 1983; Belanger and Orchard, 1993; Witten and 

O'Shea, 1985). It is possible that the metathoracic muscles in B. psoitis contained 

substantially less proctolin-like material than other insect muscles, or that our 

recovery was lower than that of other investigators. The methods used were identical 

to those reported in Lange et al. (1986), with the exception of a few 

additional precautions taken to prevent cross-contamination of samples run 
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consecutively during HPLC purification (see Methods). In addition, tissue samples 

and extracts were chilled at all times to reduce the possibility of enzymatic 

degradation. Regardless of the potential loss of authentic proctolin in the processing 

of these samples, all muscle extracts were processed in parallel. Therefore I feel that 

these data are useful for comparisons of the relative amount of PLB measured for 

each muscle. 

As shown in Table 2.3, the incidence of PLI and GLI was quite variable from 

muscle to muscle. For example, only 35% of the wholemount preparations of M#118 

contained sparse but clear evidence of PLI, while 96% of preparations of M#120 

were positively stained. Possibly, these results reflected the levels of proctolin- and 

GABA-like antigens on the muscles, so that a higher percentage of preparations of 

muscles with higher levels of proctolin or proctolin-Iike substances would be 

positively stained with the antisera. One way to investigate this question was to 

compare the incidence of PLI with the levels of PLB. When the percentage of 

muscles with PLI (from Table 2.3) was plotted against the levels of PLB found in 

these muscles, there was no correlation, regardless of whether PLB was plotted in 

units of ^mol proctolin/muscle or #fmol proctolin/mg protein (plots not shown). 

These results do not rule out the possibility that the percentage of preparations with 

PLI for each of the eighteen muscles reflects the actual levels of proctolin in these 

muscles. It is my experience that the bioassay with grasshopper oviduct is reliable 

for qualitative assessment of PLB, but not for quantitative analysis at the low levels 
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of PLB in these muscles. 

In insects, PLI is most commonly associated with slow excitatory motor 

neurons innervating skeletal muscle fibers (for review see Orchard et al., 1989; for 

exceptions see Bartos et al., 1994; Belanger and Orchard, 1993; Facciponte, et al., 

1995, 1996). Another correlate of innervation by slow excitatory MNs that would be 

expected in this group of muscles is the parallel innervation by CI MN #1 

(Usherwood and Grundfest, 1965; Hoyle, 1978; Bums and Usherwood, 1979; 

Kutsch and Usherwood, 1970; Hale and Burrows, 1985; Muller et al., 1992). The 

results of the immunohistochemical staining experiments (Table 2.3) indicated that all 

muscles with PLI also had GLI. 

In addition, the distribution of these two antigens was correlated with the 

presence of slow type fibers, as indicated by the histochemical staining for mATPase 

activity, in some of the six muscles examined (Fig. 2.6, and see Results). In M#120 

and M#121, which had distinct bundles of slow type fibers, GLI and PLI also 

appeared restricted to these areas. M#124 mostly contained fibers with mATPase 

activity characteristic of slow fibers, and both PLI and GLI appeared throughout the 

entire muscle. M#133b,c showed no evidence of PLI or GLI and was composed of 

only fast type fibers (Personius et al., 1996). One muscle, M#123, had a small 

number of slow type fibers in its core, but showed no evidence of PLI or GLI. This 

muscle is innervated by CI MN it\ in S. gregaria (Hale and Burrows, 1985). Since 

immunohistochemical staining was performed on wholemount muscles, it is possible 
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that penetration of solutions to the center of this bulky muscle was inadequate to 

reveal the presence of PLI or GLI. The histochemical staining pattern of M#118, 

however, did not uphold the correlation between the presence of slow fibers and 

fiber type and innervation patterns, as indicated by distribution of PLI and GLI. 

While it showed clear evidence of PLI and GLI, albeit in only one-third of the 

muscles examined, M#118 contained only fast type muscle fibers. This disparity 

warrants further investigation. 

As mentioned previously. Hale and Burrows (1985) found no evidence that CI 

MN ^1 innervated this muscle in S. gregaria. It is possible that innervation patterns 

have evolved to different states in these two species. This could also explain the 

absence of GLI on M#123, which was shown to be innervated by CI MN #1 in the 

locust, S. gregaria, (Hale and Burrows, 1985). B. psoitis is flightless, and several 

morphological and neuromuscular modifications distinguish it from its relatives with 

full flight capabilities. It has vestigial mesothoracic wings that cannot be actively 

moved, and it lacks metathoracic wings. Likewise, the wing hinge, consisting of 

membranous folds surrounding the cuticular sclerites that are the insertion points for 

direct wing muscles, never forms in either segment (Arbas, 1983a). Several muscles 

normally present in grasshoppers that can fly, the dorsal longitudinal (M#I12), 

tergostemal muscles (M#113), and the first basalar muscle (M#127), are either 

reduced or missing in B. psolus (Arbas, 1983a). Additional muscles such as M#114, 

M#129, and M#120, have slightly altered origins and/or insertions relative to the 



88 

muscles of their cousins with flight abilities. M#114 is situated so that it can only be 

used to affect wing movements, and is often not present in B. psolus. 

Along with these previously documented differences, it is possible that 

changes in innervation patterns are occurring as well. The nerve to Mffl 18 also 

contains axons to M#125, and M#126 were innervated by motomeurons containing 

PLI (see Table 2.2). Possibly, an errant branch of one of these motor neurons 

innervates this muscle during development and is not eliminated. Likewise, M#123 

in B. psolus may contain far fewer fibers innervated by CI MN #1 and slow 

excitatory motor neurons than in S. gregaria. 

Two well-documented effects of proctolin on insect muscle are an increase in 

the amplitude of the response induced by glutamate and a prolonged period of 

contraction (see Table 3 in Orchard et al., 1989; see also Bartos et al., 1994; 

Honegger et al., 1990a). Its effects on skeletal muscle are generally comparable in 

neuromuscular preparations from a variety of arthropods (Orchard et al., 1989). 

Therefore, it is a suitable candidate for a neuromodulator that can facilitate postural 

control of the leg during rest, slow movements, and joint stability during more rapid 

movements in all skeletal muscles in grasshoppers. Indeed, in the crayfish, 

Procambarus clartdi, proctolin is thought to effect prolonged postural 

tension in the tonic abdominal flexor muscle (Bishop et al., 1987). While many of 

the eighteen metathoracic leg muscles included in this study are likely to be involved 

in postural maintenance, our studies are the first to suggest that proctolin-like 
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substances have widespread distribution in the leg muscles and their motomeurons. 

Consequently proctolin is most likely the primary mediator of postural muscle 

tension in grasshoppers. 

The current studies, along with those of other investigators, suggest that co-

innervation of muscle fibers by CI MNs and proctolinergic slow excitatory motor 

neurons is a common feature of skeletal motor systems in grasshoppers and other 

Orthopterans. Co-innervation of muscle fibers by PLI-containing excitatory MNs and 

CI MNs has been documented in the extensor tibiae muscle (Hoyle, 1978; Worden et 

al., 1985), antennal muscles of locusts (Bartos et al., 1994; Honegger et al., 

1990a,b), and the coxal depressor muscle in the cockroach (Adams and O'Shea, 

1983; Pearson and Bergman, 1964). Other neuromuscular systems where there are 

indications of similar overlap between proctolinergic slow excitatory MNs and CI 

MNs are those associated with respiration and oviposition. 

Miller (1969) reported that thoracic spiracle muscles in the cockroach, 

Blaberus discoidalis (Serville), are innervated by an inhibitory MN and two 

excitatory MNs. There is overlapping innervation of the inhibitory and one of the 

excitatory MNs. The author indicated that the function of the inhibitory input is to 

relieve tension that remains in the muscle fibers when excitation ceases, thus 

permitting the spiracle to open. While it has never been demonstrated, I suggest that 

it is possible that release of a proctolin-like substance is responsible for this residual 

tension. In grasshoppers, respiratory motor output links spiracle opening and closing 
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to rhythmic expansion and contraction of the abdominal cavity, both dorso-ventrally 

and longitudinally depending on the oxygen demand (Chapman, 1982). Several 

abdominal longitudinal muscles that are known to be involved in respiration, 

M#182a,b,c,d and M#183a,b (Lewis et al., 1973), exhibit high densities of both PLI 

and GLI associated with axons and neuronal terminals (AS Clinton, unpublished 

observations). Witten and O'Shea (1985) also report proctolinergic innervation of 

abdominal intersegmental muscles in the cockroach, P. americana. Within the pool 

of spiracular and abdominal muscles expected to be used during respiration, 

inhibitory innervation of the spiracle closer muscle has been demonstrated with 

electrophysiological analysis (Miller, 1969). As stated above, abdominal muscles 

contain GLI. It is unknown if the inhibitory innervation to all of these muscles is 

common, as it is for metathoracic leg muscles. These data together, however, 

suggest that the respiratory motor system in grasshoppers and locusts provides 

another example where proctolinergic motor neurons may coinnervate muscle fibers 

with inhibitory motor neurons. 

The motor system controlling oviposition behavior in female locusts provides 

the final example where proctlinergic and inhibitory MNs may co-innervate muscle 

fibers. A proctolin-Iike substzmce is associated with the oviduct and skeletal muscles 

used during oviposition behavior, and its release is required for the proper 

expression of the oviposition motor pattern (Lange et al., 1986; Belanger and 

Orchard, 1993a,b; Facciponte et al., 1995, 1996). While common inhibitory 
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innervation has not been demonstrated in this system, Belanger and Orchard (1993a) 

showed that the ovipositor muscles are sensitive to applied GABA. This suggests that 

inhibitory innervation of the muscle, common or otherwise, is likely to play a role in 

controlling oviposition behavior. 

While the data from muscles involved in postural maintenance, walking, 

respiration and oviposition are suggestive of an anatomical linkage of proctolinergic 

excitatory and CI MNs, neither our data nor any previously published confirms the 

extent of co-innervation or functional useage of these motor neurons at the level of 

single muscle fibers. All data support the previously voiced hypothesis that a primary 

function of proctolin is to mediate long-lasting muscle tension, and that co-

innervation of muscle fibers by proctolinergic and CI MNs would permit the 

production of muscle tension, graded in both force and duration. This hypothesis is 

worth contirming. While release of proctolin may be used to explain differences in 

force production and length of contraction, these differences may also be explained 

by the effects of a single transmitter on muscle fibers with different contractile 

properties (Burrows, 1996). 

The experiments presented here, when combined with similar studies by a 

number of investigators, suggest that more than one substance with proctolin-like 

bioactivity may be present in skeletal motor neurons in insects. Therefore, new 

criteria may be needed to confirm the identity of peptides that have proctolin-like 

bioactivity. The experiments presented here suggest that at least one myoactive 
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peptide is present in the leg muscles of grasshoppers, and that this peptide is 

biochemically similar to proctolin in its elution profile with certain HPLC protocols. 
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CHAPTER THREE: INNERVATION PATTERNS IN METATHORACIC LEG 

MUSCLES AND THEIR RELATIONSHIP TO AUTOTOMY-INDUCED 

MUSCLE ATROPHY IN THE GRASSHOPPER, BARYTETTIX PSOLUS 

ABSTRACT 

Grasshoppers are able to spontaneously drop or autotomize their large 

metathoracic legs. In the grasshopper, Barytettix psolus, autotomy transneuronally 

induces muscle atrophy in a group of metathoracic muscles that are neither damaged 

nor denervated during the loss of the leg (Arbas and Weidner, 1991). In a group of 

eighteen muscles associated with the metathoracic cavity and the two proximal leg 

segments that are retained following autotomy, atrophy varied both between muscles 

as well as between fibers within individual muscles. Immunohistochemical studies 

revealed that presence of persistant muscle fibers following autotomy was correlated 

with innervation by two types of motor neurons: common inhibitory motor neuron 

and a pool of motor neurons, most likely slow excitatory, that contained a proctolin-

like substance. In addition, a subset of seven muscles were histochemically stained 

for myofibrillar ATPase activity. Persistent fibers were primarily those with staining 

characteristics of slow type fibers. Most but not all fibers with staining characteristic 

of fast and intermediate fibers degenerated completely. 
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INTRODUCTION 

The ability to autotomize a body part, such as a tail or limb, is widespread in 

the animal kingdom, apparently evolving independently, for example, in various 

arthropods, lizards, amphibians, echinoderms, mice, molluscs, and cnidarians. 

Among other possible benefits, autotomy would allow the animal to escape from a 

predator, or to eliminate a damaged body part. In many cases, the lost body part is 

regenerated. In others, no significant regeneration occurs. This often depends on the 

developmental stage of the animal at the time of autotomy. In decapod crustaceans, 

which continue to molt throughout their lives, regeneration generally occurs over the 

course of the next molt cycle (see reviews McVean, 1982; Skinner, 1985); whereas, 

in the American cockroach, Periplaneta americana, which molts only between 

successive juvenile stages, a limb lost after the terminal molt to the adult stage is not 

replaced (Bodenstein 1955). 

In both cockroaches and some decapod crustaceans, atrophy and degeneration 

of muscles in the limb segments proximal to those that are lost occurs prior to limb 

regeneration (Bodenstein, 1955; Moffett, 1987). The resultant shrinkage is thought to 

subserve at least two functions. In P. americana, limb regeneration occurs within its 

large coxal segment, and the limb is everted at the next molt (Bodenstein, 1955). 

Atrophy of the coxal muscles occurs presumably both to make room for and to 

provide building materials for the developing limb (Bodenstein 1955). In many but 

not all crustaceans, regeneration of the new limb occurs on the outside of the stump. 
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so additional space is not required for the new limb (Adiyodi, 1972; Skinner, 1985). 

Yet atrophy of proximal leg muscles is also observed in crustaceans and is also 

considered to occur primarily to mobilize proteins that are necessary for rebuilding 

the new leg (Wheatly and Hart, 1995). Muscle atrophy also occurs in the premolt 

stages of unautotomized animals, and is speculated to serve as a way to shrink 

overall body size, thus facilitating escape from the surrounding skin that is cast 

during the molt (Skinner, 1966a,b; Mykles and Skinner, 1990). In fact, ultrastructual 

studies on crab muscle showed that the changes occurring in muscle from a limb 

undergoing post-autotomy regeneration are qualitatively similar to changes in muscle 

from a normal limb during the period prior to molting. The rate of tissue 

dismantling, however, appears to be greater in autotomized than in intact limbs 

(Schmiege et al. 1992). 

While the American cockroach is able to autotomize all three pairs of legs, 

other orthopteroids such as the grasshoppers and locusts are only capable of 

autotomizing their large hindlegs. The leg detaches between its second (trochanter) 

and third (femur) segments, severing the leg nerve but damaging no other nerves or 

muscles in the process (Arbas and Weidner, 1991). The effects of limb autotomy in 

grasshoppers are similar in some respects to the changes seen in cockroaches and 

crustaceans, but different in others. In one species, the flightless grasshopper, 

Barytettix psolus, severe atrophy of muscles contained in the metathoracic cavity and 

in the remaining two leg segments, proximal to the autotomy site, occurs following 
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autotomy, regardless of age (Arbas and Weidner, 1991). In two other species of 

grasshoppers examined, Melanoplus differentialis and Schistocerca americana, 

atrophy is observed only if the autotomy occurs during the first two juvenile stages 

(Arbas, 1988). In contrast to other arthropods, grasshoppers never regenerate a 

complete limb. 

Arbas and Weidner (1991) found that in grasshoppers, it is damage to the leg 

nerve rather than altered use of the remaining leg segments that initiates the atrophy 

process transneuronally. The synaptic pathways by which this occurs are unknown. 

Arbas and Weidner (1991) studied the effects of autotomy on six muscles associated 

with the hind leg. In the experiments presented here, eighteen muscles, all with 

origins and insertions located proximal to the autotomy joint, were examined for the 

effects of autotomy. My data indicate that not all muscles are affected equally by 

autotomy, and that the extent of atrophy is correlated with their innervation patterns, 

both between different muscles and between fibers within single muscles. Some of 

this work has been presented previously in abstract form (Clinton and Arbas, 1994, 

1995, 1996). 
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METHODS 

Grasshoppers used in these studies, Barytettix psoitis (Cohn and Cantrall, 

1974), were reared in a laboratory colony established with wild-caught animals from 

Culiacan, Mexico. They were maintained on a 16:8 light/dark cycle at 25-30°C, and 

were fed Romaine lettuce and wheat germ/bran mix ad libitum. 

Prior to dissection, animals were anesthetized by cooling, decapitated, and the 

abdomen and gut were removed. Muscles included in these studies were the same as 

those used in experiments described in Chapter 2 (see Materials and Methods). All 

muscles will be referred to by their numerical designation according to Snodgrass 

(1929). For animals used in protein determination, dissections were carried out under 

normal saline (Belanger and Orchard 1993). Muscles used for myosin ATPase 

staining experiments were dissected under low Ca"^"^ saline to prevent muscle 

contraction (Belanger and Orchard 1993). 

Animals used to determine the extent of atrophy for each muscle were adults 

with one leg autotomized 7 weeks earlier, as newly emerged adults. Autotomy was 

induced by pinching the femur or tibia until the leg was released. Protein content 

was determined with muscles isolated and pooled from the left (unautotomized) and 

right (autotomized) sides of 23 adults. M^133, which has four visibly separate 

bundles in B. psolus, all with a common insertion on the trochanter, was subdivided 

into three parts: M#133a, M#133b,c, and M#133d. In previous experiments, two 

muscles, M^118 and M#128, were observed to exhibit extreme variation in the 
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extent of atrophy. While both M#1I8 and M#128 exhibited pronounced atrophy in 

most animals, in other animals the effect of autotomy appeared minimal. Therefore, 

M#118 and M#128 isolated from the autotomized side of the animals were further 

subdivided into two groups: those that were visibly atrophied (13 M#118; 20 M#128) 

and those that were not (10 M#118; 3 M#128). 

Methods for protein determination were similar to those of Lange et al. 1986 

and Lange and Orchard (1984). Briefly, muscles were dissected in physiological 

saline, quickly frozen over a dry ice/isopropanol bath, and stored at -80°C until use. 

Muscles were then thawed, pooled, and macerated with scissors in ice cold 

methanol:water;acetic acid (1(X):10:1), and further dissociated with a probe-tip 

sonicator, while chilling in ice-water. Pooled muscles were then centrifuged for 

5min. at 14,000^?, the supernatant removed, the pellet resuspended in methanol: 

water:acetic acid, centrifuged again, and the second supernatant removed and 

combined with the first. The supernatant fractions were evaporated to dryness with a 

Speed Vac concentrator. Pellets were stored for later use in protein analysis. Pellets 

were dissolved in 0.5N NaOH (from 50^1 to 400 ^1 depending on amount of tissue) 

and assayed for total protein content using a Bio-Rad Protein Assay Kit with bovine 

gamma globulin as the standard (Hercules, CA). 

Methods for histochemical staining of myofibrillar ATPase activity were 

identical to those reported in Chapter Two. 
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RESULTS 

Initial experiments by Arbas and Weidner (1991) characterizing the 

phenomenon of autotomy-induced atrophy and degeneration were focused on six leg 

muscles, which were included in the present studies along with twelve additional 

metathoracic leg muscles. As shown in Figs. 1.1 and 2.1, all eighteen muscles have 

origins and insertions proximal to the site of autotomy, and all are innervated by 

branches of nerves 3 or 4, or proximal branches of nerve 5, the main nerve 

innervating the distal leg segments. As such, they are neither damaged nor 

denervated during the loss of the distal leg segments. But since autotomy severs 

nerve 5, all neurons with axons in this nerve are damaged, including approximately 

twenty-five motor neurons innervating distal leg muscles, and thousands of afferent 

projections from sensory structures on the leg (Burrows, 1996). 

Visual inspection of the muscles, when removed from adult B. psoliis seven 

weeks after one leg was autotomized revealed that the response to autotomy varied 

both between muscles, and for two muscles, between identifiable fiber groups in the 

same muscle. With the exception of two muscles, M#118 and M#128, the response 

in a given muscle following autotomy was consistent from animal to animal. In the 

four muscles that exhibited the greatest change in size (M#119, M#129, M#133b,c, 

and M#123), persisting muscle fibers were observed only occasionally, surrounded 

by connective tissue assumed to be the remnants of degenerated muscle fibers. An 

example of one of these muscles, M#119, is shown in Fig. 3.1. The majority of the 
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Figure 3.1. Photographs of some of the metathoracic leg muscles showing the extent 

of atrophy exhibited by muscles from one animal, at twelve weeks post-autotomy. 

Muscles from the autotomized side are shown in the top row, and are paired with 

their homolog from the unautotomized side in the bottom row. A. Shown from left 

to right are M#118, m#119, M#120, and M#133b,c,d. Note in M#120, a bundle of 

muscle fibers are visible in the posterior (left) region of the muscle from the 

autotomized side (top row). B. M#12l, M#122, M#123, M#124, and M#125. Note 

that in M#121 dissected from the autotomized side (top row), fibers persist in two 

groups, one anterior and one posterior. C. M#128, M#129, M^130, and M#131 and 

M#132 left inside the coxa. 
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muscles also displayed considerable loss of mass, but these eleven muscles 

consistantly contained large numbers of persistent fibers (M#120-122, M#124-126, 

and M#130-133a and d). In this group of eleven muscles, two were further 

distinguished because the extent of degeneration exhibited by specific fibers was 

correlated with their position within the muscle. In M#120 from unautotomized 

animals, the posterior fibers were noticeably smaller in diameter than anterior fibers. 

The posterior fibers in M^120 always persisted, but the larger-diameter fibers in the 

anterior region appeared to either degenerate completely or to atrophy to a diameter 

indistinguishable from the posterior fibers (Fig 3.1). Similarly, M^121 had two 

distinct fiber bundles, one each in the anterior and posterior regions of this fan-

shaped muscle that persisted, but were surrounded by fibers that degenerated. Two 

muscles exhibited a bimodal response to autotomy. In some animals, M#118 and 

M#128 appeared to degenerate completely following autotomy, while in other 

animals, these two muscles appeared much less atrophied. The remaining muscle, 

M#114, which was not present in every animal, appeared to hypertrophy on the 

autotomized side. In summary, a visual inspection of these muscles indicate that 

response to autotomy is variable between muscles, ranging from extreme 

degeneration to apparent hypertrophy, as well as between fibers within the same 

muscle. 

M^114 was discovered as a result of these experiments. It probably was not 

included in earlier morphological characterization of thoracic muscles in normal, 
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unautotomized B. psoliis (Arbas, 1983), for two reasons. First, in grasshoppers 

capable of flight, M#114 originates on a pleural ridge close to the origin of M#129 

on its anterior edge, and inserts on the third axillary sclerite, a part of the wing 

hinge region, which is anterior and dorsal to the origin of M#129. One of the 

morphological modifications associated with the flightless condition in B. psolus is 

the absence of the wing-hinge (Arbas, 1983). Therefore, the position of M#114 

relative to its neighbors is slightly different in B. psolus when compared to its flying 

relatives (Snodgrass, 1929). In adult B. psoitis, MffllA also originates on the pleural 

ridge anterior to the origin of M#129, but its fibers are directed more posteriorly, to 

insert along the pleural ridge posterior to the origin of M#129. Its fibers lie almost 

perpendicularly across those of M#129. Furthermore, most unautotomized animals 

possessed only a flap of connective tissue and fat body in this area, with occasionally 

a few thin muscle fibers. It was only easily identifiable as a muscle in autotomized 

animals, where it was visible as a group of larger fibers in the location shown in 

Fig. 2.1. 

To quantify the apparently differential effects of autotomy, the average 

protein content of each of the eighteen muscles, pooled from the autotomized side of 

23 adults, B. psolus, whose right legs were autotomized seven weeks prior to 

dissection, was compared with that measured for the contralateral homologues, 

pooled from the unautotomized sides of the same 23 animals (N=l). Table 3.1 

contains the average protein content for each muscle from the autotomized and 
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unautotomized sides, and the percentage muscle that remained in muscles from the 

autotomized sides (average mass autotomized side/average mass unautotomized side 

X 100). The pools of both M#118 and M#128 were further subdivided into two 

groups, on the basis of visual inspection. One subgroup contained extensively 

degenerated muscles (13 M#118 and 20 M#128) and the other contained the 

apparently less affected muscles (10 M#118 and 3M#128). The percentage muscle 

remaining in latter groups of M#118 and M#128 from autotomized animals was even 

greater than that observed for any of the other twelve muscles that atrophy following 

autotomy. On the basis of total protein content as well as visual inspection, atrophy 

was extensive for all muscles except M#114. The large increase in protein content in 

M#114 dissected from the autotomized side supported the visual observation that this 

muscle hypertrophied following autotomy. The ranked order of muscle atrophy in 

this table directly reflected the assessment of atrophy and degeneration made by 

visual inspection. 

The pool of muscles that either hypertrophied or consistently contained fibers 

resistant to degeneration was almost identical to that reported to be innervated by the 

common inhibitory motor neuron ff\ (CI MN i^^l) in the grasshopper, S. gregaria 

(Hale and Burrows, 1985). One muscle not examined by them, M#114, is also likely 

to be innervated by CI MN #1, since its presumed segmental homologue, M#85, was 

found to be innervated by the mesothoracic CI MN in the grasshopper, Locusta 

migratoria (Wolf 1990b). Additional evidence that resistance to degeneration was 
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Table 3.1. Protein content measured for each muscle, pooled from 23 adults (n = l) 

with one leg autotomized as newly emerged adults, seven weeks prior to dissection. 

M#118 and M#128, isolated from the side with the autotomized leg, were further 

subdivided into two pools each on the basis of visual assessment of degree of atrophy 

(see Materials and Methods). M#118A and M#128A contained the muscles 

exhibiting extreme atrophy and degeneration. M#118B and M#128B contained the 

muscles that appeared little affected by autotomy. M#118C and M#128C are the 

combined average protein content for groups A and B. Muscles are ranked in order 

of greatest to least loss of protein. 
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Muscle # Protein Content, 
Aut. Side 

(/tg/muscle) 

Protein Content, 
Unaut. Side 
Otg/muscle) 

% Muscle Present 
After Autotomy 
(jig aut. side/ 
Hg unaut. side) 

133b,c 18.8 412 4.6 

129 19.8 363 5.4 

123 19.4 328 5.9 

119 18.1 249 7.3 

118A 8.22 103 7.9 

131 13.7 124 11.0 

133d 19.0 166 11.4 

120 47.0 290 16.2 

121 66.6 407 16.4 

133a 33.4 191 17.5 

125 12.1 66.2 18.2 

128A 18.8 98.5 19.1 

132 45.3 206 22.0 

126 90.9 408 22.3 

128C 23.0 98.5 23.3 

130 36.0 143 25.2 

124 19.6 73.0 26.9 

118C 30.0 103 29.0 

122 15.2 44.1 34.5 

128B 50.4 98.5 51.2 

118B 58.3 103 56.3 

114 4.0 1.21 333 
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correlated with innervation pattern came from preliminary immunohistochemical 

experiments with an antiserum to the peptidergic neuromodulator, proctolin. In one 

of the small subset of muscles included in this study, M#120, proctolin-like 

immunoreactivity (PLI) was associated only with posterior fibers (Clinton and Arbas, 

1994). Hale and Burrows (1985) also reported differential innervation of M#120 by 

CI MN ftl, which only innervated the posterior fibers. The entire group of eighteen 

muscles was stained with an antiserum generated against 7-aminobutyric acid 

(GABA), the classical neurotransmitter in insect inhibitory motor neurons (Emson et 

al., 1974), and two antisera to proctolin (Clinton and Arbas, 1996) (see Chapter 

Two). The distribution of PLI and GABA-like immunoreactivity (GLI) is shown in 

Table 3.2 (Data taken from Table 2.3). In this table, the muscles have been ranked 

in order from greatest to least extent of atrophy and degeneration, on the basis of the 

protein content data in Table 3.1. This table shows that in all muscles except one 

(M#128), absence of both PLI and GLI is correlated with the most extreme loss of 

protein. The four muscles exhibiting extreme degeneration lacked any 

immunohistochemical evidence of innervation by CI MN #1 or additional neurons 

containing a proctolin-like substance. In both M#120 and M#121, PLI and GLI were 

associated with the regions that contained persisting fibers. 

Fig 3.2 further illustrates the correlation between extent of atrophy and 

presence of both PLI and GLI. All of the data in Table 3.2 except that for M#114, 

the muscle that hypertrophies, were included in this plot. Three distinct categories 
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Table 3.2. Comparison of immunohistochemical patterns of GLI and PLI with extent 

of atrophy, as indicated by protein content data in Table 3.1. Muscles are ranked in 

the same order as in Table 3.1, from greatest to least loss of protein. Values for 

percentage muscle remaining are taken from Table 3.1. For M#118 and M#128, 

values are for M#118C and M#128C. 



Muscle a % Muscle 
Remaining 

% Muscles 
with PLI 

% Muscles 
with GLI 

I33b,c 4.6 0 (0/31) 0 (0/17) 

129 5.4 0 (0/44) 0 (0/17) 

123 5.9 0 (0/47) 0 (0/20) 

119 7.3 0 (0/35) 0 (0/18) 

131 11.0 81 (13/16) 67 (8/12) 

133d 11.4 61 (17/28) 71 (12/17) 

120 16.2 96 (43/45) 96 (24/25) 

121 16.4 73 (37/51) 71 (15/21) 

133a 17.5 39 (11/28) 47 (8/17) 

125 18.2 68 (27/40) 79 (15/19) 

132 22.0 52 (11/21) 50 (6/12) 

126 22.3 60 (29/48) 89 (17/19) 

128 23.3 0 (0/22) 0 (0/19) 

130 25.2 44 (19/43) 84 (16/19) 

124 26.8 57 (24/42) 85 (17/20) 

118 29.0 35 (8/23) 27 (4/15) 

122 34.5 65 (32/49) 90 (18/20) 

114 333 72 (18/25) 41 (7/17) 
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were visible. One group (•), close to the origin of all three axes, contained the four 

muscles that exhibited the greatest atrophy and had neither PLI nor GLI associated 

with them (M#119, M#123, M#129, and M#133b,c). One muscle, M#128 (•) also 

showed no evidence of PLI or GLI, but appeared more resistant to atrophy. The 

remaining twelve muscles (M#118, M#120-2, M#124-6, M#130-3a,d), formed a 

group (•) with no obvious additional subdivisions, in which all muscles exhibited 

significant resistance to atrophy and degeneration and contained clear evidence of 

both PLI and GLI. M#114 has both PLI and GLI associated with it. 

Proctolin is generally but not exclusively associated with slow excitatory 

motor neurons (see Orchardet al., 1989; for exceptions see Bartos et al., 1994 and 

Belanger and Orchard, 1993). Likewise, in grasshoppers, CI MNs and slow 

excitatory MNs often innervate skeletal muscle fibers in parallel (e.g. Hale and 

Burrows, 1985; Hoyle 1978; Kutsch and Usherwood, 1970). Therefore, it seemed 

likely that another correlate of resistance to atrophy would be the presence of fibers 

that had histochemical staining patterns characteristic of slow muscle fibers. While 

staining for multiple enzymes, such as myofibrillar ATPase (mATPase), succinate 

dehydrogenase activity, and glycogen content, are required to fully characterize a 

muscle fiber in insects, several investigators have shown that mATPase staining is a 

reliable indicator of fibers innervated by slow excitatory motor neurons. Both 

Rathmayer and Maier (1987) and Muller et al. (1992) reported in leg muscles in the 
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Fig. 3.2. % Muscle remaining is plotted against both % Muscles with PLI and % 

Muscles with GLI (all data in Table 3.2 were plotted except that for M#114). The 

muscles are divided into three groups according to their distribution in the 3-

dimensional space of the graph (•, #, and •). Twelve muscles (•) contained 

evidence of both PLI and GLI, and exhibited significant resistance to atrophy. The 

four muscles that atrophied most severely (•) had negligible evidence of either PLI 

or GLI. One remaining muscle (•) also had no evidence of either PLI or GLI, but 

it atrophied to a lesser degree than those labelled with •. 
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crab and locust respectively, that mATPase staining pattern correlated well with the 

innervation pattern of individual fibers. The level of staining depended on the pH at 

which the sections are incubated. At pH9.4, which was used for all experiments 

here, slow type fibers were lightly stained and staining in fast fibers was dark. 

The distribution of fiber types was examined in a subset of the eighteen 

muscles following autotomy. In the six muscles examined, presence of muscle fibers 

that have mATPase staining characteristic of slow innervation was correlated with 

PLI and GLI. Fig. 3.3 shows examples of frozen sections both M#120 and M#121 

from both the autotomized and unautotomized sides of adult B. psolus, at six weeks 

following autotomy. Fewer fibers were present in muscles removed from the 

autotomized side. These photos show that in both M#120 and M#121 loss of muscle 

mass was the result of degeneration of a subset of fibers rather than uniform atrophy 

of all fibers regardless of type. Also, degeneration of fibers occured predominately 

in the class of fast type fibers. In addition, the distribution of fiber tyjjes in M#121 

closely resembled that reported in Miiller et al. (1992) for mesothoracic Mif92 in 

Locusta migratoria. M#92 is the putative segmental homolog of metathoracic 

M#121. This trend was also present in other muscles stained for mATPase activity in 

the same fashion but not shown. M#133b,c, which degenerated severely was 

composed exclusively of fibers with staining characteristic of fast muscle fibers 

(Personius et al., 1996). M#118 was also uniformly composed of fast-type fibers 

(Kirk Personius, personal communication). As mentioned previously, the average 
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Fig. 3.3. Photomicrographs of mATPase staining (pH 9.4) in frozen sections of 

M#120 and M#121, from unautotomized and autotomized animals. At this pH, light 

staining is characteristic of slow type muscle fibers, and darker staining is 

characteristic of mATPase in intermediate and fast type fibers. A. M#120 from an 

unautotomized animal (same as that shown in Fig. 2.6). Anterior is to the left. B. 

M#120 from an animal whose metathoracic leg on the same side was removed seven 

weeks prior to dissection. Anterior is to the left. Scale bar, lOO^im. C. M#121 from 

an unautotomized animal. Anterior is to the left (same as that shown in Fig. 2.6). D. 

M#121 from an animal in which the leg on the same side was autotomized seven 

weeks prior to dissection. Scale bar, 10/xm. 
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loss of protein exhibited by M#118 following autotomy was quite variable from 

animal to animal. In most animals it degenerated severely, but in the rest it was 

much less affected by autotomy (see Table 3.1). M#123 atrophied extremely and 

while the results of the mATPase staining indicated that it was composed of at least 

two fiber types, the majority were intermediate, with a few lightly stained fibers in 

the center that were likely slow (see Fig. 2.6C). Collectively, these data indicated 

that innervation by slow excitatory motor neurons, in addition to the presence of PLI 

and GLI, was strongly correlated with resistance to atrophy and degeneration 

following autotomy. The noted exceptions to this trend were M#118 and M#128. 
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DISCUSSION 

Arbas and Weidner (1991) previously demonstrated that hindllmb autotomy in 

B. psolus results in severe atrophy and degeneration of six metathoracic leg muscles. 

Additionally, they provided evidence that atrophy and degeneration were induced 

transneuronally through damage to the leg nerve, rather than from altered use of the 

leg. Atrophy occurred in spite of the fact that motor neurons remained associated 

with the muscles. Motor neurons to M#133b,c could be backfilled from the 

remaining tissue at four to six weeks post-autotomy (Villalobos and Arbas, 1988). 

Although, at this time, somata of all three motor neurons are significantly smaller 

than those in unautotomized animals, indicating some changes have occurred as a 

result of autotomy. Motor neurons to M#120 at 10 weeks following autotomy were 

also visualized by backfilling from the muscle (AS Clinton, unpublished data). 

The current studies support the conclusions of Arbas and Weidner (1991) that 

atrophy and degeneration are the predominant effect of autotomy, with one 

exception. M#114 responded to autotomy by hypertrophying. Yet when the muscles 

were examined at the level of individual fibers, obvious distinctions were present. 

This was most evident from the immunohistochemical and histochemical staining 

patterns of M#120 and M#121. In these two muscles, PLI and GLI were associated 

with the regions with persistant fibers. mATPase staining revealed that these same 

regions contained slow type fibers. While my data suggested that not all fibers are 

equally affected, and that presence of persisting fibers was correlated with presence 
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of PLI and GLI and slow type muscle fibers, they do not suggest a mechanistic 

explanation for the observed outcomes. The possible explanations that are considered 

here are that the differences resulted from either: 1) connectivity patterns between 

sensory neurons on the leg segments and motor neurons innervating the affected 

muscles; 2) trophic and neuromodulatory substances in the motor neurons and 

muscle fibers they innervate; and 3) ability of motor neurons and muscle fibers of 

different types to initiate the biochemical processes underlying atrophy and 

degeneration. 

The leg nerve severed by autotomy contains the axons of less than 50 efferent 

(motor and neurosecretory) neurons, and thousands of afferent neurons (Burrows, 

1996). These afferent neurons innervate the various sensory organs of the leg and 

project primarily to the metathoracic ganglion (Braunig et al., 1981). Several studies 

have shown that deafferentation can induce physiological and morphological changes 

in central neurons that include decreased electrical activity, altered protein synthesis, 

atrophy, loss of synaptic contacts, and death (e.g. cricket: Meyer and Edwards, 

1982; snail: Kater, 1985; chick: Rubel et al., 1989). Such changes may then be 

propagated to subsequent synaptic partners of the affected central neuron (Cowan, 

1970). One additional feature important in both the cricket cercal giant intemeurons 

(Meyer and Edwards, 1982) and chick auditory systems (Rubel et al., 1989) was that 

not all synaptic partners were equally susceptible to deafferentation-induced changes. 

In fact, in other cases, no effects from deafferentation were observed (Purves, 1976). 
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Peripheral axotomy of motor neurons to leg muscles distal to the autotomy plane 

may also have additional central effects. Horridge and Burrows (1974) reported that 

following removal of the metathoracic leg, the fast extensor tibia motor neuron loses 

its synaptic inputs, centrally, from several visual and auditory intemeurons. Results 

of these previous experiments suggested that it was likely that both deafferentation of 

the ganglion and axototomy of motor neurons played a key role in translating 

damage to leg nerve 5 into selective muscle fiber degeneration following autotomy. 

Information from the sensory afferents on the leg is processed by a network 

of a few thousand local and intersegmental intemeurons, that in turn contribute to 

producing the output to leg muscle motor neurons and coordinating leg movements 

underlying the various behaviors in which the hindlimb participates. The size of the 

intemeuronal network and the complexity of connections within it has prohibited its 

complete characterization. Therefore the various synaptic pathways between neurons 

with axons in nerve 5 and those that innervate the affected muscles described in this 

paper are unknown. But previous investigations into motor systems in grasshoppers 

provide ample evidence of inequivalent pathways between sensory afferents and 

motor efferents (e.g. Burrows, 1989). For example, a few sensory afferents make 

mono-synaptic connections with certain leg muscle MNs, so deafferentation could 

have an immediate effect on these MNs, such as a change in electrical activity or 

longer-term metabolic changes. In contrast, effects of axotomy of other sensory 

neurons would be delayed by the time needed for intermediate intemeurons to 
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experience the long-term changes discussed above (e.g. shedding synaptic contacts, 

altered protein synthesis, death), which could then affect MNs to the leg muscles. 

Both mono- and polysynaptic pathways have been characterized between leg 

exteroreceptors and the various motor neurons to the leg muscles (e.g. Burrows, 

1989). Polysynaptic pathways pass through the networks of intemeurons that process 

sensory information within the ganglion and that form the walking and flight pattern 

generators. Therefore, in the metathoracic ganglion of B. psoitis, it is possible that 

not all leg MNs and consequently the muscle fibers they innervate would be equally 

affected by deafferentation. Possibly, the pattern of muscle fiber degeneration 

following autotomy reflects differences in the synaptic connectivity of the motor 

neurons within the ganglion, related to behavioral usage. For example, in the 

posterior flexor muscle of the trochanter in the American cockroach, P. americana, 

two of its excitatory and one inhibitory motor neurons receive inputs from pattern 

generator intemeurons (Pearson and lies, 1970), but one additional excitatory motor 

neuron, with no identified input from central pattern generating intemeurons, is 

excited by leg proprioceptors (Zill and Moran, 1982). At least in this muscle, its 

motor pool seems to be segregated into motor neurons that subserve walking and 

those that participate in postural maintenance. 

Movement of the leg results in simultaneous activation of many 

proprioceptors and exteroceptors, which in turn activate multiple intemeuronal 

pathways within the ganglion. At best it would be extremely difficult if not 
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impossible to determine the effects of specific sensory neurons on motor output to 

the muscles. But one study in particular suggests a possible explanation for the 

difference in muscle fiber atrophy and degeneration observed in B. psolus. In the 

grasshopper, Locusta migratoria, Braunig and Hustert (1985a,b) observed reflex 

responses of almost all of the presumed homologous muscles included in our studies 

to proprioceptors located on the trochanter that would be stimulated by movement of 

the coxal-trochanteral joint. Omitted from their study was M#114, which is restricted 

to directly influencing only wing movements. 

These trochanteral proprioceptors would likely remain intact and functional 

following hindlimb autotomy. Braunig and Hustert (1985b) reported that most of the 

leg muscles that are proximal to the trochanter were activated by stimulation of all 

sensory structures included in their study. Some of the proprioceptors would 

normally be activated during levation and others by depression of the joint. Thus, 

muscles that normally act as antagonist pairs during walking could have a sub-

population of fibers that receive excitatory inputs throughout all phases of the step 

cycle. The effect of this pattern of connectivity between trochanteral proprioceptors 

and leg MNs would be co-contraction of fibers in multiple muscles, which likely acts 

to stabilize the leg joints during both standing and walking. 

Of particular relevance to this work, Braunig and Hustert (1985b) found that 

the group of muscles exhibiting no spontaneous activity in their motor neurons and 

no reaction to stimulation of the trochanteral receptors are M#118, M#119, M#128, 



124 

M#129, and M#133b,c. They concluded that these muscles are unlikely to be used 

for postural maintenance. With the exception of M#123, the muscles that atrophy the 

most following hind-limb autotomy and that have no evidence of slow type muscle 

fibers are in this group. Possibly, excitatory inputs from trochanteral proprioceptors 

maintains tonic excitation of the slow muscle fibers that mediate postural control. 

Electrical activity in muscles has been shown to reduce denervation effects such as 

acetylcholine supersensitivity (Lamo and Rosenthal, 1972) and muscle atrophy 

(L0mo and Westgaard, 1975, 1976) in the rat. The experiments of Braunig and 

Hustert (1985b) were conducted in animals with the entire hind leg attached but with 

nerve 5B severed, so while their experiments may be representative of the reduction 

in afferent activity experienced by the ganglion, they may not accurately reflect the 

altered responses that could be observed over time in B. psolus, if reorganization of 

synaptic connections within the metathoracic ganglion occurs following autotomy. 

One scenario, as yet unexplored in B. psolus, is that muscle fibers innervated by 

motor neurons that either maintain tonic levels of activity or that continue to be 

recruited during behaviors involving all legs in spite of the loss of the more distal leg 

segments (e.g. walking), do not experience degeneration. 

The experiments of Braunig and Hustert (1985b) suggest an activity-based 

mechanism to explain the differential response to autotomy displayed by most, but 

not all of the muscles included in my studies. M#114, which hypertrophied following 

autotomy, was not included in their studies, so there is no evidence of proprioceptive 
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excitation of this muscle or its MNs post-autotomy. In addition, Braunig and Hustert 

(1985b) found that, in L. migratoria, MNs to M#118 and M#128 were not excited 

by activity in the trochanteral proprioceptors. Possibly, these two muscles persist for 

different reasons than the rest. It is also possible that in B. psolus, synaptic 

connections within the ganglion are different from those in L. migratoria. In 43 % of 

animals used for the protein analysis, M#118 dissected from the side of autotomy 

appeared less affected by loss of the limb. This value was close to the percentage of 

M#I18 with PLI (35%). As shown in Table 2.1, presence of PLI was correlated 

with increased muscle mass remaining following autotomy. Proctolin has never been 

proposed to have a trophic effect on either muscle fibers or neurons, but such a role 

is not impossible. These types of interactions have been studied relatively littie in 

insect neuromuscular systems. 

In vertebrate systems, retrograde and anterograde synaptic interactions in both 

central and peripheral nervous systems have been demonstrated to be important for 

maintenance of neuromuscular systems (e.g. Foehring et al. 1987a,b, Helgren et al., 

1994; Neff et al., 1993). Many molecules have been suggested to act in a trophic 

capacity. These include brain-derived neurotrophic factor (BDNF) (Koliatsos, 1993), 

insulin-like growth factor (IGF) (Neff et al., 1993), ciliary neurotrophic factor 

(CNTF) (reviewed in Sendtner et al., 1994; Helgren et al., 1994), and calcitonin 

gene-related peptide (CGRP) (Popper et al., 1992; Sala et al., 1995). CGRP has 

effects on muscles in vertebrates that similar to those of proctolin in insects. When 
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co-released from MNs with acetylcholine (ACh), CGRP increases muscle tension 

(Takami et al., 1985) and twitch potentiation (Takamori and Yoshikawa, 1989). Also 

like proctolin, it is capable of stimulating multiple second messenger pathways in its 

target fibers (Laufer and Changeux, 1987, 1989). 

In the mandibular closer muscle of the locust, L. migratoria, proctolin's 

effect is to increase the amplitude of neurally-evoked contraction by increasing 

calcium flow into the fiber, most likely through a pathway mediated by inositol 

trisphosphate (Baines et al., 1990; Baines and Downer, 1991). Yet in the tonic 

abdominal flexor muscle of the craytlsh, Procambarm clarkii, similar effects are 

achieved through cAMP-mediated pathways (Bishop et al., 1987, 1991). Chesler and 

Fourtner (1981) showed that stimulation of D„ the slow excitatory MN to the 

coxal depressor muscle of the cockroach, P. americana, resulted in tension 

production for several minutes after stimulation ceases. Later, this MN was shown to 

be proctolinergic (Adams and O'Shea, 1983). In addition, they showed that bath 

application of proctolin to the cosal depressor muscle mimicked the catch-like effects 

induced by Chesler and Fourtner (1981) by MN stimulation. If proctolin acts in a 

similar fashion on the skeletal muscles examined in these experiments in B. psolus, it 

could result in resistance to autotomy-induced atrophy, either through activity 

mediated effects dependent upon current flow, or in a trophic fashion through 

intracellular messenger pathways. 

As mentioned previously, maintenence of certain properties of neuromuscular 
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systems have been shown to be dependent upon synaptic interactions. Yet other 

properties of motor neurons and muscle fibers appear to be resistant to 

environmental influences (e.g. Edgerton et al., 1985; Sanes, 1987; Harris et al., 

1989; Condon et al., 1990a,b; Fredette and Landmesser, 1991). The experiments 

presented do not allow an assessment of whether degeneration of muscle fibers 

resulted from decreased activity levels in a subset of motor neurons, or whether the 

differential response to autotomy resulted from properties intrinsic to the fibers 

themselves. Not all fibers may be capable of turning on the biochemical processes 

underlying degeneration. I tested this possibility in 25 adult animals by denervating 

M#120 at three weeks post-autotomy, when anterior fibers in M#120 have 

degenerated. Denervation was accomplished by surgically removing a section of 

nerves 4 and 5 where they exit the metathoracic ganglion. Unfortunately, the effects 

of denervation at time periods greater than four weeks could not be assessed because 

the surgery significantly reduced the lifespan of the animals. A substantial number of 

small-diameter fibers were present in the posterior half of M#120 in all four animals 

that survived four weeks after the denervation surgery. The nerve to M#120 was 

backfilled with neurobiotin to determine if reinnervation had occurred during this 

time period. In all four animals, no backfilled somata were found in the 

metathoracic ganglion. The overall success rate of backfilling M#120 in B. psolus 

was 85 %. Therefore it seemed unlikely that the lack of filled neuronal somata 

resulted in all cases from failure to backfill. It is likely that these muscles remained 
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denervated for the entire four week post-surgical period. These data suggested that 

the posterior fibers of M#I20 did not require acute innervation to maintain their 

presence. 

Reinnervation of M#120, as demonstrated by successful backfilling of motor 

neurons, was a common occurrence in another group of animals with which similar 

denervation experiments were performed. This control group consisted of 

unautotomized, newly energed adults in which all metathoracic leg muscles were 

denervated by surgically cutting out pieces of nerves 3,4, and 5 where they exit the 

metathoracic ganglion. In four out of the five animals that survived seven weeks 

after surgery, a large number of small-diameter fibers were present in the posterior 

region of M#120, as well as several but obviously not all large-diameter fibers in the 

anterior region. These four animals contained motor neuron somata visualized by 

backfilling the nerve to M#120. This muscle had been reinnervated by MNs in the 

location appropriate for M^120 MNs, the posterior lateral region of the ganglion), as 

well as by MNs located in the anterior lateral region of the ganglion, which is an 

inappropriate location for M#120 MNs (Siegler and Pousman, 1990). In 

reinnervation studies with the cockroach, P. americana, coxal muscles were initially 

innervated by inappropriate MNs, but these synapses were eliminated over time 

(Denburg and Caldwell, 1992). The remaining animal in my control group, in which 

no backfilled somata were found, contained no large-diameter anterior muscle fibers. 

These results suggested that anterior fibers, in contrast to posterior fibers, were 
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dependent upon acute innervation for their maintenance. 

Also notable in this control group was that half of the animals displayed 

behavioral signs of reinnervation in both proximal and distal leg segments by four 

weeks post-denervation. Dissection of all five animals in the control, unautotomized 

group revealed that extensive neuromas were associated with both the metathoracic 

ganglion and peripheral nerve stumps, and obvious reconnections had been 

established between the ganglion and the periphery. No such neuromas were present 

in the autotomized and denervated animals, discussed above, although they only 

survived four weeks following denervation as compared with the seven week survival 

post-denervation in the unautotomized animals. Data from the control, unautotomized 

group indicated that reinnervation was possible by four weeks post-denervation, but 

it is possible that reconnections would have eventually been established in the 

autotomized and denervated group if given a longer survival period. It is still 

significant that the posterior fibers of M#120 persisted since Rees and Usherwood 

(1972) demonstrated that the retractor unguis muscle in the grasshopper, S. gregaria, 

degenerated in three to four weeks following denervation. My results in normal 

unautotomized animals resemble that observed in the cockroach, P. americana, 

which exhibits a robust reinnervation response to denervation of its leg muscles 

(Bodenstein, 1955, 1957). 

While the previously mentioned studies in cockroaches and decapod 

crustaceans were aimed at characterizing autotomy-induced muscle atrophy and the 
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subsequent limb regeneration, few address the underlying mechanisms. As such it is 

unknown whether the effects of autotomy in Barytettix and other juvenile 

grasshoppers are homologous to the muscle regression seen in the American 

cockroach and decapod crustaceans, prior to limb regeneration. If grasshoppers and 

locusts are descended from a taxonomic lineage that includes cockroaches as a more 

basal taxon, then it is possible that the grasshoppers and locusts, while still retaining 

the ability to autotomize a limb, have secondarily lost the capacity for regeneration 

of a complete limb. Unfortunately, the taxonomic relationships between these insect 

groups remain unresolved. There is some evidence that the capacity to regenerate a 

limb is not lost entirely. B. psolus exhibits extensive muscle atrophy and no signs of 

limb regeneration regardless of developmental stage in which autotomy occurs. The 

response to autotomy is different in two additional species examined. In M. 

differentialis and 5". americana, measurable atrophy occurs only when the hind-limb 

is autotomized in the first or second larval instars (Arbas, 1988). But when first 

instar larval grasshoppers, S. americana, were induced to autotomize a hindlimb, 

partial tissue regeneration of what appears to be distal leg segments does occur (AS 

Clinton, unpublished observations). The new tissue has the coloration of the tibia and 

contains tibial-spur like growths as well as tarsal pad-like areas. 

The data presented in these studies support and extend the previous findings 

of Arbas and Weidner (1991). Hind-limb autotomy in the grasshopper, B. psolus, 

transneuronally induced muscle atrophy of varying degrees in the muscles proximal 
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to the autotomized leg segments. Atrophy was variable both between muscles and in 

some cases between subsets of tlbers within the same muscle. The variation in 

response was strongly correlated with the innervation patterns in these muscles. The 

five muscles that contained no evidence of either PLI or GLI, exhibited the most 

extreme atrophy and degenerate, as determined by protein content. With the 

exception of one muscle, presence of PLI and GLI is found on all muscles with 

greater resistance to autotomy-induced atrophy and degeneration. The presence of 

proctolin-like and GABA-like antigens was expected to be correlated with innervation 

of these muscles by slow excitatory MNs. Muscles with greater resistance to 

autotomy-induced atrophy contained fibers with mATPase activity characteristic of 

slow rather than fast type fibers. In muscles with multiple fiber types, slow type 

fibers persisted and many but not all fast type fibers degenerated following autotomy. 

The slow type fibers are likely innervated by CI MN if I and slow excitatory MNs 

containing a proctolin-like substance. 
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CHAPTER FOUR: GENERAL DISCUSSION 

The experiments presented in Chapters Two and Three of this dissertation 

were originally devised to investigate the mechanisms underlying transneuronal 

induction of muscle atrophy in B. psoitis. My experiments did not identify the 

specific pathways by which muscle atrophy is induced in B. psolus. Yet when my 

results were interpreted in the context of the literature on motor control in 

grasshoppers and locusts, they revealed specific neuronal connections which would 

provide a focus for future experiments on the mechanism(s) underlying the 

differential muscle atrophy exhibited by B. psolus. In this chapter I will discuss these 

previous experiments on: l)identity of metathoracic muscles used during posture, 

walking, and flight in grasshoppers; and 2) neuronal circuitry mediating postural 

reflexes in grasshoppers. In addition, the results presented in this dissertation reveal 

a previously unknown and basic feature of the motor systems controlling posture and 

locomotion in grasshoppers. This feature is the parallel innervation of muscles by CI 

MN §\ and motor neurons containing a proctolin-Iike substance. Several earlier 

studies on flight and walking in the locusts, S. gregaria and L.migratoria, identified 

leg muscles that were used during walking, flight, or both behaviors. I feel that the 

function(s) assigned to several of these muscles should be reconsidered in the context 

of my results with B. psolus. Following this discussion on neuronal circuitry and 

motor control in grasshoppers, I will also discuss experiments done on transneuronal 
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induction of ceil death in nervous systems in two other animals, chickens and 

crickets. 

Wilson and Weis-Fogh (1962) showed with EMG recordings made during 

tethered flight in the locust, S. gregaria, that metathoracic M#112, M#127, M#128 

and M#129 were used during flight. Additional muscles listed as being used during 

flight but for which no data were shown are: M#113, M#114, M#118, M#119, 

M#120, and M#133b,c. In the first paper to propose that several of the thoracic 

muscles are used bifunctionally, during both flight and walking, Wilson (1962) listed 

more muscles as being used in both behaviors than data were provided for. Listed as 

bifunctional muscles were: M#118-120, M#128-9, and M#133b,c, but EMG 

recordings during both behaviors were shown for only one muscle, M#129, in the 

grasshopper, Romalea microptera. Recent studies by Duch and Pfliiger (1995) on 

muscles used by the locust, S. gregaria, during walking showed that neither M#118 

nor M#119 were active, even though contraction of either muscle caused movement 

of the leg segment they insert onto, the coxa. These results contradict the functional 

usage proposed by Wilson (1962). These studies also present conflicting conclusions 

on the role of M#129 in walking. While Wilson (1962) demonstrated that M#129 

was active during walking in the grasshopper, R. microptera, Duch and Pfluger 

(1995) did not include this muscle in their studies with the locust, S. gregaria. They 

stated that M#129 could not possibly move the leg during walking. 

Similar experiments on mesothoracic muscles were conducted by Wilson 
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(1962) in the grasshoppers R. microptera and Melanoplus differentialis, and by 

Ramirez and Pearson (1988) in the locust, L. migratoria, to determine functional 

usage. In the mesothoracic segment, the consensus was that presumed mesothoracic 

homologs to the following metathoracic muscles were recruited during both flight 

and walking: M#118, M#119, M#128, M#129 and M#133b,c. As stated above, 

Duch and Pfluger (1995) found that M^118 and M#119 were not recruited during 

walking. Together, the results of Ramirez and Pearson (1988) and Duch and Pfluger 

(1995) suggest that muscles that are presumed to be homologous on the basis of 

anatomical placement do not have homologous functions. The location of the various 

muscles is highly consistent between the two segments (Snodgrass, 1929), but the 

orientation of the meso- and metathoracic legs relative to the body is very different. 

During walking the mesothoracic leg is held almost perpendicular to the body axis. 

The highly modified metathoracic leg is held at an angle almost parallel to the body 

axis. It is possible that the conflicting conclusions described above, which are the use 

of M#129 and mesothoracic homologs to M#118 and M#119 during walking, result 

from the use of different grasshoppers in each study. While the anatomical 

arrangement of the meso- and metathoracic muscles is highly consistent between 

many species of grasshoppers and locusts, their use in walking and flight may be 

variable between species. In addition, to complicate matters a bit more, the 

metathoracic legs are used during tlight to steer and maintain balance (Dugard, 1967; 

Cohn and Cantrall, 1974; Arbas, 1983b, 1986). Activity of metathoracic 
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muscles during flight may not be to affect movement of the wings but rather to alter 

the position of the metathoracic leg for steering. So even though there there is good 

evidence for the use of mesothoracic muscles during both flight and walking, similar 

claims for metathoracic muscles were made without determining the contribution of 

various muscles to leg versus wing movement. It is my feeling that the conclusions 

drawn by Wilson and Weis-Fogh (1962) and Wilson (1962) for the the functional 

uses of metathoracic muscles are only substantiated for metathoracic M#112, M#127, 

M#128, and M#129 during flight in S. gregaria, and M#129 during walking in R. 

microptera. The functional assignments made by them for other metathoracic 

muscles were not supported by published data, and should be considered suspect 

until additional data are reported. 

Since the data on muscle function in grasshoppers and locusts were derived 

not only from different grasshoppers, but also from different thoracic segments, 

significant segmental and species differences may become apparent if looked for. B. 

psolus is secondarily flightless. As such, significant differences in its thoracic 

morphology, related to the loss of flight behavior, were apparent (Arbas, 1983a). 

But other neuronal elements of the flight system are present in B. psolus (Arbas, 

1983b,c). While three key flight muscles, M#112, M^113 and M^127, are either 

missing or reduced (Arbas, 1983a; Arbas and Tolbert, 1986), many but not all B. 

psolus have M#114 (see Chapter Two). Other muscles presumed by Duch and 

Pfluger (1995) to be used only for flight purposes in grasshoppers, M#118, M^119, 
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M#128, and M#129, are all present in B. psolus, and are quite robust. Their 

presence in this flightless grasshopper does not prove that they are used for walking. 

Another explanation for their presence is that their developmental programs may be 

subject to different constraints than those of M#112, M#113, and M#127. While the 

embryonic development of the thoracic muscles in the grasshopper, S. gregaria, has 

been studied, it is unknown whether groups of muscles, like neurons, have lineage 

relationships (Xie et al., 1992). If they do, it is possible that the birth and 

development of M#118, M#119, M#128, and M^129 is a requirement for those that 

bom later and are essential for walking and jumping. This scenario would then 

require in addition that M#118, M^119, M#128, and M#129 lack a cellular program 

for degeneration later on in development. 

While B. psolus is incapable of flight, it does share another behavior, 

jumping, with grasshoppers and locusts that do fly. Perhaps the reason that M#ll8, 

M#119, M#128 and M#129 are still present in B. psolus is that they are used for 

jumping. Or perhaps, these muscles are truly an evolutionary remnant from their 

ancestors with full flight capabilities, but are in the process of being converted for a 

new use. Other components of the neuronal machinery associated with flight are still 

present in B. psolus (Arbas, 1983c,d). As shown in Table 3.1, the response to 

hindlimb autotomy in M#118 and M#128 was not consistent from animal to animal. 

In most animals, these two muscles degenerated severely, but in the remaining 

animals, they were substantially less affected. In addition, while M#118 was 
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composed exclusively of fibers that had mATPase staining characteristic of fast type 

fibers, a significant number of muscles (35%) showed evidence of PLI, albeit 

sparsely distributed. Possibly, these differences reflect real variation in phenotype 

with respect to either innervation pattern of M#118 or expression of 

neuromodulatory substances within its motor neurons. This evidence, when combined 

with the uncertainty in the functions of M#118, M#119, M#128, and M#129, 

suggests that B. psolus is a good candidate to investigate species and behavioral 

differences in muscle usage related to the evolution of this genus. In addition, the 

issue of which muscles are used for the different behaviors exhibited by all 

grasshoppers is far from resolved in spite of the attention devoted to it in the past. 

Duch and Pfliiger (1995) included in their studies the majority of muscles 

used in experiments in this dissertation. All of the muscles that they found were 

recruited during walking: M#120-l, M#123-6, and M#130-2, also had good evidence 

of PLI except M#123 (see Fig. 2.1 and Table 2.2). M^123 had only a few fibers 

with staining characteristic of slow type fibers and they were located in the center of 

this bulky muscle (see Fig. 2.6C). If PLI is restricted to slow type fibers, the lack of 

PLI on M#123 could result from insufficient penetration of immunochemicals into 

the bulky interior. While the data in Fig. 2.1 and Table 2.1 suggested a strong 

correlation between presence of PLI and use during walking, two other muscles that 

also have PLI associated with them, M#133a and M#133d were not examined by 

Duch and Pfliiger (1995), so the full extent of the correlation is unknown. Proctolin 
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primarily acts on skeletal muscle to increase and prolong tension production in the 

presence of glutamate (Orchard et al., 1989), so it is ideally suited to maintain 

postural muscle tension. All or most muscles used to move the leg during walking 

are also likely to be used to confer joint stability, whether or not the animal is 

actively moving, so the distribution of PLI would be expected to closely parallel 

their involvement in walking. 

Since no electrophysiological recordings have been made of muscle or motor 

neuron activity during any behavior in B. psoitis, I can make no absolute 

determination of the functional use of any of the metathoracic muscles in this animal. 

Yet based on experiments done in other animals, several strong inferences can be 

made. As discussed previously, presence of innervation by CI MN #1 is generally 

considered indicative of a postural function (e.g. Hale and Burrows, 1985). The 

proposed function of CI MNs is to relieve or reduce postural muscle tension, either 

in preparation for or during active movements (Wolf 1990a). Postural muscle tension 

is often produced in response to proprioceptive inputs, either directly onto the motor 

neurons themselves or after being filtered and integrated by a network of 

intemeurons (Burrows, 1996). The distribution of PLI on the metathoracic muscles 

(see Table 2.1), although not analyzed in these experiments at the level of single 

fibers within muscles, is likely to overlap with CI MN #1 at that level. If so, it 

provides additional explanation for the pattern of activity in CI MN ^1, observed by 

Wolf (1990b) prior to and during both walking and flight. The effects of proctolin on 
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other skeletal muscles in orthopteran insects generally extend beyond cessation of 

activity in the motor neuron releasing it, and it is likely to be the same in the 

muscles included in my studies. Therefore, relaxation of these fibers is not likely to 

be accomplished solely by inhibition of the proctolinergic motomeurons centrally. 

An additional mechanism is likely necessary to relieve the residual tension in the 

muscle fibers, and the CI MNs appear to be responsible for this. 

The experiments in Chapter Two of this dissertation may provide new insight 

into mechanisms whereby posture and slow walking movements are accomplished in 

grasshoppers and locusts. These experiments interpreted with respect to the literature 

on locomotion in grasshoppers provide key insights into possible mechanism 

underlying the differential response to autotomy exhibited by these same muscles. In 

the muscles examined thus far, it was primarily the fast fibers, as determined by 

mATPase staining, that degenerated while the slow type fibers persisted. Since 

previous experiments demonstrated that atrophy and degeneration do not result from 

altered use of the remaining two leg segments (Arbas and Weidner, 1991), the most 

likely explanation lies in the synaptic pathways between the neurons in N5 that are 

axotomized during autotomy, and the motor neurons to the muscles that are affected. 

Motor neurons and muscle fibers subserving a postural function would be expected 

to be part of reflex circuits. Motor neurons and muscles fibers subserving a postural 

function would be expected to be part of reflex circuits. Pearson et al. (1976) show 

in the American cockroach, P. americana, monosynaptic connections between 
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trochanteral hair plate afferents and a slow excitatory MN, D„ to the coxal 

depressor muscle. Activity in this motor neuron induces a "catch-like" state in the 

muscle (Chesler and Fourtner, 1981). This motor neuron was later shown to be 

proctolinergic (Adams and O'Shea, 1983). It is unknown whether direct connections 

between proprioceptive organs and slow excitatory and/or proctolinergic motor 

neurons is a general property of the leg motor system in orthopteran insects. 

Grasshoppers have similar trochanteral hair plate regions, possibly 

homologous to those in the cockroach. While the coxa and trochanter have a variety 

of sensory organs present, only a subset are true proprioceptors, the rest acting as 

exteroceptors (Braunig, 1982). Activity in proprioceptive organs elicit reflex 

responses in various leg muscles. Braunig and Hustert (1985b) found that activity in 

coxo-trochanteral proprioceptors including the trochanteral hair plate cells elicit 

responses in motor neurons to various leg muscles. Their experiments, which 

examined activity in all muscles included in this dissertation except M#114 and 

M#133a, revealed that motor units to M#118, M^119, M#128, and M#129 did not 

show spontaneous activity and did not respond to stimulation of the coxo-trochanteral 

mechanoreceptors. The remainder were innervated by at least one motor neuron 

showing spontaneous activity, even when axons to all sensory afferents to the 

metathoracic ganglion except those on the coxa and trochanter were severed. The 

following muscles were all excited by activity in at least one group of coxo-

trochanteral proprioceptors: M#120, M^121, M^122, m#123, M#124, 
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M#126, M#130, M#131, M#132, and M#133d. All of these muscles except M#123 

are included in the pool innervated by motor neurons containing a proctolin-like 

substance. Similar synaptic connections between trochanteral proprioceptors and 

MNs to these muscles have not yet been identified in B. psoitis. But it is likely that 

these same MNs in B. psoitis are also excited by the sensory organs remaining on 

the coxa and trochanter following hind-limb autotomy. 

If the trochanteral hair plates still present on B. psoliis after hind limb 

autotomy continue to provide the metathoracic motor circuits with excitatory inputs, 

it suggests that one mechanism whereby slow type fibers persist could be based on 

differences in motor neuronal activity levels. This is similar to what was found in 

another system, the auditory system of the chick, where degenerative changes can be 

induced transneuronally. As reviewed in Rubel et al. (1989), removal of the cochlea 

in chicks damaged the dendrites of the eighth ganglion neurons innervating the hair 

cells of the cochlea, but their somata remained intact. The eight ganglion cells are 

the sole excitatory inputs to neurons of the nucleus magnocellularis (NM). Within 

one minute after removal of the cochlea, decreased excitatory activity was seen in 

NM cells, followed by decrease in glucose and amino acid uptake, decrease in 

protein synthesis, and continued reduction in excitatory activity. About one-third of 

NM neurons were found to eventually die. There were no known morphological or 

histochemical attributes which distinguished those that died from the survivors. The 

best correlate was that of the reduction in amino acid uptake. 
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Additional experiments focused on the possible role that excitatory activity 

played in maintaining the NM cells. In slice preparations of the NM taken from 

chicks whose cochlea was removed, antidromic stimulation of the NM cells did not 

reduce the effects of deafferentation described above (e.g. decreased protein 

synthesis, decreased glucose uptake). These effects were, however, mimicked by 

injection of tetrodotoxin to eliminate excitatory inputs to the NM from the eighth 

ganglion cells. The authors hypothesized that release of neurotransmitter from the 

eighth ganglion cells, probably glutamate, was responsible for the maintenance of 

their post-synaptic partners (Rubel et al., 1989). 

Another system, more closely related taxonomically to grasshoppers than 

chickens, also exhibited sensitivity to deafferentation. Giant intemeuron (GIs) in the 

terminal ganglion of the cricket, Achera domesticus, are the postsynaptic targets 

primarily of sensory cells of the cerci (Meyer and Edwards, 1982). Chronic but not 

short-term deafferentation caused reduction in amino acid uptake and protein 

synthesis in the GIs. Apparentiy, maintenance of the giant intemeurons was more 

dependent upon the presence of rather than the activity levels in the sensory inputs to 

these cells. 

One additional aspect of the transneuronally induced degeneration in the chick 

auditory system that is similar to autotomy-induced muscle atrophy in grasshoppers 

and deafferentation effects on the cricket cercal GIs is that the effects were 

dependent upon developmental stage. In chickens as well as two species of 
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grasshoppers in which the effects of autotomy have been examined, M. differentialis 

and S. americana, transneuronal degeneration was observed only in immature 

animals (Rubel et al., 1990; E.A. Arbas, unpublished results). Chronic 

deafferentation of the cricket GIs in adult animals had undetectable effects (Meyer 

and Edwards, 1982). Yet in B. psolus, hind-limb autotomy induced extensive atrophy 

and degeneration regardless of developmental stage. The timing of development of 

several morphological features in B. psolus lags behind that observed in M. 

differentialis and S. americana, indicating that, in an evolutionary sense, B. psolus is 

juvenilized through neoteny (Arbas, 1989). Possibly, its nervous system never 

experiences the cellular and molecular changes that occur with maturation in the 

other two species of grasshoppers, and that underlie the decrease in muscle atrophy 

observed in Melanoplus and Schisrocerca following autotomy in later juvenile and 

adult stages. Barytettix, however, retains this juvenile characteristic throughout its 

life. 

It is also possible that, rather than electrical excitation or release of traditional 

neurotransmitter acting to maintain certain muscle fibers, the persistance of specific 

muscle fibers results from a trophic effect of proctolin. While there is no literature 

precedent for such a function, it has been proposed for a neuromodulatory peptide in 

vertebrates, calcitonin gene-related peptide (CGRP), that has effects on 

skeletal muscle similar to proctolin (Sala et al., 1995). 

Evidence shown in Chapters Two and Three of this dissertation, when 
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combined with additional information in the literature suggest that: 1) co-innervation 

of skeletal muscle fibers by PLI-containing excitatory and inhibitory motor neurons 

may be a common feature of skeletal motor systems in grasshoppers and locusts, and 

2) proctolin-like peptides may be commonly used to generate sustained muscle 

tension, the magnitude and duration of which can be regulated by activity in CI 

MNs. Additional experimental evidence is required to prove that proctolin release as 

a co-transmitter with glutamate underlies such sustained tension. While the effects of 

proctolin on several skeletal muscles have been demonstrated and support the above 

hypotheses of its function, no studies have ever demonstrated the behavioral 

relevance of its effects during posture and locomotion, respiration, or antennal 

movements. In addition, the results of the biochemical purification and bioassay of 

muscle extracts presented in this dissertation suggest that skeletal motor neurons 

likely contain many more as yet unidentified peptides, some of which may have 

effects similar to proctolin. 
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