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ABSTRACT 

 

Steroid hormones alter the excitability of neural circuits for motor behavior in 

vertebrates and invertebrates. The insect Manduca sexta, with its well-characterized 

developmental and endocrinological history, is a useful model system to study these 

effects. The wandering behavior is a stage-specific locomotor behavior triggered by the 

steroid hormone 20-hydroxyecdysone (20E) and consists of crawling and burrowing 

movements as the animal searches for a pupation site.  

 

The results of this dissertation show that 20E acts on the isolated larval nervous 

system to induce wandering activity. The mechanisms underlying the generation of this 

activity share features similar to other invertebrate systems, including the presence of 

segmental central pattern generating circuits. The time course for the nervous system 

response to 20E is long, suggestive of a genomic mechanism of action, and there are no 

earlier rapid effects of 20E on the intrinsic membrane properties of the abdominal 

motoneurons.  

 

The site of 20E action in inducing wandering locomotion is unlikely to be the 

abdominal motoneurons, but interneurons presynaptic to these motoneurons. One 

possible site of 20E action is the brain, which shows stage-dependent expression of 

ecdysteroid receptors in certain populations of neurons. 
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Descending regulation by the brain and subesophageal ganglion (SEG) is exerted 

over the segmental motor circuits for crawling and burrowing and reflects stage-

dependent differences. Prior to wandering, the brain exerts inhibition over the segmental 

motor circuits for crawling, but this inhibition is not present during wandering.  Removal 

of the brain, SEG, and thoracic ganglia during on-going fictive locomotion alters the 

phase relationships between abdominal segments. Further alterations of fictive crawling 

motor output are observed in more reduced preparations, indicating the importance of 

intact connections between abdominal ganglia in the production of a reliable motor 

program. The SEG drives the fictive burrowing motor program. The burrowing motor 

program is more robustly expressed in nerve cords from wandering larvae, suggesting a 

stage-dependent difference due to 20E exposure.  Subsequent future experiments will use 

electrophysiological methods and genetic manipulations in Manduca sexta and 

Drosophila melanogaster, respectively, to explore target sites for hormone action in the 

brain and the characterization of brain neurons that drive wandering behavior. 
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CHAPTER 1.  BACKGROUND AND LITERATURE REVIEW 

 

1.1 STEROID HORMONE ACTIONS ON NEURAL CIRCUITS AND BEHAVIOR 

 

Steroid hormones are potent modulators of behavior in both vertebrates and 

invertebrates. Studies of steroid hormone action on neural circuits have primarily utilized 

models of sexually dimorphic behavior. Steroid hormones induce vast morphological and 

physiological changes in neural circuits for behavior during development and adulthood. 

Active areas of investigation include an examination of steroid hormone-induced changes 

in the activity of individual neurons, neural circuits, and the subsequent expression of 

behavior.  

 

The first portion of this dissertation chapter will cite examples from different 

model systems in consideration of: 1) the relevance of organizational versus activational 

terms in describing hormonal effects on neural circuits (sections 1.2-1.7), current 

knowledge on the mechanisms for hormone action (section 1.8), and 3) areas requiring 

further investigation and the necessity of linking steroid hormone effects on neural 

circuits to changes in behavior (section 1.9). The second portion of this chapter will 

review steroid hormone actions on neural circuits for motor behavior in the insects 

Manduca sexta and Drosophila melanogaster (section 1.10). The third portion of this 

chapter will cite selected examples of steroid hormone involvement in locomotor 

behavior in vertebrates (1.11), discuss pathways for the generation and control of  
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locomotion in select invertebrate and vertebrate systems (1.12-1.15), and highlight the 

advantages of using insect models (1.16). Finally, the last portion of this chapter will 

bring the topics of steroid hormone and locomotion together by introducing wandering 

behavior in Manduca sexta larvae as a useful model for examining both steroid hormone 

action on the nervous system and investigating pathways for locomotion (1.17-1.18).  
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1.2 STEROID HORMONE EFFECTS ON NEURAL CIRCUITS: ORGANIZATIONAL 

VERSUS ACTIVATIONAL  

 

 Steroid hormone effects on neural circuits for behavior were originally classed 

into two broad categories, organizational and activational. Traditionally, organizational 

effects of steroid hormones were those which induced morphological changes in neural 

structures early in development, leading to sex differences in brain and behavior (Phoenix 

et al., 1959; Arnold and Gorski, 1984). Morphological changes included effects on 

neuronal cell proliferation, soma size, neurite growth, and cell death. These effects were 

deemed to be permanent and irreversible. This traditional view of organizational effects 

of steroid hormones is well-supported by evidence from the spinal nucleus 

bulbosacavernosus, birdsong, and frog vocalization motor systems. By contrast, 

activational effects were defined to be transient and reversible, serving to regulate 

sexually dimorphic behavior by turning it on and off in adult animals in response to 

changes in the circulating levels of steroid hormones in the blood (Arnold and Gorski, 

1984).  
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1.3 TRADITIONAL CONCEPT OF ORGANIZATIONAL EFFECTS OF STEROID 

HORMONES  

  

Organizational effects of steroid hormones influence the sexual differentiation of 

the developing nervous system in the rat so that sexually dimorphic reproductive 

behavior can be expressed in the adult. In the adult, the male rat expresses specific 

copulatory behavior when mounting the female. In the rat spinal cord, the steroid 

hormone androgen is responsible for establishing sex differences in the number of 

motoneurons in the spinal nucleus bulbosacavernosus (SNB) and in its targets, the 

bulbocavernosus and levator ani muscles (reviewed in: Forger et al., 1992). These  

muscles, which  attach to the male genitalia, are involved in copulatory behavior and are 

one site of androgen action for sparing SNB motoneurons (Breedlove and Arnold, 1983b; 

Fischman et al., 1990; Rand and Breedlove, 1995). Androgen also has a direct action on 

SNB motoneurons, affecting soma size, likely through the regulation of NMDA receptor 

expression (Jordan et al., 2002). These developmental-specific effects translate into sex 

differences in adulthood. Male rats possess more motoneurons in the SNB than females, 

and in males, the somata and dendrites of the motoneurons are larger (Breedlove and 

Arnold, 1981; Kurz et al., 1986). When male rats, however, are not exposed to normal 

levels of androgen during development, or conversely, when females are given androgen, 

sexual differentiation of the nervous system is altered. 
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Manipulations of androgen in male and female rats can have profound effects on 

the sexual differentiation of the SNB system. Male rats treated perinatally with flutamide, 

a potent antiandrogen, and then castrated at birth, lack the bulbocavernosus and levator 

muscles, a situation analogous to the developing female (Breedlove and Arnold, 1983a). 

Male rats who possess the mutation, testicular feminization mutation (tfm), do develop 

testes prenatally and possess an X and Y chromosome, but the gene for the androgen 

receptor is defective. These tfm rats are androgen insensitive, lack the  bulbocavernosus 

and levator muscles, and like females, possess fewer SNB motoneurons (Breedlove and 

Arnold, 1981; Yarbrough et al., 1990). Androgen can also masculinize the SNB system in 

neonatal females, by rescuing SNB motoneurons from cell death (Breedlove and Arnold, 

1983b). Given these effects, androgen has a permanent organizational influence on the 

sexual differentiation of the SNB system.  

 

 Androgen, estrogen, and their metabolites also exert permanent organizational 

effects on the sexual differentiation of neural circuits important for adult birdsong 

behavior. In adult zebra finches and canaries, expression of the behavior is sexually 

dimorphic - the males produce the courtship song whereas the females do not. During  

development of the birdsong system in these species, androgen and its aromatization 

exerts an organizing influence on the song nuclei in the bird brain. Consequently, in 

adults, the song nuclei in the male brain are larger in volume (Nottebohm and Arnold, 

1976; Gurney, 1981).  Within the nucleus robustus archistriatum (RA) and higher vocal  
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center (HVc), there are more neurons and the cell somata are larger (Nottebohm and 

Arnold, 1976; Gurney, 1981).  These song nuclei likely express receptors for androgen, 

as shown in the species European starling (reviewed: Bernard et al., 1999). These 

morphological changes occur in parallel with the organizational influence of steroid 

hormones on the learning and production of song.  

 

 Selective exposure of male and female birdsong nuclei to testosterone and 

estradiol during development is critical for song learning. Expression of song behavior is 

abnormal when hormones are removed during the developmental period. Castration of 

male zebra finches during development affects syllable order of stereotyped song, 

implying an organizational influence of testosterone (Bottjer and Hewer, 1992). Estrogen 

appears to play a key role in song acquisition in male swamp sparrows. Male swamp 

sparrows have elevated plasma levels of estrogen during the critical period for 

memorization of song syllables (Marler, Peters, and Wingfield, 1987).  

 

Steroid hormones also play a key role in the expression of vocalization behavior 

in the frog, Xenopus laevis, through specific effects on the central and peripheral nervous 

systems. Like birds, adult frogs express sexually dimorphic vocalization behavior. Male 

frogs give specific mating calls whereas females do not (Hannigan and Kelley, 1986; 

Tobias and Kelley, 1987). This difference is due to the organizational influence of  
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androgen on both the laryngeal motor nucleus in the central nervous system (CNS) and 

laryngeal muscle fibers. Compared to adult females, the male laryngeal motor nucleus  

possesses more motoneurons, and these motoneurons have larger somata and dendritic 

trees (reviewed in: Kelley, 1986; Kay, Hannigan, and Kelley, 1999). These motoneurons  

express higher levels of androgen receptor mRNA compared to females (Perez, Cohen, 

and Kelley, 1996), and the receptor may regulate cell proliferation (Fischer, Catz, and 

Kelley, 1995). Androgen also induces more muscle fibers in males (reviewed in: Kelley, 

1986; Robertson, Watson, and Kelley, 1994). Again, like the birdsong system, 

manipulation of androgen levels during development can affect the sexual differentiation 

of the vocalization system. 

 

 Manipulation of androgen levels in female frogs during development can 

masculinize the CNS and periphery. Dihydrotestosterone treatment in female frogs 

during metamorphosis can increase the number of motoneurons in the laryngeal motor 

nucleus, probably by protecting neurons from cell death (Kay, Hannigan, and Kelley, 

1999). In the periphery, androgen also regulates the establishment of sexually dimorphic 

differences in quantal content (Tobias and Kelley, 1995). Female frogs given testicular 

transplants have an increased number of laryngeal muscle fibers in adulthood, although 

still fewer than typical of males (Watson et al., 1993). Given the effects of these 

manipulations, androgen clearly has an important role in masculinizing neural structures 

in the CNS and periphery.  
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Evidence from these three motor systems clearly supports the traditional concept 

of steroid hormone-induced organizational effects in establishing the sexual 

differentiation of neural structures in the CNS and periphery during development. Under 

this traditional view, these changes in neural structure or pathways for neural circuits 

were thought to be permanent and irreversible. Morphological changes were not thought 

to occur during adulthood (Phoenix et al., 1959; Arnold and Gorski, 1984). However, as 

will be presented in the next section, manipulation of steroid hormone levels in adulthood 

does induce organizational effects in these motor systems.  
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1.4 CURRENT CONCEPT OF ORGANIZATIONAL EFFECTS OF STEROID 

HORMONES  

 

Organizational effects of steroid hormones persist in adult animals as can be seen 

in the SNB and birdsong systems. In the adult SNB motor system, androgen regulates 

neuronal number, soma size, and dendritic growth. Castration in adult male rats causes 

considerable shrinkage of SNB motoneuron dendritic trees and soma size (Sasaki and 

Arnold, 1991; Matsumoto, 1997). Hormonally-induced structural alterations also occur in 

the brain nuclei of adult male songbirds in response to seasonally-dependent changes in 

the circulating plasma levels of estrogen and testosterone. Male canaries show 

hormonally-dependent seasonal changes in volume of nucleus RA. Changes in RA 

volume are due to changes in neuronal size, spacing between neurons, and changes in the 

length of dendritic arbors caused by estrogen and dihydrotestosterone (DeVoogd and 

Nottebohm, 1981a&b). In the higher vocal center nucleus (HVc), testosterone regulates 

the incorporation of new neurons seasonally (Goldman and Nottebohm, 1983; Kirn et al., 

1994; Alvarez-Borda and Nottebohm, 2002). Given evidence from both of these systems, 

steroid hormones can clearly induce profound changes in the morphology of neural 

structures in adult animals.  

 

Although organizational effects clearly establish the sexual differentiation of the 

nervous system during development, there is considerable refinement of neural structure  
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which occurs during adulthood. Thus, the traditional view of organizational effects is not 

in keeping with this strong evidence for morphological changes in adult animals. 

Furthermore, recent work from the frog and bird motor systems points to steroid 

hormone-induced physiological effects in the nervous system during development. 

Physiological changes induced by steroid hormones were not considered part of this 

traditional concept of organizational effects.  

 

Steroid hormones induce long-lasting changes in excitability in brain nuclei 

during birdsong development. Whole cell brain slice recordings from synapses between 

two song nuclei, LMAN (lateral part of the magnocellular nucleus of the anterior 

neostriatum) and RA in young zebra finches reveal testosterone-dependent 

developmental differences. Testosterone treatment causes NMDA excitatory postsynaptic 

currents (EPSCs) to become faster between fledging, juvenile, and adult stages (White, 

Livingston, and Mooney, 1999). Intracellular recordings from LMAN neurons show that 

androgen affects intrinsic properties such as the transition of these neurons from bursting 

in juveniles to non-bursting as adults (Livingston and Mooney, 2001).  

 

Androgen also affects the physiological properties of laryngeal motoneurons in 

the development of the male-specific vocalization behavior in the frog. As previously 

discussed, the sexually dimorphic expression of frog vocalization behavior in the adult is  
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determined in part by steroid hormone-induced morphological changes. However, 

androgen also plays a role in establishing physiological differences in the membrane  

properties of the laryngeal motoneurons. Laryngeal motoneurons in male frogs have a 

lower input resistance and larger membrane capacitance than females (Yamaguchi, 

Kaczmarek, and Kelley, 2003). These motoneurons also possess low threshold potassium 

currents and hyperpolarization-activated currents (Ih) (Yamaguchi, Kaczmarek, and 

Kelley, 2003).  Motoneurons in the male frog show strongly adapting action potentials of 

short duration whereas motoneurons in females show weakly adapting action potentials 

with graded levels of depolarization evoking differences in firing rates (Yamaguchi, 

Kaczmarek, and Kelley, 2003). Thus, these differences in the physiological properties of 

the laryngeal motoneurons are partially responsible for the sexually dimorphic behavior 

in the adult.  

 

Given these clear examples of steroid hormone-induced morphological and 

physiological changes during development and alterations in neural structure which occur  

during adulthood, the traditional definition of organizational effects seems no longer 

appropriate. This view is also supported by a reanalysis of evidence conducted by Arnold 

and Breedlove (1985). Instead, it must be recognized that organizational effects of steroid 

hormones occur during development and adulthood. 
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1.5 TRADITIONAL CONCEPT OF ACTIVATIONAL EFFECTS OF STEROID 

HORMONES  

 

In contrast to the organizational effects of steroids on neural circuits, activational 

effects were defined to be transient and reversible, serving to regulate sexually dimorphic 

behavior by turning it on and off in adult animals in response to changes in the circulating 

levels of steroid hormones in the blood (Arnold and Gorski, 1984). At the cellular level, 

steroid hormones act on the physiology and neurochemistry of individual neurons and 

synapses to cause expression of sex-specific adult behavior. Good examples of this 

traditional view of activational effects are two adult specific behaviors, lordosis, and sex-

specific communication in the electric fish.  

 

Lordosis in female rats and mice is a short-term specific behavior which is 

activated by the steroid hormone estrogen. Removal of the hormone prevents the 

induction of this behavior. Estrogen mediates the behavior by altering neuronal firing and 

responsiveness to sensory stimuli in the ventromedial nucleus (VMN) of the 

hypothalamus (Bueno and Pfaff, 1976). Neurons in the VMN of ovariectomized rats 

chronically treated with estrogen are more responsive to neurotransmitters like 

acetylcholine (Kow and Pfaff, 1985). The expression of this behavior depends in part 

upon an intracellular nuclear receptor for estrogen. Estrogen receptor alpha knockout 

mice which are gonadectomized lack the lordosis response (Ogawa et al., 1998).  
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The expression of male-specific communication in the electric fish also falls 

under this traditional concept of steroid hormone-induced activational effects. In the 

electric fish, males and females convey gender identity through electric organ discharges 

(EOD). The firing frequency of the EOD is driven by intrinsic pacemaking neurons 

located in the pacemaker nucleus (PMN) of the ventral medulla, and they drive relay 

neurons which innervate electromotor neurons (EMNs) in the spinal cord.  Male fish 

recognize potential mates based upon the frequency of the EOD discharge. Male electric 

fish have a lower EOD frequency than females and a broader pulse duration (Dunlap and 

Zakon, 1998). Androgen is responsible for establishing this sexually-dimorphic 

difference. Silastic tube implants of androgen in the electric organ cause an increase in 

the EOD pulse duration in both males and females (Few and Zakon, 2001). The broad 

EOD pulse duration in males is partially due to androgen’s effect on slowing the 

inactivation time constant of sodium currents in the electrocytes of the electric organ  

(Ferrari, McAnelly, and Zakon, 1995). These electrocytes express nuclear androgen 

receptors (Dunlap and Zakon, 1998).  

  

Therefore, in both the lordosis and electric fish behavior, hormones activate sex-

specific physiological responses in neural circuits. These examples support the traditional 

view of activational effects of steroid hormones.  

 

 



 

38
 

1.6 CURRENT CONCEPT OF ACTIVATIONAL EFFECTS OF STEROID 

HORMONES  

 

 The traditional definition of steroid hormone-induced activational effects dictated 

that the short-term expression of adult behavior was mediated by hormonally-induced 

changes in the excitability of neural circuits. Activational effects were not thought to 

involve morphological changes in neural pathways in adult animals. As described in 

section 1.4, however, circulating levels of steroid hormones in adult animals do involve  

morphological changes, with effects on neuronal cell proliferation, death, soma size, and 

dendritic outgrowth. In both birdsong and the SNB motor systems, these structural 

changes affect the activation of the male-specific short-term behavior, although the link 

between these changes and the behavior requires further investigation. Activational 

effects in adulthood, therefore, have consequences for the organization of the neural 

circuits underlying the behavior. Conversely, steroid hormones can exert long-lasting 

changes in the excitability of neurons.  
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1.7 SUMMARY, RELEVANCE OF THE CLASSIFICATION OF STEROID 

HORMONE EFFECTS INTO ORGANIZATIONAL VS. ACTIVATIONAL 

CATEGORIES  

 

In summary, the evidence presented in the preceding sections shows that neural 

pathways are altered morphologically and physiologically throughout an organism’s life 

in response to hormones. Therefore, it is difficult to assign steroid hormone effects into 

two distinct categories, organizational and activational.  
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1.8 MECHANISMS FOR HORMONE ACTION IN NEURAL CIRCUITS: RAPID OR 

LONG-TERM  

 

 As previously described, steroid hormones induce morphological and 

physiological changes in neural circuits during development and in adulthood. These 

changes can occur rapidly or over a longer time course, involving both non-genomic and 

genomic mechanisms. Changes requiring a longer time course (many hours or days) 

involve genomic pathways of hormone action. Steroids bind to intracellular receptors 

located in the cytoplasm or nucleus and, often, the receptor complex in the cytoplasm 

interacts with co-activating factors and other proteins. The steroid hormone-receptor  

complex then binds directly to hormone response elements on target genes and induces 

transcription and changes in protein synthesis (reviewed in Woolley, 1999; McEwen, 

1994, 2002). The steroid-hormone receptor complex can also activate transcription 

factors which bind to hormone response elements on target genes and induce 

transcription (reviewed in Woolley, 1999; McEwen, 1994, 2002). The time course for 

these changes could be hours or days. By contrast, steroids can also exert more rapid 

effects (seconds or minutes) on neural circuits through mechanisms involving specific 

plasma membrane receptors and G-protein signaling pathways (reviewed in Woolley, 

1999; McEwen, 1994, 2002). There are also cases in which there is cross-talk between 

these two types of pathways for steroid hormone activation of behavior.  
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Vertebrate models of sexually dimorphic behavior provide evidence for steroid 

hormone mediated effects through both genomic and non-genomic mechanisms. Estrogen 

mediates the expression of the female lordosis behavior through genomic mechanisms, as 

gonadectomized mice lacking the nuclear estrogen alpha receptor lack the lordosis 

response when given systemic injections of estrogen (Ogawa et al., 1998). By contrast, 

expression of courtship clasping behavior in the male roughskin newt is regulated by 

corticosterone through a rapid non-genomic mechanism likely to involve a plasma 

membrane-bound receptor (Rose et al., 1993; 1998; Orchinik et al., 1991). Within three 

minutes of systemic corticosterone injection, brainstem medullary neurons show a 

decrease or cessation of firing, which leads to inhibition of courtship clasping of females 

by male roughskin newts (Rose et al., 1993; 1998). In addition to these behavioral 

examples, other examples in the reproductive axis reveal mechanisms for steroid 

hormone action.  

  

In the mammalian reproductive axis consisting of the hypothalamus and pituitary, 

estrogen modulates the neurons containing gonadotropin-releasing hormone (GnRH) 

through genomic and non-genomic mechanisms. Estrogen feedback onto these GnRH  

neurons in the hypothalamus is responsible for regulation of the reproductive cycle (see 

review: Kelly and Wagner, 1999). These GnRH neurons express intracellular and plasma 

membrane receptors for estrogen, in the form of alpha and beta receptors (Navarro et al., 

2003).  
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Rapid actions of estrogen on GnRH neurons in both in vivo and in vitro studies 

involve plasma membrane receptors. Within 15 minutes of estrogen application, the 

percentage of GnRH neurons containing phosphorylated cAMP response element binding 

protein (CREB) increases (Ábrahám et al., 2003). The phosphorylation of CREB is an 

index of changes in intracellular signaling in these neurons (Ábrahám et al., 2003). The 

pathway for these estrogen-mediated increases in CREB involves estrogen binding to its 

plasma membrane receptor and activating the inositol phosphate signaling pathway. The 

products of the IP pathway include protein kinase C (PKC), cAMP, and protein kinase A 

(PKA) [reviewed in: Kelly and Wagner, 1999]. These molecules can interact with other 

proteins, including MAP kinases, to alter gene expression (reviewed in: Kelly, Qiu, and 

Ronnekleiv, 2003).  

 

 Estrogen can alter the physiological activity of these GnRH neurons through 

direct actions involving both types of mechanisms. Estrogen can act directly on these 

GnRH neurons to alter their physiological activity through genomic mechanisms. 

Estrogen increases intracellular levels of calcium in these neurons by binding to 

intracellular estrogen beta receptors and inducing changes in transcription (Temple et al., 

2004). Estrogen can also act rapidly, within seconds, to hyperpolarize the neuronal 

membrane through opening of G-protein coupled inwardly rectifying potassium channels 

(GIRK) as shown in whole cell patch recordings in hypothalamic slices from 

ovariectomized guinea pigs [reviewed in: Kelly and Wagner, 1999; Kelly, Qiu, and  
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Ronnekleiv, 2003]. In hypothalamic slices from ovariectomized mice, estrogen treatment 

rapidly reduces the amplitude and slows the inactivation of potassium channels,  

including the A-type. Consequently, the firing pattern of the GnRH neurons is altered 

(reviewed in: Moenter et al., 2003). Estrogen may also change the level or type of 

potassium channels expressed by these GnRH neurons via genomic mechanisms 

(reviewed in: Moenter et al., 2003).  Given these examples, estrogen can alter the activity 

of one select population of neurons through genomic and non-genomic dependent 

mechanisms. 

 

Similar to its actions in the reproductive axis, estrogen effects on hippocampal 

neurons also involve both genomic and non-genomic mechanisms. These effects include 

morphological and physiological changes. Another steroid hormone, corticosterone, also 

affects the excitability of hippocampal cells via these two different mechanisms.  

 

Non-genomic mechanisms involving G-protein signaling pathways are likely to 

be responsible for the rapid effects of estrogen and corticosterone on hippocampal 

neuronal excitability. Estrogen (17-beta-estradiol) signals rapid changes in neuronal 

excitability in hippocampal neurons. Stimulation of Schaffer collateral fibers evokes 

NMDA and AMPA receptor-mediated excitatory postsynaptic potentials (EPSPs) in CA1 

pyramidal cells. When estradiol is applied to artificial cerebrospinal fluid bathing the  
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hippocampal slice, it increases the amplitude of these NMDA and AMPA EPSPs within 

2-3 minutes (Foy et al, 1999).  Estradiol also potentiates glutamate-induced responses in  

hippocampal cells via non-NMDA receptors, within 1 minute of application (Wong and 

Moss, 1992). The pathways for these effects are through PKA activation (Gu and Moss, 

1996, 1998). Corticosterone also has a rapid effect on synaptic transmission in 

hippocampal neurons mediated through the serotonergic 5HT1A receptor and muscarinic 

acetylcholine receptors (reviewed in: Joëls, 2000). Chronic activation of the 

glucocorticoid and mineralcorticoid receptors by corticosterone may lead to a suppression 

of excitatory glutamatergic input whereas short-term activation of these receptors 

attenuates excitability (reviewed in: Joëls, 2000).  

 

Changes in excitability requiring a longer time course of hormonal action 

involving transcriptional activation are also seen in this same population of hippocampal 

neurons. Corticosterone increases the amplitude of voltage-gated calcium channel 

currents via transcriptional regulation (Karst and Joëls, 1991; Kerr et al., 1992; Karst, 

2000; reviewed in: Joëls, 2000). Following a two day treatment with estrogen and 

progesterone in ovariectomized rats, the amplitude of sustained and transient calcium 

currents in pyramidal neurons are enhanced compared to ovariectomized rats only (Joëls 

and Karst, 1995). These changes in excitability involving genomic mechanisms are 

paralleled by morphological changes in the dendritic spines of these pyramidal neurons.  
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Fluctuating levels of estrogen induce changes in the dendritic spine density of 

hippocampal pyramidal neurons over the estrous cycle (Gould et al., 1990; Woolley et 

al., 1990; Murphy and Segal, 1996). These changes in spine density involve genomic  

mechanisms requiring a long time course of hormonal exposure. Estrogen must be 

present for at least 24 hours to enhance dendritic spine density in hippocampal neurons in 

cell culture (Murphy and Segal, 1996). The addition of tamoxifen, an antagonist to the 

nuclear estrogen receptor, reduces these estrogen-induced spine density changes, 

providing support for a genomic signaling pathway (Murphy and Segal, 1996). The 

pathways for estrogen-induced increases in spine density involve NMDA receptor 

mechanisms and suppression of GABA-mediated inhibition onto pyramidal cells 

(Woolley and McEwen, 1994; Murphy and Segal, 1996; Murphy et al., 1998). Cell-

attached patch recordings from cultured hippocampal cells reveal that estrogen treatment 

reduces the amplitude of GABA-mediated inhibitory postsynaptic currents (Murphy et 

al., 1998).  GABA inhibitory input is likely to come from aspiny inhibitory interneurons 

which are immunoreactive for GAD, glutamic acid decarboxylase (the synthesizing 

enzyme for GABA) and the nuclear estrogen receptor (Murphy et al., 1998). This 

evidence suggests that estrogen can directly modify the morphology of dendritic spines  

on the pyramidal neurons and indirectly, affect their excitability through these 

interneuronal synaptic inputs. 
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As described, there is considerable information about the mechanisms underlying 

hormonal action on neural circuits for reproductive behavior and circuits linked to 

learning and memory. However, some areas require further investigation.  

 

 

1.9 THE NECESSITY OF FURTHER INVESTIGATION OF STEROID HORMONE 

ACTION ON NEURAL CIRCUITS FOR BEHAVIOR  

 

 Sections 1.2-1.7 provide considerable evidence for steroid hormone-induced 

morphological and physiological changes in neural circuits for the expression of different 

motor behaviors. Sections 1.8 discusses our current understanding of the mechanisms 

underlying steroid hormone effects on neural circuits. This section will discuss the 

remaining questions to be investigated in these different systems. These remaining 

questions revolve around the ultimate goal of linking these steroid hormone-induced 

morphological and physiological changes in neural circuits to the expression of the 

behavior. To do this, we need to address the gaps in knowledge in these various systems 

related to the site (s) and cellular pathways for hormonal alteration of neuronal structure 

and excitability. The following list summarizes areas requiring further investigation: 

 

1) In the newt, studies have used systemic rather than local injection of 

corticosterone to show a hormone-mediated effect on reticulospinal neuron firing 

and clasping behavior. Although a corticosterone membrane receptor has been  
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identified in the brainstem, it is unclear whether these reticulospinal neurons are 

             the direct site of hormone action. 

 

2) In the frog Xenopus laevis, the laryngeal motoneurons show differences in 

membrane properties between male and female animals. However, whether these  

differences in excitability reflect a direct action of the hormone on these 

motoneurons is not known.  

 

3) In the SNB motor system of male rats, the consequences for androgen-induced 

morphological changes on the excitability of the neural circuit are still unknown. 

There are no studies which assess hormonally-induced changes in physiological 

properties of the SNB motoneurons and how these changes cause the expression 

of the short-term copulatory behavior.  

 

4) In birdsong, evidence has shown that steroid hormones do act directly on LMAN 

neurons to alter their currents from development to adulthood. However, other 

cellular sites of hormone action have not been identified. Fluctuating levels of 

steroid hormones cause morphological changes in identified birdsong nuclei 

during adulthood, but how these changes lead to the creation of new neural  
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circuits for new songs each season or to song performance is not well- 

understood.  

 

5) In the electric fish, androgen has been shown to act directly on the electrocytes, 

but androgen receptors have also been identified on the pacemaker neurons. 

Androgen may alter the membrane properties of these neurons, but this remains 

to be tested.  

 

6) In the hippocampus, there is good evidence for hormonally-induced 

morphological and physiological changes in the pyramidal cells. These changes 

involve genomic and non-genomic mechanisms. However, how these changes 

alter synaptic transmission, promote the formation of new synapses, and the 

strengthening of existing synapses through LTP mechanisms is unknown 

(Murphy et al., 1998; McEwen, 2002). These changes are likely to lead to the 

creation of new neural circuits for learning and memory processes, but this 

remains speculative.  

 

7) In the hypothalamus, estrogen has direct and indirect actions on the activity of 

GnRH-containing neurons, actions which involve both genomic and non-

genomic mechanisms. Yet investigations into how estrogen acts through these  
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positive and negative feedback mechanisms to regulate the release of GnRH are 

still in the early stages (see review: Moenter et al., 2003).  

 

In summary, there remains a need to link the cellular and molecular actions of 

steroid hormones to the behavioral consequence. Thus, there is a real necessity for further 

investigation of these areas of research to provide needed insight into how steroid 

hormone changes in neural circuits lead to the expression of specific behaviors. As will 

be discussed, insect systems offer advantages for exploring steroid hormone action on 

neural circuits underlying motor behavior.  
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1.10 STEROID HORMONE EFFECTS ON NEURAL CIRCUITS FOR MOTOR 

BEHAVIOR IN THE INSECTS MANDUCA SEXTA AND DROSOPHILA 

MELANOGASTER  

 

 As previously discussed in sections 1.1-1.9, steroid hormones induce 

morphological and physiological changes in neural circuits for behavior through genomic 

and non-genomic mechanisms. Steroid hormones, however, also exert precise 

morphological and physiological effects on neural circuits for behavior in invertebrates. 

In invertebrates, insects are the primary model used to investigate steroid hormone effects 

on neural circuits.  

 

Steroid hormone effects on cellular morphology and physiology in insects are 

comparable to steroid hormone action in the vertebrate nervous system and use the same 

mechanisms, genomic and non-genomic (reviewed in: Weeks and McEwen, 1997). The 

receptor for the insect steroid hormone, 20-hydroxyecdysone (20E) is nuclear and 

belongs to the same superfamily as vertebrate steroid receptors (Thummel, 1995; Evans, 

1998). The insects Manduca sexta and Drosophila melanogaster have been the primary 

models used to examine steroid hormone effects at the cellular level, in remodeling the 

structure of the central and peripheral nervous systems during metamorphosis (see 

review: Consoulas et al., 2000; in Drosophila: Consoulas, Restifo, and Levine, 2002). In 

addition, Drosophila melanogaster offers the complementary advantage of genetic 

manipulations to perturb components in the ecdysteroid-signaling pathway and examine  
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the morphological consequences (see: Restifo and White, 1991; Restifo, Estes, and Dello 

Russo, 1995; Kraft, Levine, and Restifo, 1998).  

 

This remodeling of the nervous system is necessary because neural and motor 

circuits underlying larval behavior such as crawling and feeding must be replaced or 

respecified for new behavioral requirements in the adult, including walking, flight, and 

reproduction. This remodeling is orchestrated by the steroid hormone 20-

hydroxyecdysone (20E). In Manduca sexta, the titers of this hormone over development 

are well-characterized (Fig. 1.1). Furthermore, the nuclear ecdysteroid receptor is 

expressed in abdominal motoneurons, muscles, and the brain during high hemolymph 

titers of 20E such as during the committment pulse of 20E which triggers wandering and 

during the larval-pupal transformation (Fahrbach and Truman, 1989; Fahrbach, 1992; 

Jindra et al., 1996; Hegstrom et al., 1998; see Miller, Chapter 4 for ecdysteroid receptor 

expression in the brain).   
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Fig. 1.1: Relative Hormone Titers Over Development in 

Manduca sexta 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1.1: Relative hormone titers of juvenile hormone (JH) and 
ecdysteroids (20-ecdysone and its biologically activated form, 20-
hydroxyecdysone) are shown over larval and pupal development.  Hemolymph 
titers of JH and 20E are well-defined during the various life stages in 
this insect (Bollenbacher et al., 1981). The arrow represents wandering 
behavior, a stage-specific locomotor behavior triggered by the 
commitment pulse (CP) of 20E. Abbreviations: ecdysis (E), prepupal peak 
(PP), pupal (P), developing adult (DA),and adult (A). This figure is 
modified from Levine and Weeks, 1990. 

 

During the larval-pupal and pupal-adult transformation in Manduca sexta, there 

are hormonally-induced structural and physiological changes in identified motoneurons 

and muscles in response to the prepupal peak of 20E and also the large 20E peak during 

the pupal stage. These changes include the regression of motoneuron dendrites (Levine 

and Truman, 1985; Weeks and Truman, 1985&1986; Weeks and Jacobs, 1987; Trimmer 

and Weeks, 1989; Weeks and Ernst-Utischneider, 1989; Jacobs and Weeks, 1990; Prugh, 

Della Croce, and Levine, 1992; Kent and Levine, 1993; Streichert and Weeks, 1995).  
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The dendritic arbor of the accessory plantar retractor motoneuron (APR) regresses 

dramatically in response to the prepupal peak of 20E and its fate is segment-specific 

(Weeks and Truman, 1985, 1986; Weeks, Roberts, and Trimble, 1992; Sandstrom and 

Weeks, 1998). In some segments, the APR motoneuron survives and in other segments, it 

dies (reviewed in: Weeks, 2003). A 20E-mediated genomic mechanism regulates the 

dendritic regression and survival of APR motoneurons. 20E in vivo or in vitro causes cell 

death, and the  application of the protein synthesis inhibitor, cycloheximide, blocks the 

death of these motoneurons (Weeks et al., 1993; Hoffman and Weeks, 1998).  The 20E-

induced morphological changes in these  motoneurons have consequences for neural 

circuitry and behavior. 

 

20E-induced regression of the APR motoneuron dendrities causes the loss of the 

proleg withdrawal reflex (PWR) during wandering day two (Weeks and Truman, 1985, 

1986; Weeks and Jacobs, 1987; Trimmer and Weeks, 1989; Weeks and Ernst-

Utischneider, 1989; Jacobs and Weeks, 1990; Streichert and Weeks, 1995).  In the PWR, 

the animal withdraws a proleg in response to tactile stimulation.  Part of this reflex 

depends upon monosynaptic excitatory connections between plantar hair sensory neurons 

on the proleg and APR motoneurons (Weeks and Jacobs, 1987; Trimmer and Weeks, 

1989; and Jacobs and Weeks, 1990;  Gray and Weeks, 2003).  20E weakens these 

connections by decreasing the number of synaptic contacts between the sensory neurons 

and the motoneurons (Jacobs and Weeks, 1990).  The loss of this reflex is a nice example  
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of how a hormonally-induced morphological change alters the function of a neural circuit 

and consequently, impacts a behavior. 

 

In Drosophila, the steroid hormone 20E also remodels the neurites in the 

mushroom bodies of the brain and the dendrites of motoneurons 1-5 which innervate 

indirect dorsolongitudinal flight muscles in the adult fly (mushroom bodies: Kraft, 

Restifo, and Levine, 1998; Lee et al., 2000; motoneurons: Consoulas, Restifo, and  

Levine, 2002). Motoneurons 1-4 innervate larval muscles, then undergo dendritic 

regression, and regrowth during pupal development (Consoulas, Restifo, and Levine, 

2002). Motoneuron 5 lacks dendrities in larval life then acquires them during pupal 

development (Consoulas, Restifo, and Levine, 2002).  Certain transcription factors 

involved in the ecdysteroid signaling pathway such as Broad Complex may be required 

for the outgrowth of these motoneurons (Consoulas et al., unpublished observations; see 

Restifo, Estes, and Dello Russo, 1995).  

 

20E also has stage-specific physiological effects on thoracic leg motoneurons in 

Manduca. Cultured thoracic leg motoneurons from the pupal stage show an increase in 

whole cell calcium currents following incubation of motoneurons in 20E over several 

days. This does not occur in the larval motoneurons (Grunewald and Levine, 1998).  This  
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stage-specific modification of currents may be related to changes in behavior. The 

thoracic legs are involved in larval crawling but are then used for walking in the adult.  

Similarly, during metamorphosis, an identified motoneuron, MN5, transitions from a 

slow motoneuron involved in larval crawling behavior to a fast adult flight motoneuron 

(Duch and Levine, 2000).  The adult MN5 has a lower excitability than the larval MN5 

due to its more hyperpolarized resting membrane potential, more depolarized firing 

threshold, fourfold to fivefold lower input resistance, and increased voltage-activated 

potassium current (Duch and Levine, 2000). Given the previous evidence, the steroid 

hormone 20E is likely to be responsible for these changes in excitability in MN5, but this 

requires further investigation.  

 

In Drosophila, rapid physiological effects of 20E at the neuromuscular junction 

have been reported. Exposure of an early third instar Drosophila larva nerve-muscle 

preparation to 20E causes a reduction in the size of muscle excitatory junction potentials 

(EJPs) within minutes due to the release of fewer synaptic vesicles (Ruffner, Cromarty, 

and Cooper, 1999). The Drosophila mutant ecdysoneless causes a significant reduction in  

EJP amplitude in late third instar larvae (Li et al., 2001).  Currently, however, there are 

no published reports investigating 20E effects on neuronal excitability in the Drosophila 

CNS although there are reports on 20E effects on morphology, via genomic pathways 

(Restifo and White, 1991; Andres et al., 1993; review: Kozlova and Thummel, 2000).  
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20E is also involved in the activation of neural behavior by initiating a cascade of 

events in Manduca and Drosophila larvae which trigger a coordinated sequence of motor 

behaviors called pre-ecdysis and ecdysis. These behaviors require neuromodulators and 

neurohormones. In pre-ecdysis I and II, the epidermal cuticle is loosened through a series 

of simultaneous dorsal-ventral, and posterior-ventral body wall contractions, in 

conjunction with thoracic leg contractions (Weeks and Truman, 1984). In ecdysis, there 

is an anteriorly-directed wave of peristaltic contractions in the body wall muscles (Weeks 

and Truman, 1984). These behaviors are activated when 20E stimulates the release of the 

peptidergic eclosion hormone from the brain, which then causes the release of pre-

ecdysis and ecdysis triggering hormones and peptides (crustacean cardioactive peptide 

CCAP) [Truman et al., 1983; Weeks and Truman, 1984; Gammie and Truman, 

1997&1999; Zitnan et al., 1999). 

 

These 20E-mediated changes in morphology and physiology in Manduca may 

depend upon the time course of the hormonal signal, meaning its rate of rise, duration, 

and titer.  The larval molts are triggered by high levels of juvenile hormone (JH) and 

ecdysteroids (ecdysteroid concentration is ~2.1ug/ml) occurring over a 24 hour period 

(Bollenbacher, 1981). Following the last molt to the 5th instar, there is a small peak 

(~70ng/ml) in the level of 20E in the hemolymph occurring over an approximately 20 

hour period (Bollenbacher, 1981). This peak, the commitment pulse, occurs in the 

absence of JH and acts as a developmental switch, committing cells to a pupal pattern of  
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mRNA and protein synthesis. It is hypothesized that this pulse of 20E induces wandering 

behavior, a 24 hour period of intense locomotor activity during which the animal crawls  

incessantly to find a suitable place to burrow into the ground and pupate (Dominick and 

Truman, 1984, 1985, 1986a&b). Following wandering, the prepupal peak of 20E is 

responsible for inducing cells to express pupal gene products. The prepupal peak 

represents an increase lasting approximately 2 ½ to 3 days at a concentration of 1.5ug/ml.   

 

Like in the vertebrates, steroid hormones have morphological and physiological 

effects on neural circuits for behavior in insects with a time course for activation 

suggesting genomic and non-genomic mechanisms. Steroid hormones also induce 

changes in neural circuits for locomotor behavior. The next section will describe steroid 

hormone effects on locomotor behavior in vertebrates and pathways for locomotion in 

both vertebrates and invertebrates, as a prelude to the topic of this dissertation research. 
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1.11 HORMONAL MODULATION OF LOCOMOTION IN VERTEBRATES  

 

Steroid hormones are involved in the activation of specific locomotor behavior 

associated with reproduction in vertebrates. Steroid hormones can exert short-term 

specific changes in locomotor activity in vertebrates via effects on the brain. Implants of 

dilute estradiol in the medial preoptic area of the hypothalamus in ovariectomized rats 

stimulates increased activity on running wheels (Fahrbach et al., 1985). Furthermore, 

fluctuations in endogenous sex steroids over the estrous cycle in adult female rats are able 

to modulate Purkinje cell (PC) discharge in the cerebellum. The cerebellum is a major 

site for coordination of locomotor movements. Extracellular single unit activity can be 

recorded from PCs. Elevations in circulating estrogen during the day and night of 

proestrus cause an enhanced discharge of cerebellar PCs compared to the other days 

(Smith, 1995). Behaviorally, the animal’s step cycle is shortened (decreased flexion and 

extension) during the night of proestrus, following this maximum peak in estrogen 

(Smith, 1995). The mechanisms and site of action underlying estrogen’s effects on PCs 

are not well-known.  

 

 These changes in PC excitability involve a rapid time course for estrogen action 

because within 15-20 minutes following acute administration of estrogen, PC discharge is 

enhanced by approximately 117% (Smith, Woodward, and Chapin, 1989). The 

mechanisms underlying this increase in excitability are not known. A plasma membrane 

receptor for estrogen has not been identified in PCs, although they do not contain nuclear  
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or cytostolic receptors for estrogen (Simerly et al., 1990). Furthermore, estrogen may not 

act directly on the PCs, but indirectly, by enhancing glutamatergic synaptic transmission 

to these neurons. Estrogen, when applied locally to the PC region, does enhance PC 

response to ionophoretically applied excitatory amino acids in anesthetized female rats in 

vivo (Smith, Waterhouse, and Woodward, 1987; Smith, Woodward, and Chapin, 1989; 

Smith, 1995). Despite the need for further investigation on the site and mechanisms for 

estrogen action on cerebellar PCs, these effects are a nice illustration of steroid hormone-

induced changes in excitability leading to alterations in motor output.  
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1.12 DESCENDING CONTROL OF LOCOMOTION IN VERTEBRATES  

 

Given that steroid hormones can have effects on the brain to induce locomotor 

activity, an understanding of how locomotor activity is regulated by descending brain 

mechanisms is important. Descending drive can consist of electrical or chemical 

stimulation as seen in the cat and lamprey motor systems. Chemical stimulation refers to 

the release of neuromodulatory substances.  

 

In the decerebrate cat, locomotion can be initiated by electrical stimulation of 

certain brainstem regions, including the mesencephalic locomotor region (MLR).  Focal 

application of the neurotransmitters NMDA and GABA to the MLR can control the type 

of excitatory and inhibitory input that interneurons and motoneurons in the cat spinal 

cord receive (reviewed in: Whelan, 1996).  

 

In a semi-intact preparation of a more primitive vertebrate, the lamprey, electrical 

stimulation of the mesencephalic locomotor region initiates well-coordinated swimming 

with increasing electrical stimulation causing an increase in the strength of contraction of 

the swimming muscles (Sirota et al., 2000). The MLR also sends modulatory input, such 

as in the form of cholinergic input, to the descending reticulospinal neurons which 

synapse on identified motoneurons and some identified interneurons in the spinal cord 

(Le Ray et al., 2003; Brocard and Dubuc, 2003). Stimulation of descending glutamatergic  
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reticulospinal axons can also trigger the swimming motor pattern (reviewed in: Grillner, 

2000).  

 

Only recently have researchers attempted to examine the nature of the complex 

interactions between the brainstem and the spinal cord.  In the lamprey, there are 

feedback loops between the brainstem and spinal cord. The brainstem slows down the 

frequency of the fictive swimming rhythm (Vinay and Grillner, 1993). The brainstem 

also induces variability in the motor output, by transiently altering the frequency, leading 

to up and down-regulation of the fictive locomotion, as shown in spectrograms of 

extracellular motor nerve activity (Cohen et al., 1996). This variability is not seen with 

pharmacological stimulation of the spinal cord only, in the absence of the brainstem 

(Cohen et al., 1996).  Further investigation is needed to identify individual neurons in the 

brainstem MLR which interact with reticulospinal neurons to mediate these changes in 

spinal motor output.  At the same time, parallel efforts in insects have investigated 

anatomical and physiological interactions between the brain and segmental nervous 

system in the generation and control of motor behavior.   
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1.13 DESCENDING CONTROL OF LOCOMOTION IN INSECTS  

 

Studies in insects have supplied much of the current knowledge concerning 

descending regulation of motor networks in invertebrates and the role of  

neuromodulatory substances. In insects, physiological and morphological studies have 

revealed a role for descending brain neurons (DBNs) and distinct brain motor regions in 

various motor behaviors, including locomotion.   

 

Some DBNs drive stridulation, walking, and flight behaviors (reviewed in: 

Heinrich, 2002). For example, DBNs in the mediolateral protocerebrum of the brain 

initiate courtship behavior of grasshoppers which involves hindleg rubbing movements 

(reviewed in Heinrich, 2002). An intracellular depolarizing stimulation of the single 

identified interneuron, B-DC-3, in resting grasshoppers elicits hindleg shaking, with 

hyperpolarization decreasing the neuron’s discharge rate and causing the behavior to 

cease (Hedwig and Heinrich, 1997).  Pharmacological application of muscarinic agonists 

such as acetylcholine into the protocerebrum also activate stridulatory behavior (Heinrich 

et al., 2001).  In crickets, two DBNs discharge just prior to the initiation of forward 

walking, and during walking the discharge is correlated with the velocity of the walk 

(Bohm and Schildberger, 1992). In locust flight, brain interneurons control steering and 

the initiation of flight. One such brain interneuron is the tritocerebral commisure giant 

(TCG) which makes some excitatory connections with flight motor neurons in the 

thoracic ganglia and the subesophageal ganglion (Bicker and Pearson, 1983). The TCG is  
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involved in the initiation of flight by delivering high frequency bursts during the jump 

prior to flight (Bicker and Pearson, 1983).  In addition, there are two distinct regions of 

the insect brain that are thought to be associated with locomotor function. 

 

The central complex and the mushroom bodies are two distinct brain structures 

which are involved in adult insect locomotor behavior although none of the DBNs 

previously mentioned arborize in these regions.  Their role in locomotor behavior has 

been explored through electrophysiological, behavioral, and mutant analyses.   

 

The central complex (CC) consists of five interconnected neuropils containing 

hundreds of neurons: the protocerebral bridge and its buttresses, the fan-shaped body and 

superior arch, the ellipsoid body, and the paired noduli  (reviewed in: Strausfeld, 1999). 

The central complex receives input from large field tangential neurons which arborize in 

structures of the CC.  Large field tangential neurons arborize within one or more 

tangential layers of a single CC subunit and also send efferents to accessory lobes or non-

accessory regions. Columnar neurons, whose cell bodies are located in the medial 

protocerebrum, are intrinsic neurons because they connect structures within the central 

complex linking the protocerebral bridge, ellipsoid body, and noduli. These columnar 

neurons, which are serotonin-immunoreactive, are the main output pathway from the CC 

to the accessory lobes (Homberg, 2002). The lateral accessory lobes (LAL) are neuropil 

regions in the protocerebrum of the locust brain located between the central body and  
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accessory lobes, just posterior to the beta lobe of the mushroom body.  The central body 

is connected with the LAL by the isthmus tract.   

 

Perturbations of certain CC structures with toxins or mutations have disrupted 

walking behavior (Strauss and Heisenberg, 1993; Martin, Raab, and Heisenberg, 1999; 

Renn et al., 1999; Strauss, 2002). The blockade of the large field tangential neurons with 

tetanus toxin in Drosophila causes a reduction in total locomotor activity with longer 

pauses between bouts of walking (Renn et al., 1999; Martin, Raab, and Heisenberg,  

1999).  A mutation of the protocerebral bridge causes Drosophila to have walking 

episodes of shorter duration, and it has been inferred that this neuropil structure is 

necessary for the maintenance of a high walking activity state (Martin et al., 1999). 

Neurons which participate in walking behaviors have not yet been physiologically 

identified nor recorded. 

 

There is some electrophysiological evidence linking neurons associated with the 

central complex with locust flight. In locusts, intracellular recordings from three  

columnar and fifteen tangential neurons which arborize in the central body show activity 

before, during, or right after the cessation of wind-stimulated flight as monitored by 

extracellular recordings from hindwing elevator and depressor muscles using copper 

wires (Homberg, 1994).  However, whether these same neurons drive walking behavior is 

unknown.  



 

65
 

Despite the identification and analysis of CC structures in adult locust and 

Drosophila, little is known about the presence of a CC in insect larvae, although evidence 

in beetles suggests that animals which require their thoracic legs during larval 

development possess a primitive central complex.  In beetles, CC neurons arise during 

embryonic and larval development (Wegerhoff et al., 1996).  Some evidence suggests 

that two structures, the central body and the protocerebral bridge, are present at the 

beginning of the wandering stage in Drosophila (Renn et al., 1999), but this has not been 

confirmed in Manduca sexta larvae. 

 

The mushroom bodies (MB) are a second brain structure identified as playing a 

role in locomotion.  There are identified connections between the MB and CC  structures.  

The lateral horn of the protocerebrum, a CC structure, targets the MB calyces (Homberg, 

2002). In the mushroom bodies, the intrinsic neurons, the Kenyon cells, receive input 

from terminals of extrinsic neurons in the calyx.  Extrinsic neurons originate from three 

areas: in the antennal lobe of the deutocerebrum, lateral protocerebrum, or 

circumesophageal connective. The output of these neurons projects into various regions 

of the protocerebrum (Okada et al., 1999).  It is thought that MBs project to the 

protocerebral circuits, and these circuits then send information to the interneurons in 

thoracic motor centers as is the case in crickets (Strausfeld et al., 1998).  However, this is 

still speculation.   
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Defects in the MB using either chemical ablation, tetanus toxin disruption of the 

Kenyon cells, or a mutant strain called mushroom body miniature, cause Drosophila to 

have an elevated level of total walking activity, with an inability to terminate bouts, i.e. 

showing an increase in bout duration (Martin et al., 1998). Thus, MB are inferred to be 

sources of inhibitory regulation of locomotor activity.  In the locust brain, unidentified 

extrinsic neurons and a single giant interneuron immunoreactive for the inhibitory 

neurotransmitter GABA invade the calyces and pedunculus of the mushroom bodies, and 

make synapses on the dendrites of Kenyon cells although these cells are not GABA-

immunoreactive (Leitch and Laurent, 1996; reviewed in: Homberg, 2002) 

 

In cockroaches, copper silver histology has identified neuronal cell bodies 

flanking the MB peduncles, alpha, and beta lobes with their dendrities arborizing in the 

peduncles and beta lobes.  Recordings from these single neuronal units in a freely moving 

animal have revealed that these populations are functionally important for sensory 

discrimination, motor actions, and turning direction (Mizunami et al., 1998; Okada et al., 

1999).  Extracellular recordings using copper electrodes in certain neuronal units reveal 

that these units are firing throughout motor actions (Mizunami et al., 1998).  They may be 

predictors of the intended movements as they show elevated discharge 1-2 seconds before 

the specific motor function occurs  (Mizunami, 1998).  Some of these extrinsic 

movement-related neurons have activity changes depending upon direction (Okada, 

1999).  
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Clearly, there has been success in identifying some individual brain neurons that 

affect locomotion.  In insects, individual brain neurons that affect locomotion fall into 

two categories - those anatomically associated with the central complex or mushroom 

bodies, and identified neurons in other regions that drive walking, flight, and other 

behaviors.  These regions and individual neurons appear to have overlapping functions in 

spontaneous locomotion, particularly walking.  Further investigation is necessary,  

however, to explore how the various brain regions and individual neurons integrate and 

coordinate locomotor movements.  
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1.14 GENERATION OF LOCOMOTOR ACTIVITY: SPINAL MOTOR CIRCUITS 

AND NEUROMODULATION IN VERTEBRATES  

 

As described, electrical and chemical descending drive from regions of the brain 

regulate motor behavior in both vertebrates and insects. In the absence of the brain, 

isolated segmental nervous systems are capable of producing motor output. These 

segmental nervous systems contain central pattern generating circuits which consist of 

ensembles of neurons capable of generating rhythmic motor output in the absence of 

sensory feedback. The generation of this rhythmic motor output in isolated segmental 

nervous systems usually requires activation by a neuromodulatory substance which could 

be a neurotransmitter, steroid hormone, peptide, or biogenic amine. At the network level, 

amines, peptides, and neurohormones can initiate motor rhythms and modulate the on-

going motor patterns by changing the cycle period and the phase relationships of neurons 

within the network. On a cellular level, these substances can alter circuit behavior by 

acting directly on the intrinsic properties of the network neurons and/or by strengthening 

or weakening the synaptic connections among the neurons (see STG: Johnson et al., 

1995). Thus, neuromodulators can be used to assess effects on motor networks, 

individual network neurons, and provide information about how networks generate 

rhythmic activity.  
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The generation and neuromodulation of segmental motor output has been 

investigated in a number of vertebrate systems. Selected examples will be presented from 

lamprey, neonatal rat, and Xenopus motor systems.  

 

In lamprey, the isolated spinal pattern generating network consists of a series of 

coupled segmental oscillators which can produce the left-right alteration of locomotor 

activity characteristic of fictive swimming. The fictive swimming output is produced in 

response to application of a number of various neuromodulatory substances, including 

NMDA, D-glutamate, 5HT, and dopamine application (reviewed in: Grillner and Wallén, 

2002; Grillner, 2003). The network for generating the swimming motor output consists of 

excitatory glutamatergic interneurons and inhibitory glycinergic interneurons which cross 

the midline and inhibit neurons on the contralateral side. Lateral interneurons are present 

which inhibit these inhibitory interneurons. There are motoneurons on both ipsilateral and 

contralateral sides which drive the swimming muscles and receive excitation and 

inhibition from these interneurons. Ipsilateral excitatory interneurons drive bursting in 

these motoneurons, which also receive inhibition by the glycinergic inhibitory neurons 

(reviewed in: Grillner and Wallén, 2002; Grillner, 2003). In the intact animal, sensory 

receptors provide excitation and inhibition to this network (Grillner, 2003).  
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In neonatal rats, studies using an in vitro preparation of the isolated 

brainstem/spinal cord treated with a mixture of serotonin and NMDA have identified the 

CPG for generating hindlimb locomotion in lumbar segments one and two (Cazalets et  

al., 1995). Application of serotonin and NMDA to lumbar segments one and two, 

(separated from lower lumbar segments by a wall of vaseline), elicits a combination of 

excitatory and inhibitory drive onto the motoneurons in the lower segments (Cazalets, 

Borde, and Clarac, 1996). The excitatory component consists of a NMDA and non-

NMDA component whereas the inhibitory component is mediated by glycine  (Cazalets, 

Borde, and Clarac, 1996). In contrast, other studies have shown that the rhythmic 

network for controlling hindlimb movements is more segmentally-distributed, but there 

may also be neurotransmitter-driven reconfiguration of the network (reviewed in: Kiehn 

and Kjaerulff, 1998). Regardless, work is in the beginning stages of characterizing  

individual CPG neurons. Whole classes of interneurons involved in rhythm generation  

need to be more precisely identified in neonatal rats and adult mammals (Cazalets et al., 

1995; Kiehn and Kjaerulff, 1998; Pearson, 2000). 

 

 In Xenopus embryos and larvae, motor neurons for swimming behavior are 

segmentally distributed in the spinal cord and receive excitatory and inhibitory input from 

some identified interneurons. There are a group of identified spinal commissural 

interneurons which coordinate left/right alteration of muscle activity and provide 

inhibition of contralateral interneurons and motoneurons during fictive swimming in the  
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tadpole (Dale, 1985). A number of neuromodulators act at the network and cellular level 

to elicit and modulate fictive swimming in Xenopus laevis tadpoles and larvae. Activation 

and excitation of fictive swimming can be elicited by bath application of NMDA in the  

late embryonic and early larval nervous systems. NMDA also induces 5HT release from 

descending spinal projections of the brain raphe nucleus onto the swimming circuit, with 

co-activation of NMDA and 5HT causing voltage-dependent oscillations in motor 

neurons (Scryngeour-Wedderburn, Reith, and Sillar, 1997; Reith and Sillar, 1998). 5HT 

also can increase the intensity and duration of the motor bursts whereas noradrenaline 

(NA) lengthens the cycle period (McDermid, Scryngeour-Wedderburn, and Sillar, 1997; 

Merrywest et al., 2003).  

 

The inhibitory components of Xenopus fictive swimming, the synaptic drive in the 

form of inhibitory postsynaptic potentials (IPSPs) to the motorneurons, are mediated by 

glycine and GABA with the strength of the glycine inhibition determining the frequency 

of the swimming (increasing the inhibition slows down swimming frequency). Both 5HT 

and NA modulate this inhibition, with 5HT decreasing the probability of presynaptic 

glycine release, and NA enhancing the glycinergic midcycle inhibition postsynaptically 

(through increases in amplitude of IPSPs) through adrenoreceptors (McDermid, 

Scryngeour-Wedderburn, and Sillar, 1997; review, Sillar et al., 2002). GABA, released 

from mid-hindbrain neurons, is responsible for terminating swim episodes  
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(Reith and Sillar, 1999). The neurosteroid, 5β-pregnan-3α-ol-20-one (5β3α), increases the 

duration and occurrence of GABAA receptor mediated IPSPs (Reith and Sillar, 1997).   

 

 Besides these vertebrate examples, there are also some nice examples from 

invertebrate motor systems which provide insight into the generation and 

neuromodulation of rhythmic motor output.  
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1.15 GENERATION OF LOCOMOTOR ACTIVITY: SEGMENTAL MOTOR 

CIRCUITS AND NEUROMODULATION IN INVERTEBRATES  

 

Segmental motor circuits underlying walking and flight in insects have been well-

explored in locusts and stick insects using intracellular and extracellular recording 

techniques. In intact flying locusts and deafferented preparations, intracellular recordings 

have identified motoneurons in the mesothoracic and metathoracic ganglia which 

innervate the wing muscles and are active during flight (Wolf and Pearson, 1987a,b&c; 

Ramirez and Pearson, 1988). These hindwing and forewing motoneurons receive input 

from interneurons which are distributed within the first three thoracic and abdominal 

ganglia (Robertson and Pearson, 1985a&b). Several interneurons have been identified as 

participating in the initiation, maintenance, and resetting of the flight rhythm. For 

example, interneurons 566 and 567 which burst during flight, transmit proprioceptive 

information from the hindwing tegula to wing elevator motoneurons (Ramirez and 

Pearson, 1993).  A class of interneurons, 404, play a role in initiation and maintenance of 

flight activity, discharging tonically throughout flight episodes in response to wind 

stimulus to the head  (Pearson et al., 1985).  Recordings from interneurons 301 and 501 

demonstrate that these neurons reset the flight rhythm (Robertson and Pearson, 1985b).  

Some of these flight interneurons are modulated by the biogenic amine, octopamine,  

which induces intrinsic bursting properties in these neurons (Ramirez and Pearson, 

1991a&b). 
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Motoneurons and interneurons which are part of neural circuits for walking have 

also been identified in intact and isolated preparations of the stick insect and locust.  In 

the intact stick insect, motoneurons, muscles, and some nonspiking interneurons which 

integrate signals from leg motoneurons, have been identified (Fischer et al., 2001; 

Schmitz, Buschges, and Kittman, 1991).  Bath-application of the muscarinic agonist 

pilocarpine to the isolated mesothoracic ganglion of the stick insect induces long-lasting 

rhythmicity in leg motoneurons (Buschges, Schmitz, and Bassler, 1995). Similarly, in the 

locust, pilocarpine application to the isolated metathoracic ganglia induces rhythmic 

activity in leg motoneurons similar to that observed in intact walking animals 

(Ryckebusch and Laurent, 1993&1994). 

 

The organization and the location of the flight CPG remains unclear despite the 

identification of some of the component neurons. There may be a single central CPG 

circuit site or multiple hemiganglionic oscillators for flight (reviewed in: Comer and 

Robertson, 2001).  For walking, some interneurons have been identified as part of the 

segmental CPG network, located in the same ganglion as the motoneurons (Buschges, 

1995, 1998), but the complete circuit has not yet been defined. 
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The actions of neuromodulatory substances on neural networks have been well-

investigated in the model system of the Crustacean stomatogastric ganglion (STG). The 

stomatogastric ganglion produces pyloric and gastric mill motor rhythms that are 

responsible, respectively, for filtering and masticating food. The pyloric rhythm is 

generated by an electrically coupled group of three neurons that act as bursting 

pacemakers and are embedded in a network of chemical inhibitory synaptic connections 

among motoneurons. Amines, neurotransmitters, and peptides are released either through 

the neurohormonal circulation or through modulatory projections from the stomatogastric 

nerve, the nerve which innervates the STG. In the STG, classical neurotransmitters 

released include aceylcholine, glutamate, and GABA, and peptides include crustacean  

cardioactive peptide (CCAP) plus many others. These substances, when applied to an 

isolated STG or a STG with intact descending inputs, can initiate the pyloric rhythm in a 

quiescent preparation (reviewed in: Harris-Warrick et al., 1997; Swensen and Marder, 

2000; Skiebe, 2001; selected articles: Flamm and Harris-Warrick, 1986a&b; Ayali and 

Harris-Warrick, 1999). The muscarinic agonists pilocarpine, oxotremorine, and 

muscarine can initiate the pyloric rhythm in an isolated STG in a dose-dependent manner 

(Bai, Nagy, and Moulins, 1994).  

 

Several modulators can converge on the same neurons and even on a single 

current (Swensen and Marder, 2000; reviewed in: Marder, 2000). The actions of 

neuromodulators on individual neurons have been studied in conditions in which neurons  
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are isolated from their synaptic input by photoablation and pharmacological blockade 

(Marder and Thirumalai, 2002). For example, dopamine, serotonin, and pilocarpine can 

have convergent and divergent effects on different neurons in the STG network. All three 

substances increase the frequency and amplitude of the AB neuron‘s burst, but in the case 

of the PD neuron, dopamine inhibits and silences it, and pilocarpine activates slow 

bursting in this neuron (5HT has no effect) [reviewed in: Marder, 2000).   

 

Neuromodulators can also induce plateau potentials in neurons of the pyloric and 

gastric mill networks (pyloric: Russell and Hartline, 1982; Bai, Nagy, and Moulins, 1994; 

gastric: Elson and Selverston, 1992). Plateau potentials represent a stable membrane 

potential more depolarized from resting membrane potential and are thought to provide 

the excitatory drive for burst formation during pattern generation (reviewed in: Calabrese 

and Feldman, 1997; Kiehn and Eken, 1998). A neuron showing plateau properties is able 

to fire action potentials in the absence of continuous synaptic excitation. An increase in 

inward calcium current densities and a decrease in outward potassium current densities 

are thought to be responsible for generation of plateau potentials (reviewed in: Calabrese 

and Feldman, 1997; Kiehn and Eken, 1998; Grillner, 2003). Plateau potentials are  

maintained by non-inactivating or slowly inactivating inward currents (reviewed in: 

Calabrese and Feldman, 1997; Kiehn and Eken, 1998). The termination of plateau 

potentials occurs through the inactivation and/or repolarization of outward currents  
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(reviewed in: Calabrese and Feldman, 1997; Kiehn and Eken, 1998). It is thought that 

plateau potentials reduce the need for maintenance of on-going synaptic drive during  

muscle contraction and prevent irregularity due to variability in synaptic input (reviewed 

in: Calabrese and Feldman, 1997; Kiehn and Eken, 1998).  

 

 In general, neuromodulators can shape the final motor output at the level of 

individual neurons and networks. These multiple actions of neuromodulators on neural 

networks allow for flexibility, diversity, and variability in motor output, so the animal can 

modify its nervous system to switch behaviors in response to sensory input and according 

to its needs (see Flamm and Harris-Warrick, 1986a&b; review, Sillar et al., 2002).  
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1.16 ADVANTAGES OF USING INSECTS TO EXPLORE LOCOMOTOR 

PATHWAYS AND STEROID HORMONE ACTIONS ON NEURAL CIRCUITS 

 

Studies in vertebrates and invertebrates have provided useful insights into the 

interactions between the brain and segmental motor networks, the operation of motor 

networks, and the role of neuromodulation at the systems and cellular levels, the sum of 

which produce a rhythmic motor behavior. It could be argued that insects are more useful 

models for investigating cellular interactions between higher centers and the segmental 

motor system because they offer a smaller range of behaviors (crawling, walking, or 

flight). These behaviors involve the recruitment of fewer muscles, and fewer neurons in 

the brain and segmental motor system. Specific populations of brain neurons and 

individual brain neurons have activity which is directly associated with control of specific 

aspects of flight or walking. Individual cells can be identified through intracellular 

recording and neuroanatomical techniques whereas in vertebrates, extracellular  

recordings are taken from heterogenous populations of neurons which subserve many 

different functions, encoding many aspects of movement from planning to executing the 

movement to integrating sensory information about the limbs. Another layer of 

complexity is added by the need for these vertebrate brain regions to coordinate the 

activity of hundreds of different muscles whereas in insects, fewer muscles are recruited 

for less complex behavior. Given the complexity of higher vertebrate systems, it is a 

challenge to record from individual brain neurons, relate them to a specific neuronal  
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network, and link their changes in excitability with specific changes in locomotor 

activity.   

 

Although there are many nice examples of steroid hormone action in vertebrate 

circuits, vertebrate work is still hampered by questions concerning the site (s) and cellular 

pathways of hormone action. There are few vertebrate examples which show the effects 

of direct, local application of steroid hormones on the excitability of neurons associated 

with a particular behavior. Most vertebrate studies involve systemic injection of 

hormones into the animal. Insect models could provide needed insight on the site (s) and 

cellular pathways for hormonal modification of neuronal excitability. In particular, 

insects offer the ability to examine hormone action on local circuits, such as seen in 

20E’s effects on the excitability of the proleg withdrawal circuit in which individual 

neurons in the circuit can be identified, and direct consequences on the behavior 

observed. Furthermore, as shown by Duch and Levine (2000), a single motoneuron can 

be morphologically and physiologically identified as it transitions from participation in 

larval crawling to adult flight behavior.  

 

Additionally, using the insect Drosophila melanogaster offers the complementary 

advantage of genetic manipulations. Various transcription factors involved in the 

ecdysteroid signaling pathway are important for the hormonal remodeling of the nervous 

system during metamorphosis. Drosophila containing mutations for these various  
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transcription factors can be studied for their effects on locomotor behavior and 

potentially, in the near future, for their effects on CNS motor output.  

 

Because of these reasons, linking hormonally-induced morphological and 

physiological changes in neurons to various locomotor behaviors might be a task more 

amenable to insect models. Manduca sexta wandering behavior offers an opportunity to 

address questions concerning the site and cellular mechanisms of steroid hormone action 

in concert with examining interactions between higher centers and the segmental motor 

circuits in the production of rhythmic motor behavior.  
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1.17 WANDERING BEHAVIOR AS A MODEL FOR STEROID HORMONE ACTION 

ON A NEURAL CIRCUIT UNDERLYING A SPECIFIC LOCOMOTOR BEHAVIOR  

 

Wandering behavior is a stage-specific locomotor behavior in Manduca sexta 

larvae which is thought to be triggered by the commitment pulse of 20E. Manduca sexta 

wandering behavior was first characterized by O. Dominick and J. Truman using both in 

vivo and in vitro methods (Dominick and Truman, 1984, 1985, 1986a&b).   

 

Wandering behavior in vivo was characterized based upon EMG recordings from 

a freely moving larval animal which revealed a peristaltic pattern of muscular contraction 

underlying the crawling movements and the synchronous recruitment of muscles along 

the abdomen in burrowing behavior (Dominick and Truman, 1986a).  A key finding in 

their study was that 20E was implicated in the activation of wandering behavior.  

Removal of the hormonal source, the prothoracic glands on day 0 of the 5th larval instar 

(the day of entry into the 5th instar) prevented wandering behavior, but hormone 

replacement induced the wandering behavior (Dominick and Truman, 1985).   

 

Another key finding was related to the time course of the hormonal effect. The 

onset of the wandering behavior occurred with a minimum latency of 11 hours, between  

the start of hormone perfusion and the onset of the behavior (Dominick and Truman, 

1985).  The length of the hormone exposure required to activate the behavior was 

between 8-10 hours (Dominick and Truman, 1985). Furthermore, a longer infusion time  
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of 20E resulted in an increased duration of wandering behavior.  These in vivo studies 

also revealed the important role of 20E in activating wandering behavior during the 

appropriate time. 

 

Larval animals were competent to respond to 20E at any developmental stage 

provided that juvenile hormone was absent, and they had reached a critical size.  Larvae 

with the corpora allata (CA) removed (the source of JH) wandered several days following 

surgery whereas application of a JH mimic resulted in the delay of wandering and the 

wandering was of short duration (Dominick and Truman, 1985).   

 

Thus, these in vivo studies revealed the importance of 20E in activating the 

behavior, characterized the time course of hormonal exposure, and relayed the stage-

specific developmental expression of the behavior. These in vivo studies did not explore 

the site of hormone action. Dominick and Truman’s in vitro studies investigated the 

effect of 20E on neural activity in the isolated larval nerve cord, the time course for the 

effect, and the site of hormone action.  

 

  In Dominick and Truman’s in vitro studies, larval nerve cords were removed 

from both wandering animals and animals taken prior to wandering and exposed to bath-

applied 20E. In both conditions, extracellular recordings were taken from one abdominal 

segmental nerve. Nerve cords in both conditions showed a high level of bursting activity  
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whereas nerve cords not exposed to 20E showed a low level of spontaneous activity. 

(Dominick and Truman, 1986b).   

 

The time course for this 20E-induced increase in neural activity was 

approximately 13 hours, from the start of hormone perfusion to the onset of increased  

neural activity (Dominick and Truman, 1986b). They suggested that this represented a 

genomic mechanism of action, but the mechanism for this increase in neural activity was 

not further explored.  Furthermore, in these conditions, the nerve cord was continuously 

exposed to 20E and so, the effect of hormone removal was not studied.  

 

Finally, Dominick and Truman attempted to identify the site of hormone action in 

20E-mediated increases in neural activity in the isolated larval nerve cord. They 

hypothesized that 20E acted on the brain to alter the drive to the segmental nervous 

system because the brain provided inhibition of fictive crawling in vivo prior to 

wandering, and removal of the brain in wandering animals stopped the behavior 

(Dominick and Truman, 1986a). To determine the site of 20E action, they erected a 

silicone grease barrier between the brain and subesophageal ganglion, and selectively 

applied 20E to the brain alone or only to the segmental nervous system (subesophageal 

through terminal abdominal ganglion). Selective application of 20E to the brain alone 

increased neural activity whereas 20E applied to the segmental nervous system did not  
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(Dominick and Truman, 1986b). They concluded that the brain was the site of 20E 

action, but in retrospect, these studies were not convincing.  

 

Dominick and Truman’s in vivo studies provided convincing evidence that 20E 

activates wandering behavior in vivo.  However, their in vitro results need to be revisited. 

In their studies on 20E application to the isolated larval nerve cord, their extracellular 

records were taken from one abdominal segment only. Based upon this one record, they 

concluded that 20E induced wandering locomotion in the isolated nerve cord. When, in 

fact, their records did not reveal evidence for patterned activity consisting of crawling 

and burrowing, features characteristic of wandering behavior. The isolated larval nerve 

cord must be removed, treated with 20E, and multiple extracellular recordings taken from 

different abdominal segmental nerves to determine whether 20E induces patterned 

activity. Due to the recent characterization and quantification of fictive crawling in the  

isolated segmental nervous system of Manduca sexta larvae (Johnston and Levine, 

1996b), one can now characterize these 20E-induced motor patterns. Furthermore, one 

can analyze these motor patterns in Manduca isolated nerve cords to determine whether 

features of this motor output share similar mechanisms with other invertebrate motor 

patterns.  

  

In addition to characterizing 20E-induced motor output, one must also revisit 

Dominick and Truman’s results on the time course for the hormonal activation of  
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wandering in the isolated larval nerve cord. The latency for the effect can be measured by 

repeating their results but looking for the onset of patterned activity using multiple 

extracellular recordings from nerves in different abdominal segments. Furthermore, one  

can look for more rapid changes in the subthreshold activity of the intersegmental muscle 

motoneurons which serve the muscles participating in wandering behavior. Rapid effects 

of 20E on the intrinsic membrane properties of these motoneurons and the synaptic drive 

to these motoneurons can be assessed using intracellular recordings.  

 

Finally, Dominick and Truman’s results on the site of hormone action in evoking 

wandering behavior need to be revisited. Dominick and Truman’s results implicated a 

role for the brain in driving wandering behavior and that the brain was the site of 20E 

action. However, their results are not convincing because they had a low number of 

experimental animals (2 animals), specific brain neurons were not identified, and neural 

activity was only measured in one abdominal segment. Dominick and Truman did not 

show that the nerve bursting represented wandering-like locomotor activity. To show that 

the brain is the site of 20E action, it must be shown that selective application of 20E to 

the brain-only induces patterned activity. In addition, site of action experiments can now 

include examining the effect of hormone on the intrinsic membrane properties of the 

intersegmental muscle motoneurons using intracellular recording techniques. 
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There are clearly areas of investigation of 20E’s effects on neural circuits for 

wandering behavior which need to be revisited using more substantive 

electrophysiological methods.   

 

1.18 SIGNIFICANCE OF RESEARCH 

 

As described, there is considerable evidence in the vertebrate and invertebrate 

literature documenting steroid hormone-induced morphological and physiological effects 

on neural circuits for behavior in development and during adulthood. However, there are 

gaps in the literature concerning the sites and pathways for hormone action in these 

different systems and few examples linking these cellular changes to behavior. Steroid 

hormone induction of wandering locomotion in Manduca sexta larvae presents a unique 

opportunity to try to fill in these gaps and make the link between a hormonal change in 

the excitability of neural circuits and the expression of a behavior. Furthermore, results 

gleaned from investigating the interactions between higher centers and the segmental 

motor circuits in the generation of motor output can be added to the body of evidence on 

vertebrate and invertebrate motor pattern generation.  
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CHAPTER 2. HORMONAL ACTIVATION OF FICTIVE WANDERING 
LOCOMOTION IN THE ISOLATED NERVOUS SYSTEM OF MANDUCA 
SEXTA    
 
 
2.1 INTRODUCTION 
 
  

Steroid hormones can have direct physiological effects on neural circuits for 

short-term behavior as previously described for the electric fish and rat lordosis models. 

Specific effects of steroid hormones on the excitability of locomotor circuits, however, 

are not well-documented. Only one vertebrate study (Smith, 1995) has investigated 

steroid hormone-mediated physiological effects on locomotor circuits. In this study, sex 

steroids modulate the discharge of cerebellar Purkinje cells of adult female rats over the 

estrous cycle. Elevations in circulating estrogen during the day and night of proestrus 

cause an enhanced discharge of Purkinje cells and a subsequent shortening of the 

animal’s step cycle (Smith, 1995). These Purkinje cells, however, are not the site of 

estrogen action, and the pathways for hormonal-mediated changes in excitability in this 

locomotor circuit are unknown. In both the vertebrate and invertebrate literature, there is 

a lack of information about the pathways for hormonal activation of motor behavior. 

Thus, elucidating the pathways for hormone action and how precise hormonal effects at 

the cellular level mediate changes in behavior is worthy of investigation. Invertebrate 

systems are useful models for investigating neuromodulation of behaviors and the 

cellular interactions between segmental motor systems and higher centers.  
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Invertebrates exhibit a variety of short-term specific locomotor behaviors 

including crawling, walking, flying, and swimming. Neural circuits underlying these 

behaviors have been well-investigated in stick insects, locusts, Manduca sexta, crayfish, 

and leech (selected examples: stick insect walking: Buschges, Schmitz, and Bassler, 

1995; locust flight: Robertson and Pearson, 1985; Ramirez and Pearson, 1988; locust 

walking: Ryckebusch and Laurent, 1993&1994; Manduca crawling: Johnston and 

Levine, 1996a&b; crayfish walking: Chrachri and Clarac, 1990; crayfish swimming:  

Braun and Mulloney, 1993; leech crawling: Eisenhart, Cacciatore, and Kristan Jr, 2000; 

leech swimming: Kristan Jr, Stent, and Ort, 1974; Kristan Jr, and Calabrese, 1976). These 

neural circuits are under the influence of different steroidal and peptidergic hormones, 

neurotransmitters, and biogenic amines. Only one study, however, has attempted to 

explore the steroid hormone activation of a short-term specific behavior, namely 

wandering in Manduca sexta larvae.  

 

Wandering behavior is a stage-specific locomotor behavior in Manduca sexta 

larvae which is triggered by the steroid hormone 20E. In intact Manduca sexta wandering 

larvae, locomotor behavior consists of crawling and burrowing movements. During 

crawling in intact larvae, there are anteriorly moving waves of muscle contractions 

during which dorsal abdominal muscle activity precedes ventral abdominal body wall 

muscle activity (Dominick and Truman, 1986a; Johnston and Levine, 1996a). Burrowing 

movements occur at the end of wandering behavior as the animal finds a suitable place to  
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pupate. Burrowing behavior consists of simultaneous contraction of dorsal and ventral 

body wall muscles and mandibular movements as the animal burrows into the ground 

(Dominick and Truman, 1986a).   

 

Dominick and Truman’s in vivo studies found that 20E was necessary for the 

activation of the behavior as removal of the hormonal source prevented wandering 

behavior (1985). In their in vitro studies, the application of 20E to the isolated larval 

nerve cord prior to wandering increased motor activity recorded extracellularly from one 

abdominal segmental nerve. The motor activity was characterized as a high level of 

motor bursting, similar to that seen in nerve cords removed from wandering larvae which 

had received the commitment pulse of 20E in vivo (1986b). Nerve cords from pre-

wandering animals did not show this high level of activity (1986b).  However, this 20E-

induced bursting activity was not further characterized by Dominick and Truman to 

determine whether it resembled the motoneuron firing patterns that drive the wandering 

behavior.  

 

 Given the recent characterization and quantification of fictive crawling in the 

isolated larval nervous system and its similarity to crawling in the intact animal (Johnston 

and Levine, 1996a&b), it is now possible to repeat and build upon the Dominick and 

Truman findings to adequately confirm that 20E can induce wandering-like locomotor  
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activity in the isolated nerve cord. Furthermore, the role of 20E in wandering behavior 

can be more precisely defined. 

 

 There were three aims behind the following studies. The first aim was to 

determine whether the steroid hormone 20E acted on the isolated nervous system to 

induce motoneuron activity patterns that were characteristic of wandering behavior. 

Motoneuron activity patterns should consist of fictive crawling and burrowing features, 

which would not be present or would occur less frequently in the absence of hormone. 

The second aim was to analyze these features to look at mechanisms underlying the 

generation of the wandering motor pattern and compare them to other invertebrate 

systems. Finally, the third aim was to explore the possible pathways for activation of the 

fictive crawling component of the wandering behavior. To do this, 20E treatment was 

compared to the muscarinic agonist pilocarpine to consider similarities and differences in 

motor output.  
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2.2 MATERIALS & METHODS 

 

Experimental animals: 

Manduca sexta larvae were obtained from a colony at the University of Arizona, 

which were reared on an artificial diet (modified from Bell and Joachim, 1996) and 

maintained on a 17:7h light:dark photoperiod at 26°C and ~50-60% relative humidity.  

Larvae were designated as Gate I if they ecdysed to the 5th instar on day 0 and wandered 

beginning on the fifth night following ecdysis.  Larvae which ecdysed to the 5th instar on 

day 0 and wandered beginning on the 6th night following ecdysis were designated Gate II 

larvae.  The Gate I larvae in the ARLDN rearing facility wandered one day later than 

reported in the literature (Dominick and Truman, 1983). 

 

Dissection procedure: 

Eleven animals for the overnight exposure experiment were taken at the L3 stage, 

the night prior to the day of the commitment pulse. Larvae were anesthetized on ice for 

about 20 minutes prior to dissection. All dissections were carried out using instruments 

and dishes pre-cleaned with ethanol. Dissections were done under chilled sterile 100% 

Weever’s saline, a high potassium saline that mimics the composition of Manduca 

hemolymph. Weever’s saline consists of in mM: NaCl, 6.5; KCl, 33.5; MgCl2x6H20, 

16.2; CaCl2x2H20, 13.6; Glucose, 166.5; KHCO3, 1.25; KH2PO4, 1.25 (pH 6.4, osmolarity  

adjusted to 358osm with mannitol; Weevers, 1966; Weeks and Truman, 1984). 

Anesthetized larvae were pinned dorsal side up in a dish lined with silicone elastomer  
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(Sylgard). A dorsal incision was made from the most posterior segment up to the head 

and the gut removed. Specific nerve branches of the abdominal ganglia were dissected 

free from the surrounding tissue. The nerve cord from the brain to the terminal abdominal 

ganglion was dissected free from the body along with a portion of the tracheal supply 

(refer to Fig. 2.1). The removed tracheal supply consisted of the large tubes supplying the  

brain, subesophageal ganglion, and first thoracic ganglion and the trachea supplying 

individual ganglion. The nerve cord was then pinned dorsal side up in a second sterile 

Sylgard-lined dish filled with slightly cool sterile saline consisting of 80% Weever’s/20% 

Grace’s medium (Grace’s from GIBCO; final pH is 6.2, osmolarity adjusted to 358osm) 

with 1ug/ul of 20E (Sigma) [protocol modified from Dominick and Truman, 1986b]. The 

isolated nerve cord was perfused continuously with 20E dissolved in the media at room 

temperature (flow rate ~6ml/hour) bubbled with a combination of 95% oxygen and 5% 

carbon dioxide for a minimum of 12-13 hours and continuously perfused the following 

morning during the recording session.  Control nerve cords were dissected and treated 

exactly the same way but did not receive hormone treatment. 

 

Wandering larvae were selected for the study based upon certain characteristics 

which mark a first day wanderer including a prominent dorsal vessel (due to exposure to 

20E), a purged gut, and a propensity to actively crawl when placed on a flat surface.   
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Earlier 5th instar feeding larvae were selected at the L1 stage, the day following ecdysis 

to the 5th instar.  Dissections were done in chilled 100% Weever’s saline, and a portion  

of the tracheal supply was removed along with the entire nerve cord.  Entire nerve cords 

were removed from four wandering larvae on the morning of the first day of wandering 

(W0), with the assumption being that larvae received the commitment pulse of 20E in 

vivo the night before.  Nerve cords were removed from four L1 larvae.  The time from the 

start of dissection to the beginning of the recording session was approximately 1.5 hours. 

The isolated nerve cord was perfused with the mixture of Weever’s/Grace’s media at 

room temperature for approximately 3 hours (flow rate ~6ml/hour) and continuously 

bubbled with a combination of 95% oxygen and 5% carbon dioxide.  As described, 

extracellular recordings were taken from the DNL and DNp nerve branches in different 

abdominal segments. 
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Fig. 2.1: Isolated Larval Nervous System of Manduca sexta  

Brain
Subesophageal
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Abdominal 2

Terminal AbG

 
 
Fig.2.1: Larval nervous system of Manduca sexta with tracheae shown, as 
used for these experiments. The nervous system consists of the brain, 
subesophageal ganglion, three thoracic ganglia (prothoracic, 
mesothoracic, and metathoracic), and a chain of abdominal ganglia 
(Terminal AbG=terminal abdominal ganglion). Each abdominal ganglion 
consists of bilateral sets of dorsal and ventral nerves. The dorsal 
nerve branches into the DNL, the lateral branch, which innervates more 
dorsally-situated body wall muscles, and the DNp, the posterior branch, 
which innervates more ventrally-situated body wall muscles (figure 
modified from Dominick and Truman, 1986b; Johnston and Levine, 1996b). 
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Electrophysiological Techniques: 

 

Extracellular recordings: 

For the overnight exposure experiments, extracellular glass-tipped suction 

electrodes were used to monitor abdominal motor activity in the isolated nerve cord 

beginning 13-14 hours after the start of perfusion. Electrodes were used to record from 

select nerve branches of abdominal ganglia 3-6, including the DNp, the posterior branch 

of the dorsal nerve, which carries the axons of motoneurons that innervate the lateral, 

ventral, and oblique intersegmental muscles (ISMs) and the DNL, the lateral branch of 

the dorsal nerve which carries the axons of motoneurons that innervate dorsal 

intersegmental and external muscles (Levine and Truman, 1985). Two suction electrodes 

were placed on the DNL and DNp of the same abdominal segment to compare dorsal-

ventral nerve activity. Two suction electrodes were placed on the DNp nerves of other 

ganglia. Thus, four suction electrodes were used to monitor the patterned activity. This 

arrangement was also used to compare activity between wanderers and early 5th instar 

larvae. Extracellular recordings were amplified and filtered with differential AC 

amplifiers (A-M Systems) and stored using a Pclamp version 9.0 acquisition system 

(Axon Instruments; acquisition sample rate 10kHz per channel). For these experiments, 

data were analyzed manually, graphs were created with Microsoft Excel, and statistics 

were performed using a web-based statistics program (Vassar Stats). 

 

 



 

96
 

 

Intracellular recordings: 

 Overnight exposure experiments: Following 13-14 hours of perfusion with or 

without hormone, a vaseline well was built around the second abdominal ganglion only. 

The Weevers’ saline was exchanged with Weeks saline, a high sodium saline that mimics 

the extracellular environment surrounding the nervous system.  Weeks’ saline consists of 

in mM: NaCl, 140; KCl, 5; CaCl2, 4; Glucose, 28; Hepes, 5; (pH 7.4; Trimmer and 

Weeks, 1989). Then, the ganglion was treated with 1.5% collagenase dispase (Sigma) and  

desheathed with fine forceps to allow for sharp microelectrode penetration of cell bodies. 

The Weeks saline in the well was periodically replaced with fresh oxygenated saline. The 

rest of the nerve cord received the Weevers’ saline. The cell bodies of intersegmental 

muscle motoneurons (ISM MNs) in abdominal ganglion two were impaled with thin-

walled borosilicate glass microelectrodes (resistance 25-40MΩ) filled with 2M potassium 

acetate. Subthreshold activity of the motoneurons was recorded in bridge mode with the 

bridge balanced both prior to electrode penetration when the electrode tip was in the bath 

and then, a few minutes following electrode penetration of the cell body. These ISM MNs 

send their output through the DNL and DNp nerve branches in the next posterior 

ganglion. While recording intracellularly from individual motoneurons, extracellular 

recordings were taken simultaneously from the DNL and DNp nerves. Intracellular 

recordings were amplified (Axoclamp 2A) and stored on a Pclamp version 9.0 acquisition 

system (Axon Instruments, Inc.).  
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2.3 RESULTS  
 
20E induced a high level of bursting activity in the isolated larval nerve cord: 
 

Dominick and Truman showed that 20E application to isolated larval nerve cords 

caused an increase in abdominal nerve bursting although they were unable to determine if 

this bursting activity was patterned as expected for either crawling and/or burrowing. 

Thus, the present study repeated their experiments to determine whether the 20E-induced 

bursting activity represented wandering locomotion. Nerve cords were removed from 

larval animals prior to exposure to the in vivo commitment pulse and maintained for 12-

13 hours in saline containing 20E and then recordings were begun during hour 13. Initial 

experiments sought to replicate the findings of Dominick and Truman. As expected based 

on their results, isolated nerve cords treated with 20E displayed a high level of bursting 

activity in abdominal motor nerves over a six hour recording session (i.e. hours 13-19 

after dissection). Over a three hour period of recording (each record was 45 minutes  

long), abdominal motor nerves were bursting 75-100% of the time (n=11, Table 2.1). For 

the purpose of this initial analysis, bursts were defined as a barrage of action potentials 

separated by gaps. In contrast, control nerve cords showed lower levels of spontaneous 

motor activity which were punctuated by brief bouts of bursting (n=4, Table 2.2). This 

difference in activity between 20E-treated versus control preparations mimics the results 

from the Dominick and Truman study (1986b) showing that 20E increases neural activity 

in the isolated larval nerve cord.   
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Table 2.1: 20E Induced a High Level of Bursting 
Activity 

 
 
Table 2.1: During a three hour period, bath application of 20E to 
isolated nerve cord preparations induced bursting activity in the 
abdominal motor nerves 75-100% of the time. N/A= data not 
available for this recording hour. 
 
Table 2.2: Control Nerve Cords 

 
 
Table 2.2: Isolated nerve cords which did not receive 20E showed 
a low level of bursting activity, from no activity to 50%, in a 
three hour period of recording. 
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20E-induced fictive crawling & burrowing features in the isolated larval nerve cord: 

Like the Dominick and Truman results (1986b), isolated larval nerve cords 

showed a high level of bursting activity in response to bath application of 20E. Having 

shown that 20E induced bursting activity, the next goal was to determine whether the 

activity consisted of features of wandering behavior, i.e. crawling and burrowing. As 

shown in Figs. 2.2 & 2.3, there was a peristaltic wave of bursting activity beginning in 

the most posterior abdominal segment and proceeding anteriorly. Within an abdominal 

segment, dorsal nerve activity preceded ventral nerve activity (Fig. 2.3). These features 

are characteristic of fictive crawling as defined previously (Johnston and Levine, 1996b).  

The ISM MNs recorded intracellularly in the second abdominal ganglion (A2) showed 

rhythmic activity during this fictive crawling, and this rhythmic activity had a synaptic 

component (Fig. 2.4).  

 

In contrast, nerve cords isolated from larvae prior to wandering (controls) and 

incubated overnight without hormone showed low levels of spontaneous unpatterned 

motor activity over several hours of recording (Figs. 2.5 and 2.6), a finding supportive of 

the Dominick and Truman results.  

 

20E sometimes induced a more complex motor pattern, consisting of a 

combination of fictive crawling and burrowing features (Figs. 2.7&2.8). Regions of  
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peristaltic bursting activity that were characteristic of crawling, were interposed with 

regions of synchronous bursting in all nerves as expected for fictive burrowing (refer to 

Chapter 6). This combination of features is consistent with wandering behavior in which 

crawling is interspersed with burrowing as the animal seeks an appropriate pupation site. 

An individual ISM MN showed rhythmic activity during this burrowing-like activity in 

the abdominal nerves (Fig. 2.9).   
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Fig. 2.2: 20E-Induced Fictive Crawling Features in the 
Isolated Larval Nerve Cord 

 

 

 

 
 
 
Fig. 2.2: Nerve cords treated with 20E overnight showed a high level of 
bursting activity in the abdominal motor nerves over several hours of 
recording. Shown here is a 45 minute record. The motor bursts consisted 
of tightly clustered action potentials of different sizes. In this 
example, 20E induced a fictive crawling-like motor pattern. 
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Fig. 2.3: 20E-Induced Bout of Fictive Crawling 
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Fig. 2.3: Boxed region from Fig. 2.2 shown on an expanded time scale. 
Within a cycle, activity progressed peristaltically from abdominal 
segment six (A6). Within A6, the onset of DNL bursting activity preceded 
the DNp burst. These features are characteristic of fictive crawling as 
defined previously by Johnston and Levine (1996b). 
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Fig. 2.4: 20E-Induced Bursting in ISM MN 

 
Fig. 2.4: Fictive crawling in an isolated larval nerve cord following 
overnight exposure to 20E. The top trace represents an intracellular 
recording from an intersegmental muscle motoneuron which was bursting in 
response to hormone. This bursting occurred in conjunction with the 
bursting in the A3DNp nerve (second trace).  The inset window shows the 
bursting on an expanded time scale with individual spikes seen and a 
synaptic component to the rhythmic activity (arrowhead). A peristaltic 
pattern of nerve bursting from posterior to anterior abdominal segments 
was seen.  
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Fig. 2.5: Pre-Wandering Isolated Larval Nerve Cord Not 
Treated with 20E 

 

 
Fig. 2.5: Control nerve cords isolated from larvae prior to wandering 
and incubated overnight without hormone showed low levels of spontaneous 
unpatterned motor activity over several hours of recording. Shown here 
is a 45 minute record. 
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Fig. 2.6: Boxed region from Fig. 2.5 of control nerve cord preparation 
shown on an expanded time scale. Individual action potentials are seen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.6: Tonic Nerve Activity in the Isolated Larval 
Nerve Cord in the Absence of 20E 
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Fig. 2.7: 20E-Induced Fictive Crawling & Burrowing Features 
in the Isolated Larval Nerve Cord 

 
 

Fig 2.7: 20E also induced a more complex motor pattern which consisted 
of a combination of fictive crawling and burrowing features. 
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Fig. 2.8: Fictive Crawling & Burrowing Features in 20E-
Treated Isolated Larval Nerve Cord 
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Fig. 2.8: Boxed region from Fig. 2.7 shown on an expanded time scale. 
Fictive crawling and burrowing features were seen. Regions of 
peristaltic bursting activity (dotted box) that were characteristic of 
crawling are interposed with regions of synchronous bursting in all 
nerves (solid box) that were thought to be fictive burrowing. 
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Fig. 2.9: 20E-Induced Bursting in ISM MN 

 
 
Fig. 2.9: Fictive burrowing in an isolated larval nerve cord following 
overnight exposure to 20E. The top trace represents an intracellular 
recording from an intersegmental muscle motoneuron which was bursting in 
response to hormone. This bursting occurred in conjunction with the 
bursting in the A3DNp nerve (second trace).  The inset window shows the 
bursting on an expanded time scale with individual spikes seen. The 
nerves in abdominal ganglia three and six were bursting synchronously. 
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Analysis of 20E-induced bouts of fictive crawling and burrowing: 

 
Eleven nerve cords exposed to 20E showed patterned activity in the form of 

crawling and/or burrowing features in response to 20E. The response was further 

analyzed over a two hour period to develop a set of established criteria for future 

characterization of the 20E-induced motor pattern and to confirm the variability in types 

of motor output (crawling versus burrowing) produced in the 20E-treated nerve cord 

group.  

  

A crawling bout was defined as one cycle of peristaltic activity in the DNp nerves 

from posterior to anterior abdominal segments accompanied by asynchronous dorsal-

ventral nerve activity within an abdominal ganglion. A burrowing bout was defined as 

synchronous large bursts which occurred in the DNL and DNp nerves simultaneously 

across different abdominal segments.  As shown in Table 2.3, all nerve cord preparations 

treated with 20E showed crawling bouts, burrowing bouts, or both (n=11) whereas 

control preparations showed few bouts of patterned activity. The number of crawling 

bouts increased in five preparations from hour 14 to hour 15 of hormone exposure but 

decreased in three preparations. The number of burrowing bouts declined in six 

preparations from hour 14 to hour 15, but three preparations showed an increase in the 

number of burrowing bouts.  
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Table 2.3: 20E-Induced Bouts of Crawling & Burrowing 

 
 

Table 2.3: 20E-induced bursting activity in the isolated nerve cord 
consisted of fictive crawling and burrowing bouts, as measured in 11 
preparations over a two hour period (hour 14 and 15 of 20E exposure). 
The number of fictive crawling bouts (#CB) and fictive burrowing bouts 
(#BB) were counted for each hour (*indicates a significant difference 
compared to the control preparations in that recording hour 1p<0.025, 
2p<0.01 Mann Whitney U test). 
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20E-induced fictive crawling in the isolated larval nerve cord and mechanisms: 
 

The goal of the following analyses on the 20E-induced motor pattern was to 

quantify certain features of the pattern to investigate mechanisms underlying the 

production of fictive crawling. As shown in Fig. 2.10, measurements of cycle period, 

burst duration, and latency were made in the fictive crawling preparations. One cycle of 

activity in the intact larva represented one peristaltic wave of rhythmic body wall muscle 

contraction through the abdominal and thoracic segments. In the isolated nerve cord, one 

cycle also represented one bout of crawling activity (the peristaltic wave through the 

segments), with cycle period being the time between one bout of crawling and the next 

bout of crawling. Cycle Period measurements were made by measuring the time between 

the onset of contiguous bursts of motor activity in the same nerve (Johnston and Levine, 

1996b). Burst duration was defined from the onset of bursting motor activity to the 

termination of bursting motor activity in that same nerve (Johnston and Levine, 1996b).  

Normalized burst duration was the burst duration divided by the cycle period (Johnston 

and Levine, 1996b). To calculate the mean phase value, the latency was divided by the 

reference nerve’s cycle period. The reference nerve selected was the most posterior 

abdominal segment (A6) because the peristaltic wave associated with crawling travels 

from posterior to anterior abdominal segments. Latency represented the time between the 

onset of activity in a DNp nerve with respect to the onset of activity in a DNp nerve two 

segments anterior or between the DNL and DNp of the same segment, as was done in the 

Johnston and Levine studies (1996b). The latency between adjacent abdominal segments  
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was originally not measured, given their close proximity. Mean values ±standard error 

are shown in Table 2.4.   

 

As part of the analysis of motor pattern output, cycle periods for 10 continguous 

cycles were measured to determine if the abdominal nerves showed cycle to cycle 

variation and whether this variation was shared among abdominal segments, i.e. 

intersegmental frequency coupling, an inherent feature of intersegmental coordination.   

 

As shown in Figs. 2.11-2.15, changes in cycle period for five different animals 

were consistently matched across all abdominal DNp nerves which indicated cycle to 

cycle frequency coupling. Cycle period measurements for the DNL nerves were less 

reliable as these nerves contained the axons of many more motoneurons, including 

neurons that were not active in crawling. This evidence for intersegmental coordination 

was also reflected in the generation of the fictive crawling pattern in which there was 

preservation of the phase relationships between abdominal segments (Figs. 2.25-2.26).  

 

Although the abdominal segmental nerves showed intersegmental frequency 

coupling, there were cycle to cycle variations in cycle period for all five isolated nerve 

cord preparations (Figs. 2.11-2.15). The source of these variations in cycle period might 

be due to changes in the duration of the motor bursts, the delay in bursting between 

abdominal segments (latency), or the duration of the quiet period at the end of each cycle  
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of activity. Changes in the duration of the motor nerve bursts would indicate variable 

drive to the motoneurons during fictive crawling whereas changes in the phase delay 

between segments would reflect variability in the segment to segment coupling. If 

variations in cycle period were due to long quiet periods, this would likely reflect 

alterations in the timing of the peristaltic waves, a property controlled by the CPG.  

  

To determine the source and mechanisms underlying these variations in cycle 

period, graphs of cycle period versus burst duration and cycle period versus latency were 

plotted for the 10 continguous cycles of fictive crawling depicted in Figs. 2.11-2.15. 

Results from five nerve cord preparations indicated that burst duration did not vary 

systematically with cycle period (Figs. 2.16-2.20, linear regression analysis: non-

significant slopes). Thus, changes in the duration of the motor nerve burst were not a 

source of variation in cycle period.  

 

The delay in motor nerve bursting between abdominal segments was another 

possible source of the variability in cycle period over bouts of 20E-induced fictive  

crawling. As shown in Figs. 2.21-2.24, changes in the latency between bursts of different 

abdominal segments were not responsible for the variability in cycle period over 10 

continguous cycles of activity  (linear regression analysis: non-significant slopes).  
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Given that the source of cycle period variations was not due to changes in the 

duration of the motor nerve burst nor the delay in bursting between segments, the third 

possibility was that these variations were due to long quiet periods at the end of each 

cycle of activity. As shown in the representative example of Figs. 2.25-2.26, the motor 

bursts in the DNp nerves comprised a small percentage of the cycle period during 20E-

induced fictive crawling, and there was a long quiet period during the latter 75% of each 

cycle. Mean phase and normalized burst duration values are listed in Table 2.4. This quiet 

period may represent a true period of quiescence or represent the period during which the 

peristaltic wave of crawling proceeded through the thoracic segments. In the Johnston 

and Levine study (1996b), no quiet periods were seen during pilocarpine-induced fictive 

crawling even when considering the activity of both the abdominal and thoracic 

segments.  

 

To determine whether the quiet period represented a real gap in motor activity in 

the 20E-treated preparations, the length of the quiet periods was calculated for 10 

continguous cycles of fictive crawling. To calculate the quiet period for a particular 

cycle, the latency value which represented the delay in bursting between two adjacent 

abdominal segments (A5&A6) was added to the burst duration of the A6 segment, then 

multiplied by 10 (the total number of thoracic and abdominal segments in the animal), 

and subtracted from the cycle period value for the A6 segment. The mean quiet periods 

for three 20E-treated preparations were: 20.1s±7.1, 51.01s±3.2, and 106.6s±45.6, even  
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when considering the activity of the thoracic segments. Over 10 cycles of activity, there 

was considerable variation in the quiet periods for each animal. Further analysis revealed 

that these quiet periods were a source of the variations in cycle period (linear regression 

analysis: preparation 1: slope 1.56, R2=0.448, p<.03; preparation 2: slope 0.969, 

R2=0.997, p<.000001; preparation 3: slope 0.950, R2=0.956, p<.000001). Possible 

explanations for these quiet periods will be addressed in the discussion section.  

 
Fig. 2.10: Measurements of 20E–Induced Fictive Crawling 
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Fig. 2.10: An example of a nerve cord which produced a fictive crawling 
pattern in response to 20E and an illustration of measurements taken of 
cycle period (CP), burst duration (BD), and latency (LAT).  
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Figs. 2.11-2.13: Cycle Periods for 20E-Induced Activity in 
Abdominal Nerves, Animals 1-3 

Fig. 2.11, Animal 1: 
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Fig. 2.12, Animal 2: 
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Fig. 2.13, Animal 3: 

 

0

50

100

150

200

250

1 2 3 4 5 6 7 8 9 10
Cycle#

C
yc

le
 P

er
io

d 
(s

)

A4DNp
A5DNp
A6DNp
A6DNL

 
Figs. 2.11-2.13: Cycle periods for 20E-induced activity in abdominal 
nerves fluctuated over a broad range but during these fluctuations, 
intersegmental frequency coupling was present. Individual cycle periods 
for each nerve were plotted for 10 consecutive cycles. 
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Figs. 2.14-2.15: Cycle Periods for 20E-Induced Activity in 
Abdominal Nerves, Animals 4-5 

 

Fig. 2.14, Animal 4:  
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Fig. 2.15, Animal 5 
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Figs. 2.14&2.15: Cycle periods for 20E-induced activity in abdominal 
nerves with intersegmental frequency coupling observed.  
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Figs. 2.16&2.17: Changes in Burst Duration Did Not 
Influence Changes in Cycle Period, Animals 1&2 

Fig. 2.16, Animal 1: 
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Fig. 2.17, Animal 2:  

0

5

10

15

20

0 50 100 150
Cycle Period (s)

B
ur

st
 D

ur
at

io
n 

(s
)

A3DNp

A4DNp

A5DNL

  
Figs. 2.16&2.17: Burst Duration did not correlate with changes in cycle 
period over 10 consecutive cycles. Linear regression analysis further 
confirmed that variability in cycle period was not explained by changes 
in burst duration (non-significant p-values: Fig. 2.16: A3DNp slope 
0.177, R2= 0.317; A5DNp slope 0.022, R2=0.116; A6DNp slope -0.007, 
R2=0.006; A6DNL slope 0.016, R2=0.007; Fig. 2.17: A3DNp slope 0.023, 
R2=0.231; A4DNp slope -0.022, R2= 0.049; A5DNL slope 0.009, R2=0.012). 
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Figs. 2.18-2.20: Changes in Burst Duration Did Not 
Influence Changes in Cycle Period, Animals 3-5 
 
Fig. 2.18, Animal 3:  
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Fig. 2.19, Animal 4: 
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Fig. 2.20, Animal 5:   
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Figs. 2.18-2.20: Changes in burst duration did not correlate with 
changes in cycle period, except for the A4DNp and A6DNL nerves, Fig. 
2.18 (linear regression analysis: Fig. 2.18: A4DNp slope 0.007, R2=0.637 
p<.005; A5DNp slope 0.100, R2=0.120; A6DNp slope 0.002, R2=.006; A6DNL 
slope 0.016, R2=0.400 p<.05; Fig. 2.19: A3DNp slope 0.004, R2=0.064; 
A5DNp slope 0.0008, R2=0.003; A6DNp slope 0.003, R2=0.290; A6DNL slope 
0.0007, R2= 0.016; Fig. 2.20: A3DNp slope -0.013, R2=0.042; A5DNp slope 
0.006, R2=0.070 A5DNL slope -0.030, R2=0.141).  
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Figs. 2.21-2.23: Changes in Latency Between Abdominal 
Segments Did Not Influence Changes in Cycle Period, Animals 
1, 3, 4 
 
Fig. 2.21, Animal 1: 
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Fig. 2.22, Animal 3: 
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Fig. 2.23, Animal 4:  
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Figs. 2.21-2.23: The latency in motor nerve bursting between abdominal 
segments was not correlated with variations in cycle period. Latency 
values for DNp nerves A5:A3 were plotted over reference nerve A5DNp’s 
cycle period. Linear regression analysis with non-significant p-values 
indicated that the latency between the A5DNp burst onset and the A3DNp 
or the A6DNp:A4DNp burst onset was not responsible for the variations in 
cycle period (Fig. 2.21: slope –0.070, R2= 0.037; Fig. 2.22: slope 
0.0005 R2= 0.007; Fig. 2.23: slope –0.001, R2= 0.062). 
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Fig. 2.24: Changes in Latency Between the DNL and DNp 
Nerves of One Abdominal Segment Did Not Influence Changes 
in Cycle Period, 3 Animals 
 
Fig. 2.24: 
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Fig. 2.24: 3 Animals. The latency in motor nerve bursting between 
abdominal segments did not correlate with variations in cycle period. 
Latency values for A6DNL:A6DNp were plotted over reference nerve A6DNL’s 
cycle period. Linear regression analysis with non-significant p-values 
indicated that the latency between the A6DNL burst onset and the A6DNp 
burst onset was not responsible for the variations in cycle period 
(Animal 1 slope -0.005, R2= 0.0007; Animal 2 slope –0.0004, R2=0.019; 
Animal 3 slope  –0.0005, R2= 0.003). 
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Figs. 2.25&2.26: Phase relationships among segments and normalized 
abdominal motor activity (1 cycle) shown for an isolated nerve cord 
which produced fictive crawling motor output upon exposure to 20E. The 
beginning of each bar represents the mean phase value (latency/cycle 
period) and length of each bar represents the mean normalized duration 
value (burst duration/cycle period) for motor activity from the DNp and 
DNL nerves (means are shown ± standard error). The mean values were 
obtained from 10 cycles in two different stretches of time within one 
preparation.  
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Comparison of 20E versus pilocarpine-induced fictive crawling: 
  

Pilocarpine is a muscarinic agonist which binds to muscarinic acetylcholine 

receptors in the arthropod nervous system (Trimmer, 1995). Pilocarpine induces rhythmic 

motor patterns in locusts and stick insects (walking), crayfish (walking and swimming), 

and lobster stomatogastric ganglion (food digestion) [Ryckebusch and Laurent, 1993; 

Buschges et al., 1995; Chrachri and Clarac, 1990; Braun and Mulloney, 1993; Cattaert et 

al., 1994; Bai, Nagy, and Moulins, 1994; Marder and Eisen 1984; Elson and Selverston, 

1992]. 

 

The muscarinic agonist pilocarpine can be used as a tool to induce fictive 

crawling in isolated larval nerve cords (Johnston and Levine, 1996b) and examine 

pathways underlying the production of fictive crawling. It is unclear to what extent this 

mode of activation shares features of 20E-induced locomotion. A comparison between 

the actions of 20E and pilocarpine was done to determine whether they shared common 

mechanisms for the induction of fictive crawling.  

 

Fictive crawling motor output between 20E and pilocarpine-treated nerve cords 

(with the brain intact) was compared. Both types of treatment induced features of fictive 

crawling which included a peristaltic pattern of nerve activity from posterior to anterior 

segments and within a segment, asynchronous dorsal-ventral nerve bursting.  Like the  
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20E-treated preparations, three preparations treated with pilocarpine showed 

intersegmental cycle to cycle frequency coupling over 10 cycles of activity (Figs. 2.27-

2.29). Thus, intersegmental coordination was a mechanism common to both types of 

treatment. However, unlike the 20E-treated preparations, the pilocarpine-treated nerve 

cords showed low variations in cycle period over contiguous bouts of fictive crawling. 

The other key differences between the two types of treatment are shown in Table 2.4.   

 

The mean values for cycle period, burst duration, normalized burst duration, and 

phase value for the pilocarpine vs. 20E-treated preparations of this study were: cycle 

period, 17.7s±1.2 vs. 90.1s±20.5; burst duration, 9.9s±0.39 vs. 5.6s±0.30; normalized 

burst duration, 0.59±0.05 vs. 0.08±0.01; phase value 0.18±0.06 vs. 0.04±0.01. Thus, the 

pilocarpine-treated nerve cords showed a shorter cycle period, long motor burst duration, 

motor bursts took up a larger percentage of the cycle period, and there was a longer phase 

delay in bursting between segments. These differences suggest that 20E and pilocarpine 

may act through different pathways to induce fictive crawling (refer to discussion, also 

Chapter 5).  
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Figs. 2.27-2.29: Cycle Periods for Pilocarpine-Induced 
Activity in Abdominal Nerves, Animals 1-3  
 
Fig. 2.27, Animal 1: 
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Fig. 2.28, Animal 2:  
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Fig. 2.29, Animal 3:  
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Figs. 2.27-2.29: Cycle periods for pilocarpine-induced activity in 
abdominal nerves. In all three nerve cords, there was only slight 
variations in cycle period, but intersegmental frequency coupling was 
present. In Fig. 2.28, cycle period variations were evident only for 
cycles#3-5. In Fig. 2.29, there was some noticeable difference in cycle 
periods among nerves of different segments in cycles#2 and 9 (Note: The 
cycle period value for A3DNp was not available for cycle#10).  
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Table 2.4: Comparison, 20E Versus Pilocarpine Treatment 

 
 
Table 2.4: Comparison of fictive crawling features induced by 
pilocarpine versus 20E treatment. The data was gathered from nerve cord 
preparations treated with 20E or pilocarpine during this dissertation. 
The pilocarpine data represented measurements taken from the DNp nerves 
only. The DNL measurements were not reliable because it was difficult to 
quantify the DNL nerve due to the large number of motor units in this 
nerve. Data are represented as means ±SE, standard error. For these 
experiments, both nerve cords consisted of the entire nervous system, 
from the brain to the terminal ganglion.    
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Isolated nerve cords from wandering larvae showed features of crawling & burrowing: 

The previous experiments showed that application of 20E alone to the isolated 

larval nerve cord induced regularly patterned fictive crawling and burrowing activity. In 

these conditions, nerve cords were removed from animals prior to wandering, before 

exposure to the commitment pulse of 20E in vivo.  In the following experiments, nerve 

cords were isolated from early 5th instar larvae before the commitment pulse and 

wandering larvae after the commitment pulse. Extracellular recordings were taken from 

the abdominal nerves in different segments, as previously described. It was hypothesized 

that nerve cords from wandering larvae, having been exposed to 20E in vivo, should show 

a higher level of spontaneous bursting activity, and this bursting should consist of 

crawling and burrowing features.  

 

Nerve cords from wandering larvae displayed a high level of spontaneous motor 

bursting activity compared to L1 larvae in the first hour of recording (Tables 2.5&2.6).  

As shown in Table 2.5, four isolated nerve cords from wanderers displayed a high level 

of bursting activity in the abdominal motor nerves 75-100% of the time during the first 

hour.  In contrast, four L1 nerve cords showed either no activity or low levels of 

spontaneous motor activity (<50%) during the first recording hour (Table 2.6). Nerve 

cords from 2 out of 4 wanderers and all L1 larvae showed a decline in burst frequency 

during recording hour 2.  All nerve cords showed a substantial decline in bursting activity 

during recording hour 3.  
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Isolated nerve cords from wandering larvae showed bursting activity which 

consisted of a complex motor pattern. The motor pattern had features of fictive crawling 

and burrowing, like the nerve cords treated with 20E overnight. The fictive crawling 

features consisted of a peristaltic wave of nerve bursting beginning in the most posterior 

abdominal segment and proceeding anteriorly. Within an abdominal segment, the DNL 

nerve burst preceded the DNp nerve burst within a cycle (Figs. 2.30&2.31). Compared to 

the nerve cords treated exogenously with 20E, the patterned activity in the wanderer 

nerve cords appeared to occur at a faster cycle period. Nerve cords from L1 larvae, those 

not exposed to the commitment pulse of 20E in vivo, showed a low level of bursting 

activity (Table 2.6), and this bursting activity was not patterned (Fig. 2.32).  

  

 
 

 

 

 

 

 

 

 

 

 

 

 

 



 

129
 

Table 2.5: Wanderers: Bursting Activity in Abdominal Nerves 

 
 
Table 2.5: During the first hour of recording, isolated nerve cords from 
four wandering larvae showed a higher level of bursting activity. During 
recording hours 2 and 3, nerve cords showed a decline in bursting 
activity. 

 

Table 2.6: L1 Controls: Bursting Activity in Abdominal 
Nerves 

 
 
 
Table 2.6: Isolated nerve cords from L1 larvae showed a lower level of 
bursting activity compared to wanderers, from no bursting to 50% in the 
first hour of recording. Nerve cords showed a decline in bursting 
activity during hours 2 and 3 of recording. 
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Figs. 2.30-2.31: Isolated Nerve Cord from Wandering Larva 
Showed Fictive Crawling Features, Examples 1&2 
 
Figure 2.30: 

 
Figure 2.31: 

   
Figs. 2.30-2.31: Two examples of patterned activity in the abdominal 
nerves of an isolated nerve cord from the same wandering larva.  Fig. 
2.30: There was a peristaltic pattern of nerve activity from posterior 
to anterior segments and within abdominal ganglion 6 (A6), dorsal-
ventral asynchrony, features characteristic of fictive crawling. Fig. 
2.31: This example taken from the same wandering larva showed a 
combination of fictive crawling and burrowing features. 
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Fig. 2.32: Isolated Nerve Cord from L1 larva Showed Tonic 
Nerve Activity Only  
 

 
 
Fig. 2.32: Nerve cord from L1 larva showed unpatterned nerve activity. 
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2.4 DISCUSSION   
 
I. Steroid hormone activation of behavior: 
  

a. Steroid hormone activation of vertebrate motor behavior: 
 
Steroid hormones have activational effects on neural circuits for short-term 

behavior. A few examples from the vertebrate literature show steroid hormone effects on 

the excitability of neurons in the CNS which lead to the expression of specific social and 

sexual behavior. Estrogen mediates lordosis in female rats, and removal of the hormone 

prevents the induction of this behavior. Estrogen mediates the behavior by altering 

neuronal firing and responsiveness to sensory stimuli in the ventromedial nucleus (VMN) 

of the hypothalamus (Bueno and Pfaff, 1976). Neurons in the VMN of ovariectomized 

rats chronically treated with estrogen are more responsive to neurotransmitters like 

acetylcholine (Kow and Pfaff, 1985). In another vertebrate example, corticosterone 

(CORT) mediates the excitability of reticulospinal neurons in the brainstem of the male 

roughskin newt. Administration of CORT in both immobilized and freely moving newts 

depresses the excitability of reticulospinal neurons within three minutes, resulting in the 

loss of sensory responsiveness and a cessation of courtship clasping behavior (Rose, 

Moore, and Orchnik, 1993; Rose, Mars, and Moore, 1998). There are membrane 

receptors for CORT in the newt brain, but whether CORT acts directly on these 

reticulospinal neurons to alter their firing is unknown (Orchinik, Murray, and Moore, 

1991). In the cerebellum of female rats, elevations in circulating estrogen during the night 

of proestrous increase Purkinje cell firing, resulting in a shortened step cycle (ie enhanced  
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locomotory behavior) [Smith et al., 1995]. These examples nicely demonstrate steroid 

hormone-mediated effects on brain neurons and subsequent expression of behavior. 

However, the pathways for steroid hormone action on the CNS circuits underlying these 

behaviors have not been well-investigated. Thus, there is an opportunity to use wandering  

behavior in the insect Manduca sexta as a model system for studying steroid hormone 

effects on locomotor circuits in the CNS.  

 
 

b. 20E activation of wandering locomotion in Manduca:  
  

The results presented in this chapter demonstrated that the steroid hormone 20E 

had a direct action on the isolated nervous system to induce a wandering locomotion. 

Moreover, the wandering-like locomotor pattern was also seen in an isolated nervous 

system exposed to the commitment pulse of 20E in vivo. These results support and build 

upon the findings of Dominick and Truman who found that 20E was necessary for the 

induction of wandering behavior in the intact animal and increased the level of neural 

activity in an isolated nerve cord preparation (1986a&b).  

 
 
1. expression and selection of different motor patterns: 

 
 20E activated a wandering locomotor pattern in the isolated nerve cord which 

consisted of crawling and burrowing-like features. In response to 20E treatment, some 

preparations exhibited the crawling or burrowing component only, whereas other 

preparations expressed both motor patterns (Table 2.3). In the isolated nerve cord of  
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Manduca sexta, there was no sensory feedback to the nervous system. The ability of 20E 

to select for specific motor programs (crawling vs. burrowing) in the intact animal may 

rely upon sensory feedback from body wall proprioceptors and the environmental 

conditions.  Dominick and Truman found that at the onset of wandering, a larva placed 

on soil immediately began burrowing, which suggested that burrowing was the 

predominant form of motor program expressed during wandering (Dominick and 

Truman, 1986a). Larvae placed in a tightly-fitted plastic tube began to crawl through the 

tube, but faced with the narrowness of the tube, switched their motor program to 

burrowing in order to pull their anterior segments through the tube (Dominick and  

Truman, 1986a). In this case, the larval animal adapted its motor program to suit its 

needs. In debrained wandering larvae, a tonic sensory stimulus in the form of elevation of 

the terminal segment, initiated several minutes of crawling (Dominick and Truman, 

1986a).  

 

In other invertebrates, interactions between sensory input, environmental 

conditions, and higher command centers determine the selection of motor programs. In a 

semi-intact preparation of the leech, manipulating the fluid depth around the animal 

determines whether the animal swims or crawls. Tactile sensory stimuli about the water 

level interact with “command neurons” in the subesophageal brain to select whether 

crawling or swimming behavior is elicited (Esch, Mesce, and Kristan, 2002).  
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Tonic sensory stimulation can cause the switching of neurons from one motor 

network to another, as seen in the lobster stomatogastric ganglion. In the lobster 

stomatogastric ganglia, mechanosensory nerve stimulation causes the VD motoneuron of 

the cardio-pyloric valve to switch from participating in the pyloric motor rhythm to the 

cardiac sac motor rhythm (Hooper and Moulins, 1989; Nargeot and Moulins, 1997). 

Furthermore, in another example, stimulation of the gastric pyloric stretch receptors 

(GPRs) recruits two gastric mill motoneurons into the pyloric motor pattern, causing 

them to fire in phase with the pyloric pattern (Katz and Harris-Warrick, 1991).  

 

Given this precedence for the important role played by sensory feedback in the 

selection of invertebrate motor programs, future experiments in Manduca sexta would 

evaluate the role of sensory input on the selection of crawling versus burrowing behavior 

in 20E-treated nervous systems. To investigate this, a semi-intact preparation would be 

developed, modeled after methods developed in the leech and in Manduca (Tamarkin and 

Levine, 1996). A semi-intact preparation would consist of an entire nervous system with 

a few abdominal segments retaining intact connections to stretch receptors organs for the 

body wall muscles (following the protocol of Tamarkin and Levine, 1996). During bath  

application of 20E, extracellular recordings from the different abdominal nerves would be 

taken while stimulating the stretch receptor sensory neuron branch (before its entry into 

the DNL nerve) with trains of current pulses. The type of motor pattern elicited and 

produced under varying amounts of current stimulation of the sensory nerve would be  
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assessed and quantitatively compared to the motor output produced in the deafferented 

portions of the abdominal ganglia.  

 

During these experiments, the brain and/or the subesophageal ganglion (SEG) 

would be removed to determine what, if any, role these higher centers play in the 

selection of crawling versus burrowing behavior. Dominick and Truman’s in vivo 

experiments indicate that a single segmental thoracic ganglion can show crawling if the 

connections with the SEG are preserved (1986a). Evidence from previous work in our 

laboratory on the isolated nerve cord indicates that the brain plays a role in the inhibition 

of the crawling circuit prior to wandering whereas the SEG is involved in the initiation of 

fictive burrowing (see brain, Chapter 5, SEG, Chapter 6). The nature of the interactions 

between these two higher centers and sensory feedback are likely to determine which 

motor program is expressed. 

 
2. stage-dependent differences: 

 
Isolated nerve cords treated in vitro or in vivo with 20E both showed features of 

crawling and burrowing and a high level of motor nerve bursting. By contrast, nerve 

cords taken from larvae before the commitment pulse in vivo showed a low level of 

unpatterned spontaneous motor activity. At this stage, the brain sends inhibitory drive to 

the segmental crawling circuits as shown in isolated nerve cord preparations (see Chapter 

5). Dominick and Truman’s (1986a) behavioral studies found that early 5th instar larvae  
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showed tonic slow crawling upon removal of the brain. Removal of the brain in intact 

wandering larvae caused locomotion to cease (Dominick and Truman, 1986a).  

 

3. differences in the level of motor activity: 

 

Nerve cords from wandering larvae, however, showed a faster frequency of 

patterned activity in the first recording hour compared to nerve cords removed prior to 

wandering and treated with 20E overnight. This difference in the frequency of activity 

may reflect the different length of time for the two types of experiments. Nerve cords 

treated with exogenous 20E were dissected and treated with 20E overnight, followed by 

several hours of recording. Thus, in these conditions, the length of the experiment was 

approximately 18 hours. By contrast, isolated nerve cords removed from wandering 

larvae were dissected and recorded over a much shorter time period, approximately four 

hours.  

 

Differences in motor activity levels between the in vivo versus in vitro conditions 

may be explained by the presence of other factors circulating in the hemolymph during 

the commitment pulse of 20E. Isolated nerve cords from wandering larvae would have 

been exposed to both 20E and these factors in vivo whereas nerve cords removed from 

larval animals prior to the commitment pulse would not. These nerve cords received 20E  
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only. In an intact Manduca larva, the nervous system is exposed to 20E and other 

substances via the circulating hemolymph. Levels of biogenic amines such as  

octopamine, dopamine, and serotonin peak in the circulating hemolymph just before 

wandering (Geng et al., 1993). Although the current study showed that application of 20E 

alone was sufficient to activate fictive wandering motor patterns in the isolated nerve 

cord, the wandering program in the intact animal may be regulated in conjunction with 

specific neuromodulators.  

 

There is precedence in the vertebrate literature for co-activation of fictive motor 

patterns.  Multiple neuromodulators such as glutamate, dopamine, and GABA can co-

activate lamprey swimming (reviewed in: Grillner, 2000; Svensson et al., 2003; Tegner 

and Grillner, 2000). Bath application of NMDA and dopamine have a combined additive  

effect on the same motor circuits for lamprey swimming (Svensson et al., 2003). The 

addition of a second modulatory substance can also affect the motor output as seen in a 

lamprey preparation bathed in NMDA in which the addition of acetylcholine causes a 

decrease in cycle period (LeRay et al., 2003). NMDA and serotonin together activate 

Xenopus laevis larval swimming (Reith and Sillar, 1998). Given these examples, it is 

likely that in vivo, 20E and another substance act in concert to produce the high 

frequency patterned motor output characteristic of wandering behavior.  
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20E may act on interneurons which release neurotransmitters onto abdominal 

motoneurons that drive the body wall muscles for crawling and burrowing. Given  

pilocarpine’s potent effect on the induction of fictive crawling, 20E may target 

cholinergic interneurons. Studies on the abdominal proleg withdrawal reflex in Manduca  

sexta larvae in which a pilocarpine analog, oxotremorine, was used provide evidence that 

pilocarpine mimics sensory neuron release of acetylcholine onto motoneurons in the 

insect nervous system.  

 

In the proleg withdrawal reflex, there is a direct sensory-motor connection 

between a single plantar hair and the PPR MN. Deflection of a single plantar hair causes 

a monosynaptic excitatory postsynaptic potential  (EPSP) in the motoneuron (Trimmer 

and Weeks, 1989). Stimulation of mechanosensory plantar hairs on the tip of the prolegs 

causes the release of acetylcholine onto the MN, causing the retraction of the principal 

plantar retractor muscle (PPRM) (Trimmer and Weeks, 1989). The response of the PPR 

MN to the afferent stimulation is mediated through nicotinic and muscarinic receptors on 

the MN itself.  

 

Ionophoretic application of nicotine onto the cell body or neuropil of the MN 

causes the neuron to depolarize even when synaptic transmission is blocked with zero 

calcium and high magnesium (Trimmer and Weeks, 1989). The magnitude of the 

depolarization is related to the concentration of the nicotinic agonists (Trimmer and  
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Weeks, 1989). When both synaptic transmission and the nicotinic-mediated response is 

blocked, ionophoretic application of the muscarinic agonist, muscarine, causes membrane  

potential oscillations and bursts of action potentials in the motoneuron. Both muscarine 

and oxotremorine increase the MN firing rate (Trimmer and Weeks, 1989; 1993).  

Muscarine and oxotremorine appear to increase the firing rate by lowering the spike 

threshold (Trimmer and Weeks, 1989, 1993). Muscarinic antagonists block this effect 

(Trummer and Weeks, 1993).  

 

 To study potential synergistic action between 20E and muscarinic receptors, 

isolated Manduca nerve cords would be removed and treated overnight with 20E as 

previously done. Following the recording of 20E-induced pattern activity, the muscarinic 

receptor antagonist atropine would be applied to the entire nerve cord. If 20E acts 

through a muscarinic-dependent pathway, the application of atropine should inhibit the 

rhythm or affect certain parameters of the rhythm (i.e. cycle period). In addition to these 

experiments, behavioral studies would also be done. Larval animals exposed to 20E in 

vivo, prior to the onset of wandering behavior, would be given atropine, a muscarinic 

receptor antagonist. If atropine blocked the expression of locomotion or decreased the 

animal’s ability to show locomotion, this would be further evidence for a role for 

muscarinic receptors in regulating wandering behavior.  

 
4.  decline in motor bursting in wanderer nerve cords: 
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The other main difference in activity levels between nerve cords treated with 20E 

in vitro versus in vivo was the decline in motor bursting in the isolated nerve cords 

removed from wandering larvae during the second and third recording hours. These nerve  

cords were not treated with 20E during the recording session whereas the isolated nerve 

cords taken prior to the commitment pulse and treated continuously in vitro with 20E did  

not show this decline. Results from previous experiments have indicated that six hours of 

continuous hormone exposure was not sufficient to induce fictive wandering (Miller, 

unpublished observations). In the intact animal, the duration of wandering behavior 

depends upon the length of hormone exposure. A five hour hormone infusion in the intact 

animal resulted in a wandering duration of two hours whereas a nine hour infusion 

resulted in eleven hours of wandering, although these infusion times were still less than 

the length of the commitment pulse (Dominick and Truman, 1985).  

 

In the current study, nerve cords were removed from first day wandering larvae. 

However, it was not known whether the larvae selected were at the start, middle, or end 

of their 1st day of wandering. These nerve cords may have been removed from wandering 

larvae at the end of the intense period of locomotor activity, and therefore, motor activity 

declined. There is a natural decline in motor activity beginning at wandering day two as 

shown by chronic recordings from intact wandering larvae using hook electrodes placed 

on the mesothoracic nerve 1 (Duch and Mentel, 2003&2004). This decline in activity 

coincides with certain structural changes, including the retraction of motoneuron  
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dendrites including dendritic retraction of MN5 which subserves the flight muscles in the 

adult moth (Duch and Mentel, 2003&2004). During the second day of the wandering 

stage, certain synapses are also eliminated causing the dismantling of some larval motor  

circuits including the proleg withdrawal circuit (Streichert and Weeks, 1995; Gray and 

Weeks, 2003). 

 
  

II. Mechanisms underlying the production of 20E-induced motor patterns:  
 

1. intersegmental coordination: 
 

Quantitative analyses of the 20E-induced fictive crawling motor pattern indicates 

that there is cycle-to-cycle frequency coupling among segments. Cycle-to-cycle 

frequency coupling is a key feature of a coordinated motor pattern and implies 

communication between abdominal segments. Since there is no sensory feedback in these  

preparations, these results are indicative of a central mechanism coordinating movements 

across abdominal segments (Johnston and Levine, 1996b).  
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Isolated nervous systems in other invertebrate preparations such as locusts and 

crayfish show intersegmental frequency coupling (Ryckebusch and Laurent, 1993; Sillar, 

Clarac, and Bush, 1987). Coupling between segments is responsible for coordinating the 

behavior, which includes maintaining appropriate phase relationships between adjacent  

segments. Despite variations in the frequency of the behavior, the animal needs to 

maintain phase stability. In isolated nerve cord preparations of Manduca, crayfish, and  

leech, the peristaltic pattern of activity underlying the motor behavior (crawling or 

swimming) requires maintenance of phase relationships.  

 

There are two hypotheses to explain the generation of these intersegmental phase 

relationships in animals: the asymmetric coupling hypothesis and the excitability gradient 

hypothesis. In the asymmetric coupling hypothesis, phase differences between segmental 

oscillators arise from differences in the strength of synaptic contacts and/or targets made 

by ascending and descending coordinating interneurons. In the excitability gradient 

hypothesis, differences in the oscillatory periods of individual segmental oscillators cause 

a gradient of excitation along the nerve cord or spinal cord, and if individual segments are 

uncoupled from each other, the frequencies of the individual segments differ (review, 

Skinner and Mulloney, 1998; review, Hill, Masino, and Calabrese, 2003; Jezzini et al., 

2004).   
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The operation of the leech and crayfish swim motor networks depends upon the 

establishment of the proper phasing among the segments, which is achieved through a 

combination of excitable membrane properties of individual neurons and intersegmental 

connections (Jezzini et al., 2004).  The leech network follows a combination of the 

asymmetry and excitability gradient hypotheses to coordinate its movements (Skinner 

and Mulloney, 1998). According to experimental evidence and modeling studies, the  

crayfish swim network operates more according to the asymmetric coupling hypothesis 

with equal strengths in synaptic contacts made by the coordinating interneurons (review: 

Braun and Mulloney, 1995; Skinner and Mulloney, 1998; Jones et al., 2003).  

 

In Manduca, the generation of intersegmental phase differences among the 

abdominal segments in the production of fictive crawling could operate according to 

either hypothesis. Reducing the number of abdominal ganglia used to generate fictive 

crawling by severing ascending or descending connections to these ganglia can affect the 

phase value, representing the intersegmental delay between abdominal segments (see 

Chapter 5). Synaptic connections between abdominal ganglia and higher centers (such as 

the SEG) appear to be important but not absolutely necessary for maintaining appropriate 

phase relationships among the segments (see Chapter 5).  

 
2. sources of variability in cycle period and comparison with pilocarpine 
treatment: 
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During bouts of 20E-induced fictive crawling, there was always intersegmental 

frequency coupling although there were variations in cycle period. Neither changes in the 

duration of the motor nerve burst, nor the delay in bursting between segments were 

responsible for these variations. The source of these variations were due to long, variable 

quiet periods at the end of each cycle of activity and reflected timing properties of the 

central pattern generating circuit (CPG).  

 

Sensory feedback to the CPG may assist in the timing of the crawling bouts, and 

determine the initiation and termination of each cycle of activity. In these 20E-treated 

preparations, sensory feedback is absent. The lack of sensory feedback may be 

responsible for the long quiet periods which delay the initiation of the next cycle of  

crawling activity. The lack of sensory input may be partially responsible for the 

variability in cycle period in isolated nervous systems (leech: Kristan and Calabrese, 

1976; crayfish locomotion: Chrachri and Clarac, 1990; leech crawling: Eisenhart,  

Cacciarore, and Kristan, 2000). The rate of fictive crawling in the 20E-treated isolated 

nerve cord is considerably slower compared to crawling in the intact animal, which has a 

cycle period of 2.0±0.46 seconds, a difference likely due to the lack of sensory feedback 

(Johnston and Levine, 1996a). Sensory feedback has been shown to act as a switch to 

turn on or off CPG motor output, affect the activity of single neurons, cause a neuron to 

switch from one motor program to another, or modify an on-going rhythm. Modification 

of the on-going rhythm involves regulation of the frequency of network activity and the  
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timing of impulse bursts in motor networks through the release of neuromodulatory 

substances.  

 

Selected examples from the crab stomatogastric ganglion (STG) preparation 

provide nice evidence for sensory modulation of the pyloric and gastric mill motor 

networks. A group of bipolar mechanosensory neurons, ventral cardiac neurons (VCNs), 

are located in the cardiac gutter and project their axons to crab STG.  A subset of these 

neurons are cholinergic and exert their actions through nicotinic acetylcholine receptors 

(Beenhakker, Blitz, and Nusbaum, 2004). Brief pressure application to the cardiac gutter 

causes the pyloric rhythm to speed up and activity to decrease in the lateral pyloric 

neuron (LP). Repeated pressure applications over a two minute period elicit the gastric  

mill rhythm (Beenhakker, Blitz, and Nusbaum, 2004). In another example of sensory 

feedback, two bilaterally symmetric pairs of sensory muscle stretch receptor cells, 

gastropyloric receptor cells (GPRs), provide sensory input to both the gastric and pyloric 

networks (Katz, Eigg, and Harris-Warrick, 1989a&b; Birmingham et al., 1999&2003). 

GPR2 is active in phase with the gastric mill pattern and evokes EPSPs in the LG and DN 

gastric mill motoneurons (Katz and Harris-Warrick, 1989a&b). GPR2 provides 

modulatory input via the co-release of acetycholine and serotonin to the gastric mill 

network (Katz, Eigg, and Harris-Warrick, 1989a&b; Katz and Harris-Warrick, 1991). 

Stimulation of the GPR also initiates or enhances the pyloric cycle frequency and  
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enhances bursting in the group of pacemaker neurons (Katz and Harris-Warrick, 

1989a&b).  

 

In leech swimming, stretch receptors for ventral longitudinal muscles help 

institute changes in phase lag with current injection in stretch receptors causing a change 

in the phase lag among segments (Cang and Friesen, 2000). A leech model of a 

deafferented preparation shows larger intersegmental phase lags than intact animals, 

showing the important of sensory input (Cang and Friesen, 2002). In the intact lamprey, 

sensory feedback from intraspinal stretch receptors excites and inhibits network neurons 

to regulate the onset and termination of swimming movements (reviewed in: Wallén, 

1997; Grillner and Wallén, 2002).  

 

In stick insects and crayfish, stimulation of stretch receptors mediates motoneuron 

responses for walking (see Sillar and Skorupski, 1986; LeRay and Cattaert, 1997; 

Buschges and El Manira, 1998). During locust flight, hindwing tegulae and wing-hinge 

stretch receptors are involved in the flight motor pattern. Hindwing tegulae initiate 

elevator activity and thus determine the timing of wing elevation in the flight cycle (Wolf 

and Pearson, 1988). The duration of elevator activity in the wingbeat cycle is controlled 

by input from wing-hinge stretch receptors  (Wolf and Pearson, 1988).  
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In Manduca sexta larvae, a single sensory neuron innervates a muscle-associated 

proprioceptor which makes a monosynaptic excitatory connection with intersegmental 

muscle motoneurons to allow for muscle antagonism during larval abdominal bending 

(Tamarkin and Levine, 1996). However, the role of sensory feedback in larval crawling is 

not known. Based upon evidence from these other systems, it is likely that sensory 

feedback helps to initiate each cycle of crawling activity, assist in maintaining the phase 

lags between segments, as well as modulate the frequency of the on-going rhythm. As 

detailed in section IIa, a semi-intact Manduca larval preparation could be developed to 

assess the role of sensory feedback on the motor output.  

 

Although sensory feedback to invertebrate motor circuits is important, the lack of 

sensory feedback is unlikely to be the only factor that explains the existence of the quiet  

period in the 20E-treated preparations. 20E may act in concert with another 

neuromodulator to regulate the motor rhythm and decrease quiet periods.  

 

The commitment pulse of 20E, upon release from the prothoracic glands, would 

turn on wandering behavior, and 20E could trigger the release of a neuromodulatory 

substance from CNS neurons. 20E is already known to initiate a cascade of hormonal 

release in Manduca pre-ecdysis and ecdysis behavior. 20E stimulates the release of 

eclosion hormone from the brain (Truman et al., 1983), which then causes the release of 

pre-ecdysis and ecdysis triggering hormones from Inka cells in the CNS and peptides  
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(CCAP) involved in the initiation of Manduca pre-ecdysis and ecdysis behaviors 

(Gammie and Truman, 1997; Gammie and Truman, 1999; Zitnan et al, 1999).  

 

One study in vertebrates has documented the effect of a neuromodulatory 

substance, serotonin, on reducing intervals of inactivity (quiet periods) between fictive 

swimming motor bursts in developing zebrafish (Brustein et al., 2003). In lamprey and 

crayfish, nicotinic and muscarinic modulation of motor patterns has been documented 

(lamprey: Quinlan, Placas, and Buchanan, 2004; crayfish: Braun and Mulloney, 1993). In 

the lamprey, acetylcholine reduces the cycle period of ventral root bursts by 54%, phase 

lag by 32%, and decreases burst proportion (Quinlan, Placas, and Buchanan, 2004).  

Previous studies in Manduca as well as this dissertation have implicated a 

neuromodulatory pathway involving muscarinic activation of fictive crawling. 

 

In contrast to the effects due to 20E, pilocarpine activation of fictive crawling in 

isolated larval nerve cords did not induce variations in cycle period over bouts of fictive 

crawling. Previous studies have shown that a single preparation can show both stable 

cycle periods and variations (Johnston and Levine, 1996b). Pilocarpine-treated 

preparations do not have quiet periods (Johnston and Levine, 1996b). Thus, there are  

some intrinsic differences between pilocarpine and 20E induction of fictive crawling 

which point to different mechanisms underlying the production of the activity.  

 
3. comparison of 20E versus pilocarpine-induced fictive crawling motor output: 
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 The steroid hormone 20E and pilocarpine both induced similar features of fictive 

crawling in the isolated nerve cord. These features included the peristaltic pattern of 

nerve activity from posterior to anterior abdominal segments and the presence of 

intersegmental frequency coupling. Thus, the mechanisms underlying the coordination 

among the abdominal segments were shared in both types of treatment. However, there 

were key differences in the type of fictive crawling motor output produced between the 

two types of treatment.  

 

 20E-treated nerve cords showed a much slower crawling cycle frequency, motor 

bursts were of a longer duration but took up a smaller percentage of the cycle period, and 

there was a shorter phase delay in bursting between abdominal segments. These 

preparations also exhibited variations in cycle period which were due to the presence of  

variable quiet periods. Pilocarpine-treated nerve cords did not show variations in cycle 

period, nor quiet periods.  

 

These differences suggest that 20E and pilocarpine act on different sites in the 

nervous system to induce fictive crawling. One hypothesis is that pilocarpine acts on the 

segmental ganglia. Evidence from the Johnston and Levine study (1996b) and this 

dissertation (see Chapter 5) indicates that pilocarpine can activate the fictive crawling 

rhythm in an isolated nerve cord consisting of just four abdominal ganglia. Within an 

abdominal ganglion, pilocarpine could act directly on the abdominal motoneurons or on  
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the CPG interneurons presynaptic to these motoneurons. As discussed, muscarinic 

agonists can act directly on proleg motoneurons (Trimmer and Weeks, 1989&1993; 

Trimmer, 1994). Results from the Johnston and Levine study (1996b) suggest that 

pilocarpine-induced rhythmic activity in thoracic leg motoneurons is shaped in part by 

synaptic inputs because during pilocarpine treatment, injection of hyperpolarizing current 

into depressor/flexor motoneurons decreases the frequency or blocks the occurrence of 

action potentials but does not affect the timing of periodic bouts of IPSPs nor bursting 

activity in the depressor/flexor nerve.  

 

20E is likely to act on the brain and not the segmental ganglia. There are several 

lines of evidence from this dissertation which support this hypothesis. Treatment of the 

abdominal ganglia alone with 20E is not sufficient to activate fictive crawling (see  

Chapter 4). Furthermore, 20E does not alter the intrinsic membrane properties of 

abdominal intersegmental muscle motoneurons (see Chapter 4).  Immunocytochemical 

evidence indicates that at wandering, most cells in the brain express ecdysteroid receptors 

compared to earlier stages (Fahrbach and Truman, 1989; Bidmon et al., 1991a&b; 

Fahrbach, 1992; see Miller, Chapter 4). Receptors are expressed in Kenyon cells of the 

mushroom bodies just prior to wandering (see Chapter 4), although whether these 

neurons drive wandering locomotion is unknown. Dominick and Truman’s results 

suggest that 20E acts on the brain to activate wandering behavior. Selective exposure of 

20E to the brain only increases neural activity in the abdominal segments whereas 20E  
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exposure to the segmental nervous system does not (1986b). In Manduca pre-ecdysis and 

ecdysis behaviors, 20E acts to alter the excitability of ventromedial cells in the brain, to 

stimulate the release of eclosion hormone and initiate these behaviors (Truman et al., 

1983; Hewes and Truman, 1994).  Future experiments to determine whether 20E targets 

the brain to activate wandering behavior are discussed in Chapter 4. 

 

 Investigation of the sites and pathways for 20E versus pilocarpine activation of 

fictive crawling will described in Chapters 4 and 5 of this dissertation. In Chapter 4, 

possible sites for 20E action on the nervous system will be explored using 

electrophysiological and immunocytochemical techniques. To determine the site of 20E  

action, the hormone will be selectively applied to the brain or to the segmental nervous 

system alone. Furthermore, intrinsic membrane properties of the abdominal  

intersegmental motoneurons will be examined during 20E treatment. Ecdysteroid 

receptor expression in the brain will be characterized over the last larval instar to look for 

stage-dependent differences in receptor expression. In Chapter 5, pilocarpine will be used 

as a tool to examine pathways for the regulation and generation of fictive crawling in 

early 5th instar and wandering larvae. The role played by descending input from higher 

centers, including the brain, in the regulation of on-going fictive crawling will be 

investigated along with an examination of the location and function of the CPG circuits.  

Finally, at the end of Chapter 5, the results from Chapters 2, 4, and 5 will be integrated  
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into models which describe the organization of the crawling circuitry and the possible 

pathways for 20E versus pilocarpine activation of fictive crawling.  
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CHAPTER 3. TIME COURSE FOR HORMONAL ACTIVATION OF 
WANDERING LOCOMOTION IN THE ISOLATED NERVOUS SYSTEM OF 
MANDUCA SEXTA 
 
 
3.1 INTRODUCTION 
 

 
Steroid hormone effects on the activity of individual neurons and neural circuits 

as a whole can occur rapidly or over a longer time course involving genomic or non-

genomic mechanisms. As previously discussed, steroid hormones exert rapid effects on 

the excitability of vertebrate neurons in the hypothalamus and hippocampus 

(hypothalamus: Navarro et al., 2003; Kelly, Qin, and Ronnekleiv, 2003; hippocampus: 

Foy et al., 1999, Wong and Moss, 1992; Joëls, 2000 review). Estrogen and corticosterone 

mediate these effects through G-protein coupled plasma receptor pathways (Kelly, Qin, 

and Ronnekleiv, 2003; Gu and Moss, 1996&1998). Effects of steroid hormones over a 

longer time course, involving transcriptional regulation and changes in protein synthesis, 

also target neurons in this hypothalamic and hippocampal circuitry (hypothalamus: Kelly, 

Qin, and Ronnekleiv, 2003; Temple et al., 2004; hippocampus: Karst and Joëls, 1991; 

Kerr et al., 1992; Karst, 2000; Joëls, 2000 review).  In addition to these effects of steroid 

hormones at the cellular level, two examples of vertebrate reproductive behavior, 

courtship clasping in newts and lordosis behavior in mice, provide nice illustrations of a 

rapid versus genomic-mediated activation of behavior (Rose et al., 1993&1998; Ogawa et 

al., 1998).  
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In crustacea and insects, steroid hormones can also induce changes in neural 

circuits rapidly or over a longer time course. The steroid hormone, 20-hydroxyecdysone 

(20E), acts rapidly at the crayfish neuromuscular junction to reduce synaptic efficacy 

through presynaptic mechanisms which decrease the probability of synaptic vesicle 

release and the number of release sites (Cooper and Ruffner, 1998).  Exposure of an early 

third instar Drosophila larva nerve-muscle preparation to 20E causes a reduction in the 

size of muscle excitatory junction potentials (EJPs) within minutes due to the release of  

fewer synaptic vesicles (Ruffner, Cromarty, and Cooper, 1999). The Drosophila mutant 

ecdysoneless causes a significant reduction in EJP amplitude in late third instar larvae (Li 

et al., 2001). These rapid effects in invertebrates may involve plasma membrane 

receptors coupled to G-proteins. The presence of a plasma membrane receptor for 20E 

has only been recently identified, in the silkworm Bombyx mori (Elmogy, Iwami, and 

Sakurai, 2004). 

 

Steroid hormone-mediated changes in gene expression which depend upon a 

latency of many hours and involve nuclear 20E receptors have been reported in insects, 

but these changes affect the structural remodeling of the insect nervous system (Karim 

and Thummel 1991, 1992; Andres et al., 1993; Huet et al., 1993; Fletcher et al., 1997), 

and have not yet been linked to changes in neuronal activity. Thoracic leg motoneurons 

from pupae show an increase in whole cell calcium currents following incubation in 20E  
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for several days in culture, a time course suggestive of a genomic mechanism of action 

(Grunewald and Levine, 1998).  

 

The activation of wandering behavior in Manduca sexta larvae may reflect steroid 

hormone-mediated genomic events. Previous work by Dominick and Truman found that 

the induction of wandering behavior in intact larvae requires a long exposure to 20E, 

with the minimum latency from the start of infusion to the behavioral onset being 11 

hours (Dominick and Truman, 1985). In nerve cords isolated from early 5th instar larvae 

and treated with 20E, the latency was 17±3 hours (Dominick and Truman, 1986b). The 

reason for this difference in latency between the in vivo and in vitro conditions is 

unknown. The Dominick and Truman studies suggest that the long latency required for 

the expression of wandering motor activity in isolated nerve cords is due to steroid 

hormone-mediated genomic events (1986b).  However, they only recorded motor 

activity from one abdominal nerve so they were unable to recognize the fictive 

locomotor pattern. Furthermore, without intracellular recordings, they could not  

determine whether 20E induces more rapid, subthreshold changes in intrinsic membrane 

properties of abdominal intersegmental muscles motoneurons. Now, however, as 

described in Chapter 2, 20E-induced fictive locomotion can be characterized using 

intracellular recordings from the abdominal ISM MNs and simultaneous extracellular 

recordings from different abdominal nerves.  
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Thus, the aim of the following series of experiments was to determine the latency 

for the nervous system response to 20E to investigate whether 20E acted rapidly or in the 

long-term to 1) induce the high level of patterned activity associated with wandering 

behavior and 2) affect the activity of individual intersegmental muscle motoneurons. 

Rapid actions of 20E on the activity on individual motoneurons were examined through 

measurements of intrinsic membrane properties before and during 20E treatment at 

different timepoints. The time course of the hormonal signal will be suggestive of 

genomic or non-genomic pathways.  
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3.2 MATERIALS AND METHODS 
 
 
Experimental animals & procedure: 

For these experiments, animals were taken from the same colony as described in 

Chapter 2 and dissected in the same manner. Three nerve cords were removed from stage 

L3 animals prior to the commitment pulse and placed in a continually perfused bath of 

oxygenated 80% Weevers’/20% Grace’s media which contained 1ug/ul of 20E. Suction 

electrodes were placed on the DNp nerve in the third abdominal ganglion and the DNp 

and DNL nerves in the sixth abdominal ganglion to monitor nerve activity. The first hour 

of hormone perfusion was defined as hour 0, and the experiment was conducted through 

hour 16 (Fig. 2.1). Initial experiments involved the placement of suction electrodes on the 

nerves beginning at hour 0 of hormone perfusion but given some technical issues (see  

results), later experiments involved the placement of suction electrodes on the nerves 

beginning at hour 6 of 20E exposure. The following figures were representative of this 

latter condition. The length of time required to activate a reliable and well-coordinated 

fictive wandering program was determined by measuring the time from the onset of 

hormone application to the onset of regularly patterned activity in the abdominal nerves. 

Regularly patterned activity consisted of fictive crawling and/or burrowing features, as 

defined previously in Chapter 2.  
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Electrophysiological techniques: 
 For the rapid exposure experiments, three nerve cords were removed from stage 

L3 animals prior to the commitment pulse and placed initially in the 80%Weevers’/20% 

Grace’s saline only (no hormone). A vaseline well was then built around the second  

abdominal ganglion only. The Weevers’ saline was exchanged with Weeks saline and the 

ganglion was then treated with 1.5% collagenase dispase (Sigma) then desheathed with 

fine forceps to allow for sharp microelectrode penetration of cell bodies. The Weeks 

saline in the well was periodically replaced with fresh oxygenated saline. The rest of the 

nerve cord received the Weevers’ saline. The cell bodies of intersegmental muscle 

motoneurons (ISM MNs) in abdominal ganglion two were impaled with thin-walled 

borosilicate glass microelectrodes (resistance 25-40MΩ) filled with 2M potassium 

acetate. Subthreshold activity of the motoneurons was recorded in bridge mode with the 

bridge balanced both prior to electrode penetration when the electrode tip was in the bath 

and then, a few minutes following electrode penetration of the cell body.  Measurements 

were made of the following intrinsic membrane properties: resting membrane potential, 

spike threshold, input resistance, and evoked firing frequency. A motoneuron was 

included in the study if it met certain criteria. These criteria included: a resting membrane 

potential within the range of –40-70mV, a minimum input resistance of 20Ωohms or 

greater, and a minimum spike amplitude of 8mV. The action potentials were not 

overshooting because the spikes passively invaded the motoneuron soma. 
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Resting membrane potential was calculated by taking the mean of three 

measurements of spontaneous activity. For spike threshold and input resistance 

measurements, three trials were averaged. Motoneuron cell bodies were first 

hyperpolarized to -70mV by injection of a continuous hyperpolarizing current and then  

injected with steps of 0.4nA current (from +1.6nA to –1.6nA). Spike threshold was 

measured as the membrane potential at which the first action potential occurred. Input 

resistance was calculated from the linear portion of a voltage/current graph, representing 

the mean of three trials. For evoked firing frequency, 0.2nA steps of depolarizing current 

(to 1nA) were injected into the cell body and the number of spikes per second counted for 

each step. Following these measurements, the electrode was pulled out of the 

motoneuron, and then 20E was added to the well containing the A2 ganglion as well as to 

the entire nervous system.  The same ISM MNs were then reimpaled within 10 minutes 

of 20E addition, and measurements repeated. Additional ISM MNs were impaled and 

membrane properties measured at 10, 15, 25, and 45 minutes of hormone exposure to 

look for rapid changes in subthreshold activity.  
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3.3 RESULTS 
 
 
Activation of the wandering-like motor pattern required a long period of hormone 
exposure: 
 

The goal of the following experiments was to determine the length of time 

required to activate a reliable and well-coordinated fictive wandering motor program. In 

initial experiments, extracellular suction electrodes were placed on the abdominal nerves 

at the start of hormone exposure (hour 0) and activity was monitored for 16 hours. In this 

condition, well-coordinated and reliable patterned activity, as seen in the overnight 

exposure experiments (Chapter 2), did not develop as expected at hour 14. It was 

determined that the failure of the patterned activity to develop was a function of the long  

length of time, ~16 hours, that the suction electrodes were placed on the abdominal 

nerves.  Because of this technical issue and the lack of patterned activity observed in the 

first 6 hours of hormonal exposure, suction electrodes were not placed on the nerves until 

hour 6 of 20E exposure, as shown in Fig. 3.1. The following figures are reflective of this 

timeline.  

 

At hour 6 of hormone exposure, there was tonic nerve firing in the abdominal 

nerves (Figs. 3.2&3.3). Prior to hour 10, all three nerve cords showed a low level of 

unpatterned activity. By hour 10, there was an increase in the frequency of unpatterned 

activity (Figs. 3.4&3.5) which developed into a high level of bursting activity in all three  
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preparations by hours 12-13 of 20E application (Figs. 3.6&3.7). By hours 14-15, all three 

preparations showed reliable bouts of fictive crawling and burrowing (Figs. 3.8&3.9).   

 

These results indicate that 20E induction of fictive wandering-like locomotion in 

the isolated larval nerve cord requires a latency of 13-14 hours. This long time course of 

the hormonal signal is suggestive of a genomic mode of action.  

 

 

Fig. 3.1: Timeline of Latency Experiments 
 
Started        Started Recording       Bursting Activity   Well-coordinated 
20E            Patterned Activity 
Application 
 
   Low Level 
   Spontaneous  
   Activity 
 
 
Hr 0   Hr 6    Hr 12-13    Hr 14 
 
Fig. 3.1: This timeline chronicles the development of 20E-induced 
abdominal nerve activity from the start of hormone perfusion (hour 0) to 
the appearance of reliable and well-coordinated fictive locomotion (hour 
14). Initial experiments indicated that there was a low level of 
spontaneous activity in the abdominal nerves, i.e. no patterned activity 
between hours 0-6 of 20E exposure. Because of these initial results, 
recordings were not begun until hour 6 of 20E exposure. Bursting 
activity was observed between hours 12-13 of 20E exposure with well-
coordinated patterned activity (i.e. crawling and burrowing features) 
observed by hour 14 in all three preparations.  
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Fig. 3.2: Hour 6 of 20E Exposure 

 
 
Fig. 3.2: At hour 6 of 20E exposure, there was tonic firing only in the 
abdominal nerves.  
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Fig. 3.3: Hour 6 of 20E Exposure, Expanded Timebase 
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Fig. 3.3: Boxed region from Fig. 3.2: Hour 6 of 20E exposure shown on an 
expanded time scale. Individual nerve spikes were seen.  
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Fig. 3.4: Hour 10 of 20E Exposure  

 
 
Fig. 3.4: At hour 10 of 20E exposure, there was an observable increase 
in the frequency of unpatterned activity, represented by a high level of 
tonic firing in the abdominal nerves.  
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Fig. 3.5: Hour 10 of 20E Exposure, Expanded Timebase 
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Fig. 3.5: Boxed region from Fig. 3.4:  Hour 10 of 20E exposure shown on 
an expanded time scale. Individual nerve spikes were seen.  
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Fig. 3.6: Hours 12-13 of 20E Exposure  
 

 
 
 
Fig. 3.6: At hours 12-13 of 20E exposure, there was a high frequency of 
unpatterned activity in the abdominal nerves with some periodic bursting 
activity. This bursting activity did not consist of crawling and 
burrowing features.  
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Fig. 3.7: Hours 12-13 of 20E Exposure, Expanded Timebase   
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Fig. 3.7: Boxed region from Fig. 3.6: Hours 12-13 of 20E exposure shown 
on an expanded time scale. The nerve spikes were clustered into bursts, 
but the bursting activity was not patterned.  
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Fig. 3.8: Hour 14 of 20E Exposure 

 
 
 
 
Fig. 3.8: At hour 14 of 20E exposure, there was regular patterned 
activity in the abdominal nerves which consisted of bouts of crawling 
and burrowing.  
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Fig. 3.9: Hour 14 of 20E Exposure, Expanded Timebase  
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Fig. 3.9: Boxed region from Fig. 3.8: Hour 14 of 20E exposure shown on 
an expanded timescale. A peristaltic pattern of activity was interposed 
with periods of synchronous bursting in all nerves, features 
characteristic of fictive crawling and burrowing.  
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20E did not induce rapid changes in the intrinsic membrane properties of the ISM MNs: 
 

Based upon the results in the previous section, the latency for activation of the 

wandering program was long, between 13-14 hours. It was possible, however, that there 

were more rapid, subthreshold changes in the activity of the abdominal intersegmental 

muscle motoneurons (ISM MNs), a possibility that was not explored by Dominick and 

Truman. Dominick and Truman did not do intracellular recordings from abdominal 

motoneurons. The goal of the next set of experiments was to determine if there were 

more rapid, subthreshold changes in ISM MNs by doing intracellular recordings prior to 

and a certain number of minutes following 20E exposure in the same motoneurons and 

additional motoneurons. Intrinsic membrane properties (resting membrane potential, 

spike threshold, input resistance, and evoked firing frequency) were measured in control 

motoneurons (no 20E) and at timepoints of 10, 15, 25, and 45 minutes of 20E exposure. 

Extracellular recordings were taken simultaneously from the abdominal nerves.  

 

Prior to hormone exposure, an isolated nerve cord perfused with saline-only did 

not show bursting activity in the abdominal nerves nor in the ISM MN (Fig. 3.10). At 10 

minutes of 20E exposure, there was no noticeable change in the activity of the ISM MN 

nor in the abdominal nerves (Fig. 3.11), neither the motoneuron nor abdominal nerves 

showed bursting activity in response to hormone.  
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Table 3.1 shows that there were no significant differences in resting membrane 

potential, spike threshold, and input resistance values between motoneurons at time 0 (no 

20E) and these same motoneurons exposed to hormone at 10 minutes (2-tailed student t-

test for correlated samples).  There were also no significant differences between the 

motoneurons at time 0 and the group of motoneurons at 25 minutes of hormone treatment 

or between the 10 and 25 minutes treatment groups (student t-test). Since only two 

motoneurons were recorded at the 15 and 45 minutes of 20E exposure timepoints and 

data were not available for these motoneurons prior to 20E treatment, these were not 

included in the analyses of intrinsic membrane properties. 

 

Figures 3.12-3.13 show plots of mean evoked firing frequency for motoneurons at 

all three timepoints. At each current step, there was no difference in mean evoked firing 

frequency between motoneurons at the three timepoints. However, a larger population of 

motoneurons is needed for each timepoint in order to assess possible differences in firing 

rate across all current steps.  
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Fig. 3.10: Control condition, ISM MN Prior to 20E Exposure 
 

  
Fig. 3.10: In saline, ISM MNs and abdominal nerves showed tonic firing.  
 
Fig. 3.11: ISM MN After 10 Minutes Exposure to 20E  
 

 
Fig. 3.11: At 10 minutes exposure to 20E, there was still no evidence 
for bursting activity in the ISM MN and the abdominal nerves.  
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Table 3.1: Effects of Rapid Exposure of 20E on Intrinsic 
Membrane Properties of ISM MNs at 10 & 25 minutes, Number 
of animals= 3 

 
 
Table 3.1: The means ±standard error are shown for each group. There was 
no significant difference in intrinsic membrane properties between the 
control motoneurons versus these same motoneurons at 10 minutes of 20E 
exposure (2-tailed student t-test for correlated samples). There was 
also no significant difference between the control versus a different 
group of motoneurons whose properties were measured at 25 minutes of 
hormone exposure (student t-test). The comparison between the 20E-
treated groups at 10 versus 25 minutes of hormone exposure also revealed 
no significant differences (student t-test).  
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Fig. 3.12: Mean Evoked Firing Frequency in Same ISM MNs 
Prior to 20E Exposure and At 10 Minutes of 20E Exposure  
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Fig. 3.12: Mean evoked firing frequency (with standard error bars) is 
plotted as current versus the number of spikes per second at 0.2nA steps 
of depolarizing current. Each point represents the mean of three 
motoneurons at time 0 (no 20E) and the mean evoked firing frequency of 
these same motoneurons at 10 minutes of 20E treatment. These three 
motoneurons were measured in three different preparations. There was no 
significant difference in evoked firing frequency between the two 
timepoints at each current step (student t-test for correlated samples).  
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Fig. 3.13: Mean Evoked Firing Frequency in ISM MNs at Time 0 
(no 20E) and at 10 Versus 25 Minutes of 20E Exposure  
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Fig. 3.13: Mean evoked firing frequency (with standard error bars) is 
plotted as current versus the number of spikes per second at 0.2nA steps 
of depolarizing current. Each point represents the mean for three 
motoneurons at time 0 (no 20E) and these same three motoneurons in 
response to 10 minutes of 20E exposure. The mean evoked firing frequency 
at 25 minutes of hormone exposure is derived from three additional 
motoneurons. There was no significant differences in mean evoked firing 
frequency at individual current steps when comparing the time 0 versus 
10 minutes of 20E exposure groups (student t-test for correlated 
samples; see Fig. 3.12), the time 0 (no 20E) versus 25 minutes 20E-
treated group, or the 10 versus 25 minutes of 20E exposure groups 
(student t-test).  
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3.4 DISCUSSION 

 
I. Time course for hormonal activation of wandering locomotion in the isolated nervous 
system: 
 
 

a. 20E activation of fictive wandering motor patterns required a long latency: 
 

The results presented in this chapter showed that 20E activation of fictive 

wandering locomotion (i.e. crawling and burrowing) in the isolated nervous system of 

Manduca sexta required a long latency. There was an increase in tonic nerve firing about 

hour 10 of 20E exposure, then the appearance of uncoordinated bursts, and finally these 

bursts became patterned into bouts of fictive crawling and burrowing by hour 14 of 20E 

exposure. Dominick and Truman’s results also documented 20E-induced increases in 

neural activity which required a long latency (17±3 hours), a finding in agreement with 

the time course for 20E activation of wandering behavior in intact larvae (1986a&b). 

However, unlike the current study, Dominick and Truman were unable to characterize 

this increase in neural activity as a fictive wandering motor pattern.  

 

b. Rapid effects of 20E on the subthreshold activity of the abdominal intersegmental 

muscle motoneurons? 

 

Prior to the appearance of fictive wandering locomotion at hours 12-13 of 20E 

exposure, there was a noted increase in the frequency of unpatterned activity in the 

abdominal nerves represented by a higher level of nerve firing noticeably observed at  
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about hour 10. There may have been increases in nerve firing prior to hour 10, but given 

the thousands of spikes generated in a short time period (5 minutes), quantification was  

difficult. However, intracellular recordings from the abdominal intersegmental muscle 

motoneurons (ISM MNs) were able to provide an opportunity to look at more rapid, 

subthreshold effects of 20E on the activity of individual motoneurons. 

 

The abdominal motoneurons did not show bursting activity within 25 minutes of 

exposure to 20E. This confirmed the results obtained from the extracellular recordings 

taken from the abdominal nerves which showed that 20E did not induce bursting activity 

in the nerves until about hour 12 of hormonal exposure. Furthermore, 20E did not induce 

rapid changes in the intrinsic membrane properties of these motoneurons within 25 

minutes of exposure. As described in Chapter 4, these motoneurons were unlikely to be 

the site of hormone action because no change in intrinsic membrane properties was seen 

during 20E-induced fictive wandering locomotion at hour 14 of hormone exposure.   

 

However, rapid changes in synaptic drive mediated by 20E were not thoroughly 

investigated. To measure potential changes in synaptic drive to the motoneurons, the 

frequency of postsynaptic potentials (psps) or spikes before and following exposure to 

20E needs to be compared in a large sample size across multiple preparations. 

Furthermore, these measurements need to be compared to control preparations not 

treated with 20E in which motoneurons are impaled and then reimpaled at 10 minutes to  
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verify that the experimental manipulations alone do not affect the synaptic drive. 

Furthermore, if upon examination of this larger population of neurons, there are rapid  

changes in the frequency of the synaptic drive, then followup experiments need to 

determine whether these changes are excitatory (EPSPs) or inhibitory (IPSPs) and how 

the steroid hormone 20E mediates these effects.  

 

 The steroid hormone 20E may act presynaptically on interneurons to alter the 

excitatory or inhibitory drive to these motoneurons by affecting the release of 

neurotransmitter. Based upon the literature, excitatory synaptic drive to these 

motoneurons in the form of EPSPs may be mediated by glutamate or acetycholine acting 

through NMDA and muscarinic receptors. Glutamate is the major excitatory 

neurotransmitter in the Drosophila nervous system, and application of NMDA to a semi-

intact larval nervous system induces bursting activity in body wall muscles for crawling  

(Cattaert and Birman 2001). The muscarinic agonist pilocarpine induces fictive crawling 

in isolated Manduca nerve cords from 5th instar and wandering larvae (Johnston and 

Levine, 1996b; Miller, Chapter 5). There are antagonists to the NMDA receptor 

(Drosophila, Cattaert and Birman 2001) and to the muscarinic acetylcholine receptor 

such as atropine (Manduca, Johnston and Levine, 1996b) that could be effectively 

applied to the abdominal ganglion to determine whether these drugs block the excitatory 

input to the motoneuron.  
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Similarly, 20E may increase the inhibitory synaptic drive to these motoneurons. 

As shown in the Drosophila neuromuscular junction preparation, 20E reduces EJPs  

within a few minutes due to the release of fewer synaptic vesicles (Ruffner, Cromarty, 

and Cooper, 1999). 20E may mediate inhibition by regulation of the neurotransmitter 

GABA which mediates inhibition in a variety of vertebrate and invertebrate motor 

networks (selected references: lamprey:  reviewed in: Grillner, 2003; Xenopus laevis: 

McLean, Merrywest, and Sillar, 2001; Sillar, Reith, and McDearmid, 1998). The 

antagonist bicuculline can be used to block the GABAA receptor. 

 

c. Development of 20E-induced locomotor activity over a long time course & 

comparison with vertebrate systems: 

 

 As described, the generation of the fictive wandering motor pattern requires a 

long time course. This long time course seems to reflect changes in motor circuitry as 

seen at the level of the abdominal motoneurons in which initial increases in tonic nerve 

activity which occur over many hours are then followed by bursting activity and then the 

development of a reliable and well-coordinated motor pattern. One hypothesis is that 

20E delivers a combination of excitatory and inhibitory input to the motoneuron. 20E 

increases the motoneuron firing, but at the same time, regulates the temporal expression 

of firing so that in-between bursts, the motoneuron is quiet because it is being inhibited. 

Thus, over time, the activity of the motoneurons within a single ganglion is regulated so  
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that their firing activity correlates to activation of the abdominal segment and in the 

intact animal, contraction of the muscle. This sculping of the activity over a long time 

period would be responsible for the eventual generation of a coordinated motor response.  

20E plays a crucial role in activating the fictive wandering motor program, and is likely  

to sculp the activity of individual neurons in the motor network in the development of the 

wandering motor program.  

 

 The expression of wandering behavior is stage-specific. Although the motor 

circuitry is present in younger larvae, larval animals show a low level of tonic motor 

activity. Animals do not crawl unless they need to find a food source, and do not exhibit 

burrowing behavior. Isolated larval nerve cords removed from early 5th instar larvae show 

a low level of tonic motor activity (Chapter 2). During wandering, the animal shows a 

high level of locomotor activity and expresses burrowing behavior. These stage-

dependent differences may reflect 20E-mediated modification of the motor circuitry.  

 

The time course for steroid hormone-induced changes in the level of motor 

activity in the Manduca larval nervous system and the subsequent expression of 

wandering behavior shares similarities to the neuromodulatory-induced developmental 

modification of motor circuits in the frog and rodent.  
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The developmental transition from embryonic to larval motor behavior in the frog 

appears to be related to the maturation of various neuromodulatory systems (McLean et 

al., 2000; reviewed in: Sillar, Reith, and McDearmid, 1998).  Serotonin is released from 

descending serotonergic projections of raphespinal interneurons and modulates the  

intensity and duration of motor bursts in the larva, but not the embryo, by affecting the 

release of glycine from commissural interneurons (Sillar, Reith, and McDearmid, 1998). 

It is hypothesized that the ingrowth of serotonergic axons into the spinal cord is related to 

the development of larval swimming (reviewed in: McLean, Merrywest, and Sillar, 

2001). Noradrenaline causes a decrease in the frequency of the motor pattern  

(McDearmid, Scrymgeour-Wedderburn, and Sillar, 1997).  Furthermore, the 

metamorphic transition from larval to adult stages in Xenopus is also marked by changes 

in motor circuitry as the network is reconfigured to switch from axial-based body 

undulations in which there is left-right tail oscillations to hindlimb-based locomotion 

involving synchronous bilateral limb kicks of flexion and extension (Combes et al., 

2004). Over a 2-3 week period, the motor circuitry for larval motor behavior which is 

distributed along the spinal cord is replaced by a hindlimb-kick network located 

exclusively in the lumbar region (Combes et al., 2004).  

  

In the embryonic and neonatal mouse and rat preparations, there is also a 

developmental transition in motor behavior under the influence of neuromodulators. 

Coordinated spontaneous movements are seen in the embryo with a pattern of  
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synchronous left and right ventral root bursting activity. However, later in embryonic 

development, serotonin in the rat induces a pattern of left and right alteration of ventral 

root bursting (Nishimaru and Kudo, 2000). In the mouse, embryos show synchronous  

motor patterns, but neonates show this left-right alteration which is under NMDA 

modulation (reviewed in: Whelan, 2003).  

 

In both animals, the motor circuitry is formed early in embryonic development, 

but it is stereotyped and inflexible. In the frog Xenopus, the motor circuitry for generating 

swimming movements is present in the embryo, and like larval swimming, consists of 

coordinated rostrocaudal movements (reviewed in: Sillar, Reith, and McDearmid, 1998). 

However, motoneurons in the network only fire a single action potential per cycle, take 

up less than 10% of the cycle period, and prevent motor output from being varied on a 

cycle to cycle basis (reviewed in: Sillar, Reith, and McDearmid, 1998). The progression 

from the embryonic to the larval stage (1 day later), however, induces bursts of 

motoneuron discharge in each cycle with bursts taking up a larger proportion of the cycle 

period (~80%), and bursts are varied in duration and intensity from cycle to cycle  

(reviewed in: Sillar, Reith, and McDearmid, 1998). Thus, the animal can exhibit a wider 

range of flexibility and movements, including the ability to turn and accelerate (reviewed 

in: Sillar, Reith, and McDearmid, 1998). 
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The neuromodulation of these developing motor systems shape the expression of 

the motor patterns. Similarly, based upon evidence from these other systems, 20E, over a 

long time course, may shape the activity of individual neurons in the motor network to  

produce the high level of locomotor activity associated with wandering behavior and the 

expression of new behavior (burrowing).   

 

d. Investigation of genomic and non-genomic mechanisms for 20E activation of 

wandering behavior: 

 

The results in this chapter provide evidence for genomic mechanisms underlying 

the generation of the fictive wandering motor program. The long time course required to 

activate the wandering motor program is suggestive of a genomic mechanism of steroid 

hormone action. 20E may alter neural circuits for wandering through a genomic pathway 

involving transcription and/or protein synthesis. These processes may result in the 

insertion of new channels, such as calcium, into the cell membrane, thereby increasing 

neuronal excitability. Although 20E did not induce more rapid effects on the intrinsic 

membrane properties of the ISM MNs, future investigations need to examine potential 

rapid 20E-mediated effects on the synaptic drive to these motoneurons.  

 

 As previously described, there is evidence for genomic and non-genomic 

mechanisms underlying steroid hormone action on the vertebrate brain for behavior.  
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The pathway for activation of lordosis behavior involves estrogen binding to intracellular 

nuclear receptors in the ventromedial nucleus (VMN) of the hypothalamus. Estrogen 

receptor alpha knockout mice which are gonadectomized lack the lordosis response when 

given systemic injections of estrogen (Ogawa et al., 1998). The drug actinomyocin-D, 

when applied to the VMN of the hypothalamus induces an almost complete blockade of  

the estrogen-induced lordosis response (Etgen, 1987). Actinomyocin-D acts to depress 

the lordotic response by either interfering with the binding of the estrogen receptor 

complex to hypothalamic cell nuclei or hormone response elements on the target DNA 

site, or by inhibiting protein synthesis (Etgen, 1987).   

 

Estrogen and another steroid hormone, corticosterone, also exert rapid actions on 

the vertebrate brain. Estrogen mediates changes in the locomotor step cycle in female rats 

over the estrous cycle by affecting Purkinje cell firing (Smith, 1995). The presence of a 

membrane receptor for estrogen in these cells, however, has not been identified. A 

plasma membrane receptor for estrogen in the vertebrate brain has not been isolated nor 

sequenced, although rapid actions of estrogen in stimulating second messenger molecules 

including phospholipase C, IP3, and ERK (a member of the MAP kinase pathway), point 

to the existence of a  membrane receptor  (reviewed in: Levin, 1999&2001; Kelly and 

Wagner, 1999). Another steroid hormone, corticosterone, is responsible for rapidly  

(within minutes) inhibiting courtship clasping by the male roughskin newt, through 

inhibition of the firing of brainstem medullary neurons (Rose et al., 1993&1998; Ogawa  
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et al., 1998). A membrane receptor for corticosterone has been identified in the newt 

brain, but not yet identified in these neurons (Orchinik, Murray, and Moore, 1991).  

 

In these vertebrate examples, steroid hormones have been found to shape behavior 

through genomic and non-genomic mechanisms and to alter the excitability of neural  

circuits. However, the pathway for these mechanisms, which includes the location and 

type of the receptors and the signaling cascades which lead to alteration of individual 

neuronal activity, remain elusive.  

 

In Manduca sexta and Drosophila melanogaster, mechanisms underlying 20E-

mediated rapid or more long-term changes in activity have not been documented in the 

CNS. However, an exploration of the mechanisms underlying hormone-induced changes 

in neural circuits for wandering behavior could provide useful insight. To investigate  

genomic mechanisms underlying the 20E induction of fictive wandering locomotion,   

specific transcription or protein synthesis inhibitors would  be employed to block 20E-

induced patterned activity in the isolated Manduca larval nerve cord. The protein 

synthesis inhibitor cycloheximide has been successfully used in cultured abdominal 

neurons from Manduca (Hoffman and Weeks, 1998), and could be tried in whole larval 

nerve cords. Application of the drug to subsets of the nervous system, such as an 

individual abdominal ganglion, could be done first to look at local effects on 20E-induced 

bursting activity in an ISM MN. The drug would also be applied to the entire abdominal  



 

187
 

ganglion while recording from the nerves in the next posterior ganglion to observe 

whether the drug effectively blocks the patterned activity.  

 

Another approach would be to characterize nuclear ecdysteroid receptor 

expression in the nervous system at wandering. Ecdysteroid receptor expression has been  

characterized in the brain but not extensively in the nervous system (see Miller, Chapter 

4; Fahrbach and Truman, 1989; Bidmon et al., 1991; Bidmon, Stumpf, and Granger, 

1991; Fahrbach, 1992; Truman et al., 1994; Jindra et al., 1996; Hegstrom et al., 1998). 

Future experiments need to identify individual ecdysteroid-expressing neurons in the 

abdominal ganglia at wandering. These neurons are likely to function in wandering 

behavior.  

 

Studies of mechanisms underlying ecdysteroid signaling would also involve the 

use of the insect model system, Drosophila melanogaster. Previous studies have used 

mutations for various transcription factors such as broad complex to disrupt ecdysteroid 

signaling in Drosophila, resulting in changes in the morphology of the metamorphic 

nervous system (Restifo and White, 1991). This same mutant may have consequences on 

the excitability of neural circuits for behavior, including wandering. Although the mutant 

ecdysoneless has been studied at the neuromuscular junction (Li et al., 2001), it has not 

been studied in the CNS. There are several challenges, however, which must be  
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addressed before taking advantage of these mutants. As discussed in the summary chapter 

of this dissertation, one must first develop a reliable preparation to study CNS fictive 

motor ouput and also determine whether wandering behavior in Drosophila is triggered 

by the steroid hormone 20E, as is the case in Manduca.   

 

The exploration of more rapid effects of 20E on the motoneurons and other 

interneurons of the locomotor circuit is also needed. As previously discussed, rapid 

effects of 20E on the synaptic drive to individual motoneurons should be investigated in a 

large number of motoneurons. The source of the synaptic drive to these motoneurons 

needs to be identified, and rapid effects of 20E examined in these neurons presynaptic to 

the motoneurons. Given the evidence for rapid effects of 20E at the Drosophila 

neuromuscular junction (Cooper and Ruffner, 1998; Ruffner, Cromarty, and Cooper, 

1999), rapid effects of 20E could also be examined in Drosophila CNS neurons, 

including motoneurons, through intracellular techniques (as in Choi et al., 2004).  

 

Thus, one can combine the advantages offered by Manduca and Drosophila 

model systems to carry out immunocytochemical, electrophysiological, and genetic 

analyses of the mechanisms underlying steroid hormone action in behavior. There is also 

an opportunity to use Manduca to study the time course for the expression of motor 

behavior at the level of individual neurons and then the neural circuit as a whole.  
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CHAPTER 4. INVESTIGATION OF SITES OF 20E ACTION IN THE 
ACTIVATION OF WANDERING LOCOMOTION IN THE ISOLATED 
NERVOUS SYSTEM OF MANDUCA SEXTA 
 
 
4.1 INTRODUCTION 
 
 

 Steroid hormones can alter the excitability of neural circuits for reproductive and 

locomotor behavior over development and adulthood in both vertebrates and 

invertebrates.  A major question concerning how steroid hormones induce changes in 

excitability pertains to the identification of direct cellular targets of hormone action, and 

how these changes lead to alterations in the neural circuitry.  

 

Several vertebrate model systems of reproductive behavior provide nice evidence 

for direct hormonal-specific effects on the excitability of individual cells. Androgen 

modifies the excitability of electrocytes in circuits for male-specific communication in 

the electric fish. As shown through voltage-clamp analysis of the electrocytes in the 

electric organ, androgen slows the inactivation time constant of the sodium currents 

(Ferrari, McAnelly, and Zakon, 1995). This effect is partially responsible for the 

broadening of the electric organ discharge pulse duration in male fish (Ferrari, McAnelly, 

and Zakon, 1995). These electrocytes are a direct target of androgen action because they 

express nuclear receptors for androgen (Dunlap and Zakon, 1998), but it is unclear 

whether changes in ionic currents are mediated through these receptors and genomic 

events. 
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The mammalian hypothalamic-pituitary axis is another site of sex steroid 

hormone action. In both guinea pigs and mice, estrogen can act directly on gonadotropin-

releasing hormone (GnRH) neurons to hyperpolarize their membranes through activation 

of potassium channels, such as G-protein coupled inwardly rectifying potassium channels 

(reviewed in: Kelly and Wagner, 1999; Kelly, Qiu, and Ronnekleiv). These effects have 

consequences for neuronal firing and the hypothalamic-pituitary feedback loops, 

consequences that are the focus of on-going investigations. Estrogen also acts indirectly 

on neurons of the ventral medial nucleus of the hypothalamus in rats, to facilitate the 

responsiveness of silent neurons to excitatory glumatergic, cholinergic, and noradrenergic 

orthodromic inputs (Kow and Pfaff, 1985).   

 

In other vertebrate model systems, the identification of direct cellular targets of 

hormone action remains elusive. For example, in the male roughskin newt, the firing of 

brainstem reticulospinal medullary neurons is inhibited by systemic injection of 

corticosterone, leading to a cessation of male clasping behavior (Rose, Moore, and 

Orchinik, 1993; Rose, Mars, and Moore, 1998).  Although a membrane receptor for 

corticosterone has been identified in the brainstem (Orchinik, Murray, and Moore, 1991), 

whether these neurons are the direct site of hormone action is unknown.  

 

Similarly, elevations in circulating estrogen enhance the discharge of Purkinje cell 

neurons in the rat cerebellum, potentially by augmenting the excitatory responses of  
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Purkinje cells to glutamate, resulting in changes in the locomotor step cycle (Smith, 

Woodward, and Chapin, 1989; Smith, Waterhouse, and Woodward, 1987&1989; Smith, 

1995). These Purkinje cells may or may not be the direct targets of hormone action. 

 

Androgen alters the intrinsic and synaptic properties of individual neurons in the 

LMAN nucleus during birdsong development, but whether these neurons are the direct 

site of hormone action is unclear. In fledglings, LMAN neurons fire bursts of action 

potentials due to low-threshold calcium spikes whereas these same neurons in juvenile 

and adult birds do not show bursting activity (Livingstone and Mooney, 2001). Fledgling 

LMAN neurons also possess slow NMDA-mediated excitatory postsynaptic currents, 

currents that are faster in older birds (White, Livingstone, and Mooney, 1999). These 

developmental transitions in neuronal excitability are thought to underlie the period of 

sensorimotor learning of the tutor song by fledglings.  

 

In addition to brain neurons, hormones also have the potential to modify the 

membrane properties of motoneurons. Androgen is likely to be responsible for modifying 

passive and active properties of laryngeal motoneurons involved in male-specific 

vocalization behavior in the frog Xenopus laevis. Laryngeal motoneurons in male frogs, 

compared to females, possess a lower input resistance and larger membrane capacitance. 

Furthermore, action potentials are of short duration, an effect partially mediated by low 

threshold potassium currents (Yamaguchi, Kaczmarek, and Kelley, 2003). Androgen may  
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act directly on these motoneurons to causes these changes in excitability. Changes in 

excitability may be mediated through nuclear androgen receptors in these laryngeal 

motoneurons. Laryngeal motoneurons in male frogs express higher levels of nuclear 

androgen receptor mRNA compared to female frogs (Pérez, Cohen, and Kelley, 1996).   

 

In these model systems, on-going investigations involve identifying the cellular 

targets for hormone action and linking them to changes in neural circuits for behavior.  

Studies occurring in parallel in insects are also concerned with this concept of steroid 

hormone modification of cellular excitability and steroid receptor expression in 

individual neurons. The insect model systems Manduca sexta and Drosophila 

melanogaster offer the advantages of well-characterized developmental, 

endocrinological, and behavioral histories to investigate sites for hormone action and 

consequences for behavior.  

 

As previously described (refer to Chapter 1), the steroid hormone 20-

hydroxyecdysone (20E) has effects on the excitability of identified neurons and neural 

circuits for behavior in the CNS of Manduca sexta.  20E decreases the synaptic contacts 

between the sensory neurons and motoneurons, leading to a loss of the proleg withdrawal 

reflex during day two of wandering in Manduca sexta (Weeks and Truman, 1985, 1986; 

Weeks and Jacobs, 1987; Trimmer and Weeks, 1989; Weeks and Ernst-Utischneider, 

1989; Jacobs and Weeks, 1990; Streichert and Weeks, 1995).  20E also acts directly on  
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Manduca pupal thoracic leg motoneurons to enhance whole cell calcium currents 

(Grunewald and Levine, 1998). These effects are likely to have consequences for the 

transition of the thoracic legs from their participation in larval crawling to walking in the 

adult moth. Furthermore, an identified thoracic motoneuron, MN5, undergoes changes in 

its intrinsic membrane properties, changes responsible for its transition from its 

participation in larval crawling to adult flight behavior (Duch and Levine, 2000). The 

adult MN5 flight motoneuron has a lower excitability than the larval MN5 due to its more 

hyperpolarized resting membrane potential, more depolarized firing threshold, fourfold to 

fivefold lower input resistance, and increased voltage-activated potassium current (Duch 

and Levine, 2000). 20E is likely to be responsible for these changes in excitability, but 

whether this motoneuron is a direct target of hormone action is unknown.   

 

The developmental regulation of ecdysteroid receptor expression in CNS neurons 

may be responsible for these stage-dependent differences in excitability. In Manduca, 

sites of hormone action over development have been characterized via autoradiography 

using 20E agonists such as ponasterone A and receptor immunocytochemistry. The 

nuclear receptor for 20E exists in three different isoforms, EcRA, B1, and B2, with the 

B1 isoform being the predominant isoform expressed over larval development (Talbot et 

al., 1993, Truman et al., 1994). Although many studies have characterized a nuclear 

receptor for 20E that is homologous to vertebrate nuclear hormone receptors (Thummel, 

1995; Evans, 1998), a membrane bound receptor for 20E may also exist. Evidence for a  
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membrane bound receptor for 20E comes from the recent identification of a membrane-

bound receptor in the anterior silk gland of the silkworm Bombyx mori (Elmogy, Iwami, 

and Sakurai, 2004). 

 

In Manduca, high levels of the nuclear 20E receptor are expressed in the nervous 

system during the larval to larval molts, but then the levels significantly decrease so that 

there is little detectable receptor expressed until the beginning of the commitment pulse 

of 20E (Fahrbach and Truman, 1989; Bidmon et al., 1991, Bidmon, Stumpf, and Granger, 

1991; Fahrbach, 1992; Jindra et al., 1996; Hegstrom et al., 1998). High levels of receptors 

are expressed from the beginning of this pulse, through the wandering stage, and at the 

larval-pupal transformation (Fahrbach and Truman, 1989; Bidmon et al., 1991a&b; 

Fahrbach, 1992; Jindra et al., 1996; Hegstrom et al., 1998). During these particular 

stages, the receptor is found in abdominal motoneurons and muscles of Manduca 

(Fahrbach and Truman, 1989; Fahrbach, 1992; Jindra et al., 1996; Hegstrom et al., 1998) 

as well as in regions of the Manduca brain (Bidmon et al., 1991, Bidmon, Stumpf, and 

Granger, 1991). 

 

In the Manduca brain, at the transition to the molt to the 5th instar, neurosecretory 

cells in the pars intercerebralis of the protocerebrum and tritocerebrum show nuclear 

binding of ponasterone A, as do cells in the optic lobe, and around the neuropil (Bidmon 

et al., 1991, Bidmon, Stumpf, and Granger, 1991). Just prior to and at the start of the  
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commitment pulse, nuclear labeling is seen in selected cell populations in the pars 

intercerebralis and lateralis, deutocerebrum, and tritocerebrum, the optic and antennal 

lobes, and small interneurons surrounding the neuropil and mushroom bodies (Bidmon et 

al., 1991, Bidmon, Stumpf, and Granger, 1991; Champlin and Truman, 1998). By the 

wandering stage, many cells throughout the brain show ponasterone-A labeling (Bidmon 

et al., 1991; Bidmon, Stumpf, and Granger, 1991). In the Bidmon studies, the 

identification, function, and receptor isoform expressed in these neuronal populations is 

unknown. Receptor expression in these brain neurons may be linked to metamorphic 

remodeling, as shown for Kenyon cells of the Drosophila mushroom bodies (Kraft, 

Levine, and Restifo, 1998). On the other hand, receptor expression may be linked to 

participation by individual or populations of neurons in different motor behaviors. This is 

an area requiring further investigation. 

 

Manduca sexta wandering behavior offers a nice model to identify cellular sites of 

hormone action in altering the excitability of the neural circuits underlying the crawling 

and burrowing locomotor movements. The evidence presented in Chapter 2 of this 

dissertation shows that the steroid hormone 20E acts directly on the isolated nervous 

system to induce fictive crawling and burrowing motor patterns. 20E could act at one or 

on multiple sites in the nervous system, including on the brain, subesophageal ganglion, 

segmental CPG circuits, and/or the abdominal intersegmental muscle motoneurons (ISM 

MNs) to activate wandering behavior.   
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Based upon the available evidence, there are two likely hypotheses for 20E’s site 

of action in the larval nerve cord. The first hypothesis is that 20E acts on the brain and/or 

subesophageal ganglion to alter the tonic descending drive to the segmental crawling and 

burrowing motor circuits. Three main lines of evidence support this hypothesis. First, 

selective exposure of 20E to the brain alone, in a preparation consisting of a silicone 

grease barrier placed between the brain and SEG, causes an increase in neural activity 

(Dominick and Truman, 1986b). Application of 20E to the segmental nervous system 

alone does not cause an increase in neural activity (Dominick and Truman, 1986b). 

Dominick and Truman’s results suggest that 20E acts on the brain to drive wandering 

behavior, but these results need to be revisited given the low number of experiments 

animals, limited recordings, and lack of identification of 20E-specific effects on 

individual neurons (Dominick and Truman, 1986b). A second line of evidence comes 

from the results presented in Chapter 5 and 6 of this dissertation. The results presented in 

these chapters implicate a role for the brain and SEG in driving pilocarpine-induced 

fictive crawling and burrowing, respectively. Finally, a third line of evidence comes from 

the characterization of stage-specific 20E labeling in the Manduca larval brain, with high 

levels of ponasterone-A localized to brain neurons at the beginning and during the 

commitment pulse of 20E (Bidmon et al., 1991; Bidmon, Stumpf, and Granger, 1991). 

 

The second likely hypothesis is that 20E acts on neurons in the segmental ganglia, 

lowering their threshold for activation to evoke wandering behavior. 20E would likely act  
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to alter the excitability of CPG interneurons for crawling and burrowing and/or the 

intersegmental muscle motoneurons (ISM MNs). Dominick and Truman’s studies did not 

investigate the effects of steroid hormone action on the subthreshold activity of individual 

neurons.  Intracellular recordings from individual neurons allow for observations of 20E 

effects on excitability during on-going 20E-induced motor patterns. Two main lines of 

evidence lend support to the hypothesis that 20E acts to modify the neurons in the 

segmental ganglia. First, as previously described, 20E has documented effects on calcium 

currents in pupal thoracic leg motoneurons, and is likely to be responsible for the changes 

in membrane properties of MN5 which underlie its participation in new behavior 

(Grunewald and Levine, 1998; Duch and Levine, 2000). Secondly, receptors for 20E 

have been identified in abdominal neurons at the wandering stage (Fahrbach and Truman, 

1989; Truman et al., 1994), although the identity and function of these neurons is still 

unknown.  

 

Given these possibilities, the goal of the following experiments was to investigate 

these hypotheses using electrophysiological and immunocytochemical techniques. Given 

the amenability of the ISM MNs to intracellular recordings, one goal was to determine 

whether 20E altered the intrinsic membrane properties of these motoneurons. A second 

goal was to identify whether selective exposure of 20E to different portions of the 

nervous system was sufficient to activate the fictive wandering locomotor pattern. 

Finally, given the likelihood that 20E targets the brain to activate wandering behavior,  
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ecdysteroid receptor expression was examined at different stages of the 5th larval instar to 

look for stage-dependent differences in populations of neurons expressing receptor.  
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4.2 MATERIALS & METHODS 
 
 
Experimental Animals: 

Manduca sexta larvae were obtained from the same colony as described in 

Chapter 2. For all of the electrophysiological experiments described in this chapter, larval 

nerve cords were removed from stage L3 animals, animals whom would have received 

the commitment pulse of 20E in vivo the following night.  

 
Electrophysiological techniques: 
 
Examination of 20E effects on the subthreshold activity of ISM MNs: 

For an investigation of 20E’s effects on the activity of individual ISM MNs, larval 

nerve cords were dissected as previously described in Chapter 2. Nerve cords were then 

placed either in the Weever’s/Grace’s media which contained 1ug/ul of 20E or media 

without hormone (control). The media was continuously bubbled with a combination of 

95% oxygen and 5% carbon dioxide. The isolated nerve cord was then perfused 

continuously at room temperature (flow rate ~6ml/hour) for a minimum of 13 hours 

overnight and continuously perfused the following morning during the recording session.   

 

Following 13-14 hours of perfusion with or without hormone, a vaseline well was 

built around the second abdominal ganglion only. The Weevers’ saline was exchanged 

with Weeks’ saline whereas the rest of the nerve cord received the Weevers’ saline. The 

cell bodies of intersegmental muscle motoneurons (ISM MNs) in abdominal ganglion 

two were impaled, and the subthreshold activity of the motoneurons was recorded in  
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bridge mode as previously described (Chapter 2&3). During the intracellular recordings, 

measurements were made of the following intrinsic membrane properties: resting 

membrane potential, spike threshold, input resistance, and evoked firing frequency. In 

these experiments, intrinsic membrane properties of motoneurons were compared 

between larval nerve cords treated with 20E overnight (5 animals) versus larval nerve 

cords not treated with hormone (controls, 4 animals).  As described previously (Chapter 

3), for spike threshold and input resistance measurements, motoneuron cell bodies were 

first hyperpolarized to –70mV by injection of a continuous hyperpolarizing current and 

then injected with steps of 0.4nA of current (from +1.6nA to –1.6nA). For evoked firing 

frequency measurements, motoneurons did not receive hyperpolarizing current injection, 

so began at different resting membrane potentials (see below). Motoneuron cell bodies 

were injected with 0.2nA steps of depolarizing current (up to 1nA) and the number of 

spikes per second determined for each step. Plots of current steps versus the number of 

spikes per second were created. Statistical analyses of these plots were performed using 

Microsoft Excel, and the JAMP statistics software (SAS, North Carolina) in consultation 

with Dr. Bruce Walsh at the University of Arizona.  

 

Additional analyses allowed for consideration of possible differences in 

motoneuron sensitivity to current injection because of different resting membrane 

potentials. For these analyses, plots of final membrane potential versus number of spikes  
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per second were created for individual motoneurons. Final membrane potential values 

were obtained by measuring the baseline voltage response to each step of injected  

Current, with the amplifier in bridge balance mode. The slopes of these plots were 

compared between the control and hormone-treated motoneurons. Resting membrane 

potential and spike threshold values for each motoneuron were also plotted against these 

slopes.  

 

20E selective exposure experiments which involved the use of barriers: 
For experiments which involved selective exposure of 20E to different portions of 

the nervous system, three different types of barriers were used. These barriers were 

composed of metal, vaseline, or silicone grease. Following the dissection and isolation of 

the desired nerve cord portions, the nervous system was placed in a Sylgard dish 

containing sterile 80%Weevers’/20% Grace’s media.  The vaseline and silicone grease 

barriers were built using one of two methods. The first method involved the use of a 

syringe with needle attachment. The second method  employed a syringe with needle 

attachment connected to plastic tubing housed in a glass transfer pipette and held 

stationary by melted wax. The tip of the glass transfer pipette was fire polished to a small 

hole to allow for small amounts of vaseline ejection. Barriers were then built across the 

desired interganglionic connectives and the length of the sylgard dishes to create two 

partitions. As opposed to the vaseline and silicone grease methods, the metal barrier was 

already constructed (University of Arizona instrumentation shop). This metal barrier is 

commonly used in vertebrate preparations, such as rat brainstem-spinal cord preparations,  
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to allow for segregation of the nervous system (in consultation with Dr. Ralph Fregosi, 

University of Arizona). The metal barrier consisted of two metal sections which fit  

together and contained a small hole in the center through which a portion of the nerve 

cord can be pulled. The hole was then plugged with vaseline.  

 

These different types of barriers were used to segregate the following portions of 

the nerve cord: 1) segregate the brain from the rest of the nervous system (barrier was  

built across the circumesophageal connectives between the brain and subesophageal 

ganglion, SEG, and 2) the third thoracic ganglion (T3) from the first abdominal ganglion 

(A1).  Media containing 1ug/ul of 20E was then selectively applied overnight to either 

the brain alone or to the SEG-AT alone and continuously perfused the following morning 

during the recording session. The portion of the nervous system not exposed to 20E 

received continual perfusion of media as well. For the control experiments, to test the 

ability of the nervous system to show fictive locomotion in the presence of the barrier, 

nerve cord portions of both sides of the barrier received 20E. In these experiments, a 

barrier was placed between the Brain and SEG or between T3 and A1.  

 
20E selective exposure experiments used isolated subsets of the nervous system: 
 The ability of 20E to selectively target regions of the larval nervous system was 

examined in a series of experiments that did not involve the use of barriers. In these 

experiments, certain portions of the nervous system were removed from the animal and 

bathed in 20E (or no 20E) overnight and the following morning during the recording  
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session. The removed portions of the nerve cord included: 1) the SEG through terminal 

abdominal ganglion (AT) and 2) A1 through AT ganglia.  

 
 
Assessment of 20E-induced patterned activity: 

For the selective exposure experiments, two level of analyses were employed. In 

the first level of analysis, the percentage (%) of time the abdominal nerves spent bursting 

in response to 20E was measured for 45 minute records for both hours 14 and 15 of 

hormonal perfusion. For the second level of analysis, this bursting activity was evaluated  

for evidence of patterned activity, i.e. fictive crawling and burrowing bouts. Successful 

20E activation of these motor patterns in these experiments was equated with reliable and 

regular patterned activity over a minimum of two hours of recording, as seen in the group 

of whole nerve cords treated with 20E in Chapter 2 of this dissertation.  

 
Extracellular recordings: 

For all of the electrophysiological experiments, extracellular glass-tipped suction 

electrodes were used to monitor abdominal motor activity in the isolated nerve cord 

beginning 13-14 hours after the start of perfusion, as described in Chapter 2. For the 

intracellular recording experiments, two suction electrodes were placed on the DNL and 

DNp of the sixth abdominal segment to compare dorsal-ventral nerve activity. One 

suction electrode was placed on the DNp nerve of the third abdominal segment (A3). 

Thus, three suction electrodes were used to monitor the patterned activity while recording 

simultaneously from the cell body of an identified ISM MN. For the selective exposure 

experiments with and without the barriers, four suction electrodes were used to monitor  
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activity along the length of the nerve cord. Extracellular recordings were amplified and 

filtered with differential AC amplifiers (A-M Systems) and stored using a Pclamp version 

9.0 acquisition system (Axon Instruments; acquisition sample rate 10kHz per channel).  

 
Ecdysteroid receptor immunohistochemistry: 
 

Ecdysteroid receptor expression was examined in the isolated larval nervous 

system using a protocol developed and modified from the published work of Hegstrom 

and Riddiford, 1998, Truman et al., 1994, and in consultation with Dr. Susan Fahrbach  

(Wake Forest University), Dr. Ron Bayline (Washington and Jefferson College), and Dr. 

Lynne Oland, Patty Jansma, Andrew Dachs, and Cortnie Short (University of Arizona).  

Since the B1 isoform of the ecdysteroid receptor is the predominant form expressed over 

larval development (Truman et al., 1994; Schubiger et al., 1998), a commercially 

available monoclonal antibody to the B1 isoform, 6B7 (Developmental Studies 

Hybridoma Bank, University of Iowa), was used to examine receptor expression in the 

Manduca brain over the 5th larval instar. The expression of the B1 ecdysteroid receptor 

isoform was examined in Manduca larval brains taken from newly molted 5th instar 

larvae, early pre-wandering (just prior to or at the beginning of the commitment pulse of 

20E), late pre-wandering (towards the end of the commitment pulse), or first day 

wandering larvae. The stage of the animal was selected based upon size and certain 

physical characteristics. Newly molted 5th instar larvae were selected based upon their 

size and the presence of the recently shed cuticle. Early pre-wanderers were those larvae 

which had ceased feeding, were of a large size, and had begun to show the dorsal heart  
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vessel. Late pre-wanderers were those larvae which showed the prominent dorsal heart 

vessel but were not yet wandering. Wanderers were selected as previously described in 

Chapter 2. Brains were removed from all stages at the same time of day.  

 

Brains were dissected out in sterile Weeks’ saline and then rapidly fixed in 4% 

paraformaldehyde in 0.1M Phosphate Buffer (pH 7.2) for 12 minutes (longer fixation 

times inhibit staining: personal communication with S. Fahrbach and L. Oland). The  

tissue was then quickly rinsed several times with 0.1M Phosphate Buffer with 0.3% 

Triton X-100  (PBS-TX), followed by longer washes of 3x10 minutes. Tissue was then 

embedded in 5% agarose and sectioned into four 100um horizontal sections using a 

vibratome (Technical Products, Inc., St. Louis, MO). Sectioned tissue was then put in 

blocking buffer containing 0.1M PBS/0.3%TX, 5% normal goat serum, and 2% bovine 

serum albumin for 1 hour at room temperature with 30 minutes of shaking and 30 

minutes without shaking. The tissue was then incubated in the primary monoclonal 

mouse antibody 6B7 to the B1 receptor isoform at 1:100 for approximately 21 hours at 

4ºC, without shaking.  Following primary antibody incubation, tissue was put through a 

series of quick rinses (<5 minutes) followed by longer rinses of 4x/20 minutes in PBS-

TX while gently shaking.  During the last rinse, the secondary antibody, goat anti-mouse 

CY3 (Jackson ImmunoResearch Labs, Inc., West Grove, PA) was prepared by diluting it 

to a concentration of 1:400 in blocking buffer, followed by a 1 minute spin at 13,000rpm 

in a tabletop microcentrifuge (Baxter Scientific Products, Deerfield, IL). The supernatant  
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was removed and used for the tissue incubation. These steps were done to prevent 

speckling of tissue (in consultation with P. Jansma). Brain tissue was incubated overnight 

(12-14 hours) with 1:400 CY3 secondary antibody at room temperature with gentle 

shaking. Following incubation, tissue was put through quick rinses in PBS-TX, followed 

by 3x20 minutes rinses. Following the last rinse in PBS-TX, tissue was rinsed 1x20  

minutes in PBS only. Then, tissue was placed in 60% glycerol/0.1M PBS for 30 minutes, 

and 80% glycerol/0.1M PBS for 1 hour, both at room temperature. Sections were then  

mounted on slides with coverslips using 80%glycerol/0.1M PBS. Staining was then 

examined on a laser-scanning Nikon PCM 2000 confocal microscope.  
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4.3 RESULTS 
 
20E did not alter the intrinsic membrane properties of ISM MNs: 

 
One site of steroid hormone action in inducing the fictive wandering motor 

program may be the intersegmental muscle motoneurons (ISM MNs). The steroid 

hormone may induce changes in the excitability of these motoneurons by altering their 

intrinsic membrane properties. To investigate this possibility, intrinsic membrane 

properties of these motoneurons were compared between the hormone-treated and non-

treated conditions. Five entire larval nerve cord preparations (brain–AT) were treated 

with 20E overnight, as previously described, and then perfused continually with 20E 

during the recording session the following morning. Four larval nerve cord preparations 

did not receive hormone and were deemed control nerve cords. The nerve cords treated 

with 20E overnight showed fictive crawling and burrowing features as measured 

extracellularly from the abdominal nerves.  

 

As shown in Table 4.1, resting membrane potential, spike threshold, and input 

resistance measurements for the ISM MNs did not differ between the control and 20E-

treated conditions (student-test). A comparison of the mean evoked firing frequency 

values between the control and hormone-treated motoneurons revealed no significant 

differences in mean evoked firing frequency at each current step (student t-test, Figure 

4.1). As shown in Figure 4.2, as the amount of depolarizing current injection increased, 

the firing rate increased significantly for all motoneurons (general linear model, F=45.1,  
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p<.0001). A more in-depth statistical analysis was performed to consider differences in 

firing rate between the two groups by comparing firing rates for individual motoneurons 

across all current steps (general linear model). As shown in Figure 4.2, linear regression 

analysis of the slopes revealed that motoneurons in both groups showed the same 

sensitivity in response to current injection, but that the hormone-treated motoneurons 

fired at a statistically significant higher resting rate (Figure 4.2, general linear model, 

F=4.6, p<0.03). 

 

Given the variations in resting membrane potential among these motoneurons, 

further analysis of the evoked firing frequency measurements was done to consider an 

individual motoneuron’s sensitivity to current injection.  The slopes of the membrane 

potential versus firing frequency plots did not vary systematically with either resting 

membrane potential or spike threshold (Figures 4.5-4.6). As shown in individual 

motoneuron plots for the control (Fig. 4.3) and 20E-treated groups (Fig. 4.4), changes in 

final membrane potential were correlated to the number of spikes fired per second. 

However, the slopes between the control and 20E-treated groups were not statistically 

different (student t-test).  

 

In summary, there were no differences in resting membrane potential, input 

resistance, or spike threshold. Similarly, in response to 20E exposure, there were no 

differences in response to current injection when plotted relative to either current or  
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membrane potential. There was however, a higher resting rate of firing in the 20E-treated 

group.  
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Table 4.1: Intrinsic Membrane Properties in Control  
Versus 20E-Treated ISM MNs 

 
 
Table 4.1: Intrinsic membrane properties of resting membrane potential, 
spike threshold, and input resistance in ISM MNs were compared for 
control (4 animals) versus 20E-treated nerve cords (5 animals). Mean 
values are depicted with ±standard error. No significant differences 
were observed between the two groups (student t-test).  
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Fig. 4.1: Mean Evoked Firing Frequency in Control Versus 
20E-Treated Preparations 
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Fig. 4.1: This figure shows evoked firing frequency plotted as 0.2nA 
steps of injected current (nA) versus the number of spikes per second 
for the control versus 20E-treated ISM MNs. Points are plotted as mean 
values ±standard error bars. A comparison between the mean values at 
each current step revealed no significant differences between the two 
groups(student t-test).  
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Fig. 4.2: Evoked Firing Frequency in All Control and 20E-
Treated ISM MNs 
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Figure 4.2: This figure shows evoked firing frequency for all 
motoneurons in both the control and 20E-treatment groups. The control 
group is represented by open circles and the hormone-treated group by 
solid circles. For motoneurons in both groups, as the amount of 
depolarizing current injection increased, the number of spikes per 
second increased. There was no difference in the slopes (20E vs. C) of 
evoked firing frequency between the two groups, but the hormone-treated 
motoneurons fired at a slightly higher rate in response to current 
injection (general linear model analysis).   
 
 
 
 
 
 
 
 
 

20E 
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Figure 4.3 A-D: Control ISM MNs: Final Membrane Potential 
versus #Spikes/Second 
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Figure 4.3 E-G: Control ISM MNs: Final Membrane Potential 
versus #Spikes/Second 
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Figure 4.3 H-I: Control ISM MNs: Final Membrane Potential 
versus #Spikes/Second 
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Figure 4.3, A-I: Changes in final membrane potential were correlated 
with changes in the number of spikes per second for nine individual 
motoneurons in the control group (linear regression analysis). As the 
membrane potential became more depolarized, the number of spikes per 
second increased. Mean resting membrane potentials (RMP, ±standard 
error) are shown for each plot. For each motoneuron, resting membrane 
potentials were measured prior to the start of each depolarizing current 
step and a mean value obtained from the six measurements representing 
the six different current steps (0nA, 0.2nA, 0.4nA, 0.6nA, 0.8nA, 1nA).   
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Figure 4.4 A-D: 20E-Treated ISM MNs: Final Membrane 
Potential versus #Spikes/Second 
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Figure 4.4 E-G:20E-Treated ISM MNs: Final Membrane 
Potential versus #Spikes/Second 
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Figure 4.4, A-G: Changes in final membrane potential were correlated 
with changes in the number of spikes per second for seven individual 
motoneurons in the 20E-treated group (linear regression analysis). Mean 
resting membrane potentials (RMP, ±standard error) are shown for each 
plot.  
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Figure 4.5, Control & 20E-Treated ISM MNs: Resting Membrane 
Potentials Versus Slopes 
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Figure 4.6, Control & 20E-Treated ISM MNs: Spike Firing 
Threshold Versus Slopes 
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Figures 4.5-4.6: In Figure 4.5, resting membrane potential values for 
control and 20E-treated motoneurons were plotted against the slopes 
obtained from the graphs of individual motoneurons shown in Figures 
4.3&4.4 (final membrane potential versus #spikes/second). In Figure 4.5, 
the slopes were not significant for both the control and 20E-treated 
groups (linear regression analysis: control, slope=-0.001, R2=0.002; 
20E, slope=-0.016, R2=0.103).  In Figure 4.6, spike firing threshold 
value were plotted against these same slopes shown in Figures 4.2&4.3. 
In Figure 4.6, the slopes were not significant for both the control and 
20E-treated groups (linear regression analysis: control, slope=-0.007, 
R2=0.133; 20E, slope=-0.021, R2=0.219).   
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A low level of bursting activity and patterned activity was seen upon selective application 
of 20E to the brain only or to the segmental nervous system: 
 

As previously described in Chapter 2, 20E induced a fictive wandering motor 

pattern in the isolated nervous system. The site of action of 20E in inducing this activity 

was unknown. Given that 20E did not induce changes in the intrinsic membrane 

properties of the ISM MNs, they were unlikely to be a site of hormone action. Dominick 

and Truman’s studies suggested that 20E application to the brain only in an isolated nerve 

cord increased motoneuron activity, as recorded from one abdominal segment, but 

application to the segmental nervous system (SEG-AT) did not (Dominick and Truman, 

1986b). The goal of the following series of experiments was to determine the regional 

site of hormone action by selectively exposing the brain alone or the segmental nervous 

system alone to hormone.  

 

 For these experiments, there were three proposed outcomes based upon selective 

exposure of 20E to the brain alone: 1) 20E application only to the brain induced the 

fictive wandering motor pattern, 2) 20E application only to the brain raised the level of 

nervous system activity but induced no patterned activity, or 3) 20E application only to 

the brain had no effect. The same three potential outcomes applied to selective exposure 

of 20E to the segmental nervous system alone.  

 

To evaluate the response of the nervous system to 20E in these selective exposure 

experiments, two sets of analyses were done. In the first level of analysis, the level of  
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bursting activity in the abdominal nerves was measured in 45 minute records taken 

during hours 14 and 15 of 20E exposure. Then, the number of fictive crawling and  

burrowing bouts were counted for each hour and compared to earlier results on the range 

of bouts generated by exposure of the entire nervous system to 20E (Chapter 2).  

 

The steroid hormone 20E was selectively applied to the brain or to the segmental 

nervous system alone (SEG-AT) through the use of metal or vaseline barriers built at the 

level of the circumesophageal connectives (between the brain and SEG). 20E selectively 

exposed to the brain induced a variable range of bursting activity in the abdominal nerves 

in eight preparations, from no bursting (0%) to 90% of the time, with means of 30% and 

34% over hours 14 and 15 of 20E exposure (Table 4.2). Most of these preparations 

showed a low level of bursting activity. Selective exposure of 20E to the segmental 

nervous system (SEG-AT) also resulted in a low level of bursting activity across eight 

preparations, from no bursting to 75%, with means of 32% and 15% for hours 14 and 15, 

respectively (Table 4.3).  

 

In the control group, a barrier was also placed at the level of the 

circumesophageal connectives, but both sides of the nervous system were exposed to 

20E. As shown in Table 4.4, the range of bursting in the abdominal nerves was 10%-75% 

and the means were 48% and 31%.  Like the experimental groups, there was high 

variability in activity among preparations although the means were slightly higher than  
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the experiment groups. In contrast, as described in Chapter 2, Table 2.1, 20E exposure to 

the entire nerve cord in the absence of a barrier, induced bursting activity in the 

abdominal nerves 75-100% of the time. In another control condition, an entire isolated 

nerve cord was removed, and a vaseline barrier was built at the level of the 

circumesophageal connectives, but no 20E was applied. In this condition, the nerve cord 

showed bursting activity only 10% of the time during hour 14 and no bursting activity 

during hour 15.  

 

 As a second set of analyses, the bursting activity in the groups was evaluated for 

the presence of fictive crawling and burrowing bouts during hours 14 and 15 of 20E 

exposure. As shown in Tables 4.5 and 4.6, only two to three preparations for both groups 

showed bouts of activity (20E to brain only: preparations#2&4; 20E to SEG-AT only: 

preparations#3,5,7), within the range expected for 20E exposure to the entire nerve cord 

(Chapter 2, Table 2.3). Therefore, the mean number of fictive crawling and burrowing 

bouts during hours 14 and 15 of 20E exposure was low, and no differences could be seen 

between the 20E selective application  to the brain versus to the segmental nervous 

system. Similarly, as shown in Table 4.7, in the control group in which 20E was exposed 

to both sides of the barrier, only 4 out of 8 preparations (preparations#1,4,6,8) showed the 

expected range of fictive crawling and burrowing bouts.  In the other control condition, in 

which the barrier was present but no 20E was applied, the bursting activity did not consist 

of patterned activity.  
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These findings suggested that 20E induced bursting activity in both the brain and 

segmental nervous system, but because of the barrier, this bursting activity was at a low 

level, variable across preparations, and lacked the expected range of patterned activity. 

This contrasted with the results seen in 20E-treated nerve cords in which a high level of 

bursting and patterned activity was seen in the absence of a barrier (Chapter 2).  

 

 Given these results, another set of control experiments was done to determine if 

relocation of the barrier to the level of the third thoracic ganglion and the first abdominal 

ganglion and exposure of 20E to both sections of the barrier, would induce reliable 

activation of fictive wandering-like activity. It was thought that a barrier placed at this 

level would be less likely to interfere with the tracheation and contact between adjacent 

ganglia (since the interganglionic connectives are longer). As shown in Table 4.8, 20E 

exposure to both sides of the barrier (Brain-T3 and A1-AT ganglia), induced a higher 

level of bursting activity in the abdominal nerves over the recording period in three 

preparations, a range of 25%-75% and means of 58% (hour 14) and 50% (hour 15). This 

level of bursting activity was higher than the activity seen when the barrier was placed at 

the level of the Brain and SEG, although not within the expected range of 75%-100%. 

Furthermore, as shown in Table 4.9, the number of fictive crawling and burrowing bouts 

was low. Therefore, given these results, the relocation of the barrier does not seem to 

allow for more reliable 20E-induced patterned activity.  
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20E application to the isolated abdominal ganglia or to the SEG-AT alone appeared to 
have no effect on abdominal nerve activity: 

 
Given the technical challenges posed by the existence of the barrier in the nervous 

system, the next series of experiments involved the application of 20E to selective 

isolated portions of the larval nerve cord to determine whether 20E can induce fictive 

wandering activity in isolated subsets of the nervous system, as has been shown with 

pilocarpine (refer to Chapter 5). The abdominal ganglia alone (A1-AT) were removed 

from four larval animals, and 20E was applied to these ganglia only. As shown in Table 

4.10, during hours 14 and 15 of 20E exposure, three out of four preparations showed no 

bursting activity in the abdominal nerves in response to hormone treatment. One 

preparation (#4) showed about 10% bursting activity during hour 14 which consisted of 

only 4 bouts of crawling and 7 bouts of burrowing.  

 

In another two preparations, the SEG-AT ganglia were removed and bathed in 

20E overnight. In these preparations, there was a low level of bursting activity in the 

abdominal nerves during hours 14 and 15 of 20E exposure (Hour 14: preparation 1, 25%, 

preparation 2, 0%; Hour 15: preparation 1, 10%, preparation 2, 10%). This bursting 

activity consisted of a low number of fictive crawling and burrowing bouts (Hour 14: 

preparation 1, 5 crawling bouts & 6 burrowing bouts; Hour 15: preparation 1, 3 crawling 

bouts & 6 burrowing bouts). In contrast, a control preparation which had not been 

exposed to 20E showed no bursting activity (0%).  
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These results suggest that 20E cannot induce bursting activity or patterned 

activity in a reduced preparation consisting of the abdominal ganglia nor in the segmental 

nervous system in the absence of the brain.  
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Table 4.2: Bursting Activity, 20E Exposure of Brain Alone  

 
 
Table 4.3: Bursting Activity, 20E Exposure of SEG-AT Alone 

 
 
Table 4.4: Bursting Activity, 20E Exposure of Brain&SEG-AT 

 
 

Tables 4.2-4.4: These tables represent the percentage (%) of time that 
the abdominal nerves spent bursting during hours 14 and 15 of 20E 
exposure. For these experiments, entire larval nerve cords were 
isolated, and a metal or vaseline barrier was built between the brain 
and SEG. 20E was selectively exposed to the brain only (Table 4.2), the 
SEG-AT ganglia (Table 4.3), or to the entire nervous system, on both 
sides of the barrier, (control, Table 4.4). Tables 4.2-4.3: Preparations 
#1-4 were done using a metal barrier, and preparations #5-8 used a 
vaseline barrier.  Table 4.4: Preparations #1-6 were done using a metal 
barrier, and #7-8 using a vaseline barrier. NA=data not available for 
this recording hour. There was considerable variability within an 
experimental group and no obvious differences in the level of bursting 
activity between the three groups.  
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Table 4.5: 20E Exposure of Brain Alone, Bouts of Crawling & 
Burrowing 

 
 
Table 4.6: 20E Exposure of SEG-AT Alone,  
Bouts of Crawling & Burrowing  

 
 
Tables 4.5-4.6: 20E exposure to the brain only or to the SEG-AT alone 
induced bursting activity in the abdominal nerves which consisted of 
fictive crawling and burrowing bouts, as measured over hour 14 and 15 of 
20E exposure. The number of fictive crawling bouts (#CB) and fictive 
burrowing bouts (#BB) were counted for each hour. There was no 
significant difference between the two groups. Both groups showed a low 
level of crawling and burrowing bouts.  
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Table 4.7: 20E Exposure of Brain & SEG-AT,  
Bouts of Crawling & Burrowing  

 
 
Table 4.7: For these control preparations, a barrier was placed between 
the brain and SEG-AT, but 20E was applied to both sides of the barrier 
so that the entire nervous system was exposed to 20E. 20E-induced 
bursting activity in these preparations consisted of bouts of crawling 
and burrowing, but only four out of eight preparations (#1,4,6,8) showed 
a high level of patterned activity. NA=data not available for this 
recording hour.  
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Table 4.8: Bursting Activity, Control, 20E Exposure of 
Brain-T3 and A1-AT 

 
 
Table 4.9: Control, 20E Exposure of Brain-T3 and A1-AT, 
Bouts of Crawling & Burrowing 

 
 
Tables 4.8-4.9: For these control experiments, the entire nerve cord was 
removed from three larval animals, and a barrier (vaseline or silicone 
grease) was built to separate the third thoracic ganglion from the first 
abdominal ganglion. 20E was applied to both sides of the barrier. In 
response to hormone, the abdominal nerves showed bursting activity which 
ranged from 25%-75%. This bursting activity consisted of some bouts of 
crawling and burrowing, as shown in Table 4.9.  
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Table 4.10: 20E Exposure of the A1-AT Ganglia Only 

 
 
Table 4.10: The first (A1) through terminal abdominal ganglion (AT) was 
removed from four larval animals and treated with 20E overnight, and 
then the bursting activity in the abdominal nerves was measured during 
hours 14 and 15 of 20E exposure. 20E induced no bursting activity in 
three out of the four preparations.  
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Evidence for stage-specific ecdysteroid receptor expression in the Manduca brain: 

Previous studies have used both ecdysteroid receptor immunocytochemistry and 

radiolabeled ponasterone A to look at the expression and binding of different isoforms of 

the ecdysteroid receptor in cells of the Manduca and Drosophila larval CNS (Fahrbach 

and Truman, 1989&1992; Truman et al., 1994; Bidmon et al., 1991; Bidmon, Stumpf, 

and Granger, 1991). These studies found that there are stage-dependent differences in the 

number of neurons expressing ecdysteroid receptor over the 5th instar in response to 

changes in hemolymph titers of 20E (Fahrbach and Truman, 1989; Bidmon et al., 1991; 

Bidmon, Stumpf, and Granger, 1991). In the newly molted 5th instar larval brain, few 

neurons express receptor, but about 6 hours prior to the commitment pulse of 20E, more 

neurons express receptor with widespread ponasterone A labeling seen in cells 

throughout the brain by the wandering stage (Fahrbach and Truman, 1989; Bidmon et 

al.,1991; Bidmon, Stumpf, and Granger, 1991).  Neurons in the abdominal ganglia of the 

larval CNS express low levels of receptor at the larval to larval molts, but then do not 

express receptors until the beginning of the commitment peak and during wandering 

(Fahrbach and Truman, 1989, 1992; Truman et al., 1994). The identity and function of 

the abdominal neurons, however, remains elusive. 

 

In addition to differences in the number of neurons expressing receptor, there is 

stage-dependent expression of receptors in specific neuronal populations in the brain.  
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Ecdysteroid receptors are present in neurosecretory cells involved in regulating 

ecdysteroid production, molting, and larval-pupal metamorphosis (Bidmon et al., 1991).  

Other cells, including unidentified neurons which may be associated with the mushroom 

bodies, also express receptor only during the commitment peak of 20E and wandering 

(Bidmon et al., 1991). The identity and function of these neurons is still unknown. These 

neurons may be associated with structural remodeling of the nervous system during 

metamorphosis. In Drosophila pupae, the Kenyon cells of the mushroom bodies express 

ecdysteroid receptors, and receptor expression is correlated with retraction and outgrowth 

of dendrites (Kraft, Levine, and Restifo, 1998). Ecdysteroid receptor expression in these 

neurons may also be responsible for mediating changes in excitability in brain neurons 

which drive wandering behavior, with 20E targeting the brain, as suggested by Dominick 

and Truman (1986b).  

 

Given previous in vivo and in vitro evidence supporting 20E action on the brain in 

the activation of wandering behavior (Dominick and Truman, 1986a&b), ecdysteroid 

expression was examined in the brain over different stages of the 5th larval instar. The 

present study had two aims. The first aim was to replicate and confirm earlier studies 

which found stage-dependent differences in the number of cells expressing ecdysteroid 

receptor in the Manduca brain (Fahrbach and Truman, 1989; Bidmon et al., 1991; 

Bidmon, Stumpf, and Granger, 1991). These studies did not use antibodies to receptor 

isoforms because either they were not available (Bidmon et al., 1991; Bidmon, Stumpf,  
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and Granger, 1991) or observations were not published (i.e. Truman et al., 1994). Thus, 

in repeating these earlier studies, one can look for specific ecdysteroid receptor isoform  

expression. For the current study, the ecdysteroid isoform B1 (EcR-B1) was selected 

because it appears to be the predominant isoform expressed over Manduca and 

Drosophila larval development compared to isoforms A and B2 which are expressed at 

higher levels during prepupal and pupal development (Talbot, Swyrd, and Hogness, 

1993; Truman et al., 1994). The second aim of the present study was to attempt to 

identify specific neuronal populations in the brain that express ecdysteroid receptor. 

Earlier studies identified neurosecretory cells, but failed to identify other ecdysteroid 

receptor-expressing cells in the brain and the identity of neurons putatively associated 

with the mushroom bodies. Populations of brain neurons which express receptors at 

wandering, but not prior to wandering may be neurons which drive wandering behavior.  

 

Brains were removed from larval animals at the following stages: newly molted 

5th instar (3 animals), early pre-wanderers (5 animals; just prior to or at the start of the 

commitment pulse of 20E), late pre-wanderers (4 animals), and 1st day wanderers (4 

animals). Each brain was cut into approximately 3-4 100um horizontal sections. 

Representative brain sections stained for the EcR-B1 are shown for each of these four 

stages, along with a schematic brain which identifies structures and certain labeled 

neuronal populations. Brain structures and populations of neurons were identified based  
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upon the publications of Bidmon et al. (1991), Bidmon, Stumpf, and Granger (1991), and 

in consultation with Dr. Nick Strausfeld and Dr. Lynne Oland (Univeristy of Arizona).   

 

Figs. 4.7-4.15 represent confocal images of larval brain sections at the different 

stages of the 5th instar showing EcR-B1 labeling in cells in identified structures and 

neuronal populations. Given previous studies, this receptor labeling is likely to be 

localized to the nucleus (Truman et al., 1994), although receptors may also be in the 

cytoplasm or cell membrane (Bidmon et al., 1991; Bidmon, Stumpf, and Granger, 1991). 

Fig. 4.16, A-D, shows the pattern of EcR-B1 labeling in a schematic of the brain for each 

stage. Oval circles represent populations of cells labeled for receptor.  The presence of 

fewer ovals in a particular brain region of the schematic brain connotes fewer cells 

expressing receptor, but these ovals do not accurately depict the number of cells labeled. 

The brain consists of three divisions along the anterior to posterior axis: the 

protocerebrum, deutocerebrum, and tritocerebrum (dotted lines).  

 

Figs. 4.7 and 4.16A show EcR-B1 labeling in the brain of a newly molted 5th 

instar larva. In the newly molted larval brain, there was receptor expression in neurons of 

the developing optic lobes (OL), neurosecretory cells of the pars intercerebralis (PI) and 

pars lateralis (PL), some slight staining of perineural sheath (PS) cells along the edge of 

the brain, some neurons surrounding the neuropil region (N), ventromedial cells (VM)  
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and other unidentified cells (?) of the tritocerebrum. There was no evidence for any 

labeling in neurons associated with the mushroom bodies.  

 

Figs. 4.8 and 4.9 show EcR-B1 labeling in two different sections of an early pre-

wandering brain. Fig. 4.16B shows the accompanying schematic. Compared to the newly 

molted 5th instar larval brain, there was an increased number of neurons that expressed 

receptor surrounding the neuropil region (N). Like the newly molted 5th instar larval 

brain, there was receptor expression in neurons of the developing optic lobes (OL), 

neurosecretory cells of the pars intercerebralis (PI) and pars lateralis (PL), staining of 

perineural sheath (PS) cells, ventromedial cells (VM) and other unidentified cells (?) of 

the tritocerebrum. Most notably, there was the appearance of a few labeled Kenyon cells 

of the mushroom bodies (KYMB, see Fig. 4.8&4.9, 4.16B; personal communication with 

Dr. N. Strausfeld). 

 

Figs. 4.10-4.12 show EcR-B1 labeling in different sections of the larval brain of a 

late pre-wandering animal.  By the late pre-wandering stage, the optic lobes appeared to 

be more fully formed and few neurons expressed receptor in this region. Compared to 

earlier stages, there were fewer labeled neurons in the neuropil region but more labeled 

Kenyon cells of the mushroom bodies (Fig. 4.11-4.12 closeup of KYMB). Like the newly 

molted 5th instar and early pre-wandering larval brains, there was labeling of the 

neurosecretory cells of the pars intercerebralis (PI) and pars lateralis (PL) and staining of  
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perineural sheath (PS) cells. The receptor labeling pattern was shown in the schematic 

brain, Fig. 4.16C.   

 

Figs. 4.13-4.14 represent two different brain sections showing EcR-B1 labeling in 

the larval brain of a wandering animal.  Compared to earlier stages, there were numerous 

cells which expressed receptor throughout the protocerebrum, deutocerebrum, and 

tritocerebrum. There were large populations of ecdysteroid receptor labeled cells in the 

optic lobe regions, neuropil, perineural sheath, neurosecretory cells of the pars 

intercerebralis and pars lateralis, potential octopaminergic cells of the lateral 

tritocerebrum (OCTLT), and KYMB (closeup, Fig.4.15).  Fig. 4.16D shows the labeling 

pattern in the schematic brain.   
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Figs. 4.7-4.9: Ecdysteroid Receptor Labeling in the Manduca 
Brain of an Early 5th Instar and Early Pre-Wandering Larva 
 

 
Figs. 4.7-4.9: These figures show the pattern of EcR-B1 labeling in the 
entire larval brain of a newly molted 5th instar larva (Fig. 4.7) and in 
two different sections from an early-pre-wandering larva (Figs. 
4.8&4.9). Fig. 4.9 is an image taken of the left half of the brain. 
Arrows in figures 4.8 and 4.9 identify labeling in Kenyon cells of the 
mushroom bodies. scale bar=100um; magnification=20x 
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Figs. 4.10-4.12: Ecdysteroid Receptor Labeling in the 
Manduca Brain of a Late Pre-Wandering Larva  
 

 
 
Figs. 4.10-4.12: These figures show the pattern of EcR-B1 labeling in 
the larval brain of a late pre-wandering larva. Fig. 4.9 represents a 
section of the entire brain whereas Fig. 4.10 is the same section of the 
brain, but the right half only and taken at a different z-step. Fig. 
4.11 represents a deeper section of the brain, showing a closeup of a 
large population of Kenyon cells of the mushroom bodies expressing EcR-
B1. Arrows in Figs. 4.10&4.11 identify labeling in Kenyon cells of the 
mushroom bodies. Figs. 4.10 & 4.11, scale bar=100um; Fig. 4.12, scale 
bar=50um; magnification=20x for Fig. 4.10, 20x + zoom 1.5 for Figs. 
4.11&4.12.  
 



 

238
 
Figs. 4.13-4.15: Ecdysteroid Receptor Labeling in the 
Manduca Brain of a Wandering Larva 
 

 
 
Figs. 4.13-4.15: These figures show the pattern of EcR-B1 labeling in 
the larval brain of a wandering larva. Many cells throughout the brain 
express EcR-B1. Fig. 4.13 represents a section of the entire brain taken 
at 10x magnification whereas Fig. 4.14 represents the left half of the 
brain in a deeper section taken at 20x magnification. Fig. 4.15 shows 
labeling in the Kenyon cells of the mushroom bodies (arrow) at 20x 
magnification. Fig. 4.13 scale bar=50um Figs. 4.14&4.15 scale bar=100um 
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Fig. 4.16, A-D: Ecdysteroid Receptor Expression in the 
Manduca Brain Over the 5th Larval Instar 
 
 

 
 
 
 
Fig. 4.16, A-D: These four schematic brains represent horizontal 
sections of four different stages of the 5th instar: newly molted 5th 
instar, early pre-wandering, late pre-wandering, and wandering stages. 
The three divisions of the brain, the protocerebrum, deutocerebrum, and 
tritocerebrum, are represented by dotted lines signifying that these 
divisions tend to overlap. The ovals represent cells expressing the B1 
isoform of the ecdysteroid receptor. These cells include neuronal, glia, 
and perineural sheath cells. The presence of more ovals (ex. newly 
molted vs. wandering brain) signifies that more cells are expressing 
receptor at this stage. Abbreviations: OL=optic lobe, N=neuropil, 
PI=pars intercerebralis, PL=pars lateralis, PS=perineural sheath 
cells,?VM= ventromedial cells and unidentified cells (?), KYMB=Kenyon 
cells of the mushroom bodies, OCTLT=potential octopaminergic neurons of 
the lateral tritocerebrum. [schematic of brain modified from Bidmon, 
Stumpf, and Granger, 1991]  
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4.4 DISCUSSION  
 
 
 In both vertebrate and invertebrate models of steroid hormone activation of 

behavior, the identification of specific steroid effects on cellular excitability is necessary 

to understand how neural circuits for behavior are altered during development and 

adulthood. Wandering behavior in Manduca sexta larvae offers the opportunity to study 

steroid hormone activation of a stage-specific locomotor behavior and identify specific 

neurons which are responsive to the steroid hormone 20E.  

 

However, the identification of cellular targets of 20E action in the larval nervous 

system that underlie the expression of wandering behavior is an area requiring further 

investigation. The results presented in this chapter indicated that 20E was unlikely to 

directly alter the excitability of the intersegmental muscle motoneurons because no 

significant differences in intrinsic membrane properties were observed between hormone-

treated and non-hormone treated conditions. However, these motoneurons showed 

bursting activity in response to 20E (Chapter 2, Figs. 2.4&2.9), activity not present in the 

absence of hormone. The 20E-induced bursting activity in these motoneurons during the 

fictive wandering motor program was likely to be due to synaptic drive. The results 

presented in Chapter 5 of this dissertation suggested that there was a synaptic component 

to the pilocarpine-induced bursting activity in these motoneurons during fictive crawling  
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(Figs. 5.72-5.73). Thus, this evidence suggests that 20E acted on a site presynaptic to 

these motoneurons to alter their activity.  

   

Dominick and Truman’s results (1986b) indicated that selective exposure of 20E 

to the brain alone increased neural activity whereas application to the segmental nervous 

system did not. The current study repeated these selective exposure experiments, but 

found that application of 20E to the brain only or to the segmental nervous system 

(excluding the brain) was not sufficient to induce fictive wandering locomotor activity.  

Unlike the Dominick and Truman study, 20E did not induce a higher level of bursting 

activity in the brain versus the segmental nervous system. Furthermore, the bursting 

activity consisted of very little patterned activity in the form of crawling and/or 

burrowing bouts. The treatment of an isolated chain of abdominal ganglia with 20E was 

also not sufficient to induce the fictive wandering motor program.  

 

In all experimental manipulations, the presence of the barrier appeared to inhibit 

the reliable activation of the fictive wandering motor program. However, the long time 

period required to evoke fictive wandering locomotion in the isolated nerve cord and 

record patterned activity (~18 hours; Chapter 3), may be responsible for this inhibition. In 

other Manduca experimental preparations and in vertebrate models, different types of 

barriers have been successfully employed in short-term (1-2 hours) selective exposure 

experiments involving application of hormones, neuropeptides and neurotransmitters to  
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different portions of the nervous system (selected references: neonatal rat, vaseline 

barrier, Cazalets, Borde, and Clarac, 1995; Dominick and Truman, 1986b; Johnston and 

Levine, 1996b). In this dissertation, vaseline barriers were successfully used to examine  

the short-term effects of selective exposure of pilocarpine to the subesophageal ganglion 

alone (Chapter 6). Clearly, silicone grease or vaseline have a deleterious effect on long 

term hormonal experiments, by interfering with either the ability of the steroid hormone 

to diffuse to specific regions of the larval nervous system and/or on the health of the 

nervous system. The use of the metal barrier, which contained a small amount of vaseline 

used for sealing purposes, was also not effective in these selective exposure experiments 

for unknown reasons.  

 

 Given these considerable obstacles, other methods to investigate 20E’s site of 

action must be employed. Future experiments would attempt to deliver hormone to 

concentrated areas of the nervous system, such as to the brain or to a single abdominal 

ganglion, using a picrospritzer device which would deliver regulated amounts of hormone 

over a number of hours while simultaneously measuring patterned activity in the 

abdominal nerves. Another method would be to deliver hormone by perfusing it through 

small channels made of glass which would directly contact one or more ganglia 

(communication with Dr. Y. Zohar, Dept. of Aerospace & Mechanical Engineering, 

University of Arizona).  
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Other experimental manipulations are also possible which avoid the use of 

barriers. Future experiments would investigate 20E action on specific brain regions in the  

isolated larval nervous system using ablations of different brain regions prior to 

exogenous 20E exposure. Dominick and Truman’s in vivo ablation experiments in  

wandering larvae indicated that the medial region of the brain, encompassing the 

mushroom bodies, is inhibitory prior to wandering because removal of the medial region 

results in strong sustained locomotion in pre-wandering larvae. The mushroom bodies 

have also been identified as an inhibitory center in the control of walking in adult 

Drosophila (Martin et al., 1998). Furthermore, the lateral brain region is excitatory 

because in the absence of the medial region, the lateral brain region is capable of driving 

locomotion in pre-wandering and wandering larvae (Dominick and Truman, 1986a). 

Dominick and Truman hypothesized that 20E acts on the medial brain region to release 

inhibition so as to permit the lateral excitatory region to activate the locomotor circuits in 

the segmental nervous system (Dominick and Truman, 1986a). Dominick and Truman 

did not repeat these results in the isolated nervous system.  

 

Thus, using the isolated nervous system, two experimental comparisons would be 

done to determine which region of the brain may respond to 20E.  An entire larval 

nervous system would be removed from a pre-wandering animal, and ablations of 

different portions of the brain would be done prior to bath application of 20E (in 

consultation with Dr. Nick Strausfeld and members of his laboratory). The lateral portion  
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of the brain would be ablated while the medial portion would be left intact and exposed to 

20E overnight along with the rest of the nervous system. Conversely, the medial portion  

of the brain would be removed, and only the lateral portion and the rest of the nervous 

system would be exposed to 20E. The ability of the nervous system to produce reliable 

fictive wandering activity with these various ablations would be examined based upon 

measurements of patterned activity in the abdominal nerves. Ablations of the medial and 

lateral portions of the brain could also be done during on-going 20E-induced fictive 

locomotion to determine whether either or both of these brain regions are necessary to 

drive locomotion.  

 

 20E effects on the cellular level could be further studied by identifying the 

location and characterizing the function of brain interneurons which respond to 20E with 

changes in excitability. The immunocytochemical results presented in this chapter, in 

keeping with prior results (Bidmon et al., 1991; Bidmon, Stumpf , and Granger, 1991), 

showed that the wandering brain had the most widespread expression of ecdysteroid 

receptor-expressing neurons compared to earlier stages, particularly compared to newly 

molted 5th instar brains.  

 

The current study also shows that the B1 receptor isoform is expressed in the 

larval brain, although it is possible that other receptor isoforms (EcR-A, B2) are also 

present. In Manduca, both EcR-A and EcR-B1 isoforms are expressed in the epidermis at  
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the larval molts, but EcR-B1 is only present during the commitment pulse (Jindra et al., 

1996). Drosophila mutants which lack the EcR-B1 and B2 isoforms show defects in  

larval molting and fail to survive to metamorphosis (Schubiger et al., 1998). In 

Drosophila, larval tissues such as muscle express strong B1 isoform staining and weak  

isoform A staining (Talbot, Swyrd, and Hogness, 1993). EcR-A is the major isoform 

expressed in the CNS of Drosophila during pupal development, but it is present at low 

levels prior to pupation (Truman et al., 1994). These studies have shown that EcR-A and 

B2 isoforms are associated with structural changes in the pupal nervous system leading to 

the formation of adult specific synapses and processes whereas the EcR-B1 isoform is 

associated with dendritic regression (Truman et al., 1994).  

 

Given these studies, it is possible that there is stage-specific differential 

expression of EcR-A versus B1 isoforms, and certain populations of neurons in the brain 

may preferentially express one isoform over another. One hypothesis is that neurons 

expressing EcR-A just prior to or at wandering may be undergoing structural remodeling 

whereas those neurons expressing EcR-B1 may be participating in driving wandering 

behavior.  Future experiments would characterize the expression of the EcR-A isoform in 

the Manduca brain by using commercially available antibodies (Developmental Studies 

Hybridoma Bank, University of Iowa).  
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The localization of these ecdysteroid receptor isoforms in the cells of the larval 

brain is also an area requiring further investigation. The current study does not identify 

whether these receptors are located in the nucleus, cytoplasm, or cell membrane. Previous  

studies show that during the commitment pulse of 20E, most cells express nuclear 

ponasterone A labeling, although within the same cell, there is some cytoplasmic labeling  

(Bidmon, Stumpf, and Granger, 1991). Classically, a steroid hormone is thought to bind 

to its receptor in the cytoplasm, then diffuse through the nuclear membrane to act on 

DNA.  By wandering, ecdysteroid receptors are found in the nucleus exclusively 

(Bidmon et al., 1991).  To determine receptor location, future experiments would require 

the use of a nuclear or cytoplasmic stain used in conjunction with antibody labeling for 

the receptor. Current attempts to use a nuclear counterstain in a receptor-labeled cell have 

been unsuccessful due to either rapid bleaching of the fluorescence or overlapping 

fluorophore wavelengths (J. Miller, unpublished results).  

 

In the present study, several cell types, including neurons, glia, and perineural 

sheath cells expressed ecdysteroid receptors. Neurons could be distinguished from glia at 

high magnification due to differences in cell body size and shape (personal 

communication with Dr. Lynn Oland, University of Arizona). However, using neuronal 

specific markers such as ELAV to distinguish among the cell types would be useful and 

allow for further identification of neuronal populations.   
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Stage-specific expression of ecdysteroid receptor in a recognizable neuronal cell 

population is seen in the present study. From the early pre-wandering through wandering 

stages, the Kenyon cells of the mushroom bodies express receptor. The expression of  

ecdysteroid receptor in neurons of the mushroom bodies just prior to and during 

wandering is in agreement with the hypothesis proposed by Dominick and Truman, that  

20E acts on the medial portion of the brain, encompassing the mushroom bodies, to 

release the inhibition over the segmental nervous system (Dominick and Truman, 1986a). 

Studies in Drosophila identify the mushroom bodies as playing an inhibitory role in adult 

walking behavior (Martin et al., 1998), although their role in larval crawling has not been 

investigated.   

 

Future experiments would investigate the function of the Kenyon cells and other 

populations of neurons during wandering behavior in the intact animal and during 20E-

induced fictive locomotion in the isolated larval nervous system. Given the small soma 

size of individual cells, particularly the Kenyon cells, electrophysiological methods 

would likely use copper electrodes to record from populations of neurons, as has been 

done in the adult cockroach brain (Mizunami et al., 1998; Okada, Ikeda, and Mizunami, 

1999). Extracellular recordings would record the spike discharge of these neurons.  If 

these neurons drive wandering behavior, the onset and offset of spike discharge would be 

correlated to the occurrence of patterned activity in the abdominal motor nerves.   
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Immunocytochemical methods would also be used to identify 20E-responsive 

descending brain interneurons in these populations to determine whether they send their 

axons down to neurons in the abdominal ganglia.  Retrograde backfills of the connectives  

between the SEG and the brain and more posterior ganglia with the dye dextran 

rhodamine could identify the cell bodies of potential brain neurons, as has been done in  

the cockroach brain (Okada, Sakura, and Mitzunami, 2003). In the cockroach brain, 

retrograde backfills of the cervical connectives reveal that there are identified clusters of 

descending brain neurons which may provide input to thoracic locomotor centers (Okada, 

Sakura, and Mitzunami, 2003).  For studies on descending brain neurons in Manduca, 

backfills of the connectives would be done simultaneously with staining for the 

ecdysteroid receptor.  

 

Neurons that express ecdysteroid receptor and send descending axons to the 

ventral ganglia can be compared to known descending columnar, tangential, or other 

brain neurons in the locust and cockroach by using conventional staining techniques and 

obtaining expertise and technical assistance from experts in the field (Dr. Nick Strausfeld, 

Univeristy of Arizona). Conventional staining techniques such as Golgi can trace the 

arborization patterns of these neurons to determine if they are associated with the 

mushroom bodies or a putative larval central complex.  It would be necessary to record 

intracellularly from these brain neurons during 20E-induced fictive locomotion.  If these 

brain neurons drive the patterned activity in the ventral ganglia, current injections into the  
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cell body of individual neurons could change the patterned motor output.  Neurons in 

these populations which express ecdysteroid receptor may also be functionally 

characterized by their co-expression of a neurotransmitter or biogenic amine. In the adult  

locust brain, neurons which are associated with the central complex express GABA and 

serotonin (reviewed in Homberg, 2002), and given the locust’s structural homology to  

Manduca, certain brain neurons which regulate locomotion in Manduca may be 

immunoreactive for these substances. 

 

In addition to 20E specific effects on the excitability of brain neurons during 

wandering behavior, 20E may also target unidentified abdominal CPG interneurons.  As 

discussed in Chapter 5, CPG interneurons for crawling and/or burrowing are likely to be 

located in each abdominal ganglion. If the interneurons send their axons between ganglia, 

they could be identified based upon dextran rhodamine backfills of the interganglionic 

connectives which would label the cell bodies of these interneurons. CPG interneurons 

involved in wandering behavior would be identified based upon their stage-specific 

expression of the ecdysteroid receptor. Abdominal ganglia would be removed from larvae 

just prior to and during wandering and stained for the ecdysteroid receptor to look at 

expression of receptor in the CPG interneurons. Following the identification of these 

interneurons,  intracellular recordings from the cell bodies would be done during 20E-

induced fictive locomotion to look at effects of 20E on the intrinsic membrane properties 

of these neurons.  
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The site of 20E action in activating wandering behavior in Manduca sexta larvae 

is an area requiring further investigation. A number of proposed experimental 

manipulations using electrophysiological and immunocytochemical techniques are likely  

to provide further understanding of how 20E-induced changes in cellular excitability lead 

to the expression of wandering behavior.  
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CHAPTER 5. GENERATION & CONTROL OF FICTIVE CRAWLING IN THE 
ISOLATED NERVOUS SYSTEM OF MANDUCA SEXTA AND INVESTIGATION 
OF STAGE-DEPENDENT DIFFERENCES  
 
 
5.1 INTRODUCTION 
 
 The ability to generate well-coordinated locomotion in both invertebrates and 

vertebrates is a result of interactions between descending command neurons, segmental 

pattern generating circuits (CPGs) and motoneurons in the segmental cord, and sensory 

modulation of the on-going motor pattern. In isolated larval nerve cords from early 5th 

instar Manduca larvae, the muscarinic agonist pilocarpine can be used as a tool to explore 

the location and mechanisms underlying the CPG circuits for crawling as well as the role 

of descending input in the modulation of fictive crawling. The generation of fictive 

crawling motor output may be under the regulation of both descending influences from 

the brain and subesophageal ganglion onto the segmental CPG circuit and by the terminal 

abdominal ganglion. Intrinsic membrane properties of the intersegmental muscle 

motoneurons may also contribute to rhythmic motor output. There may also be stage-

dependent differences in fictive crawling motor output between early 5th instar and 

wandering larvae which could reflect differences in these segmental CPG circuits. The 

contributions of motoneurons, segmental CPG circuits, and higher centers in the 

generation and control of fictive crawling motor output will be examined in this 

dissertation chapter as well as potential stage-dependent differences.  
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Invertebrate segmental CPG circuits have been shown to be activated by 

muscarinic agonists, and fictive motor output is generated in the absence of descending 

influences. The muscarinic agonists pilocarpine and oxotremorine, when bath applied to 

isolated segmental cords, activate the pyloric rhythm in lobster stomatogastric ganglion 

(Bai, Nagy, and Moulins, 1994), swimming and walking in crayfish (Braun and 

Mulloney, 1993; Chrachri and Clarac, 1990; Cattaert et al., 1994), walking in both locusts  

and stick insects (Ryckebusch and Laurent, 1993&1994; Buschges, Schmitz, and Bassler, 

1995), and crawling in Manduca sexta larvae (Johnston and Levine, 1996b). Fictive 

walking-like activity is maintained in the isolated fourth thoracic ganglion of the crayfish 

when all ascending and descending connections to the ganglion are cut, and the 

muscarinic agonist oxotremorine is bath-applied (Chrachri and Clarac, 1990). In locusts, 

bath application of pilocarpine to the isolated metathoracic ganglion induces bursts of 

activity in leg motor neurons characterized by two phases of activity, a levator and 

depressor phase, activity associated with a walking-like pattern (Ryckebusch and 

Laurent, 1993). These experiments suggest that the CPG networks which drive these 

motoneurons exist in each hemiganglion (Ryckebusch and Laurent, 1993). 

 

However, the generation of reliable and well-coordinated locomotion in both 

locusts and crayfish seems to be dependent upon the preservation of more adjacent 

segments. In the crayfish, the rhythm is less stable and more variable (Chrachri and 

Clarac, 1990). In this preparation, a chain of three ganglia versus one ganglion provides  
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more coordinated locomotion (Chrachri and Clarac, 1990). In locusts, the isolated 

metathoracic ganglion produces irregular motor output, characterized by variability in 

motor burst duration and interburst intervals (i.e. cycle period) [Ryckebusch and Laurent, 

1993]. These results suggest that single segments can produce fictive locomotion, and 

there is a local CPG circuit for fictive locomotion in each segment. However, connections 

between ganglia are important because when more of the segmental nervous system is 

left intact, reliable and well-coordinated locomotion is generated. 

 

Like the crayfish and locust preparations, muscarinic-induced fictive locomotion 

in Manduca sexta can also be induced in a reduced nerve cord preparation consisting of 

the second through terminal abdominal ganglion (Johnston et al. 1996c). It is likely that 

the nervous system of Manduca larvae, like its counterparts in other invertebrates, 

contains segmentally-located CPG circuits. In this reduced preparation, the motor output  

is more irregular and consists of additional motor bursts (Johnston et al. 1996c). In these 

experiments, the connections between the subesophageal, thoracic ganglia, and the first 

abdominal ganglion were maintained. The effect of removing these descending 

connections on the fictive crawling motor output or removal of the terminal abdominal 

ganglion has not been investigated. Given that each cycle of fictive crawling begins from 

the most posterior abdominal segment, the terminal ganglion, this segment might contain 

the CPG circuit which initiates the peristaltic posterior-to-anterior progression of nerve 

activity.  
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In other invertebrates and vertebrates, CPG circuits for various motor behaviors 

including walking, flying, swimming, (and potentially crawling) do receive descending 

tonic input from higher centers such as the brain. As described in Chapter 1, descending 

brain neurons drive stridulation, walking, and flight behaviors (reviewed in Heinrich, 

2002; grasshoppers: Hedwig and Heinrich, 1997; crickets: Bohm and Schildberger, 1992; 

locust flight: Bicker and Pearson, 1983). Application of acetylcholine into the 

protocerebrum activates stridulatory behavior in grasshoppers (Heinrich et al., 2001). In 

adult Drosophila, the central complex and mushroom bodies provide control over 

walking. The mushroom bodies are thought to provide descending inhibitory drive to 

segmental CPG circuits for walking  (Renn et al., 1999; Martin et al., 1998&1999). 

Inhibitory regulation by the brain is also a feature of vertebrate preparations. In the 

lamprey, cholinergic reticulospinal neurons in the brainstem send tonic inhibitory drive to 

the swimming motor network in the spinal cord (Vinay and Grillner, 1993; Cohen et al., 

1996; Quinlan, Placas, and Buchanan, 2004). Thus, fictive crawling motor output in 

Manduca larval nerve cords may also be regulated by a combination of excitatory and 

inhibitory descending influences.  

 

In Manduca sexta larvae, initial studies suggested that the brain was the source of 

inhibitory descending drive to the segmental CPG circuits for crawling prior to  
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wandering, but during wandering, provided excitatory drive (Dominick and Truman, 

1986b). Experiments in vivo showed that removal of the brain from 1st day 5th instar 

larvae resulted in tonic slow crawling whereas removal of the brain a few hours prior to 

wandering prevented larvae from wandering and ceased locomotion in those animals 

already wandering (Dominick and Truman, 1986b).  The medial portion of the brain, an 

area encompassing the mushroom bodies, was thought to be the inhibitory center 

(Dominick and Truman, 1986b). Based upon experimental evidence, Dominick and 

Truman hypothesized that the commitment pulse of the steroid hormone 20E targeted this 

inhibitory center to cause a release of inhibition and to allow the lateral brain regions to 

send excitation to the segmental nerve cord during wandering behavior (Dominick and 

Truman, 1986b). It was hypothesized that wandering locomotion then ceased due to 

either the decline of this descending excitation or the reappearance of inhibition from the 

brain (Dominick and Truman, 1986b). In addition to these physiological and behavioral 

studies, evidence from immunocytochemical studies supports the stage-specific 

expression of ecdysteroid receptors in the brain. 

 

Evidence from immunocytochemical and binding studies using antibodies to the 

ecdysteroid receptor isoforms and radiolabeled ponasterone A, a 20E analog, 

respectively, provide some support for potential 20E-mediated effects on the brain. 

Ecdysteroid receptors are expressed in brain neurons from newly molted 5th instar larvae, 

but most neurons in the brain do not express receptor until the wandering stage (Bidmon  



 

256
 

et al., 1991; Bidmon, Stumpf, and Granger, 1991; Fahrbach and Truman, 1989; Fahrbach, 

1992; see Miller Chapter 4). Kenyon cells of the mushroom bodies appear to express 

ecdysteroid receptors during the commitment pulse of 20E and during wandering but not 

prior to these events (see Miller, Chapter 4).  It is unclear, however, whether these 

receptor-expressing neurons participate in wandering locomotion, because they may be 

undergoing 20E-induced morphological changes to subserve new functions in the adult 

moth.  

 

This combination of electrophysiological, behavioral, and immunocytochemical 

results provides some support for 20E-mediated effects on the brain of pre-wandering and 

wandering larvae. Further investigation is needed, however, to explore the brain’s ability 

to produce fictive crawling motor output upon selective exposure to 20E in the isolated 

larval nerve cord (see Chapter 4).   

 

Clearly, interactions between the brain and segmental CPG circuits are important 

in generating fictive crawling motor output in both Manduca and other invertebrate 

systems. In addition to these interactions, intrinsic membrane properties of CPG neurons 

and motoneurons, subject to neuromodulatory substances, also shape the generation of 

rhythmic motor patterns.  
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Rhythmic motor patterns are generated via a combination of two different types of 

mechanisms, the intrinsic membrane properties of individual neurons and synaptic 

connectivity in the form of electrical and chemical connections among neurons of the 

network. Intrinsic membrane properties of individual neurons include their ability to 

generate plateau potentials, prolonged regenerative depolarizations underlying bursting 

activity (refer to Chapter 1, 1.15). These mechanisms have been well-studied for the 

crab/lobster gastric and pyloric pattern generator circuits, the leech heartbeat circuit, the 

locust respiratory and flight pattern generator circuits, and the lamprey swimming 

network (reviewed in: Calabrese and Feldman, 1997; also selected references: lobster 

pyloric: Moulins and Cournil, 1982 and Russell and Hartline, 1982; lobster gastric: 

Russell and Hartline, 1984; leech heartbeat: Calabrese and Arbas, 1989; locust respiration 

& flight: Ramirez and Pearson, 1991, locust flight: Ramirez and Pearson, 1991a&b 

&1993; lamprey swimming: reviewed in: Wallén, 1997 and Grillner, 2003). 

Neuromodulation of these pattern generators by octopamine (locust flight) and 

muscarinic agonists (lobster pyloric and gastric mill rhythms) can induce plateau-like 

properties in identified neurons (also refer to Chapter 1, sections 1.14&1.15).  

 

In the locust flight network, octopamine induces long-lasting depolarizations in 

flight interneurons of the isolated metathoracic ganglion, which are suppressed or 

terminated by injection of brief hyperpolarzing current pulses (Ramirez and Pearson, 

1991a&b). This reflects endogenous plateau-like properties in these neurons (Ramirez  
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and Pearson, 1991a&b). In some respiratory neurons, octopamine induces plateau-like 

properties (Ramirez and Pearson, 1991a&b). These plateau-like properties are voltage-

dependent, as injection of increasing magnitudes of depolarizing current causes an 

increase in the frequency of the rhythmic activity and the number of spikes within a burst 

(Ramirez and Pearson, 1991a&b).  

 

In the lobster pyloric network, the muscarinic agonists muscarine, oxotremorine, 

and pilocarpine activate bursting activity in these pyloric motor neurons in the form of a 

triphasic sequence that resembles the pyloric rhythm in the intact animal (Bai, Nagy, and 

Moulins, 1994).  Mechanisms underlying this bursting activity have been studied through 

the isolation of individual neurons using photoinactivation and pharmacological 

techniques. Application of muscarinic agonists in the presence of brief pulses of 

depolarizing current trigger plateaus in LP and PY neurons, and these plateaus are 

prematurely terminated by brief pulses of hyperpolarizing current (Bai, Nagy, and 

Moulins, 1994). The AB, PD, and LP neurons show voltage-dependent oscillatory 

activity in response to pilocarpine, oxotremorine, and muscarine, with increasing 

amounts of hyperpolarizing current causing a reduction in the frequency of the rhythmic 

bursting. Pilocarpine application to the isolated STG induces a gastric mill rhythm, and 

induces plateau-like properties in several identified gastric neurons (Elson and 

Selverston, 1992). The bursting of the LG gastric neuron is determined partially by 

voltage-dependent membrane properties (Elson and Selverston, 1992).  
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Neuromodulation of synaptic connections between neurons can also shape 

bursting activity in individual neurons of these networks. Certain neurons of the gastric  

mill network, such as the DG, AM, and GM motoneurons receive inhibitory synaptic 

input which drives, in part, their muscarinic-induced oscillatory activity (Russell and 

Hartline, 1984; Elson and Selverston, 1992). In the heartbeat pattern generator, HE motor 

neurons receive synaptic inhibition from HN interneurons which make direct synapses 

onto these motoneurons (reviewed in: Calabrese and Arbas, 1989).  

 

 Studies in early 5th instar Manduca sexta larvae have shown pilocarpine-induced 

bursting activity in thoracic leg motoneurons during fictive crawling in the abdominal 

nerves (Johnston and Levine, 1996b). This bursting activity is shaped, in part, by synaptic 

drive (Johnston and Levine, 1996b). Ventral unpaired median neurons (VUMs) in the 

abdominal ganglia also receive excitatory synaptic drive during fictive crawling 

(Johnston and Levine, 1996c). The mechanisms underlying pilocarpine-induced rhythmic 

bursting in intersegmental muscle motoneurons of the abdominal ganglia have not yet  

been investigated.  

 

Compared to early 5th instar larvae, wanderers show a higher propensity to crawl 

and express burrowing behavior (Dominick and Truman, 1986a&b). Manduca larvae 

prior to wandering show relatively quiescent motor activity, with the brain providing 

inhibition over the CPG locomotor circuits (in vivo: Dominick and Truman, 1986a;  
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Miller, Chapter 5). As described in Chapter 2 of this dissertation, isolated nerve cords 

from wandering larvae show fictive crawling and burrowing-like motor patterns whereas 

nerve cords from pre-wandering larvae do not. The steroid hormone 20E is responsible 

for these stage-dependent differences in activity.  

 

As described, pilocarpine is a useful tool to activate fictive crawling in the 

isolated larval nerve cord. Given these stage-dependent differences due to 20E exposure, 

the fictive crawling motor output induced by pilocarpine may reflect these differences in 

locomotor activity. Furthermore, isolated nerve cords from wandering animals may show 

a lower threshold for activation of fictive crawling compared to earlier larvae. A previous  

study had determined that 1mM of pilocarpine is the optimal dose to induce reliable 

fictive crawling in larval nerve cords isolated from early 5th instar larvae with a 75% 

success rate (Johnston and Levine, 1996b). Fictive crawling features could also be 

induced at a lower pilocarpine dose of 0.4mM. The minimum dose necessary to induce 

fictive crawling behavior in nerve cords from wanderers has not been investigated. 

Isolated nerve cords from wandering larvae may show a lower threshold for activation of 

the fictive crawling motor pattern, by being responsive to a lower dose of pilocarpine 

versus nerve cords taken from early 5th instar larvae.  

 

The aim of the following studies was to investigate: 1) the capability of different 

subsets of the nerve cord to generate fictive crawling in the presence and absence of  
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descending connections, 2) the role of the brain in fictive crawling during early 5th instar 

and wandering stages, 3) the mechanisms underlying bursting activity in intersegmental 

muscle motoneurons during pilocarpine-induced fictive crawling, and 4) potential stage-

dependent differences in fictive crawling motor output between wanderers and early 5th 

instar larvae which included an examination of the threshold for pilocarpine activation of 

fictive crawling.   
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5.2 MATERIALS & METHODS 
 
Experimental Animals: 

Manduca sexta larvae were obtained from the colony previously described in 

Chapter 2. Larvae were classified as early 5th instar or wanderers based upon their 

physical characteristics, including size. Early 5th instar larvae were feeding larvae taken 

one or two days after the molt to the 5th instar. Wandering larvae were selected based 

upon characteristics previously described (refer to Chapter 2).  

 
 
Dissection procedure: 

Dissections were done under chilled Weeks saline (refer to Chapter 2). Depending 

upon the experiment, different portions of the nerve cord along with a portion of the 

tracheal supply for each abdominal ganglion were removed from the animal. These 

portions included an entire nerve cord (brain intact), the subesophageal through terminal 

ganglia, the second abdominal ganglion through terminal ganglia, the second abdominal 

ganglion through sixth abdominal ganglion, or just two abdominal ganglia (A2&A3).  

The isolated nerve cord preparation was then pinned dorsal side up in a second sterile 

Sylgard-lined dish filled with slightly cool Weeks saline. To allow for pilocarpine access 

to the ganglionic cell bodies, the perineural sheaths of all thoracic and abdominal ganglia 

were slightly desheathed using fine forceps and in some cases, 1.5% bacterial collagenase 

treatment (pilocarpine cannot penetrate the perineural sheath; Johnston and Levine, 

1996b). Pilocarpine treatment consisted of bath application of 1mM pilocarpine 

hydrochloride (Sigma) dissolved in Weeks’ saline perfused at room temperature at a flow  
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rate of 6 ml/min. Removal of the brain during pilocarpine treatment was achieved by 

cutting the circumesophageal connectives between the brain and the subesophageal 

ganglion. Similarly, removal of other ganglia was accomplished by cutting the 

connectives between ganglia.  

 
Electrophysiological Techniques: 
 
Extracellular recordings: 

Extracellular glass-tipped suction electrodes were used to monitor abdominal 

motor activity in the isolated nerve cord prior to and during pilocarpine treatment for all 

experiments. As previously described (Chapter 2), suction electrodes were used to record 

from the DNp and DNL nerve branches of abdominal ganglia 3-6. Patterned activity was 

assessed for fictive crawling features based upon criteria from the Johnston and Levine 

published work (1996b). Extracellular recordings were amplified and filtered with 

differential AC amplifiers (A-M Systems) and stored using a Pclamp version 9.0  

acquisition system (Axon Instruments; acquisition sample rate 10kHz per channel). For 

these experiments, data were analyzed manually, graphs were created with Microsoft 

Excel, and statistics were performed using both Microsoft Excel and a web-based 

statistics program (Vassar Stats). 

 
Intracellular recordings: 

For experiments which involved intracellular recordings from the cell bodies of 

intersegmental muscle motoneurons (ISM MNs) during pilocarpine-induced fictive 

crawling, motoneurons in abdominal ganglion two were impaled as previously described  
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in the materials and methods section of Chapters 2&3.  To examine the synaptic versus 

intrinsic components of the motoneuron bursting activity, hyperpolarizing current of 

different magnitudes was injected into the motoneuron to make the membrane potential 

more hyperpolarized. The frequency of the rhythmic oscillations in membrane potential 

was assessed at these different membrane potentials for 10 contiguous cycles of activity. 

Changes in amplitude were also examined at these different membrane potentials. 

Intracellular recordings were amplified (Axoclamp 2A) and stored on a Pclamp version 

9.0 acquisition system (Axon Instruments, Inc.). Simultaneous extracellular recordings 

were taken simultaneously from the DNL and DNp nerves.  

 
Threshold of Activation for Wanderers vs. Early 5th instar larvae: 

For these experiments, four isolated nerve cords that consisted of the 

subesophageal (SEG) through terminal abdominal ganglion were removed from first day 

wandering animals and stage L1 5th instar larvae (2nd day following molt). Earlier studies 

on the ability of different concentrations of pilocarpine to induce fictive crawling in the 

early 5th instar nerve cord served as a guideline for the current experiments (Johnston and 

Levine, 1996b). Isolated nerve cords from wandering larvae were perfused with a range 

of doses between 0.2mM-0.4mM of pilocarpine (dissolved in Weeks saline) with 

washing out in-between doses to determine the minimum dose necessary to induce fictive 

crawling features. Isolated nerve cords from 5th instar larvae were treated with 0.3mM or  

0.4mM of pilocarpine. Fictive crawling features were assessed using previous criteria 

established by Johnston and Levine (1996b).  
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5.3 RESULTS 
 

As previously described, evidence from other insects, crustacea, and vertebrates 

indicates that small isolated subsets of the nervous system can produce fictive locomotion 

in the absence of descending inputs (Ryckebusch and Laurent, 1993; Chrachri and 

Clarac, 1990; Miller and Sigvardt, 2000). In Manduca early 5th instar larvae, a subset of 

isolated abdominal ganglia exposed to pilocarpine and retaining intact connections with 

the subesophageal and thoracic ganglia, can produce fictive crawling features (Johnston 

et al., 1996c). Removal of the SEG causes the appearance of irregular bursts in the motor 

roots (Fig. 6, Johnston et al., 1996c). This study, however, did not investigate the 

production of fictive crawling in isolated portions of the early 5th instar larval nerve cord 

(such as in two abdominal ganglia) or in nerve cords removed from wandering larvae. 

 

Therefore, the goal of the following series of experiments was to investigate the 

capability of isolated subsets of abdominal ganglia taken primarily from wandering 

larvae to produce fictive crawling in the presence and absence of descending connections. 

The ability of the isolated subsets of the abdominal ganglia to produce fictive crawling 

would be evidence for the existence of a segmental CPG circuit. The effects of 

descending influences on the CPG circuit would reveal mechanisms underlying the 

generation of fictive crawling and the contributions of different centers. Features of 

fictive crawling were characterized and motor output was analyzed for cycle period, burst  
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duration, normalized duration, and phase values and compared across different 

conditions.  

 

Fictive crawling features were preserved in subsets of abdominal ganglia when 
descending connections were cut during on-going activity in wanderer nerve cords: 

In the Johnston et al. study (1996c), an isolated nerve cord which consisted of the 

subesophageal (SEG) through terminal abdominal ganglion (AT) from an early 5th instar 

larva produced reliable and well-coordinated fictive crawling in response to pilocarpine. 

Similarly, an isolated nerve cord which consisted of the SEG through AT removed from a 

1st day wandering larva showed reliable fictive crawling in response to bath application 

of pilocarpine (Figs. 5.1&5.5, n=2).  During on-going fictive crawling, when the 

connection between the first and second abdominal ganglion (A2) was cut, the chain of 

the A2 through AT ganglia still produced fictive crawling (Fig. 5.2). However, although 

the cycle period and burst duration remained relatively constant, the burst proportion as a 

percentage of the cycle period changed for three out of four nerves (normalized duration 

increased in the DNp nerves and decreased in the DNL nerve) and the phase value, 

representing the delay between nerve bursting between and within a ganglion, also was 

reduced.  

 

Table 5.1 shows the mean values for cycle period, burst duration, normalized 

duration, and phase value for this preparation in the intact condition (SEG-AT) and upon 

the removal of the SEG through A1 ganglia (reduced preparation, A2-AT). The mean  
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values represent 10 cycles of activity (except where noted). When comparing single 

nerves in this preparation between the intact and reduced condition over 10 cycles of 

activity, there was not significant differences in the cycle periods of the A3, A4, A5 DNp 

nerves nor in the A5DNL nerve (student t-test for correlated samples). There was also no 

significant difference in the burst duration for the A3, A5 DNp and A5DNL nerves 

although there was a difference for the A4DNp nerve (t=-3.1, df=9, p<.01). The 

normalized duration values were significantly different between the two conditions for all 

nerves except the A3DNp nerve (A4DNp, t=-2.5, df=9, p<.03; A5DNp, t=-4.3, df=9, 

p<.002; A5DNL, t=3.5, df=9, p<.007).  The mean phase value, representing the delay in  

nerve bursting between segments and between the DNp and DNL nerve of the same 

ganglion, was significantly different upon reduction of the nerve cord to the A2-AT 

ganglia chain only (A5:A3DNp, 7 cycles of activity, t=5.4, df=6, p<.002; 

A5DNL:A5DNp, 10 cycles of activity, t=10.2, df=9, p<.000). In both the intact and 

reduced condition for this preparation, there was intersegmental frequency coupling 

among the DNp and DNL abdominal nerves and little variation in cycle period over 10 

consecutive cycles for both conditions (Figs. 5.3&5.4).  

 

In another nerve cord preparation isolated from a wandering larva, consisting of 

the SEG through AT (Fig. 5.5) and treated with pilocarpine, fictive crawling features 

were still seen in two abdominal ganglia (A5-A6) upon removal of all descending and 

ascending connections (Fig. 5.6). Table 5.1 shows the mean values for measurements in  
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this preparation, representative of 10 cycles of contiguous activity.  Upon reduction of the 

nerve cord to only two ganglia, the cycle period speeded up significantly in both the DNp 

and DNL nerves, the motor bursts became shorter in both nerves, the motor bursts in the 

DNp nerve took up a larger proportion of the cycle period (normalized duration), and 

there was a longer delay between the DNL and DNp nerve within the A6 ganglion (phase 

value). A two-tailed student t-test for correlated samples on 10 cycles of activity revealed 

these differences between the intact versus reduced preparation: cycle periods for A6DNp 

and A6DNL nerves (DNp: t=6.7, df=9, p<9.1X10-5; DNL: 9.4, df=9, p<.0000), burst 

duration for A6DNp and A6DNL nerves (DNp: t=5.2, df=9, p<.0006; DNL: t=4.5, df=9, 

p<.002), normalized duration for the A6DNp nerve (t=-3.1, df=9, p<.01), and phase value 

A6DNL:A6DNp (t=-3.8, df=9, p<.004). Over 10 cycles of activity, intersegmental 

frequency coupling among the abdominal nerves was seen in both conditions, and there 

was also low variability in cycle period (Figs. 5.7 and 5.8).  

 

These results indicated that intact connections between the thoracic and abdominal 

ganglia were not required for maintenance of on-going pilocarpine-induced  

fictive crawling. Furthermore, the presence of the terminal ganglion was not required to 

maintain a peristaltic pattern of nerve activity from posterior to anterior segments. 

However, the cutting of descending and ascending connections altered the phase value 

and burst duration as a proportion of the cycle period for both types of reduced  
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preparations. The isolation of just two abdominal ganglia also caused the cycle period 

and burst duration to change significantly. 
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Fig. 5.1: Pilocarpine-Induced Fictive Crawling in an 
Isolated Nerve Cord From a Wandering Larva 

 

 
 
Fig. 5.1: An isolated nerve cord which consisted of the SEG through 
terminal abdominal ganglia (AT) from a wandering larva produced a robust 
and well-coordinated fictive crawling response to pilocarpine. Fictive 
crawling features consist of a peristaltic pattern of nerve bursting 
from posterior to anterior abdominal segments and within an abdominal 
ganglion (A5), asynchronous dorsal-ventral nerve bursting.  
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Fig. 5.2: Pilocarpine-Induced Fictive Crawling in a 
Wandering Larva Following Removal of the SEG, Thoracic, and 
First Abdominal Ganglia 

 
 
Fig. 5.2: During pilocarpine-induced fictive crawling in an isolated 
wanderer nerve cord which consisted of the SEG through terminal 
abdominal ganglia (Fig. 5.1), the connectives between the first and 
second abdominal ganglion (A2) were cut (dotted line), so that the A2-AT 
ganglionic chain was left. As shown in this figure, fictive crawling 
features were preserved. 
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Fig. 5.3: SEG-AT Preparation, Cycle Periods For 
Pilocarpine-Induced Activity in Abdominal Nerves  
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Fig. 5.4: A2-AT Preparation, Cycle Periods For Pilocarpine-
Induced Activity in Abdominal Nerves 
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Figs. 5.3&5.4: In Fig. 5.3, an isolated nerve cord preparation treated 
with pilocarpine and consisting of the SEG-AT showed intersegmental 
frequency coupling among abdominal nerves and little variation in cycle 
period over 10 contiguous cycles of activity. As shown in Fig. 5.4, when 
the connections between the first and second abdominal ganglion are cut, 
the chain of A2-AT maintained this intersegmental frequency coupling and 
low variability in cycle period (except for A3DNp cycles#6-8).   
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Fig. 5.5: Pilocarpine-Induced Fictive Crawling in an 
Isolated Nerve Cord From a Different Wandering Larva  

 
 
Fig. 5.5: An isolated nerve cord consisting of the SEG through terminal 
abdominal ganglia from another wandering larva also produced a robust 
and well-coordinated fictive crawling response to pilocarpine.  
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Fig. 5.6: Pilocarpine-Induced Fictive Crawling in a 
Wandering Larva Following Removal of All Connections to A5-
A6 Ganglia  

 
 
Fig. 5.6: Following the generation of reliable fictive crawling features 
in the wanderer isolated nerve cord presented in Fig. 5.5, the 
connections between the fourth and fifth abdominal ganglion were cut 
(dotted line) and the terminal abdominal ganglion (AT) was removed 
(dotted line). In the absence of these connections, the abdominal nerves 
in A6 still showed bursting activity. The asynchronous dorsal-ventral 
nerve activity within A6 was seen.   
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Fig. 5.7: SEG-AT Preparation, Cycle Periods for 
Pilocarpine-Induced Activity in Abdominal Nerves 
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Fig. 5.8: A5-A6 Preparation, Cycle Periods for Pilocarpine-
Induced Activity in Abdominal Nerves 
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Figs. 5.7&5.8: In both conditions, there was intersegmental frequency 
coupling among abdominal nerves over 10 contiguous cycles of activity 
with little variations in cycle period.  
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Table 5.1: Comparison of Fictive Crawling Features in 
Intact Versus More Reduced Isolated Preparations 

 
 
Table 5.1: Two different isolated nerve cords were removed from 
wandering larvae (#1, #2) and treated with pilocarpine to induce fictive 
crawling. In both nerve cords, the initial intact preparation consisted 
of the SEG-AT. In the first wanderer preparation, the descending 
connections to the A2 ganglion were cut, so that only the A2-AT ganglia 
were preserved. In the second wanderer preparation, the reduced 
preparation consisted of two abdominal ganglia only, A5-A6. Mean cycle 
period, burst duration, normalized duration (burst duration/cycle 
period), and phase value (latency/cycle period for reference nerve) are 
shown. Means are depicted as ± standard error and represent 10 
contiguous cycles of activity in the nerves (with the exception of the 
phase value for A5DNp:A3DNp in the first wanderer A2-AT reduced 
preparation which represents 7 cycles of activity).  
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Pilocarpine induced fictive crawling features in subsets of abdominal ganglia without the 
need for the brain, SEG, or thoracic ganglia: 
 

In another series of experiments, isolated subsets of abdominal ganglia were 

removed from wanderers and early 5th instar larvae. These subsets of ganglia were treated 

with pilocarpine and the ability of different subsets to produce fictive crawling features 

was compared and analyzed. The quantitative results are presented in Table 5.2. The 

smallest chain of abdominal ganglia removed and treated with pilocarpine consisted of 

two ganglia. One ganglion was not sufficient for extracellular recordings because the 

ISM MNs involved in fictive crawling send their axons through the lateral and posterior 

branches of the dorsal nerve in the next posterior ganglion (Levine and Truman, 1985). 

The effects of pilocarpine on the ISM MNs of a single ganglion were not studied.  

 

Two abdominal ganglia (A2-A3) were removed from three wandering and three 

early 5th instar larvae. These two abdominal ganglia were treated with pilocarpine, and 

extracellular recordings were taken from A3DNL and A3DNp nerves (representing the 

motor output of the ISM MNs in A2). The response to pilocarpine at both stages was 

slow, with an appearance of bursting activity following 45 minutes to an hour of 

treatment for only one out of three preparations. The other two preparations taken from 

both stages showed an increase in tonic nerve firing in response to pilocarpine, but no 

bursting activity.  In both stages, only one out of three preparations showed bursting  
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activity in the nerves (wanderer, 5.9-5.10; 5th instar: 5.11-5.12). The bursting activity in 

the wanderer preparation was highly irregular, and no evidence for patterned activity was  

seen (Figs. 5.9-5.10). In the early 5th instar preparation, asynchronous dorsal-ventral 

nerve activity was seen within an abdominal ganglion, a feature of fictive crawling (Figs. 

5.11-5.12).  Furthermore, the cycle periods and burst duration for the DNp and DNL 

nerves were long, as measured over 10 cycles of activity. The values for the early 5th 

instar A2-A3 preparation were: A3DNp cycle period 54.3±1.45; A3DNp burst duration 

30.6±1.16; A3DNp normalized duration 0.57±0.03; A3DNL cycle period 53.5±2.12; 

A3DNL burst duration 42.7±1.51; A3DNL normalized duration 0.80±0.02; phase value 

DNL:DNp 0.17±0.03.  The early 5th instar preparation showed intersegmental frequency 

coupling between the DNL and DNp nerves of the ganglion, and some pronounced 

variations in cycle period over 10 consecutive cycles of activity (Fig. 5.13).  

 

As described in Chapter 2, the source of these variations in cycle period may be 

due to changes in the duration of the motor burst (burst duration), the delay in bursting 

between abdominal segments (latency), or the presence of a quiet period at the end of 

each cycle of crawling activity. As shown in Figs. 5.14-5.15, changes in burst duration 

and latency between the DNL:DNp nerves of the A3 segment may be the source of these 

variations in cycle period and reflect mechanisms underlying the generation of the 

pattern. Changes in burst duration are likely to reflect variable drive to the motoneurons  
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whereas changes in the latency likely reflect variability in the coupling between 

segments.  
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Fig. 5.9: Wandering Larva, Pilocarpine-Induced Bursting 
Activity in Two Isolated Abdominal Ganglia  

 
 
Fig. 5.9: The A3 ganglion showed bursting activity in response to 
pilocarpine, but this bursting activity was irregular.  

 
Fig. 5.10: Wandering Larva, Expanded View, a Single 
Abdominal Ganglion Lacked Patterned Activity 

 
 
Fig. 5.10: The bursting activity in A3 in response to pilocarpine did 
not show recognizable features of fictive crawling because the bursting 
activity in the DNp nerve was highly irregular, and it was difficult to 
separate individual bursts in the DNL nerve record.  
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Fig. 5.11: Early 5th Instar Larva, Pilocarpine-Induced 
Bursting Activity in Two Isolated Abdominal Ganglia  
 

 
 
Fig. 5.11: The A2-A3 ganglia were removed from an early 5th instar 
larva. The DNL and DNp nerves in the A3 ganglion showed regular 
bursting activity in response to pilocarpine. 
 
Fig. 5.12: Early 5th Instar Larva, a Single Abdominal 
Ganglion Produced Asynchronous Dorsal-Ventral Nerve 
Bursting in Response to Pilocarpine 

 
Fig. 5.12: Boxed region from Fig. 5.11. The bursting activity in the A3 
ganglion in response to pilocarpine showed asynchronous dorsal-ventral 
nerve activity in which the bursting in the DNL nerve preceded the DNp, 
a feature characteristic of fictive crawling.  
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Fig. 5.13: Early 5th Instar, A2-A3 Preparation Showed 
Intersegmental Coupling and Variations in Cycle Period in 
Response to Pilocarpine Treatment 
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Fig. 5.13: The DNL and DNp nerves in the A3 ganglion showed 
intersegmental frequency coupling over 10 consecutive cycles of activity 
in conjunction with some fluctuations in cycle period.   
 
Fig. 5.14: Early 5th Instar, A2-A3 Preparation, Changes in 
Burst Duration May Influence Variations in Cycle Period  
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Fig. 5.14: Variations in cycle period for the A3DNp nerve were not 
explained by changes in burst duration (linear regression analysis and 
non-significant p-value, slope -0.228, R2=.081), but were responsible 
for the cycle period changes seen in the A3DNL nerve (slope 0.627, 
R2=0.779, p<0.0002).  
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Fig. 5.15: Early 5th Instar, A2-A3 Preparation, Changes in 
Latency Between the A3DNL:A3DNp Nerves Influenced 
Variations in Cycle Period  
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Fig. 5.15: Changes in Latency Between the A3DNL:A3DNp nerves were 
responsible for variations in cycle period across 10 consecutive 
cycles of activity (linear regression analysis: slope 0.844, 
R2=0.726, p<0.002).  
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Pilocarpine-induced fictive crawling in isolated preparation of A2-AT ganglia:  

In the next series of experiments, a longer chain of abdominal ganglia from 

wandering larvae was removed, which consisted of the A2-AT abdominal ganglia. These 

four nerve cords were treated with pilocarpine, and pilocarpine induced reliable and 

regular fictive crawling features in three out of the four, as shown in the representative 

examples of Figs. 5.16&5.17. For three preparations, the DNp and DNL nerves were 

analyzed for cycle period, burst duration, normalized duration, and phase value, and the 

mean values representing three preparations are shown in Table 5.2. For the DNp nerves, 

the values were: cycle period 17.9±4.01; burst duration 7.3±0.84; and normalized 

duration 0.54±0.06. For the DNL nerves, the values were: cycle period 19.0±8.84; burst 

duration 7.9±2.28; and normalized duration 0.51±0.07. The phase values were: 

DNL:DNp, 0.20±0.05 and A5DNp:A3DNp or A6DNp:A4DNp, 0.34±0.01.  All three 

isolated nerve cord preparations showed intersegmental frequency coupling among the 

DNp and DNL nerves. Thus, in this reduced preparation, there was intersegmental 

coordination.  

 

 Although there was coupling between abdominal segments, there were variations 

in cycle periods across 10 consecutive cycles (Figs. 5.18-5.20). The source of these 

variations in cycle period were not due to changes in burst duration for two preparations   
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(Figs. 5.22-5.23), but changes in the burst duration were a source of cycle period 

variation in the third preparation (Fig. 5.21).  Changes in latency between or within an 

abdominal segment did not account for the variability in cycle period for two animals 

(Figs. 5.25-5.29). In the third animal, however, changes in latency were one source of the 

variation in cycle period (Fig. 5.24). Thus, given these animal to animal variations, the 

sources of the fluctuations in cycle period could not be precisely identified.  
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Fig. 5.16: Wanderer, A2-AT Preparation, Pilocarpine-Induced 
Fictive Crawling  

 
 
Fig. 5.16: A chain of abdominal ganglia, A2-AT, was removed from a 
wandering larva and bathed in pilocarpine. Reliable and regular fictive 
crawling features were induced.  
 
Fig. 5.17: Expanded View, Wanderer, A2-AT Preparation, 
Fictive Crawling Features 

 
 
Fig. 5.17: Boxed region from Fig. 5.16 shown on an expanded time scale. 
Fictive crawling features in response to pilocarpine were seen.  
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Figs. 5.18,5.19,5.20: Wanderer, A2-AT Preparation, Evidence 
For Intersegmental Frequency Coupling  
 
Fig. 5.18: Animal 1  

0

2

4

6

8

10

12

1 2 3 4 5 6 7 8 9 10

Cycle#

C
yc

le
 P

er
io

d 
(s

)

A4DNp
A5DNp
A6DNp
A6DNL

 
Fig. 5.19: Animal 2 
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Figs. 5.18-5.19: These two nerve cord preparations consisting of the A2-
AT ganglia showed some intersegmental frequency coupling and also 
fluctuations in cycle period over 10 consecutive cycles.  
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Fig. 5.20 Animal 3 

0
10
20
30
40
50
60
70

1 2 3 4 5 6 7 8 9 10
Cycle#

C
yc

le
 P

er
io

d 
(s

)

A4DNp
A6DNp
A6DNL

 
 
Figs. 5.20: In this third nerve cord preparation consisting of A2-AT 
ganglia, there was evidence for intersegmental frequency coupling and 
large variations in cycle period over 10 consecutive cycles. 
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Fig. 5.21: Wanderer, Animal 1, A2-AT Preparation, Changes in 
Burst Duration Influenced Changes in Cycle Period 
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Fig. 5.21: Animal 1: In this preparation, the A2-AT ganglia were 
isolated and treated with pilocarpine. For all nerves except A4DNp, 
changes in burst duration were correlated with variations in cycle 
period (linear regression analysis: A4DNp slope –0.176, R2=0.021; A5DNp 
slope 1.37, R2=0.628, p<.006; A6DNp slope 0.611 R2=0.469, p<.03; A6DNL 
slope 0.654, R2=0.586, p<.001).  
 
Fig. 5.22: Wanderer, Animal 2, A2-AT Preparation, Changes in 
Burst Duration Were Not Responsible For Variations in Cycle 
Period 
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Fig. 5.22: Animal 2: Changes in burst duration were not responsible for 
changes in cycle period across 10 consecutive cycles, except for the 
A6DNp nerve. (linear regression analysis: A3DNp slope 0.054, R2=0.099; 
A5DNp slope 0.469, R2=0.371; A6DNp slope 0.713, R2=0.556, p<.01; A6DNL 
slope 0.381, R2=0.155).  
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Fig. 5.23: Wanderer, Animal 3, A2-AT Preparation, Changes in 
Burst Duration Were Not Responsible For Variations in Cycle 
Period 
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Fig. 5.23: Animal 3: Changes in burst duration were not responsible for 
variations in cycle period (linear regression analysis and non-
significant p-values: A3DNp, 8 cycles only, slope 0.163, R2=0.304; A4DNp 
slope 0.021, R2=0.026; A6DNp slope –0.008, R2=0.0006; A6DNL slope 0.116 
R2=0.242).  
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Fig. 5.24: Wanderer, Animal 1, A2-AT Preparation, Changes in 
Latency Between A6DNp:A4DNp Were Responsible For Variations 
in Cycle Period 
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Fig. 5.24: Animal 1: Changes in latency between the A6DNp:A4DNp segments 
influenced variations in cycle period across 10 consecutive cycles 
(linear regression analysis: slope 0.529, R2=0.529, p<.02). 
 
Fig. 5.25: Wanderer, Animal 1, A2-AT Preparation, Changes in 
Latency Between A6DNL:A6DNp Were Not Responsible For 
Variations in Cycle Period 

0
0.5

1
1.5

2
2.5

0 5 10 15

Cycle Period (s) A6DNL

L
at

en
cy

 A
6D

N
L

:A
6D

N
p 

(s
)

 
 
Fig. 5.25: Animal 1: Changes in latency between the A6DNL:A6DNp segments 
were not responsible for changes in cycle period (linear regression 
analysis and non-significant p-value: slope 0.056, R2=0.015). 
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Fig. 5.26: Wanderer, Animal 2, A2-AT Preparation, Changes in 
Latency A5DNp:A3DNp Were Not Responsible For Variations in 
Cycle Period 
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Fig. 5.26: Animal 2: Changes in latency between the A5DNp:A3DNp segments 
were not responsible for changes in cycle period (linear regression 
analysis: slope -0.051, R2=0.005).  
 
Fig. 5.27: Wanderer, Animal 2, A2-AT Preparation, Changes in 
Latency A6DNL:A6DNp Were Not Responsible For Variations in 
Cycle Period 
 
 

0
2
4
6
8

10

0 5 10 15 20

Cycle Period A6DNL (s)

L
at

en
cy

 
A

6D
N

L
:A

6D
N

p 
(s

)

 
Fig. 5.27: Animal 2: Changes in latency between the A6DNL:A6DNp segments 
were not responsible for changes in cycle period (linear regression 
analysis: slope –0.223, R2=0.097). 
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Fig. 5.28: Wanderer, Animal 3, A2-AT Preparation, Changes in 
Latency Between A6DNp:A4DNp Were Not Responsible For 
Variations in Cycle Period 
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Fig. 5.28: Animal 3: Changes in latency between the A6DNp:A4DNp segments 
were not responsible for changes in cycle period (linear regression 
analysis and non-significant p-value: slope -0.011, R2=0.001).  
 
Fig. 5.29: Wanderer, Animal 3, A2-AT Preparation, Changes in 
Latency Between A6DNL:A6DNp Were Not Responsible For 
Variations in Cycle Period 
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Fig. 5.29: Animal 3: Changes in latency between the A6DNL:A6DNp segments 
were not responsible for changes in cycle period (linear regression 
analysis and non-significant p-value: slope 0.018, R2=0.003).  
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Pilocarpine-induced fictive crawling in A2-A6 ganglia isolated preparation: 
 

The next series of experiments were carried out to determine whether the ability 

of the wanderer isolated nerve cord to show fictive crawling features, including a 

peristaltic pattern of activity, required the presence of the terminal abdominal ganglia. 

The terminal abdominal ganglia may contain the CPG circuitry that initiates the 

peristaltic pattern of nerve activity associated with fictive crawling. Four nerve cords 

consisting of A2 through A6 ganglia only were removed from wandering larvae and 

treated with pilocarpine. Three out of four nerve cords responded to pilocarpine with 

fictive crawling, features of which are shown in Figs. 5.30&5.31. Despite the absence of 

the terminal abdominal ganglia, there was a peristaltic pattern of nerve bursting from 

posterior to anterior abdominal segments. There was also asynchronous dorsal-ventral 

nerve bursting. The DNp and DNL nerves in the three nerve cord preparations were 

analyzed for cycle period, burst duration, normalized duration, and phase lag (see Table 

5.2). The results for the DNp nerves, representing the mean of three preparations, were: 

cycle period 14.8±5.08; burst duration, 8.1±2.85 and normalized duration, 0.57±0.02. For 

the DNL nerves, the values were: cycle period 17.6±10.84; burst duration 6.6±3.00 and 

normalized duration 0.48±0.06. The phase values were: DNL:DNp 0.37±.07; 

A5DNp:A3DNp or A6DNp:A4DNp (two preparations) 0.31±0.23.  

 

 Two out of three preparations showed intersegmental frequency coupling among 

the abdominal nerves with little variation in cycle period over 10 consecutive cycles  
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(Figs. 5.32-5.33). The third preparation did not show intersegmental frequency coupling 

for several cycles of activity, and there was considerable variation in cycle period (Fig. 

5.34). For this preparation, changes in burst duration (Fig. 5.35) or latency (Fig. 5.36) 

were unlikely to be responsible for these variations in cycle period.    
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Fig. 5.30: Wanderer, A2-A6 Preparation, Pilocarpine-Induced 
Fictive Crawling Features  

 
 
Fig. 5.30: A chain of abdominal ganglia, consisting of A2-A6 ganglia, 
was removed from a wandering larva and bathed in pilocarpine. Reliable 
and regular fictive crawling features were induced.  
 
Fig. 5.31: Expanded View, Wanderer, A2-A6 Preparation, 
Fictive Crawling Features 

 
 
Fig. 5.31: Boxed region from Fig. 5.30 shown on an expanded time scale. 
The absence of the terminal abdominal segment did not prevent the other 
abdominal segments from producing fictive crawling features. 
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Figs. 5.32, 5.33, 5.34: Wanderers, A2-A6 Preparations, 
Cycle Period Variations and Some Intersegmental Frequency 
Coupling  
 
Fig. 5.32: Animal 1 
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Fig. 5.33: Animal 2 
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Fig. 5.34: Animal 3 
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Figs. 5.32-5.34: As shown in Figs. 5.32&5.33, there was intersegmental 
frequency coupling for these two different preparations and little 
variability in cycle period over 10 consecutive cycles. In Fig. 5.34, 
there was little intersegmental frequency coupling among the nerves but 
large fluctuations in cycle period were seen over 10 consecutive cycles. 
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Fig. 5.35: Wanderer, Animal 3, A2-A6 Preparation, Changes in 
Burst Duration Were Unlikely To Influence Changes in Cycle 
Period 
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Fig. 5.35: Changes in burst duration did not influence variations in 
cycle period across 10 consecutive cycles in the A6DNp and A6DNL nerves 
(non-significant p-values), but changes in the A3DNp nerve did (linear 
regression analysis: A3DNp slope 0.948, R2=0.924, p<.0001; A6DNp slope  
-0.014, R2=.001; A6DNL slope 0.005, R2=0.0002). 

 
Fig. 5.36: Wanderer, Animal 3, A2-A6 Preparation, Changes in 
Latency A6DNL:A6DNp Were Not Responsible For Variations in 
Cycle Period 
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Fig. 5.36: Animal 3: Changes in latency between the A6DNL:A6DNp segments 
were not responsible for changes in cycle period (linear regression 
analysis: slope 0.052 R2=0.004).  
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Comparison of pilocarpine-induced fictive crawling features between different subsets of 
isolated nerve cords: 
 
 Pilocarpine treatment in a subset of abdominal ganglia (A2-A6 or A2-AT) 

induced reliable fictive crawling features. As shown in Table 5.2, quantitative results are 

presented for two different types of isolation experiments in which different subsets of 

abdominal ganglia were removed and treated with pilocarpine: A2-A6 ganglia and A2-

AT ganglia. There was no significant difference between the DNp and DNL nerves of the 

A2-A6 preparation versus the A2-AT preparation for mean cycle period, burst duration, 

normalized burst duration, and mean phase values (student t-test).  These results showed 

that the presence of the terminal abdominal ganglion was not responsible for regulating 

any of these motor pattern parameters, nor was its presence required to initiate a cycle of 

fictive crawling activity. The mean values for fictive crawling motor output in these 

reduced preparations were similar to the measurements obtained from a more complete 

nerve cord preparation consisting of the SEG-AT (see Table 5.4, wanderer SEG-AT, 

DNp nerves: mean cycle period 12.1s±0.91; mean burst duration 5.5s±0.63; mean 

normalized burst duration 0.44±0.04; mean phase value 0.35±0.09). Thus, in addition to 

the ability of the abdominal ganglia to produce fictive crawling in the absence of 

descending influences, the CPG mechanisms underlying the generation of the motor 

program reside in these segments.  
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Table 5.2: Comparison of Pilocarpine-Induced Activity 
Between Different Isolated Abdominal Ganglia Preparations 

 
 
Table 5.2: Mean cycle period, burst duration, normalized duration, and 
phase values are shown for the wanderer A2-A6 and A2-AT preparations 
(n=3 animals per group). The mean is depicted with the standard error 
(±SE). There was no significant difference between the two groups 
(student t-test).  
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The brain provided inhibition to the fictive crawling motor program in early 5th instar 
larvae: 

As described, in the absence of the brain, SEG, and thoracic segments, the 

isolated abdominal segments maintained and produced fictive crawling features in 

response to pilocarpine. Higher centers, however, may provide descending drive to the 

crawling circuits in the abdominal segments. Dominick and Truman’s behavioral 

experiments showed that the brain had an inhibitory influence over crawling as removal 

of the brain in early 5th instar larvae caused larvae to show tonic slow crawling (1986b). 

When the brain was removed in an isolated larval nerve cord from this stage, there was 

an increase in spontaneous motor bursting recorded extracellularly from one abdominal 

segmental nerve (1986b). This motor bursting was not characterized as a fictive crawling 

motor pattern. Thus, although their results implicated a role for the brain in inhibition 

over crawling prior to wandering, they were unable to characterize the effect of brain 

removal on fictive crawling motor output.  The goal of the following experiments was to 

build upon Dominick and Truman’s findings to determine whether the brain was 

inhibitory over fictive crawling using the muscarinic agonist pilocarpine, and if so, to 

determine which feature or features (cycle period, etc) of the motor pattern were affected. 

 

Entire nerve cords were removed from early 5th instar larvae, initially bathed in 

saline, and then pilocarpine was bath-applied to the isolated nerve cord to induce fictive 

crawling. Entire isolated nerve cords taken from early 5th instar larvae and bathed in 

saline only showed tonic motor activity only (Fig. 5.37). Upon exposure to pilocarpine,  
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nerve cords with both the brain intact and removed showed robust fictive crawling 

features (Figs. 5.38&5.39), as defined previously by Johnston and Levine (1996b).  

 

The presence or absence of the brain was found to affect the on-going 

pilocarpine-induced fictive crawling motor pattern in isolated larval nerve cords from 

early 5th instar animals.  Removal of the brain during pilocarpine treatment caused the  

fictive crawling cycle period to speed up significantly from a mean cycle period of 

17.7±1.23 seconds to 12.4±0.67 seconds (Table 5.3; two-tailed student t-test for 

correlated samples on n=3, t=6.6, df=6, p<.0006), and significantly shortened the burst 

duration from a mean burst duration of 9.9±0.39 to 6.27±0.28 (Table 5.3; two-tailed 

student t-test for correlated samples on n=3, t=18.4, df=6, p<.0001, n=3). There was no 

significant effect of brain removal on the normalized duration (Table 5.3; 0.59± 0.05 vs. 

0.55± 0.04) nor the phase value for one animal, representing the delay in bursting 

between DNp nerves of different abdominal segments over 10 consecutive cycles (Table 

5.3; 0.18 ± 0.06 vs. 0.27 ± 0.02). The lack of brain regulation over these latter two 

parameters confirmed that the CPG circuits in the abdominal segments were responsible 

for both the timing of the crawling activity from one cycle to the next and the coupling 

between abdominal segments.  

 

As described in Chapter 2, entire isolated nerve cords (brain intact) from early 5th 

instar larvae showed cycle to cycle frequency coupling in response to pilocarpine  
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treatment (Figs. 2.27, 2.28, 2.29).  These figures are again presented in this chapter (Figs. 

5.40, 5.42, 5.44) to compare the effect of brain removal. Animals 1-4 showed 

intersegmental frequency coupling in the presence and absence of the brain (Figs. 5.40-

5.46).  In the presence of the brain, Animals 1 and 2 showed little variation in cycle 

period (Fig. 5.40, 5.42), but upon brain removal, there were large variations in cycle 

period which was also true for Animal 4 (Figs. 5.41, 5.43, 5.46). Animal 3 showed low 

variations in cycle period in the presence or absence of the brain (Fig. 5.44-5.45). 

Changes in burst duration seemed to explain variations in cycle period for Animal 2 upon 

brain removal (Fig. 5.48) but not for animals 1 or 4 (Fig. 5.47, 5.49). The latency values 

for these animals over cycle period could not be quantified due to technical reasons.  
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Fig. 5.37: Tonic Nerve Activity in the Isolated Larval 
Nerve Cord From an Early 5th Instar Larva 
 

 
 
 
Fig. 5.37: Nerve cord removed from an early 5th instar larva and bathed 
in saline only showed unpatterned motor activity. The boxed region of 
the record with inset shows tonic motor activity on an expanded time 
scale. Individual action potentials are seen.  
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Fig. 5.38: Early 5th Instar: Pilocarpine-Induced Fictive 
Crawling in an Isolated Nerve Cord With the Brain Intact 

 
Fig. 5.39:  Early 5th Instar: Pilocarpine-Induced Fictive 
Crawling in an Isolated Nerve Cord With the Brain Removed 
 

 
Figs 5.38&5.39: Fictive crawling induced by pilocarpine in isolated 
nerve cords from early 5th instar larvae. In Fig. 5.38, the entire nerve 
cord was intact. In Fig. 5.39, the brain was removed during the 
recording session by severing the circumesophageal connectives between 
the brain and the subesophageal ganglion. The isolated nerve cord was 
continuously perfused with pilocarpine throughout the recording 
session.  
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Table 5.3: Comparison of Fictive Crawling Features in Brain 
Intact Versus Removed Isolated Nerve Cords From Early 5th 
Instar Larvae 

 
 
Table 5.3: Comparison of fictive crawling features induced by 
pilocarpine in isolated nerve cords from early 5th instar larvae in the 
presence and absence of the brain. Removal of the brain significantly 
shortened the cycle period and burst duration, but had no effect on the 
normalized duration or mean phase value. Due to technical and 
quantification issues, only one nerve cord was evaluated for mean phase 
value. The data represents measurements taken from the DNp nerves only. 
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Figs. 5.40 & 5.41: Early 5th Instar, Animal 1, Brain Intact 
Versus Removed, Cycle Periods For Pilocarpine-Induced 
Activity in Abdominal Nerves 
 
Fig. 5.40: Animal 1, Brain Intact 
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Fig. 5.41: Animal 1, Brain Removed 
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Figs 5.40&5.41: These figures represent cycle periods for pilocarpine-
induced activity in abdominal nerves in the presence and absence of the 
brain. The DNp nerves showed intersegmental frequency coupling. Cycle 
period variations were evident in the absence of the brain.  
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Figs. 5.42 & 5.43: Early 5th Instar, Animal 2, Brain Intact 
Versus Removed, Cycle Periods For Pilocarpine-Induced 
Activity in Abdominal Nerves 
 
Fig. 5.42:  Animal 2, Brain Intact  
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Fig. 5.43: Animal 2, Brain Removed 

0

5

10

15

20

25

1 2 3 4 5 6 7 8 9 10

Cycle #

C
yc

le
 P

er
io

d 
(s

)

A3DNp
A4DNp
A6DNp

 
 
Figs. 5.42 &5.43: In Fig. 5.42 with the brain intact, cycle period 
variations were most evident between cycles #3-5, but for the other 
cycles of activity, there were only slight variations in cycle period.  
The A6DNp nerve in this preparation was not quantifiable due to a lack 
of bursting activity. In Fig. 5.43, upon brain removal, there were cycle 
period variations (cycles#3-6), but for the other cycles of activity, 
there were only slight variations in cycle period. The A6DNp nerve in 
this preparation was quantifiable, but the A6DNL nerve was difficult to 
quantify so it was not included in this analysis.  
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Fig. 5.44&5.45: Early 5th Instar, Animal 3, Brain Intact 
Versus Removed, Cycle Periods For Pilocarpine-Induced 
Activity in Abdominal Nerves 
 
Fig. 5.44: Animal 3, Brain Intact  
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Fig. 5.45:  Animal 3, Brain Removed 
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Figs. 5.44&5.45: In both the presence and absence of the brain, 
intersegmental frequency coupling among the nerves was present and there 
was little variation in cycle period over 10 consecutive cycles. (Note: 
For Fig. 5.44, the cycle period value for A3DNp was not available for 
cycle#10).   
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Fig. 5.46: Early 5th Instar, Animal 4, Brain Removed, Cycle 
Periods for Pilocarpine-Induced Activity in Abdominal 
Nerves 
 
Fig. 5.46:  Animal 4, Brain Removed 
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Fig. 5.46: This animal did not show reliable intersegmental frequency 
coupling and showed large variations in cycle period.  
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Fig. 5.47: Early 5th Instar, Animal 1, Brain Removed, 
Changes in Burst Duration Did Not Influence Variations in 
Cycle Period for Pilocarpine-Induced Activity in Abdominal 
Nerves 
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Fig. 5.47: Burst Duration was not correlated with changes in cycle 
period over 10 consecutive cycles. Linear regression analysis and non-
significant p-values confirmed that variability in cycle period was not 
explained by changes in burst duration (A4DNp slope 0.153, R2= 0.279; 
A5DNp slope 0.151, R2=0.124).  
 
Fig. 5.48: Early 5th Instar, Animal 2, Brain Removed, 
Changes in Burst Duration Influenced Changes in Cycle 
Period For Pilocarpine-Induced Activity in Abdominal Nerves  
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Fig. 5.48: Changes in burst duration in the A3DNp and A4DNp nerve 
correlated with changes in cycle period, but the A6DNp nerve did not 
(linear regression analysis: A3DNp slope 0.154, R2=0.541, p<.02; A4DNp 
slope 0.235, R2=0.454, p<.03, A6DNp slope 0.132, R2=0.285, non-
significant p-value).  
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Fig. 5.49: Early 5th Instar, Animal 4, Brain Removed, Burst 
Duration Did Not Influence Changes in Cycle Period for 
Pilocarpine-Induced Activity in Abdominal Nerves 
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Fig. 5.49: Burst Duration did not correlate with changes in cycle 
period over 10 consecutive cycles for three out of four nerves (non-
significant p-values). Linear regression analysis confirmed that 
variability in cycle period was not explained by changes in burst 
duration for the DNp nerves but burst duration did influence cycle 
period for the DNL nerve (A1DNp slope 0.082, R2= 0.016; A5DNp slope -
0.111, R2=0.035; A6DNp slope 0.222, R2=0.238; A6DNL slope 0.748, 
R2=0.621, p<.01).  
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The brain did not appear to affect fictive crawling motor output in wandering larvae: 
 

Dominick and Truman’s behavioral studies showed that removal of the brain in 

wandering larvae caused locomotion to cease, and similarly, removal of the brain from 

isolated nerve cords caused a decrease in the level of spontaneous bursting as recorded 

extracellularly from one abdominal segmental nerve (1986a&b). They hypothesized that 

the brain provided excitatory drive for wandering behavior, but prior to wandering 

behavior, the brain provided inhibition over the segmental crawling circuit. However, 

they did not characterize the effect of brain removal on motor patterns in isolated nerve 

cords from wandering larvae.  Thus, the goal of the current study was to determine the 

effect of brain removal on pilocarpine-induced fictive crawling motor output in isolated 

nerve cords from wandering larvae.  

 

Fictive crawling motor output was compared between wanderer isolated nerve 

cords with the brain intact and then removed during pilocarpine treatment. In both 

conditions, isolated nerve cords produced reliable fictive crawling motor output (Figs. 

5.50&5.51). In wandering larvae, removal of the brain did not affect the on-going 

pilocarpine-induced fictive crawling motor pattern in isolated larval nerve cords (Table     

5.4). There was no effect of brain removal on the mean cycle period, burst duration, 

normalized duration, nor phase value  (brain intact vs. removed: cycle period, 13.4±1.97 

vs. 12.1±0.91; burst duration, 6.1±1.58 vs. 5.5±0.63; normalized duration, 0.43±0.05 vs.  
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0.44± 0.04; or phase value, 0.44 ±0.19 vs. 0.35±0.09; student t-test for correlated samples 

on n=4).  

 

Evidence for intersegmental coupling was evaluated in nerve cords in the brain 

intact versus removed conditions over 10 consecutive cycles (Figs. 5.52-5.61). Three 

animals showed clear evidence for intersegmental coupling among abdominal segments 

in the presence (Figs. 5.52, 5.57, 5.59) and absence of the brain (Figs. 5.53, 5.58, 5.60, 

5.61). Two animals did not show clear evidence for intersegmental coupling across 10  

consecutive cycles in the brain intact (Figs. 5.54) versus removed (Figs. 5.55&5.56) 

conditions.  

 

  Isolated nerve cords from two wandering animals did not show much variation in 

cycle period in the brain intact nor removed conditions (Figs. 5.57-5.60), nor did a third 

animal in the brain removed condition (Fig. 5.53). All other animals showed large 

variations in cycle period (Figs. 5.52, 5.54-5.55, 5.56, 5.61), although the segments 

continued to co-vary. There was no obvious change in the level of these variations 

between the brain intact versus removed conditions except in wanderer 1, in which the 

removal of the brain reduced the amount of cycle period variations (Fig. 5.52 vs. 5.53).  

 

Changes in burst duration were not responsible for these variations in cycle period 

in the brain intact condition for wanderer 1, Fig. 5.62, and brain removed conditions for  
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wanderer 3 and 6 (Figs. 5.65-5.66). Changes in burst duration were not likely to be 

responsible for the variability in cycle period for wanderer 2 in the brain intact (Fig. 5.63) 

but were in the removed condition (Fig. 5.64).  Changes in latency were not responsible 

for these variations for wanderers 1 and 6 in the brain removed condition (Fig. 5.67, 

5.70), nor in wanderer 2 in the brain intact condition (Fig. 5.68). For wanderer 2, in the 

brain removed condition, changes in latency were likely to be responsible for variations 

in cycle period over 10 consecutive cycles (Fig. 5.69).  
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Fig. 5.50: Wanderer, Pilocarpine-Induced Fictive Crawling 
in an Isolated Nerve Cord With the Brain Intact 

 
Fig. 5.51: Wanderer, Pilocarpine-Induced Fictive Crawling 
in an Isolated Nerve Cord With the Brain Removed 

 
Figs. 5.50&5.51: Fictive crawling induced by pilocarpine in isolated 
nerve cords from wandering larvae. In Fig. 5.50, the entire nerve cord 
was intact. In Fig 5.51, the brain was removed during the recording 
session by severing the circumesophageal connectives between the brain 
and the SEG. The isolated nerve cord was continuously perfused with 
pilocarpine throughout the recording session.  
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Table 5.4: Comparison of Fictive Crawling Features in 
Isolated Nerve Cords From Wandering Larvae in Brain Intact 
Versus Removed Conditions 

 
 
Table 5.4: Comparison of fictive crawling features induced by 
pilocarpine in isolated nerve cords from wandering larvae in the 
presence and absence of the brain. Removal of the brain had no effect 
on mean cycle period, burst duration, normalized duration, or mean 
phase value (student t-test for correlated samples). The data 
represents measurements taken from the DNp nerves only. 
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Figs. 5.52&5.53: Wanderer 1, Brain Intact Versus Removed, 
Cycle Periods For Pilocarpine-Induced Activity in Abdominal 
Nerves 
  
Fig. 5.52, Wanderer 1, Brain Intact: 
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Fig. 5.53, Wanderer 1, Brain Removed: 
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Figs. 5.52&5.53: In both the brain intact and removed conditions, there 
was intersegmental frequency coupling. With the brain intact, the nerve 
cord showed pronounced cycle to cycle variations in cycle period, but 
following brain removal, there were little variations in cycle period 
over 10 consecutive cycles.  
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Figs. 5.54&5.55: Wanderer 2, Brain Intact Versus Removed, 
Cycle Periods For Pilocarpine-Induced Activity in Abdominal 
Nerves  
 
Fig. 5.54, Wanderer 2, Brain Intact: 
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Fig. 5.55, Wanderer 2, Brain Removed: 

0

5

10

15

20

1 2 3 4 5 6 7 8 9 10

Cycle #

C
yc

le
 P

er
io

d 
(s

)

A4DNp
A6DNp
A6DNL

 
Figs. 5.54&5.55: Broad cycle to cycle variations in cycle period were 
evident in the abdominal nerves in both the presence and absence of the 
brain. When the brain was removed, there was very little intersegmental 
frequency coupling among the abdominal nerves. 
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Fig. 5.56: Wanderer 3, Brain Removed, Cycle Periods For 
Pilocarpine-Induced Activity in Abdominal Nerves  
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Fig. 5.56: In this nerve cord, consisting of the SEG through AT, there 
were large variations in cycle period between cycles#5-10 and the 
segments did not co-vary. The segments showed some cycle to cycle 
frequency coupling between cycles #1-5.  
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Figs. 5.57 & 5.58: Wanderer 4, Brain Intact Versus Removed, 
Cycle Periods For Pilocarpine-Induced Activity in Abdominal 
Nerves  
 
Fig. 5.57: Wanderer 4, Brain Intact: 
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Fig. 5.58: Wanderer 4, Brain Removed: 
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Figs. 5.57&5.58: In the presence and absence of the brain, nerve cords 
showed intersegmental frequency coupling, but little variations in 
cycle period over 10 consecutive cycles.  
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Figs. 5.59 & 5.60: Wanderer 5, Brain Intact Versus Removed, 
Cycle Periods For Pilocarpine-Induced Activity in Abdominal 
Nerves 
 
Fig. 5.59: Wanderer 5, Brain Intact: 
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Fig. 5.60: Wanderer 5, Brain Removed: 
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Figs. 5.59&5.60: Wanderer 5 showed intersegmental frequency coupling in 
both the brain intact and removed conditions and little variation in 
cycle period in both conditions.  
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Fig. 5.61: Wanderer 6, Brain Removed, Cycle Periods For 
Pilocarpine-Induced Activity in Abdominal Nerves  
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Fig. 5.61: In this preparation with the brain removed, there was 
consistent cycle to cycle frequency coupling among the abdominal 
segmental nerves and variations in cycle period across 10 consecutive 
cycles.  
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Figs. 5.62: Wanderer 1 Brain Intact, Changes in Burst 
Duration Were Not Responsible For Variations in Cycle 
Period  
 
Fig. 5.62: Brain Intact 
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Figs. 5.62: Changes in burst duration were not responsible for changes 
in cycle period over 10 consecutive cycles in the brain intact 
condition (non-significant p-values) except for the A3DNp nerve (linear 
regression analysis: A3DNp slope -0.131, R2= 0.426, p<.04; A4DNp slope 
0.060, R2=0.118; A5DNp slope 0.014, R2=0.006; A5DNL slope 0.072, 
R2=0.017).  
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Figs. 5.63&5.64: Wanderer 2, Brain Intact Versus Removed, 
Changes in Burst Duration Were Responsible For Variations 
in Cycle Period For Brain Removed But Not Intact Condition  
 
Fig. 5.63:  Brain Intact 
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Fig. 5.64: Brain Removed 
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Figs. 5.63&5.64: Changes in burst duration were not responsible for 
variations in cycle period with the brain intact (non-significant p-
values), but were following brain removal (linear regression analysis: 
Fig. 5.63, Brain Intact: A4DNp slope 0.509, R2= 0.355; A6DNp slope, 
0.287 R2=0.150; Fig. 5.64, Brain Removed: (A4DNp slope 0.326, R2= 0.516, 
p<.02; A6DNp slope, 0.590, R2=0.811, p<.0004). 
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Fig. 5.65: Wanderer 3, Brain Removed, Changes in Burst 
Duration Did Not Influence Variations in Cycle Period  
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Fig. 5.65: Changes in burst duration were not correlated with changes 
in cycle period based upon linear regression analysis and non-
significant p-values (A4DNp slope 0.007, R2= 0.0006; A5DNp slope 0.112, 
R2=0.107; A6DNL slope 0.021, R2=0.003). 
 
Fig. 5.66: Wanderer 6, Brain Removed, Changes in Burst 
Duration Did Not Influence Variations in Cycle Period 
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Fig. 5.66: Linear regression analysis indicated that changes in burst 
duration were not responsible for changes in cycle period (non-
significant p-values), except for the A3DNp nerve (A3DNp slope 0.217, 
R2= 0.529, p<.02; A5DNp slope, 0.109, R2=0.116; A6DNp slope 1.22,  
R2=0.287; A6DNL slope 0.608, R2=0.041). 
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Figs. 5.67: Wanderer 1, Brain Removed, Changes in Latency 
Between Abdominal Segments Were Not Responsible For 
Variations in Cycle Period for Pilocarpine-Induced Activity  
 
 
Fig. 5.67: Wanderer 1, Brain Removed 
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Figs. 5.67: The latency in motor nerve bursting between abdominal 
segments did not correlate with variations in cycle period for this 
wanderer in the brain removed condition as shown by linear regression 
analysis (slope 0.203, R2= 0.159). 
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Figs. 5.68&5.69: Wanderer 2, Brain Intact vs. Removed, 
Latency Between Abdominal Segments Influenced Variations in 
Cycle Period Upon Brain Removal  
 
Fig. 5.68:  Wanderer 2, Brain Intact 
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Fig. 5.69: Wanderer 2, Brain Removed 
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Figs. 5.68&5.69: Changes in the latency in motor nerve bursting between 
abdominal segments was not correlated with variations in cycle period 
when the brain was present (Fig. 5.68, linear regression analysis and 
non-significant p-value: slope -0.006, R2= 0.0004) but when the brain 
was removed, it was correlated (Fig. 5.69, linear regression analysis 
slope 1.53, R2= 0.827, p<.0002). 
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Fig. 5.70: Wanderer 6, Brain Removed, Changes in Latency 
Between the DNp and DNL Abdominal Nerves of Same Segment 
Were Not Responsible For Variations in Cycle Period in 
Pilocarpine-Induced Activity  
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Fig. 5.70: The latency in motor nerve bursting between the DNL and DNp 
nerve of abdominal segment A6 was not correlated with variations in 
cycle period when the brain was absent (linear regression analysis and 
non-significant p-value: slope -0.234, R2= 0.192). 
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Synaptic drive to ISM MNs during pilocarpine-induced fictive crawling: 
 

Mechanisms underlying burst generation in individual neurons of motor networks 

have been explored in a number of invertebrate model sytems, as previously described in 

the introduction to this chapter. In early 5th instar Manduca sexta larvae, intracellular 

recordings from the cell body of the mesothoracic 1a leg motoneuron during pilocarpine-

induced rhythmic activity revealed a synaptic component to the bursting activity. This 

synaptic component was in the form of EPSPs and IPSPs which likely lead to burst onset 

and termination, respectively (Johnston and Levine, 1996b). Hyperpolarization of the 

motoneuron did not affect the frequency of the bursting activity in the motoneuron nor in 

the mesothoracic 2a nerve (Fig. 4B&C, Johnston and Levine, 1996b). There was no 

differences in the cycle periods of the bursting activity in the motoneuron at different 

membrane potentials (Johnston and Levine, 1996b). These results suggested that the 

bursting activity in these motoneurons was shaped in part by periodic synaptic drive.   

 

Similarly, the rhythmic activity of intersegmental muscle motoneurons (ISM 

MNs) in the abdominal ganglia during fictive crawling may be shaped in part by synaptic 

drive, or by plateau-like properties intrinsic to these neurons. The goal of the following 

experiments was to investigate the mechanisms underlying pilocarpine-induced bursting 

activity in these motoneurons.  
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Isolated nerve cords (SEG-AT ganglia) were removed from early 5th instar larvae 

and bath-applied with 1mM of pilocarpine (dissolved in Weeks saline) to induce fictive  

crawling features. Individual ISM MNs were impaled in the second abdominal ganglion 

using sharp microelectrodes. Bursting activity was recorded in individual motoneurons 

while recording simultaneously from the A3DNp nerve, which represented the motor 

output of these neurons. As shown in Fig. 5.71A, the bursting activity in the ISM MN 

correlated with the extracellular activity in the A3DNp nerve. As shown in Fig. 5.72, the 

synaptic input in the form of excitatory postsynaptic potentials (EPSPs) lead to a barrage  

of action potentials in the ISM MN. The mean cycle period, representing 10 consecutive 

cycles of bursting activity (measurements were made from the burst to burst midpoint), 

for this motoneuron was 22.18±1.98 seconds and for the A3DNp nerve, 21.60 ±1.73 

seconds. There was no significant difference between the motoneuron and the DNp nerve 

cycle periods (2-tailed student t-test).  

 

To determine whether there was a synaptic or plateau-like component to the ISM 

MN bursting activity, the motoneuron was injected with increasing magnitudes of 

hyperpolarizing current. The motoneuron was hyperpolarized from rest  (Fig. 5.71A) to a 

membrane potential of –80mV (Fig. 5.71B) and then to –100mV (Fig. 5.71C). The 

frequency (i.e. periodicity) of the bursting activity in the motoneuron and the DNp nerve 

did not significantly change between the two membrane potentials (student t-test for 

correlated samples). The mean cycle period (representing 10 consecutive cycles of  
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activity) at –80mV was 23.23±2.97 seconds (ISM MN) and 23.68±2.83 seconds 

(A3DNp). At –100mV, the mean cycle period for the ISM MN was 21.58±1.76 seconds  

and for the A3DNp nerve, 21.55±1.77 seconds. There was no significant difference 

between the cycle periods for the motoneuron versus the DNp nerve at either membrane 

potential (2-tailed student t-test). These results implied that the frequency of the 

oscillations in membrane potential and bursting activity in the ISM MN and the A3DNp 

nerve were not altered with increasing amounts of hyperpolarization.  

 

A closer examination of the membrane potential oscillations at these two different 

membrane potentials is shown in Figs. 5.73-5.74. When the motoneuron was 

hyperpolarized from –80mV (Fig. 5.73) to –100mV (Fig. 5.74), there was an increase in 

the amplitude of the membrane potential oscillations for these three consecutive cycles 

(~10mv to ~20mv), which reflected an effect of synaptic drive on the motoneuron (refer 

to discussion section).  
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Fig. 5.71: Pilocarpine-Induced Bursting Activity in ISM MN 
and A3DNp Nerve, Spontaneous Activity and Activity at 
Hyperpolarized Membrane Potentials –80mV and –100mV 

 
Fig. 5.71: An isolated nerve cord from an early 5th instar larva was 
exposed to pilocarpine, and intracellular recordings were taken from an 
intersegmental muscle motoneuron in abdominal ganglion two (A2) and an 
extracellular recording from the DNp nerve of the third abdominal 
ganglion (A3). All three traces, A, B, and C showed bursting activity 
in the motoneuron which occurred in conjunction with the bursting in 
the A3DNp nerve. There was no difference in the frequency of the 
bursting activity in the ISM MN and the DNp nerve upon 
hyperpolarization of the motoneuron’s membrane potential from –80mV (B) 
to –100mV (C).  
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Fig. 5.72: Closeup View From Fig. 5.71A of ISM MN Burst and 
DNp Nerve & EPSPs Prior to Firing 
 
 

 
 
 
 
Fig. 5.72: The top trace represents an expanded view of the boxed 
region selected in Fig. 5.71A. In response to pilocarpine, the 
motoneuron fired a barrage of action potentials which occurred in 
conjunction with bursting activity in the DNp nerve. As shown in the 
bottom trace, excitatory postsynaptic potentials (EPSPs) lead to the 
onset of this firing.  
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Fig. 5.73: Contribution of Synaptic Drive: ISM MN Membrane 
Potential Hyperpolarized to –80mV 

 
 
Fig. 5.74: Contribution of Synaptic Drive: ISM MN Membrane 
Potential Hyperpolarized to –100mV 
 

 
Figs. 5.73&5.74: When the membrane potential was hyperpolarized from  
–80mV to –100mV in the ISM MN, there was an increase in the amplitude 
of the membrane potential oscillations for these three cycles of 
activity. The inset windows show an expanded view of an individual 
motoneuron burst that reveals these changes. 
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A comparison of fictive crawling motor output in wanderers vs. early 5th instar larvae: 
 
 As previously described, wandering animals exhibited intense crawling and 

burrowing locomotor movements whereas earlier larvae, although capable of crawling, 

showed a low level of locomotor activity (Dominick and Truman, 1986a). This activity 

was regulated by inhibition from the brain in the intact animal and in the isolated nerve 

cord preparation, as described earlier in this dissertation chapter. These differences in the 

level of activity were also reflected in the isolated nerve cord. Nerve cords removed from 

wandering larvae showed fictive crawling and burrowing activity whereas nerve cords 

not exposed to the commitment pulse of 20E in vivo did not (Chapter 2). This fictive 

crawling and burrowing activity was also shown to be induced by exogenous 

administration of 20E  (Chapter 2). The steroid hormone 20E was responsible for these 

stage-dependent differences in the expression and level of locomotor activity.  

 

 As described earlier in this chapter, pilocarpine induced  reliable fictive crawling 

in abdominal ganglia in nerve cords from both stages, in the presence or absence of 

descending connections including from the brain. Pilocarpine appeared to activate the 

segmental motor circuits directly, bypassing higher centers. Given the evidence for stage-

dependent differences in locomotor activity mediated by 20E, pilocarpine-induced fictive 

crawling motor output might differ. Differences in pilocarpine-induced motor output 

would be evidence for alterations in the CPG circuitry between the two stages.  
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In comparison to nerve cords from early 5th instar larvae, nerve cords from  

isolated nerve cords from wandering larvae also produced robust fictive crawling in 

response to pilocarpine, features of which included the peristaltic pattern of nerve 

bursting (see Figs. 5.1&5.5). To investigate possible stage-dependent differences in 

fictive motor output, mean values for cycle period, burst duration, and normalized burst 

duration were compared between early 5th instar larvae and wanderers in entire nerve 

cords (brain through terminal ganglion) or in nerve cords in which the brain was removed  

(subesophageal through terminal ganglion). Table 5.5 lists these values. Three different 

statistical analyses were performed to compare each parameter between the two stages. 

These analyses included a two-tailed student t-test and one-way analysis of variance 

(ANOVA). 

 

 There was no significant difference in cycle period between the two stages nor the 

two conditions, brain intact versus removed (2-tailed student t-test; one-way ANOVA 

with brain, F=2.5; without brain F=0.029). No significant differences were observed for 

burst duration at the p<.05 level. For mean normalized duration, there was a significant 

difference between stages with the brain intact (2-tailed student t-test, t=2.1, df=16, 

p<.05; one-way ANOVA with brain, F=4.3), but unlikely to be with the brain removed 

(2-tailed student t-test, p<.08; one-way ANOVA without brain, F=3.3). The low F-values 

from the ANOVA analysis implied that there were unlikely to be significant differences 

between stages. Based upon these statistical analyses, there were unlikely to be  
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differences in fictive crawling motor output between wanderers and early 5th instar larval 

nerve cords, but more investigations in this area are needed (see discussion section).  
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Table 5.5: Comparison of Fictive Crawling Between Wanderers 
and Early 5th Instar Larvae in the Presence and Absence of 
the Brain 

 
 
Table 5.5: Mean values ±standard error are listed for pilocarpine-
induced fictive crawling in nerve cords taken from wandering or early 5th 
instar larvae. Fictive crawling features were compared between the two 
stages for the entire nerve cord and following brain removal. 
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Wanderers vs. 5th: no differences in the threshold for activation of fictive crawling: 
 
 As previously described, wandering animals exhibited a high level of locomotor 

activity whereas early 5th instar larvae showed a low level of tonic motor activity. These 

stage-dependent differences were also seen in isolated nerve cords due to 20E exposure. 

Given these differences mediated by 20E, it was hypothesized that the segmental 

crawling CPG circuits in wanderers may have a heightened sensitivity to pilocarpine and 

be capable of generating fictive crawling at a lower dose compared to early 5th instar 

larvae. 

 

 Previous results indicated that fictive crawling features could not be induced at 

0.1mM of pilocarpine in isolated nerve cords from early 5th instar larvae, but fictive 

crawling features were induced at 0.4mM of pilocarpine (Johnston and Levine, 1996b).  

Given these findings, the ability of pilocarpine doses between 0.2mM – 0.4mM to induce 

fictive crawling features were tested on isolated nerve cords taken from wanderers and 

early 5th instar larvae to investigate possible stage-dependent differences in the threshold 

for activation of the motor pattern. 

 

 Four isolated nerve cords, which consisted of the subesophageal through terminal 

abdominal ganglion, were removed from both stages, and different doses of pilocarpine 

were applied to each nerve cord with washing out in-between doses so that the nerve cord 

returned to a baseline level of nerve activity. Two wanderer nerve cords were initially  
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treated with 0.2mM of pilocarpine. In these two wanderer nerve cords, no fictive 

crawling features were observed within 50 minutes of application. These same nerve 

cords were then treated with 0.3mM of pilocarpine, and at this dose, fictive crawling 

features were seen by 50 minutes of application. However, at this concentration, the 

crawling cycle frequency was slow and irregular with bursting that was not always well-

coordinated across the segments, compared to motor output seen with 1mM of 

pilocarpine treatment (Figs. 5.1& 5.5). Two other wanderer nerve cords were initially  

treated with 0.3mM of pilocarpine, but this dose failed to induce any fictive crawling. In 

one of these two nerve cords, a dose of 0.4mM was sufficient to activate slow and 

irregular fictive crawling at 50 minutes of application, but this dose was not sufficient to 

activate fictive crawling features in the other nerve cord. Thus, in nerve cords from 

wandering larvae, only 75% responded to pilocarpine. A dose of 0.2mM pilocarpine did 

not induce fictive crawling, and doses of 0.3mM or 0.4mM induced fictive crawling in 

some but not all preparations.   

 

 In four isolated nerve cords removed from early 5th instar larvae, a dose of 0.3mM 

pilocarpine was not sufficient to activate fictive crawling features in three out of four 

preparations. One preparation showed fictive crawling features at 0.3mM of pilocarpine 

treatment, but like the nerve cords of wandering larvae, the crawling was of a slow 

frequency. In all four isolated nerve cords, fictive crawling features were induced at 

0.4mM of pilocarpine treatment although crawling was of a slow frequency and motor  
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bursts were of a long duration, compared to the motor output produced in response to 

1mM of pilocarpine treatment (Johnston and Levine, 1996b; Miller, Chapter 5).  These 

results indicated that there was not a difference in the threshold of activation of 

pilocarpine-induced fictive crawling between isolated nerve cords taken from wandering 

versus early 5th instar larvae.  
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5.4 DISCUSSION 
 
 

I. Organization of the Manduca larval crawling circuitry and regulation by 
higher centers: 

 
The results in this chapter highlight the role played by different components of the 

Manduca locomotor circuits in the generation, maintenance, and control of fictive 

crawling motor output in nerve cords from early 5th instar and wandering larvae.  

Furthermore, there are unlikely to be stage-dependent alterations in the CPG motor 

circuits for crawling. 

 

a. Abdominal segments still maintained fictive crawling motor output in the 
absence of descending and ascending inputs:  

Pilocarpine-induced fictive crawling in an isolated Manduca wanderer larval nerve cord 

preparation consisting of the subesophageal through terminal abdominal ganglion had a 

characteristic pattern of nerve activity. This patterned activity consisted of a peristaltic 

wave of nerve bursting with posterior segments leading anterior segments, and within a 

segment, asynchronous dorsal-ventral nerve activity (Johnston and Levine, 1996b; Miller, 

Chapter 5). Intersegmental frequency coupling among the abdominal nerves was a feature 

of this coordinated motor pattern. These features were preserved when descending and 

ascending connections were cut to the abdominal ganglia during on-going fictive 

crawling. Reduced preparations were still able to show intersegmental  

frequency coupling among the abdominal nerves, with low variations in cycle period over 

several cycles of activity. 
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c. Descending inputs did influence certain aspects of motor output: 

 
However, severing of connections between the first and second abdominal ganglia 

affected certain quantitative aspects of the on-going motor output. The removal of 

descending input from the SEG, thoracic, and A1 ganglia affected certain motor 

parameters which depended upon the extent of nerve cord removed. When these portions 

were removed and the chain of A2-AT ganglia was left, motor bursts took up a smaller 

percentage of the cycle and the phase delay between segments was reduced. When a 

different preparation was reduced to just two abdominal ganglia, the cycle period became  

 

shorter, the motor bursts were of shorter duration and comprised a larger percentage of 

the cycle period, and the phase delay between segments was longer. As previously 

described, the presence or removal of the brain during pilocarpine-induced fictive 

crawling in wanderer isolated nerve cords had no effect on any of these parameters.   

 
c. Evidence for abdominal segmental CPGs for crawling: 

 
 The removal of an isolated chain of abdominal ganglia (A2-A6, A2-AT) and 

treatment with pilocarpine was sufficient to induce reliable fictive crawling. An analysis 

of fictive crawling motor output in these preparations showed that the motor output was 

similar to nerve cord preparations which included the SEG, thoracic, and A1 ganglia. 

Furthermore, these nerve cords showed intersegmental frequency coupling; thus 

mechanisms underlying intersegmental coordination were intact. These results provide  
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evidence for the existence of segmental CPG circuits. In the absence of descending 

influences, CPG circuits were capable of regulating the periodicity and burst duration of  

nerves in individual abdominal segments, and coordinating the activity across abdominal 

segments.  

 
 d. Importance of intact connections between ganglia: 
 
 Both types of experiments discussed in sections a,b,c also revealed the importance 

of intact connections between several abdominal segments. An isolated preparation of  

two abdominal ganglia from an early 5th instar larva produced features of the motor 

pattern, including coupling between the DNL and DNp nerve of the same abdominal  

ganglia, but the cycle periods and burst durations of the nerves were much longer 

compared to a connected chain of four or five abdominal ganglia (A2-A6, A2-AT). In 

these studies, pilocarpine treatment was unable to elicit a fictive crawling response in two 

abdominal ganglia from three different wanderer preparations or in two other early 5th 

instar preparations. However, the addition of two other ganglia, resulting in a chain of 

four ganglia, showed fictive crawling. Intact connections between several abdominal 

segments appeared to be necessary in order to maintain appropriate intrasegmental and 

intersegmental cycle period, burst duration, and phase relationships. These results in 

Manduca are in agreement with studies in crayfish and locusts (Chrachri and Clarac, 

1990; Ryckebusch and Laurent, 1993).  
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e. The absence of the terminal ganglion did not affect the generation of the fictive 
crawling motor pattern: 

 
In Manduca pre-ecdysis behavior, a pair of interneurons in the terminal 

abdominal ganglion coordinate and maintain the pre-ecdysis compression motor pattern  

by making monosynaptic excitatory connections with pre-ecdysis abdominal 

motoneurons (Novicki and Weeks, 1993&1995). In Manduca crawling behavior, a 

crawling cycle begins with the terminal segment, but the source of the signal to initiate 

crawling is not known.  The signal may come from interneurons in the terminal segment. 

These interneurons may also be part of the CPG circuit. However, the absence of the 

terminal ganglion in the current study did not affect the ability of other abdominal ganglia 

(A2-A6) to generate fictive crawling nor were parameters of cycle period, burst duration,  

normalized duration, and phase value affected. It is possible, however, that in the intact 

animal, the initiation of crawling behavior in the terminal segment relies upon descending 

signals from the brain and/or subesophageal ganglion to the CPG network. In the leech,  

the decision to swim or crawl is initiated by neurons in the head ganglia which integrate 

sensory information about the environment (Esch, Mesce, and Kristan, 2002).   

 

f. Brain inhibition over fictive crawling in early 5th instar animals: 

 Although a reduced preparation of abdominal ganglia was able to produce and 

maintain fictive crawling, the brain provided inhibition over the segmental crawling 

circuitry. As presented, removal of the brain in isolated larval nerve cords from early 5th 

instar larvae during pilocarpine-induced fictive crawling significantly increased the  
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frequency of the fictive crawling rhythm and decreased the abdominal motor burst 

duration.  Removal of the brain during pilocarpine-induced fictive crawling had no effect 

on the phase value nor the proportion that the motor burst comprised of the cycle period  

(normalized duration). It was expected, based on earlier experiments, that the brain would 

not play a major role in regulating these parameters. Earlier evidence from this current  

chapter indicated that the abdominal segmental CPG circuits controlled the timing of the 

motor bursts and intersegmental phase delays in fictive crawling.  

 
Furthermore, intersegmental frequency coupling among the abdominal nerves was 

generally maintained upon brain removal, although in a few examples, the segments did  

not always co-vary over all cycles of activity. Some of the animals in this group showed 

little fluctuations in cycle period over contiguous cycles of activity when the brain was 

intact, but upon brain removal, there were large variations in cycle period. The source of 

these variations was unknown, and only for one preparation did changes in burst duration 

influence these cycle period variations. The addition of more preparations to this group 

would provide more information about the source of variability in cycle periods.  Given 

the brain’s role in regulating cycle period in isolated nerve cords, it may also be 

responsible for regulating changes in crawling cycle frequency from one bout of crawling 

to the next in intact early 5th instar larvae.  

  

This inhibitory role of the brain over the fictive crawling motor program in early 

5th instar larvae supports evidence from Dominick and Truman’s studies (1986a&b). In  
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their studies, removal of the brain from early 5th instar larvae in vivo causes larvae to 

show tonic slow crawling (1986a&b). Furthermore, removal of the brain from isolated 

nerve cords taken from early 5th instar larvae causes an increase in the level of  

spontaneous nerve activity (1986b). Except for this dissertation study, 

electrophysiological evidence for brain inhibition over fictive locomotion is scant in the 

invertebrate literature.  Insect work has characterized the role of descending brain 

interneurons in the initiation of stridulation, walking, and flight behaviors (reviewed in: 

Heinrich, 2002), but not their precise role in regulating the locomotor cycle frequency, 

burst duration, nor coordination of the behavior. Populations of neurons associated with  

the mushroom bodies in cockroaches are active during motor behavior (Mizunami et al., 

1998; Okada, Ikeda, and Mizunami, 1999), but their regulatory function is unknown. 

There is some behavioral evidence that the mushroom bodies and central complex 

structures in the brain exert inhibition and control over bouts of locomotor activity, 

respectively, in adult Drosophila, but no electrophysiological evidence is available. 

 

In vertebrates, there is more electrophysiological evidence characterizing brain 

inhibitory regulation over fictive locomotion. In the lamprey, the brainstem slows down 

the frequency of the fictive swimming rhythm (Vinay and Grillner, 1993). As described 

in Chapter 1, the nature of the interactions between the brainstem and the spinal cord are 

still being investigated. Thus, the strength of the Manduca larval preparation and the 

results of the current study lies in the ability to further explore the descending influence  
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of the brain over the segmental crawling circuitry and the nature of the interactions 

between the brain and segmental CPG circuits.  

 

To further investigate the nature of the brain’s inhibitory influence over fictive 

crawling in early 5th instar larvae, it is necessary to identify the region of the brain which  

is responsible for providing inhibition. Dominick and Truman (1986b) suggested that the 

mushroom bodies are a source of inhibition. These mushroom bodies could be ablated in 

consultation with several experts (including N. Strausfeld and L. Restifo), during 

pilocarpine-induced fictive crawling and the effects on motor output measured.   

Ablations of other portions of the brain could also be done.  

 

Following localization of inhibition to a region of the brain, backfills with dextran 

rhodamine of the circumesophageal connectives could be done to identify interneurons 

which send descending axons down to the SEG and other ganglia. Selected interneurons 

could be impaled and recorded during pilocarpine-induced activity in the abdominal 

nerves to determine whether driving these interneurons with current affects the frequency 

of fictive crawling. In addition, copper wire electrodes as developed in the cockroach 

preparation (Mizunami et al., 1998; Okada, Ikeda, and Mizunami, 1999) could be used to 

try to record from populations of interneurons in the selected region and look at effects 

on patterned motor output in the abdominal segments.  
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g. Brain was not inhibitory during fictive crawling in wandering animals: 

 
 In nerve cords isolated from wandering larvae, removal of the brain during 

pilocarpine-induced fictive crawling had no effect on the cycle period, burst duration, 

normalized duration, nor phase value in the abdominal nerves. The brain, formerly  

inhibitory in early 5th instar larvae, was no longer providing inhibition, but whether it 

was providing excitatory drive to abdominal locomotor circuits was unclear. In general, 

removal of the brain did not affect the intersegmental frequency coupling among the 

abdominal segments. The presence nor absence of the brain did not appear to affect the 

preparations (half of the group) which showed large fluctuations in cycle period across  

consecutive cycles of activity. Changes in burst duration or latency may be responsible 

for variability in cycle period for some, but not all of these preparations.  

 

Dominick and Truman’s in vivo results suggested that the brain was necessary for 

driving wandering behavior because removal of the brain during crawling resulted in a 

cessation of locomotion (1986b). They hypothesized that an inhibitory center in the brain 

was disinhibited during wandering due to the actions of the steroid hormone 20E.  

However, the results in this dissertation chapter showed that pilocarpine can bypass the 

brain, SEG, and thoracic ganglia and activate fictive crawling directly in the isolated 

abdominal segments of a wandering larva. Thus, pilocarpine may mimic the effect of the 

brain.  

 

 



 

351
 

The true nature of the role played by the brain in driving 20E-induced wandering 

locomotion is unknown. Future experiments require an investigation of the brain’s role 

during 20E-induced fictive wandering locomotion. Entire isolated nerve cords (brain 

intact) would be treated with 20E overnight (refer to Chapter 2), followed by recording of  

patterned activity.  During on-going patterned activity, the brain would be removed to 

determine whether activity is maintained in its absence. A second level of analyses would 

involve looking at the effect of brain removal on the motor pattern parameters. 

Furthermore, it would be necessary to identify and characterize the function of specific 

descending brain neurons which drive wandering behavior (see Chapter 4).  

 
 
h. Bursting activity in ISM MNs was unlikely to be driven by intrinsic plateau-like 
properties but by synaptic input: 

 
 Pilocarpine-induced bursting activity in the ISM motoneurons was unlikely to be 

driven by intrinsic plateau-like properties in these motoneurons. If these motoneurons 

were driven by intrinsic membrane properties, they would have exhibited voltage-

dependent changes in the frequency of the rhythmic bursting activity. The injection of 

increasing amounts of hyperpolarizing current would have reduced the frequency of 

rhythmic bursting. Instead, as demonstrated through intracellular recordings from these  

motoneurons, the frequency of the bursting activity did not change at more 

hyperpolarized membrane potentials.  
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This rhythmic bursting in the motoneuron appeared to be shaped, in part, by 

excitatory synaptic drive. Excitatory postsynaptic potentials (EPSPs) were seen as 

depolarizing waves in membrane potentials which lead to the onset of spike firing, and in 

some cases, hyperpolarization of the cell membrane from –80mV to –100mV caused an 

increase in the amplitude of these oscillations. Because of the significant electrotonic  

distance between the cell body and the synaptic sites in the dendrites, current injection 

into the cell body will affect the membrane potential of the synaptic sites to an unknown 

extent. Therefore, although there was clearly an effect on motoneuron bursting due to 

synaptic drive, it was difficult to predict how this hyperpolarizing current injection 

affected the size of the postsynaptic potentials. 

 

These results are in agreement with Johnston and Levine (1996b). Bursting 

activity in thoracic leg motoneurons during pilocarpine-induced fictive crawling is driven 

by a combination of excitatory and periodic inhibitory synaptic drive, with inhibition 

during periods of non-spiking in the motoneuron. Given the similarities in the 

organization of the Manduca, crayfish, and leech systems, there are likely to be segment-

specific CPG interneurons which provide drive to the intersegmental muscle 

motoneurons (ISM MNs). There are identified interneurons in the abdominal ganglia that 

provide synaptic drive to proleg motoneurons and compression motoneurons active in 

pre-ecdysis behavior in Manduca (Sandstrom and Weeks, 1991; Novicki and Weeks, 

1995). Synaptic drive also shapes bursting activity in motoneurons of the stomatogastric  
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and leech heartbeat circuits, as previously described (stomatogastric: Russell and 

Hartline, 1984; Elson and Selverston, 1992; leech heartbeat: reviewed in, Calabrese and 

Arbas, 1989). Future investigations would involve identifying the location and 

characterizing the function of segmental interneurons which provide drive to the ISM 

MNs during pilocarpine-induced fictive crawling and may be part of the CPG circuit. 

 

In a Manduca isolated larval nerve cord preparation, the identification of 

interneurons which provide synaptic drive to the ISM MNs could be determined through 

immunocytochemical and electrophysiological methods. First, the location of 

interganglionic interneurons would be identified through dextran rhodamine backfills of 

the connectives between individual abdominal ganglia. Neurons which incorporate  

dextran rhodamine label would be those which send axons interganglionically. Next, 

individual interneurons and ISM MNs would be impaled simultaneously (i.e. paired 

intracellular recordings). If the interneuron is providing drive to the ISM MN, then each 

action potential in the interneuron should correlate 1:1 with the EPSPs in the motoneuron. 

Furthermore, injection of depolarizing current into the interneuron should elicit action 

potentials in the interneuron and a sustained depolarization in the motoneuron in response 

to the stimulus. Following the characterization of physiological activity, intracellular 

injection of dextran rhodamine into these interneurons would show whether there are 

potential direct connections with motoneurons. 
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i.Comparison to other invertebrate systems: 

The organization of segmental pattern generating circuits for crawling are likely 

to be similar to the organization and operation of swimming motor circuits in the crayfish 

and leech models. In each crayfish abdominal ganglion, there are two hemisegmental 

pattern generating modules, each of which control one swimmeret (Murchison, Chrachri, 

and Mulloney, 1993). Each module consists of four local non-spiking commissural 

interneurons, two of which depolarize during the return stroke phase of the cycle and the  

other two depolarize during the power-stroke phase (Paul and Mulloney, 1985a&b). It is 

thought that these interneurons are connected through reciprocal inhibition and drive 

alternating bursts of impulses in its own set of power-stroke and return-stroke 

motoneurons and intersegmental coordinating interneurons (reviewed in: Hill, Masino,  

and Calabrese, 2003). There are three types of coordinating interneurons in each 

hemisegment, two of which project in the ascending direction and one interneuron which  

projects in the descending direction. These affect the timing of motor output in their 

target ganglia where they make synapses with the local commissural interneurons 

(Namba and Mulloney, 1999; Mulloney and Hall, 2003).  

 

In the leech swim network, within a single ganglion, there are two bilaterally 

symmetric hemisegmental circuits which oscillate synchronously. Each hemisegmental 

circuit consists of inhibitory synapses between oscillatory interneurons which synapse on 

motoneurons (review, Hill, Masino, and Calabrese, 2003). These segmental circuits are 

coupled by ascending and descending projections of oscillator interneurons which  
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synapse in their own ganglion and on oscillator interneurons in other ganglia.  Forward 

swimming is coordinated through the asymmetries in coupling between segmental 

oscillators (Cang and Friesen, 2002). 

 

The importance of connections between abdominal ganglia in Manduca for the 

appropriate regulation of phase lag, periodicity, and burst duration are reflected in  

vertebrate systems as well, such as the lamprey. In the lamprey spinal cord, mechanisms 

underlying intersegmental coordination in fictive swimming rely upon connections made 

by propriospinal interneurons (Miller and Sigvardt, 2000). An investigation of 

multisegmental coupling through synaptic blockade of middle segments using a low  

calcium, high magnesium solution reveals that rostrocaudal phase lag and cycle 

frequency decrease with increasing blockade of these middle segments (Miller and 

Sigvardt, 2000).  

  
j. Proposed model for the organization and regulation of the fictive crawling 
circuitry in wandering larvae: 

 
The model depicted in Fig. 5.75 represents the organization and function of 

components in the generation and control of pilocarpine-induced fictive crawling in the 

abdominal segments for a wandering larva. This model is derived from all of the  

available evidence and similar organizations in other invertebrate systems. In this 

working model, the components of the circuitry underlying crawling consist of the brain,  
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subesophageal ganglion (SEG), coordinating interneurons, unidentified central pattern 

generating interneurons (CPGs), and abdominal intersegmental motoneurons (ISM MNs). 

 

In early 5th instar larvae, the brain sends tonic inhibitory drive to local CPG 

circuits (unidentified interneurons) in each abdominal segment (A1-AT), to control the 

frequency of the crawling and in part, the duration of the motor bursts (through 

interactions with the CPG neurons). In wandering larvae, the brain does not exert this  

inhibition and its role is unknown, although previous work has postulated that the brain 

provides excitatory drive to locomotor circuits (Dominick and Truman, 1986a&b). Based 

upon the results from this chapter, the SEG and thoracic ganglia can influence the phase 

delay between abdominal segments either through direct contacts with the CPG  

interneurons and/or the coordinating interneurons. There are likely to be coordinating 

interneurons which integrate information between ganglia concerning the periodicity and 

burst duration, and serve to maintain the appropriate delays between segments. These 

coordinating interneurons would synapse on local segmental CPG interneurons to 

regulate the timing of bursts in that particular segment with respect to the adjacent 

segment. As the wave of muscle contraction moves through the larva, coordinating 

interneurons would control the local interneurons’ drive to the motoneurons, with 

excitation required for the posterior segment’s muscle contraction, followed by inhibition 

as the wave reaches the next anterior ganglion. In this model, local segmental non-

spiking interneurons would be the source of excitatory and inhibitory synaptic drive to  
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the ISM MNs within that ganglion. The asynchronous recruitment of dorsal versus 

ventral ISM MNs may occur through reciprocal inhibitory interactions mediated by these 

interneurons. Within a segment, ISM MNs send their output through both left and right 

branches of the dorsal nerve in the next posterior ganglion (not shown). There is 

synchronous left-right activity of motoneurons within each ganglion so the CPG must 

send the same input to both hemisegments.  
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Fig. 5.75: Organization of Fictive Crawling in Wandering 
Larvae  

      
         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 5.75: Hypothetical model of the fictive crawling circuit in Manduca 
wandering larvae. In early 5th instar larvae, the brain sends tonic 
inhibitory drive to the CPG circuits for crawling in each abdominal 
segment to regulate the frequency and potentially the duration of the 
motor bursts. The role of the brain in wandering behavior is unknown 
(?), but it is not inhibitory. The SEG and thoracic ganglia (SEG&TG) 
assist in the regulation of the phase delay, likely through the CPG 
network. The CPG circuits also have segmental coordinating interneurons 
which have axons in adjacent segments (and potentially throughout the 
abdominal segments) to integrate information from other ganglia to 
maintain intersegmental coordination. Each segmental CPG sends a 
combination of excitatory (plus sign) and inhibitory (minus sign) input 
to intersegmental muscle motoneurons within the same ganglion.  The 
output of these MNs goes out bilaterally to the lateral (DNL) or 
posterior (DNp) branches of the dorsal nerve in the next posterior 
ganglion. These nerves innervate body wall muscles for crawling.  
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k. Pathways for 20E versus pilocarpine activation of fictive crawling: 
 
Based upon the results in Chapters 2, 4, and 5, pilocarpine and 20E are likely to 

activate fictive crawling through different pathways as supported by the following 

evidence: Pilocarpine versus 20E treatment induced significant differences in fictive 

crawling motor output (Table 2.4). 20E-treated nerve cords had a much slower crawling 

cycle period compared to the pilocarpine-treated nerve cords, a difference of ~90 versus 

18 seconds. Furthermore, 20E-induced DNp motor bursts were of a shorter duration 

(5.6±0.30 vs.9.9±0.39), took up a smaller proportion of the cycle period (0.08± 0.01vs. 

0.59±0.05), and had a smaller phase value (the delay between segments: 0.04±0.01 vs. 

0.18 ±0.06). The 20E-treated preparations showed variability in cycle period which was 

due to the presence of long quiet periods at the end of each cycle of activity. In contrast, 

the pilocarpine-treated preparations did not show quiet periods. Furthermore, as discussed 

in Chapter 5, pilocarpine can activate fictive crawling in an isolated chain of abdominal 

ganglia whereas 20E cannot (see Chapter 4). These differences imply that 20E and 

pilocarpine have different sites of action.  

 

As shown in the proposed model, Fig. 5.76, 20E acts on the brain to send 

excitatory drive to the segmental CPG circuits. This is supported by the Dominick and 

Truman findings, the high expression of ecdysteroid receptors in the brains of wandering  
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larvae compared to earlier stages (see Chapter 4; Dominick and Truman, 1986b; 

Fahrbach and Truman, 1989, Bidmon et al., 1991, Bidmon, Stumpf, and Granger, 1991;  

Fahrbach, 1992), and the lack of stage-dependent alterations in the CPG circuits (see 

section II). By contrast, pilocarpine acts directly on the abdominal segmental crawling 

circuits to activate fictive crawling. Pilocarpine would act either on CPG interneurons or 

the abdominal motoneurons directly. Pilocarpine induces bursting activity in the ISM 

MNs during fictive crawling, and this bursting activity is likely to be driven in part by 

synaptic drive which could be from CPG interneurons (see Chapter 5). Pilocarpine could 

also act directly on these motoneurons to alter their activity, given evidence that  

muscarinic agonists act directly on principal plantar retractor motoneurons in the 

abdominal proleg circuit, to lower their spike threshold (Trimmer and Weeks, 1989).  

 

To test whether pilocarpine acts directly on these motoneurons, experiments 

would be done in which pilocarpine is either bath-applied to the isolated larval nerve cord 

or ionophoretically applied to an individual ISM MN while recording intracellularly from 

the cell body. Recordings would be taken prior to and during the condition in which 

synaptic transmission to the ISM MN is blocked with zero calcium and high magnesium. 

The ability of the motoneuron to produce bursts of activity in the absence of synaptic 

input would imply that pilocarpine acts directly on ionic currents in the motoneuron. If 

pilocarpine acts on ionic currents in these motoneurons, then voltage-clamp methods and 

channel blockers would be used to assess the effect of pilocarpine on individual currents. 
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This model also reflects the possibility that the brain may exert its effect on the 

CPG circuits via muscarinic receptors (mAChRs). Acetylcholine has been identified in 

certain adult brain neurons of locusts and grasshoppers associated with the motor regions, 

namely the mushroom bodies and central complex (Heinrich, Wenzel, and Elsner, 2001; 

reviewed in: Homberg, 2002). The mechanisms by which 20E and muscarinic receptors 

interact in Manduca sexta wandering larvae are unknown. Based upon the vertebrate 

literature, there may be non-genomic mechanisms involving interactions between G-

protein signaling pathways (Ábrahám et al., 2003; Gu and Moss, 1996&1998; reviewed 

in: Kelly and Wagner, 1999; Kelly, Qiu, and Ronnekleiv, 2003) and/or genomic 

mechanisms in which the level of muscarinic receptor expression is regulated by 20E (see 

Chapter 1, 1.8). For example, there are glucocorticoid effects on muscarinic receptor 

expression in mammalian airways (Emala, Clancy, and Hirshman, 1997; Scherrer et al., 

1997; Jacoby et al., 2001).  
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Fig. 5.76: Proposed Model For Activation of Fictive Crawling 
by 20E and Pilocarpine 

 
         

         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
         
 

      
         

Fig. 5.76: In this model, 20E acts on the brain to send excitation to 
the abdominal segmental crawling circuits (comprised of the CPG 
interneurons and ISM MNs) to activate fictive crawling whereas 
pilocarpine acts directly on these abdominal circuits to turn on fictive 
crawling. Pilocarpine could act on the CPG interneurons or the abdominal 
motoneurons. The brain may turn on fictive crawling through a 
muscarinic-dependent pathway involving muscarinic acetylcholine 
receptors (mAChRs).  
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II. Further investigation of stage-dependent differences in fictive motor output: 
 

Previous evidence characterized differences in the level of locomotor activity in 

intact wanderers versus early 5th instar (Dominick and Truman, 1986a; Johnston and 

Levine, 1996a). Wanderers exhibited a significantly faster crawling cycle frequency 

compared to earlier 5th instar larvae, which received inhibition by the brain (Johnston and 

Levine, 1996a; Dominick and Truman, 1986a). Isolated nerve cords from wandering 

larvae expressed fictive crawling and burrowing features, features not expressed in nerve 

cords taken prior to wandering (Chapter 2). Nerve cords from earlier 5th instar larvae 

exhibited a low level of patterned activity (Chapter 2). Thus, there were clearly stage-

dependent differences in motor output which were likely to be mediated by the steroid 

hormone 20E, and its specific effects on regions of the nervous system. 

 

Stage-dependent differences due to the presence of the brain were seen in a 

comparison of pilocarpine-induced fictive crawling. As described for the model in Fig. 

5.75, fictive crawling motor output was under inhibition by the brain in early 5th instar 

larvae. This inhibition was not present in nerve cords from wandering larvae.  This 

change in drive from the brain may be the only source of differences between these 

stages, and reflect 20E selective action on the brain only (see Chapter 4; Fig. 5.76). 

Pilocarpine, however, bypassed the brain and induced fictive crawling directly through 

the abdominal segmental CPG circuits (Chapter 5).   
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a. no differences were observed in fictive crawling motor output: 
 

Given these results, it was hypothesized that 20E would not alter the segmental 

CPG circuits between the two stages. This was confirmed by the examination of stage-

dependent differences in fictive crawling motor output using pilocarpine.  Nerve cords 

isolated from early 5th instar larvae and wanderering animals were capable of producing a 

reliable and well-coordinated fictive crawling motor pattern in response to 1mM of 

pilocarpine. A statistical comparison of fictive crawling motor output between isolated  

nerve cords from wandering versus early 5th instar larvae revealed that there were 

unlikely to be stage-dependent differences in the cycle period, burst duration, nor 

normalized duration (except for the brain intact condition). Yet this comparison was 

made using a low number of preparations in both stages. Additional experiments need to 

be done to strengthen the comparison between the stages.  These experiments would 

increase the number of animals quantified in each group and include a comparison of the 

phase value.  

 
b. no differences were observed in the threshold for activation: 
 

Although the fictive crawling motor output did not differ between the two stages, 

20E could have potentially lowered the threshold of activation of fictive crawling. The 

results from these experiments indicated no significant stage-dependent differences.  In 

nerve cords from both stages, a dose of 0.3-0.4mM was sufficient to activate fictive 

crawling features in some preparations but not all. Johnston and Levine (1996b) showed 

that increasing the concentration of pilocarpine increased the cycle period in a dose- 
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dependent manner, but 1mM of pilocarpine was the optimal dose to induce reliable 

fictive crawling. This dose appeared to also be the optimal dose to induce reliable fictive 

crawling in isolated nerve cords from wandering larvae. Thus, these preliminary results 

suggested that the stage-dependent differences observed in locomotor activity due to 20E 

action were not due to alterations in activity at the level of the segmental CPG circuits. 

As suggested by Dominick and Truman, 20E was more likely to act on the brain to 

modify the drive to segmental CPG circuits between stages.  

 

 

The results in this chapter have provided considerable insight into the role of the 

segmental CPG circuits and higher centers in the generation and control of fictive 

crawling and the pathways for the activation of the program. Furthermore, stage-

dependent differences in fictive crawling motor output due to 20E exposure are likely to 

affect higher centers rather than the abdominal segments.  
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CHAPTER 6. ACTIVATION OF FICTIVE BURROWING & EVIDENCE FOR 
COMPETING CRAWLING & BURROWING MOTOR PROGRAMS IN THE 
ISOLATED NERVOUS SYSTEM OF MANDUCA SEXTA 
 
 
6.1 INTRODUCTION 

 
 

In addition to the brain, the subesophageal ganglion (SEG) is potentially a higher 

center in the control of locomotion in Manduca. The SEG may provide descending 

excitatory drive to the segmental CPG circuits for crawling (Dominick and Truman, 

1986b), but this is still speculative. The ventral unpaired median neurons (VUMs) in the 

abdominal ganglia receive rhythmic synaptic drive from the SEG, and they are recruited 

rhythmically during pilocarpine-induced fictive crawling in the isolated larval nerve cord 

(Johnston et al., 1996c). Pilocarpine causes the appearance of excitatory postsynaptic 

potentials (EPSPs) in these neurons. The EPSPs are clustered in bursts that occur with 

each cycle of activity in the motor roots (Johnston et al., 1996c). These EPSPs lead to 

membrane depolarization of the VUM neurons and spiking. Removal of the SEG during 

fictive crawling causes the disappearance of these prominent EPSPs to the VUM neurons 

(Johnston et al, 1996c).  The SEG does not need to be directly exposed to pilocarpine for 

these effects (Johnston et al, 1996c). The function of these VUM neurons in the crawling 

circuitry, such as whether they are part of the CPG network, is not known.  
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The SEG is responsible for initiating fictive chewing motor patterns in both 

Manduca and locusts (Rohrbacher, 1994a&b; Bowdan and Wyse, 2000; Rast and  

Bräunig, 1997, 2001). The SEG contains two types of mandibular motoneurons, opener 

and closers, which send motor output through the mandibular nerves, nerves which 

innervate the mouthparts. In Manduca larvae, spontaneous fictive chewing-like activity in 

the form of alternating antiphasic rhythmic activity is seen in these opener and closer 

mandibular motoneurons and their mandibular nerves (Rohrbacher, 1994a; Bowdan and 

Wyse, 2000). These motoneurons receive direct excitatory and inhibitory input from 

spiking and non-spiking interneurons in the SEG (Rohrbacher, 1994b). This spontaneous  

activity, however, consists of slow and erratic bursts (Bowdan and Wyse, 2000). Bath 

application of neuromodulators, however, to isolated SEGs can induce reliable activation 

of fictive chewing.  

 

In isolated locust SEGs, bath application of pilocarpine induces rapid, regular 

alternating bursts of activity in mandibular opener and closer motoneurons, a pattern 

similar to that recorded from mandibular muscles in vivo (Rast and Bräunig, 1997. The 

fictive chewing frequency induced by pilocarpine is slower in isolated SEGs and more 

variable compared to intact animals, likely due to the lack of sensory input (Rast and 

Bräunig, 1997). The neuromodulator nitric oxide (NO) also induces the fictive chewing 

pattern in isolated locust SEGs, through activation of a soluble guanylyl cyclase/cGMP 

pathway, a pathway independent of muscarinic receptors (Rast, 2001). These results  
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indicate that the SEG can initiate the fictive chewing patterns in both Manduca and 

locusts, and is likely to be the site of the CPG networks for fictive chewing.  

 

In leeches, the SEG is involved in other motor behaviors, including initiating 

swimming and crawling behaviors. Several interneurons in the leech SEG can initiate and 

drive neurons in the crawling and swim networks. The neuron R3b1, when injected with 

depolarizing current, can induce a crawling-like motor pattern in semi-intact preparations 

and either crawling or swimming in isolated preparations (Esch, Mesce, and Kristan, 

2002). There is also a pair of bilaterally symmetrical interneurons, SE1, on the dorsal 

surface of the SEG whose axons extend the length of the ventral nerve cord. These SE1 

interneurons make monosynaptic excitatory connections with segmental swim-gating 

interneurons, swim oscillating interneurons, and segmental motoneurons which innervate 

dorsal longitudinal muscles (Brodfuehrer et al., 1995). There are two pathways from the 

SEG, one of which consists of interneurons which excite segmental swim-gating cells 

and oscillatory interneurons and the other pathway involves interneurons which terminate 

the on-going swimming activity (Brodfuehrer and Burns, 1995).  

 

Given this literature, the SEG could be responsible for providing descending input 

to the crawling circuit during Manduca wandering locomotion and initiating fictive 

chewing-like activity in response to pilocarpine application. Fictive chewing-like activity 

may be a component of burrowing behavior. The burrowing component of wandering  
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behavior involves synchronous dorsal-ventral body wall muscle contractions occurring in 

conjunction with movement of the mouthparts as the animal burrows and chews into the 

soil (Dominick and Truman, 1986a). Chapter 2 of this dissertation presented evidence for  

a 20E-induced fictive burrowing motor pattern in the abdominal nerves of the isolated 

larval nerve cord, but the site of 20E action was unknown. Given the evidence for 

pilocarpine-induced fictive chewing in the SEG, application of pilocarpine to the SEG 

alone could initiate the burrowing-like component of wandering behavior.  

 

The aims of the following experiments were to 1) investigate the role of the SEG 

in the initiation of pilocarpine-induced fictive burrowing in isolated nerve cords taken 

from wanderers versus early 5th instar larvae, 2) evaluate the expression of fictive 

crawling versus burrowing motor programs, and 3) compare pathways for pilocarpine 

versus 20E action in the induction of the fictive burrowing motor pattern.  
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6.2 MATERIALS & METHODS  
 
 
Experimental Animals: 

Manduca sexta larvae were obtained from the same colony as previously 

described in Chapter 2. Larvae selected for this study were early 5th instar larvae and 1st 

day wanderers. Early 5th instar larvae were feeding larvae taken one or two days after the 

molt to the 5th instar. Wandering larvae were selected based upon characteristics 

previously described (see Chapter 2).  

 
 
Dissection procedure: 

Dissections were done as previously described in Chapter 5. Dissections were 

done under chilled Weeks saline. The isolated nerve cord consisting of the subesophageal 

(SEG) through terminal ganglion was removed from the animal and then, the ventral 

surface of the SEG was desheathed with fine forceps using bacterial collagenase. In some 

cases, the mandibular nerves arising from the SEG were preserved for recording 

purposes. The thoracic and abdominal ganglia were slightly desheathed as needed to 

allow for pilocarpine access to the cell bodies.  A vaseline well was built around the SEG 

alone to allow for selective exposure to pilocarpine.  Data was collected from recordings 

made prior to and during addition of 1mM of pilocarpine delivered drop-wise via a 

transfer pipette directly onto the SEG. The rest of the nerve cord received a perfusion of 

saline only, until the appropriate time when 1mM of pilocarpine was added.  
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Electrophysiological Techniques: 
 
Extracellular recordings: 

As previously described in earlier chapters, extracellular glass-tipped suction 

electrodes were used to monitor abdominal motor activity in the isolated nerve cord prior 

to and during pilocarpine addition to the SEG and entire nerve cord. Three suction 

electrodes were used to record from the abdominal nerves, and for some experiments, 

suction electrodes were placed on the mandibular nerves arising from the SEG. These 

nerves carry the motor output of opener and closer motoneurons (Rohrbacher, 1994a; 

Bowdan and Wyse, 2000). Extracellular recordings were amplified and filtered with 

differential AC amplifiers (A-M Systems) and stored using a Pclamp version 9.0 

acquisition system (Axon Instruments; acquisition sample rate 10kHz per channel).  

 
Intracellular recordings: 

During the extracellular recordings, simultaneous intracellular recordings were 

taken from individually-identified unpaired median neurons (VUMs) on the ventral 

surface of the second abdominal ganglion. The cell bodies of VUM neurons were 

identified based upon their location on the ventral surface of the ganglion along the 

posterior midline, their characteristic broad overshooting action potential, 

hyperpolarizing undershoot, and prominent excitatory postsynaptic potentials (EPSPs) 

[Pflüger, Witten, and Levine, 1993; Johnston et al., 1996c]. One VUM neuron projects 

into the lateral and posterior branches of the dorsal segmental nerve while the other VUM  
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projects only into the anterior branch of the dorsal nerve (Pflüger, Witten, and Levine, 

1993). Both VUMs innervate body wall muscles. The somata of the anterior or posterior 

VUM in each pair was impaled with glass micropipette electrodes (resistance 25-

45mohms) filled with 2M potassium acetate. Intracellular recordings were amplified 

(Axoclamp 2A) and stored on a Pclamp version 9.0 acquisition system  (acquisition rate 

10kHz; Axon Instruments, Inc).  
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6.3 RESULTS  
 
 
The subesophageal ganglion initiated fictive burrowing: 
  
 Given the evidence that the subesophageal ganglion (SEG) is the site of fictive 

chewing in Manduca and locust (Rohrbacher, 1994a&b; Bowdan and Wyse, 2000; Rast 

and Bräunig, 1997, 2001), it was hypothesized that the SEG may be the site of locomotor 

control in the burrowing component of wandering behavior. To investigate this, the 

following experiments examined the effect of pilocarpine treatment on the SEG in 

isolated larval nerve cords taken from wandering and early 5th instar larvae.  

 

Application of 1mM of pilocarpine to the SEG alone in an isolated wanderer 

nerve cord induced a robust and rapid (within 1 minute) response in the abdominal 

segments with synchronous bursting of the dorsal and ventral nerves and recruitment of 

the ventral unpaired median neuron (VUM) in the second abdominal ganglion, A2, (n=4 

animals; Figs. 6.1, 6.2, 6.4). The VUM neurons were examined because they provide an 

intracellular readout of neuronal activity in response to pilocarpine treatment. This  

synchronous bursting in the abdominal segments occurred in conjunction with the 

activity in the mandibular nerves, nerves which supply the mouthparts (Figs. 6.2, 6.4). 

This activity was seen in muscle EMG recordings from a wandering larva in which the 

animal chewed and braced its abdomen as it burrowed into the soil (Dominick and 

Truman, 1986a).  The mandibular nerves showed some spontaneous bursting when the  
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SEG was exposed to saline only, but it was not robust nor was the VUM neuron recruited 

(Fig. 6.3).  

 

Application of 1mM of pilocarpine to the SEG alone in an isolated nerve cord 

from an early 5th instar larva also induced synchronous bursting in the abdominal nerves. 

However, compared to wanderer nerve cords, there was a much slower onset of nerve 

bursting, ranging from 2-20 minutes (in 3 animals, Fig. 6.6; Fig. 6.5- saline only).  As 

shown in Table 6.1, there was a significant stage difference in cycle period, burst 

duration, and normalized duration for the abdominal nerves in response to pilocarpine.  

Wanderer nerve cords responded more robustly to pilocarpine with a faster cycle period, 

shorter motor burst duration, and the bursts took up a larger proportion of the cycle 

period (wanderer vs. early 5th instar, mean cycle period: 5.7±0.51 vs. 16.7±2.45, student 

t-test t=-4.8, df=18, p<.0001; burst duration: 2.8±0.13 vs. 5.1±1.04, student t-test t=-2.4, 

df=18, p<.03; normalized duration: 0.55±.03 vs. 0.33±.07, student t-test t=3.3, df=18, 

p<.004).  

 

Both stages showed intersegmental frequency coupling among the abdominal 

segments during pilocarpine-induced fictive burrowing. During bouts of burrowing, there 

were considerable cycle to cycle variations in cycle period (wanderers: Figs. 6.7-6.10; 

early 5th instar: Figs. 6.11-6.13). The source of these variations were likely to be changes 

in burst duration which represented variability in the drive to the motoneurons. Since the  



 

375
 

fictive burrowing response consisted of synchronous bursting across abdominal 

segments, there was no phase delay in bursting between segments. Thus, phase delay  

could not represent a source of these variations. Variations in cycle period over 10 

contiguous cycles of activity were likely to be explained by changes in the duration of the 

motor burst for two out of four preparations from wandering larvae (Figs. 6.16-6.17 vs. 

6.14-6.15). Changes in burst duration were not responsible for cycle period variations in 

three preparations taken from early 5th instar larvae (Figs. 6.18-6.20). The source of these 

variations were unknown but may be due to quiet periods.  
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Fig. 6.1: Application of Pilocarpine to SEG in Isolated 
Nerve Cord From Wanderer and Response in VUM and Abdominal 
Nerves 
 
 

 
 
Fig. 6.1: Application of 1mM of pilocarpine to the SEG only induced a 
robust response in the isolated wanderer nerve cord within one minute 
of application. The robust response consisted of synchronous bursting 
in the dorsal (DNL) and ventral (DNp) abdominal nerves and increased 
excitatory synaptic activity to the VUM neuron in the second abdominal 
ganglion. For pilocarpine application, the SEG was desheathed and 
segregated from the brain and abdominal segments by a vaseline well. 
The arrow points to the artifact in the traces which represented the 
moment of pilocarpine application to the SEG.  
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Fig. 6.2: Application of Pilocarpine to SEG in Isolated 
Nerve Cord From Wanderer, Fictive Chewing and Motor Nerve 
Bursting 
 

 
 
Fig. 6.2: Application of 1mM pilocarpine to the SEG only induced a 
robust fictive burrowing response in the isolated wanderer nerve cord. 
The response consisted of patterned activity in the mandibular nerve 
(fictive chewing) that occurred in conjunction with patterned activity 
in the abdominal nerves. Injection of hyperpolarizing current into the 
VUM neuron revealed the underlying excitatory postsynaptic potentials 
(EPSPs). Both the VUM firing and EPSPs occurred in conjunction with 
bursting activity in the mandibular and abdominal nerves. In the VUM 
recording, the bottom of the spikes were cut off to visualize the EPSPs 
more clearly.  
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Figs. 6.3&6.4: Wanderer, Spontaneous Activity in Mandibular 
Nerves and Fictive Chewing Response Following Application 
of Pilocarpine to SEG  
 

 
 
Figs. 6.3&6.4: Fig. 6.3 shows that in an isolated larval nerve cord 
from a wandering animal in which the SEG was bathed in saline only, 
there was some spontaneous bursting in the mandibular nerves, but the 
VUM neuron was mainly quiescent. Following application of 1mM 
pilocarpine to the SEG only (Fig. 6.4), the mandibular and A3DNp nerves 
showed bursting activity. The mandibular nerves showed left-right 
alteration of bursting activity which represented the activity of 
opener and closer motoneurons associated with chewing activity. The VUM 
neuron was also firing in response to the pilocarpine.  
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Figs. 6.5&6.6: Early 5th Instar Larva, Tonic Activity and 
Application of Pilocarpine to the SEG Alone Induced 
Bursting Activity 
 

 
Figs. 6.5&6.6: An isolated larval nerve cord from an early 5th instar 
animal showed a low level of unpatterned spontaneous activity just 
prior to pilocarpine addition to the SEG alone (Fig. 6.5). Following 
pilocarpine addition to the SEG, there was synchronous bursting in the 
abdominal nerves accompanied by firing in the VUM neuron (Fig. 6.6). 
However, this response was not as regular or rapid onset as that 
observed in the wanderer.  
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Table 6.1: Comparison of Wanderers Versus Early 5th Instar 
Larvae, Pilocarpine Treatment to the SEG 

 
 
Table 6.1: Pilocarpine was applied to the SEG alone in nerve cords from 
early 5th instar and wandering larvae. Motor bursts induced by 
pilocarpine were quantified for cycle period, burst duration, and 
normalized duration. For each preparation, 10 cycles of activity were 
measured and then a mean value obtained from all preparations as 
depicted in this table. The two stages showed a significant difference 
in all three parameters measured (student t-test).  
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Figs. 6.7-6.10: Wanderers, Pilocarpine to SEG Alone, 
Intersegmental Coupling and Cycle Period Variations  
 
Fig. 6.7: Wanderer 1 
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Fig. 6.8: Wanderer 2 
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Fig. 6.9: Wanderer 3 
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Fig. 6.10: Wanderer 4 
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Figs. 6.7-6.10: Isolated nerve cords were removed from wandering 
animals, and pilocarpine was applied to the SEG alone. Pilocarpine 
induced regular motor bursts in the DNL, DNp, and mandibular nerves. 
There was reliable intersegmental coupling despite considerable 
fluctuations in cycle period over 10 consecutive cycles of activity. 
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Figs. 6.11-6.13: Early 5th Instar, Pilocarpine to the SEG 
Alone, Intersegmental Coupling and Cycle Period Variations  
 
Fig. 6.11: 5th Instar 1 
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Fig. 6.12: 5th Instar 2 
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Fig. 6.13: 5th Instar 3 
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Figs. 6.11-6.13: Isolated nerve cords were removed from early 5th instar 
animals, and pilocarpine was applied to the SEG alone. Pilocarpine 
induced motor bursts in the DNL, DNp, and mandibular nerves. There were 
considerable variations in cycle period activity in all four nerve 
cords, yet the segments continued to co-vary.  



 

384

 
Figs. 6.14&6.15: Wanderers, Pilocarpine Treatment to SEG 
Alone, Changes in Burst Duration Did Not Influence Cycle 
Period Variations 
 
Fig. 6.14: Wanderer, Animal 1  
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Fig. 6.15: Wanderer, Animal 4 
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Figs. 6.14&6.15: Changes in burst duration were not responsible for 
variations in cycle period over 10 consecutive cycles of activity in 
the abdominal nerves (linear regression analysis and non-significant p-
values: Fig. 6.14: A4DNp slope 0.227, R2=0.314; A6DNp slope 0.125, 
R2=0.106; A6DNL slope 0.114, R2=0.080; Fig. 6.15: A3DNp slope 0.120, 
R2=0.243; A3DNL slope -0.041, R2=0.014).   
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Figs. 6.16&6.17: Wanderers, Pilocarpine Treatment to SEG 
Alone, Changes in Burst Duration Influenced Cycle Period 
Variations 
 
Fig. 6.16: Wanderer, Animal 2 
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Fig. 6.17: Wanderer, Animal 3 
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Figs. 6.16-6.17: Changes in burst duration were responsible for 
variations in cycle period over 10 consecutive cycles of activity in 
the abdominal nerves, with the exception of A5DNp in Fig. 6.16 (non-
significant p-value); linear regression analysis: Fig. 6.16: A3DNp 
slope 0.533, R2=0.292, p<.02; A5DNp slope 0.132, R2=0.217; A5DNL slope 
0.258, R2=0.593, p<.01; Fig. 6.17: A3DNp slope 0.516, R2=0.549, p<.01; 
A6DNp slope 0.594, R2=0.769, p<.0009; A6DNL slope 0.631, R2=0.631, 
p<.006).   
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Figs. 6.18-6.20: Early 5th Instar, Pilocarpine Treatment to 
SEG Alone, Changes in Burst Duration Did Not Influence 
Cycle Period Variations 
 
Fig. 6.18: Early 5th, Animal 1 
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Fig. 6.19: Early 5th, Animal 2 
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Fig. 6.20: Early 5th, Animal 3 
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Figs. 6.18-6.20: Changes in burst duration were not responsible for 
variations in cycle period (linear regression analysis and non-
significant p-values: Fig. 6.18: A3DNp slope 0.043, R2=0.110; A6DNp 
slope 0.035, R2=0.176; A6DNL slope 0.045, R2=0.252; Fig. 6.19: A3DNp 
slope 0.169 R2=0.077; A6DNp slope -0.105 R2=0.021; A6DNL slope -0.003, 
R2=0; Fig. 6.20: A3DNp slope 0.089, R2=0.112; A6DNp slope 0.119, 
R2=0.241; A6DNL slope 0.042, R2=0.035).  
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Competing motor programs, burrowing versus crawling: 
 
 As described, selective pilocarpine application to the SEG only induced fictive 

burrowing-like activity in the motor roots. This was seen in Fig. 6.21.  However, in this 

nerve cord, when the pilocarpine in the SEG was rinsed with saline and instead applied to 

the rest of the nervous system, fictive crawling was seen (Fig. 6.22). This confirmed that 

pilocarpine must be applied to the SEG to initiate fictive burrowing. When the SEG was 

then re-exposed to pilocarpine in concert with exposure of the rest of the nervous system 

to pilocarpine, features of fictive crawling and not fictive burrowing were seen (Fig. 

6.23). The crawling program appeared to dominate the nervous system because exposure 

of the SEG to pilocarpine did not trigger fictive burrowing. In an example from another 

animal, pilocarpine was added to the SEG to induce fictive burrowing (Fig. 6.24) and 

then the rest of the nervous system was treated with pilocarpine (Fig. 6.25). As shown in 

Fig. 6.25, the nerve cord produced a combination of crawling and burrowing features. 

When the pilocarpine was exchanged with saline only in the SEG, fictive crawling 

features were seen only (Fig. 6.26). In this condition, the chronological order of 

pilocarpine application dictated the expression of the motor patterns. Application of 

pilocarpine to the SEG first followed by application to the rest of the nerve cord caused 

both motor programs to be expressed.  
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Fig. 6.21: Wanderer, Pilocarpine Treatment to the SEG Alone 
Induced Synchronous Bursting in the Abdominal Nerves  
 

 
 
Fig. 6.22: Wanderer, Fictive Crawling Features Seen When 
SEG Rinsed With Saline and Abdominal & Thoracic Segments 
Exposed to Pilocarpine  

 
Figs. 6.21-6.22: In Fig. 6.21, pilocarpine application to the SEG alone 
induced a fictive burrowing-like motor pattern in the abdominal nerves 
characterized by simultaneous bursting in the nerves of different 
segments. When the SEG was rinsed with saline and pilocarpine was 
directly exposed to the thoracic and abdominal segments, this fictive 
burrowing motor pattern was not seen, as shown in Fig. 6.22. In Fig. 
6.22, a fictive crawling motor pattern was seen characterized by a 
posterior to anterior progression of nerve bursting and asynchronous 
dorsal-ventral nerve activity within the A5 ganglion.  
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Fig. 6.23: Wanderer, Pilocarpine Application to the Entire 
Nervous System Induced Fictive Crawling Only   

 
 
Fig. 6.23: When pilocarpine was applied to both the SEG, thoracic, and 
abdominal ganglia, only a fictive crawling pattern was observed.  
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Fig. 6.24: Different Wanderer, Pilocarpine Application to 
the SEG Alone Induced a Fictive Burrowing-Like Motor 
Pattern  

 
 
Fig. 6.24: In this example from a different wandering animal, 
application of pilocarpine to the SEG alone induced a fictive burrowing 
motor pattern in the abdominal segments.  
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Fig. 6.25: Application of Pilocarpine to Entire Nervous 
System Induced Fictive Crawling & Burrowing Features  

 
 
Fig. 6.25: In this same animal, pilocarpine application to the SEG, 
thoracic, and abdominal segments induced a combination of fictive 
crawling and burrowing features to be produced. The fictive crawling 
features consisted of asynchronous dorsal-ventral bursting activity in 
the A6 ganglion (box), interposed with burrowing features which 
consisted of synchronous bursting in both abdominal segments (dotted 
box).  
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Fig. 6.26: Fictive Crawling Features Seen Following 
Exposure of Thoracic & Abdominal Segments to Pilocarpine 
But Not the SEG  

 
 
Fig. 6.26: In this same animal, when pilocarpine was rinsed out of the 
well containing the SEG and the rest of the nervous system was treated 
with pilocarpine, fictive crawling features were seen.  
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20E-induced fictive burrowing in the abdominal nerves and comparison to pilocarpine: 
 
 As described in Chapter 2, the steroid hormone 20E induced fictive crawling and 

burrowing motor patterns in the isolated larval nerve cord. The burrowing motor pattern 

consisted of synchronous bursts in the abdominal nerves (DNp and DNL, see Chapter 2, 

Figs. 2.7&2.8). 10 cycles of activity from four preparations which showed burrowing 

only in response to 20E were quantified for cycle period, burst duration, and normalized 

duration.  Mean values are listed in Table 6.2.  The mean values for the DNp nerves and 

DNL nerves were combined, given that there was no significant difference between the 

two types of nerves, and the nerves showed synchronous bursting activity. The mean 

values were: cycle period 32.2s±4.18; burst duration 5.05±0.41, and the normalized 

duration 0.21±0.02. As shown in Table 6.2, pilocarpine versus 20E-induced fictive 

burrowing in the abdominal nerves was compared. Pilocarpine application to the SEG 

alone in nerve cords from wandering larvae induced significantly shorter cycle periods 

(5.7±0.51 vs. 32.2s±4.18, student t-test: t=5.4, df=24, p<1.6x10-5), motor burst durations 

(2.8±0.13 vs. 5.05±0.41, student t-test: t=4.6, df=24, p<.0001), and bursts comprised a 

larger proportion of the cycle period (0.55±0.03 vs. 0.21±0.02, student t-test: t=9.8, 

df=24, p<.0000).  Given these significant differences in fictive burrowing motor output, 

20E and pilocarpine were likely to activate the fictive burrowing motor program through 

distinct pathways.  
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All four isolated nerve cords treated with 20E showed intersegmental frequency 

coupling among the abdominal nerves (Figs. 6.27, 6.28, 6.29, 6.31).  Two nerve cords 

showed low variations in cycle period over 10 consecutive cycles (Figs. 6.27&6.28), but 

the other two nerve cords showed more pronounced variations in cycle period (Figs. 6.29, 

6.31). In these two preparations, variations in cycle period were not explained by changes 

in burst duration (Figs. 6.30, 6.32).  
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Table 6.2: Comparison of 20E Versus Pilocarpine in 
Activation of Fictive Burrowing 

 
 
Table 6.2: Mean values from four different preparations are shown with 
standard error (±). Four isolated nerve cords from wandering animals 
were removed, and pilocarpine was applied to the SEG only to induce 
fictive burrowing, as previously described. For the 20E group, four 
isolated nerve cords were removed prior to the commitment pulse of 20E 
and the entire nerve cord was treated overnight with 20E (refer to 
Chapter 2). These four nerve cords were selected for this comparison 
because they produced fictive burrowing-like features only. Compared to 
the pilocarpine group, the 20E-treated group showed a significant 
difference in cycle period, burst duration, and normalized duration. 
20E-induced motor bursts were of a longer cycle period, bursts were of 
a longer duration, and took up a smaller proportion of the cycle period 
(student t-test).   
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Figs. 6.27-6.28: Animals 1 and 4 Showed 20E-Induced 
Intersegmental Frequency Coupling Among Abdominal Nerves 
During Fictive Burrowing 
 
Fig. 6.27: Animal 1 
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Fig. 6.28: Animal 4 

0

5

10

15

20

25

30

1 2 3 4 5 6 7 8 9 10
Cycle#

C
yc

le
 P

er
io

d 
(s

) A3DNp
A5DNp
A6DNp
A6DNL

 
Figs. 6.27-6.28: During 20E-induced fictive burrowing, the abdominal 
nerves showed intersegmental frequency coupling, as seen over 10 cycles 
of contiguous activity. During these cycles, there was low variation in 
cycle period (except for cycle #5).  
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Fig. 6.29: Animal 2, Intersegmental Frequency Coupling 
Among Abdominal Nerves and Fluctuations in Cycle Period 
During 20E-Induced Fictive Burrowing 
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Fig. 6.30: Animal 2, Changes in Burst Duration Did Not 
Influence Variations in Cycle Period During 20E-Induced 
Fictive Burrowing 
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Figs. 6.29-6.30, Animal 2: Fig. 6.29: A 20E-induced fictive burrowing 
motor pattern showed pronounced cycle to cycle variations in cycle 
period in the abdominal nerves across 10 consecutive cycles of activity, 
but the segments co-varied. Fig. 6.30: Changes in burst duration were 
not responsible for variations in cycle period for this animal (linear 
regression analysis and non-significant p-values: A3DNp slope -0.005, 
R2=0.0009; A5DNp slope 0.050, R2=0.099; A6DNp slope 0.053, R2=0.205; 
A6DNL slope 0.071, R2=0.260). 
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Fig. 6.31: Animal 3, Intersegmental Frequency Coupling 
Among Abdominal Nerves and Fluctuations in Cycle Period 
During 20E-Induced Fictive Burrowing 
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Fig. 6.32: Animal 3, Changes in Burst Duration Did Not 
Influence Variations in Cycle Period During 20E-Induced 
Fictive Burrowing 
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Figs. 6.31&6.32, Animal 3: Fig. 6.31: A 20E-induced fictive burrowing 
motor pattern showed pronounced cycle to cycle variations in cycle 
period but the segments co-varied. Fig. 6.32: Changes in burst duration 
were not responsible for variations in cycle period for this animal 
(linear regression analysis and non-significant p-values: A3DNp slope 
0.017, R2=0.036; A5DNp slope 0.043, R2=0.167; A6DNp slope 0.019, 
R2=0.048; A6DNL slope 0.024, R2=0.030). 
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6.4 DISCUSSION 
 

I. Pilocarpine-induced fictive burrowing in the isolated larval nerve cord:  
 

a. Initiation of fictive burrowing in wanderers by pilocarpine application to the SEG 
alone: 

 
Pilocarpine application to the SEG alone in an isolated larval nerve cord taken 

from a wandering larva initiated robust and rapid synchronous activity in the abdominal 

DNp and DNL nerves in different segments. The synchronous bursting in the abdominal 

nerves resembled the bracing movements characteristic of burrowing behavior as seen in 

wandering animals based upon muscle EMG recordings (Dominick and Truman, 1986a). 

A comparison of the in vivo versus in vitro (pilocarpine-induced) motor patterns for cycle 

period and burst duration values reflected this similarity. As measured from EMG 

recordings from a burrowing animal, (Fig. 2, Dominick and Truman, 1986a), the cycle 

period for the nerves was approximately 5.0 seconds, and the burst duration was between 

1-1.5 seconds. Pilocarpine-induced motor bursts in the abdominal DNL and DNp nerves 

in the isolated wanderer nerve cord showed similar values, representing a mean of 10 

cycles of activity (cycle period, 5.7±0.51 seconds; burst duration 2.8±0.13 seconds). 

There was also intersegmental frequency coupling among the DNL and DNp nerves of 

different abdominal segments, which was evidence for intersegmental coordination.  
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In addition to this synchronous bursting in the abdominal nerves, there was 

recruitment of VUM neurons. VUM neurons were also rhythmically active in concert 

with the motor roots during pilocarpine-induced fictive crawling in isolated nerve cords  

from early 5th instar larvae (Johnston et al., 1996c). The drive to these VUM neurons 

during fictive crawling arises from a source within the SEG ganglion (Johnston et al., 

1996c). This finding was confirmed in these fictive burrowing results in which 

pilocarpine application to the SEG alone recruited the VUM neurons.   

 

Thus, these VUM neurons seem to function in both types of fictive locomotion. 

The function of these VUM neurons is unknown, but two possibilities have been 

proposed by Johnston et al. (1996c). The first possibility is that the activity of these VUM 

neurons results in a release of octopamine onto the body wall muscles and modulates the 

muscle contraction amplitude and relaxation rate. The second possibility is that 

octopamine acts as a neuromodulator to increase the level of locomotor activity. This is a 

likely possibility considering octopamine’s role in modulating flight activity in the locust 

(Ramirez and Pearson, 1991&1993).  

 

Future experiments would involve both bath application of octopamine alone to 

the SEG to determine whether it is sufficient to induce fictive burrowing in the abdominal 

nerves and recruitment of the VUM neurons. Pilocarpine would also be added to the SEG  
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in the presence of an octopamine blocker to determine whether it increases the frequency 

of the fictive burrowing rhythm.  

 

This activity in the VUM neurons and the abdominal nerves occurred in 

conjunction with the mandibular nerves which supply the mouthparts. A comparison 

between the left and right mandibular nerves revealed the alteration of opener and closer 

motoneuron activity associated with spontaneous fictive chewing in early 5th instar 

isolated SEG preparations in Manduca (Rohrbacher, 1994). This patterned activity 

resembled the fictive chewing motor patterns observed in locusts and Manduca 

(Rohrbacher, 1994a&b; Bowdan & Wyse, 2000, Rast and Bräunig, 1997&2001). Values 

for cycle period, burst duration, and normalized duration in the mandibular nerves of the 

wanderer preparations ranged widely across two preparations, as measured for 10 cycles 

of pilocarpine-induced bursting activity (cycle period range: 6.2±0.64 to 16.1±0.97 

seconds; burst duration range: 1.98±0.13 to 6.75±0.50 seconds; normalized duration 

range: 0.34±0.04 to 0.47±0.03).  

 

Pilocarpine-induced fictive burrowing in nerve cords from both stages showed 

variations in cycle period. These variations in cycle period were only explained by 

changes in burst duration, representing variable drive to the motoneurons, for two 

wanderer nerve cords. The variations in cycle period seen in the early 5th instar larval 

preparations were not explained by changes in the duration of the motor bursts.  
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Application of octopamine in isolated Manduca SEG preparations also induced variable 

cycle periods and burst durations across preparations, as measured in closer branches of 

the mandibular nerves (cycle period range: 0.59±0.03 to 34.42±10.50 seconds; burst  

duration range: 0.50±0.03 to 1.92±0.24 seconds; Bowdan and Wyse, 2000). In isolated 

locust SEG preparations, pilocarpine-induced motor bursts showed variability in cycle 

periods and burst durations (Rast and Bräunig, 1997). Changes in burst duration were 

likely to explain these fluctuations in cycle period variability in locusts  (Rast and 

Bräunig, 1997).  In agreement with the effects of these neuromodulators, spontaneous 

mandibular nerve activity recorded from Manduca early 5th instar isolated SEG 

preparations also shows variability in these parameters (mandibular closer bursts, cycle 

period range: 2 to 49 seconds; burst duration range: 1-4 seconds) [Bowdan and Wyse, 

1999].  

 

Sources of variability in cycle period are likely to be a reflection of the lack of 

sensory input and connections with the CNS which provide drive to the motoneurons 

(Rohrbacher, 1994a; Bowdan and Wyse, 1999). Intact feeding animals show less 

variability between animals, and EMG recordings of motor activity bursts from 

mandibular closer muscles reveal significantly shorter cycle periods and motor burst 

durations (cycle period range: 0.26 to 0.57 seconds; burst duration range: 0.08 to 0.24 

seconds; Bowdan and Wyse, 2000.)  

 



 

403
 

The identification of neurons in the SEG which provide descending input to the 

segmental ganglia is a first step towards identifying the components of the fictive  

burrowing circuitry. Previous work has identified descending interneurons in the SEG 

which are rhythmically active and alter the frequency of the motor rhythm in closer 

motoneurons, as shown by current injection (Rohrbacher, 1994a). Some of these 

interneurons are located in the medial/lateral portion of the SEG. These interneurons may 

be part of the feeding CPG circuit, and potentially could drive the activity in the 

abdominal nerves, but this needs to be tested. Preliminary results indicate that a medial 

cell cluster of neurons in the SEG incorporate dextran rhodamine dye when the dye is 

backfilled from connectives between the third thoracic ganglion and first abdominal 

ganglion (Miller, unpublished results). These neurons are thus likely to send descending 

axons down to the ventral ganglia. Perhaps, they provide descending drive to the CPG 

circuit for burrowing, or they may act as CPG neurons themselves. 

 

Potential interneurons which are part of the CPG for burrowing need to be 

impaled in the SEG during pilocarpine-induced synchronous bursting in the abdominal 

nerves of an isolated nerve cord preparation from a wandering larva. If these interneurons 

are part of the CPG circuit, then injection of hyperpolarizing current should reset the 

rhythm in the abdominal nerves. Intracellular dye fills with dextran rhodamine would 

further identify these interneurons’ pattern of connectivity with the abdominal ganglia.  
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Followup experiments would need to investigate the interneurons in the abdominal 

ganglia which provide drive to the ISM MNs for the burrowing behavior. These  

interneurons may or may not be the same interneurons involved in the CPG circuit for 

fictive crawling.  

 
b. Stage-dependent differences between wanderers and early 5th instar larvae: 

 
As described, pilocarpine application to the SEG alone in wanderer nerve cords 

induced a rapid and robust fictive burrowing response in the abdominal nerves. By 

contrast, the latency for the response to pilocarpine in isolated nerve cords from early 5th 

instar larvae was longer. Furthermore, in early 5th instar larval nerve cords, the cycle  

periods and burst durations in the abdominal nerves were significantly longer and there 

was a smaller delay in bursting between abdominal segments (phase value). These results 

suggested that there was a stage-dependent difference due to 20E exposure. 

 

Nerve cords from wandering animals have been exposed to the commitment pulse 

of 20E in vivo whereas these earlier larval nerve cords have not. As described in Chapter 

2 of this dissertation, 20E induced fictive crawling and burrowing motor patterns in the 

isolated larval nerve cord. Burrowing behavior was only expressed in the wandering 

animal following the exposure to the commitment pulse of 20E when the animal was 

preparing for pupation. Thus, the circuitry of the animal seemed primed to express this 

behavior robustly at wandering in response to either 20E or pilocarpine, but not earlier,  
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which could explain the stage-dependent differences in response to pilocarpine treatment 

to the SEG.  

 

 To prime the burrowing circuitry, the commitment pulse of 20E may act on 

interneurons in the SEG. Future experiments would investigate whether 20E acts on the 

SEG to prime the fictive burrowing pattern in the abdominal ganglia. To investigate this, 

20E would be selectively exposed to the SEG-only in an isolated larval nerve cord taken 

prior to the commitment pulse in vivo. Initial selective exposure experiments would 

involve a minimum of 14 hours of 20E application to the SEG alone followed by 

recordings from the abdominal nerves. Earlier recordings could also be done.  If 20E 

induced fictive burrowing in the abdominal nerves, an analysis of the motor pattern 

would be conducted.  The next step would be determine whether 20E interacts with a 

muscarinic pathway by applying the muscarinic antagonist atropine during 20E 

application to the SEG.  

 
c. 20E versus pilocarpine induction of fictive burrowing: 

 
In Chapter 2 of this dissertation, application of 20E alone to the isolated nerve 

cord induced synchronous bursting in the abdominal nerves, features of which included 

intersegmental coordination, and resembled burrowing behavior. This patterned activity 

was similar to the activity induced by pilocarpine application to the SEG alone in 

wanderer nerve cords. However, pilocarpine application to the SEG alone in wanderer 

nerve cords induced significantly shorter cycle periods, motor burst durations, and bursts  
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comprised a larger proportion of the cycle period compared to 20E treatment.  

 

These results suggest that, like fictive crawling, there may be different pathways 

for 20E versus pilocarpine activation in the fictive burrowing component of wandering 

behavior. Possible distinct pathways for 20E versus pilocarpine action are illustrated in 

Models 1 and 2 (Figs. 6.33&6.34). For all three models, based upon the available 

evidence, the primary site of pilocarpine action in initiation of the fictive burrowing 

motor program is the SEG. As shown in model 1, the SEG could contain interneurons 

which comprise the CPG circuit for burrowing, and these interneurons would send 

descending axons down to the ISM MNs in the abdominal ganglia. The other possibility 

is that interneurons in the SEG send tonic drive to CPG neurons for burrowing in the 

abdominal ganglia.  

 

The steroid hormone 20E, however, could act on the brain to signal the SEG to 

initiate fictive burrowing in the abdominal ganglia (model 1) or act directly on segmental 

CPG circuits in the abdominal ganglia (model 2). These may or may not be the same 

segmental CPG circuits for crawling. The third likely possibility, presented in model 3 

(Fig. 6.35), is that 20E acts directly on interneurons in the SEG to initiate burrowing, but 

it also stimulates the release of certain peptides or neurotransmitters such as acetylcholine 

onto these interneurons to increase the descending excitation to the abdominal ganglia.  
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To begin to investigate these possible models, the site of 20E action in inducing 

the fictive burrowing motor program needs to be determined. As previously described, 

selective exposure experiments of 20E to the SEG, brain, or abdominal ganglia alone 

during recordings in the abdominal nerves would be a first step towards identifying the 

site of action in the production of 20E-induced fictive burrowing.   
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Fig. 6.33: Model 1: Pathways for Pilocarpine Versus 20E 
Activation of Fictive Burrowing 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 6.33: Model 1: In model 1, pilocarpine versus 20E induces fictive 
burrowing via two distinct pathways. The pathway for pilocarpine action 
involves pilocarpine action only on interneurons in the SEG which are 
either CPG interneurons which make connections with the ISM MNs in the 
abdominal ganglia (abdominal segmental circuits for burrowing) or 
interneurons which send tonic descending drive to the segmental circuits 
for burrowing which include the CPG interneurons. The pathway for 20E 
action involves 20E action on interneurons in the brain, which then send 
descending input to SEG interneurons to induce burrowing through one of 
the two ways described.  
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Fig. 6.34: Model 2, Pathways for Pilocarpine Versus 20E 
Activation of Fictive Burrowing 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 6.34: Model 2: In model 2, pilocarpine and 20E also act to induce 
the fictive burrowing motor program through distinct pathways. 
Pilocarpine acts on the SEG only which initiates the burrowing motor 
program in the abdominal ganglia. 20E acts on the abdominal segmental 
circuits for burrowing. 
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Fig. 6.35: Model 3, Pathways for Pilocarpine Versus 20E 
Activation of Fictive Burrowing 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. 6.35: Model 3: In model 3, pilocarpine and 20E both act on the SEG 
which then initiates the fictive burrowing motor program. 20E may or may 
not act on the same interneurons as pilocarpine. 20E may stimulate the 
release of acetylcholine and/or other neuropeptides onto interneurons, 
which modulate fictive burrowing in the abdominal ganglia.  
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d. Competing motor programs, crawling versus burrowing: 

 
Pilocarpine application to the SEG alone induced a fictive burrowing motor 

pattern in the abdominal nerves when the rest of the ganglia was unexposed. When 

pilocarpine was removed from the SEG and applied to the rest of the nervous system 

(thoracic and abdominal ganglia), only fictive crawling was produced. This result 

indicated that the SEG was the site for the activation of fictive burrowing. When the SEG 

and entire segmental nervous system were simultaneously exposed to pilocarpine, both 

fictive crawling and burrowing motor patterns were expressed. If pilocarpine, however, 

was not applied to the SEG first, followed by exposure to the rest of the nervous system, 

fictive crawling dominated.  

 

These results suggests that there are two distinct sites for the induction of fictive 

crawling versus burrowing motor programs. As previously described, fictive crawling 

motor output can be initiated by the application of pilocarpine to an isolated chain of 

abdominal ganglia (Chapter 5). Pilocarpine-induced fictive burrowing is initiated by the 

SEG.  Given these different sites of initiation, future investigations need to determine 

whether fictive crawling and burrowing programs share the same abdominal segmental 

CPG circuitry.  
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In this chapter, stage-dependent differences in fictive burrowing motor output are 

seen upon pilocarpine treatment to the SEG alone. These differences may reflect 20E- 

mediated changes in the drive to the CPG neurons or alterations in activity of the CPG 

circuits themselves. The site of 20E action in inducing fictive burrowing requires 

investigation. Furthermore, there may be distinct pathways for 20E versus pilocarpine 

activation of fictive burrowing. Finally, future investigations will include the examination 

of interactions between the crawling and burrowing motor programs at the level of the 

CPG circuit to determine whether they share common mechanisms.  
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SUMMARY & CONCLUSIONS 

 

a. Steroid hormone activation of wandering locomotion & future directions: 

Steroid hormone induction of wandering locomotion in Manduca sexta larvae has 

provided a unique opportunity to address two main topics, steroid hormone action on the 

nervous system, and the nature of descending and local pathways that control locomotion. 

The results of this dissertation show that the steroid hormone 20E acts on the isolated 

larval nervous system to induce wandering locomotion which consists of fictive crawling 

and burrowing motor patterns. An analysis of these motor patterns reveals that certain 

mechanisms are similar to features of rhythmic motor output generated in other 

invertebrates. The time course for hormonal activation of a reliable and well-coordinated 

wandering motor program is long, suggestive of a genomic mechanism of action 

involving nuclear ecdysteroid receptors. Although 20E does not induce rapid changes in 

the intrinsic membrane properties of the abdominal motoneurons, there may be more 

earlier, rapid excitatory or inhibitory effects of 20E on neurons that are presynaptic to the 

motoneurons. The abdominal motoneurons are unlikely to be the site of 20E action in 

inducing wandering locomotion because the hormone does not alter the intrinsic 

membrane properties of the motoneurons.  Sites of hormone action may be the CPG 

interneurons and/or neurons in the brain and subesophageal ganglion (SEG).   
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Further investigations into the mechanisms and sites for 20E action are needed.  

One site of possible hormone action is the brain. Although ecdysteroid receptors are  

expressed in populations of brain neurons at wandering, physiological experiments need 

to be done to determine whether 20E acts on these brain neurons to induce fictive 

wandering locomotion. This requires the successful development of a technique to 

selectively expose the brain alone to hormone. Furthermore, future experiments need to 

identify the role of the brain in wandering behavior. As shown, the brain exerts inhibition 

over the segmental crawling circuitry prior to wandering, but its role in regulation of  

fictive motor output during the wandering stage is unknown, although thought to be 

excitatory. Techniques that allow for recordings from individual or populations of brain 

neurons and populations of brain neurons in moving animals could be used during 20E-

induced fictive wandering locomotion.  

 

Given the stage-dependent differences in pilocarpine-induced fictive burrowing, 

the SEG may be another site of 20E action. The selective exposure of the SEG to 20E and 

the identification of ecdysteroid receptor-expressing neurons in this ganglion can provide 

information about the role of the SEG in driving burrowing behavior. The third possible 

site of 20E action which requires investigation are the unidentified CPG interneurons 

which are located in the abdominal segmental ganglia. These CPG interneurons can be 

identified through immunocytochemical and electrophysiological methods, and potential 

20E-induced changes in excitability can be measured.  
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A major goal following the identification of 20E action on one (or all) of these three 

possible sites is to determine how 20E alters the excitability of individual neurons and the 

mechanisms underlying these changes in excitability.  

 

 This dissertation also provides insights into pathways for the generation and 

control of fictive crawling and burrowing using pilocarpine. Pilocarpine was used as a 

tool to activate fictive crawling in the abdominal ganglia and fictive burrowing in the 

abdominal ganglia via the SEG. Although CPG circuits in the abdominal segments can 

generate fictive crawling motor output in the absence of descending connections, features 

of the motor output are under the regulation of the brain and the SEG. The SEG is 

responsible for initiating fictive burrowing in the abdominal segments, but it is not known 

whether the SEG contains CPG neurons which drive burrowing or whether these neurons 

are located in the abdominal segments. A major goal of future work will be to 

characterize the pathways responsible for the generation of the fictive crawling versus 

burrowing motor programs and determine whether the motor programs are generated by  

the same circuit in the abdominal ganglia. The expression of these two types of programs 

may reflect the activation of different pathways which are differentially regulated by the 

brain and SEG in response to steroid hormone and/or other neurotransmitters.   

 

 Thus, in the Manduca sexta model of wandering behavior, the identification of 

individual neurons in the fictive crawling and burrowing motor circuitry, the modulation  
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of their excitability by 20E, and the mechanisms underlying these changes in excitability  

are important areas of future research. Future investigations need to incorporate the 

model Drosophila melanogaster, which offers the advantages of genetic manipulations of 

cellular excitability and behavior to study both the role of the steroid hormone 20E in 

wandering behavior and the organization of locomotor circuits.  

 

b. Investigating wandering behavior in Drososphila melanogaster: advantages & 

disadvantages: 

 Like Manduca sexta, fluctuating hemolymph levels of 20E are responsible for 

inducing morphological changes in the Drosophila central nervous system over 

development (Restifo and White, 1991; Restifo, Kraft, and Levine, 1998; Consoulas, 

Restifo, and Levine, 2002). Morphological changes include the dendritic remodeling and 

growth of motoneurons MN1-5 which innervate the indirect flight muscles in the adult 

fly, and whose growth may be orchestrated by transcription factors involved in the 

ecdysteroid signaling pathway (Consoulas, Restifo, and Levine, 2002). There are a few 

characterized peaks of 20E which trigger developmental transitions in the Drosophila life 

cycle. These peaks occur at the larval to larval molts, at pupariation, and during adult 

development (reviewed in: Riddiford, 1993). Two peaks of 20E trigger the formation of 

the prepupa and 10-12 hours later, trigger head eversion and the prepupal to pupal 

transition (Riddiford, 1993; Andres et al., 1993).  The presence of 20E is necessary for 

the successful developmental of the pupa. The temperature-sensitive conditional lethal  
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mutant, ecdysoneless-1, fails to pupate unless given exogenous ecdysteroid (Riddiford, 

1993; Andres et al., 1993).  

  

These hemolymph peaks in 20E induce the up-regulation of the ecdysteroid 

receptor and the subsequent expression of genes in the chromosomes of the salivary 

glands, genes responsible for metamorphic changes in the morphology of the nervous 

system (Riddiford, 1993; Andres et al., 1993; Restifo, Estes, and Dello Russo, 1995; 

Restifo and Hauglam, 1998; Kozlova and Thummel, 2000). One set of primary early 

response genes induced by 20E are the Broad Complex genes (BR-C) which encode a 

family of DNA-binding proteins characterized by a pair of zinc fingers (Restifo and 

White, 1991; Restifo, Estes, and Dello Russo, 1995; Restifo and Hauglam, 1998). The 

transcription factors, E74 and E75, also coordinate the induction of large sets of late 

secondary response genes (Riddiford, 1993; Karim and Thummel, 1991&1992; Andres et 

al., 1993; Kozlova and Thummel, 2000).  

 

 Gene expression during the third larval instar appears to be induced at four 

timepoints, at 78-88 hours, at 100 hours, at 106-108 hours, and 114 hours (based upon 

time of egg laying; Andres et al., 1993). The recognized puparium peak is at 114 hours. 

At 78-88 hours, likely in response to a low titer pulse of 20E, there is early induction of 

mRNA for BR-C and the ecdysteroid receptor (Andres et al., 1993). These first three 

timepoints are likely to represent low levels of 20E (Andres et al., 1993). The peak at  
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106-108 hours in the Andres et al. study (1993) and between 102-104 hours in other 

studies may also be responsible for triggering the cessation in feeding and the onset of 

wandering behavior (reviewed in: Andres et al., 1993). A more through characterization 

of hemolymph titers of 20E over the third larval instar is currently being done (personal 

communication with Dr. Linda Restifo, University of Arizona).  

 

The peak in 20E between 102-108 hours after egg laying during the late third 

larval instar may be similar to the commitment peak of 20E in Manduca sexta which  

triggers wandering behavior, but this is still speculation (Andres et al., 1993). Like 

Manduca larvae, Drosophila larvae undergo a period of wandering behavior prior to 

pupation in which the animal stops feeding and looks for a suitable place to pupate. The 

steroid hormone 20E may play a role in activating wandering behavior in Drosophila. 

Ecdysoneless mutants do fail to wander unless given exogenous ecdysteroids, and these 

mutants show a slower mean rate of body wall muscle contraction (Garen et al., 1977; 

Andres et al., 1993; Li et al., 2001).   

 

Although the role of ecdysteroid on CNS activity has not been investigated, there 

is evidence for ecdysteroid effects on activity in the peripheral nervous system, at the 

neuromuscular junction.  Bath application of 20E to the neuromuscular junction of a third 

instar Drosophila larva causes a rapid (within 1 minute) reduction in excitatory junction 

potentials (EJPs) recorded from muscles 6 and 7 (Ruffner, Cromarty, and Cooper, 1999).  
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This reduction in EJP amplitude is due to the release of fewer synaptic vesicles (Ruffner, 

Cromarty, and Cooper, 1999). This inhibition may be responsible for the quiescence of 

the larval animal during the larval to larval molts or for decreasing muscle contractions 

during formation of the pupa, to prevent injury (Ruffner, Cromarty, and Cooper, 1999). 

Similarly, late third instar heat-sensitive ecdysoneless mutants not given 20E also show 

larger EJP amplitudes although the nerve terminals are shorter and contain fewer 

varicosities (Li and Cooper, 2001; Li et al., 2001).  

 

Ecdysteroids can clearly have an effect on behavior and the activity of the 

peripheral nervous system. The effect of these ecdysoneless mutants on CNS activity in 

third instar Drosophila larvae, specifically during the wandering stage, has not been 

investigated. There are several challenges, however, in studying wandering behavior in 

Drosophila larvae. In Manduca sexta larvae, animals undergo a permanent behavioral 

transition in which they stop feeding and undergo a 24 hour period of intense locomotor 

activity. In contrast, the transition between feeding and wandering in Drosophila larvae  

can be reversible, and dictated by environmental conditions and external stimuli (J. 

Miller, unpublished observations). The conditions of the food supply (too moist or too 

dry), overcrowding, large fluctuations in room temperature, or external stimuli such as 

contact with other objects (i.e. forceps) can delay wandering or lead to premature pupal 

formation (J.Miller, unpublished observations). Furthermore, wandering in Drosophila 

only occurs during a small window of time, between 6-8 hours, so potential experimental  
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manipulations involving 20E application to the CNS must be done during this short time 

period. These observations imply that a number of external stimuli can affect the 

transition to wandering behavior 

 

In addition, unlike Manduca, ecdysteroids may not be solely responsible for 

triggering wandering behavior. Recent evidence has suggested that down-regulation of 

the gene coding for Neuropeptide F (NPF), a human Neuropeptide Y homolog, is 

responsible for the cessation of larval feeding (food aversion), hypermobility associated 

with wandering, and social burrowing (Wu et al., 2003). The brain expression of 

Neuropeptide F is high in larvae attrached to food. The overexpression of NPF prolongs 

feeding and suppresses hypermobility. Conversely, a loss of NPF expression in 

transgenic larvae causes the expression of premature older behaviors such as wandering 

(Wu et al., 2003).  

 

 Despite these challenges, there is an opportunity to use Drosophila mutants, such 

as ecdysoneless and Broad Complex, to look at effects of disruptions in the ecdysteroid 

signaling pathway on behavior and on CNS activity. Furthermore, there are Drosophila 

mutants available which contain mutations at the level of individual ion channels, that 

alter the locomotor activity of a wandering larva. 
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Behavioral studies of wandering behavior in Drosophila have incorporated the 

use of mutations in various sodium and potassium channel genes (Wang et al., 1997; 

Wang, Soll, and Wu, 2002). Potassium channel genes which code for individual subunits  

include Shaker (Sh), Hyperkinetic (Hk), ether a go-go (eag), and quiver (qvr). The Sh 

gene encodes for the alpha subunit, the pore-forming region, of a voltage-gated potassium 

channel which is responsible for the depolarization-activated transient A-type potassium 

current (reviewed in Wang, Soll, and Wu, 2002). The Hk codes for the beta subunit of the 

Shaker channel which modulates the A-type current in larval muscles and neurons 

(selected reference: Wang and Wu, 1995). The eag codes for a subunit of the potassium 

channel which contains modulation sites for cycle nucleotides and protein kinases, and 

modulates multiple potassium currents including, the transient rapidly inactivating A-type 

current (Wang, Soll, and Wu, 2002). Qvr is thought to encode a modulatory subunit of 

the potassium channel which affects the A-type current (Wang, Soll, and Wu, 2002). The 

mutations in the Hk and qvr genes are identified as leg-shaking mutant flies. Hk and Sh 

impair the depolarization-activated transient A-type potassium current (Wang, Soll, and 

Wu, 2002). Sodium channel mutations include the temperature-sensitive paralytic (para), 

and no-action-potential (nap). Para codes for the voltage-gated sodium channel whereas 

nap codes for the regulatory alpha subunit of the para sodium channel (Wang et al., 

1997; Wang, Soll, and Wu, 2002).  
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Wandering larvae with the mutations in the genes Hk, Sh, and qvr show longer 

and fewer interrupted periods of linear locomotion, fewer changes of direction, and more 

time spent on forward locomotion compared to wild-type and para mutants (Wang et al., 

1997; Wang, Soll, and Wu, 2002). Compared to the potassium channel mutants and wild-

type larvae, para mutants show shorter bouts of locomotion which are more frequently 

interrupted by changes in body direction and body flexing (Wang et al., 1997; Wang, 

Soll, and Wu, 2002). The nap mutants show an increase in pausing duration (Wang et al., 

1997). The double mutant, eag/Sh, shows increases in stride frequency but decreases in 

stride length (Wang, Soll, and Wu, 2002). These effects suggest that sodium currents and 

potassium currents underlie the generation of locomotor movements.  

 

c. The usefulness of genetic techniques to alter ion channel expression & 
neuronal activity in Drosophila neurons: 
The effect of sodium and potassium channel mutations at the neuromuscular 

junction (NMJ) have been well-documented by using semi-intact CNS preparations in 

which nerve roots are stimulated while recording intracellularly from the muscles  

(selected references: Budnik, Zhong, and Wu, 1990). Voltage-gated and non-voltage 

gated potassium channel mutations have effects on both presynaptic neurotransmitter 

release from the nerve terminals and postsynaptically, on the muscles (Budnik, Zhong, 

and Wu, 1990; White et al., 2001; Gorczyca and Wu, 1991).  
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Mutations in these channels and the expression of transgenes encoding these 

channels have also been studied in the Drosophila CNS, to look at changes in neuronal 

activity. In the Drosophila CNS, the techniques of whole cell voltage clamp and patch 

clamp of embryonic and larval CNS neurons both in vivo and in culture have been used to 

look at the effects of individual potassium and sodium channel mutations or the 

expression of transgenes on neuronal activity (in vivo: Baines and Bate, 1998; in culture: 

O’Dowd and Aldrich, 1988; O’Dowd, Germeraad, and Aldrich, 1989; reviewed in: 

Rohrbough et al., 2003). The genetically modified Shaker potassium channel, electrical 

knockout (EKO), shunts depolarizing current in embryonic neurons in vivo and in cell 

culture, hyperpolarizing the cell, and leading to a reduction in the peristaltic movements 

of the embryo (White et al., 2001). Modification of the open rectifier leak potassium 

channel, dORK∆, silences neuronal activity in pacemaker cells of the adult fly by 

decreasing the input resistance of neurons at rest and driving the neuron towards the 

potassium equilibrium potential (Nitabach, Blau, and Holmes, 2002). The normal 

function of these pacemaker neurons is in regulating the circadian rhythm (Nitabach, 

Blau, and Holmes, 2002). Mutations in sodium channel genes (para, tip-E, and sei) have 

also been used to examine the expression of sodium currents in embryonic neurons  

(O’Dowd and Aldrich, 1988; O’Dowd, Germeraad, and Aldrich, 1989). For example,  
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action potential firing in neurons is also regulated by the tipE gene, with mutations in this 

gene responsible for decreasing the ability of embryonic neurons in cell culture to fire 

repetitive action potentials and slower recovery of sodium currents during repeated 

activation (Hodges et al., 2002; reviewed in: Rohrbough et al., 2003).  

 

The expression of these mutations and transgenes have allowed for the 

identification of individual ion currents and their function in altering neuronal activity in 

CNS neurons. Furthermore, as described, the expression of different channel mutations 

can have effects on wandering locomotion. However, the goal of on-going research is to 

link manipulations in individual ion channel expression to alterations in specific neurons 

which comprise the larval locomotor circuitry.  

 

d. Manipulations of motoneuron activity in Drosophila CNS and investigations of 
neuromodulation of locomotor circuits: 
There is a group of 34 glutamatergic motoneurons per abdominal hemi-segment 

in Drosophila embryos and larvae whose axons exit the CNS via the segmental or 

intersegmental nerve roots (reviewed in: Sink and Whitington, 1991; Van Vactor et al., 

1993; Hartman et al., 1997; Landgraf et al., 1997). The segmental nerves subserve lateral 

and ventral body wall muscles whereas the intersegmental nerves innervate dorsal 

muscles (reviewed in: Sink and Whitington, 1991; Van Vactor et al., 1993; Hartman et  
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al., 1997; Landgraf et al., 1997). Within this group of motoneurons, identified 

motoneurons include RP1-5 and aCC (Sink and Whitington, 1991; Landgraf et al., 1997).  

 

The electrophysiological characterization of ion channels and the effects of 

channel mutations on motoneuron activity have been examined in embryonic and third 

instar Drosophila larvae using both patch whole cell recordings, voltage clamp, and 

intracellular recordings from the cell bodies (Rohrbough and Broadie, 2002; Choi et al., 

2004). In conjunction with these techniques, the use of lucifer yellow, rhodamine, or 

alexa dyes have been used to visualize individual neurons (reviewed in: Rohrbough et al.,  

2003; Choi et al., 2004). Transgenic fly lines which express green fluorescent protein 

(GFP) have also been used to visualize motoneurons (Rohrbough and Broadie, 2002; 

Choi et al., 2004).  

 

In embryonic motoneurons, the expression of the human inward rectifier 

potassium channel, Kir2.1, in the aCC motoneuron blocks the evoked release of 

neurotransmitter by suppressing the initiation of action potentials (Baines et al, 2001). In 

the third instar larva, motoneurons likely to be RP3 and aCC in the double mutant eag/Sh 

fly show spontaneous action potentials, increases in firing rate, and a more 

hyperpolarized spike threshold (Rohrbough and Broadie, 2002). The intrinsic membrane 

properties of the dorsomedial motoneurons have been recently characterized, as well as  
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an A-type voltage-activated transient potassium current encoded for by the Shal gene 

which delays spiking  (Choi et al., 2004).  

 

The expression of ionic currents in these motoneurons is also under synaptic 

regulation. Synaptic transmission blocked in Drosophila motoneurons aCC and RP2 by 

the expression of tetanus toxin light chain (TeTxLC) which cleaves the synaptic vesicle 

associated protein n-synaptobrevin and blocks evoked neurotransmitter release, alters the 

electrical properties of these neurons by increasing sodium and potassium currents 

(Baines and Bate, 1998; Baines et al., 2001). In other cell types, such as the Drosophila 

photoreceptors, serotonin has been shown to modulate the voltage-dependence of the 

delayed rectifier and Sh potassium channels, by shifting the voltage-dependence of 

activation to more positive thresholds (Hevers and Hardie, 1995). 

 

Like in Manduca sexta larvae (Trimmer and Weeks, 1989, 1993; Trimmer, 

1994&1995), cholinergic synaptic transmission to neurons, including motoneurons, 

appears to be an important mediator of neuronal activity. Cholinergic input is mediated 

by nicotinic acetylcholine receptors (nACh) which are widely distributed in the CNS of 

larvae and adult flies (Schuster et al., 1993). The synthesizing enzyme for acetylcholine,  
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choline acetyltransferase (ChAT), is found in the brain, neuropil and cell bodies of the 

thoracic neuromeres in the larval ventral ganglia (Gorczyca and Hall, 1987; Yasuyama 

and Salvaterra, 1999). The use of mutants for the temperature-sensitive Cha gene, which 

encodes for the enzyme ChAT, results in embryonic paralysis (Baines et al., 2001). Fast 

excitatory synaptic transmission mediated by nACh receptors has been shown in 

embryonic neurons in cell culture (Lee and O’Dowd, 1999). In larval motoneurons, 

ionophoresis of acetylcholine induces depolarization in motoneurons, an effect blocked 

by the nicotinic antagonist, D-tubocurarine (Rohrbough and Broadie, 2002; see review: 

Rohrbough et al., 2003). Clearly, cholinergic input shapes the development of electrical 

properties in these embryonic and larval neurons.  

 

The expression of various intrinsic ionic currents in Drosophila larval 

motoneurons and their modulation by cholinergic or other chemically-mediated synaptic 

input implies that cholinergic input shapes the activity of neural circuits as a whole. In 

contrast to the well-characterized role of pilocarpine in inducing fictive locomotion in 

Manduca sexta larvae, the role that cholinergic input plays in CNS locomotion in 

Drosophila has not been well-explored. Nicotinic and muscarinic agonists (including 

pilocarpine) have been used to increase the firing rate and induce bursting in the 

pharyngeal feeding muscles of a late 3rd instar Drosophila larvae (Gorczyca et al., 1991). 

The muscarinic agonist oxotremorine appears to induce rhythmic activity in the body 

wall muscles of the third instar larva (Cattaert and Birman, 2001). Preliminary data  
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suggests that bath application of 1mM pilocarpine to a semi-intact CNS preparation from 

a wandering larva can induce fictive motor bursts which show an anterior to posterior 

delay, as recorded extracellularly from segmental nerves of different abdominal segments 

(J.Miller, unpublished results). However, only about 50-60% of preparations respond 

robustly to pilocarpine treatment, implying that another neuromodulator may be a more 

effective tool to induce fictive crawling.  

 

Glutamate agonists such as NMDA or the biogenic amines dopamine, 

octopamine, and serotonin all appear to have an effect on motor output of the larval CNS 

or on the body wall muscles for crawling (Cattaert and Birman, 2001; Cooper and 

Neckameyer, 1999; Dasari and Cooper, 2004). Application of noncompetitive glutamate 

receptor antagonists, MK801 and PCP, to a CNS preparation whose muscles show 

spontaneous rhythmic contractions causes a decrease in the frequency and duration of the 

burst as recorded intracellularly from the muscles (Cattaert and Birman, 2001). These 

antagonists also have behavioral effects, causing an inhibition of locomotor activity in 

wild type 3rd instar larvae resulting in paralysis and low amplitude tremor-like 

movements of the body (Cattaert and Birman, 2001). In another study, bath application of 

dopamine decreases the rhythmicity of the CNS from a wandering larva as measured 

extracellularly from segmental nerves using suction electrodes (Cooper and Neckameyer, 

1999). Dopamine also reduces the number of released synaptic vesicles at the NMJ, 

resulting in a decreased amplitude of the excitatory junction potentials (EJPs) (Cooper  
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and Neckameyer, 1999). Octopamine and serotonin also have effects on the firing 

frequency at the neuromuscular junction. Intracellular recordings from the body wall 

muscles during stimulation of the motor axon, shows that octopamine enhances the firing 

frequency of motor units whereas serotonin initially increases the firing frequency then 

decreases the frequency (Dasari and Cooper, 2004).  The neurotransmitter GABA also 

appears to have a role in regulating motor behaviors in adult Drosophila flies (Leal and 

Neckameyer, 2002). GABA transporters are responsible for the reuptake of GABA. Adult 

female flies treated with the GABA transport inhibitors DABA or NipA show a decrease 

in locomotor activity, convulsive behavior, and a loss of the righting reflex (Leal and 

Neckameyer, 2002). In the presence of these inhibitors, the GABAA receptor antagonist 

bicuculline restores the locomotor activity (Leal and Neckameyer, 2002). 

 

In addition to these neuromodulators, other proteins appear to regulate neural 

circuits for locomotion. The protein, homer, is expressed in the neuropil, endoplasmic  

reticulum, and dendrites of CNS neurons, with expression primarily in the dendrites of 

the identified motoneurons aCC, pCC, and RP2 (Diagana et al., 2002). The homer protein 

regulates the intracellular trafficking of the metabotropic glutmate receptors probably 

through binding to the receptor as is the case in the mammalian system (Diagana et al., 

2002). Homer mutant flies show a higher level of spontaneous locomotion (Diagana et 

al., 2002). Another protein, cysteine string protein (csp), a synaptic vesicle protein which 

regulates vesicle exocytosis, also affects motor output (Zinsmaier et al., 1994; Barclay et  
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al., 2002). Csp mutants have slower and more uncoordinated locomotion, as shown in 

intracellular recordings from the abdominal body wall muscles of a CNS preparation 

from a wandering larva (Barclay et al., 2002). In these recordings from a csp mutant 

during retrograde locomotion, there is a decrease in locomotor frequency, increased 

failure to show proper phasing of activity between segments, and an increase in the 

variability of the phase delay (Barclay et al., 2002). These effects are thought to be due to 

problems in the timing relationships among neurons of the CPG circuit, rather than a 

failure of neuromuscular transmission, but this is speculative (Barclay et al., 2002).  

 

Thus, there are a number of neuromodulators and proteins which appear to 

regulate locomotor activity, but future investigation is required to investigate the sites of 

actions of these substances on the embryonic, larval, and adult locomotor circuits. In 

addition, these studies would be aided by the identification of specific neurons in the 

motor circuits at the different developmental stages. 

 

There is a scarcity of information about the operation of and input to motor 

circuits in the embryonic, larval, and adult fly. Current methods use the selective delivery 

of tetanus toxin light chain (TeTxLC) to CNS and PNS neurons to look at effects on 

motor output. During embryogenesis, the elimination of PNS neurons by TeTxLC blocks 

neurotransmitter release and sensory input so that larvae have a low frequency of forward 

movements, make frequent backward movements, and head swings (Suster and Bate,  
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2002). In larvae, targeted expression of TeTxLC eliminates certain populations of CNS 

neurons with resulting specific deficits in locomotion including increased turning, 

pausing, and the appearance of circling behavior (Suster et al., 2003). Tetanus toxin 

targets a population of 200 neurons and interneurons which are dopaminergic and 

peptidergic, causing circling behavior (Suster et al., 2003). The elimination of 

dopaminergic and serotonergic neurons causes turning deficits (Suster et al., 2003). The 

expression of the dopamine decarboxylase GAL 4 driver causes increased turning and a 

reduction in speed (Suster et al., 2003).  Some of these targeted neurons in these mutant 

lines have been identified as motoneurons (aCC, RP2, RP4), neurons in the protocerebral 

bridge region of the brain, and the intrinsic neurons of the mushroom bodies (Suster et 

al., 2003). However, further identification of specific motoneurons and interneurons in 

these populations of the ventral ganglia and characterizing their function in larval and 

adult locomotion is needed. 

 

Similarly, some studies implicate a role for structures in the Drosophila brain in 

providing descending control over the motor circuitry in the ventral ganglia. These 

studies, however, have only examined the effect of genetic mutations on structures in the 

adult fly brain on behavior and not on the CNS motor output.  As previously described, 

the central complex and mushroom bodies in the adult fly brain regulate locomotor 

activity. A number of mutations of the central complex and neurons within it, including 

the protocerebral bridge (nob), ebo, cex, oc, and pb-eb-no (affects columnar neurons of  
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the central complex), as well as targeted expression of tetanus toxin (tangential neurons 

of the fan-shaped body) decrease overall locomotor activity within bouts of locomotion 

by increasing bout duration and pauses (Strauss and Heisenberg, 1993; Martin, Raab, and 

Heisenberg, 1999; Renn et al., 1999; Strauss, 2002). In addition to these behavioral 

deficits induced by mutations in the central complex, mushroom body manipulations also 

result in changes in locomotor behavior. The chemical ablation of mushroom body 

precursor cells, a mutant of Kenyon cell differentiation (mb miniature), and targeted  

expression of tetanus toxin in Kenyon cells all result in an increase in the total walking 

activity of adult flies (Martin and Heisenberg, 1998). Future investigations using these 

manipulations of brain structures require measurements of CNS motor output in the adult 

and larvae, not just observations of behavior.   

 

However, the study of central complex mutations effects on larval locomotion is 

not possible given the lack of evidence for a central complex structure in larvae, which is 

not formed until metamorphosis  (personal communication with Dr. N. Strausfeld, 

University of Arizona).  Instead, one would selectively ablate different portions of the 

brain during fictive locomotion and/or use mushroom body mutants.  

 

Thus, it is an on-going challenge to identify and characterize the function of 

individual neurons in the larval motor circuitry, the operation of the crawling central 

pattern generator, and the role of the brain. However, as described, the Drosophila model  
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provides the advantage of genetics to manipulate selected populations of neurons, 

structures, or ion channels combined with the identification of specific neurons using 

dextran-conjugated ion sensitive calcium indicators (MacLeod et al., 2003). Recent 

electrophysiological characterization of motoneurons (Choi et al, 2004) and individual 

ionic currents is another positive step toward understanding the motor circuitry.  

 

Furthermore, insights into the role of ecdysteroids in the CNS and PNS in shaping 

the morphology and physiology of neural circuits over metamorphosis have been 

obtained from the use of Drosophila mutants, although more work is necessary.  Given 

the lack of information on the role of ecdysteroids in wandering behavior, the 

precariouness of the stage, and the largely unidentified components of the motor 

circuitry, studying wandering behavior will be a challenge. However, the genetic and 

electrophysiological tools are now available to dissect the system and ask really exciting 

questions about the effects of single genetic manipulations on the activity of individual 

neurons.  

 

e. Future directions in studying wandering behavior and the generation and 
control of larval locomotion in Drosophila: 
Future experiments in these areas should attempt to establish an isolated or semi-

intact preparation of the wild-type larval CNS before using mutants for locomotor deficits 

and ecdysteroid-signaling. In establishing a reliable wild-type CNS preparation of fictive  
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locomotion, one would need to select the optimum type of neuromodulator and the 

appropriate dose to use to induce fictive crawling. As described in the literature, NMDA 

or nicotine are likely to induce reliable fictive crawling. To determine whether these 

neuromodulators induce fictive crawling, they would be bath-applied to a larval CNS 

preparation while recording extracellularly from different abdominal segmental nerves.  

Once fictive crawling is reliably induced and the motor pattern quantitatively 

characterized, the role of the brain should be investigated. Removal of the brain during 

on-going fictive locomotion would be done to look at consequences on fictive motor 

output. Other goals would be to investigate the site of action of the neuromodulator and 

the identification of interneurons and motoneurons which comprise the crawling circuit. 

Selected populations of neurons, such as motoneurons, could be identified via a number 

of methods including, calcium sensitive dyes, tetanus toxin treatment, dendritic 

morphology and location, and UAS-GAL4 driven GFP expression in motoneuron 

specific driver lines.  

 

In parallel, application of 20E to the wild-type larval CNS just prior to wandering 

would be done to look for hormonally-induced changes in motor activity. Ecdysoneless 

mutants could also be used to ensure that there is no endogenous 20E production in the 

larva, and 20E could then be administered exogenously. As part of these investigations, it 

would be necessary to determine the appropriate dose and time course of the nervous 

system response to hormone. Like in Manduca sexta larvae, the time course of the  
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Drosophila nervous system response to 20E (rapid versus a long latency) would be an 

indication of whether changes in activity occur through genomic or non-genomic  

mechanisms. The use of Drosophila mutants such as BR-C and other mutations in the 

ecdysteroid-signaling pathway would confirm that 20E acts through genomic 

mechanisms to alter excitability and more accurately pinpoint the site of 20E effects on 

components in the signaling pathway.  

  

If 20E initiates a fictive crawling pattern, then it will be necessary to identify the 

site of hormone action in the CNS and look for changes in the excitability of individual 

neurons. The site of hormone action would be investigated through immunocytochemical 

and electrophysiological methods. The immunocytochemical identification of nuclear 

receptors for 20E in neurons of the CNS prior to wandering would be done using 

antibodies for the different Drosophila receptor isoforms as done by Truman et al. (1994) 

and the Levine laboratory at the University of Arizona. 20E effects on the membrane 

properties of individual motoneurons could be assessed using the intracellular recording 

techniques pioneered by Choi et al. (2004). Other methods, such as patch clamping and 

voltage-clamp, could be used to assess the effect of 20E on ionic currents in neurons and 

motoneurons in vivo and in culture. The availability of different sodium and potassium 

channel Drosophila mutants (ex. Wang et al., 1997; Wang, Soll, and Wu, 2002) and 

transgenic lines could also be used to look at how alterations in ionic current affect the 

excitability associated with wandering behavior in the CNS.  
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f. Conclusions & Applications:  

Thus, there is a considerable amount of intriguing work to be done using the 

Drosophila model to further our understanding of the genetic basis of behavior, hormonal 

consequences on neural circuits for behavior, and the operation of motor networks. The 

results presented in this dissertation using Manduca sexta as a model to study hormonal 

activation of wandering behavior and the operation of the motor networks serve as a solid 

foundation upon which to investigate these topics in Drosophila.  

 

The use of Drosophila and Manduca insect models allows one to combine the 

advantages of well-characterized developmental histories, a repertoire of available 

behaviors to study, and the techniques of genetic manipulations, immunocytochemistry, 

and electrophysiological access to individually identifiable neurons. Invertebrates and 

vertebrates share inherent similarities in the basic structure and operation of neural 

circuits for behavior, the action of steroid hormones on neural circuits for behavior 

(selected review: Weeks and McEwen, 1997) and structural and functional homology 

between Drosophila and vertebrate (including human) genes (selected review: 

Sokolowski, 2001). Thus, the use of these insect models is very relevant and timely.  

  

Insights on locomotor circuits gleaned from these insect models can contribute to 

the growing knowledge-base on the operation of rhythmic motor networks in vertebrate  
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systems. Research on vertebrate models of motor behavior has provided useful insight 

into the operation of CPG networks in the spinal cord, the descending regulation by the 

brain, and neuromodulation of motor output  (selected reviews: Kiehn and Kjaerulff, 

1998; Grillner, 2003). Extracellular and intracellular recording techniques as well as 

calcium imaging have identified rhythmically active neurons, although work has only just 

begun on the identification of CPG interneurons (Eide et al., 1999).  Major goals in the 

field are to identify the individual neurons in the motor circuits and how alterations in 

their excitability can affect locomotor initiation and output. An understanding of the 

operation and function of locomotor circuits can provide the needed insight to recognize 

specific cellular areas of damage caused by cases of injury (i.e. spinal cord injury) and 

offer therapeutic options to stimulate cellular components of the motor networks to drive 

locomotion.   
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