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ABSTRACT 
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The insect neuropeptide eclosion hormone (EH) interacts in a positive feedback 

loop with two other hormones to trigger ecdysis behavior in the hawkmoth, Manduca 

sexta. There is also evidence that EH may act at other targets to coordinate physiological 

changes that must occur with ecdysis. Recently, the use of an antibody that recognizes 

the second messenger cyclic guanosine monophosphate (cGMP) in fixed tissue has 

allowed us to identify a novel target for EH in the proximal region of the abdominal 

transverse nerves of Manduca. 

Here we show that a significant increase in cGMP can be measured in vivo in the 

transverse nerves at a time when EH is normally released in the animal. Furthermore, in 

vitro experiments revealed that the ability of the transverse nerve to respond to EH is 

abruptly lost after the pupal ecdysis. Finally, it was found that up to 40% of the cGMP 

produced by the STNR in response to EH is exported out of the cells in probenecid-

sensitive manner, and there is a significant increase in the hemolymph concentration of 

cGMP at the time of pupal ecdysis. 

Microscopic examination of transverse nerve sections revealed that the cGMP-

positive filaments are the processes of intrinsic cells, and the area in which they reside 

was named the subtransverse nerve region (STNR). Ultrastructuraily, the cells of the 

STNR fall into two groups: large-granule containing cells and ribosome rich cells. EH-

stimulated cGMP immunoreactivity appears to be restricted to the ribosome rich cells. 
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The discrete STNRs of the abdominal transverse nerves can be identified as early as the 

first instar and probably originates embryologically. 

After the time of wandering in the last instar, the cells of the STNR begin to 

divide and spread in a flat sheet between the transverse and dorsal nerves of each 

ganglion, and are positive for myosin by pupal stage 8. These STNR-derived cells appear 

to form the ventral diaphragm muscles of the adult. This is the first evidence in any insect 

that a reservoir of myoblasts exists in close proximity to the transverse nerves and the 

first evidence that myoblasts are a target for EH. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview and Significance 

The endocrine system has evolved as a method of chemical communication that 

allows for long-acting and long-reaching coordination of physiological events in multi

cellular organisms. In the classical sense, chemical messengers such as peptides, steroids 

and small amines, known as hormones, are released into the circulation from whence they 

have access to a variety of different target tissues throughout the organism. 

In both vertebrates and invertebrates hormones are known to serve a tremendous 

number of functions including regulation of metabolic processes, motor control, 

reproductive processes, growth, electrolyte balance, and behavior (reviewed in Hadley, 

1992). Frequently these extracellular messengers interact in complex regulatory 

feedback loops, the perturbation of which can have severe consequences. The most 

common pathological condition due to endocrine perturbations in humans, affecting five 

percent of the US population, is diabetes mellitus, in which a lack of insulin activity 

disturbs the ability of the body to regulate blood glucose levels. Many endocrinological 

disorders are life-threatening or debilitating. 
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The first definitive demonstration of the existence of endocrine factors was 

recorded by Berthold in 1849 when he showed that by implanting a testis into a castrated 

cockerel, he could induce male secondary sex characteristics (Berthold, 1849). The term 

"hormone" (from the Greek, opfuao), I stir up) was coined in 1904 by Bayliss and 

Starling to describe "any substance normally produced in the cells of some part of the 

body and carried by the bloodstream to distant parts, which it affects for the good of the 

organism as a whole" (in Grollman, 1964). This study of the function and modes of 

action of hormones has spawned the field of science known as endocrinology. 

Invertebrate systems in particular have proven to be fertile ground for the 

discovery and characterization of hormones—over 100 neuropeptides have been 

sequenced in insects alone and the distribution of these peptides in many different insect 

orders is known (reviewed in Nassel, 1992). Some insect peptides are related to 

vertebrate peptides, such as the similarity of the insect prothoracicotropic hormone 

(PTTH) to the vertebrate hormone insulin, and that of the insect hormone allatostatin to 

the vertebrate hormone met-enkaphalin (Nassel, 1992). Other insect peptides such as 

proctolin and allatotropin have not yet been found to be homologous to any vertebrate 

peptide (Nassel, 1992). 

The major advantage to studying the actions of hormones in invertebrate systems 

over vertebrates systems is the relative simplicity of the invertebrates in that they have 

short life-cycles and fewer numbers of ceils—characteristics that allow for in-depth 

observation of physiology and anatomy. Within the context of the anatomy, the existence 

of "identified" cells that can be located reliably from one individual to the next has 
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perhaps proven to be the greatest boon to invertebrate endocrinology. With these 

advantages in mind, it is important to note that whether or not a particular invertebrate 

hormone has been found in vertebrates, the mechanisms by which hormones transduce 

their signals within their target cells have been highly conserved throughout evolution, 

and thus it makes sense to study this process in an accessible system 

Although in many ways invertebrate systems appear to be superior to vertebrate 

systems for the study of endocrinology, two key issues remain for many invertebrate 

peptides: the identification of their sites of action and the resolution of their functions. 

These issues remain in dispute in some instances because neuropeptides in insects have 

been isolated biochemically on the basis of the ability of an extract from one insect to 

affect some arbitrary assay in vitro, while their specific endogenous functions and targets 

remain unknovm. This sort of assay is problematic because many neuropeptides have 

been found to have multiple functions, and their primary endogenous functions may or 

may not correspond to the functions that directed its isolation (Nassel et al., 1998). 

An example of this phenomenon may be seen in the family of myotropic 

hormones known as the invertebrate tachykinins, many of which were isolated through 

their ability to stimulate or inhibit contractions in the musculatxire of the cockroach 

hindgut (reviewed in Nassel et al., 1998). However, some members of this family were 

subsequently localized via immunohistochemistry to intemeurons in the brain, where 

presumably they do not have direct access to the hindgut or the hemolymph and thus 

probably have some very different and imknown fimction (Nassel et al., 1998). 
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Alternatively, and still problematically, neuropeptides may be identified on the 

basis of the ability of an extract from one animal to trigger some effect when injected into 

another animal. In this case, the inability to judge whether the effect is direct or indirect, 

the potential for variable effects under different circumstances, and the inability to 

identify targets more than very grossly may result in misleading information about the 

endogenous function of the hormone. A good example of this situation can be seen in the 

early assumptions made of the role of the insect peptide eclosion hormone (EH) in 

ecdysis (cuticle shedding behavior), described in detail below. Because extracts 

containing EH were able to trigger ecdysis upon injection into an insect, it was long 

thought that this was the primary function of EH and that it was the sole initiator of this 

behavior. Its now known that, although sufficient to trigger the behavior, EH acts 

indirectly through the release of other hormones, and is not necessary for ecdysis 

behavior to occur. Identification of receptors for these hormones, and/or characterization 

of their signal transduction cascades may ultimately allow for better understanding of 

sites of action and functions of insect neuropeptides. 

The insect neuropeptide, eclosion hormone (EH), was discovered initially because 

of the ability of EH injected into the circulation to stimulate a stereotypic behavior 

known as ecdysis, which is utilized by insects to remove the old cuticle at the end of each 

molt (Truman and Riddiford, 1970). Since the discovery of EH almost thirty years ago, 

research has revealed that this hormone is involved in a complex positive feedback loop 

in which circulating EH stimulates the further release of EH directly into the CNS (Ewer 

etai. 1997). 
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The ability of a hormone to perform dual roles in the circulation and the central 

nervous system is not limited to the invertebrates. It has been suggested that many, and 

possibly all, of the circulating peptide hormones in vertebrates that were first identified as 

regulating non-neural physiological processes are also found in the CNS where they 

might function as neurotransmitters and/or neuromodulators (Lynch, el al., 1986; 

Figlewicz e/fl/., 1987). 

Having access to both neural and non-neural targets is a property that enables 

individual hormones to synchronize suites of behaviors and physiological activities that 

are "event-related", or must be coordinated with a developmental process. An example 

of such a co-ordinating hormone in vertebrates is the neuropeptide oxytocin which, at 

parturition, stimulates uterine contraction (reviewed in Hadley,1992), milk release 

(reviewed in Hadley, 1992), and the activation of maternal behaviors (Pedersen and 

Prange. 1985). 

It is possible that EH represents the invertebrate equivalent of such a co

ordinating hormone. Although much has been revealed about the action of this 

neuropeptide in the CNS to initiate ecdysis behavior, it now appears that another role for 

EH may be to regulate non-neural physiological events that must be synchronized with 

ecdysis behavior (Hesterlee and Morton, 1996). These events include the secretion of 

the cement layer onto the surface of the new cuticle (Hewes and Truman, 1991), 

increased cuticular plasticity of the wings (Reynolds, 1977), and programmed cell death 

of some intersegmental (ecdysial) muscles (Schwartz and Truman, 1982) (Fig. 1-2). The 

characterization of novel non-neural targets for EH action at ecdysis may lead generally 
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to valuable insights about the evolution of such a complex functional network, and 

specifically, to a better understanding of the coordination of ecdysis-related events in 

insects. 

The focus of this dissertation is the further characterization of the stage-specific 

effects of EH on a non-neural target at the proximal base of the abdominal transverse 

nerves of the tobacco homworm, Manduca sexta. First discovered by Morton (1996), a 

dense meshwork of filaments in this region demonstrates a dramatic increase in cGMP 

immunoreactivity when stimulated wdth EH in short-term tissue culture (Fig. 1-3). 

Chapter Two of the current study will address the question of whether or not this region 

is a natural target for the EH released into the circulation at pupal ecdysis, and the 

question of the cellular identity of the EH-sensitive filaments. The development of the 

EH target cells in the larval and pupal stages and the fate of these cells in the adult is the 

focus of Chapter Three. A preliminary investigation of the regulation of EH-stimulated 

cGMP at this site is presented in Chapter Four. Together, these investigations may allow 

us to determine the function of EH at this novel target. 

1.2 Background 

1.2.1 Historical Perspective 

Because the arthropod cuticle forms a rigid exoskeleton, it must be shed 

periodically to allow room for grovnh—a. process that is accomplished by a behavior 

known as ecdysis. Lepidoptera shed their cuticle at the end of each of the first four larval 
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instars, at the transition from fifth larval instar to the pupa and at the time of adult 

emergence. The specialized term "eclosion" is often used to refer to adult ecdysis in 

lepidoptera and other insects. 

Lepidopteran ecdysis behavior is divided frequently into two distinct motor 

patterns: first a preparatory behavior known as pre-ecdysis; and second, the behavior that 

leads to the actual removal of the cuticle, ecdysis. The larval pre-ecdysis behavior of the 

tobacco homworm, Manduca sexta, consists of rhythmic dorso-ventral compressions of 

the abdomen in concert with rhythmic retractions of the abdominal pro-legs—actions that 

serve to loosen the old cuticle from the underlying new cuticle (Copenhaver and Truman, 

1982; Miles and Weeks, 1991; Novicki and Weeks, 1993). The ecdysis behavior in the 

larva is made up of rhythmic contractions that progress from the anterior of the animal to 

the posterior, allowing the insect to push its way out of the old cuticle (Weeks and 

Truman, 1984a,b). 

Until recently, the initiation of pre-ecdysis and ecdysis behavior in lepidoptera 

was attributed to the actions of a single peptide hormone. In the early 1970's it was 

demonstrated in a giant silk moth, Hyalophora cecropia, that a factor from the head was 

required for proper timing of eclosion (Truman and Riddiford, 1970; Truman, 1971). 

Truman subsequently showed in another giant silk moth, Antherea pernyi, that injections 

of extracts from the adult brain, or extracts from associated neurohemal organ complexes 

knovm as the corpora allata (CA)/ corpora cardiaca (CC), could cause the moths to eclose 

prematurely. Bioassays for ecdysis activity in the CA/CC complex suggested that a 

hormone was released from these organ complexes at the appropriate time to trigger 
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ecdysis (Truman, 1973). This ecdysis-triggering factor was named eclosion hormone 

(EH). At this time it was concluded that EH must act directly on the abdominal nerve 

cord to trigger ecdysis behavior because pre-ecdysis and ecdysis motor patterns could be 

initiated either by injecting isolated abdomens with EH, or by exposing the isolated CNS 

to EH in vitro (Truman, 1978). 

In addition to triggering adult eclosion in moths, injections of EH or CA/CC 

extracts were later found to be capable of initiating larval and pupal ecdyses in moths, 

and of triggering ecdysis in many other insect species (Truman, et al., 1981). When EH 

was purified and sequenced from Manduca and from the commercial silkworm, Bombyx 

mori, it was established to be a 62 amino acid peptide with three disulfide bonds and to 

have no known homology to any other peptide in vertebrates or invertebrates (Marti, et 

al., 1987; Kataoka et al., 1987; Terzi, et ai, 1988; Kono, et al., 1987; Kono et al., 1990a; 

Kono, et al., 1991). Through in situ hybridization (Horodyski et al., 1989) and 

immimocytochemistry (Copenhaver and Truman, 1986; Zitnan, et al., 1995), the source 

of EH in the pharate adult moth was shown to be two pairs of ventral-medial cells in the 

brain (VM cells). These cells project posteriorly to storage and neurohemal release sites 

in the CA, which is located in the head, and the proctodeal nerves which project from the 

terminal abdominal ganglion (Truman and Copenhaver, 1989; Ichikawa, 1992). 

After the erroneous identification of cyclic adenosine monophosphate as the 

signal transducer for the behavioral actions of EH (Truman, et al., 1976), it was 

discovered that, in H. cecropia, the EH signal was more likely transduced by the 

intracellular messenger cyclic guanosine monophosphate, or cGMP (Truman et al., 1976; 
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Truman et al., 1979). This conclusion was based on the following experiments: 

injections of partially purified EH caused a significant increase in cGMP in the CNS; 

injections of cGMP, or its nonhydrolyzable counterpart, 8-bromo-cGMP, could trigger 

prematm-e ecdysis; and injections of compounds that inhibited phosphodiesterase activity, 

and thus the breakdown of cGMP, enhanced the behavioral sensitivity of the insect to 

injected EH (Truman et al., 1979). 

Later experiments demonstrated that there is an increase in cGMP in the CNS of 

Manduca during the time of ecdysis (Morton and Tnmian, 1985). In addition, Morton 

and Truman provided evidence that the ability of EH to stimulate cGMP accumulation in 

the nervous system, or to stimulate ecdysis behavior, was developmentally regulated by 

the steroid hormone 20-hydroxyecdysone. It was also shown that EH bath-applied to the 

isolated Manduca abdominal nerve cord in tissue culture was able to stimulate a 

significant increase in cGMP within one minute, and that this effect peaked at fifteen 

minutes—a finding that lent further support to the idea that EH acts directly upon the 

nervous system to trigger ecdysis, (Morton and Giunta, 1992). 

Thus, the basic model by which EH action could be explained at this time was the 

following: Steroid hormone levels decline at the end of the molt, or the period during 

which the animal is synthesizing new cuticle. The decline in steroid titres triggers the 

release of EH into the hemolymph, from which it acts directly upon the central nervous 

system to cause an upregulation of cGMP. The EH-stimulated increase in cGMP in the 

CNS, in turn, mediates the appearance of both pre-ecdysis and ecdysis behaviors in the 

insect (reviewed in Truman, 1992). 
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Despite the mounting evidence that EH acted directly on targets in the central 

nervous system to trigger ecdysis behavior, there was also data in the literature that 

contradicted this hypothesis. Although EH had been shown to cause an increase in 

cGMP in the isolated Manduca abdominal nerve cord, no one was able to replicate in 

Manduca the experiments on H. cecropia in which EH applied to the isolated CNS 

triggered the ecdysis motor pattern (Truman, 1978). Furthermore, it appeared that EH, 

although sufficient to trigger ecdysis, might not be necessary to trigger ecdysis because 

Manduca pupae with their brains removed were still able to ecdyse, although the time of 

emergence was irregular (Truman and Riddiford, 1970). Furthermore, in Manduca, when 

the release of circulating EH was blocked, the insect could still begin ecdysis at the 

normal time (Hewes and Truman, 1991). As it turns out, a surprising number of pieces to 

this story had yet to fall into place. 

1.2.2 Current Understanding of EH and Ecdysis 

Beginning in 1994, several discoveries have necessitated substantial modification 

of the earlier model of EH action, described above. First, the development of an antibody 

that recognized fixed cGMP (De Vente et at., 1987) allowed the exact location of the EH-

stimulated cGMP increase in the CNS of the Manduca larva to be pin-pointed through 

immunohistochemistry. This increase was localized to a group of fifty neurons that are 

also immunoreactive for crustacean cardioactive peptide (CCAP) (Ewer et al., 1994). 

Interestingly, if the nerve cord was severed at any point below the subesophogeal 
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ganglion before EH injection, only those CCAP-inimunoreactive cells in ganglia anterior 

to the transection were positive for cGMP immunoreacitvity, showing that direct action 

of EH on the CNS did not trigger the increase in cGMP, and suggesting that descending 

synaptic input is required for this effect of EH to be expressed. 

Next, a second peptide hormone capable of triggering ecdysis in Manduca was 

reported in the journal Science by Zitnan et al. (1996). This new peptide, termed ecdysis-

triggering hormone (ETH), is located in segmentally repeated epitracheal glands on 

trachea near the spiracles, and can initiate both pre-ecdysis and ecdysis behaviors in 

Manduca with a shorter latency than that of EH. Furthermore, the authors demonstrated 

that bath-applied ETH can trigger the appropriate motor patterns in isolated nervous 

systems, and that bath-applied EH could do the same if dissected epitracheal glands are 

included in the dish. These observations led Zitnan et al. (1996) to suggest that the 

function of EH is to cause the release of ETH, and that ETH then acts directly on the 

nervous system to initiate ecdysis behavior. It is interesting to note that in the earlier 

experiments that demonstrated that bath-applied EH could stimulate pre-ecdysis and 

ecdysis motor patterns in the isolated H. cecropia nervous system, long lengths of trachea 

were required to be left intact with the nervous system. These trachea may have included 

the epitracheal glands, and thus, provided a source of ETH within the bathing medium 

(Truman, 1978; Zitoan era/., 1996). 

The ability of EH to stimulate the release of ETH from the epitracheal glands has 

been confirmed by other laboratories (Ewer et al., 1997; Kingan et al.. 1997). However, 

Ewer et al. (1997) suggest that the role of ETH is to act on the brain to stimulate EH 
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release from the VM cells, rather than directly triggering the ecdysis motor pattern. The 

authors further suggest that EH released into the CNS in response to ETH is probably 

acting on the CCAP-containing cells (the source of the EH-stimulated cGMP) to mediate 

ecdysis behavior and upon the epitracheal glands to cause the ftirther release of ETH 

(Ewer et al., 1997). Thus a positive feedback loop in which each hormone causes the 

release of the other is the ultimate trigger of the ecdysis motor pattern. 

This hypothesis was developed from the observation that application of ETH to 

the isolated central nervous system caused a decrease in the threshold of the EH-

containing VM cells in the brain and a dramatic spike broadening in the same. Also, 

ETH bath-applied to the isolated CNS caused a reduction in the amount of EH stored in 

the VM axons, as measured by a decrease in EH immunoreactivity. Finally, injections of 

either EH or ETH into the circulation could cause a reduction in EH in the VM axons, but 

EH injection had a longer latency than that of ETH. 

In another development, Gammie and Truman (1997) demonstrated that bath-

application of CCAP to isolated desheathed abdominal ganglia quickly induces the 

ecdysis motor pattern, and that CCAP was not limited developmentally in its ability to 

induce the ecdysis motor pattern. Moreover, they found that application of CCAP 

immediately halts the pre-ecdysis motor pattern and begins the ecdysis motor pattern. 

More recently, Gammie and Truman (1999) have been able to show that EH applied 

directly to desheathed ganglia is able to trigger both an increase in cGMP in the CCAP 

immunoreactive cells, and initiate the ecdysis motor pattern with a longer latency than 

ETH, presumably acting through the release of CCAP. 
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The new model (Fig. 1-1) for ecdysis induction that has emerged from these discoveries 

is the following; I) PETH and ETH are released from the epitracheal glands at the end 

of the molt, possibly in response to declining steroid hormone titers, and pre-ecdysis 

behavior begins; 2) with some delay, ETH acts on the brain to increase the firing rate of 

the VM cells resulting in the release of EH both within the ventral ganglia and into the 

hemolymph; 3) EH released into the hemolymph acts on the epitracheal glands to cause 

the fiuther release of ETH by increasing cGMP, and thus perpetuates a positive feedback 

cycle between the two hormones; 4) EH released into the ventral ganglia stimulates an 

increase in cGMP within the CCAP-containing cells resulting in the release of CC AP into 

the neuropil; 5) CCAP then acts on motor neurons to interrupt the pre-ecdysis motor 

pattern and initiate the ecdysis motor pattern. 

A footnote to this story is actually a series of observations on the effect of 

genetically deleting EH from an insect, observations that, in turn, may lead to yet another 

revision of the cunent model of EH action. One of the problems that has plagued 

physiological investigations of the role of EH in ecdysis behavior has been the difficulty 

in determining unequivocally if EH is required for the initiation of ecdysis activity. This 

difficulty is due to the fact that there are multiple sites in the brain and abdomen at which 

EH could be released. McNabb et al. (1997) brought the genetic power of the Drosophila 

system to bear on this problem by attaching the EH promoter region to either the 

Drosophila cell death gene reaper, or head involution defective. This manipulation 

effectively ablated the VM cells by the third larval due to transcription of the cell death 

gene. 
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Figure 1-1. Ecdysis Cascade. Eclosion hormone released from the proctodeal nerves 
(pn) acts on the epitracheal glands (eg) to cause the release of ecdysis-triggering 
hormne (ETH). ETH then acts on the EH-containing ventral medial cells of the brain 
(VM) to trigger the further release of EH, both into the periphery and within the 
ventral nerve cord (vnc). EH released within the vnc acts on cells within the ganglia to 
trigger the release of crustacean cardioactive peptide (CCAP) which then triggers the 
ecdysis motor pattern. The actual first event of this positive feedback cycle is not 
known. Another peptide named pre-ecdysis triggering hormone is also released from 
the epitracheal glands and is involved in triggering pre-ecdysis behavior (not shown). 
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Surprisingly, at least one third of the EH- animals were able to undergo all of the 

larval ecdyses and adult eclosion; however, these flies had many subtle difficulties that 

suggest a role for EH as a modulator of ecdysis activity including slow, uncoordinated 

ecdyses, and a lack of responsiveness to the 'lights on" signal that normally induces the 

gated eclosion of the adult. Also, injecting EH- Drosophila with ETH does not stimulate 

ecdysis behavior as it does in control Drosophila, demonstrating a dependence on EH for 

ETH-mediated initiation of ecdysis. 

Thus, the feedback loop between EH and ETH described above may represent a 

modulatory circuit rather than a sole descending command that begins ecdysis behavior. 

This interpretation of the role of the EH/ETH loop predicts the existence of another 

circuit responsible for initiating ecdysis behavior which may be represented by 

descending synaptic input from the subesophogeal ganglion, either to the CC AP cells, or 

to the motor neurons that effect the ecdysis behavior. A careful study of ecdysis behavior 

in the Drosophila EH knockouts may help separate the contributions of these two circuits. 

These various studies indicate that although EH can initiate ecdysis behavior 

when the system is challenged, its normal role in the insect may be to modulate elements 

of this behavior such as the gating of adult eclosion. In addition to modulating ecdysis 

behavior, there is mounting evidence that EH may induce or modulate other activities that 

must occur at the time of ecdysis. These activities include wing-spreading behavior 

(Truman and Endo, 1974), and activation of the cibarial pump which serves to draw 

fluids into the gut of the adult (Miles et al., 1998). Finally, the actions of EH are not 
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limited to the modification of behaviors; there are also reports in the literature describing 

possible roles for EH in physiological ftmctions that must co-ordinated with ecdysis 

functions such as programmed cell death (Schwartz and Truman, 1982) and the secretion 

of the cement layer of the new cuticle (Hewes and Truman, 1991)(Fig. 1-2). A greater 

understanding of the mode of action and fimction of EH at targets not directly involved in 

the ecdysis behavior may shed light on this new role for EH as an "ecdysis-coordinating 

hormone". 

1.2.3 Functions of EH that are Peripheral to Ecdysis 

Functions of EH that are not directly related to pre-ecdysis or ecdysis motor 

patterns have been well-documented in the literature and fall with some overlap into two 

categories: behavior and physiology. 

Examples of behaviors that EH is thought to initiate or modulate include the 

wing-spreading behavior of the adult moth (Truman and Endo, 1974), fluid and air 

pumping in the gut (Miles et al., 1998), the activation of the gin-trap pupal reflex (Levine 

and Truman, date), and the activation of adult-specific motor patterns (Truman, 1976). 

Documented physiological effects of EH action include increased wing plasticity 

(Reynolds, 1977), programmed cell death (Schwartz, 1982), secretion of bursicon, the 

tanning hormone (Truman, 1980), and secretion of the cement layer (Hewes and Truman, 

1991). The evidence for EH involvement in each of the physiological actions is 

discussed in greater detail below. 
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Figure 1-2. Targets and functions of eclosion hormone (EH). Dotted line indicates 
±at a direct action has not been demonstrated. Ecdysis-triggering hormone (ETH); 
Pre-ecdysis triggering hormone (PETH); Crustacean cardioactive peptide (CCAP). 
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The first physiological role described for EH that was not thought to be directly 

involved in the initiation of ecdysis behavior is the induction of increased wing plasticity 

in the newly emerged adult moth. After the moth has emerged from the pupal cuticle, the 

wings are compacted and must be pumped fiill of hemolymph and extended before 

tanning of the cuticle inhibits flexibility. It was observed by Reynolds (1977) that 

injection of EH into the wing vein of the pharate adult moth caused an increase in cuticle 

extensibility. This increase could be quantified by subjecting an EH-injected wing to a 

load and comparing the extension of the wing to that of a non-injected v^ng bearing an 

identical load. The ability to quantify the effects of EH in this manner allowed 

researchers to use the extensibility of the wing as a sensitive, non-behavioral bioassay for 

EH concentration (Reynolds, 1977; Reynolds and Truman, 1980). It is unknown if the 

effects of EH on the wing are mediated by cGMP. 

In at least one species of moth, EH is also thought to mediate programmed cell 

death. The intersegmental muscles (ISMs) of Antherea polyphemus are abdominal body 

wall muscles that are used in the emergence of the adult and then undergo rapid 

degeneration (Schwartz and Truman, 1982). The evidence for the role of EH in this 

degeneration is the following: injection of EH into the isolated abdomen before ecdysis 

causes rapid degeneration of the ISMs, while control abdomens that have not been 

injected undergo a very slow muscle atrophy that appears to be due to a different 

mechanism (Schwartz and Truman, 1982). 

As is the case for other targets for EH, such as the epitracheal glands and the 

CCAP cells, cGMP was found to be the mediator of the EH-stimulated action at the ISMs 
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(Schwartz and Truman, 1984b). Exposure of isolated abdomens to EH caused an 

upregulation of cGMP in the ISMs and exposure of the same to cGMP induced rapid 

muscle degeneration. One difference between the cGMP pathway in the ISMs, 

compared to that in the epitracheal glands or CCA? cells, is that the ISM degeneration 

was found to be inducible by sodium nitroprusside, a chemical that stimulates a nitric 

oxide-sensitive guanylyl cyclase. The epitracheal glands and the CCA? cells, however, 

appear to be insensitive to sodium nitroprusside (Ewer et al., 1994; Ewer et ai, 1997). It 

should also be noted that the mechanism for ISM degeneration in Manduca appears to be 

steroid hormone-mediated rather than EH-mediated (Schwartz and Truman, 1983) 

although it has been demonstrated that there is specific binding of EH to the ISMs in 

Manduca membranes (Morton, unpublished results). Finally, it is unclear whether or not 

the effect of EH on the ISMs of A. polyphemus is actually a direct effect as all 

experiments were performed in isolated abdomens and it is now known that EH can 

induce the release of ETH from the abdominal epitracheal glands and possibly modulate 

the release of other peptides as well. 

Another suspected target for EH action is the Verson's glands. The Verson's 

glands are segmentally repeated dermal glands that release a cement layer onto the new 

cuticle after ecdysis (Verson, 1890; Wigglesworth, 1933; Wigglesworth, 1977). The 

glands are composed of three cells: a duct cell, a saccule cell and a secretory cell (Lane et 

al., 1986). Evidence that EH is involved in the activation of the Verson's glands comes 

from experiments by Hewes and Truman (1992) in which the source of circulating EH in 

Manduca was blocked before ecdysis either by everting the proctodeal nerves from the 
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abdomen, or ligating the abdomen anterior to the proctodeal nerve release sites. 

Although the animals were able to undergo ecdysis in the absence of circulating EH, the 

authors noted that the Verson's glands did not release their contents after ecdysis, and 

that injection of exogenous EH rescued the secretion of the cement layer. An up-

regulation of cGMP in the Verson's glands in response to injected EH has been indicated 

by immunocytochemical staining both by myself (data not shown) and by James Truman 

(personal communication). Again, it is unclear whether or not these observations 

represent a direct effect of EH upon the Verson's glands, but the question could probably 

be resolved best through in vitro secretion assays with isolated Verson's glands. 

EH has also been implicated in the release or modulation of release of other 

peptides, most notably CC AP and ETH. Long before the ability of EH to cause the 

release of these two peptides was confirmed, a large body of circumstantial evidence 

existed that EH was also involved in the control of the release of a third hormone, 

bursicon, that is responsible for cuticular tanning (Truman, 1980). This original evidence 

included the fact that injection of EH before the time of ecdysis not only triggered the 

initiation of precocious ecdysis, but also the precocious release of bursicon (Truman, 

1980). Furthermore, if animals were de-brained (presumably removing the source of EH) 

during the early pupal stages, they were still able to eclose, but bursicon was not released 

and tanning did not occur (Truman and Endo, 1974; Truman, 1980). Recent data 

acquired from observation of the EH knockout in drosophila has revealed that, although 

the EH minus flies do ecdyse, they do not undergo wing spreading behavior and complete 

tanning (McNabb et al., 1997). 
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A short discussion is provided here on the transduction of the EH signal including 

the natiu-e of the cGMP increase, and what is known about the EH receptor and the 

downstream signaling events, as these attributes bear directly upon the characterization of 

novel putative targets for EH action. 

The intracellular messenger cGMP is known to mediate a wide variety of cellular 

responses in both vertebrates and invertebrates including phototransduction (reviewed in 

Waldman and Murad, 1987), olfaction (Breer and Shepherd, 1993), smooth muscle 

relaxation (reviewed in Waldman and Murad 1987), fluid and ion transport (Field et al., 

1978), long-term potentiation (Arancio et al., 1995; Wu et al., 1994) and long-term 

depression (Daniel et al., 1993; and Hartel: 1994). cGMP is produced by the enzyme 

guanylate cyclase which converts OTP to cGMP, and is broken down by cyclic 

nucleotide phosphodiesterases (reviewed in Lincoln, 1994). The guanylate cyclases 

(GCs), with some exceptions, belong to one of two families: the soluble cyclases and the 

receptor or particulate cyclases (reviewed in Lincoln, 1994). The soluble cyclases are 

traditionally activated by the gaseous messenger nitric oxide whereas the particulate 

receptors are activated by the binding of the appropriate ligand (reviewed in Lincoln, 

1994). 

An increase in the intracellular messenger cGMP in response to EH has been 

documented in at least three different targets for EH including the epitracheal glands 

(Ewer et al., 1997; Kingar?, el al., 1997), the CCAP cells (Gammie, et al., 1999), and the 
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ISMs of Antherea polyphemus (Schwartz and Truman, 1984). The nature of the cyclase 

responsible for the EH-stimulated cGMP at these targets is not unequivocally determined 

although it is known that the epitracheal glands and the CCAP cells do not respond to the 

nitric oxide donor sodium nitroprusside (SNP) with an increase in cGMP suggesting that 

the GCs within these cells are not traditional soluble cyclases (Ewer et al., 1994; Ewer et 

al., 1997). The ISMs of Antherea, however, do up-regulate cGMP in response to SNP 

indicating the presence of a soluble cyclase in the ISMs; furthermore, SNP stimulates the 

rapid degeneration of the ISMs (Schwartz and Truman, 1984). In the case of ISM 

degeneration, it is still possible that EH may act through a particulate cyclase and that the 

SNP-stimulated degeneration represents the presence of a parallel pathway that converges 

at the point of cGMP action. 

Before it was discovered that the brain and/or subesophogeal ganglion were 

required for the increase in cGMP in the CCAP cells that occurs at the time of ecdysis, it 

was known that EH applied to isolated Manduca abdominal nervous systems caused a 

robust increase in cGMP as measured biochemically (Morton and Giunta, 1992). The 

discrepancy between these two findings will be addressed in the next section. 

Meanwhile, biochemical characterization of the EH stimulated increase in cGMP in the 

isolated abdominal CNS indicated that the GC stimulated by EH had characteristics of 

both soluble and particulate cyclases (Morton and Giunta, 1992). Theoretically, in a 

homogenized cell preparation, the chain of intracellular messengers required for 

activation of a soluble GC would be interrupted by dilution, but the activity of a 

particulate GC would be unaffected since it is directly activated by the bound ligand. 



36 

When the isolated CNS of Manduca was challenged with EH and then homogenized, no 

GC activity was found in the homogenate, suggesting that EH may normally activate a 

soluble cyclase. At the same time, inhibitors that blocked the production of NO did not 

block the EH-stimulated increase in cGMP in abdominal CNS. This finding indicated 

that EH acted through a cyclase that was not sensitive to NO as the soluble cyclases 

usually are. It has thus been postulated that EH may act either through a novel soluble 

GC that is not NO-sensitive, or via a particulate GC that requires dilutable co-factors (J. 

Simpson, Ph.D. Dissertation). 

Recently, in part to investigate the sort of cyclase that might be involved in the 

production of EH-stimulated cGMP, this laboratory has succeeded in cloning and 

characterizing four GCs from the CNS of Manduca. The cloned GCs represent 2 

receptor GCs (Nighom, et al., 1998), one NO-insensitive soluble GC (Nighom et al., 

1999), and one NO-insensitive GC with characteristics of a receptor GC, but no 

extracellular or transmembrane domains (Simpson et al., 1999). The NO-insensitive GCs 

are good candidates for the GC involved in the EH-stimulated cGMP increase as they fit 

one of the criteria postulated above. Although the first NO-insensitive GC diat was 

isolated is unlikely to mediate the EH response because it does not appear to be expressed 

in any of the known EH targets (Simpson, et al., 1999), the second such GC has been 

demonstrated via RT-PCR to be expressed in the epitracheai glands (????.) and remains a 

good candidate to mediate the actions of EH. 

Although over 100 neuropeptides have been sequenced in insects (reviewed in 

Nassel, 1992), only a handfiil of the receptors for these hormones are known. Because 
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EH shares no homology to any other known peptide, vertebrate or invertebrate, the nature 

of the EH receptor cannot be speculated upon based on homology to other systems. It is 

still possible that EH might act through a receptor GC that requires dilutable co-factors as 

described above. If, however, it turns out that the GC that mediates the EH-stimulated 

cGMP is the second NO-insensitive soluble cyclase described above, then EH probably 

acts through some other form of receptor. 

Studies of the second messengers produced in response to EH stimulation of the 

isolated abdominal CNS in Manduca indicate that lipid messengers are involved and that 

inositol-trisphosphate is produced in response to EH (Morton and Giunta, 1992; Morton 

and Simpson, 1995). These data are consistent with the indirect stimulation of cGMP by 

soluble messengers, and suggest the involvement of a classic seven-transmembrane G 

protein-coupled receptor. Morton and Simpson demonstrated that the EH-stimuIated 

cGMP response was not sensitive to pertussis toxin and hypothesized that either the 

response to EH was mediated by the pertussis toxin-insensitive Gi or Gq G-protein 

subunits, or that the EH receptor belonged to the tyrosine kinase family. This issue 

remains to be resolved. 

Although the end-result of EH-stimulated cGMP is known for some targets, such 

as the secretion of ETH from the epitracheal glands, the cellular events that occur 

downstream from the increase in cGMP are not well understood at any EH target. 

Typicd immediate cellular targets for cGMP include cyclic-nucleotide gated ion 

channels, protein kinases, cyclic nucleotide phosphodiesterases and ADP-ribosyl cyclase 

(reviewed in Lincoln, 1994). The only downstream target of the EH-stimulated cGMP 
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identified to date is a pair of 54 kDa proteins in the CNS of Manduca that are 

phosphorylated in response to EH and cGMP (Morton and Truman, 1986; Morton and 

Truman, 1988a). These proteins have been named the eclosion hormone and cGMP-

regulated phosphoproteins (EGPs). The ability to phosphorylate the EGPs in vitro is 

closely correlated with the development of the ability of EH to trigger pupal ecdysis in 

Manduca. Thus one good candidate for an immediate downstream target for the EH-

stimulated cGMP is a cGMP-dependent protein kinase which in turn might cause the 

phosphorylation of the EGPs, either directly or through a kinase cascade. 

Interestingly, in every case in which EH is known to trigger a specific action, an 

increase in cGMP alone has been shown to be sufficient to trigger that action (see above). 

To date, however, no one has attempted to block a known action of EH by appying 

cGMP inhibitors; thus it is still possible that EH may trigger other, as yet unidentified, 

parallel pathways for some actions. 

1.2.5 Discovery of a Novel Target for Bath-Applied EH 

The discovery by Ewer and colleagues that the increase in cGMP that occurs in 

the Manduca CNS during ecdysis is due to the fifty CCAP cells was a major 

breakthrough in our understanding of the chain of events that leads to the initiation of 

ecdysis behavior (Ewer et al., 1994). At the same time, however, this discovery created 

quite a mystery—Ewer and colleagues reported that the increase in cGMP in the CCAP 

cells at the time of ecdysis, or in response to injected EH, required that the brain and 
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subesophogeal ganglion be attached. They postulated that this requirement reflected a 

need for descending synaptic input from the more anterior regions of the CNS. This 

observation seemed to be at odds with the finding by Morton and Giunta, a few years 

previously, that exposure of the isolated abdominal CNS to EH in vitro could trigger a 

robust increase in cGMP as measured by radio-immunoassay (Morton and Giunta, 1992). 

A possible explanation that suggested itself immediately was that the different 

requirements for descending input were stage-dependent, as Ewer and colleagues were 

studying fourth instar larvae and the in vitro work by Morton and Giunta utilized pre-

pupal animals. Thus it became important to identify the cellular source of EH-stimulated 

cGMP in the isolated abdominal CNS of the pre-pupal Manduca. 

Surprisingly, immunocytochemistry for cGMP in the isolated prepupal abdominal CNS 

stimulated with l-3nM EH revealed cGMP immunoreactivity in a dense network of 

processes situated just anterior to each ganglion, and not in the CCA? cells (Morton, 

1996) (Fig. 1 -3). This network of fibers corresponded to the location of the transverse 

nerve of Manduca, a segmentally-repeated nerve that originates from the medial nerve 

just anterior to the dorsal surface of each ganglion and progresses bilaterally to the 

periphery. The transverse nerve contains multiple neurosecretory endings and is a well-

known neurohemal release site in insects (reviewed in Raabe, 1983) and in Manduca 

(Truman, 1973; Taghert et al., 1988). 

Further experiments suggested an explanation for the discrepancy in the 

dependence upon descending input for EH-stimulated cGM? between fourth instar larva 

and pre-pupal insects. If 5 pmoles of EH were injected into an intact pharate pupa (for a 
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Figure 1-3. Schematic diagram of the location of EH-stimulated cGMP in the 
abdominal nerve cord of the prepupal Manduca. The inset is a photograph showing 
cGMP immunoreactivity stimulated with 2.5 nM EH in short-term tissue culture. 
. Scale bar is 200^m. 
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circulating concentration of 2nM), cGMP immunoreactivity was subsequently found in 

both the transverse nerve processes and the CCAP cells, indicating that the CCAP cells of 

the pre-pupa do require descending input from the brain or subesophogeal ganglion to 

respond to EH with an increase in cGMP. Given that there is strong correlative evidence 

to suggest that the initiation of ecdysis behavior is tightly coupled to an increase in cGMP 

in the CCAP cells in all ecdyses, including the pupal ecdysis (Ewer and Truman, 1997), 

and that EH bath-applied to the isolated abdominal CNS has never elicited the ecdysis 

motor program in Manduca, it is likely that the EH-stimulated cGMP in the processes of 

the transverse nerve is not related to the initiation of ecdysis behavior. 

The ability of EH to cause an increase in cGMP in the transverse nerve was found 

to be specific to the pupal stage, suggesting one reason why this novel target for EH was 

not discovered in the experiments by Ewer and colleagues which utilized fourth instar 

larva (Morton, 1996). Another reason that Ewer and colleagues would not have 

discovered cGMP immunoreactivity in the transverse nerve of Manduca, even if 

examining the pupal ecdysis, is that there is no visible cGMP immunoreactivity in the 

transverse nerve at the time of pupal ecdysis (Morton, 1996). The dose-response curve 

for antibody recognition of EH stimulated cGMP reveals that the amount of EH released 

at the time of ecdysis, approximately 288pM, is just at, or below the threshold of EH 

required for detectable cGMP immunoreactivity in the transverse nerve of the isolated 

abdominal CNS (Morton, 1996). However, if the effect of physiological concentrations 

of EH applied to the isolated abdominal CNS is measured biochemically via RIA, the 

resulting concentration of cGMP is within the half-maximal range of the assay (-300 
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fmol/CNS). Thus it is possible that there is an increase in cGMP in the transverse nerve 

during pupal ecdysis that is below the threshold for detectability with the antibody, but 

should be detectable via RIA. 

Pharmacologically, the EH-stimulated cGMP immunoreactivity in the transverse 

nerve was found to be similar to that measured biochemically in the isolated abdominal 

CNS, and, in part, to the EH-stimulated increase in cGMP in the CCAP cells (Morton and 

Giunta, 1992; Ewer et al., 1994; Morton, 1996). First, in each instance, it appears that EH 

does not stimulate the increase in cGMP via an NO-sensitive GC. Also, the EH-

stimulated increase in cGMP in the transverse nerve as measured immunocytochemically 

and biochemically is blocked by the lipase inhibitor 4-bromophenacyl bromide (4BPB) 

(Morton and Giunta, 1992; Morton, 1996). It is unknown whether or not EH-stimulated 

cGMP in the CCAP cells is blocked by 4BPB as well. 

It is likely, based on the evidence above, that EH acts upon the transverse nerve of 

Manduca to cause an increase in cGMP in a stage-specific manner. The ftmction of EH 

at this target at the pupal ecdysis is unlikely to be directly related to the initiation of 

ecdysis behavior and probably represents some pupal specific fimction. All other EH 

targets that have been identified have been recognized because a specific fimction was 

linked to the occurrence of ecdysis and/or the release of EH. In the case of the pre-pupal 

transverse nerve, the target has been identified by the direct ability of EH to up-regulate a 

second messenger in the tissue, thus the function of EH at this target is unknown. An 

important step in making educated hypotheses about the function of EH at this site is 

understanding the nature of the filamentous processes that upregulate cGMP. 
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The filamentous nature of the cGMP immunoreactivity originally suggested that 

neurosecretory axons projecting to the transverse nerve may be the targets for EH in this 

region. If this were true, given the ability of EH to cause the release of other peptides, 

one might hypothesize that the function of EH at this site is to modulate the release of a 

variety of peptides from the transverse nerve at the time of ecdysis. Early data seemed to 

uphold the idea that the neurosecretory axons were the EH targets: when 

immunocytochemistry was used to label EH-stimulated cGMP in the transverse nerve 

filaments, and nucleic acids were labeled in parallel with propidium iodide, there 

appeared to be little overlap between the propidium iodide signal and the cGMP signal 

(Morton, 1996). This finding suggested that the filaments recognized by the cGMP 

antibody do not contain RNA, and consequently, were likely to be axons rather than 

intrinsic cellular processes. 

An in depth exploration of the nature of the EH-stimulated cGMP that occurs in 

the transverse nerve is the focus of this project. Specific aims for the project include the 

demonstration of cGMP upregulation in the transverse nerve at the time of pupal ecdysis, 

the cellular localization of the EH-stimulated cGMP in the transverse nerve, and the 

characterization of the developmental sensitivity of the transverse nerve to EH. This 

characterization will allow hypotheses to be generated about the function of EH at the 

pre-pupal transverse nerve and will add to our understanding of EH fimction in general. 
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FURTHER CHARACTERIZATION OF THE EH-STIMULATED cGMP IN THE 

PROXIMAL TRANSVERSE NERVE AND IDENTIFICATION OF THE SPECIFIC 

TARGET FOR EH IN THIS TISSUE 

2.1 Introduction 

Until recently, it was thought that eclosion hormone (EH) released into the 

circulation at the end of the insect molt acted directly on cells of the central nervous 

system (CNS) to upregulate cGMP and thus initiate ecdysis behavior (reviewed in 

Truman. 1992). We now know, however, that EH functions as part of a positive 

feedback loop in which circulating EH indirectly triggers the further release of EH within 

the CNS via a second peptide, ecdysis-triggering hormone (ETH) (Zitnan et al., 1996; 

Ewer et al., 1997). Notably, it has been suggested that it is centrally released, rather than 

peripherally released, EH that acts on identified cells within the CNS to trigger the cGMP 

increase that is correlated with ecdysis behavior, and it has been postulated that 

peripheral EH cannot cross the blood-brain barrier (Ewer et al., 1997). 

In seeming contradiction to this model, when EH is applied to the isolated 

abdominal nervous system of the pre-pupal Manduca in short-term tissue culture, a robust 

increase in cGMP within the tissue can be measured biochemically (Morton and Giunta, 

1992). The question remained, how, if EH could not cross the blood-brain barrier, was 
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bath-application of EH able to trigger an increase in cGMP in the isolated abdominal 

nervous system? This question was answered when cGMP immunohistochemistry 

revealed that a previously unknown target for EH, just anterior to each ganglion, is the 

source of this EH-stimulated cGMP (Morton, 1996). The fact that the ability of EH to 

up-regulate cGMP in this novel target was found to be specific to the pre-pupal stage 

(Morton, 1996) is one possible explanation for why this target was not discovered in 

immunohistological investigations of EH-stimulated cGMP in the fourth instar larva of 

Manduca (Ewer at al., 1994). 

Specifically, Morton (1996) found that the cGMP immunoreactivity (-ir) 

stimulated by EH in tissue culture was found to be localized to a dense network of 

filaments at the base of the segmentally-repeated abdominal transverse nerves, just 

anterior to each abdominal ganglion (Fig. 1-3). Based on the apparent lack of RNA 

within the cGMP-positive filaments, these filaments were tentatively identified as the 

axons of the neurosecretory cells (Morton, 1996) that project to this well-known 

neurohemal release site (reviewed in Raabe, 1983). Morton also noted that, despite the 

robust cGMP -ir induced by non-physiological concentrations of EH in vitro, there was 

no detectable cGMP -ir in the transverse nerves during natural pupal ecdysis. It has been 

suggested by Morton that the amount of cGMP in this tissue that is expected to be 

produced in response to endogenous levels of circulating EH during pupal ecdysis is 

probably below the threshold for detection by immunocytochemistry, but should be in the 

detectable range of some biochemical assays for cGMP (Morton, 1996) (see Chapter 1 

discussion for greater detail). 
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The ability of non-physiological concentrations of EH to trigger such a robust 

cGMP response in this tissue in vitro begs the question of whether or not this tissue is a 

natural target for the EH that is released at pupal ecdysis, and if so, what is the 

physiological role of EH at this target during the pupal ecdysis? By measuring the 

increase in cGMP in the transverse nerves during pupal ecdysis with a more sensitive 

technique in the form of a cGMP radio-immunoassay (RIA), and observing 

developmental changes in the regulation of EH sensitivity, this study attempts to answer 

the first question. In addition, by determining the cellular identity of the filamentous 

processes that upregulate cGMP in response to EH, the first step is taken toward 

answering the second question. 

The results of these studies indicate that the transverse nerve undergoes a 

significant increase in cGMP content as measured biochemically at the time of pupal 

ecdysis, consistent with the idea that the proximal region of the transverse nerve is a 

target for the EH released at that time. In addition, the ability of EH to stimulate cGMP 

in the transverse nerve was found to increase steadily after the wandering stage up to the 

start of pupal ecdysis, when EH is normally released, and then decrease abruptly after 

pupal ecydsis. It was also found that the cellular target for EH in this region is not 

comprised of the axons of neurosecretory cells, but rather a previously undescribed 

population of filamentous cells. These cells inhabit a discrete region within the 

connective tissue sheath that surrounds the transverse nerve proper, and this region has 

been named the "sub transverse nerve region" (STNR). 
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Experimental animals 

Manduca sexta (Lepidopteral:Sphingidae) were reared in a laboratory culture on an 

artificial diet [modified from Bell and Joachim (1976)] under a 17L:17D photoperiod 

regimen at 26°C and at 50-60% relative humidity as previously described (Sanes and 

Hildebrand, 1976; Prescottet al., 1977). Developmental staging (Fig. 2-1). 

Biochemical quantification of cGMP 

For biochemical quantification of the cGMP content of the abdominal STNR/TN 

complexes 4 hours before pupal ecdysis as well as during, and 4 hours after pupal 

ecdysis, the insects were opened, the gut removed, and the remainder submerged in ice-

cold saline. Pieces (~800 nM) of the STNR/TN complexes cut from the branch-point of 

the left ventral nerve to the branch-point of the right ventral nerve (Fig.2-9b), were 

quickly removed from abdominal ganglia A2-A6 with forceps. The removed tissues 

from each animal were placed together into a microcentriftige tube containing 0.5ml of 

1% acidified ethanol (1% IM HCL) on ice. It took approximately five minutes from the 

time the insect was flooded with saline until the SNTR/TN complex was removed from 

each ganglion. 

When the final STNR/TN complex was removed from an animal, the total sample 

was immediately homogenized for thirty seconds. When samples from all animals had 

been homogenized, they were then centriftiged for 10 minutes at 10,000 g. The 
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Figure 2-1. Developmental stages of Manduca described in text (left column) and the 
basic staging criteria by which they were determined (right column). The lower case 
letters in the right column refer to the original source for the staging criteria (see below): 

(a) as in Copenhaver and Truman, 1982 
(b) as in Dominick and Truman, 1985, and my observation 
(c) as in Nijhout, 1976 
(d) my observation 
(e) my observation 
(f) as in Truman et al., 1980 
(g) as in Truman et al., 1980 
(h) as in Truman et al., 1980 
(i) my observation 
0) as in Tolbert et al., 1983 
(k) as in Tolbert et al., 1983 
(1) as in Tolbert et al., 1983 
(m) as in Tolbert et al., 1983 
(n) as in Tolbert et al., 1983 
(o) as in Tolbert et al., 1983 
(p) as in Tolbert et al., 1983 
(q) as in Tolbert et al., 1983 
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4th instar 
larva 

ecdysis -4h 

5th instar 
larva 

ecdysis 

pupa 

W-ld 

W 

W+ Id 

W+2d 

-24 h 
-4h 
-1 h 

+4 h 
PI 
P2 
P3 

P4 
P5 

P6 

P8 

eclosion 
adult 

— Air-filled head capsule (a) 

' Actively feeding (b) 

Dorsal vein appears C 

• Food is *'stomped" in cup (d) 

> Larvae have yellow coloration (e) 

— IVace bars appear (f) 
— Fluid gone from third abdominal segment (g) 
— First abdominal segment tan (h) 

Proboscis is tan (i) 
— Pupa is light olive (j) 

— U-turn of prothoracic tracheoie disappears (Ic) 
— Prothoracic leg cuticle retracts (1) 

— Mesothoracic leg is simple tube (m) 
— Distal mesothoracic leg is segmented (n) 

» Orange pigmentation across eye (o) 

— Eye pigment has red-brown annulus (p) 

_ Body soft and very dark; wings wrinkled (q) 

Figure 2-1. 
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supernatant was reserved in a second microcentrifuge tube and the pellet was 

resuspended in 0.5 ml of acidified ethanol, and centrifuged as before. The supernatant 

from the second centrifugation was combined with that from the first, and the pellet in the 

original tube was frozen and stored at -20 °C. The supematants were lyophilized and 

temporarily stored at -20 ®C. Within one week they were assayed for cGMP using a 

competitive EIA (see below). 

Assays for EH-stimulated cGMP content of whole abdominal nerve cords with 

the STNR attached were performed on tissues from the following stages: W-ld; W; 

W+2d; -4h; PO; PI; and P2. Whole abdominal nerve cords with STNR attached were 

removed from each animal and placed in 0.5ml tissue culture medium (TC-lOO, Gibco) 

for 10 minutes on a rotating shaker at room temperature. At the end of ten minutes, 5 

microliters of 200nM recombinant EH (Eldridge et ai., 1991), prepared as by Morton and 

Giunta (1992), was added to each abdominal nerve cord for a final concentration of 2nM 

and allowed to incubate for 10 more minutes on the rotating shaker at room temperature. 

At the end of the second incubation period, individual nerve cords were placed in 

microcentrifuge tubes and immediately frozen in liquid nitrogen. Control nerve cords, 

which had received no EH, were incubated for 20 minutes in TC-lOO and then frozen as 

above. Samples were stored at -80 °C for no more than a week. Samples were then 

homogenized in acidified ethanol and processed for cGMP content with an ELISA 

(below). The resulting data from the ELISA was normalized to the baseline and then 

plotted using GraphPad Prism. A Tukey-Kramer Multiple Comparisons ANOVA was 

performed using Inplot. 
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cGMP EIA 

The competitive cGMP enzyme-linked immimoassay (EIA) was performed by 

David Morton for all samples essentially as described in Kingan, et al. (1997). Briefly, 

cGMP was conjugated to the enzyme horseradish peroxidase (HRP) with l-ethyl-3-

(dimethylaminoproply) carbodiimide (EDC). Samples and standards were acetylated in 

water with 1% acetic anhydride in the presence of 2% triethylamine and then diluted with 

EIA buffer. EIA plates were pre-coated with goat anti-rabbit cGMP. The samples, 

standards, rabbit anti-cGMP antiserum and cGMP/HRP conjugate were added to the pre-

coated plates. The enzymatic product that results upon development is a measure of the 

cGMP/HRP that is displaced by cGMP in samples and standards. 

Immunocytochemistry Protocols 

For immunocytochemistry of in vitro EH-stimulated cGMP, whole abdominal 

nerve cords were dissected and exposed to EH in TC-lOO as described above, except that 

in some cases E«S:B saline (Ephrussi and Beadle, 1936) was used. At the end of the 

second incubation period, the tissue was fixed overnight at room temperature in 4% 

paraformaldehyde in 0.2M (pH 7.0) phosphate buffered saline (PBS). For 

immunocytochemistry other than of cGMP, abdominal nerve cords were dissected in 

saline and put directly into 4% paraformaldehyde fixative. 

For immunocytochemistry for cGMP, SCPb, CCAP, and synaptotagmin, the 

tissue was rinsed 3 X 30 minutes in PBS containing 0.3% Triton -XI00 (PBST) after 
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fixation, and then permeabilized overnight at room temperature in PBST . After 

permeabilization, the tissue was incubated for 24 hours at room temperature in primary 

antiserum in blocking solution (10% normal donkey serum (NDS) and 2mg/ml bovine 

serum albumin (BSA) in PBST). The tissue was then washed 4X10 minutes in PBST 

and incubated for 24 hours overnight at 4 °C in secondary antiserum in blocking solution 

c o n t a i n i n g  5 %  N D S .  T h e  t i s s u e  w a s  t h e n  w a s h e d  1 X 1 0  m i n u t e s  i n  P B S T  a n d  4  X I O  

minutes in PBS. After washing, peroxidase labeled preparations (single label sheep anti-

cGMP) were visualized with 0.5mg/mL diaminobenzidine (DAB) and 0.01% hydrogen 

peroxide with 0.036% nickel chloride as described in Morton (1996) and mounted in 

permount. Fluorescently labeled tissue was mounted in 80% glycerol. 

The BrdU immunoreactivity protocol was modified from that of Consoulas and 

Levine (1997). Briefly, tissue was dissected from the animal and then washed for 10' 

with 30% EtOH and then for 10' with 70% EtOH. The tissue was then fixed for 2 hours 

in Camoy's (6:3:1 EtOH: chloroform: acetic acid). The tissue was re-hydrated through 

an ethanol series (70% EtOH, 30% EtOH, and then several washes of 0.2M PBS). The 

tissue was incubated with 0.5mg/ml collagenase (Sigma, type IV) in PBS (with ImM 

CaCl,) for 15' at room temperature and then rinsed 2X5' with PBST (0.3% Triton-X 

100). The DNA in the tissue was denatured by treating the tissue with 2N HCl in PBS 

for 1 hour at room temperature. The tissue was then washed 3 X 10' in PBS. The tissue 

was then incubated in mouse anti-BrdU diluted 1:100 in PBS with 5% NGS for 24 hrs at 

4° C. The tissues were then washed in PBST and PBS for 1 hour and then incubated with 

a goat anti-mouse secondary conjugated to Cy-3 (1:200) in PBS with 1% NGS for 24 hrs 
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at 4° C. The tissue was then rinsed and mounted in 80% glycerol. Vibratome sections of 

tissue were processed in the same way except that, after primary and secondary antibody 

incubations, the tissue was embedded in agarose (as described for "vibratome sections") 

and cut into 50 micron sections. 

Antisera 

The primary antisera used in this study included rabbit anti-cGMP (1:10,000 for 

immunofluorescense, 1:20,000 for peroxidase labeling, De Vente et al., 1997); sheep 

anti-cGMP (1:10,000, De Vente); rabbit anti-CCAP (1:1000; generously provided by H. 

Dircksen, Rheinische Friedrich Wilhelms Universitat, Bonn, Germany; Dirksen and 

Keller, 1988), mouse anti-SCPB (1:500; University of Washington Monoclonal 

Laboratory, Marindsky?); rabbit mXx-Drosophila synaptotagmin (1:1000; DSYT2, 

Littleton et al., 1993), mouse anti-bromodeoxyxiridine (BrdU) (Beckton-Dickinson), and 

rabbit anti-Twist (a generous gift to the Levine lab from Dr. Bruce Patterson, NIH). 

Secondary antisera used in this study included donkey anti-sheep conjugated to HRP 

(1:1000; Jackson ImmunoResearch, Inc.), donkey anti-sheep conjugated to DTAF 

(1:200; Jackson ImmunoResearch, Inc.), a goat anti-rabbit conjugated to Cy-5 (1:100; 

Jackson Immunoresearch, Inc.) and goat anti-rabbit conjugated to Cy-3 (1:200; Jackson 

ImmunoResearch, Inc.) and a goat anti-mouse conjugated to Cy-3 (1:200; Jackson 

ImmunoResearch, Inc.) 

Specificity controls for immunostaining 
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Pre-incubation of the sheep or rabbit anti-cGMP antibody with 1 jiM cGMP 

overnight completely eliminated staining in the transverse nerve. The znix-Drosophila 

synaptotagmin antiserum used in this study had been previously shown to co-localize 

with markers for vesicular secretion in Manduca, indicating that the Drosophila antibody 

probably recognizes Manduca synaptotagmin (Consoulas et al., 1997). The CCAP 

antibody has been previously characterized in Manduca by Davis et al. (1993). Controls 

in which the primary antiserum was left out were performed for all secondary antibodies 

used. In each case, secondary antisera concentrations were adjusted until there was no 

non-specific background. 

BrdU Labeling 

To determine the number dividing nuclei, insects at the appropriate 

developmental stages were injected with 50|il of a 50mg/ml solution of BrdU (Sigma 

Chemicals) in distilled water. The injection needle was kept in warm water between 

individual injections to keep the BrdU from clogging the needle. The insects were 

returned to the incubation room and allowed to develop for 12 hours. After 12 hours, the 

insects were opened dorsally and the abdominal nerve cord and associated tissues 

removed. The removed tissues were piimed under cold saline a dissecting dish and then 

fixed in Camoy's and processed for immunocytochemistry as described above. 

Vibratome sections 
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The insects were opened dorsally and the gut removed. The animals were then 

rinsed under Week's or E&B saline and pinned flat in dissection dish. The filleted 

insects were then fixed overnight at room temperature in 4% paraformaldehyde . The 

n e x t  d a y ,  i n d i v i d u a l  g a n g l i a  w i t h  t h e  S T N R  a t t a c h e d ,  w e r e  r e m o v e d  a n d  r i n s e d  3 X 1 0  

minutes in PBS. Ganglia were then embedded in 7% low melting point agarose (Sigma 

Chemicals) with temperatures maintained under 40 degrees C. Ganglia were oriented 

such that cross-sections of the SNTR/TN complex could be cut. After the agarose 

solidified, the tissue was then sectioned at 50 or 100 |aM with a System 1000 Vibratome 

(Technical Products). These sections were processed as for wholemount 

immunocytochemistry described above and then cleared and mounted in 80% glycerol. 

Tissue for BrdU immunocytochemistry was embedded and cut after labeling with 

primary and secondary antisera. 

Propidium Iodide Labeling of Nuclei 

After exposure to primary and secondary antibodies, tissues were incubated for 5' 

in O.lmg/ml RNase A (source) in PBS to remove RNA in the cytoplasm. The tissue was 

then washed for 5' in PBS and incubated in 50|im propidium iodide (Sigma Chemicals) 

in PBS for 5'. The tissue was then washed several times in PBS and mounted and viewed 

with a confocal microscope as described below. 

Confocal microscopy 
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Immuno-fluorescence sections were viewed with a BioRad MRC 600 confocal 

microscope with a Nikon Optiphot microscope and with a lOOmW argon and a 15mW 

krypton laser. The following filter blocks were used: BHS (FITC, DTAF); YHS (Cy3): 

and RHS (Cy5). Optical sections for double label immunocytochemistry were taken 

sequentially under the same conditions of gain, black level, neutral density, and aperture 

width. The resulting images were merged in Confocal Assistant 4.0 ( BioRad, Todd 

Brelje) and converted to TIFF files. As merged files, some contrast enhancement was 

performed in Corel Photopaint 8.0. 

cGMP immunohistochemistry in semi-thin plastic sections 

Isolated abdominal nerve cords were incubated in 2nM EH and processed for 

wholemount immunocytochemistry with peroxidase/DAB labeling as described above. 

The nerve cords were washed briefly in 0.1 M phosphate buffer (pH 7.0) and then placed 

in osmium (2% in phosphate buffer) for 4 hours at room temperature. The nerve cords 

were again washed briefly in phosphate buffer, were cut into individual ganglia, and 

these placed into tissue baskets (Ted Fella). The ganglia were dehydrated through an 

ethanol series (1 X 30%, 1 X 50%, 1 X 70%, 1 X 90%, I X 95%, 2 X 100%) at 37 °C in 

a Pelco Microwave 3450 Oven for 40 seconds each. The ganglia were infiltrated with a 

mixture of 1:1 ethanol and Epon/Araldite containing X of DMP-30 (Electron 

Microscopy Sicences) in the microwave oven for 15 minutes at 37 °C. The tissues were 

then infiltrated with 100% Epon/Araldite in the microwave oven for 2 X 10 minutes at 37 

°C. Finally, individual ganglia were placed in molds with fresh Epon/Araldite and 
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oriented so that the transverse nerves could be cut in cross-section. The samples were 

placed in an oven at 60 °C overnight to cure. After hardening, blocks were trimmed and 

one or two sections were cut with a glass knives on a Reichert Jung Ultracut E 

ultramicrotome. Semi-thin sections were mounted on slides and some sections were 

counter-stained with toluidine blue (1% toluidine blue in 1% sodium borate, pH). 

2.3 Results 

2.3.1 The EH-stimulated Increase in cGMP Immunoreactivity in the Proximal Transverse 

Nerve Does Not Co-localize with Markers for Neurosecretory Axons 

Many neurosecretory processes are known to exist within the region of the 

proximal transverse nerve of Manduca, and a previous investigation had tentatively 

identified these neurosecretory axons as the source of EH-stimulated cGMP. In order to 

investigate this possibility more thoroughly, abdominal nerve cords were stimulated with 

2nM EH in vitro and inununocytochemistry was performed for two peptides contained 

within the neurosecretory processes in this area and EH-stimulated cGMP-ir. The 

resulting images were examined and recorded with the confocal microscope. The EH-

stimulated cGMP -ir does not overlap with that of small crustacean cardioactive peptide 

B (SCPg), which is present in the proximal region of the transverse nerve of the first 

abdominal ganglion (Fig. 2-2a), nor did it overlap with the majority of CCAP -ir, which 

is present in each of the proximal abdominal transverse nerves (Fig. 2-2b). In each case. 
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the peptide immunoreactivity was restricted to a narrow band in the anterior of the TN 

region. 

In order to visualize all of the neurosecretory release sites within the proximal 

transverse nerve region, double-label immunocytochemistry was performed for 

synaptotagmin-ir, which co-localizes with neurosecretory vesicles, and EH-stimulated 

cGMP -ir (Fig.2-3). The Drosophila anti-synaptotagmin antiserum used in this study 

(previously shown to recognize both neurosecretory and motor neuron terminals in M 

sexta by Consoulos and Levine, 1998) labeled a dense band of fibers in the anterior 

region the proximal transverse nerve region. Again, there was little overlap between the 

EH-stimulated cGMP-ir in posterior region of the complex and the synaptotagmin-

immunoreactive processes in 10 i^M deep confocal stacks, and no overlap of the signals 

in single sections at higher magnification (Fig. 2-3c). 

To further verify that there was no overlap in the EH-stimulated cGMP signal and 

that of synaptotagmin, fifty vibratome cross-sections of the proximal transverse 

nerve region were examined for co-localization of the two antigens (Fig.2-3b). Optical 

sections taken every 5 microns through an entire 50 micron vibratome section revealed 

absolutely no co-localization of the cGMP and synaptotagmin immunoreactivities. These 

data suggest that the filaments in this tissue that respond to EH with an up-regulation in 

cGMP are not neurosecretory axons. 

Based on these results, it seems likely that the anterior region of the tissue 

contains the elements of the transverse nerve proper. Because the posterior strip of 

material is regionally distinct from the anterior strip as defined by the cGMP-ir, it was 
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A 

B 

Figure 2-2. Double label immunocytochemistry for EH-stimulated cGMP and 
neuropeptides in the abdominal nerve cord. Abdominal nerve cords were removed 

from prepupae four hours before pupal ecdysis and stimiilated in vitro with 2.5nM EH. 
The tissue was processed for immunocytochemistry and examined with a confocal 
microscope. A. EH-stimulated cGMP (green) and SCPb (red). B. EH-stimulated 
cGMP (green) and CCAP (red). Arrows indicate cell bodies of cell 27 and cell 704. 
n = 2 nerve cords. 
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given the name "sub transverse nerve region", or "STNR" and the combined tissues will 

be referred to as the "STNR/TN complex". 

2.3.2 EH-stimulated cGMP is confined to intrinsic cells in the STNR 

Double label immunohistochemistry for synaptotagmin and EH-stimulated 

cGMP, combined v^th propidium iodide labeling of nuclei, was performed to determine 

if the EH-stimulated cGMP-ir is contained within intrinsic cells in the STNR (Fig. 2-4). 

At the wandering stage, the separation of the TN and the STNR is very distinct as defined 

by the synaptotagmin and cGMP-ir respectively. This clearer separation of the two 

morphologically distinct regions of the STNR/TN complex allows individual nuclei to be 

identified as belonging to cells whose cytoplasm demonstrates an upregulation of cGMP -

ir in response to cGMP. Thus, the EH-sensitive filaments of the proximal TN area 

belong to a local cell population that resides within the morphologically distinct STNR, 

whereas neurosecretory and motor neuron axons are mostly restricted to the more anterior 

TN. 

2.3.3 EH-stimulated cGMP is confined to non-granular cells of the STNR 

EH-stimulated cGMP-ir labeled with diaminobenzidine (DAB) from wholemount 

tissue was examined more closely in semi-thin 2 micron plastic sections of the STNR/TN 

complex counter-stained with toluidine blue (Fig. 2-5). The quality of these sections is 
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Figure 2-3. Double label immimohistochemistry for EH-stimulated cGMP (green) and 
synaptotagmin (red). Isolated abdominal nerve cords were stimulated with 2.S nM EH 
in vitro, fixed and processed for immunocytochemistry. A. Combined 10 micron optical 
sections of the proximal transverse nerve reveals synaptotagmin immunoreactivity 
confined to a narrow anterior strip with no co-locali^tion of the two signals. B. 
Combined S micron optical sections of a SO ^m vibratome cross-section of the same. 
C. Closer view of a single optical section of tissue shown in A. Scale bar is 100^m. 
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Figure 2-4. SO micron vibratome 
cross-section of the STNR/TN complex 
at die wandering stage stimulated with 
2.SnM EH. cGMP immunoreactivity is 
confined primarily to cells of the 
posteriorregion. cGMP (green); 
synaptotagmin(red); propidium iodide 
labeled nuclei(blue). 
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not ideal due to the necessity of permeabilizing the tissue with triton for the antibody 

staining protocol. The cGMP-ir can be seen in these sections as a light olive color in 

cells of the STNR. Although the cGMP-ir appeared to be darker around the outside 

edges of the STNR, this is probably an artifact due to incomplete penetration of the 

antisenun to the whole tissue, as vibratome sections exposed to the cGMP antibody after 

cutting revealed cGMP staining distributed evenly across throughout the STNR. In the 

anterior region of the complex, some of the elements of the TN proper can be identified, 

such as the spiracular motor neuron axons. A sagittal section through the STNR reveals 

that the cGMP-positive cells are elongated and seem to have multiple branches (Fig. 2-

5d) and it is possible that some of the cGMP may be in the nuclei of the cells (Fig. 2-5e). 

Counter-staining with toluidine blue reveals the presence of two types of cells in 

the STNR: a granule-containing cell and a non-granule-containing cell. It is clear that the 

non-granule-containing cells are positive for EH-stimulated cGMP, but the strong 

toluidine blue staining in the granule-containing cells made it difficult to determine if 

these cells are also a target for EH. However, by comparing consecutive sections labeled 

with DAB for EH-stimulated cGMP in which only the first is counter-stained with Tol 

blue, it can be seen that granular cells are not positive for EH-stimulated cGMP-ir (Fig. 

2-6). 

2.3.4 Cells in EH-sensitive Region Undergo Division During Prepupal Stages 
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Figure 2-5. EH-stimulated cGMP in 2^m plastic sections. Tissue was incubated with 
3nM EH in vitro and then fixed and processed for cGMP inimunoreactivity using an 
HRP-linked secondary antibody and a DAB susbstrate. The tissue was then osmicated 

and embedded in plastic for sectioning A. Cross-section of STNR/TN complex reveals 
cGMP immunoreactivity (olive) in posterior region of tissue. There are two types of 
cells in the posterior region, with and without large granules. B. and C. show ahnost 
consecutive sections with and without the toiuidine bluecounterstain to reveal extent of 
cGMP inmiunoreactivity. D. Is a longitudinal section through the STNR demonstrating 
that the cGMP positive cells are elongated with multiple branches. E. Shows two cells 
at an edge of the STNR that are positive for cGMP and may contain cGMP in their nuclei. 
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To determine if the apparent increase in size in the transverse nerve is due to cell 

division, dividing cells from animals at different stages were labeled with bromo-deoxy-

urdine (BrdU), which is incorporated only into the DNA of actively dividing cells (Fig. 2-

7). Labeling was allowed to continue for 12 hours and then abdominal nerve cords were 

processed for BrdU immunoreactivity. The STNR from animals injected with BrdU on 

the day before wandering demonstrated only a few labeled nuclei, whereas the STNR 

from animals injected at wandering had many more labeled nuclei. A cross-section of the 

STNR/TN complex from animals injected on the day of wandering clearly demonstrates 

that labeled nuclei are restricted to the STNR (Fig. 2-7b). At both of these stages, the 

only nuclei labeled were those of the STNR and those of glial cells surrounding the 

neuropil within the ganglia. At one day after wandering, the number of nuclei labeled 

with BrdU was even greater, and perineural cells were widely labeled in the connectives 

and ganglia, as well as neuropil glia. BrdU injected on the day before pupal ecdysis or 

shortly after ecdysis continued to label many nuclei of the STNR, although glia and 

peineurial labeling had declined. 

2.3.5 cGMP Content of the STNR/TN Complex at Ecdysis 

Although no cGMP-ir was reported by Morton (1996) in the proximal transverse 

nerves of animals after the start of ecdysis behavior, the majority of circulating EH is 

actually released into the hemolymph approximately 20-30 minutes before the start 
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Figure 2-6. Consecutive2micron plastic sections of EH-stimulated cGMP 
inununoreacitivity (olive) with and without toluidine counter-staining reveal that 
granule-containing cells show little or no upregulation of cGMP in response to EH. 
The outlines of granule- containing cells were traced in the section counter-stained 
with toluidine blue and then super-imposed over the consescutive section that was not 
counter-stained (arrows). Sections are from prepupa four hours before the time of 
ecdysis and 3nM EH was used to stimulate cGMP. 
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Figure 2-7. BrdU labeling for cell division in the STNR/TN complex during 
pre-pupal development. Animals were injected with BrdU and allowed to label 
for twelve hours before processing for BrdU immunoreactivity. The following 
figures are referenced according to the day of injection: A. One day before 
wandering. B. Wandering. C. One day after wandering. D. One day before pupal 
ecdysis. E. Pupal ecdysis. b. and c. indicate vibratome cross-sections of the 
BrdU labeling in the STNR/TN complex corresponding to B. and C. respectively. 
Scale bar is 200|im. 



68 

of ecdysis behavior (Taghert et al., 1980). Because there are few accurate staging 

markers during the last hour before pupal ecdysis in Manduca, cGMP-ir was examined at 

several time points before the start of pupal ecdysis to determine if there is ever a time 

when there is detectable cGMP-ir in the proximal transverse nerves. The resulting 

developmental sequence reveals no detectable cGMP-ir in the proximal region of the 

transverse nerve at any time point examined including 24 hours before pupal ecdysis, 1 

hour before pupal ecdysis, 20-10 minutes before pupal ecdysis, and at the start of pupal 

ecdsyis (Fig. 2-8). However, faint and inconsistent cGMP -ir was detected in 

unidentified cell bodies within the ganglia at the first three time points, and strong cGMP 

-ir was detected at the time of ecdysis in the CC AP-immunoreactive cells of the ganglia, 

as reported previously ( Ewer et al., 1994). 

A more sensitive enzyme-linked immunoassay (ELISA) for cGMP was utilized to 

determine if there is ever an increase in cGMP in the proximal transverse nerves that is 

below the threshold for detection by immunocytochemistry. When proximal portions of 

the transverse nerves of insects either four hours before ecdysis, during ecdysis, or four 

hours after ecdysis were removed and assayed biochemically for cGMP content, a 

significant increase in the cGMP content of the transverse nerves of animals at the time 

of pupal ecdysis is revealed (Fig. 2-9a). The absolute increase in cGMP at pupal ecdysis 

in the four abdominal transverse nerves pooled from each animal was approximately 5 

fmols, representing a two-fold increase over base-line. 

2.3.6 Developmental Changes in Sensitivity of the STNR/TN Complex to EH 
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Fig. 2-8. cGMP immunoreactivity in the abdominal nerve cord during pre-pupal 
stages. A. Although there is detectable cGMP immunoreactivity in the CCAP 
immunoreactive cells at the time of ecdysis (arrows), no cGMP immunoreactivity is 
dectectable in the proximal portion of the transverse nerve at any time. B. Compare 
with cGMP immunoreactivity of ganglion incubated with 2.5nM EH in vitro at 4 
hours before pupal ecdysis. Scale bar is 200|im. 
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Figure 2-9. Changes in the cGMP content of the STNR/TN complex during pupal 
ecdysis. STNR/TN complexes from abdominal ganglia a2-a6 were removed 
from each animal at the appropriate stage and processed for cGMP content with 
an RIA. A. There is a sig^cant 2-fold increase in the amount of cGMP in die 
STNR/TN complex at pupal ecdysis compared to either 4 hours before ecdysis or 
4 hours after e^ysis (^0.001 Tukey-Kramer Multiple Comparisons Test; n = 10). 
B. Diagram of abdominal ganglion showing cut sites (dotted lines) used to remove 
the proximal TN and STNR for assay. 



71 

Abdominal nerve cords from different developmental stages with the STNR/TN 

complexes of each segment attached were incubated in culture media with or without 

3nM EH and processed for cGMP-ir to characterize developmental changes in EH 

sensitivity within the tissue of the proximal transverse nerve region (Fig. 2-10). The 

ability of 3nM EH to stimulate detectable cGMP staining in the proximal transverse 

nerve region in vitro was found to be apparent between the time of wandering and pupal 

stage 3 (P3). No EH-stimulated cGMP -ir was detected during the late fourth instar, 2 

days before wandering, or after pupal stage 2 (P2). On the day of wandering, a band of 

EH-stimulated cGMP-ir appears in the posterior half of the transverse nerve. This band 

of cGMP-ir occupies approximately 50% of the total width of the complex, extending 

alongside the TN to the point of junction with the ventral nerve, about 400-600 microns 

from the midline. Two days after wandering, the EH-stimulated cGMP-ir in the STNR 

was seen to occupy approximately 80% of the total width of the STNR/TN complex. At 

four hours before the onset of pupal ecdysis, 80-90% of the STNR/TN complex 

demonstrated EH-stimulated cGMP -ir, leaving the non-immunoreactive TN as a neirrow 

band at the anterior of the complex. 

At pupal stage 0 (PO), the quality of the EH-stimulated cGMP-ir appeared 

different from that seen previously, being lighter and more diffuse, instead of the crisp, 

filamentous staining pattern seen before pupal ecdysis. At P3, the staining was similar to 

that of PO, but by pupal stage 4 (P4), EH-stimulated cGMP -ir was undetectable and 
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Figure 2-10. Developmental regulation of EH-sensitivity. Abdominal nerve cords 
of the appropriate developmental stages were incubated with 2.5 nM EH in vitro 
and then processed for cGMP immunocytochemistry. A. 1 day before wandering. 
B. Wandering. C. 24 hours before pupal ecdysis. D. 4 hours before pupal ecdysis. 
E. Pupal ecdysis. F. Pupal stage two. 
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remained undetectable through pupal stage 8 (P8) (data not shown). No EH-stimulated 

cGMP-ir was detected other than that in the STNR at any stage examined (late fourth 

instar through P8), and no cGMP -ir was detected at any time in the STNRs of control 

abdominal nerve cords that were not exposed to EH. 

A quantitative assessment of the ability of 2nM EH to upregulate cGMP in 

isolated abdominal nerve cords including the STNR/TN complex at different 

developmental stages was made with an ELISA for cGMP (Fig.2-11). Because EH-

stimulated cGMP-ir of the abdominal nerve cord appears only in the STNR, we assume 

that cGMP measured biochemically in the whole abdominal nerve cord from sources 

other than the STNR is negligible. 

At every developmental stage examined with the ELISA, EH was found to be able 

to stimulate a significant increase in the cGMP content of the isolated abdominal nerve 

cord. The total amount of cGMP that can be stimulated with 2nM EH is significantly 

higher at two days after wandering than at wandering (Fig. 2-1 la). At four hours before 

ecdysis, the amount of cGMP stimulated by 2nM EH is the same as at 2 days before 

wandering, but 4 hours after ecdysis, there is a significant decrease in the total amount of 

cGMP stimulated by the same concentration of EH. 

Because BrdU labeling has demonstrated that the cells of the STNR are actively 

dividing over this developmental period, it is difficult to determine if the ability of a fixed 

amount of EH to stimulate larger and larger amoimts of cGMP with each stage is due to 

an actual increase in the response of the individual cells to EH or merely a reflection of 



Figure 2-11. Developmental changes in sensitivity of STNR to EH. 
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A. RIA measurement of cGMP in abdominal nerve cords including SNTR stimulated in 
response to 2.5nM EH in short-term tissue culture at different developmental stages. EH 
causes a significant increase in cGMP in the tissue compared to non-stimulated controls 
at every stage (Student's t-test; p<0.001). The amount of EH-stimulated cGMP was 
larger at 2 days after wandering (w+2d) and at 4 hours before pupal ecdysis (P0-4h) than 
at developmental stages before and after (Tukey-Kramer Multiple Comparisons Test; 
*p<0.001) n=5 for all points except w+2ci EH and PI EH where n=4; and P+4h C, where 
n=3. 

B. Change in total area of the STNR at different developmental stages. Insects were 
opened and STNRs were visualized with coomasie blue. An out line of the STNR of 
abdominal ganglion 4 was made with a camera lucida. The outlines were digitized and 
the total internal area calculated with a computer program. Results indicate that there is a 
significant increase in size of the STNR between the time of wandering and 2 days after 
wandering (p<0.05). There is also a statistically significant increase between wandering 
+ 2 days and pupal stage 1 (p<0.001) and between 4 hours before pupal ecdysis and pupal 
stage 1 (p<0.001). The difference between all consecutive pairs except the first two 
mentioned is not statistically significant (Tukey-Kramer Multiple Comparisons Test; 
n=5 for each point except P-4 h where n=3). 

C. Ratio of EH-stimulated cGMP/area of STNR during development. Data from A. and 
B. were plotted as finoles cGMP over area for each stage. The results suggest there is an 
increase in sensitivity of the STNR to EH between wandering and wandering + 2 days 
and an abrupt decrease in sensitivity 4 hours after pupal ecdysis. 
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the fact that there are a larger number of cells available to respond to EH as time goes 

on. In order to answer this question, the area of the STNR was traced with the aid of a 

camera lucuida at each of these developmental stages except 1 day before wandering to 

show the change in overall area of the STNR (Fig. 2-1 lb). The amount of cGMP 

produced at a given stage by 2nM EH was then divided by the total area of the STNR at 

that stage (Fig. 2-1 Ic). The resulting ratio yields a rough estimate of the sensitivity of the 

STNR to EH at the different developmental stages. Based on this rough estimate, it 

appears that the STNR shows an increase in sensitivity to EH at wandering + 2 days and 

that this sensitivity stays high until four hours after pupal ecdysis when it abruptly 

plummets. 

2.4 Conclusions and Discussion 

Before it was known that EH does not act directly on the insect CNS to trigger 

ecdysis behavior, Morton and Giunta (1992) developed a protocol for measuring cGMP 

produced in the isolated abdominal nerve cord after stimulation with EH in short-term 

tissue culture. Their biochemical measurements showed a strong upregulation of cGMP 

in the tissue in response to EH. In 1996, when an antibody to cGMP became available, 

Morton discovered that the source of the EH-stimulated cGMP in the isolated abdominal 

nerve cord was not the group of CCAP-ir cells identified by Ewer, et al. (1994) that are 

involved in the ecdysis cascade, but rather a novel mustache-shaped structure just 
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anterior to each abdominal ganglion. Morton found that the ability of EH to upregulate 

cGMP in this structure was restricted to the pre-pupal stage. 

The pattern of EH-stimulated cGMP-ir in the isolated abdominal nerve cord 

revealed a group of filaments that lay parallel to the segmentally-repeated transverse 

nerves of the abdominal nerve cord (Morton, 1996). Because the proximal region of the 

transverse nerve is a well-known neurohemal site in Manduca (Taghert et al., 1980) and 

many other insects (reviewed in Raabe, 1983), and because propidium iodide labeling 

revealed little evidence of RNA in these filaments, the EH-sensitive elements of this 

region were tentatively identified as the axons of neurosecretory cells (Morton, 1996). 

The more detailed investigation carried out in this study, however, has revealed that these 

filaments are not the axons of neurosecretory cells, but rather filaments attached to 

intrinsic cells that lie within a separate compartment from the transverse nerve proper—a 

compartment that has been termed the sub transverse nerve region (STNR). Evidence for 

this conclusion consists of the findings that immimoreactivity for EH-stimulated cGMP 

and that for two different peptides and the secretory vesicle component synaptotagmin 

proved to be spatially segregated to the posterior and anterior regions of the tissue 

respectively. 

Vibratome cross-sections of this tissue labeled with propidium iodide, and 

antibodies to synaptotagmin and EH-stimulated cGMP revealed that the synaptotagmin is 

restricted to the anterior region, whereas the cGMP-ir and most of the nuclei are in the 

posterior region. The nuclei in the posterior region belong to cells containing cGMP in 

their cytoplasm. Finally, examination of the EH-stimulated cGMP in semi-thin plastic 
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cross-sections of this tissue reveals a sharp dividing line between the non-staining 

anterior region and the cGMP-positive posterior region. Published EM photographs of 

the adult transverse nerve in M sexta indicate that it is composed of the two spiracular 

motor neuron axons, some associated glia and numerous neurosecretory axons containing 

dense core granules (Taghert, 1988). These thin plastic sections allowed the identification 

of the spiracular motor neuron axons, components of the transverse nerve proper, in the 

anterior non-staining portion of the tissue. The anterior and posterior sections of the 

tissue could be seen to be enclosed together by a layer of extracellular matrix material. 

The discovery of a population of intrinsic cells sharing space with the proximal portion of 

the transverse nerve of Manduca has not been reported in the literature before. The 

nature of these cells and the reason that these cells are capable of responding to EH with 

an upregulation in cGMP are questions of interest, but first, it is logical to determine if 

the cells of the STNR are a target for the EH that is released at the time of pupal ecdysis 

in Manduca. 

Although Morton (1996) had previously shown that there is not a discernible 

increase in cGMP-ir in the proximal transverse nerve area at the time of pupal ecdysis, 

the major part of the circulating EH is known to be released at least 30 minutes before 

pupal ecdysis (Taghert et ai, 1980). Thus there is a possibility that a spike in the cGMP 

content of this tissue may occur earlier than had been examined previously. 

Unfortunately, an examination of cGMP-ir in the abdominal nerve cord of the pre-pupa at 

different developmental stages leading up to pupal ecdysis did not reveal positive staining 
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in the STNR at any time, although the CCAP-ir ceils did demonstrate an upregulation in 

cGMP at the time of pupal ecdyses. 

However, with the more sensitive cGMP EIA, we were able to detect a two-fold 

increase in the amount of cGMP in the STNR/TN complex at the time of pupal ecdysis. 

This finding is consistent with the hypothesis that the STNR, in addition to being 

sensitive to EH in vitro, is a target for EH at pupal ecdysis. In comparison, the total 

increase in cGMP in an epitracheal gland, a known target for EH at pupal ecdysis, is 

about 70fmol and represents a 70-fold increase over basal levels (Kingan et al., 1997). 

It is possible, however, that the filamentous intrinsic cells in the STNR are not the only 

source of cGMP during pupal ecdysis in the STNR/TN complex. The CCAP-

immunoreactive NSLl cells, which upregulate cGMP during ecdysis (Ewer et ai, 1994), 

project to the proximal region of the TN (Davis et al., 1993). If the peripheral axons of 

the CCAP-ir cells also upregulate cGMP during ecdysis, this increase may be detected in 

our biochemical assay of the combined STNR and TN. 

Other researchers have suggested that there is a brief, but detectable, increase in 

cGMP -ir in axons of the NSLl cell group in the proximal region of the transverse nerve 

at ecdysis (Jim Truman, personal communication). We have not been able to detect 

cGMP -ir in the axons of these cells in the proximal region of the transverse nerve at 

pupal ecdysis in numerous preparations, but this failure could be due to the transient 

nature of the increase. If this putative increase in cGMP in these neurosecretory axons is 

great enough to be detected immunoctyologically, then it would probably be detectable 

with the more sensitive RIA for cGMP. 
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Because the STNR and the TN are contained within the same surrounding sheath 

layer, it is almost impossible to physically separate these two tissues for separate assay. 

The possibility that the axons of the NSLl cells that project to the TN might represent a 

source of cGMP in the STNR/TN complex should be carefully considered because the 

total increase in cGMP at ecdysis is low (<1 fmol/complex). If the axons of the CCA? 

cells are the sole source of the cGMP increase at ecdysis, then we must consider why it is 

that the cells of the STNR respond so robustly to non-physiological concentrations of EH, 

but not to endogenous concentrations. 

One explanation for this possibility is that the high concentrations of EH used in 

the in vitro studies compared to the concentration of circulating EH at pupal ecdysis (2-3 

nM verses 288pM) allows non-specific binding of EH to an alternate receptor and 

activation of an alternative pathway leading to cGMP elevation. An argument against 

this hypothesis is that EH is not a product of a family of genes and appears to have no 

homology to any o±er invertebrate or vertebrate peptide (Truman, 1992) 

Another detail that should be discussed regarding the small increase in cGMP measured 

in the STNR/TN complex during ecdysis is the discrepancy between this increase and the 

increase that physiological concentrations of EH produce when bath-applied in vitro. 

Dose/response curves for cGMP measured by RIA show that application of physiological 

concenu-ations of EH (~288pM) in vitro result in an increase of approximately 200 fmol 

over baseline in the abdominal ventral nerve cord (Morton and Giunta, 1992). It is 

possible that, in the in vivo situation, the cGMP produced in the STNR is broken down 

more quickly. It is known that IBMX, an inhibitor that blocks phosphodiesterase activity. 
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is capable of increasing the amount of cGMP produced in response to InM exogenous 

EH by four-fold (Morton, 1992), but it is unknown how IBMX affects the amount of 

cGMP produced in the STNR in vivo at pupal ecdysis. 

The fact that injected EH stimulates a maximal increase in the total amount of 

cGMP in the abdominal nerve cord at approximately 60 minutes after injection (Morton 

and Truman, 1985), and EH applied to the isolated abdominal nerve cord in vitro 

stimulates a maximal increase at 15 minutes after application (Morton and Giunta, 1992) 

suggests that the main target for EH in vivo is probably not the STNR. It may be 

noteworthy, however, that there is a little upwards jog in the EH concentration in the 

CNS in vivo at 15 minutes that might represent a contribution from the STNR. 

Some EH targets, such at the epitracheal glands of M sexta (Kingan et al., 1997) and the 

intersegmental muscles of A. polyphemus (Schwartz and Truman, 1984^, are sensitive to 

EH only during a period of time at the end of the molt. This study indicates that the 

situation is similar at the STNR. Immunocytochemical studies show that 3nM EH is first 

able to stimulate cGMP-ir in the STNR on the first day of wandering and continues to be 

able to stimulate cGMP at this target until about pupal stage 4 when the immunoreactivity 

becomes undetectable again. Quantitative measurements of EH-stimulated cGMP with 

an RIA gave slightly different results in that EH-stimulated cGMP was first detectable at 

one day before wandering and became undetectable by pupal stage 2. The quantitative 

analysis also seemed to indicate that the same concentration of EH could cause a greater 

increase in cGMP at two days after wandering than at wandering, suggesting that the 

STNR develop an enhanced receptivity to EH. These biochemical data also indicate that 
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there appears to be an abrupt decrease in the receptiveness of the STNR to EH four hours 

after pupal ecdysis. 

However, because it appears that the STNR is increasing in size during the time 

between wandering and pupal stage three, the biochemical data alone cannot distinguish 

between the possibilities that the cells of the STNR are individually producing more 

cGMP in response to the same amount of EH, or that there are simply more cells in the 

STNR to respond to the EH. Measurements of the area of the dorsal surface of the STNR 

during these stages of development do show a trend toward an increase in size of the 

STNR. If the amount of cGMP produced by 2nM EH per total area of STNR at each 

stage is plotted, there does appear to be an increase in sensitivity of the STNR at 2 days 

after wandering compared to wandering and there is clearly an abrupt decrease in 

sensitivity at four hours after pupal ecdysis. 

Of course the caveat to these experiments is that it must be assumed that the 

increase in size of the STNR reflects a greater number of cells in this region that 

individually do not change in their sensitivity to EH. If dividing nuclei are labeled with 

BrdU during the stages between wandering and pupal day three, it is clear that the cells of 

the STNR are indeed dividing and we know that almost all of the cells in this region are 

sensitive to EH. These results are suggestive, but not conclusive, that the STNR becomes 

more receptive to EH at 2 days after wandering. 

It is more likely, however, that the apparent decrease in cGMP sensitivity that 

occurs abruptly by four hours after pupal ecdysis reflects a real loss of sensitivity of the 

tissue to EH as the time fi-ame is too short (four hours) for a major reduction in the 
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volume of the tissue via cell death and, indeed, all indications are that the STNR is 

increasing in area and its cells are still actively dividing at this time. It is possible that 

becomes insensitive to EH at this time due to some development program, or that the 

target cells are refractory to EH after having been exposed to endogenous EH at the pupal 

ecdysis. The decrease in sensitivity of the STNR to EH after the time when EH is 

normally released is consistent with the idea that the STNR is a target for EH released at 

the pupal ecdysis. 

Specific hypotheses about the function of EH at the medial transverse nerve await 

an understanding of the nature of these cells. Generally, however, one might predict that 

the function of EH at this target is one that must be timed to occur at, or after, pupal 

ecdysis. Conservative hypotheses about the flmction of EH at the medial transverse 

nerve include the stimulation of cell death, the stimulation of secretion, or the stimulation 

of increased tissue elasticity, all activities that have been attributed to EH function at 

other targets (Schwartz and Truman, 1984; Ewer et al. 1997; Kingnan et al. 1997; 

Reynolds, 1977). Novel possibilities for EH flmction at this target include involvement 

in cell division, differentiation or migration, activities that are known to take place during 

the development of adult tissues in M sexta pupae. A better understanding of the effect 

of EH on the intrinsic posterior cells of the transverse nerve will aid our understanding of 

the role of EH as a coordinating hormone at ecdysis. 
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CHAPTER 3 

A DETAILED ANATOMICAL EXAMINATION OF THE NATURE OF THE EH-

SENSmVE CELLS IN THE SUB TRANSVERS NERVE REGION 

3.1 Introduction 

The insect neuropeptide eclosion hormone (EH), with both central and peripheral 

targets, has emerged as a systemic "coordinating hormone" at the time of ecdysis 

(Hesterlee and Morton, 1996; Chapter Two). Previous targets and postulated targets for 

EH outside of the CNS have been identified through the ability of EH to affect some 

physiological function at the target. However, the development of an antibody to cGMP, 

a frequent downstream messenger after EH stimulation (reviewed in Morton, 1997), has 

allowed the identification of target cells for EH without first identifying a physiological 

role for EH at the target. This technique has been used in an in vitro assay to identify a 

novel stage-specific target for EH consisting of a group of filamentous cells in a 

previously undescribed structure at the base of the abdominal transverse nerves of the 

pre-pupal Manduca sexta (Morton, 1996; and Chapter Two). 

The EH-sensitive structure describe by Morton (1996) and Hesterlee (Chapter 

Two) is a dense network of cGMP positive fibers that spread from the mid-line base of 

each abdominal transverse nerve to a distance of approximately 500-600 |ams laterally 
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along the trajectory of the transverse nerve, creating a "mustache-shaped" staining pattern 

just anterior to each abdominal ganglion. This region has been designated the "sub 

transverse nerve region" or "STNR". The STNR appears to be contiguous with, but 

distinct from, the transverse nerve proper. The ability of EH to induce a measurable 

upregulation of cGMP in the cells of the STNR is restricted to the pre-pupal stage, and 

specifically, to the time period between wandering and pupal ecdysis. 

Hesterlee and Morton have also established that the complex consisting of the 

medial portion of the abdominal transverse nerve and the STNR does undergo a 

significant increase in cGMP content when EH is normally released into the circulation at 

the time of pupal ecdysis, consistent with the idea that the cells of the STNR are a 

physiologically relevant target for EH at this time. Determining the function of EH at the 

STNR, however, will require further information about the nature of the cells of this 

region. 

The elongated filamentous appearance of the STNR cells, which can be seen 

clearly by light microscopy, suggests that the cells may be fibroblasts as described by 

Ashhurst (1982) or plasmatocytes (Ashhurst and Richards, 1964b), both of which are 

irregular spindle-shaped cells with filamentous extensions. One method by which the 

nature of these cells might be established is a detailed ultrastructural study in which the 

characteristics of these cells are compared to the published reports of other types of insect 

cells. In addition, immunological markers for specific cell types could be attempted to 

establish the nature of the cells in question. A potential complication to these approaches 

is the possibility that this population of cells, which has been shown to be dividing 
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rapidly during the pre-pupal stage (Hesterlee and Morton, 1999), consists of the 

undifferentiated precursors for some adult-specific tissue. If this is the case, then 

ultrastructural details and immunological markers may not be useful, or available, in the 

identification of these cells. 

Another complimentary way to approach the problem is to determine the fate of 

this cell population in the adult animal; assuming the cells in question are 

undifferentiated precursors, the nature of the mature tissue may be much easier to resolve 

than that of the undifferentiated cells. The two immediate possibilities that must be 

considered in this respect are that 1) these cells increase in number until the time of 

pupal ecdysis during which they perform some stage-specific function and then they 

degenerate; or 2) the cells continue to divide throughout the pupal stage and develop into 

an adult-specific tissue. 

If the latter is found to be true, based on what is known about the organization of 

tissues in this region of the adult Manduca, two possibilities for the fate of the cells of the 

STNR are immediately suggested: a. these cells are destined to form the dorsal pad—a 

spongy thick layer of connective tissue that is continuous with the dorsal surface of the 

nerve cord in the adult Manduca; or b. these cells are destined to form the ventral 

diaphragm muscles—a flat layer of visceral muscles that, in Lepidoptera, arise during 

pupal development and are attached at one end to the dorsal pad and at the other end to 

the stemites of the body wall (Richards, 1963; Ashhurst and Richards, 1964a). 

The origin of neither the dorsal pad nor the VDM has been established 

definitively. If the EH-sensitive cells of the STNR are precursors for an adult-specific 
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tissue, it is reasonable to suspect that they might contribute to either the ventral 

diaphragm muscles or the dorsal pad, two adult-specific structures associated with the 

abdominal nerve cord of Manduca. It has been suggested by Ashhurst (1964a) that the 

source of myoblasts that form the VDM of the wax moth Galleria mellonella is a group 

of cells that migrate in towards the midline from the lateral body wall, but this is most 

likely by way of a guess as no further details or photographic documentation are 

presented to support this explanation. Recently, however, Champlin and Truman have 

identified a group of rapidly dividing cells that are probably the same as the cells of the 

STNR, and they have proposed that these cells are the precursors of the VDM based upon 

an informal survey of gross morphology during development (personal communication). 

Champlin and Truman have also shown via immunocytochemistry that by pupal stage 8. 

cells that stretch in flat sheets from either side of the nerve cord to the periphery are 

myosin-positive (personal communication); however, it is unclear how Champlin and 

Truman determined that the cells that are positive for myosin at P8 represent the same 

population of cells that inhabits the discrete interior of the STNR before pupal ecdysis. 

On the other hand, the dorsal pad of G. mellonella has been suggested to arise during the 

pupal stage from the division of the perineurial cells of the sheath surrounding the nerve 

cord (Ashhurst and Richards, 1964; and Pipa and Woolever, 1964 ). However, Ashhurst 

admits that mitotic figures amongst the connective tissue cells were not observed in her 

serial sections. It is possible that the cells of the STNR may represent undifferentiated 

dorsal pad precursors that proliferate during metamorphosis to form this structure. Other 

formal possibilities for the fate of the STNR cells that had to be considered were that they 
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either degenerate after pupal ecdysis, or proliferate and migrate away from the nerve cord 

to another region of the body. It is possible that a careful study of the gross development 

of the STNR during the pupal stage may determine if its cells contribute to one or both of 

these adult tissues. A second approach would be to surgically remove the medial region 

of the transverse nerve and the attached STNR from one abdominal ganglion before 

pupal ecdysis, allow the animal to develop for some time into the pupal stage, and then 

evaluate the animal for loss of either the VDM or dorsal pad in that segment. 

In order to determine the nature of the cells of the STNR, the current study has 

employed all of the methods suggested above for a detailed gross morphological, 

ultrastructural and immunocytochemical evaluation of the cells of the STNR during and 

before pupal development. Based on the results of this investigation, the cells inhabiting 

the STNR are likely to be myoblasts that form the adult VDM. 

3.2 Methods and Materials 

Experimental Animals 

Experimental animals and staging criteria were the same as in Chapter Two (Fig. 

2-1). 

Hemocyte Immunoreactivity 

For hemocyte immunoreactivity, abdominal nerve cords and their associated 

tissues were removed from insects at four hours before pupal ecdysis and fixed in 4% 
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paraformaldehyde in 0.2M PBS for 1 hr at room temperature. The tissue was washed for 

3 X 10' in PBST (0.1% Triton X-100) and then incubated overnight at 4° C in a 1:1 

mixture of the mouse monoclonal antibodies MS2 (anti-Manduca granulocyte) and MS 13 

(anti-Manduca plasmatocyte) (a generous gift from Dr. Elizabeth Willot of the University 

of Arizona; Willot, et al., 1994). The tissue was washed 3 X 10' in PBS and then 

incubated overnight at 4° C with an anti-mouse secondary antibody conjugated to HRP 

(1:500) (Jackson ImmunoResearch, Inc.) in PBS with 5% normal goat serum (NGS). The 

tissue was then washed 5 X 10' in PBS and staining developed with diaminobenzidine 

(DAB) with nickel chloride enhancement as described for protocols using HRP-

conjugated secondary antibodies in Chapter Two. Control samples in which the primary 

antibody was left out showed no staining at all. 

Subsequent experiments in which the anti-hemocyte antibodies were used 

individually indicated that the majority of the positive immunoreactivity was due to the 

MS2 (anti-granulocyte antibody). 

Twist Immunoreactivity 

The Twist immunocytochemistry protocol was based on that of Consoulas and 

Levine (1997). Tissue was fixed in 4% paraformaldehyde in PIPES buffer (piperazine-

A^,A^-bis(2-ethansulfonic acid)), pH 6.9, containing 8% Triton-X. The tissue was fixed 

overnight at 4° C. The tissue was then washed 3 X 10' in TN3 buffer (150mM Tris-HCl, 

0.5% NaCl, 0.5% Triton-X 100, 0.02% NaAzide, 0.25% BSA, and 2% NGS) and 

incubated for 30' with 0.5mg/ml collagenase in 0.2M PBS. The tissue was again washed 
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3 X 10' in TN3 buffer and then incubated in rabbit anti-Twist antiserum 1:5000 diluted in 

TN3 overnight at 4° C. The next day, the tissue was washed 6 X 10' in TN3 and then 

incubated with goat anti-rabbit secondary conjugated to Cy-3 diluted 1:200 in TN3 

ovenight at 4° C. The next day, the tissue was washed 5 X 10' in TN3 and then 1 X 30' 

in O.IM Tris. The tissue was infiltrated with glycerol in a series of dehydrations (10' in 

20%, 30%, 40%, and 80% glycerol). Samples were mounted in 80% glycerol and then 

viewed with a confocal microscope. 

EM and semi-thin sections 

For semi-thin and EM sections, insects were filleted with the gut removed, and 

then fixed for one hour (4% paraformaldehyde, 0.15% gluteraldehyde). Abdominal 

nervous systems with lengths of the transverse nerve attached to each ganglion were then 

dissected out of the animals and further fixed in eppendorf tubes in a Pelco Microwave 

3450 Oven (Ted Pella) for 3 X 40 seconds at 45 degrees C with a five minute wait on ice 

between each run. Temperatures were monitored throughout the micro waving procedure 

to insure that the change in temperature did not exceed 10-15 degrees Celsius during each 

run. After fixation the nervous systems were washed briefly in 0.1 M Phosphate buffer 

and then placed in 1% osmium (in O.IM phosphate buffer) and microwaved 3 X 40 

seconds at 40 degrees C with a ten minute wait on ice between runs. The nerve cords 

were again washed briefly in phosphate buffer, were cut into individual ganglia, and 

placed into tissue baskets (Ted Pella). The ganglia were dehydrated through an ethanol 

series (1 X 30%, 1 X 50%, 1 X 70%, 1 X 90%, 1 X 95%, 2 X 100%) at 37 °C in the 
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microwave oven for 40 seconds each. The ganglia were infiltrated with a mixture of 1:1 

ethanol and Epon/Araldite containing 0.2% DMP-30 (Electron Microscopy Sciences) in 

the microwave oven for 15 minutes at 37 °C. The tissues were then infiltrated with 

100% Epon/Araldite in the microwave oven for 2 X 10 minutes at 37 °C. Finally, 

individual ganglia were placed in molds v^rith fresh Epon/Araldite and oriented so that the 

transverse nerves could be cut in cross-section. The samples were placed in an oven at 

60 °C overnight to cure. After hardening, blocks were trimmed and one |iM sections 

were cut with a glass knives or a diamond knife on a Reichert Jung Ultracut E 

ultramicrotome. Semi-thin sections were mounted on slides and counter-stained with 

toluidine blue (1% toluidine blue in 1% sodium borate). 

Thin sections (60 nanometer) were cut from the same blocks either with glass 

knives or with a diamond knife and mounted onto thin bar copper grids (EMS). Sections 

were post stained with uranyl acetate and lead citrate. The thin sections were examined 

with a ? transmission electron microscope. In order that ultrastructural details be placed 

in the context of the whole, representative montages of the transverse nerve in cross-

section at 5000X were created from transverse nerves from two different insects at -4 

hours before pupal ecdysis. In addition, numerous other individual cross-sections from 

the same stage that were not montaged were examined at the ultrastructural level. 

Transverse nerves were utilized from abdominal ganglia 2-6 for reconstruction of the 

nerve because the nerves in these segments appear grossly similar. Although the 

transverse nerves of Abdominal ganglion 1 and the terminal abdominal ganglion do 
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demonstrate an upregulation of cGMP in response to EH, the diameter of the nerve in 

both of these segments is less than that of the other abdominal ganglia. 

Gross Morphological Development of the STNR 

Manduca of different developmental stages (Chapter Two for staging criteria) 

were opened, the gut removed, and then fixed in situ in 4% paraformaldehyde overnight 

at room temperatiire. Earlier stages before P2 were splayed and pinned flat prior to 

fixation. After two twenty minute washes in PBS, tissues were allowed to surface stain 

for 2-3 minutes with hematoxylin. Only the STNRs of the third abdominal ganglion to 

the abdominal terminal were examined because of the difficulty in dissecting the more 

anterior ganglia as they migrate forward and fuse with the second abdominal ganglion in 

the thorax early during pupal development. 

STNRTTN Removal Experiments 

At 4 hours after ecdysis, animals were anesthetized in ice water for 30 minute. 

Insects were submerged in ice cold saline up the point where the spiracles were covered. 

A longitudinal incision was made along the midline of the ventral side of the insect, just 

posterior to the wings and approximately centered over the fourth abdominal ganglion. 

The edges of the incision were held open by small metal hooks that were attached with 

elastic thread to the edges of the dissecting dish and a single crystal of PTU was placed 

inside the incision to prevent coagulation of the hemolymph during the surgery. 
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The fourth abdominal ganglion was visualized and the STNR/TN complex removed by 

cutting the left and right sides at the jimction of the ventral nerve and cutting the central 

point at which the complex is attached to the nerve cord. Because it was difficult to tell if 

the entire region of the STNR/TN complex was removed, the confidence level for 

complete removal was recorded for each surgery (ie., "left half removed", "all removed" 

etc.). The fourth abdominal ganglion was visualized only in sham operated animals. The 

edges of the incision were held together with forceps and the tissue was sealed with 

"VetSeal" wet adhesive. 

The animals were returned to the incubator and allowed to develop until external 

markers indicated that they had reached pupal stage 8 (see staging Fig. 2-1). This 

development took approximately 12-18 days, indicating that the operated animals were 

developmentally delayed compared to non-operated animals which took roughly 10 days 

to reach the same stage of development. 

At pupal stage 8, the insects were re-opened dorsal ly. The gut was removed 

carefully taking care not to disturb the underlying fragile tissues ,and the insects were 

fixed overnight and then surface-stained with hematoxylin. Drawings were made of the 

abdominal nerve cords and their associated tissues with a camera lucida. The presence or 

absence of the TN in the operated segment was noted and compared to recorded notes 

from time of the experiment. The absence of all, part, or none of the developing ventral 

diaphragm tissue was also noted. In some cases, the transverse nerve was still present in 

abdominal segment four despite a high confidence level for its removal. 
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Myosin Staining 

Abdominal nerve cords with STNR attached from the appropriate developmental 

stages were removed from the animals and fixed in 4% paraformaldehyde overnight at 4° 

C. The tissue was processed for immunocytochemistry as described for CCAP, cGMP, 

synaptotagmin and SCPb immunoreactivity in Chapter Two, except that all antibody 

incubations were performed at 4° C. The rabbit anti-myosin antibody (Kiehart and 

Feghali, 1986) was diluted 1:500 in PBST and preabsorbed against paraformaldehyde-

fixed Manduca fat body for 24 hours before use to remove non-specific activity (David 

Champlin, University of Washington, personal communication). The pre-absorbed rabbit 

anti-myosin antibody was incubated with tissue at 1:500 in PBST and 10% NGS. The 

goat anti-rabbit secondary conjugated to Cy 5 (Jackson ImmunoResearch, Inc.) was 

diluted 1:200 in PBST with 5% NGS. After incubation with the secondary antibody, the 

tissue was washed as described in Chapter Two and then RNase treated and labeled with 

propidium iodide as described in Chapter Two. Samples were mounted in glycerol and 

viewed with a confocal microscope as described previously. 

3.3 Results 

3.3.1. Non-colocalization of EH-stimulated cGMP Immunoreactivity With Hemocyte and 

Mesodermal Immunocytochemical Markers 
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The reports of large numbers of hemocytes that invade the space beneath the 

perineurium of the nerve cord of lepidoptera during metamorphosis (Canatera, 1993; and 

Pipa and Woolever, 1964) and the filamentous nature of the cGMP-stained cells of the 

STNR (Chapter Two), led us to use monoclonal antibodies to various hemocyte 

populations (Willott et. al. 1994) to determine if the EH-sensitive cells of the STNR 

might represent a large pocket of invading hemocytes. Two monoclonal antibodies were 

used, both together and separately, to label hemocytes on fixed abdominal nerve cords of 

Manduca: MS2, characterized by Willott et al. as recognizing "granulocytes"; and MS 13, 

characterized by Willot et al. as recognizing "plasmatocytes". Together the antibodies 

labeled a layer of filamentous cells in the region of the STNRs of the abdominal nerve 

cord of the -4 hour Manduca that appeared superficially similar to the cGMP staining 

achieved with EH-stimulated preparations at the same developmental stage (Fig. 3-1). 

Separate investigations of the anti-hemocyte antibodies revealed that the MS2 anti-

granulocyte antibody accounted for most or all of the immunoreactivity seen when the 

two antibodies were applied together (data not shown). 

Despite the filamentous nature of the anti-granulocyte staining, it seems unlikely 

that this antibody is recognizing the EH-sensitive cells of the STNR for two reasons: 1) 

the anti-granulocyte staining appears to occur only on the surface of the STNR whereas it 

is known from stained transverse sections that the EH-sensitive cells occupy the interior 

of the STNR as well as the sxirface; and 2) although there were MS2 positive cells in the 

region of the STNRs of the abdomen, the staining pattern extended beyond the borders of 

the STNR as defined by EH-stimulated cGMP immunoreactivity, and the more anterior 
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regions of the abdominal nerve cord (around abdominal ganglion 1 and 2) revealed many 

MS2 positive cells on the connectives between the ganglia, areas not known to be 

immunoreactive for EH-stimulated cGMP. The fixation requirements of the anti-cGMP 

antibody and the MS2 anti-granulocyte antibody proved to be incompatible thus 

prohibiting more definitive double labeling experiments. 

Myoblasts in Drosophila have been shown to express the transcription factor 

Twist. (Currie and Bate, 1991) In Manduca, the Drosophila anti-twist antibody 

recognizes muscle cell precursors of the leg (Consoulas and Levinel996; Consoulas and 

Levine, 1998). To determine if the cells of the STNR are of mesodermal origin, and 

potentially muscle cell precursors, the twist staining protocol used by Consoulas (1998) 

was carried out on the abdominal nerve cord at the following developmental stages: W-

Id, W, PO-1 day, P0-4h, PO, PI. Positive twist staining was seen in small round clusters 

of cells at the wandering stage that are of the general description of prohemocytes 

(Ashhurst, 1964b) (Fig. 3-2a). These cells tended to be in rings that enclosed the nerve 

cord just anterior to the transverse nerve in the same general configuration achieved by 

prohemocytes, as recognized with the MS2/MS13 anti-hemocyte antibody mixture, at this 

stage (Fig. 3-2b.). Therefore it is likely that the anti-twist antibody does effectively 

recognize cells of mesodermal origin—prohemocytes, in my hands, but at all stages 

examined, no positively labeled cells were observed in the STNR (Fig. 3-2c) and data not 

shown. 

3.3.2 Ultrastructure of the STNR/TN Complex at 4 Hours Before Pupal Ecdysis ventral 
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lOOnin 

Figure 3-1. Hemocyte immunoreactivity at 4 hours before pupal ecdysis. A. Positive 
staining with mixture of MS2 (anti-granulocyte) and MS 13 (anti-plasmatocyte) 
monoclonal antibodies on surface of STNR/TN complex and over surface of ganglion 
and connectives. B. No primary control. 
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Figure 3-2. Immunoreactivity for mesodermal marker Twist at two different prepupal 
stages. A. At wandering stage twist recognizes small nuclei (arrow) in rings anterior 
to the STNR/TN complex (diagram). Compare with B., anti-granulocyte 
immunoreactivity at the wandering stage (arrow). C. No detectable twist staining at 

4 hours before pupal ecdysis. 
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Ultrastructural examination of the - 4 hour STNR and medial transverse nerve 

was undertaken in order to make comparisons to existing data in the literature on 

developing insect tissues. Photo-montages of entire cross-sections of STNR/TN 

complexes at 5000X from two different animals were constructed in order to see the 

overall relationship of the individual elements to one another within the STNR/TN. This 

study revealed the existence of two structures corresponding to the TN proper and the 

STNR occupying the anterior and posterior compartments respectively of a single space 

defined by a thick layer of cormective tissue. This enclosing layer of amorphous 

connective tissue appeared similar to that defined in invertebrates as "sheath" (Francois, 

1998), "thick, nonfibrous connective tissue" (Ashhurst, 1982) or "basal lamina" (Lebard-

Pedebas. 1986). At 4 hours before pupal ecdysis, the thickness of this layer was found to 

be 1 -2 microns (n=2). Because of the large size of these reconstructed sections, 

representative portions only are shown here. 

The anterior-most third of the STNR/ transverse nerve complex contained the 

elements of the transverse nerve proper as described at the ultrastructural level for the 

adult transverse nerve of Manduca by Taghert et al. (1988) (Fig. 3-3). The only intrinsic 

cells identified in this region were glia that wrap the axons of the nerve, and the cells that 

form the trachea. Glia are distinguished as irregularly shaped cells frequently 

surrounding axons and containing mitochondria, rough endoplasmic reticulum with 

dilated cistemae, and free ribosomes. The tracheal cells are readily distinguished as 
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irregularly shaped cells that line the walls of the trachea and contain electron dense 

cytoplasm . In most sections, two axons heavily wrapped by glia that are most likely the 

axons of the spiracular motor neurons were identified in the center of the TN (Fig. 3-3a). 

In sections examined from one animal, a total of nine glial wrapped axons occupied the 

center portion of the transverse nerve, some of which contained dense core granules 

measuring approximately 200-300 nM in diameter (the size of these vesicles is similar to 

that reported for dense core granules in other insects; Fifield and Finlayson, 1977; Nagy, 

1978; Baudry-Partiaoglou, 1983; Wasserman, 1984; Novak and Pipa, 1985). The 

surrounding regions revealed both free and lightly glial wrapped neurosecretory axons 

containing dense core granules (Fig. 3-3b and Fig. 3-3c). All cellular elements of the 

transverse nerve were embedded in extracellular matrix that was distinguishable from the 

outermost layer of connective tissue in that it contained multiple thin layers and large 

open spaces. 

The posterior two thirds of the STNR/TN complex is the same region that 

corresponds to the area of EH-stimulated cGMP immimoreactivity that has previously 

been named the STNR (Chapter Two). The boundary between the STNR and the TN 

proper was seen as an increase in the density of cellular elements and in the presence of 

two additional cell types that do not resemble either glia or tracheal cells. The less 

plentiful cell type is represented by five to twenty scattered ovoid cells per section that 

are approximately 4-5 microns across and contain numerous extremely large electron 

dense granules (Fig. 3-4b). The granules themselves have a diameter of between 0.5 and 

1 micron. These cells appear to have nosuirounding basal lamina, and few mitochondria. 
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Figure 3-3. Ultrastructure of the anterior region of the STNR/TN complex revealing 
elements of the transverse nerve proper. A. Glial (gl) wrapped spiracular motor neuron 
axons (arrows) surrounded by extracellular matrix (ecm). Neurosecretory axons (nsa) 
containing dense core granules (dcg) surround the spiracular motor neuron axons. B. 
Closer view of neurosecretory axons (arrows) wrapped by glial cell. C. Closer view of 
neurosecretory axon that is freely coursing.. 
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The granule-containing cells have both free ribosomes and plentiful rough 

endoplasmic reticulum, the cistemae of which appears dilated as in an actively secreting 

cell. Based on these observations, these cells meet the various descriptions in insects of 

"spherule cells" (Ashhurst, 1964c), "very large spherical cells" (Lebart-Pedebas,1986), 

"granulocytes" (Gupta, 1991) and "granular cells" (Cruz-Landim,1996), all of which are 

descriptions according to the authors, of a particular category of hemocyte. It is also 

likely that these are the same granule-containing cells that were in the semi-thin sections 

of Chapter Two, and that were determined to not show an increase in cGMP 

immunoreactivity in response to EH. 

The second more plentiful cell-type in the region of the STNR is an irregularly 

shaped ribosome-rich cell that can be up to 15 microns at its widest point and between 4 

and 5 microns at the narrowest (Fig. 3-4a). The nuclei are ovoid or eccentric and there 

are few mitochondria. The cytoplasm is densely filled with free ribosomes and there is 

little evidence of rough endoplasmic reticulum and no evidence of dilated cistemae. The 

cells are surrounded by a thin layer of "basal lamina" (10-25nm thick) as described 

surrounding invertebrate cells by Ryerse (1998) and Grant et al. (1981). These ribosome-

rich cells are separated in many places by up to one micron of multi-layered amorphous 

extracellular matrix material similar to that seen in the transverse nerve proper. In 

regions where these cells are juxtaposed with one another, there is no basal lamina and 

there are numerous electron dense junctions between the cells. Within the cell cytoplasm 

there are occasional patches of densely spaced microtubules. These cells, due to their 
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Figure 3-4. Ultrastructure of cells in the STNR. A. Ribosome-rich cell surrounded by 
extracellular matrix (ecm) and filaments with microtubules (mt). One process shows 
microtubules and regular cytoplasm of ribosome-rich cells (arrow). B. Large granule-
containing ceil. Note the rou^ endoplasmic reticulum with dilated cistemae (arrow). 
C. Higher magnification view of filament with microtubules. Note 
basement membrane (arrow). Free ribosomes (frb). 
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plentifulness and location, most likely represent the EH target cells and account for the 

EH-stimulated cGMP immunoreactivity that can be see in the region of the STNR in 

semi-thin HRP stained sections (Chapter Two). 

In addition to recognizable cell bodies, the extracellular matrix of this region is 

embedded with the cross-sections of numerous cellular extensions (Fig. 3-4a and Fig. 3-

4c). These round (lOOnm -1 ^m) cross-sections probably represent the cellular 

"filaments" that are highly immunoreactive for EH-stimulated cGMP as seen in 

wholemounts. In contrast to the cell bodies, these cellular extensions contain few 

ribosomes and the most notable component of the cytoplasm is the presence of dense, 

evenly-spaced microtubules. The filaments frequently occur in clusters, and where they 

are juxtaposed with one another there are often electron dense cell junctions. It is most 

likely that these cellular filaments belong to the ribosome-rich cells because small regions 

of the these ceils, occasionally contain patches of microtubules of the same density and 

spacing as those in the cellular filaments (Fig. 3-4a arrow). The spacing of microtubules 

in these cellular filaments is more dense than that seen in the cross-sections of axons in 

the transverse nerve proper. 

3.3.3 Developmental Changes in Gross Morphology of the STNR/TN Complex 

Earlier studies (Chapter Two) indicated that the cells of the STNR are actively 

dividing between the time of wandering and pupal ecdysis and that the area of the 

STNR/transverse nerve complex increases significantly during this time suggesting that 
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these cells may develop into an adult specific tissue during metamorphosis. In order to 

determine the fate of the STNR EH target cells in the adult Manduca, camera lucida 

drawings of the gross morphology of the abdominal nerve cord, including the attached 

STNR/transverse nerve complexes of segments A3-A6, were made at various points 

during development from the time of wandering in the fifth instar to pupal stage 8 (Fig. 

3-5). Ganglia A1 and A2 gradually migrate anteriorally during the early stages of 

metamorphosis and fuse with the first thoracic ganglion (Amos and Mesce, 1993). As 

thoracic dissections are extremely difficult as the pupal stage progresses, 1 have chosen to 

focus on the STNR/TN complexes of the seven abdominal ganglia posterior to A2 (A3-

A7/8). Photographs of a representative abdominal ganglion four from some stages 

accompany the camera lucida drawings (Fig. 3-6 and Fig. 3-7). 

Wandering-PO 

Between the time of wandering and pupal ecdysis, the abdominal nerve cord 

undergoes a reduction in overall length consistent with the description by Amos and 

Mesce (1993). At the time of wandering in the final instar, the transverse nerve and 

STNR can be distinguished grossly as two parallel juxtaposed structtires just anterior to 

each abdominal ganglion (Fig. 3-6a). The transverse nerve is approximately 25 |im wide 

at the midline and is anterior to the STNR. The STNR is comprised of a narrow band of 

cells that extends along either side of the midline with the transverse nerve to the point 

where the next anterior ventral nerve merges with the transverse nerve of that segment. 

An acellular membrane that extends roughly 400 jim laterally from the midline stretches 
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between the transverse nerve and the dorsal nerve on either side of each abdominal 

ganglion. The cells of the STNR extend over the anterior third of this membrane (Fig. 3-

6a inset). 

Shortly after wandering, there is a gradual visible thickening in the region of the STNR 

and the cells of the STNR begin to cover a larger area of the acellular membrane between 

the TN and DN (Fig. 3-6b). At the time of pupal ecdysis, the transverse nerve proper is 

difficult to distinguish from the cells of the STNR, and these cells have extended over 

greater than 50% of the membrane between the TN and DN (Fig. 3-6c). 

Pupal Stage Three 

By the P3 stage, the distance between each TN and its affiliated abdominal 

ganglion has increased as each TN migrates anteriorally along the nerve cord. As the 

acellular membrane stretching between the TN and the DN is still attached anteriorally to 

the TN, the result is an overall increases in its area. The STNR cells of the abdominal 

terminal ganglion have spread out over the acellular membrane and cover the surface of 

the ganglion in a flat sheet from the most anterior point of the TN to the dorsal nerve. 

This layer of cells is thicker towards the anterior of the membrane and thinner towards 

the posterior edge. 

Pupal Stage Four 

By the P4 stage, the transverse nerves have migrated further to the anterior of 

each ganglia and the STNR cells form delicate thin sheets that lie upon the surface of the 
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Figure 3-5. Changes in the gross morphology of the STNR/TN complex during 
development. Animals were opened and fixed with the gut removed. Internal tissues 
were surface stained with hematoxylin, and drawings of the nerve cord and its associated 
tissues were made with a camera lucida. Drawings depict representative tissue from each 
stage, n=5 each. 



P5 
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Figure 3-6. Photographs of representative abdominal ganglia 4 and STNR during pre-
pupal stages (left), with higher magnification inset of the same (right). A. Wandering 
stage of fifth instar. Note acellular membrane stretching between transverse and dorsal 
nerves. TN and STNR are clearly discernible. B. Two days after onset of wandering. 
Cells of STNR begin to spread onto surface of membrane. C. 4 hours before pupal 
ecdysis. Cells of STNR have spread across membrane to touch dorsal nerve. 

Figure 3-7. Photographs of representative abdominal ganglia 4 and cells derived from 
STNR during early pupal and adult stages (left), with higher magnification insets (right). 
A. Pupal stage 4. Transverse nerve has migrated anteriorally away from the ganglion and 
the membrane covered with STNR cells stretches between the transverse nerve and 
ventral nerve. Inset: cells appear elongated, but unstructured. B. Pupal stage 6. 
Transverse nerve migrated far anterior (not shown) and fragile membrane covered with 
single cell layer stretches between transverse nerve and a point 400 ^m posterior to the 
abdominal ganglion. Inset: cells appear to be forming structured fibers. C. Adult 
abdominal nerve cord showing dorsal pad (DP) and attached ventral diaphragm muscles 
(VDMs). Transverse nerve emerges from the dorsal surface of the dorsal pad and 
extends over the dorsal surface of the VDM. Inset: ftilly differentiated overlapping 
muscle fibers. 
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membrane stretching from the transverse to the dorsal nerve (Fig. 3-7a). The membrane 

now stretches linearly from the transverse nerve to the ventral nerve of each ganglion and 

laterally to the edges of the intersegmental muscles on either side. The cells on this 

membrane are elongated but not aligned parallel to one another (Fig. 3-7a inset). 

Pupal Stage Five 

At the P5 stage the cells of the STNR exist as a thin trapezoidal sheet centered 

roughly over each abdominal ganglion (Fig. 3-7b). The edges of the membrane upon 

which they rest are attached at the anterior end to the nerve cord at the point from which 

the transverse nerve arises from the medial nerve, and is attached at the posterior edge to 

the nerve cord at a point that is posterior to the ganglion. The transverse nerve is no 

longer associated with the cells that originated in the STNR. Hematoxylin surface 

staining now reveals multiple thin fibers that are aligned in diagonal crossing patterns 

from the midline to the periphery (Fig. 3-7b inset), and the dimension of the cell sheet 

derived from the STNR has increased longitudinally as the transverse nerve continues to 

migrate anteriorally along the nerve cord. At this stage the fifth abdominal ganglion has 

migrated posteriorlly to fuse with the abdominal terminal ganglion, but the flat cellular 

sheet originating from the STNR of the fifth abdominal segment remains centered over 

the area previously occupied by this ganglion (best seen in Fig 3-5). 

Pupal Stage Six 
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At stage P6 a layer of cells has begun to form along the dorsal surface of the 

nerve cord approximately in the region where the dorsal pad will exist in the adult (Fig. 

3-7b). These cells probably represent the rudiments of the dorsal pad. The fibers of the 

cellular sheet that arose from the STNR have become coarser and denser, possibly 

through fusion of nuclei to form larger fibers, and seem to be aligned in the same 

orientation (Fig 3-7b inset). 

If the overlying ventral internal medial muscles are removed fi-om the abdomen at P6, the 

lateral attachment sites for the flat sheets of cells are visible (Fig. 3-7b). There appear to 

be separate anterior and posterior attachment sites for each segmental trapezoid. The 

anterior attachment site is on the segmental apodeme and is also near the joining of the 

transverse nerve with the ventral nerve of the next anterior ganglion. The posterior 

attachment site appears to be on the lateral body wall in the middle of the segment, and is 

notable in that this site is near the path of the dorsal nerve as it travels through the 

periphery. The two lateral attachment sites give the sheet of cells belonging to each 

segment the appearance of a pair of trapezoids joined at their bases and roughly centered 

over each segment. If these attachment sites are compared to the same region fi-om an 

animal at pupal stage 3, it is possible to see what may represent the developing anterior 

attachment site at the point where the ventral nerve firom the next most anterior ganglion 

joins the transverse nerve in the periphery (Fig. 3-8a). 

Adult 
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Figure 3-8. Development of distal attachment sites of the STNR/Ventral 
diaphragm muscle associated with the fifth abdominal ganglion. A. Diagram and 
photograph of STNR at pupal stage three extending to lateral body wall. The cells 
of the STT^ separate from the transverse nerve (TN) just before the point at which 
the ventral nerve (VN) of the next anterior ganglion joins the TN, and adhere to 
the lateral body wall (*) to form the anterior connection. B. Camera lucida sketch 
of the attachment sites of the STNR/ventral diaphragm muscles at pupal stage six. 
The anterior most attachment site is on the stemite of the segment and the posterior 
attachment site is at the lateral body wall. The intersegmental muscles are cut away. 
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Figure 3-9. One micron plastic sections stained with toluidine blue reveal the 
presence of the STNR (hollow arrows) as early as the first instar. The transverse 
nerve (filled arrow) always occupies the anterior of the STNR/TN complex.. 
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The adult nerve cord is different from that of the larval animal in that the dorsal 

pad, a thick layer of connective tissue that is dorsal to, and contiguous with, the nerve 

cord now, extends the length of the abdominal nerve cord (Fig. 3-7c). Also, each 

abdominal segment features a trapezoidal fenestrated sheet of muscle tissue that is 

attached centrally to the edges of the dorsal pad, and peripherally to the body wall at 

some point ventral to the ventral internal medial (VIM) muscles and dorsal to the ventral 

external medial (VEM) muscles. The transverse nerves now emerge from the dorsal pad 

at a point that is far anterior to the abdominal ganglion to which it was affiliated in the 

larval state and the anterior edge of each trapezoid of the ventral diaphragm muscles 

corresponds roughly to the point at which the transverse nerve emerges from the dorsal 

pad (best seen in Fig. 3-5). It is clear that the location of the cells of each STNR as 

described in pupal stage 6 corresponds to the location of each "trapezoid" of the ventral 

diaphragm muscles of the adult. 

3.3.4 Developmental Changes in Histology of the STNR/TN Complex 

Semi-thin sections were examined by light microscopy to determine if the cells of 

the STNR develop histological characteristics of muscle cells during the pupal stage. In 

addition, semi-thin and thin sections of the STNR/transverse nerve complex were 

examined from earlier larval instars to determine the origin of the STNR. Thin and semi-

thin sections of the transverse nerve STNR complex were examined as early as the first 
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instar larva to determine how early the STNR is associated with the transverse nerve. EM 

montages were also created of the third and fourth instar STKR/TN complex at 7500X 

and 10,000X respectively (data from fourth instar montage not shown). 

First Instar 

At this stage semi-thin sections of the proximal transverse nerve viewed at light 

level (40X) reveal a barely discernible "ice-cream cone" shape comprised of a round 

light-staining anterior portion, and a dark, upside-down triangle shape in the posterior 

(Fig. 3-9). This tissue is measures approximately 3.5 (im from anterior to posterior. The 

anterior portion may be consistent with TN proper while the posterior, more darkly 

staining portion, may represent the early STNR. Thin sections of the same yielded fairly 

poor resolution electron microscopic images; however, it does appear that the cells (there 

are two) in the posterior region appear to have electron dense cytoplasm and there is 

some evidence for a dense-core granules-containing neurosecretory process in the 

anterior region. However, the glial wrapped spiracular motor neuron axons were not 

clearly discernible in the anterior (EM data not shown). Still in comparison of this 

section with those of the STNR/TN complex at later stages (Fig. 3-9), it seems reasonable 

to state that as early as the first instar two distinct regions can be seen in the area of the 

proximal transverse nerve, and that these regions, as at later stages, probably correspond 

to the TN and STNR. 
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Figure 3-10. Ultrastructure of the STNR/TN complex of the third instar larva. A. Light 
microscopic image of 1 jam plastic cross-section stained with toluidine blue; transverse 
nerve (TN), sub transverse nerve region (STNR), dorsal nerve (DN). B. Photo-montage 
of ultrastructure of the same plane of section showing clear division (black arrow) 
between the TN in the anterior-most region and the STNR in the posterior of the tissue. 
Note the presence of the glial-wrapped spiracular motor neuron axons (white arrows) in 
the TN. C. Inset box showing the presence of dense core granule-containing 
neurosecretory axons in the anterior compartment of the tissue. D. Inset of electron dense 
cytoplasm of non-granulated STNR cells. 
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Figure 3-10 
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Third Instar 

A montage of EM photographs of the STT^JR/TN complex at 7500X reveals that the 

complex is clearly divided into an anterior and posterior region by a barrier of 

extracellular matrix (Fig. 3-10). This division is much more distinct at this stage than at 

four hours before pupal ecdysis. The anterior region can be identified as the transverse 

nerve proper containing the two spiracular motor neuron axons and dense core granule-

containing neurosecretory boutons (Fig. 3-1 Ob and Fig. 3-1 Oc). The posterior region, 

however, consists of an elongated area that is only one to two cells thick (in the dorso-

ventral plane) and is ensheathed, along with the transverse nerve, by a layer of 

extracellular matrix material. The location of this region is consistent with it being the 

early STNR. However, at this stage, the cells of the STNR are homogeneous and there is 

no evidence of the very large granule-containing cells identified in the STNR of the -4 

hour pre pupa. The cells of the third instar STNR are very densely filled with free 

ribosomes and appear electron dense. The cells also contain plentiful rough endoplasmic 

reticulum, unlike the cells of the STNR at four hours before pupal ecdysis, and seem to 

lack microtubules. Another difference between the STNR cells at this stage and those at 

four hours before pupal ecdysis is that the cells of the third instar are more compact in 

shape and their cellular extensions, as seen in cross section, are fewer in number and 

smaller in width (Fig. 3-lOd). 

Fourth Instar 
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The STNR/TN complex of the fourth appears similar to that of the third instar 

larvae with the exceptions that the STNR is now four to five cells across at its widest 

point (dorso-ventrally). The cellular elements of the transverse nerve proper are even 

more widely separated by extracellular matrix material and the spiracular motor neuron 

axons and neurosecretory varicosities are clearly distinguishable. The cytoplasm of the 

glia in the transverse nerve is clearly less electron dense than that of the cells of the 

STNR (EM photographs not shown). 

Fifth Instar-Wanderer 

From the time of the fifth instar until the wandering stage, the cross-section of the 

transverse nerve at light level looks similar to that seen at the end of the fourth instar with 

the exception that the width has increased. 

-4 hours to pupal ecdysis 

Shortly before pupal ecdysis, the STNR/transverse nerve complex appears as 

described in Chapter Two and shown in Fig. 3-9. The highly structured organization of 

the two regions into separate areas seems to have broken down, and the STNR and the 

U:ansverse nerve proper are difficult to distinguish by light microscopy. The cells in the 

STNR have greatly increased in number and the presence of granulocytes is apparent by 

light microscopy because the granules stain darkly with toluidine blue. 

Pupal Ecdysis- Pupal Stage 2 
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At the time of pupal ecdysis and shortly after, the surrounding sheath begins to 

breakdown and there appears to be more empty space between the cellular elements of 

the STNR/TN complex, especially in the posterior region of the STNR (Fig. 3-1 la). 

Cells that fit the description of adipohemocytes in that they are large, rounded and 

contain both translucent and electron dense vesicles of different sizes (Ashhurst, 1964b), 

are frequently seen at the most posterior edge of the STNR and near the base of the dorsal 

nerve (Fig. 3-1 lb). The external sheath layer around the dorsal nerve also appears to 

have thinned. 

Pupal Stage Three 

The sheath is no longer present at pupal stage three and the elements of the 

transverse nerve proper are impossible to recognize by light microscopy (Fig. 3-1 Ic). 

Also, the sheath around the dorsal nerve (DN) appears to be broken down as well, and a 

complement of adipohemocytes and non-granular STNR cells can be seen invading the 

DN (Fig. 3-1 Id). The cross-sections of the non-granular cells of the STNR have become 

rounded and frequently contain darkly staining material in their centers which may be 

condensed chromatin (Fig. 3-1 le). Notably, this changed cellular profile coincides with 

the loss of the outer sheath and the begirming of the migratory period in which the cells 

spread out over the acellular membrane between the TN and the DN. The cells still 

appear to be embedded in extracellular matrix material, but the matrix is fragmented and 

there are large open spaces between the cells and the matrix. 
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Figure 3-11. Histology of the STNR/TN complex during the early pupal stages- 1 y.m 
plastic sections stained with toluidine blue. A. At pupal stage two the sheath surrounding 
the STNR/TN is beginning to thin and break down. B. Adipohemocytes (adh) can be 
seen just inside and outside of the disintegrating sheath in the posterior most edges of the 
STNR. In some places the sheath has thinned to the point where it is almost non-existent 
(arrow). C. At pupal stage 3, the sheath is entirely missing and it is unclear if the 
transverse nerve (TN) proper is still attached to the STNR. The presence of several large, 
rounded adipohemocytes can be seen within the center of the cell mass. D. 
Adipohemocytes and non-granular cells of the STNR appear to be invading the dorsal 
nerve as its sheath disintegrates (DN). E. A higher magnification view of the STNR cell 
mass reveals that there are large empty spaces between cells and that the small, non
granular STNR cells frequently have dark-staining dots in their centers (big arrow) that 
may represent chromatin condensed in preparation for cell division. 



124 

STNR 

STNR 
Cells 

STNR 
CeUs 

Figure 3-11. 
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The presence of several extremely large rounded cells with multiple dark granules 

and clear vacuoles that fit the description of adipohemocytes occupy central regions of 

the cell mass. It is possible that what now appear to be "adipohemocytes" may be the 

cells that were described as "granulocytes" earlier. The difference in the two definitions 

is that adipohemocytes are generally very large and spherical and contain multiple dark-

staining granules and vacuoles (Ashhurst, 1964c), whereas "granulocytes" or 

"spherulocytes" have been described as being elliptical in shape (Cruz-Landim, 1996) 

and having a population of large granules (spheroids) that are darkly stained with 

toluidine blue (Ashhurst, 1964c). It is unclear if granulocytes and adipohemocytes are 

two different cell types, or merely representations of different phases in activity or 

maturity of the same type of hemocyte. The TN becomes physically separated from the 

cells of the STNR at this time and it is possible that the TN is not present in these 

sections. 

Pupal Stage Five 

At this stage the cells of the STNR have spread into a thin sheet over the 

membrane between the transverse and dorsal nerves (Fig. 3-12a). In cross-section (the 

same plane as shown for earlier stages), this sheet of cells is approximately 1-2 cells thick 

and seems to be sandwiched between thin layers of extra cellular matrix. 

Adipohemocytes are occasionally seen interspersed within the layers of extracellular 

matrix. 
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Pupal Stage Eight 

A sagittal section through the nerve cord and the flat sheet of cells derived from 

the SNTR reveals the developing dorsal pad and the connection point of the pad with the 

cell sheet (Fig. 3-12b). This connection point of the two sides of the cell sheet at the 

dorsal edges of the dorsal pad on either side of the mid-line is exactly as described by 

Ashhurst (1964a) for the ventral diaphragm muscles (VDMs) of G. mellonella. 

Numerous adipohemocytes (as per Ashhurst, 1964b) can be seen at the connection point 

of the two tissues. The layer of cells that has developed from the STNR is now 

sandwiched between thick layers of fat body and is only one to two cells thick. The cells 

are elongated and have elongated nuclei, but are not directly comparable in this respect to 

the cells shown in Fig. 3-12a because the plane of section has changed and better reveals 

their elongated nature (Fig. 3-12c). The occasional large adiopohemocyte can be seen in 

association with the ventral or dorsal edge of this sheet. 

Adult 

A sagittal section through the adult abdominal nerve cord reveals a well-

developed dorsal pad that lies dorsal to the nerve cord itself (Fig. 3-13a). At the dorso

lateral edges of the pad, striated muscle tissue represents the connecting points of the 

VDM to the dorsal pad (Fig. 3-13b). The fragile DVMs were broken off close to the 

dorsal pad in this section. 
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Figure 3-12. Histology of the cell sheets originating from the STNR during pupal stage 5 
and pupal stage 8—1 |i.m plastic sections stained with toluidine blue. A. Cross-section of 
the cell sheet at pupal stage five (left) reveals thin layer of tissue approximately 2-3 cells 
deep enclosed by extracellular matrix material. There is an occasional adipohemocyte 
(arrow) interspersed within the extracellular matrix. A camera lucida drawing of the 
embedded tissue before it was cut into sections is shown at right, with the plane of the 
section indicated by the dotted line. B. Sagittal section of the abdominal nerve cord and 
its associated cell sheets at pupal stage 8. Note the presence of the dorsal pad (dp) above 
the nerve cord (nc) and the attachment site of the SNTR-derived cell sheet to the dorsal 
pad (arrowhead). The layer of cells (arrows) is embedded between layers of fat body at 
this stage. C. Higher magnification of STNR-derived cell sheet showing elongated cells 
with elongated nuclei (arrows)(left). Adipohemocytes are now seen clustering above and 
below the cell sheet (arrowhead). On the right is a camera lucida sketch of the embedded 
tissue before sectioning indicating the plane of the section (dotted line). 
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Ventral 
Nerve Cord 

Figure 3-13.1mm plastic longitudinal section of the adult abdominal nerve cord. A. 
The mass of connective tissue over the connectives is the dorsal pad. The ventral 
diaphragm muscles connect to the dorsal edges of this pad. B. Attachement sites of 
the ventral diaphragm muscles. C. Medial nerve containing the spiracular motor 
neuron axons. 
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3.3.5 Surgical Manipulation of the STNR/Transverse Nerve Complex 

The STNR/transverse nerve complex of abdominal segment 4 was removed from 

animals at one day after pupal ecdysis to determine the effect of this removal on the 

development of the VDM in that segment. If cells from the STNR/transverse nerve 

complex are in fact the anlagen of the adult VDMs, by removing the complex early from 

one abdominal segment, one might expect to find the VDM of that segment missing at 

later stages. The animals were allowed to develop normally and then opened and 

evaluated when external markers confirmed that they had reached pupal stage 8 

(approximately 12-20 days post-operation). Because it was difficult to determine if the 

entire complex were removed during the surgery, animals were evaluated post hoc for the 

presence of the transverse nerve of that segment either in whole or in part along with the 

presence of the flat sheet of cells that are presumed to have derived from the STNR and 

that occupy the area that constitutes the VDM of the adult. Camera lucida drawings were 

made of the results and some representative samples are shown in Fig. 3-14. Results of 

this experiment (Table 3-1) were suggestive that the STNR is necessary for the formation 

of the VDM in that some of the experimental animals had missing or reduced VDMs 

(70%), whereas no control did. However, 30% of the animals showed no apprent effect 

of STNR removal. 
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X organ/TN complex of a4 removed 

Figure. 3-14. Selected examples of the results of the STNR/TN 
complex removal surgeries in which the TN was completely missing. 



132 

Transverse Nerve VDM Present VDM Reduced VDM Missing 

TN Missing 3 3 1 

TN Reduced 0 2 1 

TN controls 2 0 0 

Table 3-1. Results of STNR/TN removal experiments. Surgeries were performed on 18 
stage 1 pupae to remove the STNR/transverse nerve complex from abdominal segment 
four. Results were analyzed in the surviving 12 animals that reached pupal stage 8 (based 
on external morphological markers). Based on these results, 70% of the surgeries that 
resulted in partial or complete TN removal also resulted in partial or complete VDM 
removal. 

3.3.6 Developmental Expression of Markers of Muscle Cell Differentiation 

A polyclonal antibody that recognizes Drosophila myosin was used to determine 

if and when the cells of the STNR began to express myosin, an element of the contractile 

apparatus of mattire muscle cells. Using anti-myosin antisera that was preabsorbed to fat 

body, no positive myosin staining was seen in the region of the STNR of P3 or P5 pupae, 

but positive results were seen at P8 (Fig. 3-15). The no primary controls were negative. 

This data is consistent with the onset of positive myosin staining reported by David 

Champlin (personal communication) using the same antibody. 
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In order to understand the physiological function of EH on the cells of the STNR 

at the pupal ecdysis. the identity of these cells must be established. For instance, if these 

cells proved to be phagocytic hemocytes, it would be feasible that the function of EH on 

these cells at pupal ecdysis is to trigger the digestion of extracellular matrix material. 

Alternatively, if the EH-sensitive cells proved to be connective tissue cells or fibroblasts, 

then EH may serve as a signal to stimulate secretion of extracellular matrix. Another 

possibility is that if these cells proved to represent an undifferentiated population of 

precursor cells, the fimction of EH may be to promote their differentiation or migration 

during metamorphosis. To this end, a detailed study of the identity of the EH target cells 

of the STNR has been undertaken here. 

Several authors including Cantera (1993) and Pipa and Woolver (1964) and 

Ashhurst (1982) have documented a massive influx of hemocytes into the space between 

the outermost sheath and the perineurial cells of the nerve cord of lepidopteran species 

during the early pupal stages. These observations, combined with the facts that a) the 

size of the transverse nerve increases during the late fifth instar stage and the early pupal 

stage, the time when hemocytes are reported to collect, and b) EH stimulated cGMP 

staining of these cells shortly before pupal ecdysis reveals spindle-shaped cells with 

multiple elongated extensions that appear similar to the description of some types of 

plasmatocytes (Ashhurst, 1964b), led us to examine the possibility that the STNR cells 

may be hemocytes. As reported in the results section, although a monoclonal antibody 
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n.  

Figure 3-15. Immunoreactivity for myosin in the STNR/DVM first becomes evident 
at pupal stage 8. A. Pupal stage 5. B. Pupal stage 8. (Red= propidium iodide-labeled 
nuclei; green = myosin). 
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reported to recognize Manduca granulocytes (Willot, 1994) does recognize filamentous 

cells in this region, the exact location of these cells is not consistent with their being the 

EH-sensitive cells of the STNR. Also, a monoclonal antibody reported to recognize 

plasmatocytes (Willot, 1994) did not recognize any cells in this region. 

Gross observations of the movements of the STNR cells during development tend 

to support the idea that these cells form the VDMs of the adult. Careful dissections of 

the abdominal nerve cord and its affiliated tissues at sequential developmental stages 

from pupal ecdysis through P6 revealed that the cells seem to gradually increase in 

number and spread thinly onto an acellular membrane, eventually occupying a region that 

roughly defines the outlines of the adult VDMs. The dorsal pad, which does not begin to 

form until P6, is unlikely to represent the sole fate of these cells although some 

contribution to this structure cannot be ruled out based solely on observations of the gross 

morphology. 

The examination of the histological changes occurring in the cells of the STNR 

after pupal ecdysis indicates that the morphology of the cells becomes less complicated 

and they enter a migratory phase after the sheath surrounding the STNR/TN complex 

breaks down. The rounded granule-containing cells, which now contain semi-opaque 

granules as well as dark granules, may be responsible for phagocytizing the extracellular 

matrix. Sagittal sections of these sheets of cells at P8 reveal that the site of central 

attachment at the edges of the dorsal pad is identical to that described for the developing 

VDM of G. mellonella (Ashhurst, 1964) and that of H. sylvania (pictured in Francois, 

1998, courtesy of N.P. Kristensen). The appearance in these cells of immunoreactivity 
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for the muscle cell marker myosin at P8 is also strongly suggestive that these cells are in 

the process of differentiating into muscle. 

The ultrastructural characteristics of the ribosome-rich cells seen in the STNR just 

before pupal ecdysis (abundant free ribosomes, no evidence of RER, some microtubules, 

thin basement membrane) were found to match those described for myoblasts associated 

with dorsal nerve and developing flight muscles of the butterfly Pieris brassicae (Lebart-

Pedebas, 1986). Minor differences, however, were that the ribosome rich cells of the 

STNR did not contain small, clear "spherical vesicles", and the myoblasts described by 

Lebart-Pedebas did not seem to have numerous microtubule-filled extensions as do the 

cells of the STNR. The second cell type found in the STNR, the large granule-

containing cells, meets the description of a similar cell type also described in association 

with the developing flight muscles of P. brassicae (Lebart-Pedebas, 1986). These large 

granule-containing cells may serve, as suggested by Lebart-Pedebas, both to secrete 

extracellular matrix and to digest it (1986). The transition from a "granulocyte-like" 

appearance before pupal ecdysis to an "adiopohemocyte-like" appearance after pupal 

ecdysis may represent a switch in activity of these cells from secretory to phagocytic, but 

this is only a speculative possibility. 

The ultrastructural description of the two distinct cell types in the STNR just 

before pupal ecdysis is consistent with previous observations based on semi-thin sections 

stained with toluidine blue (Chapter Two). In earlier studies, EH-stimulated cGMP 

immunoreactivity in semi-thin sections was localized at the light level to the cell group 

that did not contain large toluidine-stained granules—the same cell population that 
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probably corresponds to the ribosome rich cells that are described here. Thus it is the 

EH-sensitive cells that have the ultrastructural characteristics of myoblasts describe by 

Lebart-Pedebas (1986). 

It is also of interest to note that there are several examples in the literature of 

insect myoblasts being affiliated with nerves both in the fly Chironomus ( Lebart-

Pedebas, 1984; Lebart-Pedebas, 1990) and in the butterfly P. brassicae (Lebart-Pedebas, 

1986; Ciflientes-Diaz, 1989). Lebart-Pedebas, in particular, has described a population of 

myoblasts (the ribosome-rich cells, mentioned previously, that are similar to the cells of 

the STNR) that collect and divide within a space formed between the larval mesothoracic 

muscles, and a thick layer of surrounding basal lamina (Lebart-Pedebas, 1986). The fact 

that this layer of basal lamina is continuous with that of the contacting nerve has led 

Lebart-Pedebas to describe this space as the "neuromuscular area" or NMA. Thus it may 

not be surprising to find a collection of myoblasts that represent the VDM anlage co

existing with the transverse nerve beneath a shared layer of basal lamina. 

It is possible that the storage of myoblasts in nerve compartments in insects may 

be a more common phenomenon than previously suspected, and this affiliation with the 

nerves may present the myoblasts with an ideal "highway" when migrating to their final 

destinations. In the case of the Manduca VDM, the transverse and dorsal nerves are 

probably used to define the two sites of lateral attachment for the VDMs on the body 

wall, while the acellular membrane stretching between the transverse and dorsal nerve 

supplies a platform to define and support this thin sheet of developing muscle. The cells 

of the STNR probably co-exist with the transverse nerve from the time of embryological 
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development as sections from larval stages as far back as the first instar seemed to 

demonstrate a discrete group of cells contained within the basal lamina surrounding the 

TN.Based on an examination of the gross and histological changes in morphology during 

the early pupal stages and on the ultrastructural characteristics seen at the pre-pupal stage, 

it seems probable that the cells of the STNR are precursors to the adult VDM. It is 

difficult, however, to say unequivocally that the cells that exist within the STNR at the 

pre-pupal stage are the same cells that assume the position of the adult VDM by P6. One 

could always argue that the STNR cells actually migrate out to the periphery, and that it 

is a different group of cells that eventually populates the region of the VDM. 

One way to demonstrate that STNR cells contribute to the VDM would be to label 

these cells at the pre-pupal stage when they are still contained beneath the common 

sheath of the TN, and then look for labeled cells at the P6 stage when the rudiments of 

the VDM have become identifiable. Unfortunately, this technique is limited in that any 

label injected or absorbed by rapidly dividing cells is eventually diluted to the level of 

undetectability. Although earlier experiments (Chapter Two) demonstrated that it is 

possible to label only the cells of the STNR by injecting BrdU into the animals at the 

wandering stage, when long-term labeling was attempted with BrdU, this marker was 

diluted beyond recognition through cell division by the time of pupal ecdysis (data not 

shown). 

A second tactic to determine if the STNR cells are the precursors of the VDM is 

to remove the STNR from one abdominal segment just after pupal ecdysis, and then 

examine the animals later in pupal development to determine if the VDM of that segment 
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is missing. This experiment has a few caveats. First, the proximal portion of the TN 

cannot be dissected away from the STNR and so must be removed with the STNR. 

Removal of the TN may also represent removal of some pathway for cell migration from 

the periphery or critical scaffolding required for VDM development regardless of the 

source of the myoblasts. Second, if any of the STNR cells are not removed from that 

segment, it is possible that the remaining ceils could compensate for the loss and produce 

a relatively normal VDM with time. Finally, even if the STNR were removed cleanly 

from a particular abdominal segment, it may be possible for cells from the neighboring 

segments to spread to the experimental segment and compensate for the missing cells. 

The last two caveats could explain why the actual results of this experiment were so 

variable and inconclusive. Although the inconclusive nature of the STNR removal 

experiments does not fiilly support the possibility that the cells of the STNR comprise the 

VDM anlage, the results are not inconsistent with this hypothesis either. Taken together, 

the surgical manipulations and the combined anatomical data tend to be strongly 

supportive of the myoblast scenario as the simplest explanation for the fate of the STNR 

cells. 

This report identifies the targets for EH within the STNR as probable myoblasts 

and represents the first description of the origin of the VDMs of Lepidoptera. Future 

experiments on the flmction of EH at this target at the time of pupal ecdysis can now be 

directed with the knowledge that these cells are most likely myoblasts and with solid 

background information about their development in vivo. Of particular interest in this 

respect is the observation that shortly after pupal ecdysis, soon after the cells have been 
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exposed to a burst of endogenous EH, the basal lamina is removed and the cells enter 

what appears to be a migratory phase. The second messenger cGMP, which is highly 

upregulated in these cells in response to EH, has been implicated in slime mold mobility 

(Janssens and Van Haastart, 1987), and in stimulating migration of neutrophils via atrial 

natriuretic peptide (Elferink, et al., 1995). It is possible that EH may represent the signal 

stimulating migration of these cells beginning at pupal ecdysis when they are released 

from the sheath. Future research can now be directed toward developing specific assays 

for EH ftmction. 
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EXPORT OF EH-STIMULATED cCMP FROM THE STNR AND EVIDENCE FOR 

AN INCREASE IN HEMOLYMPH LEVELS OF cGMP AT PUPAL ECDYSIS 

4.1 Introduction 

The ecdysis, or cuticle-shedding behavior, of Manduca sexta at the end of each 

molt represents the culmination of a positive feedback loop in which multiple peptide 

hormones act at both central and peripheral targets (Zitnan et al., 1996; Ewer, et al., 1997; 

Gammie and Truman, 1997; Kingan et al., 1997; Gammie and Truman, 1999). Eclosion 

hormone, once thought to be the sole initiator of ecdysis behavior, has emerged as a 

"coordinating hormone" that, at the end of the molt, not only participates in the ecdysis 

cascade by stimulating the release of other peptides, but has been proposed to trigger 

physiological events at peripheral targets not related to the generation of ecdysis behavior 

(reviewed in Chapter One). Although the primary function of EH at icnown targets in the 

ecdysis cascade seems to be that of a hormone-releasing hormone, the role of EH at non-

ecdysis-related targets is less well-understood. 

Recently, the development of a polyclonal antibody to cGMP, a frequent 

downstream messenger of the insect neuropeptide eclosion hormone (EH) (reviewed in 

Morton, 1997), has led to the identification of a group of cells at the proximal base of 

each abdominal transverse nerve of Manduca that represent a non-ecdysis-related target 
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for EH at the pupal molt (Morton, 1996; Chapter Two). These cells were subsequently 

identified as the anlage of the adult-specific ventral diaphragm muscles (Chapter Three). 

Although it has been proposed that EH released at the adult eclosion acts through cGMP 

to trigger the programmed death of the intersegmental muscles of Aniherea polyphemus 

(Schwartz and Truman, 1984), this is the first report of EH acting on undifferentiated 

muscle cell precursors. Although the fimction of EH-stimulated cGMP at this target is 

still under investigation, preliminary data is presented here that may suggest a novel 

method for regulation of the cGMP stimulated at this target. 

Traditionally, intracellular levels of cGMP have been thought to reflect the 

balance between cGMP production by guanylyl cyclases and cGMP hydrolysis by 

specific phosphodiesterases (reviewed in Lincoln, 1994). At the same time, a body of 

literature exists reporting that the elevation of intracellular cGMP in response to a variety 

of agents in vertebrate cells and tissue is accompanied by an accumulation of 

extracellular cGMP. Evidence for a putative cGMP/cAMP transporter that is energy and 

temperatiu-e-dependent, and sensitive to the nonselective inhibitor of anion transport 

probenecid, has been reported in many of these systems. These references include, but 

are not limited to, fibroblasts (Patel et al., 1995), hepatocytes (Billiar et al., 1992) the 

pituitary (O'Dea et al., 1978) the cerebellar cortex (Luo et al., 1994), and the airway 

epithelium (Geary et al., 1993). 

Here we report the finding that, in short-term tissue culture, roughly 40% of the 

cGMP in the Manduca STNR produced in response to 3nM EH is exported to the 

extracellular medium in a probenecid-sensitive manner. The EH-stimulated cGMP 
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export was found to be completely blocked by InM probenecid, but this treatment did not 

increase the total amount of cGMP in the tissue, suggesting that either the rate of cGMP 

production is regulated by intracellular levels of cGMP, or that cGMP phosphodiesterases 

are able to compensate for the loss of the export system. At the time of pupal ecdysis, the 

amount of cGMP in the hemolymph was found to increase from 1000 fmoles to 4500 

fmoles, an increase greater than that expected from export of cGMP from the STNR in 

response to endogenous EH concentrations at pupal ecdysis. This finding suggests that 

there are other sources of extracellular cGMP at this time, and may indicate a 

physiological role for circulating cGMP at pupal ecdysis. 

4.2 Methods and Materials 

Experimental Animals 

Animals were reared and staged as described in Chapter Two. 

Measurement of cGMP export by Radioimmunoassay (RIA) 

Abdominal nerve cords with the attached STNR/TN complexes, were removed 

from animals that were approximately four hours from pupal ecdysis under cold E&B 

saline (Ephrussi and Beadle, 1936). Each piece of tissue was incubated individually and 

sequentially in 3 separate baths containing 100 |il of the insect tissue culture medium TC-

100 (Sigma) supplemented with the follovong antibiotics: amphotericin B (2.5|ig/ml), 

streptomycin (50(ig/mJ), penicillin (50U/ml) for 10 minutes at room temperature. 
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Probenecid (Sigma Chemical, St.Louis), either ImM or 5mM, dissolved in 0.2M PBS 

was either added, or not, to both the second and third baths. EH (2.5nM) prepared as in 

(Morton and Giunta, 1992.) from a baculovirus system (Eldridge et al.^ 1991) was either 

added or not added to the third incubation. At the end of each incubation period, a 50 |il 

aliquot of the medium was removed, placed into a microcentrifuge tube, and immediately 

frozen in liquid nitrogen to prevent breakdown of the cGMP in the sample. The samples 

were stored at -20° C for no more than one week. 

Samples were thawed and diluted immediately in RIA assay buffer (50mM 

sodium acetate; pH 6.2). Samples were assayed for cGMP essentially as in Morton and 

Truman (1985) with a radioinununoassay kit (NEN). 

Measurement of cGMP in the Hemolymph. 

As animals reached the appropriate developmental stage, either four hours before 

or after pupal ecdysis, or the beginning of pupal ecdysis (defined as dorsal to ventral 

peristaltic contractions only at the most posterior body sements), they were punctured at a 

proleg (larvae) or at the proboscis (pupae) and bled into a microcentrifuge tube on ice. 

500fjl of the collected hemolymph was added immediately to 4.5 mis of ice cold acidified 

ethanol (IM HC1:100% EtOH 1:100) and shaken vigorously for a few seconds by hand. 

When all samples were collected, the hemolymph in acidified ethanol was centrifuged at 

6000 g for 10'. The pellets were discarded and the supematent allowed to sit at 4° C 

overnight. Samples were then spun again as before, and the resulting pellets discarded. 

Supematants were divided into five microcentrifuge tubes and spun at 10,000 g for 30 
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minutes. The supematants were removed and dried ovemight. The next day, the 

samples, which were not completely dried, were resuspended in RIA buffer and 

centrifliged for 10' at 10,000g. The pellet was discarded and the samples were again 

dried ovemight. The samples, many of which had a tar-like consistency, were 

resuspended in 200^1 RIA buffer and assayed for cGMP content as described above. 

Probenecid incubations for EH-stimulated cGMP immunoreactivity protocol 

Abdominal nerve cords with the STNRs attached were removed from animals at 

four hours before pupal ecdysis and incubated with EH (either 3nM, InM, or 0. InM) in 

TC-lOO and processed for cGMP immunoreactivity as described in Chapter Two except 

that a final concentration of 3mM probenecid was present, or not, in the incubation 

medium during the entire incubation period. 

4.3 Results 

4.3.1 EH-stimulated cGMP Export from the STNR and its Blockage by Probenecid 

Fig. 4-1 shows the effects of EH and probenecid on the accumulation of cGMP in 

the extracellular media in the presence of the abdominal nerve cord with attached 

STNR/TN. Aliquots were removed for analysis from each of three consecutive 

incubation periods of 10 minutes, with probenecid being added or not during the second 

incubation, and EH being added or not to the final incubation. The results indicate that 

the addition of InM EH to the incubation media triggers a significant accumulation of 
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cGMP in the media compared to the addition of EH solvent alone. The media used for 

incubation, including Weavers saline and TC-lOO insect medium, did not effect 

significantly either cGMP export or accumulation in the tissue (data not shown). Both 

5mM and ImM concentrations of probenecid were 100% effective in blocking the EH-

stimulated accumulation of extracellular cGMP. 

The level of EH-stimuiated cGMP in the abdominal nerve cord with attached STNR/TN complex was 

compared in parallel to the extracellular cGMP accumulation for each tissue seunple. These results (Fig. 4-

2) indicate that the total increase in cGMP in the tissue in response to InM EH was not significantly greater 

in the presence of ImM probenecid, as might have been expected given the effectiveness of that 

concentration at blocking EH-stimulated cGMP export. A significant reduction in EH-stimulated cGMP 

was observed in the presence of 5mM probenecid indicating that this amount of 

probenecid may inhibit cGMP production or be cytotoxic. 

If the total amount of cGMP stimulated by 3nM EH that can be measured in the 

tissue is added to the amount that is exported to the medium, it can be seen that the total 

amount of cGMP generated is at least 1000 finoles (this estimate does not account for the 

removal of cGMP in the tissue by phosphodiesterases). Thus the amount of cGMP that is 

exported to the medium amoimts to 40% of the total. 

4.3.2 Effect of Probenecid on EH-stimulated cGMP Immunoreactivity in the STNR 

Figure 4-3 shows the effects of 3mM probenecid in short-term tissue culture on 

the dose-response curve for EH-stimulated cGMP immimoreactivity in the cells of the 

STNR. The addition of probenecid does not enhance the amount of cGMP 
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Figure 4-1. EH-stimulated cGMP export and its inhibition by probenecid. Abdominal 
nerve cords with STNR/TN complexes attached were incubated three times each for 
ten minutes in TC-IOO. Sampleswere removed from the medium during each 
incubation to measure extracellular cGMP by RIA. C=control, EH=2nM, S=EH 
solvent (30%acetonitrile). (N=5; Tukey-Kramer Multiple Comparisons Test). 

Figure 4-2. EH-stimulated cGMP in the abdominal nerve cords from Figure 4-1. 
Each point represents the amount of cGMP in the tissue after the final incubation 
in the export experiment. Tissue samples of cGMP were processed for RIA in 
parallel to the media samples. 2nM EH stimulates a significantly greater amount of 
cGMP in the tissue than solvent alone (p< 0.001). ImM probenecid + EH is not 
different from EH alone, but 5mM probenecid + EH is significantly less than EH 
alone (p<O.Ol) (N=5; Tiikey-Kramer Multiple Comparisons Test). 
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immunoreactivity in the tissue that can be stimulated by any concentration of EH 

attempted. Conversely, it appears that at 3nM EH and at InM EH, the probenecid 

attenuates the amount of cGMP immunoreactivity and changes the quality of the staining 

to a more diffuse appearance. 

4.3.4 Increase in Hemolymph Levels of cGMP During Pupal Ecdysis 

Given that a number of targets for EH show a rise in cGMP content when EH is release 

before the pupal ecdysis, we measured the amount of cGMP in the hemolymph at 4 hours 

before, one hour before, during, and 4 hours after ecdysis (Fig. 4-4). The data show that 

the total amount of cGMP in the hemolymph of the insect rises during the hour before 

ecdysis from 1000 fmoles to 4500 fmoles, assuming a blood volume of 2.mls based on 

the findings of Morton, 1985. This rise in cGMP represents a 3 and a half fold increase. 

By four hours after ecdysis, the amount of cGMP in the hemolymph has declined 

significantly. The cellular content of the hemolymph was not removed before performing 

these measurements. 

4.4 Conclusions and Discussion 

The results of these experiments demonstrate that, in tissue culture, the myoblasts 

that form the STNR are capable of exporting cGMP that is produced in response to EH in 

a probenecid-sensitive maimer. In general, although there was some variability from one 
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Figure 4-3. Effect of probenecid on EH-stimulated cGMP immunoreactivity. A, C, and 
E indicate EH alone and B, D, and E show EH + 3mM probenecid (n = 2). Scale 
bar = 200|im. 
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Figure 4-4. cGMP in the hemolymph before, during and after pupal ecdysis. Animals 
were bled at the appropriate times and the cGMP content of the hemolymph 
measured by RIA. There is a significant increase in cGMP in the hemolymph at ecdysis 
compared to -4 hours and -1 hour (p<0.00l) and compared to +4 hours (p<0.01) (Tukey-
Kramer Multiple Comparisons Test; n=5 for -4h, - Ih and ecdysis, n=4 for +4h). 
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experiment to the next, baseline levels of extracellular cGMP were less than 25% of those 

measured after the tissue was exposed to ImM EH for 10 minutes. 

Although the 5mM concentration of probenecid appeared to inhibit the total 

production of EH-stimulated cGMP within the tissue, ImM probenecid did not negatively 

affect tissue concentrations of EH-stimulated cGMP and was still 100% effective in 

blocking cGMP export. The fact that the accumulation of EH-stimulated cGMP in the 

extracellular medium can be completely blocked by probenecid without affecting cellular 

levels indicates that the increase in cGMP in the medium is not caused by non-specific 

cell membrane damage. 

Further characterization of this system could be done to determine if the cGMP 

exporter in these Manduca myoblasts has additional aspects of the cyclic nucleotide 

exporter described for other systems. These characteristics include temperature 

dependence, saturability, and energy dependence (reviewed in Barber and Butcher, 

1983). 

Potentially, one reason for the existence of a cGMP exporter in this system would 

be to regulate the intracellular levels of this messenger produced in response to a given 

signal. It has been demonstrated previously that inhibition of phosphodiesterases (PDEs) 

in this system by IBMX (3-isobutyl, 1-methyl xanthine) can increase the amount of EH-

stimulated cGMP by four-fold (Morton and Giunta, 1992) indicating that PDEs are active 

in this system. It is possible that a combination of cGMP export and activation of PDEs 

works to reduce intracellular levels of cGMP after stimulation. 
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Interestingly, blocking export of cGMP with probenecid does not increase the 

amount of EH-stimulated cGMP measured in the tissue, suggesting that either the PDEs 

act to hold the internal cGMP levels below a set amount, or that probenecid inhibits the 

guanylate cyclase in some manner. The prediction could be made that if the former were 

true, pre-incubating the tissue with both probenecid and IBMX before exposing it to EH 

should potentiate the effect of IBMX alone, while if the latter possibility were true, the 

response to EH should be diminished compared to that to IBMX alone. Evidence does 

exist in the literature to support the idea that probenecid can inhibit the production of 

cGMP as Patel et al. (1995) found that probenecid, in addition to blocking cGMP export 

in intact fibroblasts, directly inhibited a soluble guanylate cyclase in fibroblast lysates. 

The addition of 3mM probenecid to the tissue culture medium did not enhance EH-

stimulated cGMP immunoreactivity in the STNR, even when challenged with levels of 

EH (0. InM) that are near the lower threshold for invoking a cGMP response discernible 

with this immunoreactivity protocol. These data tend to suggest that the inability of 

probenecid to enhance cGMP accumulation in the tissue (as measured by RIA) may not 

be due to a simple thresholding effect in which cGMP is broken down by 

phosphodiesterases when it achieves a certain intracellular concentration. 

Another possibility for cyclic nucleotide export that has proposed in the literature 

is the possibility of that these cyclic nucleotides have an extracellular fianction. The role 

of extracellular cAMP as a chemoattractant for the slime mold, Dictyostelium. has been 

well-documented (Janssens and Van Haastart, 1987) and the existence of extracellular 

receptors for cAMP (Sorbera and Morad, 1991) and ecto cAMP-dependent protein 
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kinases iiave been documented (Kubler et al., 1989). cGMP has been shown to be 

preferentially exported from the basolateral surface of airway epithelium in response to 

atrial natriuretic peptide, a finding that the authors claim suggests a specific role for 

extracellular cGMP in this compartment (Geary et al., 1993). There is also evidence that 

extracellular cGMP may modulate a chloride charmel cloned from epithelial cells 

(Paulmichl et al., 1992). 

The possibility of an extracellular function for cGMP in Manduca is an interesting 

one in light of old studies demonstrating that ecdysis behavior can be triggered by co-

injecting PDE inhibitors and micromolar concentrations of cGMP into the hemolymph 

(Truman, et al., 1979). cGMP is a small, charged molecule that does not readily diffuse 

through cell membranes. 

In the case of the STNR of Manduca, however, the level of cGMP measured in 

the tissue in response to the physiological levels of EH released at pupal ecdysis is 

roughly 5 fmoles. If one were to speculate that slightly less than this amount is secreted, 

the secreted cGMP would be 4 finoles. This amount would then represent a circulating 

concentration of 1.5 pM, assuming a hemolymph volume of 2.6 mis (Morton and 

Truman, 1985). It is possible that this small amoimt of extracellular cGMP may have 

some effect on local tissues, but it is unlikely to have systemic effects. Alternatively, it is 

possible that the low level of cGMP measured in the tissue in response to physiological 

concentrations of EH occurs because the rate of export, if any, is higher in vivo. We 

also measured the circulating levels of cGMP in the hemolymph before, during and after 

pupal ecdysis. To our surprise, we found that the amount of cGMP in whole hemolymph 
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(including all circulating cells) increases abruptly at pupal ecdysis, from 0.5 nM to 2nM, 

and then begins to decline afterwards. Given that this amount is approximately an order 

of magnitude higher than the conservative estimate for the amount of extracellular cGMP 

that might be contributed by the STNR, it seems likely that there are other sources of 

extracellular cGMP in the insect at this time. 

It is possible that an extracellular function for the increased levels of cGMP in the 

hemolymph at this time could be determined by blocking this rise with an injection of 

PDEs into the hemolymph. Alternatively, cGMP export could be blocked by probenecid, 

but blocking export could potentially affect intracellular regulation of cGMP in some 

way, and would not be as clean an experiment. 

This work represents an interesting preliminary study of the potential for using the 

myoblasts of the STNR to study regulation of the EH signal, and the discovery of a four

fold increase in circulating levels of cGMP during ecdysis paves the way for hypotheses 

about an extracellular function for cGMP at this time. 
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SUMMARY AND CONCLUSIONS 

In order to coordinate behavioral and physiological actions at the organismal 

level, some mechanism for linking these events together must exist. Neurohormones that 

are released both within the nervous system and into the circulation are ideally situated 

for this activity. Such is the case with the insect peptide eclosion hormone (EH) which 

has been implicated in the stimulation of ecdysis behavior, in which the insect removes 

the old cuticle, and in the initiation of physiological events that must occur at the time of 

ecdysis, such as increased cuticle extensibility or secretion of the cement layer. Locating 

and characterizing novel targets for this hormone in an insect system should lead to new 

insights into the suite of events timed to occur with the shedding of the old cuticle. 

The current study examines the effect of EH on a newly identified non-neural target in 

the tobacco homworm, Manduca sexta, that is accessible to bath-applied EH. 

This target, located at the proximal base of the segmentally repeated transverse 

nerves of the abdomen, was identified through the ability of EH to stimulate an increase 

in immunoreactivity for the second messenger cyclic guanosine monophosphate (cGMP) 

in short-term tissue culture (Morton, 1996). The filamentous pattern of cGMP 

immunoreactivity observed at this target does not readily define any anatomical structure 

previously described in this organism, and was originally proposed to represent the axons 

of neurosecretory cells that are known to project to this region. Furthermore, because this 
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novel target for EH was identified empirically through its ability to stimulate an 

intracellular signal in the target without knowing what the physiological outcome of this 

signal might be, the function of EH at this target remains unknown. Questions of 

immediate interest about this newly identified target for EH are is this tissue a target for 

EH released into the circulation at pupal ecdysis and, if so, what is the function of EH at 

this target? 

The data presented in this report demonstrate that the cellular target for EH in the 

proximal region of the transverse nerve is not the axons of neurosecretory cells, but rather 

a previously unknown population of intrinsic filamentous cells that exist within the 

confines of the sheath that surrounds the transverse nerve. These conclusions are based 

on the observations that EH-stimulated cGMP immunoreactivity does not overlap with 

multiple markers for components of neurosecretory axons in the transverse nerve and that 

the EH-stimulated cGMP immunoreactivity occupies a regionally discrete portion in the 

posterior area of the proximal transverse nerve. Also, propidium iodide labeling for 

nuclei and cGMP immunoreactivity in vibratome sections revealed that the EH-

responsive elements are intrinsic cells and not processes of cells projecting from some 

other region of the insect. The posterior area containing the EH-responsive cells has been 

given the name "sub transverse nerve region" (STNR) to reflect both its association with 

the transverse nerve and the fact that it describes a discrete area that is separate fi-om the 

transverse nerve proper. The transverse nerve and the STNR together are referred to as 

the STNR/TN complex. 



157 

The data produced in this study are consistent with the STNR of the transverse 

nerve of Manduca being a target for EH that is released into the circulation at the pupal 

ecdysis. First, there is a statistically significant two-fold increase in cGMP content in the 

tissues comprising the STNR/TN complex, when removed at pupal ecdysis and assayed 

via RIA. Second, the time course of the developmental sensitivity of this tissue to EH 

appears to be optimized for the tissue to respond to endogenous EH released at pupal 

ecdysis, as the sensitivity of the tissue to EH increases from the time of wandering in the 

final instar to the time of pupal ecdysis, when EH is normally released, and then 

decreases abruptly after ecdysis. 

A few caveats exist for this interpretation of the data. First, the increase in cGMP 

content measured in this tissue at the time of pupal ecdysis may not originate firom the 

cells of the STNR. There are unpublished reports that some of the neurosecretory axons 

that project to the proximal transverse nerve also undergo an increase in cGMP content at 

the time of ecdysis (James Truman, University of Washington, personal communication). 

In order to determine the exact origin of this minute amount of cGMP, the neurosecretory 

axons would need to be separated from STNR, a physically challenging feat. 

Although the addition of EH to the STNR in short-term tissue culttire stimulates a robust 

and reproducible increase in cGMP, the end point of this signal cascade is not knovm. 

Most other known or suspected targets for EH have been identified through observing 

some action that occurs at ecdysis, and then discovering that the mediator of that action is 

EH. In this case, we are working backwards from knowing that the cells of the STNR 

appear to have the EH receptor and can respond to EH with an increase in intracellular 
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(and extracellular) levels of cGMP, but without knowing anything about the identity or 

developmental fate of this tissue. It is difficult to design functional assays to test 

hypotheses about the role of EH under these circumstances, so an in-depth anatomical 

and developmental study of this EH target tissue was carried out. 

Tne results of my anatomical investigation revealed that the cells of the STNR are 

most likely myoblasts that form the adult ventral diaphragm muscles (YDMs). The cells 

have many of the ultrastructural characteristics of myoblasts as described by Lebart-

Pedebas (1986). These include a cytoplasm rich in free ribosomes, little or no rough 

endoplasmic reticulum, few mitochondria, eccentric nuclei, and plentiful microtubules. 

These same characteristics have also been used to describe insect fibroblasts (Ashhurst, 

1982), except that fibroblasts are often described as having lots of rough endoplasmic 

reticulum with dilated cistemae, indicating active secretion. 

A review of the changes in gross morphology during pupal development of the 

tissues associated with the abdominal nervous system, including the STNR/TN complex, 

revealed that the cells of the STNR seem to be partially supported by the presence of an 

acellular "membrane" that stretches between the transverse and dorsal nerves on either 

side of each abdominal ganglion. During pupal development, as the TN migrates 

anteriorally along the nerve cord, the leading edge of this membrane migrates forward as 

well, perhaps pulled by the transverse nerve. The dorsal nerve, however, remains 

stationary and the end result is that the area of the acellular membrane becomes 

increasingly larger, as if it were being unfurled as the TN migrates forward. This analogy 
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is probably not exact, and the source of the extracellular matrix material for increasing 

the size of this membrane poses an interesting question. 

The important points of these observations are that 1) the cells of the STNR 

appear to become less densely packed and gradually spread into a thin layer over the 

surface of this acellular membrane; and 2) this thin sheet of STNR-derived cells assumes 

the exact shape and location of the muscles of the ventral diaphragm of the adult insect. 

Because the ventral diaphragm muscles (VDMs) of Lepidoptera are derived de novo 

during metamorphosis, the myoblasts that form these muscles must come from 

somewhere. There is still an outside possibility, one that I was unable to resolve with my 

STNR/TN removal surgeries, that the cells of the STNR supply a scaffolding across 

which myoblasts may migrate from the lateral body wails. However, if this were 

occurring, one might expect to see evidence of this wave of migration—for instance, the 

presence of another distinct cell type that started appearing sometime after pupal ecdysis. 

Although cells in the general region of the ventral diaphragm were positive at pupal stage 

5-8 for myosin, a marker for muscle cell differentiation, this stage is too late to determine 

unequivocally that the cells being labeled originated in the STNR. In this respect, 

markers for intermediate stages of muscle differentiation would be very useful for 

identifying the STNR cells when they are still in close contact with the transverse nerve. 

It is not clear why immunohistochemistry for the Drosophila protein Twist, which is 

found in mesodermally-derived tissues did not identify the STNR cells in my hands, but 

other drosophila genes that are involved in myoblast fusion may prove to be useful 

markers in this respect. These include rolling stone (Paulat et al., 1997) and myoblast 
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city (Rushton et al., 1995; Erickson et al., 1997). An alternative approach would be to 

infect the cells in the STNR with a retrovirus such that the marker would not be diluted 

during cell division and the origin of the cells that are myosin positive at stage 8 could be 

determined once and for all. 

Given that there are reports in the insect literature of myoblasts existing within the 

basal lamina or sheath surrounding the nerves (Lebart-Pedebas, 1984; Lebart-Pedebas, 

1990; Lebart-Pedebas, 1986; Cifiientes-Diaz, 1989), and that the presence of the STNR 

cells within the proximal portion of the sheath surrounding the transverse nerve puts them 

right on site for the construction of the VDMs, it seems that the most likely, although not 

definitive, explanation, is that these cells are myoblasts that form the VDMs of the adult. 

The presence of numerous adipohemocytes, which have been associated with both 

phagocytic and secretory ftmctions (Nardi and Miklasz, 1989), amongst the non-granular 

EH-sensitive cells of the STNR, may explain the source of the extracellular scaffolding 

on which the myoblasts spread. 

By cutting sections of the STNR/TN complex, 1 was able to show that there are 

two discrete regions within this tissue, probably comprising the TN proper and the 

STNR, as early as the first instar larva. It is possible that the cells of the STNR are 

actually the "strap" cells described by Taghert (1988) that, during embyrogenesis, form 

the scaffolding on which the axons of neurons migrate to form the transverse nerve. 

Thus, the STNR seems to be a population of non-differentiated cells that are formed 

during embryogenesis and wait quiescently within the confines of the sheath of the TN 

until spurred by some cue during the final larval instar, possibly ecdysone, to start 
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dividing vigorously (this cell division was demonstrated by BrdU labeling. Chapter Two, 

and has been communicated to me by David Champlin, University of Washington). The 

cells appear to have the appropriate receptors to respond to the peak of circulating EH 

that occurs just prior to pupal ecdysis based on their ability to upregulate a second 

messenger in response to EH in vitro, and the cells do show a significant increase in their 

cGMP content at this time. 

Thus, the critical period of interest in respect to the actions of EH on the 

progenitors of the VDMs is the time just after pupal ecdysis. This cell population has 

been actively dividing since the time of wandering and continues to divide throughout the 

early pupal stages so it seems unlikely that the ftmction of EH on the STNR cells is to 

stimulate cell division or an end to cell division. Also, because a marker of mature 

muscle (myosin) is not seen until approximately pupal stage 8, 10-12 days after ecdysis, 

it seems unlikely that EH is the signal for the STNR cells to differentiate into myocytes. 

Two noteworthy things that do occur shortly after pupal ecdysis are the breakdown of the 

surrounding extracellular matrix material, and the movement of the STNR cells across 

the acellular membrane between the TN and DN. I have deliberately not used the word 

"migration" in this respect, because I don't think that I can distinguish between passive 

spreading through cell division or active migration. However, it is clear that, at the very 

least, the cells of the STNR must change their adhesive properties, because they go from 

being a mass of cells that is twenty to thirty cells deep at the time of pupal ecdysis, to a 

thin layer that is one or two cells deep by pupal stage five. 
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These observations on the identity and developmental history of the STNR cells 

permit the development of testable hypotheses of the function of EH at this target. For 

instance, one could make the hypothesis that EH stimulates active migration in the cells 

of the STNR after pupal ecdysis. A short-term (3 day) tissue culture assay or a cell 

culture assay could be developed to test this hypothesis by measuring the distance 

traveled by marked cells that have or have not been exposed to EH. 

The finding that myoblasts may exist in a quiescent state in close contact with the 

transverse nerve in Manduca may have wider implications for the location and migratory 

pathways of myoblasts in other holometabolous insect systems. There are several reports 

in the literature for at least two other insect species that myoblasts contributing to the 

adult flight muscles may gather along innervating nerves, and may even originate from a 

space formed between the innervating nerve, the old larval muscle, and an encompassing 

layer of basal lamina (Piehs brassicae, Lebart-Pedebas, 1986; Pieris brassicae, 

Ciflientez-Diaz, 1989; Chironomus, Lebart-Pedebas, 1984; Chironomus, Lebart-Pedebas, 

1990). 

Now, the current study indicates a similar origin for the myoblasts that form the 

ventral diaphragm in the adult Manduca sexta. In holometabolous insects, the space 

between some nerves and their ensheathing basal lamina may represent a general 

reservoir of myoblasts that are only activated during the last larval instar. Upon 

"activation" when the myoblasts emerge from their quiescent state and begin to divide 

and migrate, the nerves may serve as structural supports to direct the migration of these 

cells. It is even possible that the transverse nerve in Manduca may be a source of 
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myoblasts for other developing peripheral muscles, as well as the ventral diaphragm, if 

the STNR cells are able to use the ventral and dorsal nerves as migratory paths after 

becoming free of the sheath enclosing the STNR. 

The observation that EH-stimulated cGMP is exported from the STNR in a 

probenecid-sensitive manner is intriguing. However, although there is evidence for 

extracellular functions for cyclic nucleotides (Kubler et al., 1989; Sorbera and Morad, 

1991; Paulmichl et al., 1992), the very small amount of cGMP that would be exported 

from this tissue, if the ratio of cGMP exported in vivo is similar to that measured in vitro, 

in response to endogenous levels of EH probably does not represent the primary function 

of EH at this site. This is especially true, given that we have shown that there is a large 

increase in cGMP in the hemolymph of Manduca during the pupal ecdysis—an increase 

an order of magnitude higher than the amount of cGMP that may be exported from the 

STNR. Also, the background levels of cGMP in the hemolymph are on the order of 1000 

fmole/insect, a number that dwarfs the roughly 4 fmoles of cGMP total that may be 

released from the STNRs of one insect in response to endogenous EH. Although we 

cannot rule out such things as the possibility for a local effect of exported cGMP on other 

cells, such as the co-cohabiting Adipohemocytes, or the possibility that a much larger 

proportion of the EH-stimulated cGMP in vivo is exported from the STNR than in vitro, it 

is more likely that the EH-stimulated export of cGMP seen in vitro represents another 

mechanism for regulating intracellular levels of cGMP. 

These findings, taken together, should allow us to develop directed assays to 

discover the function of EH at these myoblasts at the base of the abdominal transverse 



164 

nerves, and to develop a well-characterized system in which to explore a somewhat novel 

mechanism for EH-stimulated cGMP regulation. Also, the STNR cells are very 

accessible and may present a good source of material for the further exploration of the 

nature of the EH receptor through binding studies and second messenger stimulation. 

Since the first understanding that a factor from the head was involved in 

triggering ecdysis behavior in moths, almost 30 years ago, many layers of hidden 

complexity in the role of EH during ecdysis have been unveiled. Now, the further 

exploration of the fimction of EH at novel targets has incidentally shed light on the origin 

of the ventral diaphragm muscles in Manduca, and should allow us in the future to 

expand on these findings and may ultimately change our current understanding of this 

peptide as radically as it has been changed in the last five years. In addition, the 

evaluation of signal transduction in putative target tissues may prove to be a useful 

technique with which to evaluate other insect peptides that may have multiple targets. 

Recently, the identification of such a hormone in the locust species Schistocerca 

gregaria and Locusta migratoria was reported (Tawfik et al., 1999). The hormone, 

which is identical to the peptide previously described as corazonin in another locust 

species (Veenstra, 1991), triggers both physiological and behavioral changes. 

Specifically, the peptide appears to mediate the response to population density that causes 

these species to darken in color and become gregarious and migratory, forming plagues. 

This peptide, dubbed "dark pigmentotropin" may, like EH, prove to have both peripheral 

and central targets, as it triggers changes in pigmentation and behavior. Like EH, this 

peptide too may trigger its effects both directly and indirectly in complex peptides loops. 



and like, EH, might have diverse targets identifiable through analysis of signal 

transduction pathways. 
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