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ABSTRACT 

Dramatic reorganizatioa of dendrites and axonal terminals is a characteristic feature 

of neuronal remodelling during metamorphosis in the hawkmoth, Manduca sexta. In 

thoracic leg motor neurons, as in other neuronal populations, dendritic and axonal 

arbors regress in late larval stages then regrow during pupal development. 

Ecdysteroids, the insect steroids that trigger metamorphosis, control both regression 

and outgrowth in vivo, and stimulate neuritic growth and branching in vitro in leg 

motor neurons cultured at the beginning of pupal development. To identify potential 

subcellular targets of ecdysteroid action in these neurons, the present studies 

examined the dynamic and structural features of branching and their modulation by 

the ecdysteroid 20-hydroxyecdysone (20E) in vitro. 

Delayed treatment of pupal leg motor neurons with 20E (after four days without 

treatment) led to a robust enhancement of neuritic branch accumulation accompanied 

by a subtle effect on total neuritic length. The effect on branching was significant 

after 4 days of treatment and was stage-dependent: larval leg motor neurons were 

unaffected. This culture regime accomplished the temporal dissociation of 

ecdysteroid-induced effects on branching and putative regenerative growth that occurs 

upon plating. Repeated imaging studies revealed that branch formation occurred 

almost exclusively at the growth cone, regardless of hormone treatment; interstitial 

branching was extremely rare. 20E treatment significantly enhanced branch 



formation by growth cones observed for 12 hours, and increased branch retention in 

growth cone regions over the same interval. Branch formation occmred via two 

distinct processes, engorgement (of fine protrusions) and condensation (of lamellae); 

the relative contributions of these mechanisms were unaltered by 20E. Confocal 

imaging of the cytoskeleton demonstrated that growth cones consisted of separate 

microtubule- and actin-based domains, with actin-rich filopodia fringing the 

micrornbule-based growth cone proper. Morphometric analysis revealed that 20E 

specifically increased growth cone complexity: treated growth cones were larger and 

more compact and displayed increased numbers of micrombule-based branches and 

filopodia. These findings indicate that 20E enhances neuritic branching by altering 

growth cone structure and function, and suggest that hormonal modulation of 

cytoskeletal interactions, directly or via well-known signal transduction cascades, 

contributes significantly to neuritic remodelling during metamorphosis. 
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INTRODUCTION 

Neuronal development proceeds through a series of overlapping phases, characterized 

by specific cellular and subcellular events. In the latter stages of differentiation, the 

neuron initiates outgrowth of axons and/or dendrites in and toward areas of potential 

contact with other cells (afferent neurons and targets). The precise establishment of 

these neurites and their branching patterns determines the specificity of their 

intercellular coimections as well as their electrical properties. Mature neurons and 

their elaborate processes are sustained by ongoing maintenance functions, and 

alteration or interruption of these functions can trigger profound morphological 

changes. Similar or identical changes are necessary for normal postembryonic 

maturation (Purves, 1988; Levine et al., 1995); others are associated with responses 

to injury or disease (Price et al., 1984; Kosik, 1992). Elucidating the mechanisms 

that generate developmental or damage-induced morphological remodelling, as well 

as the forces that sculpt them, is a major focus of developmental neurobiology, with 

implications for the understanding of basic developmental processes and 

neuropathological conditions. 

I. Intrinsic and extrinsic influences on neuronal development 

Neuronal development, like development in all cell types, is regulated by information 

of two distinct types: intrinsic (or cell-autonomous) and extrinsic (or non-
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autonomous). Intrinsic mechanisms include genetic programs (e.g. cell-death 

programs) and clocks; extrinsic influences include extracellular matrices, cell-surface 

receptors and ligands, physical boundaries, chemotropic molecules, neurotrophic 

molecules, neurotransmitters and hormones. The distinction between intrinsic and 

extrinsic influences is largely operational; neurons must be able to respond to 

extrinsic influences, and extrinsic cues can alter a cell's fate and thus change its 

intrinsic properties. 

Neuritic branching is subject to both types of influence; some neurons (e.g., rat 

hippocampal neurons in culture; Dotti et al., 1988) seem at least in part to acquire 

their morphological phenotype intrinsically while others (e.g., mammalian Purkinje 

cells in culture; Schilling et al., 1991; Baptista et al., 1994) differentiate in response 

to various extrinsic cues. Axonal branching in target regions is significantly 

influenced by various surface-bound and diffusible signals, as well as by electrical 

activity (reviewed by Goodman and Shatz, 1993). Similarly, the size and 

morphology of dendritic arbors in mammals are highly dependent on interactions 

with the environment: for example, in adult rat autonomic neurons innervating the 

salivary gland, dendritic arbor size and morphology are determined by interactions 

with the peripheral target, and can be altered by changes in the size of the target 

territory (Voyvodic, 1989). Similar changes in dendritic growth of these neurons can 

be induced by neonatal exposure to nerve growth factor, a target-derived 

neurotrophic molecule (Ruit et al., 1990). In insects, dendrites seem to be less 



sensitive to target-derived influences, although subtle effects of target ablation on 

dendritic form have been noted (Kent and Levine, 1993). 

n. Regulation of neuronal development by steroid hormones 

A. Effects in vertebrates 

In a wide range of taxa, steroid hormones have been shown to be potent regulators of 

neuronal development, controlling neuronal number as well as morphology in various 

neuronal populations (Arnold and Gorski, 1984; Breedlove, 1992). In particular, 

steroid hormones exert specific influences on neuritic size and shape, during 

development and throughout life. Gonadal steroids control dendritic growth in 

developing birds and mammals, and these ejects have been linked to sex differences 

in certain behaviors (Arnold and Gorski, 1984). In adult rats, dendritic spines on 

hippocampal pyramidal cells form and disappear following exposure to and loss of 

estrogen, respectively (Gould et al., 1990). Indeed, dendritic spines in female rats 

come and go with a periodicity caused by the hormonal fluctuations of the estrous 

cycle (Woolley et al., 1990; WooUey and McEwen, 1992). In cultured embryonic 

rat hippocampal neurons, dendritic spine density is increased twofold by exposure to 

estrogen, and the effect is linked to elevations in intracellular calcium levels and 

activation of NMD A receptors, serine/threonine kinases and protein kinase C 

(Murphy and Segal, 1996). Postnatal dendritic remodelling under the influence of 
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gonadal steroids has also been observed in rat cortical neurons (Stewart and Kolb, 

1994) and spinal motor neurons (Kurz et al., 1986; Goldstein and Sengelaub, 1994) 

as well as in neurons of sexually dimorphic hypothalamic regions in ferrets (Cherry 

et al., 1992). In hypothalamic neurons maintained in culture, exposure to gonadal 

steroids leads to enhancement of neurite outgrowth and branching (Diaz et al., 1992; 

Ferreira and Caceres, 1991). 

B. Effiects in insects 

Steroid hormones exert similar influences in insects. In particular, the steroid 

molting hormone, 20-hydroxyecdysone (20E, an ecdysteroid), controls several 

distinct aspects of neuronal development in a holometabolous insect, the moth 

Manduca sexta. In discrete cellular populations and at distinct times in development, 

the steroid regulates dendritic regression, dendritic growth, neuronal death and 

muscle degeneration while triggering molting and metamorphosis (Weeks and 

Truman, 1986; Levine et al., 1991). In particular, at least 2 populations of motor 

neurons are retained throughout larval and pupal development and undergo 

morphological remodelling under the influence of ecdysteroids. At the larval-pupal 

transition, abdominal proleg motor neurons undergo dendritic regression followed by 

dendritic regrowth or death (Weeks and Truman, 1985; Weeks and Emst-

Utzschneider, 1989). Regression and death are controlled independently by 20E 

(Weeks and Truman, 1985; Weeks, 1987; Weeks and Emst-Utzschneider, 1989). 
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Similar remodelling of axonal arbors and motor endplates occurs over the same 

developmental period (Truman and Reiss, 1995); the time course of these changes, 

and their abolition by exposure of the cell body to juvenile hormone, suggest that 

they are mediated at least in part by ecdysteroids. A second population of motor 

neurons, the thoracic leg motor neurons, also undergoes dendritic regression at the 

larval-pupal transition followed by regrowth during adult development (Kent and 

Levine, 1993); this effect is also controlled by ecdysteroids (Kent, 1992). Axonal 

arbors, like those in the abdomen, are extensively remodelled during early pupal 

development (Consoulas et al., 1996); larval motor terminals regress then expand, 

with a time course suggesting that both processes are influenced by ecdysteroids. 

Leg motor neurons identified in primary cell culture exhibit enhanced neurite 

outgrowth in the presence of 20E (Prugh et al., 1992). 

m. Cellular mechanisms of neuritic remodelling 

Despite the myriad examples of steroid-induced neuronal remodelling, the cellular 

and subcellular events underlying the neuritic changes are virtually unknown. 

Several in vitro model systems have been established for the analysis of steroid-

mediated effects (Ferreira and Caceres, 1991 and references therein; Diaz et al., 

1992; Prugh et al., 1992; Brinton, 1993; Lustig et al., 1994), but investigations have 

not addressed the cellular bases for neurite regression or growth enhancement, and 

little is known about the imderlying subcellular mechanisms (Ferreira and Caceres, 
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1991). Effects on total neuritic length, for example, can arise as a consequence of 

two distinct phenomena: 1) changes in overall growth of established neurites, i.e., 

effects on neurite growth; and 2) changes in neurite number, i.e., effects on neuritic 

formation and turnover. In this regard, Manduca leg motor neurons in culture 

provide a superior model system for the analysis of cellular and subcellular 

mechanisms of neurite growth (Levine and Weeks, 1996). The use of identified 

neurons facilitates direct comparison of in vitro events with well-described 

developmental processes occurring in vivo. The leg motor neurons are large and can 

be maintained in culture for weeks. 

A. Branching mechanisms m axons and dendrites: growth cone branching vs. 

interstitial branching 

Cellular events underlying neuritic branching fall into two broad categories: 1) 

growth cone branching, which occurs at the growth cone or growing neurite tip; and 

2) interstitial branching, which occurs on the shaft of an existing neurite. In axons 

and axon-like neurites growing in vitro, both mechanisms have been observed. Early 

studies of rat sympathetic neurons in culture concluded that essentially all branching 

occurs via the bifurcation of a growth cone, with little or no contribution from other 

parts of the cell (Bray, 1973). Similarly, in culmred parasympathetic neurons, 

branching occurs at the growth cone; even rare "atypical" collaterals form at the 

trailing edge of the growth cone (Wessells and Nuttall, 1978) and not on established 
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neuritic shafts. In neuronal cultures from Drosophila (Kim and Wu, 1987) and 

crayfish (Egid and Lnenicka, 1993), neuritic morphology seems to arise 

predominandy via growth cone branching. In contrast, it has been claimed that, in 

the mammalian brain, "branches form principally as collaterals along the length of 

the axon rather than by growth cone bifurcation" (Yu et al., 1994) based on 

observations in vivo and in vitro of the development of the rat corticopontine 

projection (O'Leary and Terashima, 1988; Sato et al., 1994; Bastmeyer and O'Leary, 

1996). Likewise, axons of embryonic rat hippocampal neurons in culture undergo 

branching almost exclusively via interstitial branch formation (Dotti et al. 1988; Yu 

et al., 1994), as do Xenopus retinal axons arborizing in the tectum (Harris et al., 

1987). 

Few studies have addressed the dynamics of dendritic growth; for example, 

cerebellar Purkinje cells grow elaborate dendritic arbors in vivo and in vitro, but 

numerous investigations of this growth (and the factors regulating it) have not 

examined cellular mechanisms of branching (Gruol and Franklin, 1987; Schilling et 

al., 1991; Baptista et al., 1994). Mathematical network models of Purkinje cell 

dendritic growth do suggest that branch addition occurs only on terminal segments 

and not randomly throughout the arbor (HoIIingworth and Berry, 1975). 

B. Differential branch retention 
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Pruning of axonal and dendritic arbors is a common process by which neurons 

establish their morphology (Innocenti, 1988; Simon and O'Leary, 1992; Koester and 

O'Leary, 1992; Brushart, 1993), such that modulatory factors can act by affecting 

branch retention without altering branch formation mechanisms (Zou and Cline, 

1996). In order to identify subcellular mechanisms responsible for neuronal 

morphogenesis and remodelling, it is imperative to determine which of these cellular 

processes (growth cone branching, interstitial branching, and/or differential retention) 

is in operation. 

IV. Cytoskeletal elements and their roles in growth cone function 

A. Basic functions of microtubules and F-actin 

Analysis of subcellular events in growth cone behavior has revealed key roles for --

and interactions between - the two major cytoskeletal elements of growth cones: 

filamentous actin (F-actin) and microtubules (Mitchison and Kirschner, 1988; Bentley 

and O'Connor, 1994; Lin et al., 1994; Tanaka and Sabry, 1995). Both of these 

filament systems are structurally dynamic, existing as equilibrium polymers (i.e., 

polymers which exist in equilibrium with monomeric subunits) which can be highly 

labile, especially in the growth cone (Mitchison and Kirschner, 1988). C3:toskeletal 

elements are differentially distributed in distinct growth cone regions (Bridgman and 

Dailey, 1989; Lin and Forscher, 1993): microtubules predominate in the organelle-



rich central domain, while F-actin is a major component of the lamellar peripheral 

domain. (Growth cone morphology, however, can vary significantly based on cell 

type and substrate; see Bray and Hollenbeck, 1988). Both filament systems are 

present in neuritic shafts: microtubules are highly stabilized in axons, with the most 

labile micrombules nearest the growth cone (Ahmad et al., 1993); F-actin in neurites 

is longitudinally arranged, unlike the radial and gel-matrix configurations seen in 

growth cones (Mitchison and Kirschner, 1988). 

F-actin forms the structural basis for protrusive structures (microspikes and filopodia) 

in growth cones and motile cells (Smith, 1988; Condeelis, 1993) and is thought to be 

involved with myosin in the generation of cytomechanical force (Smith, 1988; 

Heidemann et al., 1990; Lin et al., 1994; Mitchison and Cramer, 1996; Lin et al., 

1996). Perhaps related to force production is the observation that retrograde flow of 

F-actin in the growth cone (Smith, 1988) is directly related (inversely) to growth 

cone movement (Lin and Forscher, 1995; but see Heidemann et al., 1990). 

Microtubules serve as structural supports in the neurite shaft and as the substrate for 

rapid transport of organelles, and are prominent in the proximal regions of most 

growth cones (Bridgman and Dailey, 1989; Lin and Forscher, 1993). These two 

cytoskeletal systems play differing and complementary roles in neurite growth and 

growth cone behavior, and both are required for proper growth cone function 

(Mitchison and Kirschner, 1988; Tanaka and Sabry, 1995). 
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B. Microtubules and F-actin in neuritic outgrowth and branching 

In many culmred neurons, the initiation of neurite outgrowth is preceded by the 

elaboration from the cell body of filopodia and lamellipodial veils QDotti et al., 1988; 

Smith, 1994a). Neurite formation in cultured sympathetic neurons results when the 

actin cores of individual filopodia are invaded by cytoplasm, at which time 

microtubules enter the nascent neurite (Smith, 1994a). While microtubule assembly 

and dynamics are not necessary for this process (Smith, 1994b), previously-

assembled microtubules invade filopodia even in the absence of microtubule assembly 

(Smith, 1994b), and severe reductions in the number of neuronal micrombules can 

abolish axonal outgrowth (Ahmad et al., 1994). In established neurites, similar 

interactions between F-actin and microtubules control the behavior and motility of 

growth cones. Growth cones that are migrating on a uniform substrate typically 

advance by extending lamellipodial veils between filopodia (e.g., Goldberg and 

Burmeister, 1986; O'Connor et al., 1990); the veils then become engorged with 

cytoplasm and the area is consolidated into a neuritic shaft. This latter process is 

accompanied by the collapse of cortical actin, and is accompanied or sometimes 

preceded by bundling of microtubules (Tanaka and Kirschner, 1991). Dynamic 

micrombules (i.e. those competent to grow and shrink by addition and loss of tubulin 

subunits) seem to be necessary for this bundling and for growth cone advance and 

axon formation (Tanaka et al., 1995), and microtubule bundling and reorientation 

predict future axonal formation during spontaneous (Tanaka and Kirschner, 1991) 
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and substrate- or target-dependent growth cone turns (Sabry et al., 1991; Tanaka and 

Kirschner, 1995). Microtubule behavior, however, seems to follow cues from actin 

and actin-based structures. Growth cone turning and reorientation can be brought 

about by contacts made by individual filopodia (O'Connor et al., 1990), and 

accumulations of F-actin often precede microtubule bundling and reorientiation in 

growth cones that have contacted targets (Lin and Forscher, 1993) or guidance cues 

(O'Connor and Bentley, 1993). These actin accumulations are transported 

retrogradely along filopodia toward the growth cone body (O'Connor and Bentley, 

1993) and appear to be necessary for subsequent microtubule bundling, as 

cytochalasin treatment can abolish this response (Lin and Forscher, 1993). Thus, 

interactions between F-actin and microtubules are critical for growth cone function. 

It is likely that F-actin and actin-rich filopodia function as primary regulators of 

growth cone guidance by exerting organizational influences on microtubules, which 

mediate the transformation oiF a filopodium or veil into a neurite (Letoumeau et al., 

1986). Manipulation of these interactions is likely to have significant ramifications 

for growth cone behavior and, as a result, for neurite growth and branching. For 

example, sensory and sympathetic neurons from embryonic chick undergo 

significantly less growth cone branching after treatment with the micrombule-

stabilizing drug taxol (Letoumeau et al., 1986). 

It is important to note that of the aforementioned studies, only Letoumeau et al. 

(1986) addressed the mechanisms underlying growth cone branching. This may due 
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in part to the fact that dendritic differentiation (which, in many cases, involves 

extensive branching) has proven to be somewhat difficult to reproduce effectively in 

vitro. Mouse cerebellar Purkinje cells require the presence of their appropriate 

afferents, granule neurons, to grow characteristically complex dendritic arbors 

(Baptista et al., 1994). Rat sympathetic neurons develop only axons in culture unless 

stimulated with osteogenic protein-I (a cytokine related to transforming growth factor 

6) and nerve growth factor (Lein et al., 1995). Rat hippocampal neurons, currently 

the best-characterized primary neuronal culture system, survive only in the presence 

of an astroglial co-culture (Goslin and Banker, 1991). 

Cytoskeletal behavior underlying interstitial branching has only recently been studied, 

in cultured hippocampal neurons undergoing interstitial axonal branching. Analysis 

of microtubule numbers and lability seem to indicate that formation of branches 

requires local severing of microtubules in the parent axon, followed by transport of a 

subset of these shorter microtubules into the nascent branch. Interestingly, and 

unlike the situation in growth cones, microtubules at branch points do not exhibit 

enhanced lability (Yu et al., 1994), and it seems therefore that microtubule dynamics 

are not required for branch formation. The role of F-actin in this process is 

unknown, and little is known about the mechanism of initiation of these branches. 

Nevertheless, filopodia are known to occur on neurite shafts (e.g., Williams et al., 

1994; Ziv and Smith, 1996), and are thought to be the precursors of dendritic spines 

(Ziv and Smith, 1996) in cultured hippocampal neurons. Moreover, interstitial 



branches elaborated by mouse corticospinal axons arise from highly dynamic 

filopodia-like extensions emanating from the axonal shaft (Bastmeyer and O'Leary, 

1996). 

V. Hormonal regulation of development in Manduca sexta 

The nervous system of Manduca affords an excellent opportunity to investigate the 

bases of steroid-induced morphological effects on neurons. As previously discussed, 

certain neuronal populations that are retained through metamorphosis undergo 

dramatic morphological remodelling. These events occur at precise developmental 

times and have been directly linked to the hormonal changes that control 

metamorphosis (Fig. 1; Weeks and Levine, 1990; Levine et al., 1991). Specifically, 

the interplay of ecdysteroids and juvenile hormone orchestrates distinct processes at 

different developmental stages. Peaks in ecdysteroid levels at the end of each larval 

instar stimulate the formation of larval cuticle due to the presence of high levels of 

juvenile hormone. During the final instar, a small pulse of ecdysteroid in the 

absence of juvenile hormone (the commitment peak) initiates the metamorphic 

transition. The large prepupal peak at the end of larval life occurs in the absence of 

high levels of juvenile hormone and induces pupal development. These hormonal 

changes at the larval-pupal transition trigger significant developmental events in the 

nervous system. A critical question remains: what are the cellular targets of 

ecdysteroid, and specifically, are the neurons directly affected by the steroid? 
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Figure 1. Hormonal regulation of neuronal form during metamorphosis in 

Manduca sexta. 

CP = commitment peak; PP = prepupal peak; W = wandering; P = pupa; A = 

adult. Tick marks on the horizontal axis indicate days; times and stages are 

approximate. The dendritic morphology of an identified leg motor neuron (the 

femoral extensor motor neuron) at various stages is depicted at the bottom. Data are 

from Bollenbacher et al., 1981 (hormone titers) and Kent and Levine, 1993 (dendritic 

morphology). 
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Studies of three persistent neuronal populations (gin-trap sensory neurons, proleg 

motor neurons and leg motor neurons) strongly suggest that ecdysteroids act directly 

on neurons to effect developmental change. 

A. Regulation of neuronal development by ecdysteroids: abdominal 

mechanosensory neurons of the gin traps 

A subset of mechanosensory neurons innervating sensilla in the pupal gin traps 

(specialized abdominal sensory structures; see Levine et al., 1986) are retained from 

larval stages, during which they innervate larval mechanosensory sensilla and exhibit 

characteristic axonal arborization patterns in the CNS. These arbors are expanded 

markedly at the larval-pupal transition: pupal arbors include roughly three times as 

much total terminal length and roughly four times as many terminal branches (Levine 

et al., 1986). This effect is controlled by the endocrine environment of the cell 

body: local application of juvenile hormone before the commitment peak abolishes 

the normal expansion of sensory arbors (Levine et al., 1986); local application of 

20E in animals lacking systemic ecdysteroids (heterochronic mosaics) results in 

normal pupal arborization in an otherwise larval CNS (Levine, 1989). Taken 

together, these results strongly suggest that axonal morphology is regulated in these 

neurons by a direct effect of ecdysteroid exerted on the cell body. 
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B. Regulation of neuronal development by ecdysteroids: abdominal motor 

neurons of the prolegs 

Motor neurons innervating the prolegs (larva-specific abdominal legs) have a variety 

of fates, all of which are separately controlled by ecdysteroids. Certain identified 

neurons respond to the rising phase of the prepupal peak by reducing their dendritic 

arbors. A subset of these then die; the surviving neurons innervate new targets in 

the adult, and most die shortly after emergence (Weeks and Truman, 1985; Weeks 

and Emst-Utzschneider, 1989). Detailed and elegant studies by Weeks and 

coworkers have demonstrated that all of these events are triggered independently by 

ecdysteroids, as evidenced by distinct differences in timing of hormone influence and 

in threshold concentrations of 20E sufficient for activation (Weeks, 1987; Weeks et 

al., 1992). Although ±e death of proleg muscles occurs in parallel with dendritic 

regression of the motor neurons, neuron-target interactions seem not to be involved 

in regression or death, as the events occur normally after denervation or muscle 

ablation (Weeks and Truman, 1985). Thus, remodelling and death in the proleg 

neuromuscular system seem to be directly regulated by ecdysteroids. 

C. Regulation of neuronal development by ecdysteroids: thoracic motor neurons 

of the legs 
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Motor neurons innervating the thoracic legs persist through metamorphosis to 

innervate new leg muscles after undergoing significant morphological remodelling. 

Specifically, the elaborate dendritic arbors of the larval motor neurons are ahnost 

completely dismantled by a process of regression that begins at the end of larval life 

and peaks about three days after pupation. The adult arbor, with its somewhat 

different projection pattern, is established over the first 2 weeks of pupal life (Kent 

and Levine, 1993). Regression and regrowth are controlled in vivo by the prepupal 

and pupal peaks of ecdysteroid respectively (Fig. 1; Kent, 1992), and both processes 

occur in the absence of target interactions, suggesting a durect action of ecdysteroids 

on motor neurons. In axonal terminals and motor endplates, similar remodelling 

occurs: distal axonal branches and terminals retract beginning just before pupation, 

and robust axonal growth conmiences shortly thereafter as the motor axons innervate 

newly-forming muscles (Consoulas et al., 1996). The time course of these axonal 

remodelling events is nearly identical to that of the dendritic events. Furthermore, 

leg motor neurons in dissociated cell culture respond to 20E in a manner reminiscent 

of the in vivo changes. Neurons cultured at the beginning of pupal life exhibit 

enhanced neurite outgrowth (increased total nemite length and increased neurite 

branching) in response to 20E; this response is not seen in larval neurons and is 

blocked by juvenile hormone (Prugh et al., 1992). These data strengthen the 

hypothesis that ecdysteroids act directly on leg motor neurons to effect dendritic and 

axonal remodelling, and indicate that at least some aspects of this process can be 

reconstituted in culture in a stage-specific manner. 
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VI. Summary and questions to be addressed 

Cultured leg motor neurons represent a useful model system for the study of 

ecdysteroid-regulated morphological remodelling and present an opportunity to 

examine basic mechanisms of neuronal morphogenesis in an in vitro context which 

closely parallels the hormonally-mediated neuronal plastici^ that accompanies insect 

metamorphosis. In the smdies described herein, I examined the cell biological 

mechanisms of ecdysteroid-enhanced neuritic branching in cultured Manduca leg 

motor neurons, addressing the following basic questions: 

1) Do branches arise by interstitial branching, growth cone branching, or both? 

Does 20E influence the branching mode? 

2) Does the enhanced branch accumulation induced by 20E occur via enhanced 

branch formation, enhanced branch retention, or both? How dynamic are 

neuritic branches, i.e., do they form and then disappear over minutes, hours, 

days or longer? Does 20E alter branch dynamics at any of these temporal 

levels? 

3) Is enhanced branching accompanied by changes in growth cone 

morphology? What are the specific morphological events (e.g., filopodial 

dilation) leading to formation of a branch? What changes in growth cone 



morphology are induced by 20E, and are these changes related to enhanced 

branch accimiulation? 

4) How are F-actin and microtubules distributed in the growth cones of these 

neurons? Is 20E-enhanced branching accompanied by changes in these 

distributions? 

Based on these results, I construct a model of ecdysteroid-induced neurite branching 

and growth in which 20E enhances formation and short-term retention of neuritic 

branches, acting specifically (though perhaps not dnrectly) at the growth cone. 
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MATERIALS AND METHODS 

Animals Monduca sexta larvae and pupae were obtained from the laboratory colony 

in the Division of Neurobiology at the University of Arizona. Animals were reared 

on an artificial diet (Bell and Joachim, 1976) under a long-day photoperiod cycle (17 

hours light I 7 hours dark) at 26°C and approximately 60% relative humidity. 

Larvae were collected at stage L2, defined as the second ftill day of the fifth (and 

final) larval instar. Pupae were collected at stage PO, defined as the day of pupal 

ecdysis. 

Cell culture. Neurons were retrogradely labelled and identified in cultures of 

dissociated thoracic ganglia as described by Prugh et al. (1992). Retrograde labelling 

was accomplished by injecting Dil (Molecular Probes; 1 % solution in ethanol) into 

the thoracic legs of larvae during the early fifth instar. Thoracic ganglia were 

dissected at stage L2 or PO (above), desheathed in sterile insect saline and pooled in 

saline supplemented with protein hydrolysates and 10% fetal bovine serum. Ganglia 

were then transferred to Hanks balanced salt solution (Ca^^- and Mg^'^-free) 

containing 0.5 mg/ml collagenase and 2 mg/ml dispase, incubated at 37°C for 8 min, 

and dissociated by gentle trituration with a fire-polished Pasteur pipet. Cells were 

rinsed by centriftigation, first through supplemented saline then through culmre 

medium (Leibovitz's L15, supplemented as described by Prugh et al., 1992 and 

Hayashi and Hildebrand, 1990, with 10% fetal bovine serum). Cells were 
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resuspended in culture medium (±1 pig/ml 20E), and plated in 100 nl aliquots on 

gridded coverslips coated with concanavalin A and laminin; coverslips were glued to 

the bottom of a 35 mm plastic culture dish in which an 8 mm hole had been drilled, 

such that neurons were plated in an 8 mm well. Dishes were flooded with 1 ml of 

fresh mediirai the day after plating (in experiments in which hormone treatment was 

started at plating) or at 4 days in culture (in experiments in which hormone treatment 

was delayed) and fed with fresh mediimi every other day unless indicated otherwise. 

Photography and image coUection. Black and white photography was employed 

where indicated using Tech Pan film developed for moderate contrast. All other 

images were acquired using a Dage-MTI CCD-72 camera in conjunction with a 

Targa+ frame grabber controlled by SigmaScan Pro image analysis software (Jandel 

Scientific) on a Windows workstation. Analysis of branch accumulation and total 

neurite length was performed on photographs of whole neurons; cells were excluded 

from analysis if any of their processes became obscured by overgrowth of other 

cells. The initial study of neurite branch origin was likewise carried out using 

images (not photographs) of whole neurons. Analyses of branch dynamics, on the 

other hand, were performed on images of neurites and their growth cones, and 

therefore one or more growth cones from a labelled cell could be examined even if 

other neurites of that cell were obscured. 



Where necessary, images were merged into montages representing the entire extent 

of a single cell, using SigmaScan Pro. Montages and single images were stored 

unaltered on an optical disk. For the purpose of illustration, some images were then 

further processed by embossing (using Corel PHOTO-PAINT), which renders very 

fine structures more clearly than in the original phase contrast images (Fig. 2). This 

technique does not otherwise have a significant effect on the size or shape of objects 

m the image, and in any case was not employed in any quantitative analysis. For 

analysis of branch origin and fate, images were printed on a 600 dpi laser printer. 

Fluorescent double labelling of the cytoskeleton. The procedure used is a 

modification of a protocol specifically designed for confocal microscopy (Hanzel and 

Pickett, 1993) and is very similar to that employed in other studies of growth cone 

subcellular structure (Letoumeau, 1983). All steps were performed at room 

temperature. Cultures were rinsed with a microtubule-stabilizing buffer (K-PIPES 

buffer; 80 mM PEPES-KOH pH 6.8, 5 mM EGTA, 2 mM MgCy, then 

simultaneously fixed and extracted for 30 minutes with 0.5% glutaraldehyde and 

0.1% Triton X-100 in K-PEPES buffer. After quenching of autofiuorescence (NaBH4 

in PBS; 3 incubations of 5 minutes each) and blocking (0.2% bovine serum albumin, 

0.1% Triton X-1(X) in PBS, 1 hour to overnight), microtubules were labelled using a 

well-characterized monoclonal antibody against a highly-conserved sequence in rat 6-

tubulin (Sigma; clone TUB2.1). The antibody recognized a single band of apparent 

molecular weight of 52 kDa on immimoblots of taxol-precipitated micrombule protein 
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Figure 2. Enhancement of a phase contrast image Oeft) by embossing. 

Note that fine structures are rendered more clearly, but that overall size and shape of 

objects in unchanged. 
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from Manduca nerve cords (not shown). The primary antibody was diluted 1:100 in 

blocking solution, and treatment lasted 1 hour. Incubation with a CyS-conjugated 

secondary antibody (Jackson Immimoresearch; diluted 1:1(XX) in blocking solution) to 

visualize microtubules was combined with exposure to BODIPY-conjugated 

phallicidin (Molecular Probes; 170 nM final concentration) to visualize F-actin. 

Coverslips were mounted in an aqueous polyvinyl alcohol-based mediimi (Banker and 

Goslin, 1991) that included l,4-diazobicyclo-[2,2,2]octane to retard photobleaching. 

Labelled neurons were examined using a laser-scanning confocal microscope (see 

below). Control experiments in which the primary antibody was omitted 

demonstrated that non-specific staining was negligible. 

Confocal microscopy. Growth cone regions on stained coverslips were imaged 

using a laser-scanning confocal microscope (Bio-Rad MRC-600) equipped with a 

krypton/argon laser light source. Using appropriate filter cubes (Bio-Rad K1 and 

K2; excitation wavelengths 488 and 568 nm), optical sections 1 ^m in thickness were 

simultaneously recorded in both channels (i.e., rhodamine/CyS and 

fluorescein/BODIPY). Sections (5-9 on average) were collected through the depth of 

the growth cone region, then were projected onto a single image using Confocal 

Assistant software (Bio-Rad). Most image pairs were then merged and 

pseudocolored (micrombules green, F-actin red) using Corel PHOTO-PAINT. 



Morphometry. Measurements of total neurite length were performed by attaching 

photographic prints to a digitizing tablet and tracing neurites with a hand-held cursor; 

digitized data were processed by SigmaScan measurement software (Jandel 

Scientific). Branches were defined as condensed processes exceeding 10 nm in 

length (see Results) and were counted manually from photographic or lasergraphic 

prints. In experiments examining branch dynamics, branch length was verified when 

necessary by tracing the branch on a calibrated on-screen image using SigmaScan 

Pro. Scoring of branch numbers in analyses of branch formation and retention was 

performed on lasergraphic prints. Growth cones were identified in confocal images 

based on filopodial density: the proximal limit of a growth cone was identified as the 

point at which filopodial density decreased dramatically. In most cases, filopodial 

density was close to zero just proximal to the growth cone (Figs. 10-12, 14, 19). 

Counting of filopodia and microtubule-based branches of growth cones was 

performed manually on color prints (initial studies) or directly on the computer 

screen. Filopodia were defined as actin-based linear protrusions of any length. A 

micrombule-containing protrusion was scored as a microtubule-based branch if: 1) it 

contained more than one microtubule bundle; and 2) its lateral separation from the 

growth cone body or neighboring branches was a distance greater than its width. 

These criteria served to distinguish individual microtubule bundles (i.e., in an array 

of bundles) from distinct microtubule-containing subdomains. Protrusions less than 3 

nm in length were not scored. Measurement of growth cone area, perimeter and 

compactness were performed automatically by SigmaScan Pro after flood-filling the 



microtubule-based regions of the growth cone using a constant pixel density 

threshold. By definition, actin-based filopodia arose from the growth cone margin; 

because there was little or no space separating microtubule-based and actin-based 

growth cone domains, this margin was defined to be the limit of the microtubule-

based domain. Hence measurements of size and compactness were performed on 

images of micrombule-based growth cone domains. 

Statistical analyses. All statistical tests were performed at an alpha level of 0.05. 

Most data sets were analyzed usmg factorial analysis of variance (ANOVA) 

procedures (except for the initial studies of growth cone c5^oskeletal structure; see 

below) after the data were normalized by log (In) transformation. Two- and three-

way ANOVAs were performed. The detection of interactions among factors 

necessitated further analysis by one or both of the following two tests: 1) one-way 

ANOVA among groups; and if a difference was detected 2) post hoc tests for 

significant differences between groups. In the absence of such interactions, post hoc 

tests were performed to identify significant differences between groups. Secondary 

analyses (one-way ANOVAs and post hoc tests) were occasionally nonparametric in 

nature, as different subsets of data sometimes could not be normalized by log 

transformation. The Kolmogorov-Smimov test was used to assess normality. Three-

way ANOVAs were performed on a Macintosh computer using Systat software (SPSS 

Inc.); all other statistical procedures were carried out on a Windows workstation 

using SigmaStat software (Jandel Scientific). 



In the analysis of branch number and total neurite length over 2 weeks in culture 

(Fig. 3), a 3-way, repeated measures ANOVA was performed with days in culture, 

developmental stage and hormone treatment as factors. To identify those culture 

ages at which there were significant hormone-induced differences in branch 

accimiulation, a priori contrasts were used; testing was done at days 7-12 based on 

examination of the graphed data. All other significance testing in this experiment 

entailed a one-way ANOVA (or nonparametric Kruskal-Wallis ANOVA) of 

individual groups followed (if necessary) by a standard post hoc test for significance 

(the parametric Student-Newman-Keuls post hoc method or the nonparametric Dunn's 

method). All other ANOVAs were 2-way analyses (factors are indicated in Results), 

and significance testing was performed using the parametric Smdent-Newman-Keuls 

method, with multiple comparisons automatically computed by SigmaStat. 

The effects of 20E on the growth cone cytoskeleton were analyzed in two separate 

sets of experiments. The initial smdy examined growth cones that had been exposed 

to hormone from the time of plating and involved relatively small sample sizes and 

produced data sets that could not be normalized by transformation. Therefore, in 

this smdy individual comparisons between treated and untreated groups were 

performed using the nonparametric Mann-Whitney U-test. A second set of 

experiments analyzed growth cone structure after delayed addition of hormone, and 

generated data sets that were amenable to parametric ANOVAs as described above. 



Neurite retention data were in the form of proportions, which were analyzed using 

the z-test, a variant of the chi-square test. 
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RESULTS 

I. Mode of formation of neuritic branches and the influence of 20E 

Different modes of netuitic branch formation (i.e. interstitial branching and growth 

cone branching) are known to involve different subcellular events, and these 

functions are the targets (directly or indirectly) of steroid action. As discussed 

above, three different mechanisms may be contributing to enhancement of neuritic 

branching by 20E: increased interstitial branching, increased growth cone branching 

and differential retention. The first two mechanisms bear on the origin of neurites 

while the third concerns their fate. Since nothing is known about the relative 

contributions of these processes in our system, a detailed smdy of neurite branch 

origin and fate was imdertaken. 

A. 20E stimulates neurite growth and branching when added after 4 days in 

culture 

Because many leg motor neurons possess an axon and a small dendritic arbor at the 

time of dissociation (Kent and Levine, 1993), it is likely that some of the neurite 

outgrowth observed in these cultures represents regeneration. This regenerative 

growth may mask effects of 20E on branch initiation and retention, especially in the 

first few days after plating. In order to minimize the influence of regenerative 



growth on studies of branch dynamics, a culture procedure was developed in which 

neurons were cultured in the absence of 20E for 4 days, after which a subset was 

challenged with 20E-containing medium. In this way, ecdysteroid-mediated effects 

were dissociated from early regeneration. 

Pupal (stage PO) and larval (stage L2, second day of fifth larval instar) neurons were 

used in this analysis. Larval motor neurons were harvested at a stage (L2) preceding 

the prepupal ecdysteroid peak that leads to dendritic regression in the prepupal and 

early pupal period (Fig. 1). Hence larval netirons would be expected to respond to 

20E very differently from pupal neurons, which were harvested after the prepupal 

ecdysteroid elevation and at a time during which they have undergone significant 

dendritic (and axonal) regression. Inclusion of larval neurons thus introduces an 

important control for the specificity of the effect on pupal neurons, and addresses the 

possibility that apparent effects on growth in pupal neurons result from simple effects 

on overall cellular health. 

Leg motor neurons were cultured as previously described (Prugh et al., 1992), with 

the following modifications; dishes were flooded at 4 days with appropriate media 

then sealed and were fed once on day 10. Neurons were photographed daily for 8 

days and every 2-4 days thereafter. Neurons that were alive and healthy on day 9 

were used for morphometric analysis. Neurite length and nmnber were measured 

from photographic prints using SigmaScan (Jandel Scientific), and analyzed using 
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ANOVA procedures; the primary analysis was a 3-way ANOVA with treatment, 

developmental stage and days in culture as the factors. 

Delayed addition of 20E led to a delayed effect that was otherwise similar to that 

previously observed (Pmgh et al., 1992): number of branches steadily increased 

beginning 1-3 days after addition and continuing over a period of 2 weeks (Figs. 

3A,B). The enhancement of branching was robust, with 20E-treated neurons 

exhibiting significantly more branches from 8 days in culture (4 days after hormone 

addition; 3-way ANOVA) to the end of the experiment. At 12 days in culture, 

treated neurons possessed 6 times as many branches as untreated neurons. 

Examination of the responses of individual cells (Fig. 4) revealed that neurons varied 

significantly in the extent of their branch accumulation in the presence of 20E. In 

particular, while some cells seemed not to respond to 20E treatment with increased 

neuritic branching, many neurons responded with modest increases in branch number 

over time, and a smaller number imderwent robust branching; in this latter group, 

branch nimiber increased as much as twentyfold during the two-week culture period. 

Thus, at each time point the distribution of branch number was lognormal, such that 

logarithmic transformation rendered the distribution normal and facilitated parametric 

statistical analysis. 
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Figure 3. Effects of delayed ecdysteroid treatment on branching and growth of 

neurites in leg motor neurons isolated from larvae and stage PO pupae. 

Individual neurons were identified on gridded coverslips and were photographed at 

every time point, such that the same neurons were examined at each time point. 

Cultures were maintained in the absence of hormone in a 100 fil drop of medium for 

the first 4 days, at which point they were flooded with 1 ml of medium with or 

without 1 ^g/ml ecdysteroid. A. Ecdysteroid treatment of pupal neurons led to 

significantly increased branch accimiulation (top left) beginning at day 8 (3-way 

ANOVA). Neurite length was not significantly increased within the pupal stage (top 

right), but a significant interaction between stage and treatment indicated that 

ecdysteroid exerts a stage-dependent effect on total length. Larval neurons were 

unaffected by ecdysteroid exposure (bottom). Number of cells analyzed: pupal 

treated, 27 at 4 days, 12 at 14 days; pupal untreated, 24 at 4 days, 9 at 14 days; 

larval treated, 18 at 4 days, 5 at 12 days; larval untreated, 14 at 4 days, 2 at 12 

days. Numbers decline over the course of the experiment due to death or exclusion 

of cells that are obscured ft-om view. Each point represents mean ± SEM. 

B. Representative examples of pupal motor neurons (arrows) cultured in the presence 

(top) and absence (bottom) of ecdysteroid for 5 days after the 4-day delay. Note that 

the treated neuron accumulated numerous neuritic branches while the untreated cell 

maintained a fairly simple morphology. 
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Figure 4. Effiect of delayed ecdysteroid treatment on branching of leg motor 

neurons isolated from stage PO pupae. 

Data from Figure 3, with all individual cells plotted. Note that the response of pupal 

neurons is lognormally distributed: most neurons form relatively few branches, while 

some form large numbers. 
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In contrast to the effect on branch accumulation, 20E treatment by itself did not 

induce a significant change in total length of pupal neurons (one-way ANOVA and 

Student-Newman-Keuls post hoc method). 

The growth of larval neurons was unaffected by 20E: number of branches and total 

neurite length were unchanged for up to a week and a half (Fig. 3). Branch number 

was imaffected by stage: imtreated pupal neurons did not differ from larval neurons 

(Kruskal-Wallis one-way ANOVA and Dunn's post hoc method). Interestingly, total 

neurite length was dependent on stage: pupal neurons, regardless of 20E treatment, 

accumulated greater neurite length than larval cells (one-way ANOVA and Student-

Newman-Keuls post hoc method). Furthermore, there was a statistically significant 

interaction between developmental stage and treatment (3-way ANOVA), which 

indicated that 20E did exert a stage-dependent effect on neurite length. In other 

words, although 20E treatment did not promote significant increases in neurite length 

within either stage, the treatment interacted synergistically with stage, revealing that 

there was a stage-dependent effect of the hormone. Finally, both larval and pupal 

neurons were normally distributed with respect to neurite length (Kolmogorov-

Smimov test). 
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B. Long-term retention of neuritic branches is unaffected by 20E treatment 

Branch stability could be modulated by 20E, independent of any influence on branch 

formation, and such an influence could account for some or all of the observed 

differences in branch accumulation. Thus, branch retention was measured in leg 

motor neurons at two different times after 20E treatment, using photographs of 

neurons from the delayed-exposure experiment as described in the previous section. 

Neuritic branches (not more than 10 per cell) were individually identified at 4 days in 

culture (immediately after the start of hormonal treatment) and at 7 days (just before 

clear differences in branch accumulation became apparent). Retention was scored 3 

days later on photographic prints of the same neurons. 

On this time scale, greater than 70% of branches were retained for 3 days (Table I) 

regardless of time in culture or 20E treatment (z-test, o:=0.05). Thus, 20E did not 

stimulate branch accumulation by affecting retention over a 3-day time period. 
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Table I. Long-term retention of pre-existing branches 
(present at time point indicated, 
scored for retention 3 days later) 

4 days in culture 7 days in culture 

+ 20E 83% (69/83) 79% (55/70) 

- 20E 74% (42/57) 73% (32/44) 
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C. Observation of branching dynamics reveals that the growth cone is the 

exclusive site of branch formation 

Distinct modes of neuritic branch formation are known to involve distinct subcellular 

mechanisms (Yu et al., 1994; Letoumeau et al., 1986), and the induction or 

modulation of these mechanisms may underlie the effects of 20E on branch 

accumulation. Thus, a series of experiments was undertaken to identify the mode(s) 

of branching employed by motor neurons with and without 20E treatment. 

In an initial set of experiments, hormone treatment began at plating and leg motor 

neurons were imaged daily for a week. Two end points were selected: 3 and 7 days 

in culture, before and after clear differences in neurite branching are observed (Prugh 

et al., 1992; S.F.M., impublished data). Images of a total of 13 neurons (7 treated, 

6 untreated) from two platings were printed and analyzed. For each end point, all 

neurites were individually identified and marked. By referring to earlier images of 

the same neuron, the origin of each of its neurites was classified as follows: branches 

that were clearly formed at a growth cone {growth cone branches)-, branches that 

clearly arose on a pre-existing (i.e., more than one day old) neurite shaft {interstitial 

branches); branches that arose on new growth (i.e., less than one day old but that 

could not be confirmed growth cone branches {new growth). The origins of 3 

branches could not be determined {unknown). 
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A total of 127 neurite branches were scored at the two end points. While growth 

cone branches were difficult to confirm at this level of temporal resolution (5 of 83, 

or 6% of the total, were confirmed growth cone branches) at 3 days (Table II), they 

constimted nearly a third of the branches at 7 days (14 of 44, or 32%). This 

observation may indicate that growth cone branching is more easily detected in older 

cells (e.g., due to differences in growth rate). Of those branches that were not 

observed to arise at a growth cone, the vast majority were formed on parent branches 

that were less than a day old and thus arose at or very near the growth cone. A 

single interstitial branch was observed, and occurred in the absence of 20E. These 

results demonstrate that interstitial branching was extremely rare in these neurons: 

established neuritic shafts (greater than 24 hours old) essentially never spawned 

branches. There was no clear effect of 20E on the mode of branching; although 

many more confirmed growth cone branches were observed at 7 days in 20E-treated 

neurons, neither population displayed significant interstitial branching. 

Although interstitial branching did not occur on established neurite shafts, the 

previous analysis, due to its temporal resolution, left open the possibility that 

interstitial branches arose on newly-formed neurites, behind the growth cone. In 

order to address this and other questions relating to branching dynamics, a series of 

experiments were imdertaken in which neurites of leg motor neurons were imaged 

hourly for 12 hours. The delayed-addition protocol was employed, and imaging was 

performed at two time points: 1) 6 days in culture (after 2 days of 20E treatment). 
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Table EC. Neurite branch origins after 3 and 7 days in culture 

3 days in culture 

Interstitial Growth cone New 
Branch Branch Growth Unknown 

+20E 0 4 42 0 
n=46 

-20E 0 1 36 0 
n=37 

Total 0 5 78 0 
n=83 

7 days in culture 

Interstitial Growth cone New 
Branch Branch Growth Unknown 

+20E 0 13 15 2 
n=30 

-20E 1 1 11 1 
n=14 

Total 1 14 26 3 
n=44 

Origins of neurite branches from 7 treated (+20E) and 6 untreated (-20E) 
neurons from 2 platings were determined. n=number of branches. 
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just before significant branch accumulation begins in 20E-treated neurons (Fig. 3); 

and 2) 9 days in culture (after 5 days of treatment), during the rapid rise in branch 

number among 20E-treated cells (Fig. 3). This experimental design facilitated the 

detailed analysis of branch formation and dynamics. 

At 6 days in culture, 101 new branches were present at the end of the 12-hour 

observation period. These branches were formed by 140 neurites from 46 leg motor 

neurons obtained from 3 different platings. At 9 days in culture, 68 new branches 

were formed by 155 neurites from 60 leg motor neurons obtained from 3 platings. 

All newly-formed branches arose at growth cones; none were observed to form on 

the shaft of an established neurite. 

These results indicated that the growth cone was essentially the exclusive site of 

neuritic branch formation and that long-term retention of established branches is not 

affected by treatment with 20E. Moreover, the establishment of a delayed-addition 

hormone treatment regimen facilitated the separation of putatively regenerative 

growth from 20E-induced changes, and this protocol was employed in further smdies 

of branch formation and turnover at the growth cone, as described below. 

n. Dynamics of growth cone behavior and the el̂ ect of 20E 

A. Structural criteria used in identifying growth cones and branches 
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In the experiments described in this section, the dynamics of branch formation and 

retention were examined quantitatively by analyzing the appearance and persistence 

of neuritic branches in growth cone regions. Neuritic branches and growth cones are 

morphological entities that required precise de&iition to facilitate unambiguous 

identification under phase contrast optics. This was achieved via a two-step process 

in which the entity was first defined conceptually, then its characteristics were 

determined experimentally, by examining the cytoskeletal organization of growth 

cone regions that had been imaged previously under phase contrast. 

Neuritic branches. A neuritic branch is a cylindrical cellular protrusion that 

contains cytoplasm; its cylindrical shape and condensed nature distinuish it from a 

lamella and its cytoplasmic basis distinguishes it from a filopodium. Cytoplasmic 

invasion of nascent neuritic branches is known to require microtubules (O'Connor 

and Bentley, 1993; Smith, 1994a), and therefore a neuritic branch is defined here as 

a micrombule-based structure. Examination of growth cone regions that had been 

stained to visualize micrombules (reported in detail below) revealed that most neuritic 

protrusions visible under phase contrast were also invested with micrombules (Figs. 

12-14). In particular, all protrusions greater than 10 ixm in length were foimd to 

contain microtubules (see Fig. 13), while smaller processes were more variable with 

repect to microtubule content. This could be due either to the limits of imaging 

resolution or to the actual cytoskeletal makeup of small protrusions. Based on these 
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observations, neuritic branches were de&ied in the current phase-contrast analyses as 

cylindrical processes greater than 10 /im in length. 

Growth cones. A growth cone is a motile specialization at the tip of a neurite. 

Proper function of the growth cone depends on the function of actin-based motile 

structures (i.e., filopodia and lamellipodia; Smith, 1988; Chien et al., 1993), and 

therefore a growth cone is defined here as that region of the neurite tip that is fringed 

by filopodia (lamellipodia were not observed in these neurons; see section niA 

below). Examination of growth cone regions that had been stained to visualize F-

actin revealed that filopodia were essentially invisible under phase contrast optics 

(Figs. 12 and 14). Growth cones were found, nevertheless, to have two distinct 

features that were visible under phase contrast: 1) the presence of lamellae; and 2) 

concentrations of very fine protrusions (Figs. 12-14). These features were used to 

identify growth cone regions in the experiments detailed below in which branch 

dynamics were assessed in growth cone regions. In separate studies examining 

growth cone cytoskeletal structure (see section HI), the presence of filopodia was 

used as the sole criterion for identification of growth cones. 

B. 20E increases branch formation during the Hrst week of treatment 

The finding that 20E had no effect on long-term retention of branches, along with the 

observation that branching occurred almost exclusively at the growth cone, strongly 
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suggested that 20E-enhanced branch accumulation arose at least in part from 

enhanced branch formation at the growth cone. This possibiliQ^ was examined using 

images of growth cone regions from the 12-hour repeated-imaging experiment 

described above. Branch addition over the 12-hour imaging period was quantified by 

counting all branches present at 12 hours that were not present at the beginning of 

the imaging period (time 0). 

Many growth cones (45-95%) formed no branches at all during the 12-hour imaging 

period (Fig. 5). 20E treatment, however, caused a significant increase in branch 

formation at both 2 and 5 days after addition (2-way ANOVA of branch number with 

treatment and days in culture as factors). Two days after hormone addition, mean 

number of branches formed per growth cone was 1.1 in treated cultures and 0.4 in 

untreated culmres. Five days after addition, treated growth cones formed 0.8 

branches on average, while untreated growth cones formed 0.1. After 2 days of 

treatment, the proportion of growth cones that formed no branches in the presence of 

20E was roughly half that of untreated growth cones. In contrast, treated growth 

cones were more likely to form 1, 2, 3, and 4 or more branches during the 12-hour 

period. Similarly, 20E exerted a significant effect at 5 days: the proportion of 

growth cones forming no branches was reduced, while the proportions forming 1, 2, 

3, and 4 or more were increased. At 5 days, branch addition was significantly lower 

overall than at 2 days (2-way ANOVA): note that higher proportions of growth cones 

did not form branches at 5 days. Thus, 20E enhanced branch addition over a 12-
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Figure 5. Effect of ecdysteroid treatment on branch addition in pupal leg motor 

neurons. 

Growth cones were imaged hourly for 12 hours; all visible growth cones of each 

neuron were imaged and analyzed separately. Branch addition per growth cone was 

scored by counting the nimiber of branches present at 12 hours that were not present 

at the beginning of the imaging period (0 hours). Growth cones were grouped by 

treatment within a time point, and frequency histograms constructed that depict, 

within each group, the percentage of growth cones that formed the indicated number 

of branches. Note that ecdysteroid treatment increased the proportion of growth 

cones that formed one or more branches while reducing the proportion that formed 

none. Branch addition was significantly increased by ecdysteroid at both time points 

(3-way ANOVA). Numbers of growth cones analyzed: 6 day treated, 61 growth 

cones from 18 cells; 6 day untreated, 78 growth cones from 28 cells; 9 day treated, 

80 growth cones from 30 cells; 9 day untreated, 75 growth cones from 30 cells. 
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hour period in the first week of exposure, and branch addition in general declmed 

with increasing time in culture. 

In the preceding analysis, each growth cone was treated as an independent sample, 

based initially on the observation that growth cones behaved independently. In other 

words, multiple growth cones from the same cell did not exhibit identical branching 

dynamics: one might form new branches while another formed none. This 

observation was verified statistically by analyzing the data using a 3-way nested 

ANOVA of branch addition with plating, treatment and time in culture as factors. 

The nested design included the following levels under plating: dish, cell and growth 

cone. This design facilitated an analysis of the variation present at each level of 

sampling: growth cones, which were sampled from cells, which were sampled from 

dishes, which were separate units within a plating. If growth cones within a cell 

behaved very similarly with respect to branch addition, there would be very little 

variation among growth cones. Specifically, this would result in much higher 

variation among cells than among growth cones within cells. Instead, the nested 

ANOVA indicated that slightly more variation was present at the growth cone level 

than at the cell level (Table HI). Much more of the variation is accounted for by 

treatment and to a lesser extent by time in culture; none of the nesting levels made a 

statistically significant contribution. (Partitioning of variation in a nested ANOVA is 

discussed in Sokal and Rohlf [1995], pp.275-292.) These results validate the 



sampling regimen, and lead to an important observation; that growth cones behave 

somewhat autonomously, even when they are influenced by hormone. 
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Table Dd. Levels of variatioii in 12-hoiir branching analysis 

Percent of 
Source of variation Mean square total variation 

Levels of nesting 

Among platings 
Among disiies of a plating 
Among cells of a dish 
Among growth cones of a cell 

Factors 

Hormonal treatment 3.90 67.0 
Days in culture 0.43 7.4 

0.28 
0.13 
0.14 
0.15 

4.8 
2.2 
2.3 
2.7 

C. Most newly-formed branches persist for more than 9 hours; 20E does not 

exert a clear effiect on short-term retention 

Although careful observation of growing neurites suggested that neuritic branches 

were fairly stable over the 12-hour imaging period, the possibility remained that 

branch formation was a highly dynamic process, with the majority of branches 

exhibiting a very short lifespan (e.g., one hour or less). Under these conditions, 

consideration of net branch addition over a 12-hour period would be meaningless, as 
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the 0-hour and 12-hour images would merely represent two "snapshots" of a rapidly 

changing process. Thus, a quantitative analysis of the retention of newly formed 

branches was undertaken using the data set described in the preceding sections. 

Branches that formed in the first 3 hours of the imaging period were counted by 

identifying all branches present at 3 hours that were not present at the beginning of 

the imaging period. Retention was scored at the end of the imaging period (9 hours 

later); the analysis therefore measured 9-hour retention of newly-formed branches. 

Analysis of retention indicated that the majority (58-94%) of newly-formed branches 

persisted for at least 9 hours (Table IV). The apparent effect of 20E on this small 

data set was not statistically significant (z-test). It is important to note that relatively 

few branches formed during the first 3 hours of the imaging period under all 

conditions. For example, 17 new branches were observed on 62 growth cones after 

3 hours of unaging of cultures treated with 20E for 2 days (Table IV, upper left). In 

contrast, the same 62 growth cones possessed 69 new branches at the end of the 12-

hour observation period. This observation alone demonstrates that branches formed 

relatively infrequently and persisted for more than 3 hours: under much more 

dynamic conditions, the number of new branches observed at 3 hours would not 

differ significantly from the number at 12 hours, nor would it differ at any 2 

sampling times separated by a duration significantly longer than the average branch 

lifespan. 
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Table IV. Retention of newly-formed branches 
(fonned in first 3 hours of observation, 

scored for retention at 12 hours) 

6 days in culture 9 days in culture 

+ 20E 94% (16/17) 72% (21/29) 

- 20E 63% (10/16) 58% (7/12) 
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D. 20E increases 12-hoiir retention of branches in growth cone regions 

Although long-term retention of branches throughout the neuritic arbors of cultured 

leg motor neurons is unaffected by 20E treatment (Table I), the ecdysteroid could act 

in the more dynamic environment of the growth cone to enhance the stability of 

young and/or nascent branches, as suggested by the short-term retention data in the 

previous section. Therefore, the retention of pre-existing neuritic branches in growth 

cone regions was examined in the neurites discussed in the preceding sections. 

Branches at or near the growth cone were identified at the beginning of the imaging 

period and scored for retention at the end of the imaging period; the analysis 

therefore measured 12-hour retention of pre-existing branches in growth cone 

regions. 

The analysis revealed that 20E exerted a specific influence on the retention of these 

branches. While branch retention was not significantly altered by 2 days of hormone 

treatment, retention was significantly increased (by 21%; z-test) by 5 days of 

exposure to 20E (9 days in culture; Table V). 

E. Formation of a branch involves at least one of two distinct cellular 

mechanisms 
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Table V. Retention of pre-existing branches 
(present at beginning of observation period, 

scored for retention at 12 hours) 

6 days in culture 9 days in culture* 

+ 20E 64% (44/69) 68% (77/113) 

- 20E 76% (34/45) 47% (17/36) 

* Treated and untreated groups are significantly different (z-test). 



Since 20E exerted specific effects on branch formation and retention at the growth 

cone, it was of interest to understand the mechanisms by which branches form at the 

growth cone, as these mechanisms and their underlying subcellular substrates would 

be likely targets of hormone action. Therefore, two methods were employed to look 

in detail at the events leading to formation of a branch at the growth cone: 1) hourly 

images from the 12-hour imaging experiment were examined; and 2) time-lapse video 

recordings of growth cones were obtained and examined. Analysis of these data 

showed that branches arise via two distinct cellular mechanisms: 1) lamellar 

condensation and 2) engorgement of a filopodium or fine process. 

Lamellar condensation. Lamellae are large, flattened, fan-shaped regions which are 

characteristic features of nearly all growth cones of cultured Manduca leg motor 

neurons as well as those of other neuronal populations in these cultures. 

Morphologically, lamellae are similar to "veils" described in other systems (Goldberg 

and Burmeister, 1986; O'Connor et al., 1990), but are distinct from F-actin-based 

lamellipodia in that lamellae as defined herein are microtubule-based (Fig. 10) and do 

not contain the meshworks of F-actin that are characteristic of lamellipodia or ruffles 

(Condeelis, 1993). Branches were often observed to form as a result of the 

coalescence of lamellar regions into more compact subdomains (Figs. 6 and 8) that 

further condensed into new neuritic shafts (Figs. 6-8). Branches created in this 

maimer occasionally formed a new growth cone which was capable of further growth 

and branching (Fig. 7). The process occurred over a period of 2-5 hours and was 
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Figure 6. Branch formation by lamellar condensation. 

The growth cone, from a pupal leg motor neuron cultured in the absence of 

ecdysteroid for 6 days (4 day delay followed by 2 days of exposure to medium 

without hormone) was imaged every hour for 12 hours and once more 24 hours later. 

Number of hours relative to the beginning of the imaging period (0 hours) is 

indicated. In the first 6 hours, two new branches (arrows at 6 hours) formed as the 

result of lamellar condensation. Note that condensation had just begun at 3 hours: 

the lamellar fringe had retreated slightly and the rudiments of the future branches 

could be seen. One of these newly-formed branches formed an active growth cone 

(9 hours) that spawned new branches by 12 hours, including one (arrow at 12 hours) 

with a large growth cone. This branch was still present 24 hours later (36 hours), 

although growth had continued in a different direction. Dashed arrow marks a fixed 

point on the substrate. 
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Figure 7. Late stages of branch formation by lameUar condensation. 

The growth cone, from a pupal leg motor neuron treated with ecdysteroid for two 

days (4 day delay followed by two days of exposure to ecdysteroid-containing 

medium) was imaged every hour for 12 hours and once more 24 hours later. 

Nimiber of hours relative to the beginning of the imaging period is indicated. 

Condensation of lamellar regions present at time 0 led to the formation of branches 

with active growth cones that spawned new branches. One example is marked with 

an arrow. 





Figure 8. Branch formation by lamellar condensation and engorgement in the 

same growth cone. 

The growth cone, from a pupal leg motor neuron treated with ecdysteroid for two 

days (4 day delay followed by two days of exposure to ecdysteroid-containing 

medium) was imaged every hour for 12 hours. Number of hours relative to the 

beginning of the imaging peroid is indicated. One branch was formed in the &st 6 

hours by engorgement of a fine protrusion (horizontal arrows); several more arose in 

the last 6 hours by condensation of the lamella (vertical arrows). 
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never accompanied by neuritic retraction. In some instances, condensation was 

localized within a lamella, such that a single branch was formed by one section while 

the rest of the region retained its lamellar morphology (Fig. 8). In other cases, an 

entire lamella underwent condensation, simultaneously giving rise to several new 

branches (Fig. 7). 

Engorgement. New branches often arose by the enlargement of a fine, pre-existing 

protrusion (Figs. 8 and 9) in a manner analogous to "filopodial dilation" described in 

growth cones of pioneer axons in the developing grasshopper limb (O'Connor et al., 

1990). Engorgement led to both radial and longimdinal expansion of the original 

protrusion, such that a small filopodium-like process evolved into a neuritic branch 

over a period of less than 3 hours (Fig. 9). Branch formation by engorgement 

occurred both in the presence (Fig. 8) and absence (Fig. 9) of lamellae, and could 

proceed in parallel with lamellar condensation in the same growth cone (Fig. 9). 

Since very few filopodia (i.e., fine, F-actin-based protrusions that do not contain 

microtubules) were resolved under the optical conditions employed here (but see 

below), most engorgement events observed in these smdies were likely to entail the 

growth of very fine processes that had previously been invaded by microtubules. 

F. 20E does not influence mechanism of branch formation 
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Figure 9. Branch formation by engorgement. 

The growth cone, from a pupal leg motor neuron treated with ecdysteroid for 5 days 

(4 day delay followed by 5 days of exposure to ecdysteroid-containing medium) was 

imaged every hour for 12 hours. Number of hours relative to the beginning of the 

imaging peroid is indicated. A small protrusion arose in the first hour (arrow) and 

enlarged over the imaging period. The protrusion at one hour seems to arise from a 

much smaller extension that is barely visible at time 0. 
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Although condensation and engorgement are morphologically distinct phenomena, 

there is no reason to believe that they represent mutually exclusive morphogenetic 

pathways: nascent branches formed by lamellar condensation might later mature and 

grow by engorgement, in which case the two events would constitute successive steps 

in a single pathway. Nevertheless, since 20E exerted a specific action on the growth 

cone, it was of interest to determine whether 20E treatment altered the observable 

mechanics of branch formation. The relative contributions of lamellar condensation 

and engorgement to net branch addition were assessed quantitatively using images 

from the 12-hour imaging smdy. In this analysis, new branches present at the end of 

the 12-hour imaging period were identified (as described in section HA. above), and 

the mechanism by which they were formed was determined by examination of 

preceding images. 

At both times in culture, and regardless of hormone treatment, engorgement was the 

predominant branching mechanism (Table VI): two-thirds of branches formed (with 

or without 20E treatment) at 6 days in culture arose via engorgement; at 9 days in 

culture, 88% of newly-formed branches formed by this mechanism. The difference 

between 6 and 9 days in culture is significant (z-test) when disregarding hormone 

treatment, which had no statistically significant effect (z-test). 

The results described in this section indicated that both addition and retention of 

branches at the growth cone is modulated by 20E, and demonstrated that most 
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Table VI. Mechanisms of branch formation 

Days in Engorge- Lamellar 
culture Treatment ment (%) condensation (%) n 

6 + 20E 64 36 73 
- 20E 74 26 31 

Both 67 33 104 

9 + 20E 86 14 59 
- 20E 100 0 7 

Both 88 12 66 
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branches formed at the growth cone persist for more than 9 hours. Branches were 

foimd to fonn by two apparently distinct cellular mechanisms, engorgement and 

lamellar condensation, but the relative utilization of these mechanisms is not altered 

by 20E. 

m. Growth cone structure and the influence of 20E 

A. Growth cones of leg motor neurons are heavily invested with microtubules 

and fringed by fllamentous actin-containing Hlopodia 

The results reported thus far demonstrate that the growth cone is a primary cellular 

target of ecdysteroid-mediated effects. It is likely that these effects, especially 

enhanced branch formation, involve changes in the morphology of the growth cone 

and alterations in the distribution of its two major cytoskeletal components: 

microtubules and F-actin. Therefore, a smdy of growth cone cytoskeletal structure 

was undertaken, using fluorescent labelling techniques in conjunction with laser 

scanning confocal microscopy. Cultures were prepared for immunofluorescence 

using a simultaneous fixation and extraction procedure (see Materials and Methods) 

which preserves cytoskeletal polymers while removing free monomers (i.e., free 

mbulin and G-actin). Micrombules were labelled with a monoclonal antibody against 

6-mbulin and visualized with a Cy3-conjugated secondary antibody; F-actin was 

visualized with BODIPY-conjugated phallicidin. Specificity of the 6-tubulin antibody 

was confirmed on immunoblots of taxol-precipitated microtubule protein (data not shown). 
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Figure 10. Growth cone cytoskeletal structure. 

The growth cone, from a pupal leg motor neuron cultured in the presence of 

ecdysteroid for 3 days, was simultaneously fixed and extracted, stained for 

microtubules (green) and F-actin (red), and imaged in the confocal microscope. The 

image represents a single 1-fim optical section. Note the radial arrangement of 

microtubules within the prominent lamella. The growth cone margin was delimited 

by an array of actin-based filopodia. Note that there was little or no overlap between 

microtubule-based and F-actin-based domains. 
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This technique rendered the growth cone cytoskeleton with high resolution, revealing 

individual filopodia (Figs. 10-12, 14, 19) as well as individual microtubule bimdles 

which were most clearly discerned in flattened regions (lamellae; Fig. 10) and which 

invariably extended to the margin of the growth cone. Micrombule-based and F-

actin-based domains were generally separate (but see below), with little or no 

intervening space. Growth cones of leg motor neurons were foimd to be composed 

of various combinations of three distinct substructures: microtubule-based lamellae, 

microtubule-based branches, and F-actin-based filopodia. 

LameUae. As discussed above, many growth cones possessed large lamellae. These 

structures invariably were densely populated with radially-oriented microtubules that 

extended to the margin of the growth cone with little or no intervening space (Figs. 

10 and 11). Lamellae were ahnost completely devoid of F-actin; collections of F-

actin were occasionally detected in punctate spots that are reminiscent of adhesive 

plaques (Figs. 14 and 19). Therefore, these lamellar structures are not true 

lamellipodia, which are by definition F-actin-based (Condeelis, 1993). 

Microtubule-based branches. Growth cones ofiten possessed one or more 

microtubule-based, non-lamellar subdomains (Figs. 11-14, 19) that are referred to as 

microtubule-based branches and specifically deflned as separate regions that 

contained multiple microtubule bundles. Individual growth cones could be strictly 

lamellar (Fig. 10), solely composed of branches (Fig. 19) or a combination of both 
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Figure 11. Growth cone Qtoskeletal structure. 

The growth cone, from a pupal leg motor neuron treated with ecdysteroid for 5 days 

(4 day delay followed by 5 days of exposure to ecdysteroid-containing mediimi), was 

simultaneously fixed and extracted, stained for microtubules (green and center image) 

and F-actin (red and right image), and unaged in the confocal microscope. The 

image represents a single 1-^m optical section. Left, merged image; center, 

rhodamine channel (micrombules) only; right, fluorescein channel (F-actin) only. 

Note again that micrombule-based and actin-based domains were almost completely 

non-overlapping; the two single-channel images were essentially complementary. 

However, some microtubule-based protrusions, including the micrombule-based 

branch marked with the arrow, invaded actin-based processes. 
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Figure 12. Comparison of growth cone structure as visualized under phase 

contrast and after confocal imaging of the cytoskeleton. 

The growth cone, from a pupal leg motor neuron treated with ecdysteroid for two 

days (4 day delay followed by two days of exposure to ecdysteroid-containing 

medium), was imaged under phase contrast optics then immediately ^ed and 

extracted, stained for microtubules (green and lower left image) and F-actin (red and 

lower right image), and imaged in the confocal microscope. The confocal images 

represent a projection of 7 l-/im optical sections. Upper left, phase contrast image; 

upper right, merged confocal image; lower left, rhodamine channel (microtubules) 

only; lower right, fluorescein channel (F-actin) only. Note that lamellae, major 

branches and most fine protrusions that were visible under phase contrast were also 

stained for micrombules. Filopodia, as revealed by F-actin staining, were not 

individually distinguishable under phase contrast, although the fringes of lamellae and 

tips of branches display a haziness under phase contrast that may correspond to 

concentrations of filopodia seen with F-actin staining. 
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Figure 13. Demonstratioii of the microtubule-based nature of small branches. 

Phase contrast (top) and micrombule (bottom) images from Figure 12; insets enlarged 

2X to demonstrate small branches Qength approximately 10 fim), all of which are 

micrornbule-based. 
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Figure 14. Comparison of growth cone structure as visualized under phase 

contrast and after confocal imaging of the qtoskeleton. 

The growth cone, from a pupal leg motor neuron treated with ecdysteroid for two 

days (4 day delay followed by two days of exposure to ecdysteroid-containing 

medium), was imaged under phase contrast optics then immediately fixed and 

extracted, stained for microtubules (green and lower left image) and F-actin (red and 

lower right image), and imaged in the confocal microscope. The confocal images 

represent a projection of 7 l-jnm optical sections. Upper left, phase contrast image; 

upper right, merged confocal image; lower left, rhodamine channel (micrombules) 

only; lower right, fluorescein channel (F-actin) only. Note that filopodia occurred 

throughout the margin of the growth cone, even along microtubule-based branches 

that appear smooth in phase contrast. Most of the fine protrusions visible under 

phase contrast are microtubule-based. Note punctate accumulations of actin within 

the growth cone; these may represent focal contact sites. 
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(Figs. 12-14). It should be noted that microtubule-based branches of growth cones 

were distinct from the neuritic branches defined and analyzed in previously-described 

experiments using phase contrast optics: the structures defined here were located 

solely within growth cones, and were often less than 10 fim in length (although no 

specific length criterion was employed). 

FUopodia. Accumulations of F-actin were seen at the growth cone margins, in 

individual filopodia and/or microspikes that could reach 30 ^m in length (Fig. 11). 

Dense arrays of filopodia occurred at the margins of both lamellae and branches 

(Figs 8-12), and filopodial density was very low outside of the growth cone region 

(Figs. 10 and 11). In the absence of lamellipodia, these filopodia are the primary 

motile structures of the growth cone (Smith, 1988), and hence their presence at high 

density was taken to define growth cone boundaries in the confocal imaging smdies. 

As mentioned above, microtubules and F-actin rarely overlapped. Occasionally, 

however, microtubules were observed in protrusions that also contained F-actin. The 

growth cone in Figure 11, for example, displayed two microtubule-based branches, 

one of which was also heavily invested with F-actin. Some other growth cones 

displayed areas m which high filopodial density coincided with high numbers of fine 

microtubule-containing extensions (Fig. 14). These observations demonstrated that 

while microtubule-based and F-actin-based domains tended to remain separate, they 

were not mutually exclusive and seemed to interact under some circumstances. 
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B. 20E treatment causes increased growth cone complexity: initial studies 

The aforementioned fluoresent imaging techniques were employed in a study of the 

effects of 20E on growth cone structure in leg motor neurons. Two sets of 

experiments were performed. In an initial study, cultures were prepared from 

prepupae and from larvae (see section lA) and were grown from the time of plating 

in the presence or absence of the ecdysteroid. In a second set of experiments, the 4-

day delayed addition regime was employed. Dishes were prepared for fluorescent 

imaging of micrombules and F-actin, and growth cones of labelled neurons were 

imaged in the confocal microscope. Growth cones of 20E-treated neurons were 

frequently more complex than those in untreated cells (see below); in treated cells, 

these regions often contained multiple micrombule-based branches, and consistently 

displayed numerous actin-containing filopodia. In contrast, growth cones of 

untreated neurons were simpler in shape and often smaller. 

In the initial set of experiments, quantitative analysis of these differences focused on 

several morphological parameters: nimiber of microtubule-based branches, number of 

filopodia, and growth cone perimeter. 

Microtubule-based branches. In pupal neurons, 20E induced significant increases 

in micrombule-based branch number during the first week in culture (Fig. 15). 

Specifically, branch number was significantly greater (Mann-Whitney U-test) in the 
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Figure 15. Effect of ecdysteroid exposure on number of microtubule-based 

branches of growth cones treated with hormone upon plating. 

Growth cones, from leg motor neurons cultured in medium with or without 

ecdysteroid for the indicated times, were fixed and extracted and stained for 

microtubules and F-actin. Numbers of microtubule-based branches were coimted 

from color prints of projected confocal images. Ecdysteroid treatment induced an 

increase in the number of microtubule-based branches in pupal neurons at 3 and 6 

days but not at 5 days (Mann-Whitoey U-test); there was no effect on larval growth 

cones. Numbers of growth cones analyzed: pupal, 16-31; larval, 7-29. Bars are 

mean ± SEM. 
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presence of 20E at 3 and 6 days in culture but not at 5 days. In contrast, the number 

of microtubule-based branches displayed by larval growth cones was unaffected by 

up to a week of exposure to 20E (Fig. 15). 

Filopodia. 20E exposure also induced significant increases in the number of 

filopodia per growth cone of pupal neurons (Fig. 16). The effect on filopodial 

number, like the increase in microtubule-based branches, was exerted at 3 and 6 days 

in culture, while pupal neurons at 5 days were unaffected. Larval growth cones were 

unaffected at 3 and S days, but displayed significantly more filopodia in the presence 

of the ecdysteroid at 7 days in culture. 

Perimeter. The influence of 20E on the number of filopodia per growth cone could 

have arisen via specific effects on formation and stability of filopodia. Alternatively, 

increased filopodial number could have occurred secondary to increased growth cone 

size: since filopodia occur at — and delineate - the growth cone margin, growth cone 

perimeter (i.e., the extent of the growth cone margin) would be expected to be 

strongly correlated with filopodial nmnber. Increased growth cone perimeter would 

be an expected consequence of the 20E-induced increase in microtubule-based branch 

nimiber, and thus a secondary effect of the ecdysteroid on filopodial mmiber seemed 

likely. Thus, growth cone perimeter was measured and its relationship to filopodial 

number was analyzed. 
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20E-treated growth cones displayed significantly greater perimeters in both pupal and 

larval growth cones (Fig. 17). Specifically, pupal neurons were affected at 3 and 6 

days in culture, while larval neurons differed significantly at 7 days. These time 

points coincided with the times at which significant effects on filopodial number were 

observed (Fig. 16). These observations strongly suggested that filopodial number 

and growth cone perimeter were highly correlated, and plots of filopodial number vs. 

perimeter confirmed this (Fig. 18): the two parameters were significantly correlated 

regardless of stage, treatment or time in cxilture (Pearson product-moment 

correlation; coefficients ranged from 0.52 to 0.94). Moreover, the ecdysteroid had 

no apparent impact on the functional relationship between filopodial number and 

perimeter, as evidenced by similar clustering of points representing treated and 

untreated growth cones (Fig. 18). 

C. 20E treatment causes increased growth cone complexity: Further studies 

employing the delayed-addition regime 

The preceding data demonstrated a clear correlation between 20E-enhanced neuritic 

branch accumulation (Prugh et al., 1992) and specific 20E-induced alterations in 

growth cone structure as revealed by examination of the cytoskeleton. Moreover, the 

results described in section n above demonstrated a similarly strong correlation 

between steroid-enhanced branch accumulation and specific hormone-induced changes 

in branch formation and retention. This suggested a relationship between growth 
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Figure 16. Effect of ecdysteroid exposure on filopodial number of growth cones 

treated with hormone upon plating. 

Growth cone images were the same as those used in Figure 16. Numbers of actin-

based Hlopodia were coimted from color prints of projected confocal images. 

Ecdysteroid exposure led to significantly increased numbers of ^opodia in pupal 

neurons at days 3 and 6 and in larval neurons after a week of exposure (Mann-

Whitney U-test). Bars are mean ± SEM. 
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Figure 17. Effect of ecdysteroid exposure on perimeter of growth cones treated 

with hormone upon plating. 

Growth cone images were the same as those used in Figure 16. Perimeters were 

measured automatically by SigmaScan Pro morphometric software after flood-filling 

the microtubule-based domain of the growth cone. Ecdysteroid exposure led to 

significantly increased growth cone perimeters in pupal neurons at days 3 and 6 and 

in larval neurons after a week of exposure (Mann-Whitney U-test). Bars are mean ± 

SEM. 
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Figure 18. Relationship between filopodial number and perimeter in growth 

cones treated with ecdysteroid upon plating. 

Data from Figures 17 and 18 were plotted individually; each point represents a single 

growth cone. Note that regardless of treatment, stage, or culture age, the number of 

filopodia and the growth cone perimeter are highly correlated (see text for correlation 

coefficients). Also note that treated and untreated growth cones, under every 

condition, define very similar lines, suggesting that ecdysteroid does not alter the 

relationship between perimeter and filopodial number. 
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cone cytoskeletal organization, branch dynamics at the growth cone, and branch 

accumulation. In order to facilitate direct comparison of the ecdysteroid's influences 

at these varied levels of cellular organization, it was necessary to examine these 

effects under identical culture conditions. Thus, the second series of experiments 

was undertaken in which the fluorescent imaging techniques employed in the 

preceding study were applied to cultures that were established and maintained using 

the delayed-addition protocol described in section H. Growth cones of pupal leg 

motor neurons were examined at 6 and 9 days in culture (2 and 5 days after hormone 

addition). 

20E-treated growth cones, as in the previous experiment, were consistently more 

complex dian untreated growth cones (Fig. 19; see also Figs. 12 and 14). 

Specifically, while treated growth cones often displayed multiple micrombule-based 

branches, untreated growth cones frequently exhibited none at all, such that there was 

little morphological specialization other than the presence of filopodia (Fig. 19). 

These observations were amplified by quantitative analysis: numbers of microtubule-

based branches and filopodia number were analyzed as described for the preceding 

experiment, and an additional morphometric parameter, compacmess, was introduced 

to describe the changes in growth cone shape that were induced by 20E. 

Microtubule-based branches. 20E treatment induced a robust increase in the 

number of micrombule-based branches per growth cone (Fig. 20) at both times in 
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Figure 19. Examples of growth cones from ecdysteroid-treated and untreated 

cultures. 

Growth cones, from pupal leg motor neurons cultured in medium with (top) or 

without (bottom) ecdysteroid for 5 days (after a 4 day delay), were fixed and 

extracted, stained for microtubules (green) and F-actin (red), and imaged in the 

confocal microscope. The confocal images represent projections of 4-9 l-fim optical 

sections. Note that growth cones from treated cultures display one or more 

microtubule-based branches and numerous frlopodia; untreated growth cones are 

smaller and simpler in shape. The growth cone is defined as that region delimited by 

high-density filopodial concentration; the top center image depicts a single growth 

cone with several branches while the top right image illustrates two separate growth 

cones. 





culture (2-way ANOVA with treatment and time in culture as factors, followed by 

Smdent-Newman-Keuls post hoc method); treated growth cones exhibited 

approximately 3 times as many branches as did untreated growth cones. Branch 

nimiber was also significantly influenced by time in culture: older growth cones had 

fewer branches (2-way ANOVA). There is no significant interaction, however, 

between culture age and hormone treatment, demonstrating that the impact of 20E 

treatment is not dependent on culture age. 

Filopodia. 20E treatment induced an increase in the number of growth cone 

filopodia (Fig. 21); treated growth cones possessed more filopodia at 9 days in 

culture, but not at 6 days (2-way ANOVA and Student-Newman-Keuls post hoc 

method). Again, time in culture was a significant factor, as 9-day growth cones 

displayed significantly fewer filopodia than 6-day growth cones in both treatment 

groups (2-way ANOVA and Student-Newman-Keuls post hoc method). 

Perimeter and area. Growth cone size was significantly increased by 20E 

treatment: both area (Fig. 22) and perimeter (Fig. 23) were significantly affected by 

hormone treatment in a time-dependent manner. Specifically, 20E treatment 

increased both area and perimeter at 9 days, but not at 6 days (2-way ANOVA AND 

Student-Newman-Keuls post hoc method). Both parameters exhibited a statistically 

significant interaction with time in culture (2-way ANOVA), demonstrating that the 

effect of the ecdysteroid was significantly influenced by culture age of the neurons. 
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Figure 20. Effiect of ecdysteroid exposure on number of microtubule-based 

branches of growth cones after delayed hormone addition. 

Growth cones from pupal leg motor neurons treated with ecdysteroid for 2 or 5 days 

(4 day delay followed by 2 or 5 days of exposure to ecdysteroid-containing medium), 

were fixed and extracted, stained for microtubules and F-actin, and imaged in the 

confocal microscope. Nimibers of microtubule-based branches were counted from 

projected confocal images. Ecdysteroid treatment induced an increase in the number 

of microtubule-based branches at both time points (2-way ANOVA). Numbers of 

growth cones analyzed: 6 day treated, 41; 6 day untreated, 25; 9 day treated, 35; 9 

day untreated, 32. Bars are mean ± SEM. 
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Figure 21. Effect of ecdysteroid exposure on niopodial number of growth cones 

after delayed hormone addition. 

Growth cone images were the same as those used in Figure 20. Numbers of actin-

based filopodia were counted from projected confocal images. Filopodial number 

was significantly increased by ecdysteroid (2-way ANOVA) at 9 days (after 5 days of 

treatment) but not at 6 days (2 days of treatment). Note that filopodial niunber was 

significantly decreased by time in culture (2-way ANOVA). Bars are mean ± SEM. 
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Figure 22. Effect of ecdysteroid exposure on growth cone area after delayed 

hormone addition. 

Growth cone images were the same as those used in Figure 20. Areas were 

measured automatically by SigmaScan Pro morphometric software after flood-filling 

the micrornbule-based domain of the growth cone. Ecdysteroid increased growth 

cone area at 9 days (5 days of treatment) but not at 6 days, and area decreased with 

increasing culture age (2-way ANOVA). Bars are mean ± SEM. 
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Figure 23. Effect of ecdysteroid exposure on growth cone perimeter after 

delayed hormone addition. 

Growth cone images were the same as those used in Figure 20. Perimeters were 

measured automatically by SigmaScan Pro morphometric software after flood-filling 

the microtubule-based domain of the growth cone. Ecdysteroid increased growth 

cone perimeter at 9 days (5 days of treatment) but not at 6 days, and perimeter 

decreased with increasing culture age (2-way ANOVA). Bars are mean ± SEM. 
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Figure 24. Relationship between filopodial number and perimeter in growth 

cones treated with ecdysteroid after a 4-day delay. 

Data from Figures 21 and 23 were plotted individually; each point represents a single 

growth cone. Regardless of treatment or culture age, the number of filopodia and 

the growth cone perimeter are highly correlated (see text for correlation coefficients). 

Also note that treated and untreated growth cones deflne similar lines, suggesting that 

ecdysteroid does not alter the relationship between perimeter and filopodial nimiber. 
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In other words, 20E's effect was greater at 9 days than at 6 days. In addition, 

culture age alone exerted a significant influence on area and perimeter (2-way 

ANOVA): growth cones are smaller at 9 days regardless of hormone treatment. 

As discussed earlier, changes in filopodial number are difficult to interpret without a 

consideration of growth cone perimeter. This relationship was examined in plots of 

number of filopodia per growth cone vs. growth cone perimeter (Fig. 24). The two 

parameters were again observed to be significantly correlated regardless of treatment 

or culture age (Pearson product-moment correlation; coefficients ranged from 0.71 to 

0.90). The ecdysteroid appeared to exert little or no influence on the functional 

relationship between filopodial number and perimeter, as points representing treated 

and untreated growth cones defined similar lines (Fig. 24). 

The measurement of both area and perimeter facilitated a quantitative description of 

growth cone shape through calculation of compacmess (perimeterVarea). A circle 

exhibits minimum compactness (4t) while a line exhibits mfmite compactness; 

indeed, any object with a perimeter but no area (i.e., an object composed of line 

segments) will have mfinite compactoess. An object's compactness is independent of 

its size, and can be viewed as an indicator of the relative distance between points in 

the interior of a two-dimensional object and points on its perimeter. A specific 

example of how growth cone shape affects compactness is illustrated in Fig. 25. 

Both growth cones have the same perimeter, but the smaller area of the more highly-
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Figure 25. Demonstration of the effiect of growth cone shape on compactness. 

Note that although both simulated growth cones have the same perimeter, the more 

highly-branched growth cone on the right has a much higher compactness. 
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branched growth cone endows it with a threefold greater compactness. Compactness 

is essentially the reciprocal of roundness, a morphometric parameter used to describe 

the shape of crawling cells (Soil, 1995) and Drosophila growth cones (Kim and Wu, 

1991, 1996). 

The ecdysteroid significantly influenced compactness of growth cones in a manner 

very sunilar to its impact on microtubule-based branch number (Fig. 26): 

compactoess was significantly increased at both culture ages (2-way ANOVA and 

Student-Newman-Keuls post hoc method). Time in culture also significantly affected 

compactness, such that older growth cones were significantly less compact than those 

from younger cultures. There was no significant interaction between days in culture 

and treatment, indicating that the magnitude of the effect of 20E was not dependent 

on culture age. 
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Figure 26. Effiect of 20E exposure on growth cone compactness after delayed 

hormone addition. 

Growth cone images were the same as those used in Figure 20. Compactness was 

measured automatically by SigmaScan Pro morphometric software after flood-filling 

the microtubule-based domain of the growth cone. The ecdysteroid increased growth 

cone compactness at both time points (2-way ANOVA). 
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DISCUSSION 

These studies demonstrate that 20E enhanced the morphological complexity of 

Manduca leg motor neurons in culture by altering the form and fimction of the 

growth cone, and suggest that the effect was caused by modulation of interactions 

between cytoskeletal structures in the growth cone. 

I. Enhancement of neurite growth after delayed addition of 20E 

Delayed exposure of leg motor neurons to 20E (i.e., 4 days after plating) led to an 

enhancement of neuritic branch accumulation as well as a subtle effect on total 

neuritic length. These data confirm the earlier observation (Prugh et al., 1992) that 

pupal motor neurons were capable of responding to 20E after a delay of two days 

after plating, and address a criticism of previous studies (Prugh et al., 1992): that the 

observed effects were due to enhanced survival of a neuronal subpopulation (i.e., a 

subpopulation characterized by exuberant neurite branching that was rescued from 

death by 20E). Although overall levels of motor neuron survival were not affected 

by 20E (at least 60% of labelled neurons survived the first 4 days of culmre in both 

treated and untreated dishes), it is possible that 20E could differentially influence the 

fates of neuronal subpopulations such that different populations emerged after 4 days 

without a difference in the overall rate of cell death. In other words, the surviving 

population could be made up of different subpopulations under different hormone 
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conditions. However, the current findings show that enhanced growth and branching 

similar to that observed previously (Prugh et al., 1992) occurred after delayed 

addition of hormone, with the effect delayed in parallel with the commencement of 

hormone exposure. Thus, differential survival of neuronal subpopulations in the first 

4 days of culture cannot account for the observed effects, as both populations 

experienced identical hormonal conditions for the first 4 days. In addition, the 

delayed exposure regime permitted 4 days of putatively regenerative growth before 

hormone exposure began; the effects of the ecdysteroid are thus very unlikely to 

represent enhancement of a purely regenerative process. 

That pupal leg motor neurons retained their responsiveness to 20E after 4 days in 

culture suggests that the cells remained at or near their in vivo developmental 

potential; in other words, they were still competent to respond to 20E exposure with 

neurite outgrowth. The same neurons in vivo begin extensive axonal (Consoulas et 

al., 1996) and dendritic (Kent and Levine, 1993) growth at stages P3-P4, or roughly 

4 days after pupation. This stage in vivo coincides temporally with the rise of the 

major pupal peak in ecdysteroid titers (Fig. I; BoUenbacher et al., 1981) which has 

been shown to control the dendritic reexpansion of leg motor neurons (Kent, 1992). 

Thus, neurons culmred at stage PO and exposed to 20E in vitro after a 4-day delay 

were responding to a hormonal signal offered in temporal register with the 

ecdysteroid peak they would have experienced in vivo. While it is premature to 

suggest that neurons cultured for 4 days are developmentally equivalent to in vivo 
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counterparts of the same age, it is clear that with regard to neiuite outgrowth the 

neurons maintained much of their developmental potential and hormonal 

responsiveness. It is notable that motor neurons in vivo are capable of responding to 

ecdysteroid exposure with neuritic growth and branching after delays of weeks or 

months, as shown in abdominal motor neurons of diapausing pupae (Truman and 

Reiss, 1988) and of animals in which the ecdysteroid source was removed by ligation 

(Truman and Reiss, 1995). 

Although 20E induced significant increases in neuritic branch accumulation, its 

influence on total neuritic length was subtle; a statistically significant effect was 

detected only in interaction with developmental stage. This indicates that the 

ecdysteroid effect was less significant when compared within a stage (pupal or larval) 

than when comparisons were made between stages; treatment did not promote 

significantly more length accumulation within a stage. These results differ from 

those obtained from experiments in which hormone treatment began immediately 

upon plating (Prugh et al., 1992): in these studies, total neurite length of pupal 

neurons was found to be significantly increased after 3 or more days of treatment 

with 20E. It is possible that the differing results indicate that the 4-day delay altered 

the response of motor neurons to 20E, such that neuritic branching was stimulated 

but neuritic growth per se was not. The two experiments are difficult to compare, 

however, for the following reasons. 1) In the aforementioned study, individual 

neurons were not repeatedly photographed throughout the experiment; different 
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neurons were photographed and measured at each time point. In a separate 

experiment in which neurons were repeatedly photographed, Prugh et al. (1992) 

found increased branching and total length after 4 days in culture. 2) In the earlier 

study, measurements at each time point were individually compared using a r-test. 

The present results were obtained using a repeated-measures design (i.e., the same 

neurons were photographed repeatedly throughout the experiment) and were analyzed 

using ANOVA procedures to consider variation due to time in culture and 

developmental stage in addition to hormonal treatment. It should be noted that mean 

neuritic lengths and branch numbers observed in the present experiments are very 

similar to those measured previously (compare Fig. 7 of Prugh et al. [1992] with 

Fig. 3A here). 

In pupal leg motor neurons, it is clear that increases in branching did not lead to 

proportional increases in total neurite length; for example, total neurite length was 

similar in treated and untreated neurons at day 8, while the number of branches in 

the treated group is three times that in the untreated sample. This suggests that, 

under the delayed-addition conditions employed here, 20E exerts a primary effect on 

morphological complexity rather than on overall growth per se. 

The failure of larval leg motor neurons to respond to 20E with increased neuritic 

branching or growth demonstrates that 20E effects on cultured pupal neurons were, 

like the in vivo actions, stage-specific. This in turn indicates that observed influences 
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on pupal neurons were unlikely to reflect a simple trophic effect; in other words, the 

ecdysteroid did not merely act as a general promoter of cellular health in cultured leg 

motor neurons. 

n. Modes and mechanisms of branch formation and accumulation 

A. Branch formation at tiie growtii cone 

Through repeated observation of identified neurons in culture, at both daily and 

hourly intervals, it was demonstrated that branch formation occurred almost 

exclusively at the growth cone. In the smdies reported herein, a single example of 

apparent interstitial branch formation was noted, in a neuron cultured in the absence 

of 20E (Table II). Thus, cultured Manduca leg motor neurons branch in a manner 

similar to that noted in several neuronal in vitro systems (e.g., chick sensory neurons 

and embryonic Drosophila CNS neurons) but distinct from that observed in others 

(e.g. axons of rat hippocampal neurons). That established neuritic shafts seemed 

unable to spawn new branches suggests that the neurites underwent a maturation 

process that rendered them refractory to new branch formation (Williams et al., 

1995). Such a transformation could occur via several known maturation-induced 

modifications of neuritic structure or fimction, including stabilization of microtubules 

(Baas and Black, 1990; Baas et al., 1991; Li and Black, 1996), loss of actin 

filaments (Letoumeau, 1983) and/or changes in their composition (Weinberger et al.. 
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1996), and changes in calcium homeostasis (Williams et al., 1995) or other signalling 

components. Alternatively, neuritic shafts might indeed be competent to form 

interstitial branches if appropriately stimulated (e.g., by a target-derived factor; Sato 

et al., 1994). 

The observation that branch formation occurred at the growth cone in cultured leg 

motor neurons is consistent with what little is known about the patterns of outgrowth 

of both dendrites (Kent and Levine, 1993) and axonal terminals (Consoulas et al., 

1996) in these cells. In both cases, new growth and branch formation seem to begin 

with the elaboration of very fine "filopodial-like" extensions at the distal extremes of 

dendritic and axonal processes. Although typical growth cones like those described 

herein are not observed in growing leg motor neurons in vivo, it seems likely that 

branches arise at dynamic and motile neurite tips in vivo. Examination of F-actin-

based protrusive structures in vivo, using fluorescent phallicidin as employed here, 

could be instructive in this regard. 

B. 20E ej^ects on branch formation and retention at the growth cone 

Repeated imaging of the growth cones of leg motor neurons facilitated a detailed and 

quantitative assessment of branch addition in the presence and absence of 20E. The 

results indicate that, after 2 and 5 days of treatment, the ecdysteroid significantly 

increased the addition of branches over a 12-hour period: at 2 days, steroid treatment 
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increased branch formation (i.e., nmnber of branches formed per growth cone) 2.5-

fold; at 5 days, the increase was 8-fold. The half-life of these newly-formed 

branches was estimated to be 9 homx or more, based on retention rates of branches 

formed during the first 3 hours of the 12-hour imaging session. Nevertheless, 

retention did play a role in the amoimt of branch accrual at 5 days: 21% more 

branches in growth cone regions were retained over the 12-hour imaging period in 

the presence of 20E. The effect was significant, but the 21% increase can account 

for very little of the 8-fold difference in branch addition over 12 hours, and it seems 

likely that enhanced branch formation is the major means by which the ecdysteroid 

stimulates increased branch accumulation. 

Interestingly, while total branch accumulation in the presence of 20E increased from 

6 to 9 days in culture (the effect was statistically significant beyond 7 days in 

culture), branch addition at the growth cone actually decreased over this period. 

This suggests that continued branch accumulation at 9 days and beyond resulted firom 

an increase in the number of active (i.e., branch-forming) growth cones per cell, an 

expected result of an increased number of neurites per cell. 

The dual action of 20E (on both formation and retention) could represent separate 

effects of the hormone on growth cone function, or could arise as dual consequences 

of a single common effect. Interestingly, simultaneous modulation of both formation 

and retention of neuritic branches by a single signalling pathway has not been 
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previously described. In the developing Xenopus visual system, the growth and 

branching of retinal axons in the tectum is specifically modified by brain-derived 

neurotrophic factor (BDNF; Cohen-Corey and Eraser, 1995): BDNF treatment in 

vivo increases addition of both branches and "spikes" (branchlets shorter than 5 ^m), 

while anti-BDNF reduces addition of both. Neither treatment affects branch 

retraction. Branching complexity of the same retinotectal arbors is significantly 

influenced by postsynaptic activity of calcium/cahnodulin-dependent protein kinase U 

(CaMKII; Zou and Cline, 1996): elevated tectal CaMBCn activity results in reduced 

arbor complexity (i.e., reduced axonal branch accumulation) by increasing the rate of 

branch retraction while exerting no clear effect on branch formation. Notably, both 

the release of BDNF (Patterson et al., 1992) and the activation of CaMKII (Miller 

and Kennedy, 1986) can be induced by neuronal activity via increases in intracellular 

calciimi concentration. 

Long-term (i.e. 3 day) branch retention was not affected by 20E, despite the fact that 

the hormone did increase 12-hour retention of branches in growth cone regions 

during the same time periods. The observation indicates that branches outside 

growth cone regions (i.e., those originating on an established neuritic shaft) were 

highly stable, and that their retention was not influenced by the ecdysteroid; this 

further suggests that the primary effects of 20E are focused on the growth cone. 
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C. Cellular mechanisms of branch formation 

Observation of the dynamics of branch formation revealed that branches arose via 

two distinct morphogenetic processes: engorgement and lamellar condensation. 

Engorgement as defined here (dilation and longimdinal growth of a very fine 

protrusion) is very similar to a phenomenon observed in diverse neuronal systems. 

In axon pioneers of the embryonic grasshopper limb, formation of growth cone 

branches and new axonal shafts by advancing growth cones occurs by "filopodial 

dilation" (O'Connor et al., 1990), in which individual filopodia become stabilized 

and enlarge after contacting intermediate targets or other guidance cues. Similarly, 

initial outgrowth of neurites from cultured sympathetic neurons occurs via the 

enlargement of filopodia following their invasion by microtubules and cytoplasm 

(Smith, 1994a). Interstitial branching of corticopontine axons occurs by growth and 

stabilization of fine "filopodia-like" protrusions (Bastmeyer and O'Leary, 1996). 

Since filopodia were not visible under the phase-contrast optics used in the current 

study, it is likely that engorgement involves the enlargement of fine protrusions that 

contain microtubules, perhaps following filopodial dilation as described by O'Connor 

et al. (1990). The observation that both axonal (Consoulas et al., 1996) and 

dendritic (Kent and Levine, 1993) branching conmiences with the outgrowth of 

"filopodial-like" processes strongly suggests that engorgement is a primary 

mechanism of branch formation in leg motor neurons in vivo. 
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Lamellar condensation, in which a lamellar region was partitioned into one or more 

new neuritic branches, was observed less frequently than engorgement in these 

neurons, with a third or less of newly-formed branches arising as a result of 

condensation events. Condensation is very similar to branching mechanisms 

observed in cultured sympathetic neurons (Bray, 1973; Letoumeau et al., 1986) and 

in growth cones of cultured Aptysia neurons induced to branch by competition for a 

target (Lin and Forscher, 1993). 

Condensation of lamellar growth cone regions is also an important step in the 

formation of neuritic shafts behind advancing growth cones (Goldberg and 

Burmeister, 1986; Aletta and Greene, 1988; Tanaka and Kirschner, 1995). Such 

occurrences of lamellar condensation (also termed consolidation) follow target-

induced (Sabry et al., 1991), laminin-induced (Rivas et al., 1992), and spontaneous 

(Tanaka and Kirschner, 1991; Smith, 1994a) engorgement events (i.e. , filopodial 

dilation), and this raises the question of whether condensation and engorgement are 

independent mechanisms of branch formation. It is possible that condensation events 

observed here occurred in response to filopodia-generated signals analogous to those 

that can initiate growth cone steering and branch retraction in grasshopper neurons 

(O'Connor et al., 1990). It follows that lamellar condensation could result from 

engorgement, and more precisely from filopodial dilation, an event that could not be 

resolved in these experiments. It is therefore unclear whether lamellar condensation 

represents a unique morphogenetic pathway by which growth cones form branches, 
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or whether it represents an optional step in a single multistep process. In any case, 

20E treatment does not alter the utilization of these mechanisms, demonstrating that 

modulation of branching mechanisms is neither a major action of the ecdysteroid nor 

a major cause of 20E-enhanced branch accumulation. 

m. Growth cone cytoskeletal structure 

The use of fluorescent labelling techniques and confocal imaging after fixation and 

detergent extraction of cultured Manduca leg motor neurons revealed that the growth 

cones of these cells could acquire complex morphologies but were otherwise very 

similar in their cytoskeletal structure to growth cones described in other neuronal 

systems. Growth cones of leg motor neurons displayed several characteristic 

features. 

1) Micrombule-based and F-actin-based domains were distinct and almost completely 

non-overlapping. When micrombules and F-actin were colocalized, it was in 

leading-edge branchlets that were likely to be involved in engorgement. Such 

segregation of microtubule-based and actin-based domains, with limited zones of 

interaction, seems to be a ubiquitous feature of growth cones from all in vitro 

systems (e.g., chick sensory neurons, Letoumeau, 1983; Aptysia bag cells, Lin and 

Forscher, 1993). 
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2) Microtubules extended to the growth cone margin, precisely to the base of the 

filopodia. In other words, there was little or no intervening space between the 

micrombule-based domains (lamellae and micrombule-based branches) and the actin-

based domain (filopodia). This organization is similar to that of the growth cones of 

chick sensory neurons (Letoumeau, 1983) but differs somewhat from the organization 

referred to as "typical" of growth cones in general (Lin et al., 1994), in which the 

microtubule-based central domain is separated from the growth cone margin and the 

filopodia on the periphery by "transitional" and "peripheral" domains. The 

peripheral domain consists of one or more lamellipodia (Bridgman and Dailey, 1989; 

Lin and Forscher, 1993), structures characterized by dense meshworks of F-actin 

(Smith, 1988; Bridgman and Dailey, 1989); the transitional domain (or transition 

zone) is a major site of interaction between micrombules and F-actin (Lin and 

Forscher, 1993). Growth cones of cultured Manduca neurons, like those in other 

systems (Letoumeau, 1983; Sabry et al., 1991), seemed to lack such intervening 

domains, perhaps because they lack lamellipodia. Interestingly, microtubules rapidly 

invade the lamellipodia of sympathetic growth cones acutely treated with soluble 

laminin (Rivas et al., 1992), resulting in growth cone organization very similar to 

that observed here. Thus, the observed arrangement of microtubules in lamellar 

structures of Manduca growth cones may partly reflect the response of the cells to 

the substrate (laminin and concanavalin A). 
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3) Many growth cones displayed one or more microtubule-based branches, and these 

structures conferred significant morphological complexity upon growth cones 

(discussed below). Although growth cones of grasshopper axon pioneers can harbor 

branches that contain microtubules (Sabry et al., 1991), little is known about the 

cytoskeletal structure of complex growth cones in other systems. Results presented 

here demonstrate that essentially all structures visible under standard phase contrast 

optics are micrombule-based, and thus it is likely that large growth cones in general 

obtain morphological complexity from the distribution of microtubules. 

4) Filopodia occurred throughout the margin of the growth cone, even on the shafts 

of micrombule-based branches within the growth cone proper. This feature is largely 

the result of the definition of a growth cone as used here and arrived at a priori. 

Nevertheless, it is important to note that filopodia fiinged the entire margin of the 

growth cone, and delineated growth cones that often displayed remarkable 

morphological complexity. Highly complex growth cones occur in various in vivo 

and in vitro preparations, and complex morphology often accompanies selection of a 

target or trajectory by a migrating growth cone (Burmeister and Goldberg, 1988; 

Sabry et al., 1991; Sretavan and Reichardt, 1993; Godement et al., 1994; Tanaka 

and Kirschner, 1995), a process that frequently involves branching followed by 

preferential stabilization of the appropriate branch. 

rv. 20E effects on growth cone structure 
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Examinatioii of growth cone cytoskeletal structure in the presence and absence of 

20E demonstrated that the hormone exerted a robust effect on several measures of 

growth cone size and complexity, at time points in culture coincident with effects on 

branch formation and retention. 

A. Number of microtubule-based branches and overall growth cone complexity 

Number of microtubule-based branches is the primary determinant of growth cone 

morphological complexity as discussed here, as it indicates the extent to which a 

single growth cone has been partitioned into separate microtubule-based subdomains. 

20E treatment induced significant increases in the number of micrombule-based 

branches, under two different culture regimes and at various times in the first week 

of hormone exposure. Indeed, in the two separate experiments the enhancement of 

microtubule-based branch number was the most consistent effect of the ecdysteroid 

on growth cone structure. In die case of pupal growth cones analyzed imder the 

delayed-addition regime, the effect was accompanied by significant changes in growth 

cone shape, as indicated by increases in compacmess. Presumably the increase in 

compactness resulted from increased branching within the growth cone, as illustrated 

in Fig. 25, and as such serves as a fiirther indicator of the effect of 20E on growth 

cone complexity. 



140 

Comparison of 20E-enhanced growth cone complexity with similar effects in other 

systems may shed light on the mechanisms by which the ecdysteroid alters growth 

cone structure. The steroid could act directly on leg motor neurons or their growth 

cones to enhance growth cone complexity (discussed below). On the other hand, the 

influence could be exerted through less direct means, including via other cells. As 

mentioned previously, morphological complexity of growth cones is often associated 

with steering or other decision-making events (i.e., as contrasted with uninterrupted 

growth). Growth cones in the current study were not navigating toward a known 

target, nor were diey contacting known targets or guidance cues. Since other 

neurons from the thoracic ganglion (such as intemeurons and motor neurons 

innervating non-leg targets) were present in the cultures, it is possible that growth 

cones did respond at times to tropic signals or guidance cues, such as diffusible or 

surface-bound chemoattractants (Harris et al., 1996; Mitchell et al., 1996) or 

extracellular matrix components (Rivas et al., 1992; Krull et al., 1994; Burden-

Gulley et al., 1995) elaborated by other cells. Neuronal responses to such signals 

often include changes in branching (Matthes et al., 1995; Krull et al., 1994), and 

many growth cones make steering decisions by elaborating branches in various 

directions then preferentially stabilizmg the one branch that extends in the appropriate 

direction (Burmeister and Goldberg, 1988; Sabry et al., 1991; Sretavan and 

Reichardt, 1993; Godement et al., 1994; Tanaka and Kirschner, 1995). Thus, 20E-

enhanced growth cone complexity is reminiscent of morphological events 

accompanying steering and guidance of growth cones in other systems, and this 
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raises the possibility that the steroid effect is mediated by similar signalling pathways 

(discussed in detail below). 

B. Number of filopodia 

20E did not significantly enhance filopodial density (nmnber of filopodia per unit 

perimeter), suggesting that hormone treatment did not alter the propensity of the 

growth cone margin to form filopodia. This observation alone does not rule out the 

possibility that the steroid induced expansion of the growth cone margin by inducing 

filopodial formation along more of the perimeter of the neurite tip. Indeed, steroid 

induction of filopodial growth has been described in cultured hippocampal neurons 

treated with estrogen (Brinton, 1993). Estrogen is known to upregulate dendritic 

spine density in hippocampal neurons in vivo (Gould et al., 1990), and recent 

findings in vitro demonstrate that at least some dendritic spines evolve from filopodia 

(Ziv and Smith, 1996). Nevertheless, increased numbers of filopodia (or attendant 

increases in growth cone size) cannot account for 20E's effect on growth cone 

complexity: the ecdysteroid induced an increase in microtubule-based branch number 

in pupal growth cones after two days of treatment, but had no effect on growth cone 

size or on filopodial number; conversely, larval neurons were larger and had more 

filopodia after 7 days of exposure to 20E, but the number of microtubule-based 

branches was unaffected. This latter effect of 20E on larval neurons suggests that, 

after a week in culture, these cells had acquired responsiveness to the hormone; after 
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a week in vivo, these same cells would have reached early pupal stages (see Fig. 1), 

at which they would have been competent to respond to 20E with process outgrowth. 

V. Relationship between growth cone complexity and branch dynamics 

Comparison of branch dynamics with growth cone structure after 2 and 5 days of 

delayed 20E treatment reveals clear parallels between branching dynamics and 

cytoskeletal organization. These correlations suggest either that the different effects 

are functionally related (e.g., an ecdysteroid effect on the cytoskeleton is leading to 

an effect on branch formation) or that they have a common cause. 1) Steroid-

induced increases in branch formation correlate best with increases in growth cone 

complexity as revealed by increases in compactness and niraiber of microtubule-based 

branches. All of these parameters were significantly increased by 20E after both 2 

and 5 days of treatment. This suggests that growth cone complexity was directly 

related to formation of new branches at the growth cone, and further suggests that 

the effect of 20E on branch formation specifically involves growth cone complexity 

and not necessarily growth cone size. 2) The amount of branch formation decreased 

with increasing culture age, regardless of hormone treatment. Likewise, all measures 

of growth cone size and complexity decreased with increasing time in culture. Thus, 

age-dependent reductions m branch formation at the growth cone correlate with 

reductions in both size and complexity of the growth cone. This suggests that growth 

cone size can also impact branch formation, and further suggests that reductions in 
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size as well as complexity can account for age-related decreases in branch formation. 

3) Twelve-hour retention of pre-existing neuritic branches was increased by 20E after 

5 days of treatment but not after 2 days, and this correlated best with increased 

growth cone size and filopodial number, which were likewise affected only at the 

later time. This correlation may indicate a common mechanism for increased growth 

cone size and increased branch retention in the presence of the ecdysteroid. 

VI. Growth cone signalling and the influence of 20E 

In light of the relationships just described, it is likely that 20E influences on branch 

formation and accumulation are exerted via specific alterations in the structure and 

cytoskeletal organization of the growth cone. Such changes could be exerted 

somewhat direcdy, by induction of the synthesis of various cytoskeletal modulators. 

Alternatively, 20E could effect cytoskeletal change more indurectly, by altering 

transduction through various signalling cascades that impinge on the growth cone 

cytoskeleton. 

A. Cytoskeletal modiilation and branch dynamics: a potential role for 

microtubule-associated proteins 

Key roles in growth cone fimction have been identified for both microtubules and F-

actin, the two major cytoskeletal elements of growth cones (Mitchison and Kirschner, 
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1988; Bentley and O'Connor, 1994; Lin et al., 1994; Tanaka and Sabry, 1995). It is 

clear that microtubule transport and dynamics are involved in growth cone advance 

(Letoumeau et al., 1987; Tanaka and Kirschner, 1991; Tanaka et al., 1995), 

formation of new neuritic shafts (Tanaka and Kirschner, 1991; Lin and Forscher, 

1993; Tanaka and Kirschner, 1995), and growth cone reorientation (Sabry et al., 

1991; Tanaka and Kirschner, 1991; Lin and Forscher, 1993; Tanaka and BCirschner, 

1995). Likewise, actin filaments serve critical functions in the growth cone, 

controlling axon guidance (Chien et al., 1993) and growth cone motility and advance 

(Yamada et al., 1970; Letoumeau et al., 1987) as well as growth cone collapse (Fan 

et al., 1993). Detailed observations of growth cone behavior and accompanying 

cytoskeletal changes have led to the suggestion that specific interactions between 

micrombules and F-actin are critical for growth cone remodelling, and in particular 

for the formation and stabilization of new neuritic branches (Letoumeau et al., 1986; 

Sabry et al., 1991; Rivas et al., 1992; Lin and Forscher, 1993; O'Connor and 

Bentley, 1993). Invasion of filopodia by microtubules during growth cone 

reorientation is often preceded by accumulation of actin (Lin and Forscher, 1993; 

O'Coimor and Bentley, 1993), and these actin accumulations can be retrogradely 

transported down filopodia and into the microtubule-based body of the growth cone 

(O'Connor and Bentley, 1993). Importantly, mere stabilization and/or bundling of 

microtubules is not sufficient to induce or enhance branch formation; m fact, 

exposure of sympathetic growth cones to low levels of the microtubule-stabilizing 

dmg taxol actually inhibits branching (Letoumeau et al., 1986). This latter effect 
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has been proposed to result from the disruption of cytomechanical interactions 

between microtubules and F-actin: branch formation was proposed to arise from 

mechanical tension exerted on the micrombule-rich lamella by F-actin in filopodia, 

and taxol was proposed to inhibit this by stabilizing the lamella (Letoumeau et al., 

1986). 

How might interactions between micrombules and F-actin be mediated? The smdy of 

neuronal microtubule-associated proteins (MAPs) has yielded a series of excellent 

candidates. This heterogeneous group of major cytoskeletal proteins (MAPIB, 

MAPIA, MAP2 and tau) was origmally characterized based on copurification with 

micrombules, and all share the capacity to stabilize micrombules, to promote their 

polymerization and to promote their bundling with other microtubules (Hirokawa, 

1994; Mandelkow and Mandelkow, 1995). MAPIB, MAP2 and tau are fimctionally 

linked to neurite outgrowth (Caceres and Kosik, 1990; Caceres et al., 1992; Brugg et 

al., 1993; Esmaeli-Azad et al., 1994). In particular, regulation of the expression of 

MAP2 and tau has been correlated with neurite growth and branching in numerous 

vertebrate systems. The extent of neuritic branching induced in CNS neurons by 

astroglia from different brain regions correlates with expression of MAP2 (Chamak 

et al., 1987), and suppression of MAP2 synthesis by antisense oligonucleotides 

prevents cultured hippocampal neurons from extending minor neurites (Caceres et 

al., 1992), a process which occurs by veil consolidation and is the initial step in the 

polarization of these cells (Dotti et al., 1988). Tau suppression inhibits axonal 
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formation by cultured hippocampal neurons, such that they fail to become polarized 

(Caceres and Kosik, 1990), and increased tau expression accompanies estrogen-

enhanced neurite outgrowth in cultures of hypothalamic neurons (Ferreira and 

Caceres, 1991). In PC12 cells, both the rate of neurite outgrowth and the stability of 

the neurites is enhanced by tau (Teng et al., 1993; Esmaeli-Azad at al., 1994). 

The neuritogenic potential of neuronal MAPs has been commonly ascribed to their 

influence on microtubule stability and organization. However, recent evidence 

indicates that interaction with actin filaments is also a critical component of MAP 

fimction. MAPIA, MAP2 and tau all bind to and induce bundling of actin filaments 

(Griffith and Pollard, 1992; Moraga et al., 1993; Pedrotti et al., 1994; Ferhat et al., 

1996; Morishima-Kawashima and Kosik, 1996). Interestingly, tau protein 

preferentially binds to the distal axon in cultured sympathetic (Black et al., 1996) and 

hippocampal neurons (Brandt et al., 1995; Kempf et al., 1996). In hippocampal 

axons, this localization is dependent on both microtubules and actin filaments (Kempf 

et al., 1996), and in hippocampal neurons and in PC12 cells, tau specifically 

associates with the growth cone membrane (Brandt et al. 1995), suggesting an 

interaction with the cortical cytoskeleton. In cultured neurons from rat cerebral 

cortex, MAP2C (a MAP2 isoform of relatively low molecular weight) is physically 

associated with F-actin during neuritic differentiation and the association is enhanced 

by treatment with neurotrophin-3, which induces enhanced neurite outgrowth and 

branching (Morishima-Kawashima and Kosik, 1996). 



147 

Related MAPs are likely to exist and function in Manduca. A tau-like protein has 

been described in Drosophila (Cambiazo et al., 1995), and tau-like immunoreactivity 

was observed in cultured Manduca neurons as well as on immunoblots of taxol-

precipitated microtubule protein from larval Manduca nerve cords (Matheson and 

Levine, 1993). A MAP related to MAP2 occurs in crayfish axons (Hirokawa, 1986), 

and mammalian MAP2 and tau sequences bind to microtubules when expressed in 

Drosophila (Adam et al., 1992; Callahan and Thomas, 1994). 

B. Signalling to the cytoskeleton 

MAPs are strong candidates as mediators of cytoskeletal interactions leading to 

enhanced neurite formation and stability, and induction or enhanced synthesis of 

these molecules suffices as a model for the ecdysteroid's effects on branching (see 

below). Modulation of cytoskeletal interactions, however, often represents a late step 

in a signalling pathway that begins at the growth cone membrane. Interaction of the 

growth cone with certain extracellular cues leads to activation of a cascade of 

transduction events that often ends with cytoskeletal remodelling and drastic 

alterations in growth cone behavior. 

Integrin-mediated signalling by extracellular matrix components can potently alter 

growth cone strucmre, dynamics and ftmction. For example, laminin treatment of 

sympathetic growth cones led to a rapid (i.e. within minutes) and integrin-dependent 
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reorganization of the growth cone cytoskeleton, with microtubules invading the 

peripheral lamella (Rivas et al., 1992). This remodelling accompanied a severalfold 

increase in the rate of growth cone advance and, interestingly, a dramatic decrease in 

the retraction of filopodia, suggesting that they had been stabilized. In most cases, 

these events were followed by engorgement of Hlopodia and/or consolidation of 

lamellipodia, leading to extensive branching. Vinculin, a cytoskeletal protein thought 

to bridge integrins and the actin-based cortical cytoskeleton, is necessary for proper 

growth cone function in PC 12 cells growing on laminin (Vamum-Finney and 

Reichardt, 1994): in vinculin-deficient cells, the rate of growth cone advance is 

sharply reduced, due to dramatic decreases in the stabili^ of both lamellipodia and 

filopodia. In normeuronal cells, formation and stability of lamellipodia and filopodia 

are controlled by the action of Rac and Cdc42, small GTPases of the Ras superfamily 

(Nobes and Hall, 1995; Kozma et al., 1995), and it is likely that these molecules 

play a similar role in growth cone function and its modulation by integrin-mediated 

signalling. Integrins have been well characterized in Drosophila, and the only 

integrin ligand thus far described in the fly shares fimctional motifs with vertebrate 

laminins (Fogerty et al., 1994). 

A recent study of the effect of the substrate on the development of polarity in 

cultured cerebellar macroneurons has revealed a specific influence of laminin on the 

function of MAPs (DiTella et al., 1996) and neuritic differentiation. Laminin 

enhances axonal length and number of branches in these cells, and enables them to 
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develop an axon in the absence of tau protein; tau suppression (by antisense 

oligonucleotides) completely blocks axonal development in neurons cultured on 

polylysine but has no effect on cells growing on laminin. The laminin-induced 

stimulation of axonal growth and branching is accompanied by increased association 

of phosphorylated MAPIB with axonal microtubules, and suppression of both tau and 

MAPIB expression compromises axonal development in the presence of laminin, 

suggesting that the function and utilization of MAPs is regulated by integrin-mediated 

signalling of extracellular matrix molecules. 

Filopodia themselves are known to be competent to receive and transduce 

extracellular signals (O'Connor et al., 1990; Davenport et al., 1993; Wu and 

Goldberg, 1993), and recent data suggests that tyrosine phosphorylation is involved 

in integrin-mediated signalling within filopodia (Wu et al., 1996). Thus, modulation 

of the growth cone cytoskeleton is achieved through a multilevel signalling pathway 

that can be initiated in a single Hlopodium. 

In addition to integrin-mediated signalling, growth cones are subject to regulation by 

intracellular calcium (Kater and Mills, 1991) and cell adhesion molecules (Saffell et 

al., 1992). Interestingly, neurite outgrowth stimulated by cell adhesion molecules 

requires calcium influx, triggered in turn by tyrosine phosphorylation via the FGF 

receptor (Williams et al., 1994). Thus, calcium influx is a major pathway by which 

growth cone signalling can occur, and calcium current density is known to undergo 
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stage-dependent change in Manduca (Hayashi and Levine, 1992; see below). 

Calcium acts on the cytoskeleton through myriad downstream effectors, including 

calcium-dependent actin-binding proteins such as gelsolin (Neely and NichoUs, 

1995), through the well-known Ras/MAP kinase cascade (Finkbeiner and Greenberg, 

1996) or, importantly, through Rac (Hartwig et al., 1995). Activated Ras can 

stimulate neurite outgrowth in PC12 cells (Bar-Sagi and Feramisco, 1985) and is 

known to mediate neurotrophin influences on PC12 cells and cultured neurons 

(Heumann, 1994). Moreover, the morphological effect of activated Ras in 

nonneuronal cells (membrane ruffling) is dependent on the function of Rac (Joneson 

et al., 1996). 

In summary, it is clear that signalling to the cytoskeleton can occur through diverse 

signal transduction cascades, which can be linked to various extracellular effectors. 

Numerous extracellular stimuli that are known to influence growth cone function and 

neurite outgrowth act through signalling cascades that ultimately impinge on direct 

modulators of the actin cytoskeleton. 20E modulation of cytoskeletal organization 

and its effects on neuritic branching could thus be mediated by alteration of the 

activity or composition of one or more of these cascades, or by more direct alteration 

of cytoskeletal modulators themselves. These possibilities are considered in the 

model discussed below. 
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C. A model for the effect of 20E on branch dynamics at the growth cone 

It is proposed that the primary effect of the ecdysteroid is to enhance the formation 

and stabilization of nascent branches (branchlets) by strengthening the interaction 

between microtubules and actin filaments. In particular, it is suggested that increased 

binding of micrombules to actin filaments, mediated by molecules functionally related 

to vertebrate MAPs, can account for all of 20E's effects on growth cone branch 

dynamics and structure. Increased microtubule-actin association would lead to 

enhanced branchlet formation by encouraging microtubule invasion of filopodia; 

stabilization and/or enhanced bundling of microtubules and actin filaments would lead 

to enhanced stability of branchlets. Branch formation would require availability of 

both free microtubule ends and actin filaments; hence regions containing highly-

stabilized micrombule arrays or lacking filopodia (i.e., neuritic shafts) would not be 

competent to form branches, and would be refractory to the ecdysteroid-mediated 

effect. It is fiuther suggested that the effect observed in culture (and perhaps in vivo) 

is an enhancement of laminin-induced growth, such that 20E acts to enhance laminin 

signal transduction at some point between integrin binding and activation of the 

putative MAP-like effector. 
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This simple model leads to several predictions: 

1) Neuritic branching would be dependent on the presence of F-actin-based filopodia. 

Removal of filopodia by cytochalasin treatment should abolish branching but perhaps 

spare outgrowth. 20E treatment would have no effect on cytochalasin-treated motor 

neurons. 

2) There would be a gradient of microtubule stability in the neurite, such that neuritic 

shafts and branches outside the growth cone region would be more resistant to drug-

induced microtubule depolymerization (e.g., by colchicine or nocodazole) than those 

at or near the growth cone. This enhanced microtubule stability would be revealed 

by greater content of acetylated and/or detyrosinated tubulins, which accimiulate in 

long-lived (and therefore stabilized) microtubules (Mandelkow and Mandelkow, 

1995). 

3) 20E treatment would lead to changes in microtubule stability at the growth cone, 

as indicated by relative resistance to depolymerizing agents. 

4) 20E enhancement of branching would be modulated by die nature of the substrate, 

and the ecdysteroid might be ineffective in cultures grown on an inert substrate such 

as poly lysine. 
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5) Other treatments that enhance or mimic integrin-mediated signalling would 

enhance or mimic the ecdysteroid effect. Such treatments would include upregulation 

of ras-related small GTPase fimction, ligation and activation of integrins (i.e., by 

RGD or other laminin-like peptides), and activation of receptor tyrosine kinases. 

6) Branching in vivo would be accompanied by — and dependent on ~ filopodial 

accumulations. 

Evaluation of these predictions would shed additional light on the mechanisms of 

ecdysteroid-enhanced neurite outgrowth in culture and in vivo, and lead to a better 

understanding of steroid-induced alterations in neuronal form and function as well as 

of neuronal remodelling in general. 
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