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ABSTRACT 

The distribution and potential developmental functions of extracellular matrix and cell

surface molecules in neural development were explored using an insect olfactory system 

as a model. Immunocytochemical and biochemical experiments were performed to 

examine the cellular localization and temporal pattern of expression of molecules similar 

to the vertebrate extracellular matrix molecule tenascin. These studies showed that 

tenascin-like molecules were associated with glial cells that form borders around distinct 

units of neuropil called glomeruli. These molecules were present at critical times during 

glomerulus formation. In vitro assays, performed to examine the effects of tenascin on 

the morphological development of moth CNS neurons, indicated that the growth of these 

neurons was inhibited by tenascin. Taken together, these results suggest that glial cells 

decorated with tenascin-like molecules could contribute to the patterning of the olfactory 

neuropil by constraining neurite outgrowth within developing glomeruli. The distribution 

of other glycosylated molecules that could play important developmental roles was 

examined using the lectin peanut agglutinin. This lectin labeled the tips of dendrites as 

they grow into developing glomeruli to interact with glial cells or sensory axons. Four 

lectin-labeled proteins were shown to be developmentally regulated and thus could 

participate in neurite outgrowth, synapse formation or the stabilization of glomerular 

units. Future experiments to further explore molecular mechanisms underlying the 

development of neural architecture are proposed. The results of this study are discussed 

in the context of dynamic interactions between neurons and glial cells. 
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During neural development, a number of cellular events must orchestrated to produce 

appropriate patterns of neural architecture and connectivity. Neurons and glia must be 

generated at the correct time and location. Neurons must project their axons to their 

proper targets, often negotiating a complex molecular terrain. Once arrived, these axons 

must form precise synaptic connections within a particular dendritic field or with a 

specific muscle fiber. To accomplish these steps, cells in the nervous system 

communicate with each other during the course of development. Through this 

communication, precise patterns of cellular morphogenesis and synaptic connectivity 

critical for a functional nervous system become established. 

It is now understood that cells communicate with each other, and thereby influence 

each other's development, by a number of different mechanisms. Strong evidence exists 

for at least four mechanisms by which cells interact: (1) electrical activity and chemical 

synaptic communication, (2) gap junctions, (3) diffusible factors, and (4) cell-surface and 

extracellular matrix molecules. In some developing nervous systems, more than one of 

these mechanisms have been implicated. To lay the foundation for the present work, four 

mechanisms by which cells communicate with each other to specify patterns of cellular 

architecture and synaptic connectivity in developing systems will be discussed. Various 

invertebrate and vertebrate nervous systems are described to illustrate each mechanism. 
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After this general review, a discussion of specific cellular interactions that influence 

neural patterning in the developing olfactory system of the moth Manduca sexta will 

follow. The advantages offered by this model system and the specific aims of this work 

are described. 

The Role of Electrical Activity and Chemical Synaptic Communication 

Electrical activity is a well-studied mechanism by which motor neurons and muscle 

cells influence each other's development. During the development of the neuromuscular 

junction, synaptic activation of motor neurons regulates the number ofaxons innervating 

a muscle fiber (Benoit and Changeux, 1975; Thompson et aI., 1979). Although muscle 

cells can cluster acetylcholine receptors on their own, activity in the motor axon 

determines the sites at which clusters will form and recruits acetylcholine receptors to 

that site (Frank and Fishbach, 1979; Anderson and Cohen, 1977). Additionally, electrical 

activity regulates the density of extra synaptic receptors (Berg and Hall, 1975). 

Electrical activity also plays an important role in the development of structures in the 

visual system. In the lateral geniculate nucleus, axon terminals from retinal ganglion cells 

initially overlap extensively. Later in development, fibers from ipsilateral and 

contralateral eyes are segregated into distinct layers (Sretavan and Shatz, 1986). If, 

however, activity in the retinal fibers is blocked by the injection of tetrodotoxin into the 

vitreous humor, these fibers do not segregate as usual into eye-specific layers (Shatz and 

Stryker, 1988). Recent studies suggest that an induction of synaptic enhancement 
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dependent upon N-Methyl-D-aspartate (NMDA) receptor activation may mediate these 

effects of electrical activity on the segregation of retinal fibers (Mooney et aI., 1993). 

Similarly in the geniculocortical projections of the cat, blockade of activity with 

tetrodotoxin prevents the progressive segregation of these fibers that occurs postnatally 

resulting in the formation of ocular dominance columns with distinct boundaries (Stryker 

and Harris, 1986). Simultaneous firing of all axons in the optic nerves can also prevent 

this segregation of geniculocortical axons into distinct cortical columns whereas 

segregation proceeds normally when the two nerves are stimulated in an asynchronous 

manner (Stryker and Strickland, 1984). Thus, not only activity but the correct pattern of 

activity is critical. 

Constantine-Paton and her colleagues examined the role of electrical activity in the 

refinement of the retinotectal projections by grafting a third eye in frog embryos. 

Subsequently, ganglion cell axons from the extra eye grow into one tectum along with 

axons from the normal eye. Interestingly, the axons from the two eyes segregate from 

each other into eye-specific stripes. Blocking action potentials with tetrodotoxin or 

blocking glutamate receptors with NMDA antagonists results in a continued overlap of 

these fiber projections (Cline and Constantine-Paton, 1989; reviewed by Udin and 

Fawcett, 1990), suggesting that activity perhaps via NMDA receptor activation plays an 

important role in tectum development. 
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The Role of Gap Junctions 

Cells in the developing nervous system can communicate with each other by a second 

mechanism: gap junctions. Gap junctions not only couple developing cells electrically but 

also permit cytoplasmic exchange of small molecules. During the development of the 

visual system of the crustacean, Daphnia magna, growing retinular fibers trigger the 

differentiation of their synaptic targets, the laminar neurons (LoPresti et aI., 1973). 

Transient gap junctions have been found between these retinular fibers and the immature 

laminar neurons, suggesting that a signal passed between these cells via transient 

junctions may be responsible for target neuron differentiation (Lo Presti et aI., 1974). 

Gap junctions have also been observed between developing nerve and muscle cells in 

culture (Fischbach, 1972; Allen and Warner, 1991), suggesting a mechanism by which 

early signals can be transmitted. Although antibodies against gap junction proteins show 

widespread labeling of astrocytes in the vertebrate CNS, there is little labeling in regions 

where neurons are known to be coupled, suggesting neuronal gap junctions differ in their 

molecular composition (Dermeietzel et aI., 1989). In the future, efforts will likely be 

directed toward identifying neuron-specific gap junction proteins. While transient gap 

junctions have been found in several developing nervous systems, the role of gap junction 

communication is quite unclear. There is currently no direct evidence in any system that 

gap junctions playa role in neuronal differentiation (Allen and Warner, 1991; Bennett 

et aI., 1991) 
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The Role of Diffusible Factors 

Although electrical activity participates in the development of the neuromuscular 

junction, diffusible factors localized to sites of synaptic contacts between motor nerves 

and muscle have also been implicated in the development of nerve-muscle connectivity. 

The molecule, ARIA (Acetylcholine Receptor-Inducing Activity), increases the synthesis 

of the a-subunit of the acetylcholine receptor (Usdin and Fischbach, 1986). Factors may 

also regulate the switch of the 'Y (embryonic) and € (adult) subunits of the acetylcholine 

receptor. Although nerve activity is initially required to induce changes in €-subunit 

expression, continued expression of this subunit does not require activity and may be 

maintained by an as yet unknown diffusible factor (Martinou and Merlie, 1991). 

In some developing systems, evidence exists for a diffusible factor that beckons 

growing axons to their targets. A target-derived chemoattractant has been implicated in 

the guidance of spinal commissural axons to the midline floor plate cells, an intermediate 

target, in the developing chick spinal cord. An ectopically-placed floor plate deters 

commissural axons from their original pathway and axons project instead directly toward 

the grafted floor plate (Tessier-Lavigne and Placzek, 1991; Yamada et aI., 1991). 

Furthermore, when the floor plate is removed by a mutation in the mouse, many of the 

commissural axons grow along aberrant pathways, suggesting a role for the floor plate 

in axonal guidance (Bovolenta and Dodd, 1991). 

Target tissue in the developing nervous system can secrete substances that promote 

the survival of young neurons. The competition between growing axons for a limited 
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quantity of these neurotrophic factors in target tissue can help to specify the extent of 

synaptic innervation of the target. Nerve growth factor (NGF) , the best-studied 

neurotrophic factor, can rescue sympathetic neurons and certain sensory neurons from 

naturally occurring cell death during development (Levi-Montalcini, 1987), and provides 

trophic support for cholinergic neurons of the basal forebrain. Recently, the receptors for 

nerve growth factor have been isolated and include a proto-oncogene called trk 

(Hempstead et aI., 1991; Klein et aI., 1991), a tryrosine kinase that could effectively 

phosphorylate protein substrates downstream from receptor activation. Brain-derived 

neurotrophic factor (BDNF) and neurotrophin-3 (NT-3) are thought to be members of a 

small gene family, along with NGF, that encodes related proteins referred to as 

neurotrophins (Thoenen, 1991). BDNF and NT-3 also promote the survival of sensory 

neurons in culture but not sympathetic neurons. Of great interest, a recently identified 

factor synthesized by glial cells, called glial cell line-derived neurotrophic factor or 

GDNF, selectively promotes the survival and differentiation of dopaminergic cells (Lin 

et aI., 1993). This factor holds great potential as a treatment for Parkinson's disease 

where dopamine-producing cells typically degenerate. 

The precisely-timed exposure to steroid hormones regulates a number of important 

events in neural development in both vertebrate and invertebrate systems. Steroid 

hormones not only influence neurogenesis and neuronal differentiation in the vertebrate 

eNS but also induce the appearance of sex-specific behaviors, such as singing behavior 

in male songbirds (Konishi, 1989; Sengelaub et aI., 1989). The effects of the two steroid 
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hormones, juvenile hormone (m) and 20-hydroxyecdysone (20-HE), on neural patterning 

have been well-characterized in the moth Manduca sexta. Some larval neurons that 

innervate body wall muscles die in response to changes in ecdysteroid levels that 

accompany metamorphosis (Weeks and Truman, 1985). In contrast, other larval neurons 

persist even though their targets degenerate (Levine and Truman, 1985; Kent and Levine, 

1988). The regression and eventual re-expansion of the dendritic fields of these larval 

neurons is thought to be regulated by steroid hormones. Interestingly, in vitro analyses 

reveal that leg motoneurons grow more extensive processes in the presence of 20-HE in 

the culture medium, consistent with the in vivo observations (Prugh et al., 1992). Thus, 

hormonal cues contribute to the remodeling and reorganization of the nervous system that 

occurs during metamorphosis of the moth. These changes in neural patterns of 

connectivity are critical to the establishment of new adult behaviors including walking. 

The steroid hormone 20-HE also may be involved in the development of the moth 

olfactory (antennal) lobe but with less striking effects than described above. The moth 

antennal lobe also undergoes major morphological changes during metamorphosis that 

result in a pattern of distinct units called glomeruli. Results from experiments in cell 

culture to test the effects of 20-HE on neurite outgrowth show that a subset of neurons 

of the antennal lobe shows only limited changes in neurite branching in the presence of 

the hormone (Oland and Hayashi, 1993). Of interest in recent experiments, an antibody 

raised by Dr. Will Talbot against Drosophila ecdysone receptors intensely labeled the 
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nuclei of glial cells in the antennal lobe, suggesting that glia may be the targets of 

hormone in the lobe (unpublished observations). 

The Role of Recognition Molecules: Cell-surface and Extracellular Matrix Molecules 

Much current study is aimed at understanding mechanisms of the fourth type, where 

interactions between cells in the developing nervous system are mediated by recognition 

molecules present on cell surfaces or secreted into the extracellular matrix (Lander, 

1989). Recognition molecules include those molecules that mediate adhesive interactions 

as well as those molecules that are thought to be anti-adhesive. Several cell-surface 

molecules and extracellular matrix (ECM) molecules participate in various developmental 

events including cell migration, axon guidance, cell adhesion, and neurite outgrowth 

(Harrelson and Goodman, 1988; Bronner-Fraser, 1986a; Rathjen et aI., 1987; Patel et 

aI., 1987; Rutishauser et aI.,1988; Takeuchi, 1990; Reichardt and Tomaselli, 1991). 

These molecules are thought to allow neural cells to recognize other cells or substrates 

selectively and can lead either directly or indirectly to changes in gene expression and 

changes in cell shape, motility and function. An important feature of many of these 

molecules is that their pattern of expression changes during the course of development 

(Lander, 1989; Anderson, 1988). 

The best-studied cell recognition molecule is neural cell adhesion molecule or NCAM 

(Edelman and Crossin, 1991). A member of the immunoglobulin superfamily along with 

other vertebrate and invertebrate adhesive glycoproteins, NCAM mediates neuron-neuron 
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adhesion and fasiculation in a homophilic manner, that is, NCAM binds to itself (Grumet 

et aI., 1984, Keilhauer et aI., 1985). One of the striking features of NCAM is its degree 

of polysialylation (reviewed by Rutishauser, 1989). The embryonic form of NCAM 

contains more polysialic acid as compared to the adult forms. This increased extent of 

sialylation during embryogenesis is thought to modulate adhesive interactions that 

promote axon-axon fasiculation during nerve branching (Landmesser et aI., 1990) and 

to influence axon-pathfinding (Tang et aI., 1990). 

Another group of adhesive cell-surface proteins is the cadherins, a family of calcium

dependent molecules. Present on both neurons and non-neural cells, cadherins also 

interact in a homophilic manner (reviewed by Takeuchi, 1990). Numerous forms of the 

cadherins exist including N-cadherin, T -cadherin and L-cadherin. While we are just 

beginning to understand how adhesive events at the cell-surface affect internal signaling 

pathways, recent evidence suggests that N-cadherin associates with cytoplasmic proteins 

called a-catenins which, in tum, bind to cytoskeletal elements (Hirano et aI., 1992). This 

suggests a mechanism whereby interactions between N-cadherin molecules can influence 

intracellular events affecting cell shape and motility. 

Three well-studied adhesive molecules in Drosophila are members of the 

immunoglobulin superfamily: fasciclin II, fasciclin III, and neuroglian (reviewed by 

Hortsch and Goodman, 1991). Each molecule possesses the characteristic 

immunoglobulin domains, in common with the vertebrate molecules NCAM and L1. In 

vitro assays in which a non-adhesive cell line is transfected with c-DNA coding for these 
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molecules confirms that each of these Drosophila molecules can mediate cell-cell 

adhesion in a homophilic manner (Snow et aI., 1989; Grenningloh et aI., 1990). Thus, 

fasciclin II, fasciclin III and neuroglian share not only structural relatedness with NCAM 

and Ll but also functional similarities. The opportunity to use genetic analysis to study 

the function of these adhesive molecules in vivo makes Drosophila a very attractive 

model system. Genes coding for these molecules can be misexpressed, "knocked out" 

(e.g. loss-of-function), or overexpressed (e.g. gain-of-function) and the resulting mutant 

phenotypes then examined to determine the extent of disruption to nervous system 

development. While the genetic analysis of neuroglian and fasciclin III is underway, 

fasciclin II loss-of-function mutants show defects in growth cone guidance and selective 

fasciculation (Grenningloh et aI., 1991). 

In the developing retinotectal system, axons from retinal ganglion cells convey a 

topographical map of the retina as they disperse over the tectum. While electrical activity 

participates in refinement of this map, recent evidence also implicates cell recognition 

molecules as candidates for encoding positional information in the retinotectal system. 

Results from experiments using a unique tissue culture assay where membranes from 

anterior and posterior tectum are applied in alternating stripes on the substrate have 

suggested that retinal axons respond differentially to the tectal membranes. Temporal 

retinal axons grow on anterior tectal membranes, their preferred region of tectum in vivo, 

but actively avoid posterior tectal membranes (Walter et al.I987). The repellent 

component in the posterior tectum, a 33 kD membrane-bound glycoprotein, is found at 
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higher concentrations in posterior rather than anterior tectum, and is sensitive to 

phosphatidylinositol-specific phospholipase C, suggesting that the protein is linked to the 

membrane via a lipid anchor (Stahl et al., 1990). TOP (topographic) antigens are 

distributed in a gradient across the tectum and in this case, in a corresponding gradient 

across the retina (Trisler et al., 1981). Homophilic interactions between these TOP 

antigens in the retina and tectum are thought to occur, acting as a mechanism for 

establishing the retinotopic map. 

Evidence has accumulated over recent years to suggest that the ECM also participates 

in neurodevelopmental events that generate correct patterns of connectivity and cellular 

architecture. The ECM comprises three types of molecules: collagens, noncollagenous 

glycoproteins, and proteoglycans (reviewed by Sanes, 1989; Adams and Watt, 1993). Not 

only do various molecules comprise the ECM but multiple forms of these molecules add 

to the diversity of ECM constituents. Alternative splicing and post-translational 

modifications including glycosylation affect the manner in which ECM molecules interact 

with each other and with cells (Jones et al., 1986). Interactions between matrix 

components can expose or conceal cell binding sites, adding to the complexity of 

potential interactions involving ECM. Interestingly, the ECM has been shown to bind 

growth factors such as fibroblast growth factor (FGF) and transforming growth factor-fj 

(TGF-fj), acting as a local reservoir (reviewed by Nathan and Sporn, 1991; Ruoslahti and 

Yamaguchi, 1991). Growth factors in turn can increase the transcription of matrix 

components (Ingotz and Massague, 1986). 
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Extracellular matrix molecules in vivo and in vitro can provide attractive substrates 

for cell migration and process growth. Two well-known glycoproteins of the extracellular 

matrix, laminin and fibronectin, provide generally permissive substrates for neurons and 

are present in many regions of the developing nervous system (Reichardt and Tomaselli, 

1991; Sanes, 1989). Integrins, cell-surface glycoproteins expressed by neurons and glial 

cells, are thought to be the primary receptors for laminin, fibronectin, thrombospondin 

and some collagens (Hynes, 1987, 1992). Antibodies against integrin {31 subunit interfere 

with neural crest cell migration in vivo (Bronner-Fraser, 1986b). In Drosophila, 

mutations in subunits of integrins or position-specific (PS) antigens lead to the abnormal 

development of wings, eyes, and muscle (Brower and Jaffe, 1990; Zusman et aI., 1990). 

Fibronectin has not yet been clearly identified in Drosophila (Hortsch and Goodman, 

1991) although laminin has been isolated recently and is structurally quite similar to 

vertebrate laminin (Montell and Goodman, 1988). A laminin-related protein, UNC-6, in 

the nematode worm, C. eiegans, also shows strong similarities to vertebrate laminin 

(Ishii et aI., 1992). Mutations in UNC-6 disrupt the migration of growing axons along 

circumferential pathways on epidermal cells (Hedgecock et aI., 1990). It is not yet clear 

whether UNC-6 is secreted by the epidermis or target cells. 

Not only electrical activity and diffusible factors contribute to the development of the 

neuromuscular junction, but molecules embedded in the muscle basal lamina also are 

thought to participate in the assembly of the junctional architecture. A special type of 

laminin, s-laminin, has been specifically localized to synaptic basal lamina (Hunter et aI., 
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1989). S-!aminin may act as a signal for axon termination as it promotes adhesive 

contacts with neurons in vitro. Another molecule, agrin, can specifically induce the 

clustering of acetylcholine receptors even in the absence of nerve activity (Fallon et aI., 

1985; Reist et aI., 1992). The agrin responsible for these clustering effects is found in 

the basal lamina at the nerve-muscle synapse and is synthesized by motor neurons (Ruegg 

et aI., 1992). Agrin may exert its effects by a mechanism that includes other extracellular 

matrix molecules such as heparan sulfate proteoglycan (Gordon et aI., 1993). 

The extracellular matrix molecule tenascin has received considerable attention in a 

number of developing systems (reviewed by Chiquet et aI., 1991; Perez and Halfter, 

1993; Steindler et aI., 1990; Crossin et al., 1989). Tenascin is a multimeric ECM 

glycoprotein, expressed in many tissues including the developing nervous system. Also 

known as cytotactin, hexabrachion, GMEM, and J1/tenascin, tenascin contains a number 

of subunits, composed of fibronectin type III repeats, epidermal growth factor-like 

repeats, and a globular domain similar to fibrinogen, that are held together at a central 

core by di-sulfide bonds (Jones et aI., 1989; Weller et aI., 1991). Tenascin is of 

particular interest as it appears to be a multifunctional molecule. For some cell types, 

tenascin promotes neurite growth in culture (Werhle and Chiquet, 1990; Husmann et aI., 

1992; Lochter et aI., 1991) and for other cells, tenascin appears to restrict process 

extension (Perez and Halfter, 1993; Faissner and Kruse, 1990). Specific antibodies and 

studies using proteolytic fragments have localized cell-binding and anti-adhesive sites to 

different domains of the tenascin molecule (Spring et al., 1989; Jones et al., 1989; 
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Lochter et aI., 1991; Prieto et aI., 1992). The range of cellular responses to tenascin 

could, of course, be influenced by other molecules in the ECM that are thought to bind 

tenascin, including fibronectin (Chiquet-Ehrismann et aI., 1988), some collagens 

(Faissner et aI., 1990), and chondroitin sulfate proteoglycan (Faissner, 1988; Crossin et 

aI., 1989). 

Tenascin has been proposed to playa role in the developing barrel field of the mouse 

somatosensory cortex (Steindler et aI., 1989b; Steindler et aI., 1990). Here, distinct 

cortical barrels line up in rows and columns corresponding one to one with whiskers on 

the mouse's snout (Woolsey and Van der Loos, 1970). Glial and cortical neuron cell 

bodies populate the barrel walls while arborizations of thalamocortical axons and cortical 

neuron dendrites as well as some glia fill barrel hollows. Prior to the arrival of the 

thalamocortical axons, tenascin appears to be uniformly distributed across the barrel 

cortex (Steindler et aI., 1989a; Crossin et aI, 1990; Shepphard et aI., 1991). During early 

stages of postnatal development, thalamocortical axons arrive just prior to the expression 

of the ECM molecule, tenascin and peanut agglutinin-binding localized to prospective 

barrel walls (Steindler et aI., 1990; Crossin et aI., 1989). Tenascin immunoreactivity 

and PNA binding decrease as the barrels mature. Removal of a row of whiskers results 

in absence of tenascin immunoreactivity and PNA binding (Steindler et aI., 1989a; 

Crossin et al., 1989) in the corresponding cortical row which is devoid of barrel units 

(Van der Loos and Woolsey, 1973). The results of these experiments have led Steindler 

and colleagues to suggest that tenascin and other molecules, such as chondroitin sulfate 
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proteoglycan, are in a position to constrain axonal arborizations and growing dendrites 

to barrel hollows until synaptic stabilization occurs. Thus, just as cell recognition 

molecules are thought to be involved in the topographic mapping of visual space upon 

the developing tectum, similar molecules may participate in the distribution or 

organization of somatosensory input onto the barrel cortex. 

The role of extracellular matrix proteins in cell migration has been recently studied 

in the developing cerebellum, where granule cells migrate along Bergmann glia through 

the molecular layer to their final positions in the internal granule layer. Many ECM 

molecules and cell-surface molecules have been localized to the developing cerebellum, 

including Ll, astrotactin, tenascin, thrombospondin, and chondroitin sulfate proteoglycan 

(Husmann et aI., 1992; Hoffman et aI., 1986; Chuong et aI., 1987; O'Shea et aI., 1990; 

reviewed by Hatten, 1993). Furthermore, antibodies against Ll, astrotactin, tenascin, 

and thrombospondin specifically block granule cell migration, suggesting that these 

molecules participate in the migration process. 

Most studies have focused exclusively on the growth-promoting properties of cell

surface and ECM molecules and only recently has interest been sparked in the role that 

inhibitory molecules may play in the patterning of the nervous system (reviewed by 

Schwab et aI., 1993). During development in chick, neural crest cells and motor axons 

avoid the posterior somite, migrating instead through the anterior somite. Studies have 

focused on identifying the potential inhibitory molecules that may be differentially 

distributed in anterior and posterior somites. Two membrane-bound glycoproteins from 
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posterior somites have been isolated recently that greatly reduce the extent of neurite 

growth in culture (Davies et aI., 1990). Further characterization of these molecules and 

others that may define inhibitory territories for cell migration and axonal extension is 

likely to be forthcoming. 

A large body of evidence supports the notion that inhibitory molecules associated with 

oligodendrocytes interfere with regeneration in the eNS (reviewed by Schwab et aI., 

1993). Two membrane-bound proteins, called NI-35 and NI-250, have been shown to 

specifically inhibit the regeneration of transected corticospinal fibers (Schnell and 

Schwab, 1990). This elegant work has led Schwab and colleagues to examine whether 

NI-35 and NI-250 may also playa role in axon guidance in the developing corticospinal 

tract and in the retinotectal pathway. In both examples, the application of blocking 

antibodies directed against the two inhibitory proteins causes growing fibers to invade 

territories they normally would not enter (Schwab and Schnell, 1991). The combined 

results from experiments in regenerating and developing systems suggests that NI-35 and 

NI-250 restrict nerve fibers to particular regions (Schwab et aI., 1993). 

In summary, there are a variety of mechanisms by which cells communicate with each 

other during neural development to accomplish their primary tasks, including generating 

cells at their correct positions, routing axons to their distant targets, and forming precise 

synaptic connections within a particular dendritic field. 
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Specific Background on the Olfactory System of an Insect 

In some developing systems, direct interactions between neurons have been found to 

be sufficient to produce appropriate patterns of cellular morphogenesis and synaptic 

connectivity (Lo Presti et aI., 1973, 1974; Katz and Constantine-Paton, 1988). This may 

not hold true for most systems, however, where additional interactions seem to be 

necessary. In fact, in a few systems, glial cells seem to be involved. In general, glial 

cells are no longer relegated to purely passive roles in neural development. Glial cells 

have long been known to act as guides for migrating neurons (reviewed by Rakic, 1990). 

Recent studies, however, suggest that glia also can serve as cellular boundaries, 

preventing the crossing of growing axons (Snow et aI., 1990a, 1990b). In the lateral 

geniculate nucleus, glial cells have been suggested to playa role in segregating retinal 

afferents into specific laminae (Hutchins and Casagrande, 1988, 1990). 

Several years ago it was proposed that glial cells serve as intermediaries in 

interactions between sensory axons and their target neurons during the development of 

the olfactory (antennal) lobe in the moth brain (Oland et aI., 1988). It has been possible 

to directly test the hypothesized importance of glial cells in the antennal lobe by 

removing them at critical times during development (Oland and Tolbert, 1988; Oland et 

aI., 1988), in contrast to the difficulty of performing similar manipulations in other 

developing systems. The results of these experiments and others show that interactions 

between neurons and glial cells are critical for the elaboration of characteristic 

morphological patterns in the antennal lobe during neural development. 
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Advantages of the moth olfactory system 

The olfactory system of the moth Manduca sexta serves as an excellent model system 

for the study of how cells communicate with each other during development of the 

nervous system to effect morphogenesis. First, the adult olfactory system develops 

postembryonically, during metamorphosis from the larva to the adult moth. A number 

of reorganizational events occur in the nervous system during this transition period. Some 

cells are born, some die, and others are remodeled to serve adult functions (reviewed by 

Weeks and Levine, 1990). Like other regions of the moth nervous system, the olfactory 

system also undergoes reconstruction in preparation for adult behaviors that require 

enhanced odor sensitivity and discrimination. Most obviously, there is a dramatic change 

in the morphological organization of the moth olfactory (antennal) lobe during 

metamorphosis. A compartmentalized neuropil emerges, generated by a complex 

interplay between the cellular components of the lobe. 

This leads to a second advantage provided by the moth olfactory system. Extensive 

information is available about the cells that contribute to the mature lobe (reviewed by 

Hildebrand, 1985; Homberg et aI., 1989) and the particular cellular interactions that 

occur during development, leading to the formation of the adult pattern of glomeruli 

(Tolbert and Oland, 1990; Oland et aI., 1990). The lobe comprises primarily three cell 

populations: (1.) sensory neurons, located in the moth's antenna, that project their axons 

to the lobe and induce the formation of glomeruli; (2.) glial cells that migrate to form 
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nearly complete envelopes around glomeruli in response to the arrival of the sensory 

axons; and (3.) antennal-Iobe neurons that branch in a characteristic tufted fashion within 

glial-bordered glomeruli. It is clear from previous studies that interactions between 

sensory axons and glial cells are required to produce glomeruli. It is hypothesized that 

interactions between glial cells and antennal-Iobe neurons could, in tum, be responsible 

for generating glomerular patterns of branching of the antennal-Iobe neurons. 

A third advantage is that the cells that populate the antennallobe are easily accessible 

and amenable to various surgical manipulations. For example, sensory input to the lobe 

can be eliminated simply by removing the presumptive antennal tissue at very early 

stages of development. Unlike the vertebrate olfactory bulb, the moth olfactory lobe 

develops in the absence of sensory input. Additionally, it is a straightforward task to 

remove and dissociate specific cell populations of the lobe and place these cells into 

culture, where cell-cell and cell-substrate interactions can be studied in the absence of 

the complex in vivo environment. 

Development of the antennal lobe 

The development of the adult antennal lobe occurs during the process of 

metamorphosis, which spans approximately 18 stages, roughly equivalent to a total of 18 

days. As a larva, the moth possesses a rudimentary olfactory system that suffices for 

larval behaviors, including feeding. But as the larva becomes transformed into an adult, 

dramatic changes take place in the overall organization of the moth's body plan as well 
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as the nervous system. The olfactory system, in particular, undergoes renovation that is 

characterized by the birth of new neurons and glial cells, numerous morphogenetic 

movements, and cell differentiation. These changes provide the adult moth with enhanced 

odor sensitivity and discrimination abilities, critical for the accomplishment of odor

mediated flight (reviewed by Arbas et al., 1993). The development of the moth olfactory 

system during metamorphosis will be described in detail to provide a foundation for the 

present work. 

At stage 2 of adult metamorphic development, sensory neurons are born from 

imaginal disc tissue located at the base of each prospective antenna (Sanes and 

Hildebrand, 1976). These sensory neurons (numbering approx. 300,000) eventually serve 

as detectors of odors. Axons from the sensory neurons travel along the antennal nerves 

to the central nervous sysem of the moth, specifically to the bilateral antenna I lobes 

which lie on the anterior surface of the brain. Prior to the arrival of sensory axons, each 

antennallobe contains a uniformly-textured neuropil composed of the branching processes 

of the antennal-Iobe neurons, the targets of the antennal axons (Tolbert et al., 1983; 

Oland and Tolbert, 1987). The antennal-Iobe neurons are located in three clusters 

(lateral, medial, anterior) that lie near the periphery of each lobe. These eNS neurons 

are divided into two major classes: local interneurons and projection neurons. The 

processes of the local interneurons are confined to the lobe while the projection neurons 

have their processes in the lobe and also send axons to higher brain centers (reviewed 

by Hildebrand, 1985). Additionally, the lobe neuropil is surrounded almost completely 
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by a rind of glial cells (Tolbert et aI., 1983; Oland and Tolbert, 1987). 

The first sensory axons arrive in the lobe at stage 4 of development and others 

continue to arrive until approximately stage 9 (Oland and Tolbert, 1987). Upon their 

arrival, the sensory axons dive underneath the glial border and begin to course around 

the neuropil, forming a layer between the glial cells and the neuropil (Oland et aI., 

1990). At stage 5 of development, the terminal arbors of the axons begin to coalesce to 

form dense knots called protoglomeruli (Oland et aI., 1990). Once protoglomeruli have 

formed, glial cells extend their processes and migrate to surround them during stage 6 

of development. The growing processes of the antennal-Iobe neurons begin to invade the 

protoglomeruli where they synapse with the sensory axons and with each other. As the 

lobe matures, the glomeruli become larger, encompassing the newly arriving axons and 

tufted neurites of the antennal lobe neurons. The basic organization of the adult lobe, 

however, is essentially similar to its design at stage 7. 

Because the arrival of sensory axons to the lobe prompts numerous changes in cell 

movements and morphology, it became important to examine the development of 

glomeruli in the absence of sensory axons. If sensory axons to the lobe are necessary to 

induce the formation of glomeruli, absence of sensory innervation should prevent 

formation of glomeruli. When sensory axons were removed early in development (stage 

1) and were prevented from reinnervating the lobe, the lobe neuropil failed to become 

organized into glomerular units (Hildebrand et aI., 1979; Oland and Tolbert, 1987). The 

glial cells continued to divide but did not migrate inward and instead remained piled 
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around the neuropil in an immature configuration (Oland and Tolbert, 1987). Many of 

the antennal-Iobe neurons did not display their characteristic tufted arbors but branched 

in a diffuse manner (Oland et aI., 1990). Thus, sensory axons are required for the 

construction of glomeruli in the lobe. 

Because glial cells migrate in response to sensory axons, the next test was to 

determine whether glial cells were required for the formation of glomeruli by removing 

glial cells from the lobe (Oland et aI., 1988; Oland and Tolbert, 1988). Three-quarters 

of the population of glia were removed by using either the anti-mitotic agent hydroxyurea 

or irradiation. These experiments were performed when glial cells began their cell 

divisions, but after the neurons had completed their final mitoses, to ensure that the 

numbers of neurons would be normal. The results of these experiments show that, in the 

absence of glial cells, glomeruli again do not form, even in the presence of sensory 

axons. The branching patterns of the antennal-Iobe neurons are aglomerular in form and 

are quite similar to those described above, when sensory axons were absent. Thus, not 

only are sensory axons required to generate glomeruli, but glial cells also are necessary. 

Sensory axons interact with glial cells, and glial cells are hypothesized to interact in turn 

with target neurons to generate the pattern of glomeruli during development (Tolbert and 

Oland, 1989). Oland and Tolbert (1989) hypoothesized that glial cells act as necessary 

messengers of developmental instructions between the sensory axons and the antennal

lobe neurons. Of course, this does not exclude the possibility of direct interactions 

between sensory axons and antennal-Iobe neurons (Malun et al., 1993). 
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While previous studies have provided extensive information on a cellular level about 

the development of the antennal lobe, the challenge in the current work was to begin to 

unravel the molecular mechanisms underlying specific cellular interactions in the 

developing antennal lobe. Extracellularly recorded spontaneous activity within the 

antennal nerve becomes detectable only at stage 9 and remains very low until stage 14 

(Oland and Tolbert, unpublished observations). Thus, spiking activity is not likely to play 

a role in the development of the lobe, although we cannot rule out the possibility that 

very low levels of spontaneous activity are significant. Ultrastructural analyses identify 

few specialized contacts such as gap junctions by which signals could be exchanged 

between neurons and glia (Oland et aI., 1990). Other current studies focus on whether 

the steroid hormone ecdysone or the neurotransmitter serotonin influences antenna I lobe 

development (Oland and Hayashi, 1993; Sun et aI., 1993). Soluble factors from the 

antennal nerve also may play a role in the development of the glomerular pattern. In 

addition, cell-surface or extracellular matrix-bound molecules are strong candidates for 

involvement in the cell interactions that underly the formation of glomeruli. 

The present investigation examines a potential role for molecules similar to the ECM 

molecule tenascin in the development of the glomerular pattern in the antennal lobe of 

the moth. The pattern of expression of peanut agglutinin-binding molecules is also 

analyzed, to identify other developmentally regulated molecules that may participate in 

patterning of the nervous system. 
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1. To determine the cellular localization and temporal pattern of expression of moth 

molecules in the developing antennallobe labeled by antibodies raised against mammalian 

tenascin and by the lectin, peanut agglutinin (PNA). 

2. To analyze whether the spatiotemporal pattern of expression of the labeled molecules 

is affected by the presence of sensory input to the lobe. 

3. To examine the potential effects of tenascin on the development of antennal lobe 

neurons, using cell culture methods. 

Aim #1 is important because a clear understanding of the spatiotemporal pattern of 

antibody and PNA binding is necessary to generate testable hypotheses about the potential 

functions of these labeled molecules in neural development. Because the cellular 

morphology of the lobe clearly changes in response to the ingrowth of sensory axons, 

aim #2 evaluates whether changes in molecular patterns occur in the presence of sensory 

input. If so, this would suggest that sensory axons could be responsible for inducing 

these changes. Aim 3 addresses the primary goal of this work: Do tenascin-like 

molecules have effects on the morphological development of neurons in the antenna I 

lobe? Could tenascin-like molecules mediate neuron-glia interactions in the lobe? The 

elucidation of the function of these molecules using a relatively simple and 

experimentally accessible model system will likely enhance our understanding of cellular 

and molecular mechanisms common to all developing nervous systems. 
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The spatiotemporal localization of antibody- or PNA-binding molecules allows 

correlations to be made with specific developmental events in the lobe and can suggest 

possible functions for these labeled molecules. Tests of the functional properties of these 

molecules often include in vitro assays. The results of these assays can indicate whether 

particular molecules may participate in cell-cell interactions in vivo. For this work, 

specialized in vitro assays are used to evaluate the potential function of tenascin in the 

developing antennallobe. 



CHAPTER 2: Spatiotemporal Pattern of Expression of Tenascin-like 
Molecules in a Developing Insect Olfactory System 

Introduction 

36 

During neural development, interactions between cells (Jessell, 1988) and between 

cells and the surrounding extracellular matrix (Reichardt and Tomaselli, 1991; Sanes, 

1989; Adams and Watt, 1993) are required to generate precise patterns of cellular 

architecture and synaptic connectivity (McClay and Ettensohn, 1987; Banerjee and 

Zipursky, 1990; Landmesser et aI., 1990). Cell-surface molecules (e.g. NCAM, 

cadherins, fasciclins, Ll, integrins) and extracellular matrix (ECM) molecules (e.g. 

laminin, fibronectin, tenascin, proteoglycans), in particular, are thought to participate in 

cellular interactions that promote cell migration (reviewed by Lallier and Bronner-Fraser, 

1990, and Hatten et aI., 1990), axon guidance and fasciculation (Bieber et aI., 1989; 

Snow et aI., 1989; Landmesser et aI., 1990; Seeger et aI., 1993; Oakley and Tosney, 

1991), and process elaboration or inhibition of neurite growth (reviewed by Reichardt 

and Tomaselli, 1991; Lander, 1989; Caroni and Schwab, 1988a, 1988b; Pindzola et aI., 

1993). 

While most of these cell-surface and ECM molecules were first identified in 

vertebrates, similar molecules also have been found in Drosophila as well as other 

invertebrates (reviewed by Hortsch and Goodman, 1991; Ishii et aI., 1992; Wang and 

Denburg, 1992). Based on sequencing information and structural homologies, several 
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vertebrate and invertebrate molecules are thought to be members of larger gene families. 

For example, the vertebrate adhesive molecules NCAM and L1 belong to the same 

immunoglobulin superfamily as three well-characterized adhesive molecules in 

Drosophila: fasciclin II, fasciclin III and neuroglian. ECM molecules similar to 

vertebrate counterparts have also been identified in developing invertebrate nervous 

systems (Montell and Goodman, 1988; Ishii et aI., 1992). Drosophila laminin bears 

striking similarity to vertebrate laminin in sequence homology and in the overall 

organization of its structural domains (reviewed by Hortsch and Goodman, 1991). Thus, 

as many of these cell-surface and ECM molecules possess common structural features 

and similar functions, it is likely that their study in invertebrate as well as vertebrate 

nervous systems will yield information that can apply to many if not all developing 

nervous systems. 

Tenascin, an extracellular matrix molecule isolated from mouse, chick and human, 

is a multimeric glycoprotein composed of di-sulfide-linked subunits that range in 

molecular size from 190-250 kD (Kruse et aI., 1985; Chiquet-Ehrismann et aI., 1986). 

Two lower molecular weight forms (160-180 kD) were previously identified as tenascin 

but are considered to be distinct from the higher molecular weight subunits (Pesheva et 

aI., 1989; Faissner et aI, 1988) and are now called janusin (Fuss et aI., 1993). Tenascin 

and janusin share common structural domains and show 65 % sequence homology (Fuss 

et aI., 1993). Previously isolated by a number of laboratories, tenascin is also known as 

J1/tenascin (Kruse et aI., 1985), cytotactin (Grumet et aI., 1985), hexabrachion (Erickson 
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and Inglesias, 1984), glial-mesenchymal extracellular matrix (GMEM) protein (Bourdon 

et al., 1983) and chick myotendinous antigen (Chiquet and Fambrough, 1984a, 1984b). 

Tenascin is expressed in various vertebrate tissues, including the nervous system, 

primarily during development, while it appears at low levels in adult tissues (reviewed 

by Erickson and Bourdon, 1989). Tenascin-like immunoreactivity can be re-expressed 

in regenerating nerve and at denervated muscle (Gatchalian et al., 1989; Mege et al., 

1992; Martini et al., 1990) and in injured brain (Laywell et al., 1992). In addition, 

tenascin-like molecules of approximately 200-300 kD have been reported recently in the 

leech (Masuda-Nakagawa and Wiedemann, 1992; Masuda-Nakagawa and Nicholls, 

1991). These molecules apparently are apparently structurally similar but not identical 

to mammalian tenascin. Drosophila also possesses tenascin-like molecules (Chiquet

Ehrismann, personal communication). 

Results from studies demonstrating the distribution of tenascin and its potential 

functions in the developing vertebrate systems piqued my interest in a possible role for 

tenascin-like molecules in the developing insect olfactory system. Specifically, tenascin

like immunoreactivity has been localized to cellular boundaries around distinct units of 

neuropil during development in another obviously compartmentalized system, the 

somatosensory cortex barrel field. Here immature astrocytes in the barrel boundaries 

express tenascin-like immunoreactivity upon arrival of thalamocortical afferents to the 

developing barrel cortex (Steindler et al., 1990; Steindler et al., 1989a; Crossin et al., 

1989; Ihaveri et al., 1991). This tenascin-like immunoreactivity decreases as the barrel 
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field matures (Steindler et aI., 1989a, Crossin et aI., 1989). The results of these and 

other studies have led Steindler and colleagues (Steindler et aI., 1990; Steindler et aI., 

1989b) to suggest that glial boundaries around developing barrels act as barriers to 

neurite growth, helping to stabilize these emerging neuronal units prior to synapse 

formation. Tenascin-like immunoreactivity also appears along the developing retinotectal 

pathway where tenascin has been suggested to restrict growing axons to their correct 

route toward the tectum (Perez and Halfter, 1993). 

Here, I focus on whether molecules similar to tenascin playa role in the development 

of the olfactory (antennal) lobe of the brain of the moth Manduca sexta. During antenna I 

lobe development, sensory axons, glial cells, and CNS neurons interact to produce a 

striking patterned neuropil comprising distinct spheroidal units called glomeruli (Tolbert 

and Oland, 1989; Oland et aI., 1988; Oland and Tolbert, 1988; Oland et al., 1990). 

Glomeruli are easily recognizable structures found virtually in every olfactory system 

(reviewed by Shepherd, 1972; Graziadei and Monti Graziadei, 1986; Boeckh et aI., 

1990). In the moth, glomeruli comprise the terminal arborizations of sensory axons and 

their synaptic partners, the antennal-Iobe neurons, and are nearly completely bordered 

by glial cells. The arrival of sensory axons in the lobe induce the formation of glomeruli 

(Oland and Tolbert, 1987; Oland et aI., 1990). Glial cells, readily distinguished at both 

the light and electron microscopic levels, also are thought to playa crucial role in the 

construction of glomeruli. Oland and Tolbert have shown that glial cells respond to 
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sensory axons by migrating to surround the newly-formed protoglomeruli (Oland and 

Tolbert, 1987) and are necessary for glomerular units to form (Oland et aI., 1988; Oland 

and Tolbert, 1988). 

For the present study, I have used antibodies against human and mouse tenascin 

(Faissner, personal communication; Faissner and Kruse, 1990) to determine the spatial 

and temporal distribution of tenascin-like immunoreactivity in the moth, using 

immunocytochemical and biochemical methods. I provide evidence that molecules 

antigenic ally similar and comparable in molecular size to mammalian tenascin are present 

in the developing antennal lobe, and suggest that these molecules may participate in 

several possible ways in the construction of a glomerular neuropil. Some of these results 

have been published in abstract form (Krull et aI., 1991; Krull et aI., 1992). Chapter 3 

presents evidence that tenascin influences the branching patterns of antennal lobe 

neurons growing in vitro, thus supporting the hypothesis that glial cells actively 

participate in the formation of a glomerular pattern. 

Materials and Methods 

Animals 

Manduca sexta were reared on an artificial diet in the departmental insect rearing 

facility. Pupae were staged by following changes in structures visible immediately under 

the pupal cuticle (Tolbert et ai, 1983; Oland and Tolbert, 1987). Metamorphic adult 

development spans 18 stages, with each stage lasting approximately one day. 
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To produce animals deprived of sensory input or "deantennated II animals, the 

antennal anlagen were removed shortly after the larval-pupal molt, before antennal 

sensory neurons were born. An opening was made into the antenna I cuticle, the 

presumptive antennal tissue was scraped away, and the antennal trough was then plugged 

with melted wax, as described previously (Oland and Tolbert, 1987). Input from the 

labial pit organ which contributes sensory axons to only a single glomerulus (Kent, 1985) 

remained intact. 

Antibodies 

Polyclonal antibodies against mouse tenascin (KAF-9) and against human tenascin 

(KAF-10; Faissner, personal communication) were used in these experiments. The KAF-

9 antibody has been characterized in detail elsewhere (Faissner and Kruse, 1990). 

Briefly, KAF-9 antibody, raised against mouse CNS tenascin, specifically recognizes the 

200 and 220 kD forms of mouse CNS tenascin, but not laminin, fibronectin, or the 160 

and 180 kD forms of tenascin, more recently named janusin (Fuss et al., 1993). KAF-9 

antibody is nonreactive with immunoglobulin superfamily members L1, myelin-associated 

glycoprotein (MAG), and NCAM, but does react with chicken tenascin. KAF-9 

precipitates the major tenascin component from detergent extracts or supernatants of 

mouse CNS astrocytes or mouse embryonic fibroblasts labeled with [35S] methionine , 

confirming antibody specificity. 
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Preparation of mouse tenascin 

Mouse CNS tenascin was prepared from postnatal (PO-PI5) mouse brains according 

to a previously described protocol (Faissner and Kruse, 1990) and graciously provided 

by Dr. Andreas Faissner. Mouse CNS tenascin consists of a mixture of proteins with 

molecular weights of 190 - 250 kD as determined by SDS-PAGE. For this work, mouse 

CNS tenascin was used as a standard in Western blot analysis and in two preabsorption 

control experiments, as described below. 

Immunocytochemistry 

For viewing of tissue at the light microscopic level, animals were anesthesized by 

cooling on ice and brains were removed and fixed in 4% paraformaldehyde in O.IM 

phosphate buffer for 4-12 hours. After sequential immersion in 10%, 20%, and 30% 

sucrose, brains were sectioned on a cryostat at 16 ""m and applied to gelatin-coated 

slides. Sections containing antennallobes then were washed twice for 10 minutes each 

in O. 02M phosphate buffered saline (PBS; pH 7.4) and were blocked with 2 % normal 

goat serum (NGS) in PBS for 1 hour. KAF-lO antibody was diluted 1:100 in 1 % NGS 

in PBS and incubated overnight on sections at 4°C. Sections were then washed twice for 

10 minutes each with PBS containing 0.05% Tween (PBST) and once for 10 minutes 

with PBS. Antibody binding was visualized by rhodamine-conjugated goat antibodies to 

rabbit IgG (Jackson Immunoresearch Lab) that had been diluted 1: 100 in 1 % NGS in 

PBS and applied to sections for 1 hour. Following incubation in secondary antibody, 
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sections received two lO-minute washes in PBST and two lO-minute washes in PBS. 

Mounting medium (80% glycerine in 5mM carbonate-bicarbonate buffer, pH 9.4) was 

then applied and sections were covers lipped and viewed on a Zeiss inverted microscope 

or a Leitz upright microscope, using fluorescence optics. 

For a few experiments, brains were fixed as described above, embedded in 7% 

agarose and sectioned at 50 j.tm using a vibratome. Sections were treated with KAF-9 or 

KAF-I0 antibodies as described above; the washes in PBS or PBST were extended to 15 

minutes each. After the final wash, sections were dehydrated in an ethanol series and 

then placed in methyl salicylate. These antibody-labeled sections were then viewed using 

a Biorad MRC-600 confocal microscope with krypton/argon laser. Single optical sections 

were taken to compare the pattern and intensity of labeling using KAF-9 and KAF-lO 

antibodies and to examine the subcellular distribution of antibody labeling. 

To determine antibody specificity, two sets of control experiments were performed. 

Control sections through antenna I lobes at all stages of development tested were treated 

as above except the primary antibody was omitted. In a second set of experiments, 

purified mouse CNS tenascin (15 j.tg/ml) was incubated with KAF-lO antibody overnight 

in 1 % NGS in PBS at 4°C. The preabsorbed antibody was then applied to cryo-sectioned 

antennallobes for immunocytochemistry, as described above. 

Western blot analysis 

For the analysis of antennal-Iobe proteins, whole brains at different stages of 
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development were dissected, the perineurial sheath removed, and the antennal lobes 

collected. The cellular constituents of these lobes included: (1) antennal-Iobe neurons 

whose cell bodies lie in three clusters, and cell-body associated glia; (2) neuropil

associated glial cells that form borders around glomeruli; and (3) cut axons (with 

peripheral nerve glia) of sensory neurons whose cell bodies are located in the periphery 

in the moth's antenna. Antennal-Iobe proteins were extracted, as described by Martini 

et aI., (1990), in a urea-based buffer consisting of 2 M urea, 2 mM EDTA, 2 mM 

EGTA, and 10 mM Tris HCI, pH 8.5, supplemented with a cocktail of protease 

inhibitors (5 mM benzamidine HCI, 100 mM aminocaproic acid, 0.1 mM iodoacetamide, 

10 p,g/ml soybean trypsin inhibitor, 5 p,g/ml aprotinin, 1 mM PMSF, 1 p,g/ml 

macroglobulin, 1 p,M pepstatin, 1 p,M leupeptin, 10 p,g/ml turkey trypsin inhibitor). 

Following freeze-thaw 3X and sonication for 4 minutes, the tissue sample was maintained 

for 30 minutes at 4°C on a rotator. After centrifugation for 5 minutes at 1O,000g, the 

supernatants were removed, frozen in liquid nitrogen, lyophilized and stored at -800C. 

For SDS-PAGE, samples were taken up in pre-warmed 2X SDS sample buffer (0.125 

M Tris base, 20% glycerol, 10% 2-mercaptoethanol, 4.6% SDS), boiled for 4 minutes 

and centrifuged at 1O,000g for 5 minutes. Approximately equivalent amounts of protein 

(35 p,g) were loaded in each sample lane, as quantified by the Micro-BCA assay (Pierce). 

Samples were separated by SDS-PAGE (Laemmli, 1970) using 8% acrylamide in the 

separating gel. Proteins were transferred to polyvinylidene difluoride (PVDF) membrane 

(Biorad, Immobilon) and the membrane was placed in 10% BSA in PBS for three hours 



45 

at room temperature to block non-specific antibody binding. Primary antibody KAF-9 or 

KAF-lO was applied to the membrane for 18 hours at a dilution of 1:1000 in 1 % 

BSA/PBST at room temperature, followed by three 30-minute washes in PBST. 

To detect antibody binding, [1251]-protein A (ICN; specific activity: 90.7mCi/mg, used 

at 1.3uCi/lOml 1 % BSA in PBST) was applied to the membrane and incubated for 2 

hours at room temperature. After four 30-minute washes with PBST, the membrane was 

dried at room temperature and exposed for 2-3 days to X-ray film with an intensification 

screen at -80°C. 

Control lanes were treated as described above except the primary antibody was 

omitted. Control lanes were initially processed for each stage of development tested, and 

each showed no immunoreactivity. For all subsequent experiments, one control lane 

consisting of stage-18 antennallobe proteins was processed. Biotinylated high molecular 

weight standards (Biorad) were also used in each experiment and were visualized using 

avidin-conjugated alkaline phosphatase (Vector). 

For use as a standard in Western blot analysis, purified mouse CNS tenascin was 

frozen in liquid nitrogen, lyophilized and then placed in 2X SDS sample buffer and used 

at 0.5-2 IJ-g of tenascin per lane. For preabsorption experiments, purified mouse CNS 

tenascin was frozen in liquid nitrogen, lyophilized and then added to KAF-lO antibody, 

diluted 1: 1000, and incubated overnight at 4°C, yielding a 15 IJ-g/ml concentration of 

tenascin. The preabsorbed antibody was applied, as described above, to sample lanes of 

antennal-Iobe proteins from stage-18 animals. 
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ELISA 

Antennal lobes were desheathed and dissected away from brains of animals at stages 

3, 5, 7, 12, and 18 of adult metamorphic development. These lobes comprised the same 

cells described in the Western blot analysis protocol (see above). Lobes were placed 

immediately on dry ice and stored at -80DC until sufficient numbers of samples were 

collected (up to one week). Lobes were then homogenized in a buffer consisting of 0.02 

M PBS with 1.5 mM EDTA and 1 mM PMSF (pH 8.5). The total protein concentration 

of each sample was determined using a Micro-BCA assay (Pierce). Homogenized samples 

were serially diluted and applied to duplicate wells of a 96-well microtiter plate and 

incubated for 3 hours at 37DC on a rotator. Following a 5-minute wash with PBST, wells 

were blocked with 1 %NGS in PBS for 1 hour. After another PBST wash, KAF-lO was 

applied as the primary antibody to the wells at a dilution of 1:16000 in 1 %NGS in PBS 

and incubated overnight. After 3 washes with PBST, the secondary antibody, goat anti

rabbit peroxidase (Kirkegaard and Perry), was added at a dilution of 1:1000 in 1 %NGS 

in PBS for 1 hour. Following 4 washes with PBST, the peroxidase reaction was carried 

out with tetramethylbenzidene peroxidase substrate (0.002 g/lO ml) and .01 % H20 2 

(Kirkegaard and Perry). 1.0 M phosphoric acid was added to stop the peroxidase reaction 

and the wells were read on an ELISA plate reader at a wavelength of 450nm. 

To calculate the tenascin-like immunoreactivity per lobe and per total protein 

concentration of lobes at different stages of development, the averaged absorbance 
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reading of the two blanks was first subtracted from the absorbance value for each well. 

The absorbance readings for the duplicate wells were then averaged and plotted vs log 

(total protein), as measured by Micro-BCA assay, and vs log (number of antennallobes). 

The amount of material (the fraction of a single lobe or total protein concentration) 

required to give half maximal absorbance were calculated for each curve (ECso) and its 

reciprocal plotted against stages of antennal-Iobe development. This gives a measure of 

the amount of tenascin-like immunoreactivity (TLI) present at each stage expressed per 

lobe or per unit protein. 

To analyze whether tenascin-like immunoreactivity was found in a membrane fraction 

or soluble fraction of cell homogenates, antennal lobes were homogenized in buffer as 

described above for the ELISA and centrifuged at IOO,OOOg for I hour. The supernatant 

and pellet fractions were then analyzed by Western blot analysis using KAF-IO antibody, 

as described above. 

Results 

Distribution of tenascin-like immunoreactivity in normal antennallobes 

To determine whether molecules similar to mammalian tenascin were present in the 

moth antennal lobe and to identify their cellular localization, I assessed anti-tenascin 

antibody binding in sections through antennal lobes at different stages of development. 

Detailed information from previous studies about the morphological development of cells 

in the lobe allowed us to localize antibody binding to specific cell types. Using the 
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confocal microscope, I first compared the staining patterns using the two anti-tenascin 

antibodies on sections of antenna I lobes at stage 7 of development, a stage about midway 

in the process of glomerulus formation. The KAF-9 antibody, against mouse tenascin, 

and the KAF-lO antibody, against human tenascin, yielded similar staining patterns in 

the lobe (Figure 2.1). In both cases, glial cells that form borders around developing 

glomeruli labeled most brightly while the glomeruli showed very weak to no labeling. 

The KAF-I0 antibody (Figure 2.1B) yielded much brighter labeling than the KAF-9 

antibody (Figure 2.1C) and thus, KAF-lO antibody was used in subsequent 

immunocytochemical experiments. 

To examine the cellular localization of antibody labeling in more detail and to 

determine whether changes in the staining pattern occurred during development, I applied 

the KAF-I0 antibody to sections through antenna I lobes at stages 3, 5, 7, 12, and 18 of 

metamorphic development. These stages of development were targeted as each represents 

a distinct step in the morphological development of the lobe. I did not examine KAF-lO 

antibody binding at stages earlier than stage 3 of metamorphic development. 

At stage 3 of development, the axons from sensory neurons located in the moth's 

antenna have not yet arrived in the antennallobe. The lobe contains a homogeneously

textured neuropil composed of the branching processes of the antennal-Iobe neurons 

whose cell bodies lie in clusters near the lobe periphery. This neuropil is surrounded by 

a layer of neuropil-associated glial cells. Stage-3 lobes stained with the KAF-lO antibody 

revealed the brightest labeling localized to these neuropil-associated glial cells that 
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assemble around the outside of the neuropil (Figure 2.2A). 

At stage 5, sensory axons that have reached the lobe have dived beneath the glial 

border, encircled the existing neuropil, and then begun to coalesce to form terminal knots 

or protoglomeruli. The neuropil-associated glial cells, which have begun to migrate to 

surround the protoglomeruli, again label with the KAF-IO antibody (Figure 2.2B). This 

glial staining with KAF-IO antibody persists at stage 7 of antennal lobe development. 

Here, the growing processes of the antenna I-lobe neurons advance into the glial-bordered 

protoglomeruli to interact with their new synaptic partners, the sensory axons. The 

antibody-labeled glial cells now form nearly complete borders around the developing 

glomeruli (Figure 2.2C). 

In more mature lobes, KAF-IO antibody labeling associated with neuropil-associated 

glial cells appears to decrease. At stage 12 of development, after glomeruli have formed, 

a few scattered glial cells remained brightly labeled while others showed barely 

detectable labeling (Figure 2.2D). At stage 18 of development, just prior to the moth's 

eclosion into an adult, the labeling of neuropil-associated glial cells with KAF-IO 

antibody is extremely weak (Figure 2.2E). 

The KAF-IO antibody also stains two other populations of glial cells in the lobe. 

These two types of glia are thought to be distinct from the neuropil-associated glia that 

form borders around developing glomeruli (Oland and Tolbert, 1987; Wigglesworth, 

1972; Oland and Oberlander, 1993). Glial cells in the antennal nerve at stages 5, 7, 12, 

and 18 of development label with the KAF-IO antibody (see Figure 2.2B,C) These glial 
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cells migrate into the nerve where they ensheath bundles ofaxons (Sanes and Hildebrand, 

1976). The KAF-lO labeling also is found associated with the glial cells that surround 

the cell bodies of antennal-Iobe neurons that are located in clusters near the lobe 

periphery. This labeling of cell body-associated glia is present at stages 7, 12 and 18 of 

development. A gradual increase in the intensity of labeling of these cells occurs as the 

lobe matures, with staining being the most intense in stage-12 and stage-18 lobes 

(compare Figure 2.2C with 2.2D). Thus, two populations of glia show an inverse 

temporal staining pattern: the antibody labeling of neuropil-associated glia fades as the 

lobe matures; the staining of the neuronal cell body-associated glia appears absent in 

lobes at early stages of metamorphic development but increases in intensity in more 

mature lobes. 

Two sets of control experiments were done to examine the specificity of antibody 

binding. First, in sections processed in parallel but in which the application of the KAF-

10 antibody (primary antibody) was omitted, antennallobes at stages 3,5,6,7,12 and 18 

of development demonstrated little to no staining (not shown). In a second set, sections 

through stage-7 antennallobes exposed to KAF-I0 antibody that had been preabsorbed 

overnight with purified mouse eNS tenascin showed a large decrease in the intensity of 

staining (Figure 2.2G), as compared to stage-7 lobes processed in parallel but exposed 

to the normal KAF-lO antibody. These results show that the KAF-lO antibody binds 

specifically to moth antigens present in the antennal-Iobe sections. 
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Detection of tenascin-like molecules in the developing antennallobe using Western 

blot analysis and ELISA 

The immunocytochemistry results suggested that glia-associated molecules, 

antigenic ally similar to mammalian tenascin and janusin, were present in the moth 

antenna I lobe at critical times during the formation of glomeruli. Furthermore, changes 

in the cellular pattern of antibody labeling were apparent as the lobe matured. Most 

importantly, labeling of neuropil-associated glial cells appeared to decrease in older 

lobes, after the construction of glomeruli, suggesting a developmental regulation of 

antigens in these cells that could be important in the formation of glomeruli. 

To identify which proteins were being recognized by anti-tenascin antibodies in the 

tissue sections and to examine further their temporal patterns of expression, I used 

Western blot analysis to study the tenascin-like immunoreactivity in Manduca antennal 

lobes. In experiments paralleling the immunocytochemistry experiments, I first compared 

antibody binding with the KAF-9 and KAF-IO antibodies using a previously described 

protocol for Western blot analysis (Martini et al., 1990). In extracts of proteins from 

stage-18 antennal lobes, KAF-9 antibody consistently but weakly labeled one high

molecular-weight band of approximately 220 kD and a lower-molecular-weight band at 

about 80 kD (Figure 2.3, lane 1). MF-IO bound primarily to 220 and 160 kD bands 

and weakly labeled the same lower molecular weight band as KAF-9 (Figure 2.3, lane 

2). For the remainder of the Western blot analyses, KAF-IO antibody was used as it 

provided consistent labeling of the two higher molecular weight protein bands, 
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comparable in size to mammalian tenascin and the tenascin-related molecule janusin. 

I assayed the temporal pattern of expression of moth antigens bound by the KAF-I0 

antibody to determine whether obvious changes in molecular forms or protein amounts 

appeared during development of the antennal lobe. Extracts of proteins from antennal 

lobes at the same stages of development used in the immunocytochemistry experiments 

were examined with Western blot analysis using the KAF-lO antibody. Two high

molecular-weight bands at 220 and 160 kD, comparable in size to mammalian tenascin 

and janusin, were present at all stages of development tested (Figure 2.4). These two 

proteins were present prior to the arrival of sensory axons in the lobe (stage 3), while 

glomeruli are forming (stages 5 and 7), and after glomeruli have formed and become 

stable structures (stages 12 and 18) (Oland et aI., 1990; Tolbert and Sirianni, 1990). In 

addition, there were no major changes in the amounts of these labeled proteins across the 

stages of development tested when approximately equal quantities of protein were loaded 

in each lane (although see more quantitative results below). The results of these 

biochemical experiments suggest that (1) two molecular forms of tenascin-like molecules 

are present in Manduca during the critical stages of antennal-Iobe development and (2) 

no detectable changes occur in the amounts of these labeled molecules in the lobe as a 

whole, suggesting that tenascin-like immunoreactivity increases in a proportional manner 

as the lobe grows. 

On the Western blots, the lower molecular weight band/s labeled in an inconsistent 

manner. It is likely these bands were protein degradation products; however, the bands 
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may also represent another form of tenascin-like molecule(s) in the moth or be a cross-

contaminant in this preparation. The control lane of stage-18 antennal lobe proteins, 

where primary antibody was omitted, showed no labeling (see Figure 2.4, lane "C"). 

Initially, controls also were done for stages 3,5,7 and 12 of development and similarly 

showed no labeling. Preabsorption of KAF-lO antibody with purified mouse CNS 

tenascin overnight prior to application on a lane of stage-18 antennal-Iobe proteins 

resulted in a decreased density of both high molecular weight bands (not shown), 

suggesting that KAF-I0 antibody labels these two bands in a specific manner. Although 

not shown, the 220 kd and 160 kD proteins labeled by KAF-I0 antibody were found not 

only in the antenna I lobe but also in other parts of the moth nervous system. Western blot 

analysis confirms that these two antibody-labeled proteins are present in other brain 

regions of stage-7 and -18 animals and in the abdominal nervous system of stage-18 

animals. 

I also examined whether tenascin-like molecules were found in a soluble protein 

fraction or a membrane-bound fraction of antennal-Iobe proteins. I homogenized antennal 

lobes from stages 7 and 18 of development in PBS with 1.5 mM EDTA and 1 mM 

PMSF, spun the mixture at 100,OOOg for one hour, and examined tenascin-like 

immunoreactivity in the supernatant and the pellet using Western blot analysis (Figure 

2.5). Although all of the samples did not enter the separating gel, it is clear that the 

majority of tenascin-like immunoreactivity is present in the supernatant or soluble protein 

fraction. 
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While the results of the Western blot analysis showed that two proteins comparable 

in size to mammalian tenascin and the tenascin-related molecule janusin were present 

during antennal-Iobe development, and suggested that tenascin-like immunoreactivity 

increased in a proportional manner as the lobe matured, Western blot analysis did not 

provide sufficiently quantitative information about tenascin-like immunoreactivity during 

antennal-Iobe development. Furthermore, the immunocytochemical experiments suggested 

that mature lobes exhibited a decrease in antibody labeling of neuropil-associated glial 

cells. Therefore, an ELISA was used to more accurately quantify the tenascin-like 

immunoreactivity in lobes from different stages of metamorphic development. Western 

blot analysis of the PBS-extracted lobes showed that both the 220 and 160 kD forms of 

tenascin-like immunoreactivity were present. Using a standard protein quantification 

method, the total protein concentration of lobes at stages 3, 5, 7, 12, and 18 of 

development were assayed. A stage-3 antennal lobe contains approximately 1.87 p.g 

protein while a stage-18 antennal lobe contains approximately 10.29 p.g of protein, 

showing a 5.5-fold increase in total protein as the lobe matures. Therefore, tenascin-like 

immunoreactivity as determined by the ELISA was expressed per lobes/well (Figure 

2.6A) and per p.g of total protein/well (Figure 2.6B). ECsos were then calculated for each 

curve and their reciprocal plotted against stages of antennal-Iobe development (Figure 

2.7). The results of the ELISA show that tenascin-like immunoreactivity/ lobe increases 

nearly 3.47-fold as the lobe matures from stage 3 to stage 18 of development while total 

protein during this period rises 5.5-fold. Tenascin-like immunoreactivity when expressed 
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per p.g of total protein of lobes decreases approximately 35% between stages 3 and 18 

with most of this decrease occurring between stages 3 and 5 (27 % ), coincident with the 

arrival of sensory axons in the lobe. 

Tenascin-like immunoreactivity in antennallobes deprived of olfactory input 

Previous studies have shown that when antenna I lobes were chronically deprived of 

olfactory input ("deantennated" lobes), glomeruli did not form (Hildebrand et al., 1979). 

Glial cells failed to migrate to surround protoglomeruli, but remained instead in an 

immature assembly around the neuropil, and the processes of antennal lobe neurons 

lacked a glomerular pattern of branching (Oland and Tolbert, 1987). 

The immunocytochemical and partial biochemical analysis of antibody binding in 

normal antennallobes showed that tenascin-like molecules are present prior to the arrival 

of sensory axons and in the same molecular forms as in older lobes. Because the absence 

of sensory input can apparently influence the distribution of glycosylated molecules in 

other developing systems (Steindler and Cooper, 1987; Steindler et al., 1990), I 

examined whether the absence of sensory axons in the lobe produced changes in the 

spatial distribution of tenascin-like molecules. Antennallobes were chronically deprived 

of olfactory input by removing the presumptive antenna I tissue and the animals were 

allowed to develop until stage 7. When the antennal lobes from these animals were 

sectioned and labeled with the KAF-lO antibody, labeling was again localized to the 

neuropil-associated glial cells (Figure 2.2F) that form a rind around the neuropil in the 
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absence of sensory input. A brighter ring of staining appears at the outer edge of the glial 

border, in contrast to the more homogeneous staining of glia seen in normal antennal 

lobes. It is difficult to discern whether the high level of antibody staining here encircles 

whole glial cells or whether only the outer membranes of the outer layer of glia are 

bright. The meaning of this pattern of labeling is not clear but the results indicate that 

even in the absence of sensory input, neuropil-associated glial cells continue to express 

tenascin-like immunoreactivity. Control sections of deantennated antennal lobes were 

processed as usual but without primary antibody, and displayed little or no labeling (not 

shown). 

Since it was possible that the molecular forms or amounts of tenascin-like molecules 

would be different in lobes that developed in the chronic absence of sensory axons, 

extracts of antennal-Iobe proteins from stage-7 normally developing antennal lobes and 

stage-7 deantennated lobes were examined for tenascin-like immunoreactivity using 

Western blot analysis. I loaded the same number of lobes per lane (10) in these 

experiments even though deantennated lobes are considerably smaller because the number 

of glial cells in stage-7 normally developing and stage-7 deantennated lobes is known to 

be virtually the same (Oland and Tolbert, 1989). Figure 2.8 shows that the two high

molecular-weight protein bands, 220 kD and 160 kD, labeled by the KAF-1O antibody 

are present in deantennated lobes. In addition, the amounts of these two proteins appear 

comparable in normal and deantennated lobes. These results show that changes in the 

molecular forms of tenascin-like molecules do not occur in the absence of sensory axons 
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and suggest that roughly similar amounts of tenascin-like molecules are present in 

deantennated and normal lobes. 

Discussion 

In vertebrate nervous systems, the extracellular matrix molecule tenascin has been 

localized to boundaries that surround units of synaptic neuropil and is thought to 

constrain neurite growth during development. Those previous studies prompted my 

interest in tenascin. In the present study, I questioned (1) whether tenascin-like molecules 

were present in Manduca during the development of glomerular units of the insect 

antennal lobe and (2) whether, based on the spatiotemporal distribution of antibody 

binding, it was possible that tenascin-like molecules could have a role in the development 

of glomeruli. 

Cellular interactions during antennallobe development 

During the metamorphosis from the larval to adult animal, the olfactory system of 

Manduca sexta undergoes construction and renovation in preparation for adult behaviors 

requiring enhanced odor sensitivity and discrimination. As is typical of other primary 

olfactory centers, the antennal lobe of the moth contains a synaptic neuropil that is 

subdivided into glomeruli (for review, see Shepherd, 1972; Graziadei and Monti 

Graziadei, 1986; Boeckch et al., 1990). Previous studies have characterized the cellular 

constituents that contribute to the glomeruli in the mature lobe (reviewed by Homberg 
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et al., 1989) as well as some of the particular cellular interactions that occur during 

development that result in the formation of this glomerular pattern (Tolbert and Oland, 

1990; Oland et aI., 1990). 

In the mature antennal system, sensory axons from olfactory receptor cells located in 

the moth's antenna project via the antennal nerve to the antennallobe, where they dive 

into glomeruli and form their terminal arbors (Camazine and Hildebrand, 1979). The 

processes of antennal-Iobe neurons branch in the central part of the lobe and enter at the 

bases of the glomeruli to synapse with the sensory axons and with each other in the 

glomeruli (Camazine and Hildebrand, 1979; Matsumoto and Hildebrand, 1981; Kent, 

1985). Glial cells form nearly complete boundaries around glomeruli (Tolbert et aI., 

1983; Oland and Tolbert, 1987) where virtually all synapses are confined in the mature 

lobe (Tolbert and Hildebrand, 1981). 

During development, olfactory axons have a profound effect on the development of 

their target neuropils, both in insects (Kent, 1985; Schneiderman et aI., 1976; Hildebrand 

et aI., 1979; Oland and Tolbert, 1987) and in vertebrates (Graziadei and Monti 

Graziadei, 1986; Graziadei et aI., 1979). Previous studies by Tolbert and her colleagues 

suggest that interactions between sensory axons and glial cells (Oland et aI., 1990; Oland 

and Tolbert, 1987; Oland and Tolbert, 1988; Oland et aI., 1988; Tolbert and Sirianni, 

1990) and perhaps between glia and target CNS neurons are necessary to produce a 

pattern of glomerular units in the insect antenna I lobe. The working hypothesis is that 

glial cells, induced by ingrowing sensory axons to form borders around developing 



59 

glomeruli, mediate the effects of sensory axons on the branching patterns of their target 

neurons in the brain. Because so few cellular elements are involved and because the cell 

movements and branching patterns are known in detail and follow a strict timetable, the 

antennallobe is an ideal system in which to explore potential roles for tenascin and other 

ECM or cell-surface molecules. 

Spatiotemporal distribution of tenascin-like immunoreactivity 

For the present study, I examined the spatiotemporal distribution of tenascin-like 

immunoreactivity to determine not only which cells of the antennallobe labeled and the 

molecular size of labeled antigens but also whether any developmental regulation of these 

antigens might occur that would correlate with known cellular events. We also examined 

antibody binding in deantennated lobes that were chronically deprived of sensory input 

to determine whether sensory axons induced any changes in the molecular forms, 

amounts or distribution of labeled molecules. 

The results from immunucytochemistry experiments demonstrate that molecules 

antigenically similar to tenascin and janusin exist in the moth antennal lobe and indicate 

that they are localized around the neuropil-associated glial cells that form envelopes 

around glomeruli in the normal developing antennallobe. As maturation proceeds after 

glomeruli have formed, this immunoreactivity becomes progressively weaker until in 

stage-18 lobes, labeling is barely detectable. That the anti-tenascin antibody is labeling 

neuropil-associated glial cells is clear from both light microscopic observations and 
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previous ultrastructural analyses: unlike in vertebrate brains, the only cell bodies present 

at these positions in the antennallobe are glial cells (Oland and Tolbert, 1987, Oland and 

Tolbert, 1989). Whether the labeled glia actually synthesize these tenascin-like molecules 

will need to be examined using in situ hybridization techniques. Furthermore, the 

immunocytochemical studies reveal interesting changes in the pattern of tenascin-like 

immunoreactivity which are not detected with either the ELISA or Western blot analyses. 

The neuropil-associated glial cells show a decrease in antibody labeling following the 

formation of glomeruli while the neuronal cell body-associated glia show an increase in 

the intensity of labeling as the lobe matures. 

The observed change in the intensity of antibody labeling of neuropil-associated glia 

is of specific interest because of the potential functional implications. First, it suggests 

that a developmental regulation of tenascin-like molecules may occur within this 

population of glia, undetected by biochemical methods which assayed all glia pooled 

together. Secondly, this observed decrease follows the wave of synapse formation that 

occurs in the glomeruli, suggesting that tenascin-like molecules could constrain growing 

neurites until glomerular units become stabilized by synapses between sensory axons and 

antennal-Iobe neurons. 

The spatial distribution of tenascin-like immunoreactivity in the antenna I lobe 

resembles in certain ways the staining pattern seen with tenascin antibodies in the 

developing mouse somatosensory cortex (Steindler et at., 1989a; Steindler et at., 1990). 

In this system with striking anatomical similarities to the antennal lobe, tenascin 
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immunoreactivity was localized to presumptive boundaries around developing barrels that 

serve as a somatotopic representation of afferent input from mouse whiskers. Changes 

in the pattern of expression of tenascin occur coincident with the ingrowth of 

thalamocortical axons to the developing barrel field, resulting in an apparent 

downregulation of tenascin expression in barrel hollows. Because antennal axons cause 

profound changes in glial morphology and behavior, I wondered whether the arrival of 

sensory axons in the antennal lobe triggered the expression of tenascin-like molecules 

associated with glial cells or down-regulated any possible non-glial expression. These 

results reveal that tenascin-like molecules are present prior to the arrival of sensory axons 

in the lobe and thus, that these axons do not induce de novo expression of tenascin-like 

molecules. In the somatosensory cortex, the removal of a row of whiskers results in 

decreased tenascin-like immunoreactivity in the corresponding cortical row which is 

devoid of barrel units (Cooper and Steindler, 1989; Steindler et al., 1990; Crossin et al., 

1989). In the antennal lobe, however, even when antennal input has been chronically 

removed, tenascin-like molecules are present on or near neuropil-associated glial cells, 

in lobes that have been allowed to develop to stage 7. 

To examine the molecular size of tenascin-like molecules and evaluate their 

developmental pattern of expression, Western blot analysis was performed. Western blot 

analyses show that two high molecular weight proteins, approximately 220 kD and 160 

kD, comparable in size to mammalian tenascin and the tenascin-related molecule janusin 

are present in the antennallobe before sensory axons arrive, when glomeruli are being 
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constructed and after glomeruli become stable units. 

The Western blot results suggested that tenascin-like immunoreactivity increased in 

a proportional manner as the lobe grew because when equal amounts of protein were 

loaded per lane, the intensity of the labeled bands was approximately equal. To more 

accurately quantify tenascin-like immunoreactivity I used an ELISA. I expressed tenascin

like immunoreactivity per antennal lobe and per unit protein in lobes at different stages 

of development. First, I found that as the lobe matured from stage 3 to stage 18, the total 

amount of tenascin-like immunoreactivity per lobe increased 3.47-fold. When tenascin

like immunoreactivity is expressed per unit protein of lobes at different stages, however, 

tenascin-like immunoreactivity shows a nearly 35% decrease between stages 3 and 18. 

This decrease in tenascin-like immunoreactivity per unit protein can probably best be 

explained by the likely rise in total protein content that occurs after stage 3. Total protein 

rises dramatically between stages 3 and 12 as sensory axons arrive in the lobe, glial cells 

proliferate (by a factor of 2.6) and extend processes (Oland and Tolbert, 1987) and 

antennal-Iobe neurons undergo extensive process elaboration (Tolbert et aI., 1983; Oland 

et aI., 1990). 

Previous studies by other laboratories to localize tenascin suggest that astrocytes in 

the CNS secrete tenascin into the extracellular space where it can potentially interact with 

an array of other ECM or cell-surface molecules. An analysis of fractionated antennal

lobe proteins from stages 7 and 18 revealed that tenascin-like immunoreactivity was 

found primarily in a soluble fraction. This result suggests that most tenascin-like 
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molecules are not associated with the plasma membrane but are soluble molecules. In 

addition, when the subcellular distribution of antibody labeling was evaluated using the 

confocal microscope, tenascin-like immunoreactivity encircled glial cells. These two 

results in combination are consistent with tenascin-like molecules being secreted into the 

extracellular space, similar to mammalian tenascin. 

Although the results from immunocytochemical experiments show that lobes from 

deantennated animals exhibit tenascin-like immunoreactivity, I considered the possibility 

that changes in the molecular forms or in the amounts of these antigens could exist in 

deantennated lobes when compared to normally developing lobes. Western blot analysis 

of antennal lobe proteins from normally developing animals and deantennated animals of 

the same stage showed no detectable changes. This result suggests that neither the 

presence nor absence of sensory axons induces changes in the pattern of expression of 

tenascin-like molecules in the lobe. 

Tenascin-like immunoreactivity also appears associated with glial cells in the antennal 

nerve at stages 5, 6, 7, 12, and 18 of development. It is not clear whether any of these 

glia in the antennal nerve contribute to the envelopes formed around glomeruli by 

neuropil-associated glia. It is known, however, that the number of neuropil-associated 

glial cells in normally afferented developing lobes and in lobes chronically deprived of 

sensory input remains fairly constant (Oland and Tolbert, 1989), suggesting a minimal 

contribution from glial cells in the antennal nerve. Similar to a proposed role for 

tenascin in developing chicken peripheral nerves (Martini and Schachner, 1991; Wehrle-
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Haller et al., 1991), tenascin-like molecules associated with glial cells that migrate into 

the developing antennal nerve might confine sensory axons to particular bundles (Sanes 

and Hildebrand, 1976). Glial cells that encircle neuronal cell bodies of the lobe show 

tenascin-like immunoreactivity that varies in intensity during development. Perhaps 

tenascin-like molecules inhibit the growth of neurites around the cell body and thus, help 

to confine process outgrowth to the neuropil region and eliminate synaptic contacts 

between neuronal cell bodies. 

Tenascin-like immunoreactivity also is seen in other parts of the moth brain, most 

often associated with glial cells that border other brain neuropils and with glia that 

surround neuronal cell bodies. Another interesting possibility is that these tenascin-like 

molecules function as general boundary molecules that segregate larger functional neural 

units, for example, the optic lobe and antenna I lobe, from each other. 

Interestingly, Gonzalez and Silver (1992) recently reported tenascin-like 

immunoreactivity in the developing mouse olfactory system. Prior to the formation of 

glomeruli, tenascin-like immunoreactivity associated with astroglial processes is found 

deep to the olfactory nerve layer where glomeruli will eventually form. Silver and 

colleagues suggest that this early distribution of tenascin, along with chrondroitin sulfate 

proteoglycans, may form a molecular barrier that acts to position growing olfactory 

axons within the olfactory nerve layer. Later, as glomeruli form, tenascin-coated 

astrocytes migrate to surround and infiltrate the glomeruli. 
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A postulated role for tenascin in the antennallobe 

The induction of glial cell migration by sensory axons puts glial cells in a position to 

act as boundaries in the developing antennallobe. The results reported here suggest that 

tenascin-like molecules associated with these glial boundaries are present at the 

appropriate time and position to participate in the formation of glomeruli in the lobe. 

Additionally, these moth antigens are comparable in size to mammalian tenascin and the 

tenascin-related molecule janusin. Previous in vitro studies in other systems suggest that 

tenascin can act either to promote or inhibit neurite growth (Lochter et aI., 1991 ; 

Faissner and Kruse, 1990; Wehrle and Chiquet., 1990; Crossin et aI., 1990, Masuda

Nakagawa and Wiedemann, 1992) based on discrete cell-binding and anti-adhesive 

domains that may be responsible for these contrary functions (Husmann et al.,1992; 

Prieto et aI., 1992; Spring et aI., 1989). The presence of other molecules in the cellular 

environment (Chiquet-Ehrismann et aI., 1988) may regulate the function of tenascin at 

different times during tissue morphogenesis by affecting which domains of the molecule 

are exposed or by affecting cellular responses directly. Potentially, the developmental 

regulation of the expression of a presumptive receptor (Faissner, 1988; Hoffman and 

Edelman, 1987) could also alter the effects of tenascin during development. Little is 

known about other ECM molecules in the developing antennallobe. Preliminary results 

suggest that neuropil-associated glial cells label with anti-Iaminin antibody (Krull and 

Ramsinghani, unpublished observations). 

In the moth, tenascin-like molecules present on or near glial cells that form 
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boundaries around developing glomeruli could form a local barrier to neurite outgrowth, 

constraining sensory axons or neurites of the antennal-Iobe neurons to glomeruli and 

disallowing promiscuous growth. Alternatively, tenascin-like molecules could attract the 

growing neurites of antennal-Iobe neurons into protoglomeruli. Once glomeruli have 

stabilized, perhaps due to the development of synaptic contacts between sensory axons 

and their target neurons (Tolbert and Sirianni, 1990), a decrease in tenascin-like 

immunoreactivity associated with the glial cells that border glomeruli is observable. 

Recent findings in developing vertebrate nervous systems suggest that astroglial cells 

delineate cortical units (Cooper and Steindler, 1986a and 1986b), provide a substrate for 

neuronal migration (reviewed by Rakic, 1990), demarcate layers (Hutchins and 

Casagrande, 1988 and 1990), and form barriers to axon advance (Snow et aI., 1990a and 

1990b; Pindzola et aI., 1993). In the developing antennallobe, it has been demonstrated 

previously that neuropil-associated glial cells not only are present but are required for the 

formation of distinct glomerular branching patterns by neurons (Oland and Tolbert, 1988; 

Oland et aI., 1988). Since tenascin-like molecules are associated with these boundary

forming glial cells and these molecules are present at the right time to be involved in the 

formation of glomeruli, I propose that tenascin-like molecules, most likely acting in 

concert with other unidentified molecules, may restrict growing neurites to glomeruli. 

I begin to test this hypothesis in Chapter 3. Experiments are in progress to isolate moth 

tenascin-like molecules and further characterize them and their potential receptors. 



67 

The results thus far suggest that invertebrate and vertebrate nervous systems may utilize 

common molecular strategies to construct some elements of cellular architecture during 

development. 
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Figure 2.1. Tenascin-like immunoreactivity associated with neuropilar glial cells around 

glomeruli in stage-7 antennal lobes. (A) l-~m toluidine-blue stained section showing 

darkly stained glial cells, arrow, surround fine-textured neuropil of a glomerulus, *. (B) 

Similar view of glial cells, arrow, bordering a glomerulus are labeled with anti-human 

tenascin (KAF-lO) antibody, viewed with a confocal microscope; single optical section. 

(C) Optical section through antennal lobe labeled with anti-mouse tenascin (KAF-9) 

antibody. Glial cells, arrow, less intensely labeled than with KAF-IO. Scale bar in B is 

the same as in A. 
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Figure 2.2. Developmental changes in expression of tenascin-like immunoreactivity in 

normal and deantennated antennallobes. For each stage, left panel shows a tracing of the 

micrograph in the right panel. Micrographs show KAF-lO-labeled, 16-J.tm cryosections 

photographed with standard fluorescence microscopy. Stippled regions indicate neuropil 

occupied by neurites of antennal-Iobe neurons. (A) stage 3; (B) stage 5; (C) stage 7; (D) 

stage 12; (E) stage 18; (F) stage 7, deantennated; (G) preabsorption control. Tenascin

like immunoreactivity, present in both normal and deantennated lobes, decreases in 

neuropil-associated glial cells as the lobe matures. g, glial cells; n, cell bodies of 

antennal-lobe neurons; *, protoglomeruli in B, glomeruli in C-E. Scale bar = 100 j.tm. 
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Figure 2.3. Western blot analysis of extracts of stage-7, antennal-Iobe proteins that label 

with KAF-9 and KAF-lO antibodies. Tn, 0.5 p,g mouse tenascin as a standard; lane 1, 

KAF-9; lane 2, KAF-lO; C, control, primary antibody omitted. Relative migration of 

molecular-weight standards indicated on left. Arrows mark positions of labeled 220-, 160-

, 80-kD protein bands. KAF-9 weakly labeled a single high-molecular weight protein; 

KAF-I0 strongly and consistently labeled two high molecular-weight proteins. 
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Figure 2.4. Western blot analysis of extracts of proteins from antenna I lobes at different 

developmental stages, labeled with KAF-IO antibody. Tn, 2 p,g mouse tenascin as a 

standard; middle lanes, stage 3, stage 5, stage 7, stage 12, stage 18; C, control, no 

primary, stage-18. Approximately equivalent amounts of protein loaded in each lane. 

Relative migration of molecular-weight standards indicated on left. Arrows mark positions 

of labeled 220-, 160-kD protein bands. Tenascin-Iike immunoreactivity is present at all 

stages of development. Low-molecular-weight protein bands are likely to be degradation 

products. 
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Figure 2.5. Western blot analysis of fractionated proteins from stage-7 and stage-18 

antennallobes, labeled with KAF-IO antibody. Fractions prepared by homogenizing lobes 

in 0.02 M phosphate-buffered saline with 1.5 mM EDTA and 1 mM PMSF (pH 8.5), 

then centrifuging at 100,000 g/hr. Tn, 2 JLg mouse tenascin as a standard; 78 and 188, 

supernatants; 7P and 18P, pellets. Relative migration of molecular-weight standards 

indicated on left. Arrows mark positions of labeled 220-, 160-kD protein bands; 

arrowhead marks beginning of separating gel. Most of the tenascin-like immunoreactivity 

resides in the soluble fraction at both stages. 
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Figure 2.6. Tenascin-like immunoreactivity in antennal lobes at different stages of 

development as measured by ELISA. (A) Absorbancellobe. (B) Absorbance/unit protein. 
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Figure 2.7. Developmental profile of tenascin-like immunoreactivity in antennal lobes 

at different stages of development as measured by ELISA. Tenascin-like 

immunoreactivity per lobe increases 3.47-fold from stage 3 to stage 18 while tenascin

like immunoreactivity per p,g of total protein actually decreases by 35 %. 
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Figure 2.8. Western blot analysis of extracts of proteins from stage-7 normal (7) and 

deantennated (7d) antennal lobes, labeled with KAF-lO antibody. The same number of 

lobes was loaded in each lane. Relative migration of molecular-weight standards indicated 

on left. Arrows mark positions of labeled 220-, 160-kD protein bands. The same high

molecular-weight proteins appear in comparable amounts in each lane. 
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CHAPTER 3: In Vitro Analyses of Neurite Outgrowth Indicate a Potential Role for 
Tenascin-like Molecules in the Development of Insect Olfactory Glomeruli 

Introduction 

Recent evidence from studies in developing vertebrate and invertebrate nervous 

systems suggests that cell-surface and extracellular matrix molecules play important roles 

in cell-cell communication (Jessell 1988; Reichardt and Tomaselli, 1991; Lander, 1989; 

Anderson, 1988). Many of these molecules are thought to mediate adhesive contacts 

between cells or to provide generally permissive substrates that support cell migration 

or process outgrowth. Recently, studies have suggested that cell-surface and extracellular 

matrix molecules also can define territories in the developing nervous system that deter 

or inhibit neurite growth (Davies et aI., 1990; Oakley and Tosney, 1991; Pindzola et aI., 

1993; reviewed by Schwab et aI., 1993). It is likely that cells encounter an array of 

growth-promoting and growth-inhibiting molecules in the local environment that influence 

developmental decisions concerning cell position and shape. 

The extracellular matrix molecule tenascin (190kD-250kD) recently has been 

identified in various mammalian species, including mouse (Kruse et aI., 1985), chick 

(Chiquet and Fambrough, 1984a,b; Grumet et aI., 1985) and human (Bourdon et aI., 

1983; Erickson and Iglesias, 1984). Tenascin-like molecules also have been partially 

characterized in two invertebrate nervous systems, leech (Masuda-Nakagawa and 

Wiedemann, 1992; Masuda-Nakagawa and Nicholls, 1991) and Drosophila (Chiquet-

Ehrismann, personal communication), suggesting that tenascin is a well-conserved 
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molecule that could share similar functions in these diverse species. In mouse, the 

tenascin glycoproteins originally were considered to consist of four forms (220, 200, 180, 

and 160kD) but the two lower molecular weight forms are now known to be a distinct 

molecular pair and are called janusin (Fuss et aI., 1993). Recently, a tenascin-related 

molecule called restrictin was identified in chick (Rathjen et aI., 1991; Norenberg et aI., 

1992), comparable in size to mouse janusin. Thus, it is seems probable that a family of 

tenascin-related molecules exists. 

Tenascin has received considerable attention because it displays a restricted pattern 

of expression during early morphogenetic events (Steindler et aI., 1989a; Husmann et aI., 

1992; Chuong et aI., 1987; Wehrle and Chiquet, 1990). For example, tenascin has been 

localized to cellular boundaries around distinct units in the barrel field of the mouse 

somatosensory cortex (Steindler et aI., 1989a and 1990; Crossin et aI., 1989; Ihaveri et 

aI., 1991). Here, tenascin may help to constrain sensory axons and cortical dendrites to 

barrel units prior to synapse formation. 

Although the in vivo studies suggest that tenascin may act primarily to inhibit neurite 

growth (reviewed by Steindler, 1993), in vitro studies show that tenascin can exert both 

positive and negative effects on cell adhesion and neurite growth. Tenascin mediates 

adhesion between neurons and astrocytes in culture (Kruse et aI., 1985; Grumet et aI., 

1985; Faissner et aI., 1988), but as a purified protein, is a poor substrate for the 

attachment of neuronal cell bodies in culture (Faissner and Kruse, 1990; Wehrle and 

Chiquet, 1990). Chick sensory and sympathetic neurons and rat hippocampal neurons 
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respond to substrate-bound tenascin with enhanced neurite growth (Wehrle and Chiquet, 

1990; Lochter et al., 1991), while mouse cerebellar neurons will not grow on tenascin 

(Faissner and Kruse, 1990). Soluble tenascin, on the other hand, inhibits the outgrowth 

of neurites by cultured hippocampal neurons (Lochter et al., 1991) and decreases the rate 

of migration of cultured neural crest cells (Halfter et al., 1989). These contrary effects 

may be the result of cell-specific responses to tenascin or of the availability of different 

binding sites on the molecule itself (Prieto et al., 1992; Perez and Halfter, 1993; Lochter 

et al., 1991; Husmann et al., 1992). 

The developing olfactory system of the moth Manduca sexta serves as a useful model 

system in which to examine how neurons and glial cells interact to influence each others' 

development and the morphology of the olfactory (antennal) lobe. During development, 

neurons and glia of the antennal lobe of the brain undergo dramatic morphological 

rearrangements to generate a pattern of distinct units called glomeruli. Glomeruli, 

composed of the terminal arborizations of sensory axons and the branching dendrites of 

their targets, the antennal-Iobe neurons, are surrounded by a nearly complete border of 

glial cells. Previous studies have demonstrated that not only sensory axons (Hildebrand 

et al., 1979; Oland and Tolbert, 1987) but also glial cells are required for glomerular 

patterns of branching by antennal-Iobe neurons to develop (Oland et al., 1988; Oland and 

Tolbert, 1988). Glial cells are hypothesized to act as necessary intermediaries in the 

influence of sensory axons on the branching patterns of their target neurons (Tolbert and 

Oland, 1989; Tolbert and Oland, 1990). One attractive possibility is that glial cells 
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confine the terminal arborizations of sensory axons and antennal-Iobe neurons to 

glomeruli, disallowing promiscuous growth into neighboring glomeruli. 

My efforts are directed toward identifying the molecules that participate in the 

neuron-glia interactions that result in the formation of glomeruli in the developing 

antennallobe. In Chapter 2, I provided evidence that molecules antigenically similar and 

of comparable molecular size to mammalian tenascin and the tenascin-related molecule 

janusin are present in the antennallobe. Furthermore, these tenascin-like molecules are 

associated with glial cells that form borders around glomeruli, and are present at critical 

stages during glomerulus formation. After the pattern of glomeruli forms, tenascin-like 

immunoreactivity associated with glia that border glomeruli begins to decrease. Because 

of this intriguing pattern of expression, I have begun to examine the function of tenascin

like molecules. Although my ultimate goal is to examine the potential influences of moth 

tenascin-like molecules on the morphological development of cells in the antennal lobe, 

I have begun by examining in vitro the responses of moth antennal-Iobe neurons to mouse 

CNS tenascin. 

Materials and Methods 

Animals 

Manduca sexta were reared on an artificial diet on a long-day photoperiod regimen 

(17 hours lights onl 7 hours lights oft) in the departmental insect facility. Pupae were 

staged by following changes in structures immediately underlying the pupal cuticle 
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(Oland and Tolbert, 1987). Metamorphic adult development spans 18 stages, each stage 

lasting approximately one day. 

Preparation of cultures 

To prepare cultures, cells of antennal lobes were dissociated according to the 

protocol of Hayashi and Hildebrand (1990). Briefly, brains were dissected from stage-5 

pupae and antennal lobes were carefully desheathed and removed in filter-sterilized 

culture saline that contained the following: NaCI, 149.9 mM; KCI, 3 mM; CaCI2, 3mM; 

MgCI2, 0.5 mM; N-Tris methyl-2-aminoethanesulfonic acid (TES), 10 mM; D-glucose, 

11 mM; lactalbumin hydrolysate 6.5 glliter; Tissue Culture (TC) yeastolate (Difco), 5 

g/liter; 10% fetal bovine serum (FBS; Hyclone); penicillin, 100 units/ml; and 

streptomycin, 100 J.tg/ml (both from GIBCO), pH 7, 360 mOsm. The cells that comprise 

the lobe after removing the perineurial cells include: (1) antennal-Iobe neurons (and cell

body associated glia) whose cell bodies lie in three clusters near the periphery of the 

lobe; (2) neuropil-associated glial cells that will eventually form borders around 

glomeruli; and (3) cut axons of sensory neurons (and associated glia) whose cell bodies 

lie in the moth's antenna (see Figure 3.1). 

The remainder of the dissociation was performed under sterile conditions in a laminar 

flow hood. A solution of Hanks Ca2+ - and Mg2+ -free balanced salt solution (HBSS; 

GIBCO) containing 0.5 mg/ml collagenase (Worthington) and 2 mg/ml dispase 

(Boehringer-Mannbeim) was added to the antenna I lobes which were then incubated for 
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5 minutes at 37°C. Cells were dispersed mechanically with a fire-polished Pasteur 

pipette. Enzymatic activity was terminated by centrifugation of the cells at 1000 rpm for 

8 minutes through 6 ml of culture saline. The pellet was resuspended in 6 ml of 

supplemented L-15 culture medium and centrifuged, as above. The pellet was 

resuspended in culture medium to allow 100 J-tl per culture dish. The cells were allowed 

to attach to the culture dish for 2 hours before 2 ml of culture medium was added to each 

dish. The cultures were maintained in an incubator at 26°C with humidified room air. 

This protocol optimizes the survival of the antennal-Iobe neurons whereas the various 

subpopulations of glial cells survive for only 2-3 days under these conditions. 

The supplemented L-15 culture medium used in these experiments has been described 

previously (Hayashi and Hildebrand, 1990). The following substances were added to 500 

ml of Leibovitz's L15 (GIBCO): a-ketoglutaric acid, 185 mg; fructose, 200 mg; glucose, 

350 mg; malic acid, 335 mg; succinic acid, 30 mg; TC yeastolate, 1.4 g; lactalbumin 

hydrolysate, 1.4 g; niacin, 0.01 mg; imidazole, 30 mg; streptomycin, 100 J-tg/ml; 

penicillin, 100 units/ml; 20-hydroxyecdysone, 1 J-tg/ml (Sigma); and stable vitamin mix, 

2.5 ml. A 5-ml stock solution of the vitamin mix consisted of the following substances: 

aspartic acid, 15 mg; cystine, 15 mg; fj-alanine, 5 mg; biotin, 0.02 mg; vitamin B12, 2 

mg; inositol, 10 mg; choline chloride, 10 mg; lipoic acid, 0.05 mg; p-aminobenzoic acid, 

5 mg; fumaric acid, 25 mg; coenzyme A, 0.4 mg; glutamic acid, 15 mg; phenol red, 0.5 

mg. The culture medium was adjusted to pH 7.0 and 360 mOsm and sterilized by 

filtration prior to use. 
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Preparation of uniform substrates 

For the experiments in which tenascin and concanavalin-A (con-A)/laminin were 

applied as uniform substrates, cells were grown in mini-wells made by cutting an 8 mm 

hole in the bottom of a plastic 35-mm culture dish (Corning). Gridded glass coverslips 

were attached to the bottom of the dishes with Sylgard (Dow Coming) and the dishes 

were sterilized by exposure to UV light. 

To prepare a con-A/laminin substrate which was used either alone or as a base for 

tenascin, a solution of 200 ",g/ml of concanavalin-A (Sigma) and 2 ",g/ml laminin 

(Collaborative Research) was applied to the mini-wells for 2 hrs at 26°C, then rinsed with 

sterile water, and air-dried under a sterile hood. 

Purified mouse CNS tenascin was prepared from postnatal (PO-PIS) mouse brains 

according to a previously described protocol (Faissner and Kruse, 1990) and graciously 

provided by Andreas Faissner. Mouse CNS tenascin consists of a mixture of proteins 

with molecular weights of 200-250 kD as determined by SDS-PAGE. Mouse CNS 

tenascin was diluted to 25 ",g/ml with phosphate-buffered saline (PBS; pH 7 .3) and filter

sterilized before use. Mouse CNS tenascin was then applied to the mini-wells, on top of 

the con-A/laminin substrate, for 2 hours at 26°C. For a few experiments, the tenascin 

was applied alone to mini-wells or directly to plastic culture dishes. After the tenascin 

was removed, the mini-wells were filled with HBSS to prevent drying until the cells were 

ready to be seeded onto the dishes. 
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In some experiments, designed to test the effects of soluble tenascin, cells were 

plated as usual upon a con-A/laminin substrate and allowed to settle for 2 hours when 

25 p.g/ml of filter-sterilized mouse CNS tenascin was then added to the cultures. 

Preparation of stripe assays 

In order to test how growing neurites would respond to a potentially inhibitory 

substrate when their cell bodies were well attached to an adhesive substrate, dishes were 

prepared with stripes composed of different substrates. Lanes of tenascin and con

A/laminin substrata were prepared in plastic dishes, as described by Lallier and Bronner

Fraser (1992). Silicon matrices used to apply the lanes were graciously provided by Dr. 

Friedrich Bonhoeffer and colleagues (Max Planck Institut fur Entwicklungsbiologie, 

Tubingen, Germany). 35-mm culture dishes (Corning) were first coated with 100 p.l of 

a nitrocellulose solution (2.5 cm2 nitrocellulose in 10 ml of methanol) and allowed to air

dry under a sterile hood. Lanes of 25 p.g/ml tenascin and a solution containing 200 p.g/ml 

con-A and 2 mg/mllaminin were applied to the dishes by placing a silicon matrix onto 

the surface of the dish that allowed the first substrate applied to directly contact the 

plastic in 50-J.tm stripes. For most experiments (n=24 dishes), tenascin was applied first. 

Tenascin was mixed with 10 p.g/ml Texas Red-BSA (Sigma) to allow later viewing of the 

tenascin lanes under a fluorescence microscope. Without disturbing the matrix, three 

coatings of tenascin with Texas Red-BSA were applied for 20 minutes each, followed by 

a blocking step with 1 mg/ml ovalbumin in 50 mM carbonate buffer for 20 minutes. The 
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silicon matrix was then removed and con-A/laminin was applied to the dishes and 

allowed to coat the plastic for 1 hour. All lanes were again blocked with 1 mg/ml 

ovalbumin in carbonate buffer for 1 hour. Immediately after the removal of the 

ovalbumin solution, 100 p.l of a cell suspension containing antennal-Iobe cells in 

supplemented L-15 culture medium was allowed to settle upon the substrates for 2 hours. 

The dishes were then flooded with 2 ml of culture medium and placed in an incubator 

at 26°C with humidified room air. For three other experiments, the order of the 

application of tenascin and con-A/laminin was reversed. 

Two sets of control experiments were also performed. To control for effects of 

nitrocellulose, plastic dishes were coated with the nitrocellulose solution, as described 

above. A solution consisting of 200 p.g/ml con-A and 2 p.g/mllaminin was applied to 

these dishes for one hour at room temperature, followed by 1 mg/ml ovalbumin in 

carbonate buffer for one hour. After removal of the ovalbumin solution, 100 p.l of a cell 

suspension containing antennal-Iobe cells in supplemented L-15 culture medium was 

allowed to settle upon the substrate for two hours, followed by the addition of 2 ml of 

culture medium. These dishes were always run in parallel with striped-substrate dishes. 

In other controls (n=6 dishes) designed to determine whether borders between the lanes 

affected neurite behavior independent of the molecular composition of the substrates, con

A/laminin with Texas Red-BSA was applied in stripes using the silicon matrices, 

according to the same procedures used to make the tenascin vs con-A/laminin striped 

substrates. After removal of the matrices, con-A/laminin was applied to the surface of 
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the dish. These dishes provided a uniform layer of con-Allaminin superimposed upon 

stripes of con-Allaminin, upon which cells were plated as usual. 

I prepared three special dishes with tenascin and con-A/laminin lanes solely to 

examine the extent of overlap between the lanes. As usual, 10 p,g/ml of the dye Texas 

Red-BSA was added to the tenascin. In these dishes, another dye, 10 p,g/ml FITC-BSA, 

was added to the con-Allaminin before application to the dishes. After the lanes were 

made, I examined the dishes under Texas Red and FITC filters with the confocal 

microscope. 

Quantification of cell body attachment in stripe assays 

To assess whether a differential attachment of neuronal cell bodies occurred in the 

presence of the two substrates, the number of neurons on tenascin lanes and on con

A/laminin lanes was determined separately in five dishes using a combination of 

fluorescence and phase-contrast optics. I also counted neurons on lanes prepared with 

con-Allaminin alone in five dishes. The following criteria were used to select objects to 

count: (1) neurons, distinguished by a phase-bright appearance and smooth surfaces, were 

counted whether or not they had processes; (2) glial cells, distinguished by a flattened 

and phase-dark appearance, and with short, vellate processes were excluded; (3) 

obviously unhealthy cells, recognized by a lack of smooth surfaces, by cytoplasm that 

appeared highly vacuolated, or by heavily-beaded processes, also were excluded; (4) 

clumps with more than 12 neurons, and neurons that fell on borders between tenascin and 
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con-A/laminin lanes were not counted. 

Analysis of neurite outgrowth 

In the control dishes (con-A/laminin) and in dishes in which tenascin was applied as 

a uniform substrate in the presence or absence of con-A/laminin or as a soluble factor 

to the culture medium, neurons were photographed at short-term intervals (3, 6, 12, and 

24 hours) after being placed into culture. The gridded coverslips used in these 

experiments allowed me to return to the same neurons repeatedly at these different times 

in culture. 

For the stripe assays and their controls, neurons were photographed at 24 hours and 

48 hours as well as at 4, 6, and 11 days in culture. In a few cases I were able to return 

to the same neurons but most often, I did not follow the same neurons over time because 

the stripes were prepared on the surface of plastic culture dishes rather than on gridded 

coverslips. 
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Results 

To examine the potential influences of tenascin on the development of moth antennal

lobe neurons, tenascin was presented in various ways to neurons growing in culture (see 

Table 3.1). 

Responses of antennal-Iobe neurons to uniform tenascin substrates and soluble 

tenascin 

For all the experiments described below, cells were dissociated from antenna I lobes 

at stage 5 of the 18 stages of adult metamorphic development. This stage was chosen 

because it is an important stage in the development of glomeruli, a stage when all the 

major cell types in the lobe are beginning to interact. At this stage of development, 

sensory axons from the antennae have begun to arrive in the lobe and to coalesce to form 

dense knots or protoglomeruli (Figure 3.1). Local intemeurons of the lobe have not yet 

contacted the sensory axons but a few processes of the projection neurons have invaded 

the protoglomeruli at this stage (Malun et aI., 1993). Glial cells have just begun to 

migrate inwardly to surround the protoglomeruli. 

In the first set of experiments, dissociated cells were seeded upon a uniform substrate 

consisting of mouse eNS tenascin applied on top of con-A/laminin or of tenascin alone 

applied onto mini-wells or plastic dishes. In addition, other cells were plated upon a con

A/laminin substrate and soluble tenascin was added after cells had attached. Other dishes 

in which cells were plated upon con-Allaminin alone served as controls. Antennal-Iobe 
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neurons in these cultures are distinguished by their phase-bright appearance and smooth 

surfaces. In contrast, glial cells appear flat and phase-dark, often with a bluish tinge to 

the cytoplasm under phase optics. 

After 3 hours in culture, a few neurons on the tenascin + con-A/laminin substrate 

had a single short process « 1 cell body in length; Figure 3.2C). At 24 hours, however, 

the few neurons still attached on the tenascin + con-A/laminin were rounded with no 

processes extending from their cell bodies (Figure 3.2D). Most often, the movement of 

the dishes required to photograph neurons was enough to disrupt cell-body attachment. 

Furthermore, neurons plated upon a substrate of tenascin alone showed the same 

responses (not shown). In contrast, many neurons plated upon the standard substrate of 

con-A/laminin displayed a few processes (> 1 cell body in length) emanating from their 

cell bodies at 3 hours in culture (Figure 3.2A). By 24 hours, these processes were 

usually longer and, at times, had branched (Figure 3.2B). 

Because soluble tenascin showed an effect contrary to that of substrate-bound tenascin 

in previous studies examining the responses of hippocampal neurons (Lochter et al., 

1991), I added soluble tenascin to the culture medium 2 hours after the plating of 

antennal-Iobe neurons on con-A/laminin. This delay ensured adequate cell-body 

attachment. At 3 hours and 24 hours in culture, these neurons (Figure 3.2 E and F) had 

the appearance of cells in control dishes to which no tenascin had been added. By 2 days, 

however, simple visual inspection revealed that the cultures exposed to soluble tenascin 

had less neurite outgrowth than the control cultures (not shown), suggesting that soluble 
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tenascin affects antennal-Iobe neurons in a manner similar to substrate-bound tenascin. 

Because a uniform substrate of mouse eNS tenascin interfered so strongly with cell 

body attachment, I unable to evaluate the potential effects of tenascin on neurite growth 

per se. I required an assay that would allow neuronal cell bodies to attach to an adhesive 

substrate and then allow me to examine the behavior of growing neurites when they 

encountered tenascin. 

Responses of antennal-lobe neurons to a striped substratum 

In order to produce a situation where neuronal cell bodies could attach to a con

Allaminin substrate and the behavior of their neurites could be examined upon 

encountering a tenascin substrate, striped substratum were made on culture dishes in a 

manner comparable to that used by others (Lallier and Bronner-Fraser, 1992; Vielmetter, 

et aI., 1991; Walter et aI., 1987). For most experiments, mouse CNS tenascin mixed 

with Texas Red-BSA (for visualization) was applied first to plastic dishes in stripes. For 

a few experiments, FITC-BSA was added to the con-A/laminin and the alternating lanes 

were examined to verify the distribution of the two substrates. Texas Red-fluorescent 

lanes showed crisp edges, suggesting that the tenascin was confined to these lanes; in 

contrast, FITC fluorescence, indicative of the distribution of con-A/laminin, was present 

over the entire dish, as expected. Thus, tenascin lanes contained a combination of 

tenascin (a potential inhibitory molecule) and con-A/laminin (permissive molecules). In 

the remainder of this paper, lanes will be referred to as "tenascin" and "con-A/laminin" 
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although it is important to remember that tenascin lanes also contain con-A/laminin. For 

a few experiments, the con-A/laminin was applied first in stripes, followed by a coating 

of tenascin. Cells in these experiments did not attach well to any lane, nor did they 

extend processes (not shown). Their behavior was strikingly similar to cells grown upon 

a uniform substrate of tenascin, as described above. 

To examine the responses of antennal-lobe neurons to the striped substratum, I 

photographed neurons at various times after plating, using sequential phase and 

fluorescence optics to image the neurons and then the fluorescently-labeled lanes on 

which they lay. I examined two behaviors: cell-body attachment and neurite outgrowth. 

To quantify cell-body attachment and evaluate whether a differential response to 

tenascin and con-A/laminin occurred, neuronal cell bodies on tenascin lanes and on con

A/laminin lanes were counted (n= 5 dishes). In parallel experiments, I counted neuronal 

cell bodies on dishes where the stripes were composed solely of con-Allaminin (controls; 

n= 5 dishes). In experimental dishes (Table 3.2), the number of cells found on tenascin 

lanes was 327 + 43 (mean + SEM) while the number of cells on con-A/laminin lanes 

were 1352+ 67 (mean+SEM). Using a paired t test, these values were determined to 

be significantly different (p < .0002), suggesting that cell bodies preferred to attach to 

the con-A/laminin lanes. In control dishes, no significant difference was present between 

the mean number of cells on the alternating con-Allaminin lanes. Figure 3.3 shows a 

typical arrangement of antennal-Iobe cells at 2 days in culture on the tenascin vs con

Allaminin stripes, illustrating the preference of con-A/laminin for cell body attachment. 
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I examined the pattern of branching by neurites of single antennal-Iobe neurons 

whose cell bodies were found on con-Allaminin lanes in the dishes with tenascin and con

A/laminin lanes at 2 days in culture. Two typical behaviors were seen in response to the 

striped substratum. Many neurons (approximately 70%) displayed neurites that were 

restricted to the con-Allaminin lanes (Figure 3.4: A,B,C,). Other neurons (approximately 

30%) sent one or a few unbranched processes across tenascin lanes to reach the adjacent 

con-Allaminin lanes where a few were observed to branch intensely (Figure 3.4D). 

At later times in culture, two typical patterns were again observed: many neurons 

(approximately 70 %) preferentially restricted their outgrowth to con-A/laminin lanes and 

others (approximately 30%) extended their neurites across tenascin lanes. Neurons in the 

first group often had 1 or 2 long processes with a small amount of fine branching at their 

terminals (Figure 3.5). Of the neurons in the second group, some crossed several 

tenascin and con-A/laminin lanes displaying a simple pattern of branching and appeared 

to meander around the dish, disregarding lane boundaries (Figure 3.6A); others branched 

diffusely in the adjacent con-allaminin lane (Figure 3.6B). In all of the dishes with 

tenascin and con-Allaminin stripes (n=24), neurons were never observed to branch 

preferentially on the tenascin stripes. All branching by antennal-Iobe neurons in these 

dishes was confined to con-A/laminin stripes. 

In one set of control experiments, neurons were grown on a substrate of con

A/laminin on nitrocellulose to determine how similar growth on nitrocellulose is to 

growth on coated tissue culture plastic or miniwells, which has been studied extensively 
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(Hayashi and Hildebrand, 1990; Oland and Hayashi, 1993, in press). On con-Allaminin 

+ nitrocellulose, many neurons at four days in culture exhibited extensive process 

outgrowth in apparently random directions across the dishes (Figure 3. 7E) as they do on 

standard con-A/laminin-coated coverslips (Figure 3.7D). Neurons on the nitrocellulose

based substrate live for approximately 2 weeks in culture, similar to counterparts on the 

standard con-Allaminin substrate. In a second set of controls, neurons were applied to 

lanes composed of con-A/laminin alone to examine any potential border effect that might 

affect neurite extension. Figure 3.7 A and B shows typical single cells at 2 days in 

culture that branch quite intensely across adjacent con-A/laminin stripes. This branching 

behavior across adjacent lanes was never observed in the tenascin vs con-Allaminin stripe 

assays. The extent of outgrowth by neurons growing on con-A/laminin lanes is similar 

to the growth by neurons on a uniform substrate of con-Allaminin + nitrocellulose 

(Figure 3.7C). These results suggest that any borders between adjacent lanes do not 

influence the pattern of neurite branching, independent of the molecular composition of 

the striped substratum. 

Discussion 

Because tenascin-like molecules exhibit an intriguing spatiotemporal pattern of 

expression during antenna I lobe development in the moth, I have begun to analyze the 

potential functions of these glia-associated molecules. One attractive possibility is that 

tenascin-like molecules act as molecular barriers to neurite growth, confining neurites 
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strictly to glomeruli. In the present study, I examined the effects of mouse CNS tenascin 

on the morphological development of antennal-Iobe neurons grown in culture. I 

questioned (1) whether mouse CNS tenascin was a permissive or inhibitory substrate for 

neuronal cell body attachment and (2) how growing neurites of antennal-Iobe neurons 

behaved in response to mouse CNS tenascin. 

The development of glomeruli 

Primary olfactory centers in many phylogenetic ally distant species are characterized 

by a neuropil that is organized into distinct structures called glomeruli. In the moth, 

glomeruli in the mature lobe comprise the terminal arborizations of sensory axons and 

antennal-Iobe neurons, surrounded by a nearly complete border composed of glial cells. 

In other species, olfactory glomeruli are similar in structure to the moth although the 

extent of encapsulation of glomeruli by glial cells varies widely. Furthermore, in frog 

(Magrassi and Graziadei, 1985), mouse (Graziadei et at., 1979), hamster (Costanzo and 

Graziadei, 1983), moth (Hildebrand et at., 1979; Oland and Tolbert, 1987) and bee 

(Gascuel and Masson, 1991), it is well-known that olfactory sensory axons are required 

to induce the formation of glomeruli. Of interest, recent studies in the mouse olfactory 

bulb suggest that tenascin and other potential inhibitory molecules may playa role in the 

formation of the glomerular layer (Gonzalez and Silver, 1992). This result and others 

from studies in developing systems suggest that similar molecules might participate in the 

construction of neural architecture in these varied species. 
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Previous studies have characterized some of the cellular interactions that generate a 

pattern of glomeruli in the moth antennallobe (Oland and Tolbert, 1987; Oland et aI., 

1988; Oland et aI., 1990; Tolbert and Oland, 1989). Interactions between sensory axons 

and glial cells and perhaps between glial cells and antennal-Iobe neurons are required to 

produce glomeruli in the lobe. The arrival of sensory axons in the lobe is necessary to 

induce the formation of glomeruli. In the absence of sensory input, glial cells do not 

migrate inward but instead accumulate in a multi-layered rind around the neuropil. 

Furthermore, antennal-Iobe neurons branch in a diffuse manner and lack the tufted or 

glomerular organization characteristic of neuronal arbors in the normal adult lobe (Oland 

et aI., 1990). Glial cells, too, are essential for glomeruli to form. When a significant 

portion of glia are removed using anti-mitotic agents, the branching patterns of antennal

lobe neurons are again aglomerular, even in the presence of apparently competent 

sensory axons (Oland and Tolbert, 1988; Oland et aI., 1988). Oland and Tolbert have 

proposed a hypothesis that suggests that glial cells, prompted by ingrowing sensory axons 

to form boundaries around developing glomeruli, mediate the effects of sensory axons 

on the branching patterns of antennal-Iobe neurons. Neurites of the two classes of 

antennal-Iobe neurons, local interneurons and projection neurons, appear to advance into 

the developing glomeruli at different times. Fine processes of the projection neurons have 

been found within the newly-emerged protoglomeruli in close proximity to the glial cell 

layer at stage 5 of development (Malun et aI., 1993), while local interneurons enter the 

protoglomeruli one stage later. 
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In Chapter 2, I have shown that tenascin-like molecules are found associated with 

glial cells that form borders around glomeruli, at critical times during the construction 

of glomeruli. The results of the present study lead us to propose that these glia-associated 

tenascin-like molecules help to sculpt the branching patterns of antennal-Iobe neurons by 

keeping their neurites restricted to developing glomeruli. 

Responses of antennal-lobe neurons to mouse eNS tenascin 

In the present study, I examined the behavioral responses of antennal-Iobe neurons 

grown in culture to mouse CNS tenascin to determine whether tenascin could influence 

the differentiation of these cells. Mouse CNS tenascin was presented to the neurons as 

a uniform substrate, as a patterned substrate in combination with a preferred adhesive 

substrate (con-Allaminin), and as a soluble factor added to the culture medium. 

As a uniform substrate, tenascin either alone or in combination with con-Allaminin 

offered poor support for neuronal cell body attachment. Because adequate cell body 

attachment is thought to be a necessary prerequisite for neurite outgrowth, I reasoned that 

the lack of good adhesion under these conditions directly affected process outgrowth. 

Although a few cells displayed short processes at 3 hours in culture, the few cells that 

remained weakly attached to the dish were round and without processes at 24 hours in 

culture. Of the cells grown in parallel under control conditions, many exhibited processes 

at 3 hours in culture and more extensive outgrowth at 24 hours in culture. These results 

indicated that mouse CNS tenascin interfered with the attachment of antennal-Iobe neuron 
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cell bodies to the dish but did not allow me to examine the potential influences of 

tenascin on neurite growth. 

To better assess the effects of tenascin on neurite growth, a striped substratum was 

prepared using specialized matrices (Walter et aI., 1987; Lallier and Bronner-Fraser, 

1992). For most experiments, tenascin was first applied in alternating lanes with the 

matrix, followed by a solution of con-A/laminin that overlay the culture dish. I analyzed 

the distribution of the tenascin and con-Allaminin by adding different fluorescent markers 

to each substrate, before their application to the dishes. The results of this analysis 

assured me that con-A/laminin-alone stripes would be available for cell body adhesion 

and that tenascin lanes also contained a permissive substrate that could allow cell body 

attachment and process extension by antennal-Iobe neurons. I reasoned that the 

combination of adhesive molecules (i.e. con-Allaminin) along with a potentially 

inhibitory molecule (i.e. tenascin) could allow neurites to explore and respond to the 

tenascin substrate. 

These results show that antennal-Iobe neurons respond in a differential manner to the 

tenascin + con-Allaminin stripes and con-A/laminin-alone stripes. Approximately 80% 

of the cell bodies of antennal-Iobe neurons were found on con-A-Iaminin-alone lanes and 

only 20% on tenascin + con-A/laminin lanes. In control experiments, where the striped 

substratum contained con-A/laminin alone with only the Texas Red-BSA dye alternating, 

neuronal cell bodies were found randomly distributed over the dish. This distribution of 

neuronal cell bodies rules out the possibility that the Texas Red-BSA, present in 
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alternating lanes in both experimental and control dishes, somehow interfered with the 

attachment of neuronal cell bodies or neurite growth on the tenascin lanes. 

When given a choice of substrates in the stripe assay, neurites of antennal-Iobe 

neurons exhibited one of two characteristic patterns both at early and at later times in 

culture: (1) neurites extended preferentially on con-A/laminin stripes or (2) neurites 

crossed tenascin either to branch in the adjacent con-Allaminin lane or to extend long 

unbranched processes across the dish without any apparent differences in the pattern on 

either substrate. 

The differential responses of growing neurites to mouse eNS tenascin may reflect 

the behaviors of specific sub-populations of antennal-Iobe neurons. Previous studies have 

shown that antennal-Iobe neurons fall into two classes (reviewed by Hildebrand, 1985): 

(1) local interneurons whose processes are confined to the lobe and are distributed to 

most or all glomeruli and (2) projection neurons that send axons to higher brain centers 

and usually have processes in 1 or a few glomeruli in the lobe. In addition, 

morphologically different subtypes of these two classes of neurons have been reliably 

identified in vivo (Matsumoto and Hildebrand, 1981; Hildebrand, 1985; Kanzaki et aI., 

1989) and in culture (Hayashi and Hildebrand, 1990; Oland and Hayashi, 1993), 

although correlations between the subtypes found in vivo and in vitro are elusive. The 

two classes of antennal-Iobe neurons are grouped into three distinct clusters in the lobe. 

In the present study, I dissociated entire antennallobes, containing neurons from all three 

clusters; in future experiments, it will be important to examine the behavior of subclasses 
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of these neurons. One attractive possibility is that local interneurons, whose processes 

are diffusely organized before entering glomeruli, respect glial boundaries coated with 

tenascin-like molecules. Projection neurons, in contrast, display rather restricted arbors 

even before entering glomeruli, and in the chronic absence of antennal axons, suggesting 

that the shape of projection neurons is largely the result of intrinsic influences. Of 

course, the tufted arbors of projection neurons may be modified by the local molecular 

environment. 

Because antennal-Iobe neurons on a uniform substrate of tenascin appeared unhealthy, 

I considered the possibility that mouse eNS tenascin could have a generalized negative 

effect on moth antennal-Iobe neurons. This possibility is highly unlikely due to a number 

of observations in these experiments: (1) cells on the stripe assays lived nearly as long 

in culture and branched in similar patterns as cells grown on the standard substrate of 

con-A/laminin; (2) neuronal cell bodies remained attached and appeared healthy in 

cultures where soluble mouse eNS tenascin was added to the culture medium and (3) 

neurons exhibited different behaviors on the striped substratum, suggesting that some type 

of recognition mechanism, not a generalized deleterious effect, is activated when neurons 

encounter mouse eNS tenascin. 

Although I have shown that neurites of antennal-Iobe neurons typically respond in 

one of two ways to alternating lanes of tenascin and con-A/laminin, I was not able to 

block these effects with polyclonal antibodies against tenascin. My initial tests using 

antibodies to try to block the effects of mouse eNS tenascin inconsistently allowed more 
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cells to adhere to the dish in the presence of tenascin but I was never able to observe any 

recovery of neurite outgrowth (Krull, unpublished observations). 

A role for tenascin/tenascin-like molecules in the development of glomerular 

branching patterns by antennal-Iobe neurons 

In Chapter 2, I provided immunocytochemical evidence and a partial biochemical 

characterization which suggested that molecules similar to mammalian tenascin and the 

tenascin-related molecule janusin are present in the moth antennallobe. In the neuropil, 

these tenascin-like molecules were found associated with glial cells that create borders 

around distinct units of synaptic neuropil called glomemli. Previous studies have 

demonstrated that these glial cells are required for the formation of glomerular branching 

patterns by antennal-lobe neurons (Oland :md Tolbert, 1988; Oland et al., 1988). In the 

absence of glia, antennal-lobe neurons branch diffusely and fail to develop their 

characteristic tufted form. These results, in combination with studies in other developing 

nervous systems (Steindler et al., 1989a and 1990; Crossin et al., 1990), suggested that 

tenascin-like molecules associated with antennal-lobe glial cells may be barriers to neurite 

growth, serving to constrain the terminal arborizations of sensory axons and antenna 1-

lobe neurons to developing glomeruli. In the present work, I examined the potential 

influences of mouse CNS tenascin on the morphological development of antennal-lobe 

neurons grown in culture. I found that mouse CNS tenascin can restrict neurite outgrowth 

by a large proportion of antennal-lobe neurons. Many neurons confine their branching 
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strictly to con-A/laminin lanes, where their cell bodies are attached, suggesting that 

tenascin inhibits neurite outgrowth of these neurons. Other neurons navigate across a 

single tenascin lane to branch extensively in an adjacent con-Allaminin lane, suggesting 

that they, too, are inhibited by tenascin, although to a lesser degree, and prefer to branch 

on con-A/laminin. A few neurons with simple branching patterns grow across multiple 

tenascin lanes with apparent ease, similar to the behavior of a subset of cells grown on 

the standard con-A/laminin substrate (Hayashi and Hildebrand, 1990; Oland and Hayashi, 

1993, in press). Perhaps these neurons encounter a non-adhesive environment not 

conducive for branching or lack recognition mechanisms for the tenascin substrate. 

Another possibility is that tenascin directly influences the complexity of branching of 

these cells. 

My results suggest that glial cell borders decorated with tenascin-like molecules in 

vivo might serve to prohibit growing neurites from crossing into neighboring glomeruli. 

Of course, it may also be possible that permissive molecules are present within the 

glomeruli that promote neurite branching inside glial boundaries. While I would not 

expect the single molecule tenascin to be solely responsible for the branching patterns of 

neurites, tenascin-like molecules are in a position to play a significant role in the 

formation of these glomerular patterns. 

My results show some similarities to the results of studies in other systems where in 

vitro assays were used to examine the potential functions of tenascin. Tenascin alone or 

in combination with charged substances (e.g.polylysine) most often acts as a poor 
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substrate for neuronal body attachment (Faissner and Kruse, 1990; Wehrle and Chiquet, 

1990). Although cell body adhesion is poor on tenascin, some neurons can extend 

neurites on a tenascin substrate (Lochter et aI, 1991; Wehrle and Chiquet, 1990). Similar 

to my results, mouse cerebellar neurons and retinal ganglion cell axons do not grow well 

on tenascin (Faissner and Kruse, 1990; Perez and Halfter, 1993). In contrast, leech 

neurons exhibit extensive neurite outgrowth in response to a substrate containing leech 

tenascin-like molecules, in comparison to neurite outgrowth under standard conditions 

(Masuda-Nakagawa and Wiedemann, 1992). 

Although moth tenascin-like molecules primarily consists of two forms, one similar 

in size to mammalian tenascin and the other, to the tenascin-related molecule janusin, for 

this work I have examined the responses of antennal-Iobe neurons to mammalian 

tenascin. Thus, it is likely that the responses of antennal-Iobe neurons to moth tenascin

like molecules could include even more complex behaviors. Isolation of moth tenascin

like molecules and the characterization of their structural and functional properties should 

provide additional information about the potential roles for tenascin in the development 

of the pattern of glomeruli in the antennallobe. A critical and direct test of the function 

of tenascin in the lobe will include the injection of antibodies in vivo to attempt to disrupt 

the development of glomeruli. Previous studies in the developing somatosensory cortex 

suggest that the lectin peanut agglutinin binds to a presumptive receptor for tenascin 

(Crossin et al., 1989; Hoffman and Edelman, 1987). Hence I examine the distribution 

of peanut agglutinin binding in the antennallobe in Chapter 4. 
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Figure 3.1. Schematic drawing showing cellular constituents of a stage-5 antennallobe. 

Lobe consists of a central region of neuropil bordered by glial cells, g; clusters of 

neuronal cell bodies, n; cut axons of olfactory sensory neurons coursing in the antennal 

nerve, a; and perineurial sheath cells, s; *, protoglomerular region of neuropil. Prior to 

preparation of primary cultures, nerve is cut at the entrance to the lobe and the 

perineurial sheath is removed. 
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Table 3.1: In Vitro Analyses of Tenascin Effects on 
Antennal-Lobe Neurons 

Unifonn Substrates 

Stripes 

tenascin + concanavalin-A/laminin 
tenascin on glass 
tenascin on plastic 
concanavalin-A/laminin + soluble tenascin 
concanavalin-A/laminin (controls) 
concanavalin-A/laminin + nitrocellulose (controls) 

tenascin' 
concanavalin-A/lamininl 

concanavalin-A/laminin I 

I applied as stripes 

concanavalin-A/laminin2 

tenascin2 

concanavalin-A/laminin2 

2 applied as unifonn overlay after stripes 

n=15 
n=6 
n=6 
n=15 
n=15 
n=24 

n=24 
n=3 
n=6 

113 



114 

Figure 3.2. Comparison of neurite outgrowth on uniform substrates. Left panels, 3 

hours; right panels, 24 hours in culture. (A,B) Control substrate of con-A/laminin. (C,D) 

Mouse tenascin + con-A/laminin substrate. (E,F) Con-A/laminin substrate + soluble 

mouse tenascin. At short times in culture, neurons plated onto a tenascin-containing 

substrate showed little or no outgrowth. Neurite outgrowth on con-A/laminin substrate 

was comparable in the presence or absence of soluble tenascin. Scale bar = 100 ",m. 
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Figure 3.3. Differential distribution of neuronal cell bodies on tenascin vs. con-

Allaminin stripes at 2 days in culture. In this and subsequent figures, bar at top of figure 

shows tenascin stripes labeled with Texas Red-BSA (light) alternating with unlabeled con

A/laminin stripes (dark), same field as phase-optics micrograph. Cell bodies located 

predominantly on con-Allaminin stripes. Scale bar = 100 p.m. 





Table 3.2: Numbers of Neuronal Cell Bodies on Striped Substratum 

Experimental 

Control 

tenascin stripes 
vs 

con-Allaminin stripes 

con-A/laminin stripes 
vs 

con-A/laminin stripes 

# of cells 

327 + 433 

1352 + 673 

600 + 37b 

557 + 50t> 

% of cells 

19 

81 

52 

48 

Neurons were counted on alternating stripes in experimental dishes (n=5) and in 
control dishes (n=5). All values are shown as the means + SEM. 
3 Values show a significant difference (p < 0.0002, paired t-test) 
b Values do not show a significant difference (p > 0.4) 

118 
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Figure 3.4. Patterns of neurite outgrowth on striped substratum at 2 days in culture. CA-

e) Neurite outgrowth restricted to con-A/laminin stripes. (D) Neuron with process 

capable of crossing tenascin stripe, but with higher order branching restricted to con

A/laminin stripe, arrowhead. Scale bar = 100 p.m. 
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Figure 3.5. Restricted outgrowth of neurites on striped substratum at 6 days in culture. 

Arrowheads mark fine neurites that have grown preferentially in a single con-A/laminin 

stripe. Scale bar = 100 p.m. 
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Figure 3.6. Two patterns of neurite outgrowth at later times in culture. (A) Simple 

neurites extend long distances, crossing lanes indiscriminately. 9 days in culture. (B) 

Neurites extend without branching across tenascin lane, then branch extensively in con

A/laminin lane. 11 days in culture. Scale bar = 100 j.tm. 
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Figure 3.7. Patterns of neurite outgrowth on control substrates. Substratum formed by 

adjacent con-A/laminin stripes (A,B) or uniform con-A/laminin (C) over a nitrocellulose 

base to control for the possible influence of physical stripe borders and of nitorcellulose. 

Bar at top of A,B shows alternation of unlabelled and labelled con-A/laminin stripes. 

Single arrowheads, neurites branching in unlabelled stripe; double arrowheads, neurites 

branching in labelled stripe. At 2 days in culture, neurite outgrowth comparable in 

striped vs. uniform substrate and neurites branched readily across the borders. Uniform 

con-A/laminin substrate on standard glass coverslip (D) or over a nitrocellulose base (E) 

to control for possible effects of nitrocellulose. Neurons of equivalent complexity can be 

found on both substrates. Scale bar = 100 p.m. 





CHAPTER 4: Restricted Expression of Peanut Agglutinin-binding Molecules 
in a Developing Insect Olfactory System 
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Membrane-bound proteins and secreted extracellular matrix (ECM) molecules mediate 

many aspects of cell-cell communication in both developing vertebrate and invertebrate 

nervous systems (McClay and Ettensohn, 1987; Jessell, 1988; Hortsch and Goodman, 

1991). Many of these molecules underlie selective cell adhesion/recognition events that 

influence cell migration, axon guidance, and the formation of precise synaptic contacts. 

Some of these molecules are thought to actively direct process extension while others 

provide generally permissive substrates for growth. Often, these molecules are expressed 

in a restricted spatiotemporal manner that correlates well with early morphogenetic 

rearrangements. 

As many of these membrane-bound proteins and ECM molecules are glycosylated, 

lectins or carbohydrate binding proteins have served as useful probes for the distribution 

of these molecules in developing nervous systems (Lis and Sharon, 1986). The lectin 

peanut agglutinin (PNA), specific for the sugar galactose, has been a particularly valuable 

tool. For example, PNA binds to the posterior halves of trunk somites in chick, a region 

avoided by migrating neural crest cells and growing motor axons (Davies et aI., 1990; 

Oakley and Tosney, 1991). Furthermore, two PNA-bindingproteins have been identified 

from posterior somites which elicit the collapse of growth cones in culture (Davies et al. , 

1990). PNA also binds to a 33 kD glycoprotein, plentiful in the posterior tectum, that 
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decreases at the time when an inhibitory activity disappears from posterior tectal 

membrances (Stahl et al., 1990). PNA-binding molecules are found in the synaptic basal 

lamina at the neuromuscular junction (Ko, 1987) and may participate in the formation of 

the junctional architecture (Somasekhar and Ko, 1991). In the developing grasshopper 

nervous system, PNA binds to neuronal processes during the period of exhuberant growth 

and navigation decisions (Burt and Anderson, 1985). Interestingly, PNA labeling 

delineates cellular boundaries around distinct neuronal units at critical periods of 

development of the mouse somatosensory cortex barrel field (Cooper and Steindler, 

1986a; Crossin et al., 1989). PNA is thought to bind to a chondroitin sulfate 

proteoglycan which may be a receptor for the extracellular matrix molecule tenascin 

(Crossin et al., 1989; Hoffman and Edelman, 1987). 

The developing barrel field displays a striking superficial resemblance to the moth 

olfactory (antennal) lobe. The finding that presumptive boundaries around distinct units 

in the barrel field labeled with PNA prompted me to examine PNA binding in the 

antennallobe. During adult metamorphic development in the moth, a pattern of distinct 

units called glomeruli emerges as a result of a complex interplay between three cellular 

components in the antenna I lobe: sensory axons, neuropilar glial cells and antennal-Iobe 

neurons (Oland et al., 1990). Glomeruli, composed of the terminal arborizations of 

sensory axons and antennal-Iobe neurons, are surrounded by a glial border. Furthermore, 

I recently have found molecules antigenic ally similar and comparable in molecular size 

to tenascin associated with these glial boundaries (see Chapter 2). Because of the 
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previous results from studies of PNA binding (Cooper and Steindler, 1986a; Crossin et 

aI., 1989) and tenascin-like immunoreactivity (Steindler et aI., 1989a, 1990; Crossin et 

aI., 1989; Jhaveri et aI., 1991) in the developing barrel field, I reasoned that PNA might 

also bind to a presumptive receptor for tenascin-like molecules in the antennallobe. 

For this work, I analyzed the pattern of expression of PNA-binding molecules in 

antennal lobes at various stages of development using immunocytochemical methods and 

Western blot analysis. I was interested specifically in whether any changes in the pattern 

of labeling occurred during the period of glomerulus fonnation that might indicate that 

particular lectin-binding molecules could play a role in this event. I also examined the 

labeling of the antennal lobe by other lectins (e.g. concanavalin-A, wheat genn 

agglutinin, soybean agglutinin) to probe for other glycosylated molecules that might play 

important roles in development. 

Materials and Methods 

Animals 

Manduca sexta were reared on an artificial diet in the departmental insect facility. 

Pupae were staged by following changes in structures visible immediately under the pupal 

cuticle (Tolbert et aI., 1983; Oland and Tolbert, 1987). Metamorphic development spans 

18 stages, each stage lasting approximately one day. 

To produce animals deprived of antennal sensory input, or "deantennated" animals, 

the antenna I anlagen were removed shortly after the larval-pupal molt, before the 
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antennal sensory neurons were born. An opening was made in the antennal cuticle, 

presumptive antennal tissue was scraped away, and the exposed antennal trough was then 

plugged with melted wax, as described previously (Oland and Tolbert, 1987). Input from 

the labial pit organ, which contributes sensory axons to only a single glomerulus (Kent, 

1985), remained intact. 

Lectin cytochemistry 

To examine lectin binding at the light microscopic level, animals at stages 3, 6, 7, 12, 

and 18 of metamorphic development were cooled for lO minutes on ice for anesthesia 

and the brains were dissected. Brains were fixed in 4% paraformaldehyde for 4 hours, 

sequentially immersed in lO%, 20%, and 30% sucrose, and sectioned on a cryostat at 

16 p,m. Sections containing antenna I lobes were processed for cytochemistry using the 

lectin peanut agglutinin (PNA) conjugated to RITC (Vector). The same sections also were 

labeled with OSA, Olfactory-Specific Antibody (Hishinuma et aI., 1988a, 1988b), to 

delineate the antenna I sensory axons and determine the extent of overlap with PNA 

labeling. The lectins wheat germ agglutinin (sugar: N-acetylglucosamine), concanavalin-A 

(sugar: mannose), and soybean agglutinin (sugar: N-acetylgalactosamine) were used in 

similar experiments, with antennal-Iobe sections from animals at stage 6 of development. 

For cytochemistry, sections received two lO-minute washes in phosphate buffered saline 

(PBS; pH 7.3) to remove the fixative solution, followed by incubation in a solution of 

3 % normal goat serum (NGS) in PBS for 30 minutes. In initial experiments, PNA-RITC 
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and OSA were applied to separate sections. The resultant staining patterns observed on 

separate sections did not show any differences compared to the staining patterns observed 

when the two reagents were mixed. Therefore, for most experiments, PNA-RITC (1 :500) 

and OSA (1: 150) were mixed together in a solution of 1 % NGS in PBS and applied to 

sections overnight at 4°C. After two lO-minute washes with 0.05% Tween in PBS 

(PBST), and one lO-minute wash with PBS, secondary antibody (goat anti-mouse-FITC) 

was diluted to 1 :200 in 1 % NGS in PBS and applied to sections for 2 hours at room 

temperature. After two PBST washes and two washes in PBS, sections were 

coverslipped in mounting medium (80% glycerine in 5 mM carbonate-bicarbonate buffer, 

pH 9.4) and viewed with rhodamine and fluorescein optics on an inverted Zeiss 

microscope. 

For control experiments, to examine possible non-specific binding, PNA-RITC was 

preabsorbed with excess D-galactose (500 mM), spun at 100,000g for one hour, and then 

applied to sections processed in parallel with experimental sections. 

Western blot analysis 

For the analysis of antennal-Iobe proteins labeled by PNA, whole brains were 

dissected and antenna I lobes were desheathed and removed from animals at the same 

stages of development examined in the lectin cytochemistry experiments. Antennal-Iobe 

proteins were homogenized in 2X SDS sample buffer (0.123 M Tris base, 20% glycerol, 

10% 2-mercaptoethanol, 4.6% SDS) and frozen at -80°C until sufficient numbers of 
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samples were collected. 

After the placement of the antennal-Iobe samples in a 90°C water bath for 5 minutes, 

the samples were centrifuged for 5 minutes at 14,000g. Approximately equivalent 

amounts of total protein (about 35 p.g), as quantified by Micro-BCA assay (Pierce), were 

loaded into each sample lane. Samples were separated by SDS-PAGE (Laemmli, 1970) 

with 8 % acrylamide in the separating gel. Proteins were transferred to polyvinylidene 

difluoride (PVDF) membrane (Immobilon, Biorad) and non-specific PNA binding was 

blocked by incubation of the membrane overnight in 3 % bovine serum albumin (BSA) 

in PBS. After two 30-minute washes in PBST, the membrane was incubated in 

biotinylated PNA (Vector) at a dilution of 1: 1000 in 1 % BSA in PBST overnight at room 

temperature on a shaker. Following three 30-minute washes in PBST, the membrane was 

incubated in avidin-alkaline phosphatase (Vector) at 10 p.l/ml of buffer (20 mM Hepes, 

0.5 M NaCI,.OI mg/ml crystalline BSA) for 2 hours at room temperature on a shaker. 

The enzyme reaction product was visualized using an alkaline phosphatase detection kit 

(Biorad); the reaction was stopped by rinsing with distilled water. Controls were 

processed for each stage of development tested. Control lanes were treated as described 

above except the biotinylated PNA was omitted. Biotinylated high molecular weight 

standards (Biorad) were used in each experiment. 

Electron microscopy 
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PNA binding was examined at the ultrastructural level using a modification of the 

protocol of Sun et al. (1993). Whole brains from stage 7 pupae were removed and fixed 

in 4% paraformaldehyde, 0.15% glutaraldehyde, and 0.2% saturated picric acid in 0.1 

M phosphate buffer overnight at 4°C. After three lO-minute washes in 0.1 M phosphate 

buffer, brains were embedded in 7% agarose and sectioned at 50 pm on a vibratome. 

Sections were then washed three times for 10 minutes each in 0.1 M phosphate buffer 

and then two times for lO-minutes each in Tris buffer (0.05 M; pH 7.6). Non-specific 

PNA binding was blocked by incubating the sections in 2 % NGS and 1 % BSA in Tris 

buffer for 1 hour at room temperature. The sections were incubated in biotinylated PNA 

(Vector) at a dilution of 1:500 in 1 % NGS and 1 % BSA in Tris buffer overnight at 4°C 

on a shaker. Sections then received five 10-minute washes with 1 % NGS and 1 % BSA 

in Tris buffer. For visualization of the lectin signal, the Vectastain Elite ABC (avidin

biotin horseradish peroxidase complex) reagents (Vector) were mixed and added to the 

sections for 2 hours. The peroxidase reaction was carried out with diaminobenzidene as 

chromogen. After three 10-minute washes with 0.1 M phosphate buffer, the sections 

were examined under the light microscope to locate sections containing antennal lobe. 

These sections were then processed for electron microscopy. Briefly, 0.5% osmium was 

added to the sections for 20 minutes and followed by two lO-minute washes in 0.1 M 

phosphate buffer. Sections were dehydrated through an ethanol series and placed in 

propylene oxide, twice for 10 minutes each. Sections were placed in Eponl Araldite:PO, 

1:1, for 1 hour and EponlAraldite:PO, 3:1, for 3 hours and in pure EponlAraldite 
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overnight on a shaker at room temperature. Individual sections were embedded in fresh 

Eponl Araldite between sheets of Aclar and polymerized overnight at 60°C. After the 

embedded sections were glued to BEEM capsules, ultra-thin sections were cut with a 

diamond knife using a RMC microtome. Staining with uranyl acetate and lead citrate was 

performed before viewing sections on a JEOL 1200EX electron microscope. 

Results 

Spatial and temporal distribution of PNA binding in normal antennallobes 

To examine the spatiotemporal pattern of expression ofPNA-binding molecules, PNA 

binding was examined in antennal lobes at various stages of metamorphic development 

(e.g. stages 3, 6, 7, 18). Each stage chosen represents a clear step in the morphological 

development of the lobe (see Figure 4.1). The cellular simplicity of the lobe and detailed 

information from previous studies about the morphological development of cells allowed 

me to localize PNA binding to specific cell types. 

At stage 3 of metamorphic development, prior to the arrival of antenna I sensory 

axons, the lobe consists of a central core of neuropil, composed of the branching 

dendrites of antennal-Iobe neurons, surrounded by a thick rind of glial cells and clusters 

of antennal-Iobe neuronal cell bodies. PNA brightly labels the lobe neuropil at this stage 

(Figure 4.2A), although the primary neurites extending from the neuronal cell bodies into 

the neuropil appear unlabeled. Neuropilar glial cells and neuronal cell bodies also appear 

to be unstained. Sensory axons, labeled by Olfactory Specific Antibody (OSA) in these 
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experiments, begin to reach the lobe at stage 4, when they dive under the glial border 

to form a layer between the glial cells and the central core of neuropil (Figure 4.2B). 

PNA staining of the lobe at stage 4 remains confined to the neuropil containing the 

branching dendrites of the antennal-Iobe neurons (Fig. 4.2C). At stage 5, the terminals 

of sensory axons begin to coalesce to form dense knots, or "protoglomeruli" (Oland et 

al., 1990), and many dendrites begin to confine their fine branches to a layer beneath the 

protoglomeruli. At this stage, PNA again labels the dendritic neuropil of the lobe, but 

the labeling is brighter in the layer of neuropil beneath the protoglomeruli. Some PNA 

labeling also is found inside the protoglomeruli at stage 5, coincident with the presence 

of a few growing neurites from one class of antennal-Iobe neuron, the projection neurons 

(Malun et al., 1993). At stage 6 (Figure 4.2D), protoglomeruli are surrounded almost 

completely by glial cells and contain additional dendrites of the projection neurons. The 

other main class of antennal-Iobe neurons, local interneurons, have most of their 

branches still within the confines of the central neuropil but some of these processes are 

beginning to enter the protoglomeruli at stage 6. At this stage, PNA staining is heaviest 

in the ring of neuropil just beneath the protoglomeruli and advancing into the developing 

glomeruli (Figure 4.2E). There is obvious overlap between the OSA-Iabeled sensory 

axons and the PNA-Iabeled dendrites. At stage 7, many of the processes of the local 

interneurons invade the glia-encased protoglomeruli (Figure 4.3A). PNA labeling has 

virtually disappeared from the central region of neuropil and is found very brightly 

within glomeruli (Figure 4.3B), coincident with a wave of neurite growth and synapse 
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formation occurring within the developing glomeruli. At stage 18, when the moth is 

almost adult, labeling with PNA fades and becomes only barely detectable (Figure 4.3C). 

PNA also labels other neuropils of the developing insect brain, in addition to the 

antennal-Iobe neuropil. For example, at stage 3 of development, PNA binds to 

glycosylated molecules in the optic neuropils (Figure 4.4). This lectin labeling gradually 

decreases as metamorphic development proceeds. 

Control sections of antennallobes at all the stages of development tested were treated 

with PNA that had been preabsorbed with galactose. These sections showed no labeling 

(Figure 4.3E), suggesting that PNA binds specifically to its preferred sugar residues in 

the sections. 

I also analyzed the binding of other lectins in antennal lobes at stage 6 of 

development, a critical stage during glomerulus formation. The lectin concanavalin-A 

appears to label all of the cellular constituents of the lobe (Figure 4.SA) while the lectin 

wheat germ agglutinin outlines nuclei of both neurons and glial cells in the lobe (Figure 

4.SB) and throughout the brain. Although the lectin soybean agglutinin has been shown 

to label subsets of olfactory axons and of glomeruli in vertebrate olfactory systems 

(Riddle et aI., 1993; Key and Giorgi, 1986a and 1986b), I detected no labeling in the 

antennal lobe using this lectin. 

Distribution of PNA binding in lobes deprived of antennal input 

Previous studies have shown clearly that olfactory axons are required for the 
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construction of the pattern of glomeruli (Oland et al., 1990). When olfactory axons are 

chronically removed early in development, glial cells do not migrate to surround 

neuropilar subunits but instead accumulate around the outside of the dendritic neuropil 

(Oland and Tolbert, 1987). As the processes of the antennal-Iobe neurons grow, they fail 

to develop their characteristic tufted arbors in the absence of olfactory axons and retain 

some fine branches in the central core of neuropil (Oland et aI., 1990). Because the 

absence of sensory input produces such distinct changes in the overall morphology of the 

lobe and because the distribution of glycosylated molecules changes in response to the 

absence of sensory innervation in other developing systems (Cooper and Steindler, 

1986a; Somasekhar and Ko, 1991), I examined PNA binding in lobes that had been 

chronically deprived of antennal sensory input and allowed to develop to stage 7. Similar 

to the results in normally developing lobes, PNA labeling was localized to the region 

occupied by processes of the antenna I-lobe neurons that in this case lack their 

characteristic tufted pattern of branching (Figure 4.2D). In these deantennated lobes, 

though, the labeling is spatially less restricted than seen in normal stage 7 lobes, 

remaining localized to a rather large portion of the neuropil (compare Figure 4.2B and 

4.2D). Only a small central region of neuropil appears to be devoid of labeling. The 

pattern of staining exactly matches the distribution of fine dendritic branches (Oland et 

al., 1990) and of synapses (Tolbert, 1989) in the deantennated lobe. 

Ultrastructural localization of PNA-binding molecules 
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To examine the distribution of PNA binding at the ultrastructural level, I examined 

lectin binding using biotinylated PNA in normal stage-7 antennallobes. Interestingly, a 

very thin ring of dense reaction product is present around most neuronal processes within 

the finely-textured glomerular neuropil (Figure 4.4A). These results suggest that PNA 

binds to glycosylated molecules that are likely to be present on the surfaces of most 

dendrites or within the extracellular space between processes. Control sections through 

stage 7 antennallobes that did not receive biotinylated PNA revealed no apparent labeling 

of the fine neuropil (Figure 4.6B), indicating that the dense reaction product found on 

neuritic membranes in experimental animals was due to specific PNA binding. 

Western blot analysis of PNA-binding proteins in normal antennallobes 

From the cytochemical experiments, I knew that PNA produced an intriguing cell

type-specific pattern of staining in the developing antennal lobe. The changes in the 

distribution of PNA binding during the period of glomerulus formation were equally of 

interest. As PNA could potentially label a number of different proteins with galactose 

residues, I used Western blot analysis to determine not only which proteins bound PNA 

but whether any appeared to be developmentally regulated during the construction of 

glomeruli in the antennallobe. 

Proteins from antennal lobes at stages 3 (before axons arrive in the lobe), 5, 6, 7 

(when axons are growing in and glomeruli are forming), 12 and 18 (after glomeruli have 

formed) were assayed using Western blot analysis with biotinylated PNA as a probe 
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(Figure 4.7). As expected, several proteins in antennal lobes at all the stages of 

development tested exhibited sugar residues that bound PNA. Four proteins in particular 

exhibited an intriguing temporal pattern of expression. Protein 230 kD (p230 kD) was 

present only at stages 6 and 7 of metamorphic development. P205 kD, a diffuse protein 

band, appeared most intensely labeled during stages 6, 7, and 12, but also was present 

at stage 18, in mature lobes. P160 kD was found only at stages 12 and 18, and P145 kD 

appeared strongly labeled at stage 6, 7, 12, and 18. 

The control lane containing proteins from stage-18 antennal lobes that was treated 

with avidin-alkaline phosphatase alone revealed a few proteins that stained in the absence 

of PNA. It is likely that these proteins are avidin-binding proteins and are, thus, non

specific. None of the four proteins described above stained when the membrane was 

incubated in the absence of PNA, suggesting that these proteins are specifically 

recognized by PNA. 

Discussion 

Previous studies in Manduca have provided detailed information about the cellular 

constituents of the mature antennal lobe (Homberg et al., 1989) and about many of the 

cell-cell interactions that are required to produce a pattern of glomerular units during 

lobe development (Oland and Tolbert, 1987; Oland and Tolbert, 1988; Oland et aI., 

1988; Tolbert and Sirianni, 1990; Oland et aI., 1990). I now have begun to examine the 

molecular mechanisms underlying the formation of glomeruli. Recently, tenascin-like 
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molecules have been found associated with neuropilar glial cells that form boundaries 

around glomeruli (see Chapter 2). Results from in vitro studies to examine the potential 

influence of tenascin on antennal-Iobe neurons lead me to suggest that tenascin may 

restrict neurite outgrowth to developing glomeruli and prevent growing neurites from 

entering neighboring glomeruli (see Chapter 3). 

Because PNA labels cellular boundaries around barrel units in the developing 

somatosensory cortex (Cooper and Steindler, 1986a; Crossin et al., 1989) and binds to 

chondroitin sulfate proteoglycan, a presumptive receptor for tenascin (Crossin et al., 

1989), I examined the distribution of PNA-binding molecules in the developing moth 

antennal lobe in sections at the light and electron microscopic level and using Western 

blot analysis. I also evaluated the pattern of staining of three other lectins since lectins 

and monoclonal antibodies against oligosaccharides have been useful probes in other 

olfactory systems (Mori, 1993; Riddle et al., 1993; Stewart and Touloukian, 1990; 

Schwob and Gottleib, 1986; Riggott and Scott, 1989). 

The striking finding of the present study is that PNA labels precisely the region of 

neuropil known to be occupied by the growing tips of dendrites of antennal-Iobe neurons 

(Oland et al., 1990) at every stage of their growth, from very early stages of 

development, before the arrival of sensory axons in the lobe, through the development 

of glomeruli in response to axon ingrowth. As the antennal-Iobe neurons shed their fine 

processes in the central region of the neuropil and extend new finely branching dendrites 

into the protoglomeruli (Oland et al., 1990; Malun et al., 1993), PNA labeling 
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progressively becomes restricted to the developing glomeruli; labeling fades from the 

central region of neuropil, which now becomes coarser in texture, and is intense in the 

bases of glomeruli. Once glomeruli have formed and dendrites cease their growth, the 

labeling of the lobe with PNA fades and becomes only weakly detectable. 

The cell-specific binding of PNA to the growing dendrites of antennal-Iobe neurons 

suggests that these cells possess biochemical components distinct from other cellular 

constituents in the lobe. The spatiotemporal pattern of PNA binding offers clues to the 

potential functions of these molecules. Because the distribution of PNA binding 

undergoes such striking changes while glomeruli are being created, one attractive 

possibility is that these lectin-binding molecules, localized either in the plasma membrane 

or in the extracellular space, participate in neurite growth or synapse formation, events 

that accompany the formation of glomeruli. Although the binding of the lectins 

concanavalin-A, wheat germ agglutinin and soybean agglutinin was analyzed in stage-6 

lobes, I found no evidence for cell-specific patterns of labeling that correlate with the 

formation of glomeruli. 

Western blot analysis reveals that a number of antennal-lobe proteins are bound by 

PNA at all stages of development evaluated. Four proteins in particular appear to be 

developmentally regulated. P230 kD was present only when growing neurites of antenna 1-

lobe neurons enter the glia-bordered protoglomeruli but appears absent at earlier stages 

of development and later, in mature lobes. This protein is present at the correct time and 

place to be involved in axon-neurite or neurite-neurite interactions. Both P205 kD and 
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P145 kD appear strongly labeled beginnning at stage 6 and extending to stage 18. The 

temporal distribution of these proteins suggests they may participate in neurite growth, 

synapse formation or the maintenance of glomerular units. P160 kD appears only after 

glomeruli have formed. Perhaps this protein is involved in the stabilization of glomerular 

structures (Tolbert and Sirianni, 1990) or perhaps its role is unrelated to development. 

Because these four lectin-labeled proteins appear after the arrival of sensory axons in the 

lobe, the possibility exists that sensory axons induce the expression of these proteins. 

This idea can, of course, be explored further in the future by examining deantennated 

lobes using Western blot analysis. While the four lectin-labeled proteins appear to be 

expressed only at certain times during lobe development, another interesting possibility 

is that it is the glycosylation status of these particular proteins that undergoes 

developmental regulation. Recent studies suggest that oligosaccarides are differentially 

expressed on subsets of growing axons and may themselves be involved in some type of 

cell adhesion/recognition event (reviewed by Jessell et al., 1990). In either case, a 

developmental regulation of protein expression or the glycosylation status of these 

proteins in the lobe is interesting because these changes occur during critical stages 

during glomerulus formation. 

I examined the spatial distribution of PNA binding at the light microscopic level in 

lobes deprived of sensory input early in development and allowed to develop to stage 7. 

Chronic deprivation of sensory input produces lobes lacking glomerular units (Oland and 

Tolbert, 1987). Even in deantennated lobes, PNA continues to label the dendrites of 
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antennal-Iobe neurons but in a less restricted fashion than observed in normally 

developing stage-7 lobes (compare Figure 4.3B and 4.3D). Previous studies using Golgi 

techniques and ultrastructural analyses (Oland et al., 1990) have shown that the thicker 

dendrites of local interneurons in deantennated lobes possess many fine neurites that are 

not present in normally afferented lobes (Oland et al., 1990). These results suggest that 

PNA labeling may be associated with these fine neurites in deantennated lobes and thus, 

be more widely distributed. Whether this change in the pattern of labeling in 

deantennated lobes is due directly to the absence of sensory axons, or to other cellular 

changes downstream from the arrival ofaxons in the lobe, will need to be examined 

further. 

The pattern of labeling with the lectin PNA in the developing antennal lobe is 

intriguing because labeling appears restricted to the fine tips of growing neurites that 

form synapses with each other and with sensory axons, and during normal development, 

form glomeruli. Four PNA-Iabeled proteins in particular appear to demonstrate a 

developmentally regulated pattern of expression. Because PNA labels glycosylated 

molecules that may participate in neural patterning in other developing systems, future 

experiments should address whether PNA labels a presumptive receptor for the tenascin

like molecules coating glial cells or, alternatively, whether PNA-binding proteins play 

roles in process extension or synaptogenesis. 
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Figure 4.1. Schematic drawings of neurite outgrowth patterns in the developing antennal 

lobe. At stage 3, prior to ingrowth ofaxons from antenna, processes of antennal-Iobe 

neurons arborize diffusely throughout the neuropil. At stage 5, shortly after axons begin 

to arrive, processes of projection neurons (pn) but not local interneurons (In) can be 

found in the proto glomerular region. By stage 7, processes of both neuronal classes are 

growing deep into the glomeruli to intermingle with the terminal branches of sensory 

axons. g, neuropil-associated glial cells; a, sensory axons; n, neuronal cell bodies; 

shaded area, protoglomeruli at stage 5 and glomeruli at stage 7. 
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Figure 4.2. Spatial distribution of PNA binding in the antennallobe at early stages of 

development. (A,C,E) PNA directly conjugated to rhodamine and photographed under 

standard fluorescence optics. (B,D) Region occupied by ingrowing sensory axons 

indicated by labeling with Olfactory-Specific Antibody visualized with a fluorescein

conjugated secondary antibody. (A) Stage 3; (B,C) Stage 4; (D,E) Stage 6. PNA binding 

initially distributed throughout the neuropil, except for bundles of primary neurites 

(arrowheads). As processes of antennal-Iobe neurons advance into newly forming 

glomeruli, PNA binding decreases in the central regions of the neuropil and gradually 

becomes most pronounced in the glomeruli. a, sensory axons; c, central coarse neuropil; 

*, protoglomeruli. Scale bar = 100 p.m. 
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Figure 4.3. Spatial distribution of PNA binding in normal and deantennated antennal 

lobes at later stages of development. (B,C,D) PNA directly conjugated to rhodamine. (A) 

Region occupied by ingrowing sensory axons indicated by labeling with Olfactory

Specific Antibody visualized with a fluorescein-conjugated secondary antibody. (A,B) 

Stage 7; (C) Stage 18; (D) Stage 7, deantennated; (E) preabsorption control. PNA 

binding continues to decrease in the central region and is most intense in the glomeruli. 

By stage 18, PNA binding is barely detectable. In deantennated lobes, the strongest 

binding is found in the outermost ring of neuropil which, like the glomerular region of 

normal lobes, contains growing neurites. c, central coarse neuropil; *, glomeruli. Scale 

bar = 100 ",m. 
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Figure 4.4. Distribution of PNA binding in the optic-lobe neuropils at stage 3. Labeling 

is diffusely spread throughout the neuropil. m, medulla; 10, lobula; lop, lobula plate. 

Scale bar = 100 pm. 
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Figure 4.5. Pattern of binding of concanavalin-A and wheat-germ agglutinin in stage-6 

antennal lobes. (A) Concanavalin-A labels all cellular elements. (B) Wheat-germ 

agglutinin outlines nuclear membranes in all glia and neurons. g, glial cell bodies; n, 

neuronal cell bodies; *, glomeruli. Scale bar = 100 p,m. 
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Figure 4.6. Ultrastructural localization of PNA binding in the glomerular neuropil of 

stage-7 antennallobes. PNA binding visualized with ABC method. (A) Arrows, regions 

of dense labeling encircling fine neurites. (B) Control, lectin omitted. Scale bar = 1 p.m. 
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Figure 4.7. Western blot analysis of PNA binding in extracts of proteins from antenna I 

lobes at different stages of development. Approximately equivalent amounts of protein 

loaded in each lane. Relative migration of molecular-weight standards indicated on left. 

Stage from which proteins were extracted indicated for each lane. C, control, PNA 

omitted, showing non-specific bands. Arrows mark positions of labeled 230-, 205-, 160-, 

and 145-kD protein bands that appear to be developmentally regulated. 
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CHAPTER 5: Discussion 

General discussion 

Cell-cell and cell-substrate interactions participate in numerous cellular events in many 

developing systems. Cells with similar biochemical specificities become organized into 

discrete tissues (McClay and Ettensohn, 1987). Cells often negotiate molecularly complex 

pathways to reach their final targets (Lallier and Bronner-Fraser, 1990). These 

interactions between cells, and between cells and their substrates, produce particular 

patterns of cellular architecture required for mature function. In recent years, extensive 

efforts have been devoted to elucidating the molecular mechanisms underlying these 

interactions in developing systems. Special emphasis has been placed on the nervous 

system where cell interactions orchestrate numerous developmental events including cell 

determination, migration and differentiation. At least four mechanisms emerge that play 

important roles in guiding developmental decisions in the nervous system: (1) electrical 

activity (Shatz, 1990), (2) gap junctions (Bennett et aI., 1991), (3) growth factors and 

other diffusible molecules (Thoenen, 1991) and (4) cell-surface and extracellular matrix 

molecules (Hortsch and Goodman, 1991). The present study focuses on one of these 

mechanisms: a role for cell-surface and extracellular matrix molecules as mediators of 

cellular interactions that occur during neural development. 

Cell-surface and extracellular matrix molecules have received considerable attention 

only recently. These molecules participate in the formation of many tissues including 

liver, skin, as well as brain (reviewed by Takeuchi, 1990). Additionally, these molecules 
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have been strongly implicated in abnormalities in cell proliferation and growth that result 

in various types of cancer (Erickson and Bourdon, 1989). Of considerable interest, 

several of these cell-surface and extracellular matrix molecules are thought to play a 

crucial role in regenerative capacities of the nervous system following injury (Schwab et 

aI., 1993). Because molecules with striking similarity in sequence and structural 

organization have been found among vertebrates and invertebrates, the study of these 

molecules in invertebrate systems, with the distinct advantages of cellular simplicity and 

accessibility, should provide information with broad application (Hortsch and Goodman, 

1991; Lander, 1989). 

Using the insect olfactory system as a model, the present study examined the 

spatiotemporal distribution of molecules similar to the extracellular matrix molecule 

tenascin and the potential influences of tenascin-like molecules in cellular interactions 

critical in development. In addition, the pattern of expression of certain other 

glycosylated molecules was evaluated to determine whether they, too, may participate in 

the formation of cellular architecture during development of the olfactory system. 

The major findings of this present study will be summarized and placed in the context 

of our current understanding of the developing moth olfactory system. Following a 

presentation of a tenable hypothesis for neuron-glia interactions in this system, future 

experiments to test this hypothesis will be described. Finally, the broader significance of 

understanding neuron-glia interactions in this model system will be considered. 

Very little is known about the molecules that underlie the formation of glomeruli in 
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the developing olfactory (antennal) lobe. The major findings of Chapter 2 of this 

dissertation are that two proteins in the moth antennal lobe with antigenic similarity to 

and of comparable size to mammalian tenascin are closely associated with glial cells that 

play an essential role in glomerulus development. These tenascin-like molecules are 

present at critical stages during glomerulus formation and then decrease in amount in 

mature lobes. These molecules do not appear altered in their forms or amounts in the 

absence of sensory input to the developing lobe. It appears that tenascin-like molecules 

are secreted into the extracellular space around glial cells where they can interact with 

other as yet unknown molecules. 

The major findings of Chapter 3 indicate that tenascin can influence the outgrowth of 

neurites of antennal-Iobe neurons grown in culture. A few neurons are capable of sending 

their processes across tenascin. Most neurons, however, upon encountering a border of 

substrate-bound tenascin, constrain their processes to a standard adhesive substrate. In 

vivo, therefore, tenascin-like molecules could prevent growing neurites from entering and 

branching in neighboring glomeruli. 

The major finding of Chapter 4 is that the lectin peanut agglutinin (PNA) binds in a 

striking cell-type-specific manner in the developing lobe. PNA binds specifically to the 

processes of antennal-Iobe neurons. As glomeruli emerge due to interactions between the 

various cellular elements in the lobe, PNA labeling apparently becomes restricted to the 

growing tips of these neurites. The localization of lectin binding suggests a potential role 

for lectin-labeled molecules in either neurite outgrowth or synapse formation. 
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Furthermore, in Western blot analysis, four lectin-labeled proteins demonstrate 

interesting patterns of expression during development. One intriguing possiblity is that 

the glycosylation status of these proteins is developmentally regulated, suggesting that the 

changing pattern of oligo saccharides may be involved in cell-cell interactions. 

To provide a context for the major findings of the present study, a detailed description 

of the development of the moth antennal lobe will follow. 

The antennallobe of Manduca sexta is composed of three major cellular elements: 

sensory axons, glial cells, and antennal-Iobe neurons. In the mature lobe (Homberg et 

aI., 1989), axons from sensory neurons in the antenna project to the lobe, where they 

enter glomeruli from the outside edges and form their terminal arborizations. Antennal

lobe neurons, whose cell bodies are located in clusters around the periphery of the lobe, 

send their neurites into a central region of neuropil from which they then enter glomeruli 

at their bases. Glomeruli, which in the mature lobe contain virtually all of the synapses 

among sensory axons and antennal-Iobe neurons, are enveloped almost completely by 

glial cells. The mature form of the lobe develops during the period of metamorphosis 

of the animal from larva to moth, and involves a complex interplay between the major 

cellular elements of the lobe (Hildebrand, 1985; Tolbert and Oland, 1989; Tolbert and 

Oland, 1990). Metamorphosis is subdivided into 18 stages, each stage lasting 

approximately one day. At stage 3, the lobe contains a uniformly-textured neuropil, 

composed of the branching processes of antennal-Iobe neurons, that is bordered by a rind 

of glial cells (Tolbert et aI., 1983; Oland and Tolbert, 1987). At this stage, sensory 
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axons have not yet arrived in the lobe. When the first sensory axons do reach the lobe 

at stage 4 (Oland and Tolbert, 1987), a series of morphological rearrangements begins 

to unfold. Sensory axons pierce the border of glia and fonn a layer between the glial 

cells and central neuropil (Oland et aI., 1990). At stage 5, bundles of axon tenninals 

coalesce to fonn knots or protoglomeruli (Oland et aI., 1990). Each sensory axon appears 

to contribute a sparse tenninal arborization to a single protoglomerulus, and few if any 

synapses are found in the protoglomeruli (Tolbert, 1989). 

Once sensory axons arrive in the lobe, glial cells separate from each other, apparently 

in response to the incoming axon fasicles (Oland and Tolbert, 1987). After 

protoglomeruli emerge, glia begin to migrate inward to surround these knots of neuropil. 

By stage 7, thick septa of glia separate the developing glomeruli and many glial cell 

bodies are found at their bases. Glial processes that interdigitate between glomeruli begin 

to thin around stages 8 and 9 of development. During this period of glial rearrangements 

and process extension, glial cells are also undergoing cycles of mitosis (Oland and 

Tolbert, 1989). Glial cell division begins at stage 2 (7% of glia dividing), peaks at stage 

7 (about 12% dividing) and dwindles at stage 12 « 1 % dividing). It is important to note 

that the three-dimensional shape of neuropil-associated glial cells has not been fully 

characterized. 

Antennal-Iobe neurons have been subdivided into two classes: local interneurons 

whose processes arborize in several or all glomeruli, and projection neurons that arborize 

in a single or few glomeruli and send their axons to higher brain centers (Matsumoto and 
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Hildebrand, 1981). The processes of these two classes of neurons appear to enter the 

developing glomeruli on different timetables «Oland et aI., 1990). At stage 5, a few fine 

neurites of uniglomerular projection neurons are found within the borders of 

protoglomeruli (Malun et aI., 1993). In contrast, the processes of local interneurons do 

not begin to enter the glomeruli until late stage 6 (Oland et aI., 1990). 

Before glomeruli form, synapses are found in the central region of neuropil occupied 

by the processes of the antennal-Iobe neurons (Tolbert, 1989). It is not clear, though, 

whether these contacts are between local interneurons, between local interneurons and 

projection neurons, or between projection neurons. As protoglomeruli form, the 

processes of antenna I-lobe neurons continue to grow. The central region of neuropil 

begins to display a core composed of coarse neurites and a ring of more finely-textured 

neuropil at the outer edge (Oland et aI., 1990). Thus, at stages 5/6, three layers of 

neuropil are visible: a protoglomerular layer containing the terminal arborizations of the 

sensory axons, a middle ring composed of the fine branches of antennal-Iobe neurons, 

and a core of coarse neurites belong to antennal-Iobe neurons. After stage 7, the middle 

ring of neuropil disappears as the fine neuritic branches of antennal-Iobe neurons are 

found in the glomeruli. 

Thus, previous studies have provided detailed information about the morphological 

development of the lobe and suggest a number of potentially interesting cell-cell 

interactions that could occur to produce the pattern of glomeruli. The next step was to 

directly test which cells in the lobe were required to form glomeruli. Because the arrival 



164 

of sensory axons in the lobe set in motion numerous morphological rearrangements, the 

first test was to chronically remove sensory axons (Hildebrand et aI., 1979; Oland and 

Tolbert, 1987). In the absence of sensory input, glomeruli do not form. That is, glial 

cells do not migrate but remain in a thick rind around the central core of neuropil (Oland 

and Tolbert, 1987), and many antennal-Iobe neurons lack their characteristic glomerular 

patterns of branching (Oland et aI., 1990). This result indicates that sensory axons are 

required for the formation of glomeruli. 

Because glia respond first when sensory axons arrive in the lobe, the next test was to 

remove glial cells with anti-mitotic agents to determine if glia were required to construct 

glomeruli (Oland et aI., 1988; Oland and Tolbert, 1988). When at least 3/4 of the 

population of glia was removed, antennal-Iobe neurons lacked their typical tufted patterns 

of branching, even in the presence of competent sensory axons. Thus, this result suggests 

that not only sensory axons but glial cells are required for the formation of characteristic 

glomerular patterns of branching by antennal-Iobe neurons. Sensory axons cause glial 

cells to form borders around compartments of developing neuropil. Our working 

hypothesis is that these glial borders are essential for development of glomerular arbors 

by local interneurons of the antennal lobe, either because the glia hold axons in place so 

that dendrites can then interact with the axons or because glia in some way directly 

constrain growing dendrites of antennal-Iobe neurons. In this way, glial cells mediate the 

developmental influence of sensory axons on antennal-Iobe neurons. 

How might glial cells exert their influence on the development of sensory axons or 
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dendritic branching patterns? One possibility is that glia could act as a purely mechanical 

barrier to confine axons and neurites to glomeruli. Perhaps glial septa become physically 

impenetrable due to the layers of cells and processes comprising them. 

Another possibility is that glial cells form barriers to diffusion, acting to trap growth

promoting molecules that are synthesized and secreted by sensory axons (or glia 

themselves) in the protoglomeruli. These hypothetical molecules could then be accessible 

in sufficient concentration to affect the growth of incoming neurites of antennal-Iobe 

neurons. Neurites could respond by keeping their arborizations restricted to this favorable 

micro-environment. Current experiments in the laboratory are exploring a role for glial 

cells as diffusion barriers and previous studies already provide support for some type of 

soluble factor from sensory axons that promotes the growth of antennal-Iobe neurons 

(Oland and Hayashi, 1993). 

Another intriguing idea that is supported by results from studies in other developing 

systems (Pindzola et al., 1993; Steindler et al., 1989a) is that glial cells synthesize and 

secrete extracellular matrix molecules that inhibit or deter neurite outgrowth into 

particular regions of the nervous system. For example, glial-associated molecules present 

at the dorsal root entry zone of the developing spinal cord may form boundaries to axon 

ingrowth. The results of the present study show that the glial cells that form borders 

around developing glomeruli are decorated with molecules similar to the extracellular 

matrix molecule tenascin and the tenascin-related molecule janusin. Furthermore, in vitro 

analyses indicate that tenascin-like molecules may inhibit neurite growth of antennal-Iobe 
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neurons. Since tenascin-like molecules are present at the right time and place to constrain 

neurite outgrowth to glomeruli and prevent promiscuous growth, one can speculate that 

local interneurons, whose branching pattern is diffuse until their processes enter 

glomeruli, respect glial boundaries coated with tenascin-like molecules. Projection 

neurons, on the other hand, exhibit more restricted arbors even before the processes of 

these cells enter into glomeruli and in fact, even in the chronic absence of antenna I 

axons, suggesting that the shape of projection neurons is largely a result of intrinsic 

influences. This does not exclude the possibility, however, that the tufted shape of the 

arbors of projection neurons is modified by the local molecular environment. If the 

scenario described above is true, one would expect to find receptors for tenascin localized 

to the fine processes of local interneurons. Projection neurons would not be expected to 

express a tenascin receptor or might possess non-functional receptors, modified perhaps 

at the transcriptional level. 

The results of the present study support the working hypothesis and extend it to 

include a molecular basis for interactions between glial cells and neurons: glial cells, with 

an array of potentially inhibitory molecules on or near their surfaces, are active agents 

in the construction of glomeruli, helping to sculpt the branching patterns of antennal-Iobe 

neurons and perhaps sensory axons by constraining neurite growth to developing 

glomeruli. Although previous studies have clearly demonstrated that sensory axons 

interact with glial cells, potential interactions between glia and antennal-Iobe neurons 

have not been as well understood. The results of the present study support the notion that 
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glial cells can interact with antennal-Iobe neurons to effect glomerular branching patterns. 

The pattern of labeling with the lectin PNA in the developing antennal lobe is 

intriguing because labeling appears restricted to the growing tips of finely-branching 

dendrites that form synapses with each other and with sensory axons in the developing 

glomeruli. The pattern of expression of four PNA-Iabeled proteins in particular appears 

to be developmentally regulated. Because PNA labels glycosylated molecules that may 

participate in neural patterning in other developing systems, future experiments should 

address whether PNA labels a presumptive receptor for glia-associated tenascin-like 

molecules or, alternatively, whether PNA-binding proteins are involved in process 

extension or synaptogenesis. 

Future Experiments 

To test the hypothesis that glial cells play an active role via tenascin-like molecules 

on their surfaces in the construction of glomerular patterns of branching by antennal-Iobe 

neurons, several experiments will be described. In addition, experiments will be detailed 

that aid in the further characterization of these molecules. 

The direct test of the proposed inhibitory function for tenascin-like molecules in the 

developing antennallobe is to block the function of these molecules in vivo. This could 

be accomplished by injecting blocking antibodies against tenascin near the entrance of the 

antennal nerve to the lobe. Previous studies have shown that a minimum of 

approximately 10% of sensory axons are required to produce glomeruli (Tolbert and 
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Sirianni, 1990) so any likely damage to axons due to the injections could be tolerated. 

Two very exciting methods have been used recently to sufficiently block the function of 

other cell recognition molecules in vertebrate systems and could be useful in the 

developing antenna I lobe. If the sequence of moth tenascin-like molecules was known, 

anti-sense oligonucleotides could be constructed and then injected (Lallier and Bronner

Fraser, 1993) that could interfere with the translation of tenascin-like proteins. 

Alternatively, a cluster of hybridoma cells that continously secrete antibodies against 

tenascin-like molecules could be implanted in or near the developing lobe (reviewed by 

Schwab et al., 1993). Once these blocking agents were administered in vivo, antennal 

lobes would be examined to determine if these agents disrupted the formation of 

glomeruli. If the processes of antennal-Iobe neurons were found growing past the glial 

boundaries into neighboring glomeruli when these blocking agents were applied, this 

would strongly indicate that tenascin-like molecules constrained neurites to glomeruli in 

normally developing lobes and was required for the formation of glomerular branching 

patterns. In slightly different experiments, these same methods could be applied to 

attempt to block the function of molecules that may function as receptors for tenascin-like 

molecules. 

Because a single molecule is likely not to be solely responsible for the formation of 

glomeruli, combinations of antibodies could be used in these blocking experiments (for 

example: anti-chondroitin sulfate proteoglycan, anti-janusin, anti-restrictin, and anti

laminin antibodies). Recently, the cell adhesion molecule FH has been shown to bind 
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to the tenascin-related molecule janusin (Pesheva et al., 1993). This is the first time a 

member of the immunoglobulin superfamily (Le. Fll) has been shown to interact with 

an extracellular matrix molecule. Therefore, antibodies against Fll may also be useful 

in the developing antennallobe. 

Although Drosophila has proven to be amenable for genetic analysis, few studies have 

utilized Manduca for genetic perturbations. Should these techniques be developed for use 

in the moth, another way to examine the function of tenascin-like molecules in the lobe 

would be to create mutations in the tenascin gene and thus, effectively block its 

transcription. 

The converse experiment to the previously described "loss of function" tests would 

be to over-express tenascin in the antennal lobe and then examine the effects of this 

perturbation on the pattern of glomeruli. One simple test would be to inject purified 

tenascin-like molecules into the lobe. Should genetic methods be developed in the moth, 

an overabundance of tenascin expression could be induced and the morphological 

organization of the resulting antenna I lobes then could be analyzed. Perhaps growing 

neurites would not even advance into glomeruli when glial borders possessed excess 

tenascin-like molecules. 

While it is important to directly test the function of tenascin-like molecules in vivo, 

parallel experiments in vitro would reveal the responses of neurons to tenascin-like 

molecules in the absence of the complex in vivo environment. The first suggested 

experiment would be to examine the responses of known types of antennal-Iobe neurons 
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to tenascin, using stripe assays as described in the present study. Neurons in the medial 

cluster, composed only of projection neurons, can be removed easily from antennal 

lobes, dissociated, and placed on the striped substratum. One possibility is that projection 

neurons do not respect stripes but cross tenascin. Local intemeurons, in contrast, would 

be expected to keep their neurites confined to the standard adhesive substrate. It also will 

be necessary to attempt to block the effects of tenascin-like molecules in these culture 

experiments. Antibodies against chondroitin sulfate proteoglycan, F11, or janusin could 

be applied, in addition to anti-tenascin antibodies. 

Because tenascin-like molecules may influence the morphological development of 

antennal sensory neurons and their axons in vivo, it also will be important to examine in 

culture potential interactions between sensory neurons and tenascin. Similar assays as 

described in the present study could be performed. The results of the present study 

suggest that one could expect tenascin-like molecules to promote fasciculation between 

sensory axons and/or constrain the fine branching of axon terminals. 

To examine the behavior of individual growth cones in response to tenascin, time

lapse cinematography could be performed. Previous experiments in other systems suggest 

that inhibitory molecules can cause the immediate collapse of growth cones and deter 

their advance into the potential inhibitory region (Davies et al., 1990). If growth cones 

of antennal-Iobe neurons behaved in a similar manner in response to tenascin, these 

results would further support the hypothesis that tenascin-like molecules are inhibitors 

to growth, constraining growing neurites to glomeruli. 
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Although many of the experiments described above could be performed using mouse 

eNS tenascin, it will be important to isolate and characterize moth tenascin-like 

molecules. In particular, an examination of amino acid sequence and the structural 

domains of moth tenascin-like molecules will allow similarities and differences between 

moth tenascin-like molecules and mammalian tenascin to be uncovered. Tenascin-like 

molecules can be carbon-coated and examined in the electron microscope to elucidate 

their three dimensional structure. Furthermore, an understanding of the structual 

organization can suggest other potential functions. A strategy to isolate a tenascin-rich 

fraction from the nervous system of another invertebrate, the leech (Masuda-Nakagawa 

and Wiedemann., 1992) may prove useful in the moth. Once moth tenascin-like 

molecules have been isolated, the behavior of antennal-Iobe neurons in response to these 

molecules can be evaluated in culture. Furthermore, it would be possible to raise 

antibodies against moth tenascin-like molecules in the future for more reliable localization 

and characterization of the regulation of these molecules in the antennallobe. 

To examine the ultrastructural localization of tenascin-like molecules, electron 

microscopy can be performed. These experiments should offer additional support for the 

localization of tenascin-like molecules to the extracellular space near neuropil-associated 

glial cells. To confirm that glial cells synthesize tenascin-like molecules, in situ 

hybridization would be performed. Although these tenascin mRNA probes are available, 

the conditions to achieve hybridization would need to be developed. Positive results from 

this experiment would lend strong support to the present immunocytochemical and 
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biochemical results that suggest that tenascin-like molecules are localized to and likely 

to be secreted by glial cells. These experiments also would allow comparisons in the 

pattern of expression of tenascin mRNA and protein to be made. Should tenascin mRNA 

be present coincident with rises and falls in the titer of the steroid hormone, 20-

hydroxyecdysone, one attractive possibility is that this hormone could induce or regulate 

the expression of tenascin-like molecules. 

Although many cell recognition molecules have been identified in developing systems, 

very little is known about the intracellular signalling mechanisms that result from the 

binding of molecules to their receptors (Schuch et aI., 1989). These signalling pathways 

could be examined in the developing antennal lobe, using biochemical assays and tissue 

culture. One might expect changes in the organization of cytoskeletal elements in 

response to an encounter by growing neurites with tenascin-like molecules. The 

application of various agents including, for example, phorbol esters or G-protein 

inhibitors could help to delinate the intracellular messengers that become activated in 

response to tenascin or other molecules. 

A number of experiments are proposed to examine the potential role of lectin-labeled 

molecules in the developing antennallobe. First, the pattern of PNA-Iabeled proteins in 

deantennated lobes should be compared with PNA-Iabeled proteins in normally 

developing lobes using Western blot analysis. These experiments are necessary because 

the four developmentally-regulated proteins labeled by PNA become apparent after the 

arrival of sensory axons in the lobe. The results of these experiments could suggest that 
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sensory axons induce the expression of any of the four proteins. 

Because the PNA lectin binds to a number of proteins present only during the 

formation of glomeruli, this suggests these proteins may be involved in particular events 

that occur during glomerulus formation, including neurite outgrowth and synapse 

formation. A more complete characterization of these lectin-labeled proteins will be 

required. Initially, these molecules can be partially purified using a PNA lectin affinity 

column. As described for tenascin-like molecules, the amino acid sequence of lectin

labeled proteins and their composition of structural domains can provide information 

about the functional properties of these proteins and their similarities to other known 

molecules. 

To determine whether PNA labels a chondroitin sulfate proteoglycan, a potential 

receptor for tenascin-like molecules, the proteins labeled by PNA and antibodies against 

chondroitin sulfate proteoglycan can first be compared using Western blot analysis. The 

presence of a common protein at the same molecular weight using these two probes 

would suggest that this protein was PNA-Iabeled chondroitin sulfate proteoglycan. The 

enzyme chondroitinase could then be applied to remove all chondroitin sulfate chains and 

then examine peanut lectin reactivity. If no lectin labeling was present, this result would 

support the notion that PNA bound to chondroitin sulfate proteoglycan present in the 

lobe. Biochemical studies would be necessary to determine whether chondroitin sulfate 

proteoglycan indeed bound to tenascin-like molecules. Of course, immunocytochemical 

studies throughout the stages of glomerulus development are necessary to assay the 
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cellular localization of chondroitin sulfate proteoglycan. 

The oligosaccarides on these lectin-labeled proteins may themselves mediate cellular 

interactions in the lobe. Several studies in other systems show that distinct subsets of 

axons show characteristic biochemical specificities (Jessell et aI., 1990, Riddle et aI., 

1993). Polysialic acid, a highly negatively-charged sugar, has been shown to modulate 

adhesive interactions between growing motor nerves (Landmesser et aI., 1990). To show 

that sugar residues mediate adhesive interactions, for example, between certain cells 

requires that specific enzymes (e.g. glycosidase) first be added to a purified protein to 

remove these sugars. Then patterns of axon fasiculation could be evaluated or cell-cell 

adhesion could be analyzed using quantitative adhesion assays (Lotz et aI., 1989). 

Antibodies against particular sugars and other lectins also could be used to block potential 

oligosaccaride interactions. 

To demonstrate that lectin-labeled molecules participate in neurite growth or synapse 

formation will require that direct tests of the functions of these molecules be carried out 

both in vivo and in vitro. Similar experiments as described above for tenascin-like 

molecules would assist in determining whether these lectin-labeled molecules participate 

in the formation of glomeruli. 

In summary, the present study shows for the first time that molecules similar to the 

vertebrate extracellular matrix molecules tenascin and janusin are present in the 

developing moth antennal lobe. These tenascin-like molecules are found closely 

associated with glial cells that have previously been shown to be required for the 
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formation of glomerular patterns of branching by antenna I lobe neurons. Experiments in 

tissue culture suggest that tenascin-like molecules could influence these branching 

patterns by restraining neurite growth to glomeruli. This study prompts a host of 

experiments in the future to examine the potential influences of extracellular matrix 

molecules and cell-surface molecules on glomerulus formation. 

Significance 

Early anatomical studies found glial cells dispersed among neurons in the both the 

developing and mature nervous systems. Although these cells were categorized according 

to their morphology and location, they were thought to function as a sort of amorphous 

glue, helping to hold neurons in place (reviewed by Young, 1991). For a long time, glial 

cells and their potential functional properties were neglected. In more recent years, 

however, several studies indicate that glial cells are actively involved in the functioning 

of the mature nervous system and in neural development. Glial cells are thought to 

participate in the buffering of potassium in the local extracellular space around neurons 

(Coles and Orkand, 1983) and in the uptake of neurotransmitters released by neurons 

(Minchen and Iverson, 1974). Spontaneous and induced "waves" of calcium influx have 

been observed in glial cells, although their functional significance is unclear (Cornell-Bell 

et al., 1990). Glial cells possess voltage- and ligand-gated ion channels (Barres, 1991) 

but there is no evidence that glia are excitable or can accomplish excitation-coupled 

vesicular release of neurotransmitters. 
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Glial cells are thought to have specialized roles during neural development. The best 

understood role for glia during morphogenesis is that of a "guide". In the developing 

vertebrate brain, for example, glial cells have long been known to provide a scaffold 

upon which newly post-mitotic neurons migrate to their final destinations (reviewed by 

Rakic, 1988 and Hatten et aI., 1990). Recently, the molecular mechanisms underlying 

this intimate association between glia and neurons have received considerable attention. 

The molecule astrotactin (Hatten et aI., 1990» and others (e.g. L1, tenascin, 

thrombospondin) (Chuong et aI., 1987; Husmann et aI., 1992; O'Shea et aI., 1990) are 

thought to be involved in the migration of granule cells along Bergmann glia in the 

developing cerebellum. The application of blocking antibodies against any of these 

molecules halts neuronal migration along glia (Hatten et aI., 1990; Chuong et aI., 1987; 

Husmann et aI., 1992). A similar role for glia as a scaffold for the patterning of neurons 

also has been suggested in Drosophila (Jacobs et aI., 1989) where an array of 

longitudinally-oriented glial cells may guide growing axons to their targets. 

A large body of evidence suggests that glial cells play other important roles in 

development. Glial cells can synthesize and secrete adhesive molecules (e.g. laminin) that 

provide a permissive substrate for process outgrowth by neurons (Reichardt and 

Tomaselli, 1991; Sanes, 1989). In some systems, glial cells are thought to deter or 

inhibit the growth ofaxons in certain regions of the developing nervous system. A 

collection of glia may prevent certain axons from entering the dorsal root entry zone in 

the developing spinal cord (Pindzola et aI., 1993) and others from crossing the border 
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between the diencephalon and telencephalon (Silver, 1984). The glial roof plate of the 

spinal cord and optic tectum has been proposed to act as a barrier to axon extension 

(Snow et aI., 1990b). In the developing barrel field of the rodent somatosensory cortex, 

glial cells fonn borders around distinct units of neuropil that represent a topographic 

organization of sensory input from rodent whiskers (Woolsey and Van der Loos, 1970; 

Cooper and Steindler, 1986b). Here, glial cells are hypothesized to keep young axons and 

dendrites constrained to barrel units (Steindler et aI., 1990; Steindler et aI., 1989b). 

Results from elegant studies by Schwab and colleagues (reviewed by Schwab et aI., 

1993) indicate that, both in development and in regeneration, a particular class of 

vertebrate glia, the oligodendrocytes, actively inhibit growing axons from entering certain 

territories in the CNS. 

A number of molecules have been localized immunocytochemically to these glial cells 

that are in positions to constrain the outgrowth ofaxons and dendrites, including heparan 

sulfate and chondroitin sulfate proteoglycans, tenascin, NI-35 and NI-250 (Snow et aI., 

1990b; Snow et aI., 1991; Pindzola et aI., 1993; Steindler et aI., 1989a; Schwab et aI., 

1993). Only in a few cases, however, has the function of these molecules been directly 

tested: Schwab and colleagues, for instance, have shown that antibodies against NI-35 

and NI-250 allow corticospinal axons to enter previously restricted territories (Schwab 

and Schnell, 1991). Future experiments will surely examine the inhibitory roles these 

glial-associated molecules have been proposed to play in the developing nervous system. 

It also is likely that these studies will uncover the intracellular signalling mechanisms that 
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mediate these presumptive inhibitory interactions between glial cells and neurons. 

In studies of the developing moth antennal lobe, the focus has been to examine the 

influences that sensory axons have on the development of their target neurons. Here, glial 

cells have been found to playa novel role during neural development. Glial cells appear 

to act as necessary intermediaries of the developmental influence that sensory axons exert 

on the branching patterns of their target neurons. Although a wealth of information exists 

about the influences that sensory axons have on their target neurons in the CNS in other 

systems, in very few systems is this interaction known to be direct (LoPresti et al., 1973, 

1974). In the moth antennallobe, it has been possible to directly test this proposed role 

for glia and thereby show that glia not only respond to axon ingrowth by migrating to 

surround neuropilar knots but that glia are required to generate particular patterns of 

branching by target neurons (Oland et al., 1988; Oland and Tolbert, 1988; Tolbert and 

Oland, 1990). 

While tenascin previously has been localized to glial cells that form boundaries around 

units of neuropil in other developing nervous systems (Steindler et al., 1989a; Crossin 

et al., 1989), and has been proposed to inhibit neurite growth, the results of the present 

study provide the strongest evidence to date for an inhibitory functional role for tenascin 

or tenascin-like molecules present in boundaries in the developing nervous system. The 

results indicate that tenascin-like molecules could constrain growing neurites to glomeruli 

in vivo, lending strong support to the idea that glial cells play active roles in the influence 

of sensory axons on their target neurons. 



179 

REFERENCES 

Adams JC, Watt FM (1993) Regulation of development and differentiation by the 
extracellular matrix. Development 117: 1183-1198. 

Allen F, Warner A (1991) Gap junctional communication during neuromuscular junction 
formation. Neuron 6:101-111. 

Anderson H (1988) Drosophila adhesion molecules and neural development. Trends 
Neurosci 11:472-475. 

Anderson MJ, Cohen MW (1977) Nerve-induced and spontaneous redistribution of 
acetylcholine receptors on cultured muscle cells. J Physiol 268:757-773. 

Banerjee U, Zipursky SL (1990) The role of cell-cell interaction in the development of 
the Drosophila visual system. Neuron 4:177-187. 

Barres BA (1991) New roles for glia. J Neurosci 11 :3685-3694. 

Bennett MVL, Barrio LC, Bargiello TA, Spray DC, Hertzberg E, Saez JC (1991) Gap 
junctions: new tools, new answers, new questions. Neuron 6:305-320. 

Benoit P, Changeux JP (1975) Consequences of blocking the nerve with local anaesthetic 
on the evolution of multi-innervation at the regenerating neuromuscular junction of the 
rat. Brain Res 149:89-96. 

Berg DK, Hall ZW (1975) Increased extra junctional acetylcholine sensitivity produced 
by chronic post-synaptic blockade. J Physiol 224:659-676. 

Bieber AJ, Snow PM, Hortsch M, Patel NH, Jacobs JR, Traquina ZR, Goodman CS 
(1989) Drosophila neuroglian: a member of the immunoglobulin superfamily with 
extensive homology to vertebrate neural adhesion molecule L1. Cell 59:447-460. 

Boeckh J, Distler P, Emst KO, Hosl M, Malun D (1990) Olfactory bulb and antennal 
lobe. 39:201-227. From Chemosensory Information Processing, (ed) Schild D, Springer
Verlag Berlin Heidelberg. 

Bourdon MA, Wikstrand CJ, Furthmayr H, Matthews TJ, Bigner DD (1983) Human 
glioma-mesenchymal extracellular matrix antigen defined by monoclonal antibody. 
Cancer Res 43:2796-2805. 



180 

Bovolenta P, Dodd J (1991) Perturbation of neuronal differentiation and axon guidance 
in the spinal cord of mouse embryos lacking a floor plate: analysis of Danforth's short
tail mutation. Development 113: 625-639. 

Bronner-Fraser M (1986a) Analysis of the early stages of trunk neural crest migration 
in avian embryos using monoclonal antibody HNK-l. Dev BioI 115:44-55. 

Bronner-Fraser M (1986b) An antibody to a receptor for fibronectin and laminin perturbs 
cranial neural crest development in vivo. Dev BioI 117:528-536. 

Brower DL, Jaffe SM (1990) Requirement for integrins during Drosophila wing 
development. Nature 342:285-287. 

Burt R, Anderson H (1985) Patterns of peanut agglutinin binding in a developing nervous 
system. J Embryol Exp Morph 9:49-56. 

Camazine SM, Hildebrand JG (1979) Central projections of antennal sensory neurons in 
mature and developing Manduca sexta. Soc Neurosci Abst 5:155. 

Caroni P, Schwab ME (1988a) Two membrane protein fractions from rat central myelin 
with inhibitory properties for neurite growth and fibroblast spreading. J Cell BioI 
106: 1281-1288. 

Caroni P, Schwab ME (1988b) Antibody against myelin-associated inhibitor of neurite 
growth neurtralizes nonpermissive substrate properties of CNS white matter. Neuron 1: 
85-96. 

Chiquet-Ehrismann R, Kalla P, Peterson CA, Beck K, Chiquet M (1988) Tenascin 
interferes with fibronectin action. Cell 53:383-390. 

Chiquet-Ehrismann R, Peterson CA, Sakahura T (1986) Tenascin: an extracellular matrix 
protein involved in tissue interactions during fetal development and oncogenesis. Cell 
47: 131-139. 

Chiquet M, Fambrough DM (1984a) Chick myotendinous antigen I. A monoclonal 
antibody as a marker for tendon and muscle morphogenesis. J Cell BioI 98: 1926-1936. 

Chiquet M, Fambrough DM (1984b) Chick myotendinous antigen II. A novel 
extracellular glycoprotein complex consisting of large disulfide-linked subunits. J Cell 
BioI 98: 1937-1946. 



181 

Chiquet M, Wehrle-Haller B, Koch M (1991) Tenascin (cytotactin): an extracellular 
matrix protein involved in morphogenesis of the nervous system. Sem Neurosci 3:341-
350. 

Chuong CM, Crossin KL, Edelman GM (1987) Sequential expression and differential 
function of multiple adhesion molecules during formation of cerebellar cortical layers. 
J Cell BioI 104:331-342. 

Cline HT, Constantine-Paton M (1989) NMDA receptor antagonists disrupt the 
retinotectal topographic map. Neuron 3:413-426. 

Coles JA, Orkand RK (1983) Modification of potassium movements through the retina 
of the drone (Apis mellifera) by glial uptake. J PhysioI340:157-174. 

Cooper NGF, Steindler DA (1986a) Lectins demarcate the barrel subfield in the 
somatosensory cortex of the early postnatal mouse. J Comp Neurol 249: 157-169. 

Cooper NGF, Steindler DA (1986b) Monoclonal antibody to glial fibrillary acidic protein 
reveals a parcellation of individual barrels in the early postnatal mouse somatosensory 
cortex. Brain Res 380: 341-348. 

Cooper NGF, Steindler DA (1989) Critical period-dependent alterations of the transient 
body image in the rodent cerebral cortex. Brain Res 489:167-176. 

Cornell-Bell AH, Finkbeiner SM, Cooper MS, Smith SJ (1990) Glutamate induces 
calcium waves in cultured astrocytes: long range glia signalling. Science 247:470-473. 

Costanzo RM, Graziadei PPC (1983) A quantitative analysis of changes in the olfactory 
epithelium following bulbectomy in hamster. J Comp Neurol 215:370-381. 

Crossin KL, Hoffman S, Tan S-S, Edelman GM (1989) Cytotactin and its proteoglycan 
ligand mark structural and functional boundaries in somatosensory cortex of early 
postnatal mouse. Dev BioI 136:381-392. 

Crossin KL, Prieto AL, Hoffman S, Jones FS, Friedlander D (1990) Expression of 
adhesion molecules and the establishment of boundaries during embryonic and neural 
development. Exp Neurol 109: 6-18. 

Davies JA, Cook GMW, Stern CD, Keynes RJ (1990) Isolation from chick somites of 
a glycoprotein fraction that causes collapse of dorsal root ganglion growth cones. Neuron 
4:11-20. 



182 

Dermietzel R, Traub 0, Hwang TK, Beyer E, Bennett MVL, Spray DC, Willecke K 
(1989) Differential expression of three gap junction proteins in developing and mature 
brain tissues. Proc Natl Acad Sci (USA) 86:10148-10152. 

Edelman GM, Crossin KL (1991) Cell adhesion molecules: implications for a molecular 
histology. Ann Rev Biochem 60:155-190. 

Erickson HP, Bourdon MA (1989) Tenascin: an extracellular matrix protein prominent 
in specialized embryonic tissues and tumors. Ann Rev Cell BioI 5:71-92. 

Erickson HP, Iglesias JL (1984) A six armed oligomer isolated from cell surface 
fibronectin preparations. Nature 311:267-269. 

Faissner A (1988) Monoclonal antibody identifies a proteoglycan expressed by a subclass 
of astrocytes. Soc Neurosci Abst 14:920. 

Faissner A, Kruse J (1990) JlItenascin is a repulsive substrate for central nervous system 
neurons. Neuron 5:627-637. 

Faissner A, Kruse J, Chiquet-Ehrismann R, Mackie EJ (1988) The high molecular weight 
11 glycoproteins are immunochemically related to tenascin. Differentiation 37:104-114. 

Faissner A, Kruse J, Kuhn K, Schachner M (1990) Binding of the 11 adhesion molecules 
to extracellular matrix constituents. J Neurochem 54: 1004-1015. 

Fallon JR, Nitkin RM, Reist NE, Wallace BG, McMahan UJ (1985) Acetylcholine 
receptor-aggregating factor is similar to molecules concentrated at the neuromuscular 
junction. Nature 315:571. 

Fischbach GD (1972) Synapse formation between dissociated nerve and muscle cells in 
low density cell cultures. Dev BioI 28:407-429. 

Frank E, Fischbach GD (1979) Early events in neuromuscular junction formation in 
vitro. Induction of acetylcholine receptor clusters in the postsynaptic membrane and 
morphology of newly formed nerve-muscle synapses. J Cell BioI 83: 143-158. 

Fuss B, Wintergerst E-S, Bartsch U, Schachner M (1993) Molecular characterization and 
in situ mRNA localization of the neural recognition molecule 11-160/180: a modular 
structure similar to tenascin. J Cell BioI 120:1237-1249. 



183 

Gascuel J, Masson C (1991) Developmental study of afferented and deafferented bee 
antennallobes. J Neurobiol 22:795-810. 

Gatchalian C, Schachner M, Sanes JR (1989) Fibroblasts that proliferate near denervated 
synaptic sites in skeletal muscle synthesize the adhesive molecules tenascin (11), N-CAM, 
fibronectin, and a heparan sulfate proteoglycan. J Cell Bioi 108:1873-1890. 

Gonzalez M de L, Silver J (1992) Role of inhibitory ECM molecules in the formation 
of olfactory bulb glomeruli. Soc Neurosci Abst 18:620. 

Gordon H, Lupa M, Bowen D, Hall ZW (1993) A muscle cell variant defective in 
glycosaminoglycan biosynthesis forms nerve-induced, but not spontaneous clusters of the 
acetylcholine receptor and the 43 kD protein. J Neurosci 13:586-595. 

Graziadei PPC, Levine RR, Monte Graziadei GA (1979) Plasticity of connections of the 
olfactory sensory neurons: regeneration into the forebrain following bulbectomy in the 
neonatal mouse. Neurosci 4:713-727. 

Graziadei PPC, Monti Graziadei GA (1986) Principles of organization of the vertebrate 
olfactory glomerulus: An hypothesis. Neurosci 19:1025-1035. 

Grenningloh G, Rehm J, Goodman CS (1991) Genetic analysis of growth cone guidance 
in Drosophila: fasciclin II functions as a neuronal recognition molecule. Cell 67:45-57. 

Grenningloh G, Bieber AJ, Rehm EJ, Snow PE, Traquina ZR, et al. (1990) Molecular 
genetics of neural recognition in Drosophila: Evolution and function of immunoglobulin 
superfamily cell adhesion molecules. Cold Spring Harbor Symp Quant Bioi 55:323-340. 

Grumet M, Hoffman S, Edelman GM (1984) Two antigenic ally related neuronal cell 
adhesion molecules of different specificities mediate neuron-neuron and neuron-glia 
adhesion. Proc Natl Acad Sci (USA) 81:267-271. 

Grumet M, Hoffman S, Crossin KL, Edelman GM (1985) Cytotactin, an extracellular 
matrix protein of neural and non-neural tissues that mediates neuron-glia interactions. 
Proc Nat! Acad Sci (USA) 82:8075-8079. 

Halfter W, Chiquet-Ehrismann R, Tucker R (1989) The effect of tenascin and embryonic 
basal lamina on the behavior and morphology of neural crest cells in vitro. Dev BioI 
132:14-25. 



184 

Harrelson AL, Goodman CS (1988) Growth cone guidance in insects: fasciclin II is a 
member of the immunoglobulin superfamily. Science 242:700-708. 

Hatten ME (1993) The role of migration in CNS neuronal development. Curr Opin 
NeurobioI3:38-44. 

Hatten ME, Fishell F, Stitt TN, Mason CA (1990) Astroglia as a scaffold for 
development of the central nervous system. Sem Neurosci 2:455-465. 

Hayashi JH, Hildebrand JG (1990) Insect olfactory neurons in vitro: Morphological and 
physiological characterization of cells from the developing antennal lobes of Manduca 
sexta. J Neurosci 10:848-859. 

Hedgecock EM, Culotti JG, Hall DH (1990) The unc-5, unc-6, and unc-40 genes guide 
circumferential migrations of pioneer axons and mesodermal cells on the epidermis in C. 
eiegans. Neuron 4:61-85. 

Hempstead BL, Martin-Zanca D, Kaplan DR, Parada LF, Chao MV (1991) High-affinity 
NGF binding requires coexpression of the trk proto-oncogene and the low-affinity NGF 
receptor. Nature 350:678-683. 

Hildebrand JG (1985) Metamorphosis of the insect nervous system: Influences of the 
periphery on postembryonic development of the antenna I sensory pathway in the brain 
of Manduca sexta. In: Selverston A (ed), Model Neural Networks and Behavior. New 
York, Plenum, pp 129-148. 

Hildebrand JG, Hall L, Osmond B (1979) Distribution of binding sites for 12sI-Iabelled 
a-bungarotoxin in normal and deafferented lobes of Manduca sexta. PNAS 76:499-503. 

Hirano S, Kimoto N, Shimoyama Y, Hirohashi S, Takeuchi M (1992) Identification of 
a neural a-catenin as a key regulator of cadherin function and multicellular organization. 
Cell 70:293-301. 

Hishinuma A, Hockfield S, McKay R, Hildebrand JG (1988a) Monoclonal antibodies 
reveal cell-type-specific antigens in the sexually dimorphic olfactory system of Manduca 
sexta. I. Generation of monoclonal antibodies and partial characterization of the antigens. 
J Neurosci 8:296-307. 



185 

Hishinuma A, Hockfield S, McKay R, Hildebrand JG (1988b) Monoclonal antibodies 
reveal cell-type-specific antigens in the sexually dimorphic olfactory system of Manduca 
sexta. II. Expression of antigens during postembryonic development. J Neurosci 8:308-
315. 

Hoffman S, Edelman GM (1987) A proteoglycan with HNK-l antigenic determinants is 
a neuron-associated ligand for cytotactin. Proc Natl Acad Sci (USA) 84:2523-2527. 

Hoffman S, Friedlander DR, Chuong CM, Grumet M, Elelman GM (1986) Differential 
contribution of Ng-CAM and N-CAM to cell adhesion in different neural regions. J Cell 
BioI 103:145-158. 

Homberg U, Christenson TA, Hildebrand JG (1989) Structure and function of the 
deutocerebrum in insects. Ann Rev Entomol 34:477-501. 

Hortsch M, Goodman CS (1991) Cell and substrate adhesion molecules in Drosophila. 
Ann Rev Cell BioI 7:505-557. 

Hunter DD, Shah V, Merlie JP, Sanes JR (1989) A laminin-like adhesive protein 
concentrated in the synaptic cleft of the neuromuscular junction. Nature 338: 229-234. 

Husmann K, Faissner A, Schachner M (1992) Tenascin promotes cerebellar granule cell 
migration and neurite outgrowth by different domains in the fibronectin type III repeats. 
J Cell BioI 116:1475-1486. 

Hutchins JB, Casagrande VA (1988) Glial cells develop a laminar pattern before neuronal 
cells in the lateral geniculate nucleus. Proc Natl Acad Sci (USA) 85:8316-8320. 

Hutchins JB, Casagrande VA (1990) Development of the lateral geniculate nucleus. J 
Comp Neurol 298: 1-16. 

Hynes RO (1987) Integrins: a family of cell surface receptors. Cell 4:549-554. 

Hynes RO (1992) Integrins: versatility, modulation and signalling in cell adhesion. Cell 
69:11-25. 

Ignotz RA, Massague J (1986) Transforming growth factor-J3 stimulates the expression 
of fibronectin and collagen and their incorporation into the extracellular matrix. J BioI 
Chern 261:4337-4345. 



186 

Ishii N, Wadsworth WG, Stern BD, Culotti JG, Hedgecock EM (1992) UNC-6, a 
laminin-related protein, guides cell and pioneer axon migrations in C. elegans. Neuron 
9:873-881. 

Jacobs JR, Goodman CS (1989) Embryonic development of axon pathways in the 
Drosophila CNS. I. A glial scaffold appears before the first growth cones. J Neurosci 
9:2402-2411. 

Jessell TM (1988) Adhesion molecules and the hierarchy of neural development. Neuron 
1:1-13. 

Jessell TM, Hynes MA, Dodd J (1990) Carbohydrates and carbohydrate-binding proteins 
in the nervous system. Ann Rev Neurosci 13:227-255. 

Jhaveri S, Erzurumlu RS, Crossin K (1991) Barrel construction in rodent neocortex: role 
of thalamic afferents versus extracellular matrix molecules. Proc Nat! Acad Sci 88:4489-
4493. 

Jones GE, Arumugham RG, Tanzer ML (1986) Fibronectin glycosylation modulates 
fibroblast adhesion and spreading. J Cell BioI 103: 1663-1670. 

Jones SJ, Hoffman S, Cunningham BA, Edelman GM (1989) A detailed structural model 
of cytotactin: Protein homologies, alternative RNA splicing, and binding regions. Proc 
Nat! Acad Sci 86:1905-1909. 

Kanzaki R, Arbas EA, Strausfeld NJ, Hildebrand JG (1989) Physiology and morphology 
of projection neurons in the antennal lobe of the male moth Manduca sexta. J Comp 
Physiol 165:427-453. 

Katz LC, Constantine-Paton M (1988) Relationship between segregated afferents and 
postsynaptic neurons in the optic tectum of three-eyed frogs. J Neurosci 8:3160-3180. 

Keilhauer G, Faissner A, Schachner M (1985) Differential inhibition of neurone-neurone, 
neurone-astrocyte, and astrocyte-astrocyte adhesion by Ll, L2, and NCAM antibodies. 
Nature 316:728-730. 

Kent KS (1985) Metamorphosis of the antennal center and the influence of sensory 
innevation on the formation of glomeruli in the hawk moth Manduca sexta. Ph.D. thesis, 
Harvard University. 



187 

Kent KS, Levine RB (1988b) Neural control of leg movements in a metamorphic insect: 
Persistence of the larval leg motor neurons to innervate the adult legs of Manduca sexta. 
J Comp Neurol 276:30-43. 

Key B, Giorgi PP (1986a) Soybean agglutinin binding to the olfactory systems of the rat 
and mouse. Neurosci Lett 69:131-136. 

Key B, Giorgi PP (1986b) Selective binding of soybean agglutinin to the olfactory system 
of Xenopus. Neurosci 18:507-515. 

Klein R, Jing S, Nanduri V, O'Rourke E, Barbacid M (1991) The trk proto-oncogene 
encodes a receptor for nerve growth factor. Cell 65:189-197. 

Ko C-P (1987) A lectin, peanut agglutinin, as a probe for the extracellular matrix in 
living neuromuscular junction. J Neurocytol 16:567-576. 

Konishi M (1989) Birdsong for neurobiologists. Neuron 3:541-549. 

Krull CE, Morton DB, Tolbert LP (1991) Glycoconjugates in a developing olfactory 
system. Soc Neurosci Abst 17:760. 

Krull CE, Morton DB, Tolbert LP, Faissner A, Schachner M (1992) Tenascin-like 
molecules in a developing insect olfactory system. Soc Neurosci Abst 18:619. 

Krull CE, Morton DB, Tolbert LP, Faissner A, Schachner M (1993) A role for tenascin
like molecules in the developing insect olfactory system. Soc Neurosci Abst (in press). 

Kruse J, Keilhauer G, Faissner A, Timpl R, Schachner M (1985) The 11 glycoprotein-a 
novel nervous system cell adhesion molecule of the L2/HNK-1 family. Nature 326: 146-
148. 

Laemmli UK (1970) Cleavage of structural proteins during the assembly of the head of 
bacteriophage T4. Nature 227:680-685. 

Lallier T, Bronner-Fraser M (1990) Role of the extracellular matrix interactions in neural 
crest cell migration. Semin Dev BioI 1:35-44. 

Lallier T, Bronner-Fraser M (1992) a1~1 Integrin on neural crest cells recognizes some 
laminin substrata in a Ca2+-independent manner. J Cell Bioi 119:1335-1345. 



188 

Lallier T, Bronner-Fraser M (1993) Inhibition of neural crest cell attachment by integrin 
antisense oligonucleotides. Science 692-695. 

Lander AD (1989) Understanding the molecules of neural cell contacts: emerging 
patterns of structure and function. Trends Neurosci 12:189-195. 

Landmesser L, Dahm L, Tang J, Rutishauser U (1990) Polysialic acid as a regulator of 
intramuscular nerve branching during embryonic development. Neuron 4:655-667. 

Laywell ED, Dorries U, Bartsch U, Faissner A, Schachner M (1992) Enhanced 
expression of the developmentally regulated extracellular matrix molecule tenascin 
following brain injury. Proc Natl Acad Sci (USA) 89:2634-2638. 

Levi-Montalcini R (1987) The nerve growth factor: thirty-five years later. EMBO J 
6: 1145-1154. 

Levine RB, Truman JW (1985) Dendritic reorganization of abdominal motoneurons 
during metamorphosis of the moth, Manduca sexta. J Neurosci 5:2424-2431. 

Lin LH, Doherty DH, Lile JD, Bektesh S, Collins F (1993) GDNF: A glial cell line
derived neurotrophic factor for midbrain dopaminergic neurons. Science 260: 1130-1132. 

Lis H, Sharon N (1986) Lectins as molecules and as tools. Ann Rev Biochem 55:35-67. 

Lochter A, Vaughan L, Kaplony A, Prochiantz A, Schachner M, Faissner A (1991) 
J1/tenascin in substrate-bound and soluble form displays contrary effects on neurite 
outgrowth. J Cell BioI 113: 1159-1171. 

Lo Presti V, Macagno ER, Levinthal C (1973) Structure and development of neuronal 
connections in isogenic organisms: cellular interactions in the development of the optic 
lamina of Daphnia. Proc Natl Acad Sci (USA) 70:433-437. 

Lo Presti V, Macagno ER, Levinthal C (1974) Structure and development of neuronal 
connections in isogenic organisms: transient gap junctions between growing optic axons 
and lamina neuroblasts. Proc Natl Acad Sci (USA) 71:1098-1102. 

Lotz MM, Burdsal CA, Erickson HP, McClay DR (1989) Cell adhesion to fibronectin 
and tenascin: Quantitative measurements of initial binding and subsequent strengthening 
response. J Cell BioI 109:1795-1805. 



189 

Magrassi L, Graziadei PPC (1985) Interaction of the transplanted olfactory placode with 
the optic stalk and the diencephalon in Xenopus laevis embryos. Neurosci 15:903-921. 

Malun D, Oland LA, Tolbert LP (1993) Do uniglomerular output neurons participate in 
forming 
the template for olfactory glomeruli in the moth? Soc Neurosci Abst (in press). 

Martini R, Schachner M (1991) Complex expression pattern of tenascin during 
innervation of the posterior limb buds of the developing chicken. J N eurosci Res 28: 261-
279. 

Martini R, Schachner M, Faissner A (1990) Enhanced expression of the extracellular 
matrix molecule J1/tenascin in the regenerating adult mouse sciatic nerve. J Neurocytol 
19:601-616. 

Martinou JC, Merlie JP (1991) Nerve-dependent modulation of acetylcholine receptor e
subunit gene expression. J Neurosci 11:1291-1299. 

Masuda-Nakagawa LM, Nicholls JG (1991) Extracellular matrix molecules in 
development and regeneration of the leech CNS. Phil Trans R. Soc. Lond 331:323-335. 

Masuda-Nakagawa LM, Wiedemann C (1992) The role of matrix molecules in 
regeneration of leech CNS. J Neurobiol 23:551-567. 

Matsumoto SG, Hildebrand JG (1981) Olfactory mechanisms in the moth Manduca sexta: 
Response characteristics and morphology of central neurons in the antennallobes. Proc 
R Soc Lond (BioI) 213:249-277. 

McClay DR, Ettensohn CA (1987) Cell adhesion in morphogenesis. Ann Rev Cell BioI 
3:319-345. 

Mege RM, Nicolet M, Pincon-Raymond M, Murawsky M, Rieger F (1992) Cytotactin 
is involved in synaptogenesis during regeneration of the frog neuromuscular system. Dev 
BioI 149:381-394. 

Minchen MC, Iverson LL (1974) Release of 3H-GABA from glial cells in rat dorsal root 
ganglia. J Neurochem 23:533-540. 

Montell DJ, Goodman CS (1988) Drosophila substrate adhesion molecule: sequence of 
laminin {31 chain reveals domains of homology with mouse. Cell 53:463-473. 



190 

Mooney R, Madison DV, Shatz CJ (1993) Enhancement of transmission at the 
developing retinogeniculate synapse. Neuron 10:815-825. 

Mori K (1993) Molecular and cellular properties of mammalian primary olfactory axons. 
Micros Res Tech 24:131-141. 

Nathan C, Sporn M (1991) Cytokines in context. J Cell BioI 113;981-986. 

Norenberg U, Wille H, Wolff JM, Frank R, Rathjen FG (1992) The chicken neural 
extracellular matrix molecule restrictin: similarity with EGF-, fibronectin type 111-, and 
fibrinogen-like motifs. Neuron 8:849-863. 

Oakley RA, Tosney KW (1991) Peanut agglutinin and chondroitin-6-sulfate are molecular 
markers for tissues that act as barriers to axon advance in the avian embryo. Dev Biology 
147: 187-206. 

Oland LA, Hayashi J (1993) Effects of the steroid hormone 20-hydroxyecdysone and 
prior sensory input on the survival and growth of moth central olfactory neurons in vitro. 
J Neurobiol (in press). 

Oland LA, Oberlander H (1993) Growth and interactions of cells from the insect nervous 
system in vitro. In: Maramorsch, K., ed. (in press). 

Oland LA, Tolbert LP (1987) Glial patterns during early development of antennallobes 
of Manduca sexta: a comparison between normal lobes and lobes deprived of antennal 
axons. J Comp NeuroI255:196-207. 

Oland LA, Tolbert LP (1988) Effects of hydroxyurea paralleled the effects of radiation 
in developing olfactory glomeruli in insects. J Comp Neurol 278:353-367. 

Oland LA, Tolbert LP (1989) Patterns of glial proliferation during formation of olfactory 
glomeruli in an insect. Glia 2: 10-24. 

Oland LA, Orr G, Tolbert LP (1990) Construction of a protoglomerular template by 
olfactory axons initiates the formation of olfactory glomeruli in the insect brain. J 
Neurosci 10:2096-2112. 

Oland LA, Tolbert LP, Mossman KL (1988) Radiation-induced reduction of the glial 
population during development disrupts the formation of olfactory glomeruli in an insect. 
J Neurosci 8:353-367. 



191 

O'Shea KS, Rheinheimer JST, Dixit VM (1990) Deposition and role of thromobospondin 
in the histogenesis of the cerebellar cortex. J Cell BioI 110:1275-1283. 

Patel NH, Snow PM, Goodman CS (1987) Characterization and cloning of fasciclin III: 
a glycoprotein expressed on a subset of neurons and axon pathways in Drosophila. Cell 
48:975-988. 

Perez RG, Halfter W (1993) Tenascin in the developing chick visual system: Distribution 
and potential role as modulator of retinal axon growth. Dev BioI 156: 278-292. 

Pesheva P, Gennarini G, Goridis C, Schachner M (1993) The F3/F11 cell adhesion 
molecule mediates the repulsion of neurons by the extracellular matrix glycoprotein 11-
160/180. Neuron 10:69-82. 

Pesheva P, Spiess E, Schachner M (1989) 11-160 and 11-180 are oligodendrocyte
secreted nonpermissive substrates for cell adhesion. J Cell BioI 109:1765-1778. 

Pindzola RR, Doller C, Silver J (1993) Putative inhibitory extracellular matrix molecules 
at the dorsal root entry zone of the spinal cord during development and after root and 
sciatic nerve lesions. Dev BioI 156:34-48. 

Prieto AL, Andersson-Fisone C, Crossin KL (1992) Characterization of multiple adhesive 
and counteradhesive domains in the extracellular matrix protein cytotactin. J Cell BioI 
119:663-678. 

Prugh J, Della Croce K, Levine RB (1992) Effects of the steroid hormone, 20-
hydroxyecdysone, on the growth of neurites by identified insect motoneurons in vitro. 
Dev BioI 154:331-347. 

Rakic P (1990) Principles of neural cell migration. Experientia 46:882-891. 

Rathjen FG, Wolff 1M, Chang S, Bonhoeffer F, Raper JA (1987) Neurofascin: a novel 
chick cell-surface glycoprotein involved in neurite-neurite interactions. Cell 51 :841-849. 

Rathjen FG, Wolff 1M, Chiquet-Ehrismann R (1991) Restrictin: a chick neural 
extracellular matrix protein involved in cell attachment co-purifies with the cell 
recognition molecule FIt. Development 113:151-164. 

Reichardt LF, Tomaselli KF (1991) Extracellular matrix molecules and their receptors: 
functions in neural development. Ann Rev Neurosci 14:531-570. 



192 

Reist NE, Werle MJ, McMahan VJ (1992) Agrin released by motor neurons induces the 
aggregation of acetylcholine receptors at neuromuscular junctions. Neuron 8:865-868. 

Riddle DR, Wong JO, Oakley B (1993) Lectin identification of olfactory receptor neuron 
subclasses with segregated central projections. J Neurosci 13:3018-3033. 

Riggott MJ, Scott JW (1989) Specific lectin labeling of rat olfactory bulb glomeruli. 
Chern Senses .14: 740-741. 

Ruegg MA, Tsim KWK, Horton SE, Kroger S, Escher G, Gensch EM, McMahan VJ 
(1992) The agrin gene codes for a family of basal lamina proteins tha differ in function 
and distribution. Neuron 8:691-699. 

Ruoslahti E, Yamaguchi Y (1991) Proteoglycans as modulators of growth factor 
activities. Cell 64:867-869. 

Rutishauser V (1989) Polysialic acid as a regulator of cell interactions. In Neurobiology 
of Glycoconjugates, R.V. Margolis and R.R. Margolis, eds. (New York, Plenum 
Publishing Co.) 

Rutishauser V, Acheson A, Hall AK, Mann OM, Sunshine J (1988) The neural cell 
adhesion molecule (NCAM) as a regulator of cell-cell interactions. Science 240:53-57. 

Sanes JR (1989) Extracellular matrix molecules that influence neural development. Ann 
Rev Neurosci 12:491-516. 

Sanes JR, Hildebrand JG (1976) Origin and morphogenesis of sensory neurons in an 
insect antenna. Dev BioI 51:300-319. 

Schneiderman AM, Matsumoto SG, Hildebrand JG (1976) Transexually grafted antennae 
influence development of sexually dimorphic neurons in moth brain. Nature 298: 844-846. 

Schnell L, Schwab ME (1990) Axonal regeneration in the rat spinal cord produced by 
an antibody against myelin-associated neurite growth inhibitors. Nature 343:269-272. 

Schuch V, Lohse MJ, Schachner M (1989) Neural cell adhesion molecules influence 
second messenger systems. Neuron 3:13-20. 

Schwab ME, Kapfuammer JP, Bandtlow CE (1993) Inhibitors of neurite growth. Ann 
Rev Neurosci 16:565-595. 



193 

Schwab ME, Schnell L (1991) Channeling of developing rat corticospinal tract axons by 
myelin-associated neurite growth inhibitors. J Neurosci 11 :709-722. 

Schwob JE, Gottlieb DI (1986) The primary olfactory projection has two chemically 
distinct zones. J Neurosci 6:3393-3404. 

Seeger M, Tear G, Ferres-Marco D, Goodman CS (1993) Mutations affecting growth 
cone guidance in Drosophila: Genes necessary for guidance toward or away from 
midline. Neuron 10:409-426. 

Sengelaub DR, Nordeen EJ, Nordeen KW, Arnold AP (1989) Hormonal control of 
neuron number in sexually dimorphic spinal nuclei of the rat: III. Differential effects of 
the androgen dihydro-testosterone. J Comp Neurol 280:637-644. 

Shatz, CJ (1990) Impulse activity and the patterning of connections during CNS 
development. Neuron 5:745-756. 

Shatz CJ, Stryker MP (1988) Prenatal tetrodotoxin infusion blocks segregation of 
retinogeniculate afferents. Science 242: 87 -89. 

Shepherd GM (1972) Synaptic organization of the mammalian olfactory bulb. Physio Rev 
52:864-917. 

Shepphard AM, Hamilton SK, Pearlman AL (1991) Changes in the distribution of 
extracellular matrix components accompany early morphogenetic events of mammalian 
cortical development. J Neurosci 11:3928-3948. 

Silver J (1984) Studies on the factors that govern directionality of axonal growth in the 
embryonic optic nerve and at the chiasm of mice. J Comp Neurol 223:238-251. 

Snow DM, Lemmon V, Carrino DA, Caplan AI, Silber J (1990a) Sulfated proteoglycans 
in astroglial barriers inhibit neurite outgrowth in vitro. Exp N eurol 109: 111-130. 

Snow DM, Steindler DA, Silver J (1990b) Molecular and cellular characterization of the 
glial roof plate of the spinal cord and optic tectum: A possible role for a proteoglycan 
in the development of an axon barrier. Dev Biology 138:359-376. 

Snow DM, Watanabe M, Letourneau PC, Silver J (1991) A chondroitin sulfate 
proteoglycan may influence the direction of retinal ganglion cell outgrowth. Development 
113: 1473-1485. 



194 

Snow PM, Bieber AJ, Goodman CS (1989) Fasciclin III: A novel homophilic adhesion 
molecule in Drosophila. Cell 59:313-323. 

Somasekhar T, Ko C-P (1991) Effects of denervation on the distribution of peanut 
agglutinin binding molecules in frog muscles. J Neurocytol 20:65-77. 

Spring J, Beck K, Chiquet-Ehrismann R (1989) Two contrary functions of tenascin: 
dissection of the active sites by recombinant tenascin fragments. Cell 59:325-334. 

Sretavan DW, Shatz CJ (1986) Prenatal development of retinal ganglion cell axons: 
segregation into eye-specific layers. J Neurosci 6:234-251. 

Stahl B, Muller B, von Boxberg Y, Cox ED, Bonhoeffcr F (1990) Biochemical 
characterization of a putative axonal guidance molecule of the chick visual system. 
Neuron 5:735-743. 

Steindler DA (1993) Glial boundaries in the developing nervous system. Ann Rev 
Neurosci 16:445-470. 

Steindler DA, Cooper NGF (1987) Glial and glycoconjugate boundaries during postnatal 
development of the central nervous system. Dev Brain Res 36:27-38. 

Steindler DA, Cooper NGF, Faissner A, M Schachner (1989a) Boundaries defined by 
adhesion molecules during development of the cerebral cortex: The J1/tenascin 
glycoprotein in the mouse somatosensory cortical barrel field. Dev BioI 131:243-260. 

Steindler DA, Faissner A, Schachner M (1989b) Brain "cordones": transient boundaries 
of glial and adhesion molecules that define developing functional units. Comm Dev 
Neurobiol 1 :29-60. 

Steindler DA, O'Brien TF, Laywell E, Harrington K, Faissner A, Schachner M (1990) 
Boundaries during normal and abnormal brain development: in vivo and in vitro studies 
of glia and glycoconjugates. Exp Neurol 109:35-56. 

Stewart WB, Touloukian CE (1990) Lectins label subpopulations of olfactory receptor 
cells. Soc Neurosci Abst 16: 103. 

Stryker MP, Harris WA (1986) Binocular impulse blockade prevents the formation of 
ocular dominace columns in cat visual cortex. J Neurosci 6:2117-2133. 



195 

Stryker MP, Strickland SL (1984) Physiological segregation of ocular dominance 
columns depends on the pattern of afferent electrical activity. Invest Ophthalmol Vis Sci 
(Suppl) 25, 278. 

Sun XJ, Tolbert LP, Hildebrand JG (1993) Ramification pattern and ultrastructural 
characteristics of the serotonin immunoreactive neuron in the antennal lobe of the moth 
Manduca sexta: A laser scanning confocal and electron microscopic study., (in press). 

Tang J, Landmesser L, Rutishauser U (1992) Polysialic acid influences specific 
pathfinding by avian motorneurons. Neuron 8:1031-1044. 

Takeuchi M (1990) Cadherins: a molecular family important in selective cell-cell 
adhesion. Ann Rev Biochem 59:237-252. 

Tessier-Lavigne M, Placzek M (1991) Target attraction: are developing axons guided by 
chemotropism? Trends Neurosci 14:303-310. 

Thoenen H (1991) The changing scene of neurotrophic factors. Trends Neurosci 14: 165-
170. 

Thompson WJ, Kuffler DP, Jansen JKS (1979) The effect of prolonged, reversible block 
of nerve impulses on the elimination of polyneuronal innervation of newborn rat skeletal 
muscle fibers. Neurosci 4:271-281. 

Tolbert LP, Hildebrand JG (1981) Organization and synaptic ultrastructure of glomeruli 
in the antennal lobes of the moth Manduca sexta: a study using thin sections and freeze 
fracture. Proc R Soc (Lond.) 213:279-301. 

Tolbert LP, Matsumoto SG, Hildebrand JG (1983) Development of synapses in the 
antennal lobes of the moth Manduca sexta during metamorphosis. J Neurosci 3:1158-
1175. 

Tolbert LP, Oland LA (1989) A role for glia in the development of organized neuropilar 
structures. Trends Neurosci 12:70-75. 

Tolbert LP, Oland LA (1990) Glial cells form boundaries for developing insect olfactory 
glomeruli. Exp Neurol 109: 19-28. 

Tolbert LP, Sirianni PA (1990) The requirement for olfactory axons in the induction and 
stabilization of olfactory glomeruli. J Comp Neurol 298:69-82. 



196 

Trisler GD, Schneider MD, Nirenburg M (1981) A topographic gradient of molecules 
in retina can be used to identify neuron position. Proc Natl Acad Sci, USA 78:2145-
2149. 

Udin SB, Fawcett JW (1990) Formation of topographic maps. Ann Rev Neurosci 11 :289-
297. 

Usdin TB, Fischbach GD (1986) Purification and characterization of a polypeptide from 
chick brain that promotes the accumulation of acetylcholine receptors in chick myotubes. 
J Cell BioI 103;493-507. 

Van der Loos, Woolsey TA (1973) Somatosensory cortex: structural alterations following 
early injury to sense organs. Science 179:395-398. 

Vielmetter, J, Walter J, Stuermer CAO (1991) Regenerating retinal axons of goldfish 
respond to a repellent guiding component on caudal tectal membranes of adult fish and 
embryonic chick. J Comp Neurol 311:321-329. 

Walter J, Kem-Veits B, Huf J, Stolze B, Bonhoeffer F (1987) Recognition of position
specific properties of tectal cell membranes by retinal axons in vitro. Development 
101 :685-696. 

Wang L, Denburg JL (1992) A role for proteoglycans in the guidance of a subset of 
pioneer axons in cultured embryos of the cockroach. Neuron 8:701-714. 

Weeks JC, Levine RB (1990) Postembryonic neuronal plasticity and its hormonal control 
during insect metamorphosis. Ann Rev Neurosi 13:183-194. 

Weeks JC, Truman JW (1985) Independent steroid control of the fates of motor neurons 
and their muscles during insect metamorphosis. J Neurosci 5:2290-2300. 

Weller A, Beck S, Ekblom P (1991) Amino acid sequence of mouse tenascin and 
differential expression of two tenascin isoforms during embryogenesis. J Cell BioI 
112:355-362. 

Werhle B, Chiquet M (1990) Tenascin is accumulated along developing peripheral nerves 
and allows neurite outgrowth in vitro. Development 110:401-415. 

Wehrle-Haller B, Koch M, Baumgartner S, Spring J, Chiquet M (1991) Nerve-dependent 
and -independent tenascin expression in the developing chick bud. Development 112:627-
637. 



197 

Wigglesworth V (1972) The principles of insect physiology. London: Chapman and Hall, 
pp. 181-185. 

Woolsey TA, Van der Loos H (1970) The structural organization of layer IV in the 
somotosensory region (Sl) of the mouse cerebral cortex: The description of a cortical 
field composed of discrete cytoarchitectonic units. Brain Res 17:205-242. 

Yamada T, Placzek M, Tanaka H, Dodd J, Jessell TM (1991) Control of cell pattern in 
the developing nervous system: polarizing activity of the floor plate and notochord. Cell 
64:635-647. 

Young JZ (1991) The concept of neuroglia, In: Abbott NJ (ed) Glial-Neuronal 
Interaction. Annals New York Academy Sci 633:1-18. 

Zusman S, Patel-King RS, ffrench-Constant C, Hynes RO (1990) Requirements for 
integrins during Drosophila development. Development 108:391-402. 


