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ABS1RACf 

This thesis investigates the roles of embryonic and postembryonic 

neurogenesis in the transformation of the larval antennal center (LAC) into the 

adult antennallobe (AL) in the brain of the sphinx moth Manduca sexta. By means 

of birthdating methods, postembryonic neurogenesis in the CNS was first observed 

in the brain of the mid-first larval instar, and then proceeded in an anterior-to

posterior pattern. Five stereotypic neuroblast nests (three lateral and two medial) 

were identified that appeared to be associated with the LAC. 

Cell death was observed shortly after onset of postembryonic neurogenesis 

from the mid-first larval instar until wandering stage W2. Fates of the five LAC

associated lineages were traced histologically with respect to the anterior, medial, 

and lateral cell groups (AC, MC, LC) of the AL. At pupal stage P3, the three 

lateral nests coalesce and give rise to the postembryonic component of the LC, 

which is clearly distinguishable by pupal stage P4. Nests D and E remain separate 

and give rise to the postembryonic components of the AC and Me, respectively. 

A pronounced sexual dimorphism in the number of neurons in the MC was 

observed as early as pupal stage P5. The increased number of neurons in lineage 

E of males is evident as early as larval stage v-a, suggesting that regulation of 

postembryonic lineage size may contribute to the dimorphism of adults. 

----_ .. _._-_ .......... _. -
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The cellular distributions of two neuropeptide phenotypes (allatotropin-like 

immunoreactivity, ATIR; and FMRFa-like immunoreactivity, FIR) were examined 

immunocytochemically in larval, pupal and adult olfactory regions. Both phenotypes 

were found in a small number of cells lateral to the LAC, but significantly greater 

immunostaining was observed in the LC of the AL. For both ATIR and FIR, 

double-label immunocytochemistry (using BrdU) demonstrated that a subpopulation 

of the cells observed in the adult are born postembryonically. 

The larval and adult positions of ATIR and FIR neurons, of an identified 

serotonin-immunoreactive neuron, and of the five neuroblast nests, were compared. 

In every case, the lateral position of cells with respect to the LAC neuropil, 

regardless of embryonic or postembryonic origin, predicts a positional fate in the LC 

of the AL. 

-------------- -
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INTRODUCTION 

17 

A fundamental question in neurobiology is how the brain develops from 

simple embryonic cells into an organ with complex cells and circuits. In many 

diverse animals, the adult brain consists of neurons that are born during embryonic 

neurogenesis. In certain animals, however, a portion of neurogenesis is delayed, 

such that some neurons are born postembryonically. This delayed neurogenesis 

provides an opportunity to study the birth of new neurons in the brain over the 

course of its transformation into the adult structure. Delayed neurogenesis 

furthermore occurs over a period when the nervous system is readily accessible to 

investigation and experimental manipulation. This dissertation examines the 

contributions of embryonic and postembryonic neurogenesis to the development of 

the adult antennal lobe, the primary olfactory center in the brain of many insects 

(Homberg et al. 1989, Stocker et al. 1990). A particularly favorable model for such 

studies is the large sphinx moth, Manduca sexta. 

Postembryonic Neurogenesis and Fate in the Vertebrate Brain 

In most animals, development of the brain begins with embryonic 

neurogenesis, and this phenomenon is covered in several recent reviews (see 



18 

Shepherd 1988; Jacobson 1991; Purves and Lichtman 1985; Nicholls et. al. 1992). 

Postembryonic neurogenesis, on the other hand, is thought to be a rare 

phenomenon in the adult mammalian brain (Rakic 1985), although some evidence 

for its occurrence in specific brain regions exists for a number of vertebrate species. 

Altman was the first to notice the continued recruitment of new neurons in some 

parts of the mammalian brain after birth (Altman and Das 1965; Altman 1967), and 

later demonstrated postembryonic neurogenesis of granule cell populations in both 

the hippocampus and the olfactory bulb of juvenile and adult rats (Altman 1969). 

This work has been confirmed and extended using [3H]thymidine birth dating 

methods. Postembryonic neurogenesis occurs in interneuronal populations of the 

main and accessory olfactory bulb of the postnatal rat, and in granule cells of the 

olfactory bulb and dentate gyrus of the adult rat (Bayer 1982; 1983; 1985; Kaplan 

and Hinds 1977). Neuroblasts (precursor cells in the brain that divide, as 

determined by [3H]thymidine birthdating, to generate neurons) have been identified 

beneath the basal hippocampal granule-cell layer, revealing a steady rate of granule

cell neurogenesis during the first year of a rodent's life in the brains of 9-day-old 

and ll-month-old rodents (Kaplan and Bell 1984). Similar birth dating methods 

([3H] thymidine ) have also been used to identify the postembryonic production of 

olfactory receptor cells from proliferative basal cells in the vertebrate olfactory 

epithelium (lamprey, mouse, frog). This cell production is thought to occur to 
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varying degrees throughout adult life (Thornhill 1970; Moulton et al. 1970; 

Graziadei and Graziadei 1985). 

Postembryonic neurogenesis occurs in the song control system (hyperstriatum 

ventralis caudalis or high vocal center; RVc) in the brains of zebra finches and 

canaries. A sexual dimorphism has been demonstrated in zebra finches in which 

males add neurons to the Hvc postembryonically during song learning (Nordeen and 

Nordeen 1988a; 1988b). Research combining birthdating and lineage tracing 

methods (eH]thymidine and Fluorogold labeling) identified projection neurons that 

were born postembryonically within a vocal motor pathway of the finch (cells of the 

HVc that project to the robust nucleus of the archistriatum (RA)). This study 

demonstrated that a major portion of the vocal motor pathway is created during 

song learning (Nordeen and Nordeen 1988b). In the canary, a similar approach has 

been taken. Single- and double-labeling techniques ([3H]thymidine and Fluorogold) 

in the brain have established that postembryonic neurogenesis occurs in the RV c 

(as well as other areas of the forebrain) in adult canaries (Paton and Nottebohm 

1984; Burd and Nottebohm 1985; Alvarez-Buylla et al. 1992). Many of these new 

neurons form efferent pathways to an RVc target, the robustus archistriatalis (RA, 

Alvarez-Buylla et al. 1992). 

Lopez-Garcia et al. (1988) found evidence of postembryonic neurogenesis in 

the cerebral cortex of lizards, where proliferation was observed in the ependymal 

cell layer underlying the medial cortex. The terminal fates of these cells were 
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identified in the granular layer by means of [3H]thymidine labeling techniques. In 

teleost fishes, postembryonic neurogenesis has also been observed in the cerebellum 

and nucleus glomerulosus (NG, at the junction of the di- and mes- encephalon) of 

the guppy brain in which increasing numbers of Purkinje cells in the cerebellum and 

cells in the NG were observed throughout much of the adult life of the animal 

(Birse et al. 1980). Postembryonic neurogenesis, as determined by eH]thymidine 

birthdating methods, has also been seen in the production of new classes of 

photoreceptors (rods) in the retina of two species of herring (Clupea harengus, Solea 

solea). These neurons arise from proliferative basal cells in the outer nuclear layer 

of the retina (Sandy and BIaxter 1980). These results suggest that postembryonic 

neurogenesis is an important feature of brain plasticity and that it occurs in diverse 

brain regions in a number of vertebrate species. 

Postembryonic Neurogenesis and Fate in the Invertebrate Brain 

Postembryonic neurogenesis is also a feature of brain development in a 

number of invertebrate species. In gastropods, the adult nervous system arises from 

a postembryonic metamorphic pattern of development, and the adult brain is 

substantially larger than that of larval forms (Marois and Carew 1990). Formation 

of these new central neurons occurs during postembryonic life (during 

metamorphosis and juvenile stages), and studies using eH]thymidine labeling have 
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shown that many postembryonic central neurons originate from proliferative zones 

of the body wall regions and migrate, postmitotically, to the central ganglia 

(Hickmott and Carew 1988; Cash and Carew 1989, Marois and Carew 1990). 

In the soil nematode Caenorhabditis elegans, the complete cell lineage (both 

embryonic and postembryonic) of the organism, including all 302 cells of the 

nervous system, is known (Sulston and Horovitz 1977; Sulston et al. 1983; White et 

al. 1986). Lineage tracing studies in the adult have shown that some neurons of the 

anterior CNS (neurons: ASn, AVFn, VAn, VBn, VCn, VDn; of the retro-vesicular 

ganglion) are generated by postembryonic neurogenesis, in which primary 

neuroblasts give rise to these uniquely identifiable progeny (White et al. 1986; 

Chalfie and White 1988). 

The postembryonic metamorphic reorganization of the insect brain has been 

a subject of interest for many years (e.g. Weismann 1864; Bauer 1904; Tiegs 1922; 

Sanchez 1925; Murray and Tiegs 1935; Schrader 1938; Panov 1957; 1959; 1960a; 

1960b; 1961; 1963; Nordlander and Edwards 1969a; 1969b; 1970; Ali 1973; Ali 1974; 

Copenhaver and Truman 1986). Studies of several holometaboIous insect species 

(insects that undergo complete metamorphosis) have demonstrated that 

postembryonic neurogenesis plays an important role in the metamorphosis of the 

brain through the addition of substantial numbers of new neurons, in a region- and 

species-dependent manner, during adult development (Panov 1960; 1963; Edwards 

1969; Nordlander and Edwards 1969a; 1969b; 1970; White and Kankel 1978; 
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Truman and Bate 1988; Hofbauer and Campos-Ortega 1990; Truman 1990; Prokop 

and Technau 1991; Selleck and Steller 1991; Ito and Hotta 1992). Postembryonic 

neurogenesis in insects is discussed in greater detail below. 

Metamorphosis and Postembryonic Neurogenesis in Insects 

Holometabolous insects exhibit a pattern of postembryonic development in 

which the last larval instar is transformed into the adult via a pupal stage. 

Complete metamorphosis occurs in various insect orders including Coleoptera 

(beetles), Diptera (flies), Hymenoptera (ants, bees, wasps), and Lepidoptera (moths 

and butterflies). For a complete review of insect metamorphosis, see Highnam 

(1981). Embryonic development generates a larva specialized for feeding. Adult 

development, which occurs during postembryonic life, is controlled by known 

hormonal signals (Riddiford 1985). The end result is an adult with a much-enlarged 

nervous system specialized for tasks such as flight, courtship, mating, and oviposition 

(Highnam 1981; Hildebrand 1985). A significant contribution to the increased size 

of the adult brain is due to the addition of new neurons through postembryonic 

neurogenesis. 

A typical holometabolous insect, Manduca sexta, changes dramatically over 

the course of its metamorphosis from the larval to the adult form. Larvae hatch 

from eggs and grow over the course of five larval instars (I-V) over a period of 



23 

approximately three weeks. The larvae then enter into a four day period termed 

wandering (WO-W3) when feeding ceases and locomotory activity associated with 

the formation of a pupation chamber ensues. This is followed by a molt to the 

pupal stage of approximately 18 "days" (P1-P18; Tolbert et aI. 1983) and a dramatic 

reorganization, which culminates at the end of metamorphosis in the emergence of 

fully formed adult moths (Riddiford 1980; Hildebrand 1985). This radical 

transformation in appearance and behavior is accompanied by extensive 

reorganization of the nervous system (Schneiderman 1984; Kent 1985; Hildebrand 

1985). Reorganization involves the death and respecification of some larval neurons 

as well as the postembryonic addition of new neurons to accommodate adult-specific 

requirements (Truman and Booker 1986; Booker and Truman 1987a; 1987b; Kent 

et aI. 1987). This type of reorganization is exemplified in the olfactory system of M. 

sexta, in which the adult's increased reliance on olfactory information is reflected in 

massively enlarged antennae and in the extensive growth and reorganization of the 

primary olfactory neuropil during the transition from the larva to the adult 

(Hildebrand 1985). The larval brain has a small and relatively simple olfactory 

neuropil termed the larval antennal center (LAC; Kent 1985; Itagaki and 

Hildebrand 1990). In contrast, the primary olfactory center in the adult brain, the 

antennal lobe, is much larger, more complex, and contains significantly more 

neurons (Hildebrand 1985; Homberg et aI. 1988). The source of these new neurons 
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is a population of undifferentiated (stem) cells termed neuroblasts (Sorensen et al. 

1990; Sorensen et al. 1991; see Chapter 2). 

The presence of neuroblasts in the insect brain was first demonstrated by Bauer 

(1904) in larvae of various insect species. They were described as cells that serve 

no function other than to divide at the appropriate time to produce adult ganglion 

cells. Although Hanstrom (1925) and others denied the existence of such 

neuroblasts, their presence was later confirmed by Hertweck (1931) and Schrader 

(1938) in the fruit fly Drosophila melanogaster and the flour moth Ephestia kuhlliella, 

respectively. Later, Panov (1960b, 1963) observed neuroblasts in the brains of a 

large number of immature insects, firmly establishing these cells as sources of new 

neurons in the adult brain. 

In the larval brain, neuroblasts are found either dispersed among the larval 

cells of the cortex, where their progeny add cells around existing larval centers, or 

in groups that generate new adult centers. This distribution of neuroblasts occurs 

in two types: scattered and aggregated (Nordlander and Edwards 1969a; 1969b; 

1970). Aggregated neuroblasts are found in proliferation centers of the brain in 

the regions of the optic anlagen and appear to divide either symmetrically to 

produce two neuroblasts, or asymmetrically as described below (Nordlander and 

Edwards 1969a; 1969b; White and Kankel 1978; Hofbauer and Campos-Ortega 

1990). Scattered neuroblasts are found in all other brain regions and are distributed 

among differentiated larval cells (Nordlander and Edwards 1969a; 1969b; 1970). 
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Postembryonic neurogenesis that results from scattered neuroblasts begins with the 

enlargement of neuroblasts soon after hatching and is followed by a number of 

asymmetric mitotic divisions that result in the production of a series of ganglion 

mother cells (Nord lander and Edwards 1969a; Bate 1976; Booker and Truman 

1987a; 1987b; Truman and Bate 1988; Truman 1990; Prokop and Technau 1991; 

Witten and Truman 1991a; 1991b; Ito and Hotta 1992). Each ganglion mother cell, 

in turn, divides symmetrically to generate two undifferentiated imaginal nest cells 

(Fig. 2.2). In this manner, neuroblasts generate a number of imaginal nest cells 

over the course of larval development. The resultant neuroblast and its progeny are 

referred to as a neuroblast nest or lineage (Booker and Truman 1987a; 1987b; 

Witten and Truman 1991a; 1991b). In response to hormonal cues at the end of 

larval life, some imaginal nest cells undergo programmed cell death, while surviving 

cells begin to differentiate and become incorporated into the adult nervous system 

during metamorphic development (Booker and Truman 1987b). 

The sphinx moth M. sexta is an attractive model system in which to study 

brain development for several important reasons. Development of the brain in this 

large and easily reared insect occurs relatively late in the postembryonic stages of 

its life cycle. At this time, the animal and its brain are readily accessible to 

investigation and experimental manipulation (Hildebrand 1985). Furthermore, many 

of the profound changes that occur in the nervous system during postembryonic 

development are controlled by insect hormones (Weeks and Levine 1992), and the 
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hormonal control of metamorphosis is understood in more detail in M. sexta than 

in any other insect (Riddiford 1985; Weeks and Levine 1992). 

Although smaller than the vertebrate brain, the insect brain is, nevertheless, 

complex. It is, therefore, necessary to select a limited region of the brain as a focus 

for study. The developing antennal lobe is a useful model for the study of 

postembryonic brain development because it has a highly ordered structure whose 

various cellular elements exhibit the stereotypy characteristic of invertebrate 

systems, and its sensory inputs and physiology have been well characterized (see 

Hildebrand 1985; Christensen and Hildebrand 1989; Homberg et al. 1989). In 

addition, the neurotransmitter phenotypes of many antennal-Iobe neurons have been 

identified (Homberg et al. 1985; Homberg et al. 1986; Hoskins et al. 1986; Kent et 

al. 1987; Homberg et al. 1990; Homberg pers. comm.). These phenotypes may be 

useful as developmental markers for determining the fates of neuroblast nests as 

they become associated with specific, characterized groups of neurons in the adult 

antennal lobe. 

Structure and Development of the Adult Antennal Lobe of Manduca sexta 

Both the larva and adult have a pair of antennae, which are used primarily 

for olfaction. The small, rudimentary antennae of the larvae are histolyzed during 

------_._------ .. _----
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metamorphosis and are replaced postembryonically by the large, relatively complex 

adult antennae (Sanes and Hildebrand 1975; 1976a; 1976b; Hildebrand 1985). 

Arrayed along the length of the adult antennae are olfactory sensilla. Within 

the olfactory sensilla are olfactory receptor neurons that extend axons through the 

antennal nerve, and these enter the brain at the level of the ipsilateral antennallobe 

of the deutocerebrum (Hildebrand 1985). Sensory axons project to targets in the 

antennallobe without branching or forming synapses outside the CNS (Sanes et al. 

1977; Hildebrand et al. 1979; Camazine and Hildebrand 1979; Matsumoto and 

Hildebrand 1981). 

The antennallobe consists of a coarse central region of neuropil surrounded 

by an array of ca. 60 spheroidal glomeruli and bordered by three groups of neuronal 

somata (anterior cell group, ca. 16 cells; lateral cell group, ca. 980 cells; and medial 

cell group, ca. 190 9, ca. 220 0'; Homberg et al. 1988). Axons of olfactory neurons 

and perhaps other receptor cells, project to and terminate within the glomeruli of 

the ipsilateral antennal lobe (Camazine and Hildebrand 1979, Hildebrand 1985). 

There they form chemical synapses with dendrites of antennal- lobe neurons 

(Matsumoto and Hildebrand 1981; Tolbert and Hildebrand 1981; Tolbert et al. 

1983). The glomeruli are condensed knots of neuropil 50-100 f..Lm in diameter. 

They consist of the terminals of sensory axons from the antenna and the dendritic 

processes of antennal-Iobe neurons, and they are incompletely enveloped by glial 

processes. Glomeruli are the sites of all observed chemical synapses in the antennal 
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lobe (Hildebrand et al. 1979; Matsumoto and Hildebrand 1981; Tolbert and 

Hildebrand 1981). 

A number of studies have examined the physiology and development of the 

adult antennallobe inM. sexta (Hildebrand 1985; Christensen and Hildebrand 1989; 

Homberg et al. 1989; Oland et al. 1990; Tolbert and Oland 1990). Developmental 

work has focused primarily on pupal stages Pi onward, examining phenomena such 

as the time course of the ingrowth of the sensory afferents, the formation of 

glomeruli, the role of glia in glomerular formation, the establishment of synaptic 

relationships in glomeruli, and the morphological changes of extracellular spaces and 

the structure of the coarse neuropil (Tolbert et al. 1983; Hildebrand 1985; Oland 

et al. 1988; Oland et al. 1990). Far less is known about earlier developmental 

events from the end of larval life (V-3) until the beginning of pupation (stages WO

Pi) (Kent 1985). 

My examination of the role of embryonic and postembryonic neurogenesis 

in the development of the adult antennal lobe, included consideration of the 

following questions: 
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Question 1: The Origin and Fate of Postembryonically-Derived Neurons in the 

Adult Antennal Lobe 

Few studies have examined the role of postembryonic neurogenesis in the 

development of the adult antennallobe (Nordlander and Edwards 1970; Gundersen 

and Larsen 1978; White and Kankel 1978). In Lepidoptera, Nordlander and 

Edwards (1970) identified three neuroblasts, by means of [3H]thymidine birthdating 

methods, that appeared to be associated with the larval antennal center of the 

monarch butterfly, Danaus plexippus plexippus. These cells began divisions early in 

larval life but the adult positional fate of specific lineages in the butterfly was not 

examined. In M. sexta, mitotic figures have been observed in the brain as early as 

the first larval instar (Kent 1985), but nothing is known about the relationship 

between specific neuroblast lineages and the developing cell groups of the adult 

antennal lobe. This question is addressed in Chapter 2 of this dissertation. 

Question 2: The Role of Programmed Neuronal Cell Death during Postembryonic 

Neurogenesis 

Programmed neuronal death in developing systems can function to eliminate 

superfluous or outmoded neurons (Hamburger and Oppenheim 1982; Oppenheim 

1991; Truman 1984; Sternberg et al. 1992). Cell death can also serve to eliminate 

cells that function transiently but are no longer needed; examples include Mauthner 
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cells in amphibians (Zottoli 1978; Lamborghini 1987), the linker cell in C. e/egans 

(Kimble and Hirsh 1979; Sulston and White 1980; Sulston et al. 1980), and the 

eclosion muscles and motor neurons in Drosophila (Kimura and Truman 1990) and 

M. sexta (Truman 1983; Schwartz 1991). In insects, programmed cell death also 

occurs, to varying degrees, during both embryonic and postembryonic neurogenesis 

(Bate 1976; Nordlander and Edwards 1968a; Nordlander and Edwards 1970; Booker 

and Truman 1987a). In the ventral nerve cord of M. sexta, Booker and Truman 

(1987a; 1987b) observed programmed cell death occurs in the neuroblast nests that 

give rise to the new neurons incorporated into the adult. Their work demonstrated 

that programmed cell death in postembryonic lineages is triggered by the release of 

the steroid hormone ecdysone at the end of larval development when levels of 

juvenile hormone (JH) are low (Booker and Truman 1987b). The extent to which 

programmed cell death occurs in postembryonic lineages associated with the LAC 

during its reorganization into the adult antennal lobe is not known. This issue is 

addressed in Chapter 3 of this dissertation. 

Question 3: The Fate of Embryonically Derived Larval Neurons (Elimination vs. 

Respecification) 

Another important question about the development of the antennal lobe 

concerns the extent of survival and incorporation of larval interneurons into the 
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developing circuitry of the adult antennallobe. The extent to which larval neurons 

are either eliminated or respecified in the adult brain appears to be species 

dependent. Weismann (1864; Diptera - Muscids), Bauer (1904; various species of 

Coleoptera, Diptera, Lepidoptera, and Hymenoptera) and Tiegs (1922; 

Hymenoptera - Nasonia) reported that all larval neurons are destroyed and that the 

adult brain is, therefore, an entirely new structure. An alternative view is that at 

least some larval neurons are retained in the adult, although perhaps in a modified 

form (Sanchez 1925, Lepidoptera - Pierids; Hanstrom 1925, Lepidoptera - Pierids; 

Panov 1963, Lepidoptera - Attacids). The extremes of this continuum can be found 

even within the same order (Diptera). For example, in the blowfly Phormia regina, 

all larval neurons degenerate; the brains of the larva and adult are described as 

discrete entities, exclusively comprising embryonic and postembryonic neurons 

respectively (Gundersen and Larsen 1978). In contrast, White and Kankel (1978) 

found no signs of degeneration in the developing brain of the fruit fly, Drosophila 

melanogaster. Technau and Heisenberg (1982) reported that larval neurons persist 

in the mushroom bodies of D. melanogaster. This conclusion was based on the lack 

of any apparent degeneration of neuronal somata in the cortex of this brain region, 

together with a comparison of adult numbers of somata and increases in the number 

ofaxons in the peduncle of the adult. Their results suggested that the adult brain 

was composed of new cells added postembryonically, as well as respecified larval 

cells that exhibited axonal regeneration. More recently, specific larval neurons in 
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the brains of different insect species have been identified that persist over the 

course of metamorphosis and are respecified in the adult brain (White et al. 1986; 

Tix et al. 1989; Breidbach 1990a; 1990b; 1990c; Truman 1990). In M. sexta, at least 

one identified larval neuron, immunoreactive to antibodies against serotonin (5HT), 

is known to be retained in adult antennal lobe circuitry (Kent et al. 1987). The 

extent to which other larval neurons become incorporated into the adult antennal 

lobe is unknown. This issue is discussed in Chapter 3 of this dissertation. 

Question 4: The Possible Mechanisms Underlying Development of the Sexual 

Dimorphism of the Medial Cell Group 

Of the three distinct cell groups (anterior, medial, lateral) found in the adult 

antennallobe of M. sexta, the medial cell group is sexually dimorphic in cell number 

(Homberg et al. 1988). In insects, different mechanisms have been reported for the 

generation of sexually dimorphic numbers of neurons in the brain and ventral nerve 

cord. This may occur through (1) a sexually dimorphic number of neuroblasts 

(Booker and Truman 1987a), (2) from differential cell death (Geibultowicz and 

Truman 1984), or (3) from the sexually dimorphic regulation of lineage size 

(numbers of cells within the lineage) by homologous neuroblasts (Technau 1984; 

Truman and Bate 1988; Taylor and Truman 1992). Still another mechanism might 

involve a sexually dimorphic number of embryonically derived neurons that are 
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respecified in the adult antennal lobe. The mechanism( s) underlying the sexually 

dimorphic number of neurons in the medial cell group of the adult antennal lobe 

are not known, but will be discussed in Chapter 3 of this dissertation. 

Question 5: Developmental Origins of Neurochemical Phenotypes 

A number of neurotransmitter candidates have been localized 

immunocytochemically in the adult antennallobe of M. sexta (Homberg et al. 1985; 

Homberg et al. 1986; Hoskins et al. 1986; Kent et al. 1987; Homberg et al. 1990; 

Homberg pers. comm.). Antibodies to putative neurotransmitters can be used as 

specific markers of identified cells. These cells can then be traced over the course 

of metamorphosis, in order to gain a better understanding of the developmental 

origins of specific cell populations. This strategy has been used in previous studies 

of the insect nervous system (White et al. 1986; Kent et al. 1987; Budnick and 

White 1988; Valles and White 1988; Breidbach 1990a; 1990b; 1990c; Truman 1990). 

In cases where the number of cells observed in the larval and adult brain do not 

differ, this technique has proved useful in establishing the positional fates of those 

embryonically derived neurons that are respecified in the adult brain (Kent et al. 

1987; Breidbach 1990a). One problem with this approach is that without the 

inclusion of birth dating methods (e.g. eH]thymidine or BrdU (5-bromo-2'

deoxyuridine)), such work can only infer whether increased numbers of cells arising 
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at metamorphosis are postembryonically derived, or alternatively that they result 

from the differentiation of the neurochemical phenotypes in embryonically derived 

larval cells that persisted into adulthood. This problem was overcome in 

whole mounts of M. sexta ventral nerve cord, in which birth dating methods 

(incorporation of BrdU) were used in conjunction with neurochemical markers to 

examine postembryonic development of GABA- and SCPB-like phenotypes (Witten 

and Truman 1991a; 1991b). With the exception of a single identified larval cell 

immunopositive to 5HT that is known to persist into the adult (Kent et al. 1987), 

the developmental origins of neurochemical phenotypes of adult antennal lobe 

neurons in M. sexta are at present unknown. Two other phenotypes are discussed 

in Chapter 4 of this dissertation. 

----_ .. ------_._._--_._ ... - .. 



35 

SPECIFIC AIMS 

The initial phase of the research described in the following chapters was 

undertaken to establish an understanding of the basic anatomical and histological 

details of the transformation of the primary olfactory center of the larva into that 

of the adult. Such knowledge can provide the foundation for the pursuit of more 

specific questions about the development of the adult, such as the fate of specific 

imaginal nests, the possible mechanisms underlying the generation of a sexually 

dimorphic number of cells in the medial cell group of the adult antennal lobe, and 

the relationships between embryonically derived larval cells and the postembryonic 

components of the adult antennal lobe. Hence, I adopted the following specific 

aims to guide my research: 

1. To determine the time of onset of postembryonic neurogenesis in the brain of 

Manduca sexta; 

2. To identify neuroblast nests that are involved in the development of the adult 

antennal lobe; 
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3. To characterize the development of the antennallobe histologically and establish 

the fates of specific neuroblast nests in relation to the development of the 

three cell groups of the adult antennallobe; 

4. To explore the extent to which neurons of the larval antennal center are 

incorporated into the adult antennal lobe; 

5. To determine mechanism( s) regulating development of the sexually dimorphic, 

medial cell group in the adult antennallobe; and 

6. To determine the time of onset of specific neurotransmitter candidate expression 

in imaginal nest cells contributing to the adult antennal lobe. 
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CHAPTER 2 

ONSET AND PROGRESSION OF POSTEMBRYONIC NEUROGENESIS IN 

THE REGION OF THE LARVAL ANTENNAL CENTER IN THE BRAIN 

OF THE TOBACCO HORNWORM. MANDUCA SEXTA 

INTRODUCTION 

The tobacco hornworm, Manduca sexta, undergoes dramatic changes in both 

morphology of its CNS (Figs. 2.1, 3.1) and behavior in the course of its 

metamorphosis from larval to adult form. In the ventral nerve cord, these changes 

are accompanied by extensive reorganization involving the death and remodelling 

of subsets of larval neurons (Truman 1983; Truman and Reiss 1976; Levine and 

Truman 1982; Levine and Truman 1985), as well as the postembryonic addition of 

new neurons (Booker and Truman 1987a; 1987b). These new neurons arise from 

undifferentiated (stem) cells termed neuroblasts, which generate a number of 

progeny, termed imaginal nest cells (Booker and Truman 1987a), by a characteristic 

pattern of division (Fig. 2.2). The same phenomenon may also occur for 

reorganization of the brain throughout metamorphosis. Studies on the metamorphic 

development of the brain of several holometabolous insects (Sanchez 1925; Panov 

1957; 1959 1960a; 1960b; 1963; White and Kankel1978; Nordlander and Edwards 

1969a; 1969b; 1970; Ali 1974; Hildebrand 1985; Copenhaver and Truman 1986; 

Truman and Bate 1988; Hofbauer and Campos-Ortega 1990; Truman 1990; Prokop 
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and Technau 1991; Selleck and Steller 1991; Ito and Hotta 1992) suggest that 

postembryonic neurogenesis plays an important role in the metamorphosis of the 

brain, whereby substantial numbers of new neurons are added during adult 

development. The contribution of postembryonic neurogenesis to the reorganization 

of the larval antennal center, into the larger more complex adult antennallobe, has 

not been established by the work of previous researchers. 

The goal of this research was to provide knowledge of the reorganization of 

the primary olfactory center in the brain of M. sexta during its postembryonic 

development from larval (larval antennal center) to adult form (adult antennal 

lobe). This study sought: (i) to determine the time of onset of postembryonic 

neurogenesis in the brain of M sexta, and (ii) to identify specific neuroblasts and 

their progeny (also referred to as a nest or lineage) that are likely to contribute to 

the reorganization of this structure into the adult antennal lobe. 

In this chapter I report the use of the thymidine analog 5-Bromo-2'

deoxyuridine (BrdU) to label dividing cells. This marker selectively labels the nuclei 

of mitotic cells (Truman and Bate 1988), revealing proliferative neuroblasts and the 

time course of their appearance in the larval nervous system. The use of BrdU 

immunocytochemistry in wholemount preparations enabled determination of the 

time of onset of postembryonic neurogenesis and identification of neuroblasts 

associated with the larval antennal center. Sectioned, paraffin-embedded 

preparations were used to identify specific neuroblasts likely to give rise to the new 
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neurons that are added to the larval antennal center during its reorganization into 

the adult antennal lobe. A preliminary report of these findings appeared in 

Sorensen et al. (1990). 
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MATERIAlS & METHODS 

Experimental Animals 

Larvae of Manduca sexta (Lepidoptera: Sphingidae) were reared in the 

laboratory on an artificial diet (modified from that of Bell and Joachim 1976) in 

long-day photoperiod (17 hr light/ 7 hr dark) at ca. 25° C and 50-60% relative 

humidity (Sanes and Hildebrand 1976a; Prescott et al. 1977). Larvae of both sexes 

were used for all immunocytochemistry. Larvae were anesthetized by chilling on ice 

for 10-15 min before dissection of the brain and ventral nerve cord. 

Sexing of Larvae 

The sex of larvae of instars I-V was ascertained by a method adapted from 

that of Stewart et al. (1970), employing microscopic examination of the mid-ventral 

surface of abdominal segment nine in the region of the genital trapezoid to reveal 

the presence or absence of the male genital pore. This method permitted the 

reliable sexing of first-instar larvae, thus making it possible to test the hypothesis 

that there might be a sexual dimorphism in the number of neuroblast nests 

associated with the larval antennal center. Reliability was checked by sexing groups 

of M sexta both as first-ins tar larvae and as adults (n=60). For 30 larvae sexed as 
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males, the reliability of the characteristic was 95%. For 30 larvae sexed as females, 

the reliability of the characteristic was 97%. 

BrdU Treatment 

The substituted nucleoside and thymidine analog BrdU was used to label 

DNA synthesis. BrdU incorporated into nuclear DNA was revealed with 

immunocytochemistry by the use of a BrdU-specific monoclonal antibody (Gratzner 

1982). This method was used by Truman and Bate (1988) to examine neurogenesis 

in the CNS of larvae of Drosophila melallogaster and later adapted for use in M. 

sexta (Witten and Truman 1991a). BrdU (Sigma, St. Louis, MO) was added (0.5 

mg/ml) to the normal diet, and larvae were then reared on this diet, sacrificed at 

different stages throughout the five larval ins tars (I-V), and processed for BrdU 

immunocytochemistry. 

BrdU Controls 

Previous work on vertebrate cells primarily in vitro suggested that BrdU, at 

high concentrations, inhibit differentiation of some actively dividing embryonic cells 

(Stockdale et al. 1964; Abbott and Holtzer 1968; Lasher and Cahn 1969; Wilt and 

Anderson 1972; Tapscott et al. 1989; Jacobson 1991; Sechrist and Bronner-Fraser 
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1991). To determine if BrdU might have deleterious effects on the development 

of larval neuroblasts of M. sexta, animals were fed or injected with BrdU (0.5 mg/ml 

diet or injections of 50 ,ul of a 50 mg/ml solution per gram body weight, based upon 

methods of Witten and Truman 1991a) and allowed to develop to adulthood. These 

animals: went through all of the normal larval and pupal stages and exhibited 

normal appearance and external morphology (n>100); eclosed normally (n>100); 

inflated their wings normally and were able to fly, mate, and lay eggs (hatched 

normally) (n>30); and exhibited no apparent abnormalities in gross brain 

morphology (n> 100) or in internal brain architecture at the light-microscopic level 

(n>50). 

To determine if the rate of neuroblast division was possibly altered by BrdU, 

I counted neuronal nuclei in one of the neuroblast nests (Nest A) associated with 

the larval antennal center at larval stage V-O in untreated and BrdU-fed 

preparations. To do this a Zeiss compound microscope with a camera lucida 

attachment was used for counting to ensure that all of the nuclei in a given section 

were counted. Camera lucida images of a given section were outlined on paper 

using major landmarks for reference and then a pen was used to mark each counted 

nucleus in a given section. Raw counts of nuclei were corrected according to the 

method of Abercrombie (1946) as described by previous workers (Konigsmark 1970; 

Homberg et al. 1988; Truman and Booker 1986) in order to correct for cells that 

are counted in more than one adjacent section. The equation Abercrombie devised 
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is: T = N (t / t + d), where T is the actual number of nuclei present, N is the total 

number of nuclei counted, t is the section thickness (8-10 ,uum in these 

preparations), and d is the average nuclear diameter. No significant difference in 

mean number of imaginal nest cells per nest was observed (169.57 ± 8 standard 

error of the mean (SEM) in BrdU-fed, 167.30 ± 7 SEM in controls, p>0.1, n=8; 

4 normals/4 BrdU-fed, two-tailed, Mann-Whitney-U test (Sokal and Rolf 1981)). 

Tritiated thymidine ([3H]thymidine) was used in an earlier study of the 

ventral nerve cord of M. sexta (Booker and Truman 1987a) to identify dividing 

neuroblasts and their progeny. To determine if the pattern of BrdU-Iabeled cells 

in the brain showed any difference from patterns revealed by thymidine labeling, I 

used preparations treated with [3H]thymidine alone or in conjunction with BrdU 

(for methods, see Labeling with Tritiated Thymidine, below). Profiles of imaginal 

nest cells were evident in both types of preparation, confirming that the 

eH]thymidine and BrdU methods reveal the same pattern of cell proliferation in 

the brain. 

BrdU Wholemount Immunocytochemistry 

Brains and ventral nerve cords of larval stages I-V were dissected under 

Sattelle's physiological saline solution (Matsumoto and Hildebrand 1981) and fixed 

for 1-2 hr in Carnoy's fixative solution (Humason 1979). Preparations were 
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rehydrated, washed extensively in sodium phosphate-buffered saline (PBS, 10 mM, 

pH 7.4), and then placed in a 1:1 mixture of 4 N HCI and PBS-TX (PBS containing 

0.5% Triton X-100) for 1 hr. Preparations were washed with PBS-TX, placed for 

20 min in PBS containing collagenase/dispase (Boehringer Mannheim, FRG; 0.5 

mg/ml PBS) to facilitate penetration of reagents through the perineurial sheath, and 

then washed in PBS followed by incubation in 10% normal goat serum (NGS, Gibco 

Laboratories, Chagrin Falls, OH) for 2 hr at 4°C. After exposure to primary 

antibody for 48-72 hr in 1:200 anti-BrdU (mouse monoclonal antibody; Becton

Dickinson, San Jose, CA) in PBS-TX with 1% NGS, the preparations were washed 

with PBS, incubated in goat anti-mouse secondary antibody (Boehringer Mannheim, 

FRG; 1:40 in PBS-TX; 1% NGS) for 24 hr, washed with PBS, incubated in mouse 

peroxidase-anti-peroxidase (PAP, Dakopatts, Carpinteria, CA), 1:100 in PBS-TX 

containing 1% NGS for 24 hr, and washed with PBS. Preparations were then 

treated with a 0.25 mg/ml solution of3,3'-diaminobenzidine (DAB, Sigma, St. Louis, 

MO) in 0.1 M sodium phosphate buffer, pH 7.4, containing 20 JLl 30% hydrogen 

peroxide (Fisher Scientific, Fair Lawn, NJ) for 20 min, washed with PBS, and finally 

cleared and stored in glycerine. All specimens were examined under darkfield 

illumination with a Nikon Optiphot compound microscope. 

Controls for wholemount and paraffin immunocytochemistry included omission 

of BrdU and omission of primary antibody. Positive controls, to ensure that the 

absence of staining observed in larval brains taken in the first instar (I-E) was due 
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to an absence of dividing cells, were carried out by co-processing these preparations 

with later-stage preparations in which dividing neuroblasts were observed. 

BrdU Paraffin Immunocytochemistry 

The brain and ventral nerve cord of larvae of instars I-V fed or injected with 

BrdU were dissected under Sattelle's physiological saline solution (see above), fixed 

overnight in alcoholic Bouin's fixative solution (Hum as on 1979), dehydrated through 

a graded series of aqueous ethanols, cleared in toluene, and embedded in Paraplast 

Plus (Monoject, St. Louis, MO). Sections at 8-10 f.£m in the frontal, horizontal, or 

sagittal planes were cut with a rotary microtome. The sections were affixed to 

microscope slides (coated with poly-L-Iysine, Sigma, MW > 300K) on a slide 

warmer overnight at 43°C. Deparaffinized, rehydrated sections were processed 

using the PAP technique (Sternberger 1979). 

Humid chambers were used for all of the blocking and antibody incubation 

steps outlined below. Sections were washed in 10 mM PBS (BrdU-PBS, BrdU-PBS 

is used to distinguish this 10 mM solution from other 0.1 M solutions used in other 

places in protocols, BrdU indicates this PBS is specific to this BrdU protocol; no 

BrdU is in this solution) and then treated with a 1:1 mixture of 4 N Hel and PBS

TX (BrdU-PBS, pH 7.4, 0.5% Triton X-100) for 1 hr, washed in three changes of 

potassium borate buffer (0.1 M, pH 8.5), and washed in PBS-TX. To unmask the 
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antigen, preparations were treated with pepsin (0.005 mg/l0 ml in 0.1 N HCl; 

Sigma, St. Louis, MO) for 20 min and washed in TBST (0 .1 M Tris-HCI, 0.3 M 

NaCI, 0.5% Triton X-100, pH 7.4). To reduce non-specific staining, sections were 

incubated at room temperature for 30 min in TBST containing in 2% NGS. 

Antiserum was diluted 1:100 (anti-BrdU, Becton Dickinson, San Jose, CA) in TBST 

containing 1% NGS and 0.5% Triton X-lOO (Storm-Mathisen et al. 1983), applied 

to the sections for 4 hr at room temperature, and then washed in TBST. Goat anti

mouse IgG (Boehringer Mannheim, FRG) was used at 1:40, and mouse PAP 

(Dakopatts, Carpinteria, CA), at 1:100. The preparations were then treated with 

a solution of DAB (0.25 mg/ml) in PBS (0.1 M, pH 7.4) containing 20 JLI of 30% 

hydrogen peroxide (Fisher Scientific, Fair Lawn, NJ) for 30 min, washed with PBS, 

and then lightly counterstained with Fast Green FC (diluted 1:12 with distilled 

water; Humason 1979; Fisher Scientific, Fair Lawn, NJ) to highlight regions of brain 

neuropil. Sections were dehydrated, cleared in xylene, and mounted under glass 

coverslips in Permount (Fisher Scientific, Fair Lawn, NJ). All specimens were 

examined under brightfield illumination with a Nikon Optiphot compound 

microscope. 

---------------------------- ---
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Labeling with Tritiated Thymidine 

Mid-fourth ins tar (IV-M) larvae were anesthetized by submersion in an ice 

slurry for 5 min and then injected in the most posterior proleg (injected into the 

lumen of the proleg, directing the needle away from the gut) with either 

[3H]thymidine alone (25/40/70/100/Lei, n=10/dose) or a mixture of eH]thymidine 

and BrdU, (5 /Lei/ml [3H]thymidine/ 35 mg/ml BrdU in insect saline solution 

[Christensen and Hildebrand 1987]). Injected larvae were then reared under 

normal conditions and sacrificed one day later. Larvae of a second group received 

injections of eH]thymidine and BrdU sequentially. These treatments followed the 

same injection protocol but consisted of two staggered injections: the first of 

[3H]thymidine alone at three different concentrations (40/70/100 /Lei eH]thymidine 

in distilled water, n= 10/dose) followed the next day by an injection of BrdU (25 ,ul 

of 15 mg/ml BrdU in insect saline solution (see above) per 0.5 gram body weight). 

The brain was removed, placed in alcoholic Bouin's fixative solution overnight, and 

embedded in paraffin. Frontal sections (8-10 /Lm cut on a rotary microtome) were 

mounted on glass microscope slides (coated with poly-L-lysine as above) and 

processed for BrdU paraffin-immunocytochemistry as described above. 

Slides were then dipped, under safelight illumination (Kodak GBX-2 filter), 

in NTB-2 autoradiographic emulsion (Kodak, Rochester, NY, diluted 1:1 with 

distilled water), dried overnight, and exposed for 3 weeks at -20°C in light-tight slide 

boxes (VWR Scientific, Plainfield, NJ). Slides were developed with D19 developer 
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(ca. 4 min), and fixed in sodium thiosulfate fixer both at 15°C (both from Kodak, 

Rochester, NY), and counterstained with either Fast Green (1:12) or hematoxylin 

(1:3) (both diluted with distilled water; Humason 1979). Cells were identified under 

brightfield and darkfield illumination using a Nikon Optiphot compound microscope. 
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RESULTS 

To study postembryonic neurogenesis in the brain of M. sexta, I used the 

thymidine analog BrdU to label dividing neuroblasts. I confirmed that neuroblast 

nests can be identified by both classical ([3H]thymidine uptake visualized by 

autoradiography) and a more recently developed (BrdU incorporation visualized by 

immunocytochemistry) marker of cell proliferation. Wholemount preparations of 

brains and ventral nerve cords from animals fed a diet containing BrdU were used 

to identify the time of onset and pattern of neurogenesis throughout the central 

nervous system (eNS). In later experiments, I developed a method for BrdU 

immunocytochemistry in paraffin-sectioned preparations, which was then used to 

examine specific relationships between identified neuroblasts and defined regions 

of brain neuropil. 

BrdU and Tritiated Thymidine Label the Same Cells in the Brain 

Previous work by Booker and Truman (1987a) identifying neuroblast nests 

in the ganglia of the ventral nerve cord of M. sexta had used [3H]thymidine to label 

proliferating neuroblasts and their progeny. I compared patterns of labeling in 

[3H]thymidine- and BrdU-labeled preparations to determine if the pattern of BrdU-
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labeled cells in the brain differed from patterns of labeling demonstrated with 

[3H]thymidine. 

Both single- and double-labeling experiments were performed. In the first 

case, [3H]thymidine was injected into IVth instar larvae, which were sacrificed 1 day 

after the injection and processed for autoradiography. As illustrated in Fig. 2.4, 

silver grains were apparent over the nuclei of profiles of some imaginal nest cells 

in neuroblast nests associated with the larval antennal center. 

In the second case, double labeling was attempted by coinjection of BrdU 

and [3H]thymidine to label dividing neuroblasts. Problems were encountered with 

this approach, however. There is a competitive interaction between these two 

thymidine analogs, such that at the concentrations of BrdU required for 

immunocytochemical labeling, far more BrdU is incorporated into DNA than 

[3H]thymidine (Hume and Thompson 1989), making a doubly-labeled preparation 

very difficult to obtain. 

To overcome this problem I performed a series of experiments in which 

eH]thymidine was injected first, and one day later BrdU was injected separately. 

The animals were then sacrificed 1 hr after injection of BrdU. These preparations 

were processed first for BrdU immunocytochemistry and subsequently for 

autoradiography. This strategy of sequential injection of the two labels provided a 

solution to the problems associated with simultaneous coinjection of a "cold" 

competitor and a radiolabeled marker. The resulting preparations reveal double 
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labeling within lineages, showing incorporation of both [3H]thyrnidine and BrdU (Fig 

2.5). 

Comparison of results from both types of preparation confirms that the 

[3H]thymidine method identifies the same pattern of proliferative neuroblast nests 

in the brain as does the BrdU-paraffin method. The concordance of the thymidine 

and BrdU labeling in both single- and double-labeling experiments suggests that 

BrdU and [3H]thymidine identify the same population of postembryonically-arising 

cells in the brain of M sexta. 

Postembryonic Neurogenesis Begins during Mid-First [nstar and Proceeds in an 

Anterior-to-Posterior Pattern of Development 

To determine when neuroblasts in the larval brain begin to divide, I 

processed nervous systems from larvae of instars I-V that had been fed BrdU for 

anti-BrdU wholemount immunocytochemistry. The time of onset of postembryonic 

neurogenesis was identified by dividing the first and second larval instars into four 

subdivisions based on developmental time and outward appearance (E, early - post

hatch animals have yellow head and body; M, mid- animals begin exhibiting green 

pigmentation in head; ML, mid-late - animals have green head and body; L, pre

ecdysis - animals exhibit head capsule slippage; n~10 per subdivision). Dividing 

cells were observed first in mid-first (I-M) instar larvae and, based on criteria as 



52 

described by previous workers for wholemount preparations (Truman and Bate 

1988), were identified as neuroblast nuclei. These criteria were a superficial 

position, of ventrally-located nuclei that are often associated with clusters of smaller, 

labeled nuclei whose numbers increase with the age of the preparation (Truman 

and Bate 1988). Again, based on the criteria outlined by Truman and Bate (1988), 

these profiles matched descriptions of nuclei of ganglion mother cells and imaginal 

nest cells. Staining was observed first in the brain near the larval antennal center 

and the calyces of the mushroom bodies, and then it was observed in older 

preparations to progress in an anterior-to-posterior direction in the subesophageal, 

thoracic and abdominal ganglia, respectively (Fig. 2.7). By the end of the first larval 

instar (I-L), dividing neuroblasts were apparent in all of the segmental ganglia (Fig. 

2.8). Postembryonic neurogenesis, thus, appears to begin in the brain and to 

proceed in an anterior-to-posterior progression through the subesophageal ganglion 

and ganglia of the ventral nerve cord (Figs. 2.6-2.8, 2.10, 2.11). Although no 

dividing neuroblasts were observed in early first-instar larvae (I-E), BrdU was 

present, as determined by the presence of diet in the gut of I-E animals and as 

indicated by staining in the nuclei of tracheoblasts (which are mitotically active from 

hatching onward) associated with the nervous system (Fig.2.9). This then provided 

an internal control. 
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Detection of BrdU Incorporation in Paraffin Sectioned Preparations 

To test further the hypothesis that cells revealed by BrdU 

immunocytochemistry were neuroblasts, and to determine which of the many 

neuroblasts labeled are associated with the larval antennal center, a method for the 

examination of sectioned tissue labeled with BrdU was required. Previous workers 

demonstrated that BrdU is a useful proliferative marker in M. sexta and other 

insects (Truman and Bate 1988; Copenhaver and Taghert 1990; Shepherd and Bate 

1990; Prokop and Technau 1991; Witten and Truman 1991a; 1991b), but all of these 

studies examined BrdU-incorporation in wholemount preparations. Sectioned 

preparations were necessary to examine specific relationships between BrdU

incorporating profiles and defined regions of neuropil. Attempts to section 

wholemount preparations by post-embedding in paraffin and sectioning the material 

on a rotary microtome resulted in very poor immunocytochemical staining and 

morphology. I, therefore, developed a new method of BrdU labeling compatible 

with paraffin histology of larval brain. Sectioned preparations also afforded an 

opportunity to confirm the identification of proliferative profiles as neuroblasts and 

their progeny, using more rigorous criteria established for neuroblast identification 

in sectioned preparations described by previous workers (Panov 1963; Nordlander 

and Edwards 1969a; 1969b; Booker and Truman 1987a; Witten and Truman 1991a; 

1991b). 

--------.------~--------•... ---- "--- . 
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The wholemount protocol described earlier was adapted for paraffin 

methods. In addition, the effects of different substrates, fixatives, enzymatic 

treatments, and acid-hydrolyses were examined in order to determine conditions 

optimal for staining intensity with relatively low background, and suitable tissue 

preservation (morphology). The results of these experiments, summarized in Tables 

2.1-2.4, were then used to formulate an effective protocol for BrdU 

immunocytochemistry in paraffin sections. The most important factors influencing 

BrdU labeling in paraffin sections appear to include: acidic fixation of the nucleus; 

mild treatment with pepsin in the presence of Hel to unmask the antigen; and acid 

hydrolysis (with 2 N HCI) for no more than 1.5 hr. to denature the DNA (the 

monoclonal antibody used recognizes only BrdU incorporated in single stranded 

DNA [Gratzner 1982]). 

Identification of Neuroblast Nests Adjacent to Larval Antennal Center 

Although wholemount preparations of brains and ventral nerve cords proved 

to be useful in identifying the time of onset and the pattern of progression of 

neurogenesis throughout the CNS, examination of BrdU staining in sectioned 

material was necessary to identify neuroblasts in relation to defined regions of brain 

neuropil, such as the larval antennal center (Fig. 2.3). 
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In paraffin-sectioned larval brains (I-V ins tars) processed for BrdU-

immunocytochemistry, five neuroblast nests adjacent to the neuropil of the larval 

antennal center in each hemisphere of the larval brain exhibited staining: three 

lateral (A,B,C) and two medial (D,E) (Figs. 2.11-2.21). These nests are readily 

identifiable in Feulgen-stained histological preparations as well, revealing imaginal 

nest cells that extend thin, axon-like processes to the neuropil of the larval antennal 

center (Fig. 2.13). Hence, the five identified nests manifest all of the characteristics 

commonly associated with neuroblast nests: (i) mitotic activity (demonstrated by 

BrdU incorporation); (ii) occurrence in bilateral pairs; (iii) characteristic sizes 

(neuroblasts ca. 15-20 J.£m, imaginal nest cells, ca. 5 J.£m); (iv) characteristic cellular 

morphology (neuroblasts lack processes, imaginal nest cells have fine, axon-like 

processes that extend into the neuropil); and (v) a characteristic histological staining 

pattern (granular cytoplasm, basophilic nucleoplasm) and position in relation their 

progeny and to the neuropil (Panov 1963; Nordlander and Edwards 1969a; 1969b; 

1970; Booker and Truman 1987a). 

Over the course of development, the number of imaginal nest cells associated 

with these five neuroblasts increased, making each nest successively larger with each 

larval instar (Fig. 2.15-2.21). Lateral nests A-C were the largest (number of cells), 

nest E was intermediate in size, and nest D was the smallest. The three lateral 

nests (A-C) enlarged considerably over the course of the five larval instars until by 

the fifth instar, they appeared to contact one another. 

------_._-_. __ ..... -----.-.----- ....... .. 
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To ascertain whether the number of nests associated with the larval antennal 

center differed in males and females, I adapted a method to distinguish between 

male and female larvae. The character of the genital pore was used to reliably 

(~95%) distinguish the sexual identity of larvae of ins tars I-V (see Methods). No 

difference was observed in the number of neuroblast nests associated with the larval 

antennal center in male and female brains. Hence, both males and females exhibit 

five stereotyped neuroblast nests arrayed in a stereotyped pattern (three lateral, two 

medial) in association with each larval antennal center. 
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PRINCIPAL CONCLUSIONS 

The results presented in this chapter demonstrate that, at the concentrations 

used, BrdU and eH]thymidine label the same populations of proliferating cells in 

the brain of larval M. sexta. Wholemounts of brains and ventral nerve cords from 

animals fed on diet containing BrdU revealed profiles of dividing neuroblasts 

beginning in the mid-first (I-M) larval ins tar. In later stage preparations, 

postembryonic neurogenesis was first observed in the brains of the mid-first larval 

instars (I-M) and proceeded in an anterior-to-posterior pattern of development over 

time. The onset of neurogenesis was stereotypic in that the first neuroblasts, to 

begin to divide are near the neuropilar regions of the larval antennal center and the 

calyces of the mushroom bodies. This may indicate that these neuroblasts have 

attributes distinguishing them from the rest of the neuroblast population. 

In order to examine relationships between specific neuroblasts and defined 

regions of neuropil (e.g. the larval antennal center), a method for anti-BrdU 

immunocytochemical labeling applicable to paraffin-sectioned material was 

developed. This method may prove valuable to other researchers as a tool to 

identify specific proliferative cells in the context of defined cellular and neuropilar 

relationships. Paraffin-sectioned preparations stained for anti-BrdU 

immunocytochemistry revealed five neuroblast nests associated with the larval 

antennal center, as determined by their proximity and process terminations. These 
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five nests occupy stereotyped positions in relation to the larval antenna I center and 

are present in bilateral pairs (three lateral A-C, and two medial D,E). Over the 

course of larval development, these five nests increase in size (each neuroblast is 

associated with an increasing number of imaginal nest cells). By the end of the fifth 

larval instar these nests become much larger but retain their stereotypic positions 

with respect to the larval antennal center. Nests D and E remain separated as they 

increase in size, whereas the lateral nests (A-C) expand toward one another and 

ultimately abut each other. 
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Fig. 2.1. - Wholemounts of the brain of a stage 18 pharate adult (ABOVE), and 

brains and segmental ganglia of larval instars I-V (BELOW, left to right). Scale bar 

= 900 J-tm. 



---------_._------_ .. _._.-..•. _-_.-.. 
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Fig. 2.2 - Schematic diagram showing the process of neuroblast division. Neuroblasts 

have a characteristic pattern of division in which they first enlarge slightly and then 

begin to generate a number of ganglion mother cells in a series of asymmetric 

divisions. Each of the ganglion mother cells will in turn divide symmetrically to 

produce two imaginal nest cells, which then differentiate. (Adapted from Thomas and 

Crews 1990) 

------------_.-.--_._------ .. -
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Fig. 2.3 - Frontal and parasagittal diagrams of the larval brain. Diagrams of the 

brains of early- (A & B), and late- (C) instar larvae. Diagrams A & C frontal, B, 

parasagittal. (A & B modified from Nordlander and Edwards (1968b) and reprinted 

with the publisher's permission. C modified from a drawing generously provided by 

Dr. U. Homberg). Diagrams A & B, scale bar = 75 p.m; diagram C, scale bar = 150 

p.m. 



A 

B 

ABBREVIATIONS 

AN - antenna! nerve 
C -calyx 
CEe - circumoesophageal connective 
LAC - laMII antennaJ COntef 
PL - protocerebrallobe 
TC - tritocenlbrum 
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Fig. 2.4 - (TOP) Frontal view of the brain, at the level of the LAC, of a fourth-instar 

larva showing a neuroblast (open arrow) associated with the LAC (star), with silver 

grains (solid arrows) from [3H]thymidine labeling over the nuclei of some of its 

imaginal nest cell progeny. Preparation counterstained with hematoxylin. Scale bar 

= 10 /Lm (BOTTOM) Same preparation and orientation in darkfield, at a slightly 

lower magnification. Scale bar = 40/Lm. 

------------- ... 



----------------.-----.-.-------
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Fig. 2.5 - (TOP) Frontal view of a fourth-ins tar larval brain, showing a dividing 

neuroblast (solid arrow, red mitotic figure) and progeny (arrowhead) associated with 

the LAC (star) from a sectioned double-labeled (BrdU/eH]thymidine) preparation. 

(BOITOM) Darkfield view of same preparation showing neuroblast and ganglion 

mother cells (red nuclei) and silver grains over imaginal nest cells. Scale bar = 30 

}.Lm. 
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Fig. 2.6-2.8. - BrdU-labeling of central nervous systems of first-ins tar larval M. sexta. 

Central nervous systems of early- (I-E, Fig. 2.6), mid- (I-M, Fig. 2.7), and late-first (I

L, Fig. 2.8) instar larvae fed BrdU and processed for anti-BrdU wholemount 

immunocytochemistry. Nervous systems of early first-instar (I-E) larvae showed no 

evidence of BrdU incorporation (Fig. 2.6), but incorporation became evident in brains 

of mid-first (I-M) and later stage larvae (Fig. 2.7-2.8). Staining was first seen in the 

brain, followed by its appearance in the subesophageal, thoracic, and abdominal 

ganglia, respectively. Large arrowheads identify profiles of neuroblasts. Scale bars 

= 300/-Lm. 



----.- - ..... ~ ... -.- ..• - ... -
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Fig. 2.9 - Higher-magnification darkfield views of early first-ins tar (I-E) larval ventral 

ganglia (TOP & BOTTOM) in wholemount showing BrdU labeling of tracheoblasts 

(arrows) in preparations devoid of neuronal staining. Top, Scale bar = 30 ,urn, 

bottom scale bar = 15 ,urn. 
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Fig. 2.10 - Frontal aspect of the first-instar (I-M) larval brain shown in Figure 2.S. 

Arrows indicate three of the BrdU-labeled profiles. Scale bar = 40/.Lm. 



- .. ." .... 
.... . 
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Fig. 2.11- Schematic diagram depicting the progression of neurogenesis (as indicated 

by black dots) in an anterior-to-posterior pattern. Black dots denote relative amounts 

of staining per ganglion rather than specific identified neuroblasts. Illustrated is the 

larval eNS comprising the brain (Br) and the ventral nerve cord, including the 

subesophageal ganglion (SEG), thoracic ganglia (TG 1-3), abdominal ganglia (AG 1-

6), and a composite terminal ganglion (TAG). Neurogenesis is first observed in the 

brain of mid-first (I-M) instar animals, followed in quick succession by staining in the 

remaining segmental ganglia. Staining is observed in all ganglia by late-first (I-L) 

instar. 
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Fig. 2.12 - Schematic diagram of a first-instar larval brain, frontal aspect. Large open 

circles represent the neuropil of the LAC. Small black dots depict positions of 

neuroblast nests (A, B, C, lateral; D, E, medial) adjacent to the LAC. 

------------------.-~-.-~-~-
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Fig. 2.13 - Micrograph of a Feulgen-stained brain (counterstained with Fast Green) 

in the LAC region (frontal section) showing a portion of neuroblast nest A (solid 

arrow), with processes of imaginal nest cells (arrowhead) extending to the larval 

neuropil of the LAC (star). Scale bar = 10 p,m. 

----------_ ... - . 
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Fig. 2.14 - Frontal section of a first-instar larval brain (counterstained with Fast 

Green) showing BrdU staining of larval neuroblast lineages associated with the 

neuropil of the LAC (star). Portions of nests A, B, and E are shown (arrows). Scale 

bar = 20/LID. 



----. 
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Fig. 2.15 - Frontal section of a first-ins tar larval brain (counterstained with Fast 

Green) showing BrdU staining of neuroblast nests associated with the neuropil of the 

LAC (star). Portions of nests A, D, and E are shown (arrows). Scale bar = 40 {.Lm. 
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Fig. 2.16 - Frontal section of a second-instar larval brain (counterstained with Fast 

Green) showing BrdU labeling in neuroblast nests associated with the LAC neuropil 

(star). Portions of nests, A,C,D, and E are shown (arrows). Scale bar = 20.urn. 
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Fig. 2.17 - Parasagittal section of a third-instar larval brain (counterstained wHh Fast 

Green) showing a portion of neuroblast nest E neuroblast (solid arrow) and its 

progeny beneath it (open arrow), associated with the LAC neuropil (star). Scale bar 

= 30/-Lill. 

--- -----------------------
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Fig. 2.18 - Schematic diagram of a fifth-ins tar larval brain, frontal. Large open circles 

represent the neuropil of the LAC. Black triangles represent positions of neuroblast 

nests (A, B, C, lateral; D, E, medial) adjacent to the LAC. 
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Fig. 2.19 - Frontal (oblique) section of a fourth-instar larval brain (counterstained 

with Fast Green) showing BrdU staining in nests A and E (arrows) associated with 

the LAC neuropil (star). Scale bar = 30 }Lill. 



------ --------_.- . 



---------- ... -.-
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Fig. 2.20 - Parasagittal section of a fifth-instar larval brain (counterstained with Fast 

Green) showing BrdU staining of the two lateral nests (D, E) (arrows) and the LAC 

neuropil (star). Scale bar = 25 p,m. 
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Fig. 2.21 - Frontal section of a fifth-instar larval brain (counterstained with Fast 

Green) showing BrdU staining of neuroblast nests (portions of nests A-E) adjacent 

to the LAC neuropil (star). Scale bar = 25/-Lm. 
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Table 2.1 

Effects of Different Substrates on Tissue Adhesion 

SUBSTRATE TISSUE ADHESION 

Egg Albumin -

Poly-L-Lysine 0.1% >100KMW ++ 

Poly-L-Lysine 0.1 % >300KMW +++ 

The degree of tissue adhesion to substrate-coated slides is indicated on a scale of -

(few or none of the sections adhere) to +++ (all of the sections adhere). 
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Table 2.2 

Effects of Different Enzyme Treatments on BrdU Staining in Paraffin Section 

ENZYME DIGEST mSTOLOGY STAINING INTENSITY 

Trypsin 

0.05% in 0.1% CaClz + -

0.1 % in 0.1% CaClz +/- -

Pronase 

0.025% in 0.5 M Tris + -

0.05% in 0.5 M Tris +/- -

Pepsin 

0.25 mg/ml in 0.1 N HCl +++ + 

0.5 mg/ml in 0.1 N HCl ++ +++ 

1.0 mg/ml in 0.1 N HCl + +/-

The degree of histological preservation is indicated on a scale of - (very poor 

preservation) to + + + (good preservation). The intensity of staining is indicated on 

a scale of - (no staining) to + + + (intense staining). All preparations were 

incubated for 20 min at room temperature. Concentrations of trypsin and pronase 

were modified from those provided in Finley and Petrusz (1982). Starting pepsin 

concentrations were modified from those reported by Hanazono et al. (1990). 
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Table 2.3 

Effects of Different Fixative Solutions on BrdU Staining 

FIXATIVE SOLUTION HISTOLOGY STAINING INTENSITY 

Carnoy's + +++ 

Aqueous Bouin's ++ +/-

Alcoholic Bouin's +++ +++ 

GPA ++ ++ 

4% Paraformaldehyde +++ -

Modified Zamboni's + -

Formulas for Carnoy's, Aqueous Bouin's and Alcoholic Bouin's fixative solutions, are 

from Humason (1979), 4% Paraformaldehyde from Beltz and Burd (1989), GP A 

(glutaraldehyde picric acid) from Boer et al. (1979), and Modified Zamboni's fixative 

solution from Kent et al. (1987). 

The degree of histological preservation is indicated on a scale of - (very poor 

preservation) to + + + (good preservation). The intensity of staining is indicated on 

a scale of - (no staining) to + + + (intense staining). 
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Table 2.4 

Effects of Different HCI Denaturations on BrdU Staining 

ACID HYDROLYSIS mSTOWGY STAINING INTENSITY 

1 NHCI +++ -

2NHCL +++ +++ 

4NHCL +/- +/-

The degree of histological preservation is indicated on a scale of - (very poor 

preservation) to + + + (good preservation). The intensity of staining is indicated on 

a scale of - (no staining) to + + + (intense staining). Hydrolysis at all concentrations 

is based on 1 and 1.5 hr incubations. 



CHAPTER 3 

THE ROLE OF POSTEMBRYONIC NEUROGENESIS IN THE 

DEVELOPMENT OF THE ANTENNAL LOBE 

INTRODUCTION 
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The previous chapter concerning the onset and progression of postembryonic 

neurogenesis in M sexta outlined the identification of five neuroblast nests (three 

lateral, A-C, and two medial, D,E) associated with the larval antennal center, which 

arise and develop in the course of larval life. The location and neuronal projections 

of these five lineages close to the larval antennal center suggested that they 

contributed to the reorganization of this structure into the adult antennal lobe. 

The present study examines further the development of these five lineages and 

their terminal fates in the antennal lobe as well as their relationships with larval 

neurons, including one identified larval neuron (Kent et al. 1987) that persists during 

development and is respecified to the adult antennal lobe. Because cell death has 

been shown to occur to varying degrees in association with both embryonic and 

postembryonic neurogenesis in insects (Panov 1963; Edwards 1969; Nordlander and 

Edwards 1970; Bate 1976; Gundersen and Larsen 1978; Booker and Truman 1987a), 

the role of cell death during the development of the five lineages associated with the 

larval antennal center was also explored. Levels of cell death and regulation of 

lineage size were examined for their possible roles in the generation of the sexually 
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dimorphic number of cells found in the medial cell group of the adult antennal lobe 

(Homberg et a1. 1988). 

The aims of this study were to: (i) examine the role of cell death (of both 

embryonically and postembryonically derived neurons) in the development of the 

adult antennal lobe; (ii) ascertain how the five neuroblast nests associated with the 

larval antennal center relate to the three groups of neurons (lateral, medial, and 

anterior) in the adult antennallobe; (iii) study the mechanisms that might give rise 

to the sexual differences in number of neurons found in the medial cell group of the 

adult antennallobe; and (iv) identify the positions of larval cells innervating the larval 

antennal center relative to the five neuroblast nests associated with this neuropil. 

In this chapter I report the time course of cell death in lineages and larval 

cells associated with the larval antennal center (LAC), the time course of nest 

morphogenesis, and the relative positions of larval cells and lineages associated with 

the transformation of the LAC into the adult antennal lobe. Positional fates of the 

five lineages in the adult antenna I lobe were identified with respect to their 

contribution to the formation of the cell groups in the adult antennal lobe. A 

sexually dimorphic lineage size in the neuroblast nest that gives rise to the medial cell 

group was observed, which is consistent with the hypothesis that regulation of lineage 

size in that nest may account for the sexual differences in cell numbers of the medial 

cell group in adults. Some of the findings presented here were reported earlier in 

Sorensen et a1. 1991. 

------_. __ .. _-------_.- .-
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MATERIALS & METHODS 

Experimental Animals 

Insects were reared as described in Chapter 2. Larval, wandering, and pupal 

stages of both sexes were used for all preparations. In M. sexta, metamorphic 

development begins at the time of the larval-pupal molt (termed pupation) and is 

divided into 18 stages. Pupae were staged according to established criteria (Sanes 

and Hildebrand 1976; Tolbert et al. 1983; Kent 1985) by observation, under a stereo 

microscope, of morphological changes in the cuticle or structures visible through the 

cuticle (M.M. Nijhout unpublished). Animals were anesthetized by chilling on ice for 

10-15 min before dissection of the brain and subesophageal ganglion. 

Histology/Histochemistry 

Development of the antennal centers of successive larval (I-V), wandering 

(WO-W3), and pupal stages (P1-P7, P18) was examined using tissue stained with 

hematoxylin and eosin (Humason 1979), the Feulgen stain (Humason 1979), or 

Bodian's silver stain (Gregory 1980) to follow the development of the adult antennal 

lobe. Insects were dissected under Sattelle's physiological saline solution (Matsumoto 

and Hildebrand 1981), fixed overnight in alcoholic Bouin's solution (Humason 1979), 
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dehydrated, cleared, embedded in paraffin (Paraplast Plus), and cut on a rotary 

microtome to generate lO-,um, serial paraffin sections. 

Three-Dimensional Reconstruction 

A three-dimensional reconstruction of a pupal stage-PI antennal neuropil and 

associated neuroblast nests was made with the aid of a Zeiss compound microscope 

equipped with a camera lucida attachment. The outlines of the neuroblast nests and 

neuropil were traced directly on the graphics pad of a computerized Eutectics 3-D 

serial section reconstruction system (Eutectic Electronics Inc., Raleigh, NC). Final 

reconstructions were plotted on the same system using a standard Hewlett Packard 

7475A plotter (Hewlett Packard, San Diego, CA). 

Identification of Dying Cells 

Pycnotic nuclei have been demonstrated to be useful indicators of cell death 

in the CNS of many organisms including insects (Saunders et al. 1962; Chayen et al. 

1969; Bowen 1981; Edwards 1968a; 1970; Pexieder 1972; Gundersen and Larsen 

1978; Bowen and Lockshin 1981; Booker and Truman 1987a; 1987b; Wolf and Ready 

1991a). Levels of cell death were ascertained using either Feulgen- or hematoxylin 

and eosin-stained preparations (Bowen 1981; Wolf and Ready 1991; both diluted in 

---------_ .. ----_ .. -.--- -. 
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distilled water, 1:12 and 1:3 respectively Humason 1979) to visualize pycnotic nuclei 

of dying cells in the brains of successive larval, wandering, and pupal stages. 

Preparations were photographed using Zeiss Nomarski differential interference 

contrast (DIC) and standard brightfield optics. Pycnotic nuclei were counted in larval 

and pupal stages using the same methods as described below (see Nuclear Counts). 

VISualizing Larval Cells 

Tissue sections stained with the Feulgen stain (Humason 1979), hematoxylin 

and eosin (Humason 1979), or Bodian's silver stain (Humason 1979) were used to 

distinguish between larval and imaginal nest cells. Criteria used were those 

established by previous workers (Panov 1963; Nordlander & Edwards 1970; Booker 

and Truman 1987a), based on comparisons of various characteristics (e.g. cytoplasmic 

staining, presence of a nucleolus, cytoplasmic/nuclear ratio, presence of a large 

elaborated cell process, tear-shaped cell body) of developmentally arrested imaginal 

nest cells with those of fully differentiated larval neurons. 

Nuclear Counts 

Raw counts were made of nuclei in the medial cell group of the pupal stage

P5 antennallobe and in neuroblast nest E, in serial sections of paraffin-embedded 
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preparations, and these counts were corrected using the method of Abercrombie 

(1946) as described in Chapter 2 and by previous workers (Konigsmark 1970; Truman 

and Booker 1986; Homberg et al. 1988) in order to adjust for nuclei that are counted 

in more than one adjacent section. To ensure unbiased sampling, nuclei were 

counted without prior knowledge of the sex of the preparation. A Zeiss compound 

microscope equipped with a camera lucid a attachment was used for all counts in 

order to ensure that nuclei were not missed or counted more than once in a given 

section. The significance of observed differences was evaluated using a two-tailed 

Mann-Whitney-U test (Sokal and Rolf 1981). 

Serotonin Immunocytochemistry 

An antiserum to serotonin (a generous gift from Dr. 1.M. Lauder, Univ. of 

North Carolina, Chapel Hill) was used at a dilution of 1:2000 in 0.1 M Tris-HCI, 0.3 

M NaCI (pH 7.4) buffer (TBST) containing 1% normal goat serum (NGS; Gibco 

Labs, Chagrin Falls, OH) and 0.5% Triton X-100. The specificity of this antiserum 

has been demonstrated in M. sexta by Homberg and Hildebrand (1989a). 

Immunocytochemistry was performed on free-floating sections using the 

peroxidase-anti-peroxidase (PAP) technique (Sternberger 1979). Brains and 

sub esophageal ganglia of larval and pupal stages were dissected under Sattelle's 

physiological saline solution (see above), fixed overnight in 4% 
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paraformaldehyde/7.5% saturated picric acid in sodium phosphate buffer (PBS; 0.1 

M, pH 7.4), embedded in gelatin/albumin, and cut with a Vibratome (Technical 

Products Inc., St. Louis, MO) at 40-50 /Lm. Free-floating sections were incubated in 

10% NGS in TBST for 1 hr at 4°C with gentle agitation to reduce non-specific 

staining and then incubated in primary antiserum for 8 hr (1:5000, 1% NGS, at ca. 

25°C with gentle agitation). The secondary antiserum, goat anti-rabbit IgG 

(Boehringer-Mannheim, FRG), was used at 1:40 and tertiary antiserum, PAP 

(Dakopatts Corp., Carpinteria, CA), at 1:100 (both incubated for 2 hr at room 

temperature with gentle agitation). The preparations were then treated with a 

solution of 3,3'-diaminobenzidine (DAB; 0.25 mg/ml) in PBS containing 20 /Ll of 30% 

hydrogen peroxide (Fisher Scientific, Fair Lawn, NJ) for 20 min with gentle agitation. 

Sections were then mounted on gelatin-coated microscope slides, dehydrated, cleared 

in xylene, and mounted under glass coverslips with Permount (Fisher Scientific, Fair 

Lawn, NJ). All preparations were examined under brightfield illumination with a 

Nikon Optiphot compound microscope. 

Labeling of Embryonic Tissues 

Previous work on insects demonstrated that injected marker compounds can 

become incorporated into embryonically derived cells during the cellularization stage 

of embryonic development, if introduced during the earlier syncytial blastoderm stage 
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of development (Technau 1986). Three methods were used to introduce label into 

the embryo during the syncytial blastoderm stage. 

Egg Permeabilization - Eggs at the syncytial blastoderm stage «5% ofM. sexta 

development, Dorn et al. 1987; Broadie et al. 1990) were permeabilized for 1-2 min 

in 10% bleach (sodium hypochlorite), washed thoroughly in Sattelle's physiological 

saline solution (see above), and then incubated in Schneider's medium (Gibco 

Laboratories, Chagrin Falls, OH) containing 5-bromo-2' -deoxyuridine (BrdU, 

15/25/50/100 mg/ml, n>100/dose) for 1-3 hr at room temperature with gentle 

agitation. Eggs were then rinsed in Sattelle's physiological saline solution (see above) 

and kept in a humid chamber until hatching, whereupon the emerging larvae were 

reared under normal conditions to adulthood and then stained by means of anti-BrdU 

immunocytochemistry (see Chapter 2 for methods). 

Egg Injections - Eggs at the syncytial blastoderm stage «5% of M. sexta 

development, Dorn et al. 1987; Broadie et al. 1990) were injected, via a micropipette, 

with either a 2:1 mixture of 10% horseradish peroxidase (HRP, Sigma, St. Louis, 

MO) and 10% rhodamine-Iysine-dextran (Molecular Probes, Eugene, OR) or the 

rhodamine-Iysine-dextran conjugate (10%) alone, in Sattelle's physiological saline 

solution (see above), (50/100/200 p.l/embryo, n>40/dose, methods modified from 

Technau 1986; Prokop and Technau 1991). Injection protocols included a manual 

technique described by Shepherd and Bate (1990) as well as the use of an Eppendorf 

microinjection system (Model 5170 Micromanipulator, Model 5242 Microinjector, 
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Eppendorf North America Inc, Madison, WI) to deliver various volumes of the 

labeling solution. 

BrdU Injections into Hemolymph during Vitellogenesis - An assay used to 

determine the onset of vitellogenesis involves the uptake by eggs of trypan blue 

injected into the hemolymph of females (Telfer and Anderson 1968). This protocol 

was modified by substituting BrdU for dye in order to ascertain if this method might 

provide an effective means of delivery of BrdU to the embryo. Pharate-adult and day 

0-5 eclosed adult females were injected, by means of a Hamilton syringe (Hamilton, 

Reno, NV) inserted at the intersegmental membrane between the first and second 

abdominal segments, with BrdU solutions (15/25/50/100 ,ug/ml solutions injected at 

500,ul/g body weight, n> 10/stage injected). Stages were chosen for periods before, 

during, and after peak times for vitellogenesis in M. sexta as described by Sasaki and 

Riddiford (1984). Females were then placed on a long-day (15.5 hr light / 8.5 hr 

dark) light cycle in mating cages containing the same number and age of adult males, 

as well as water and a mature tobacco plant. Eggs oviposited on tobacco plants were 

collected and resultant larvae were reared under normal conditions and then stained 

by anti-BrdU immunocytochemical procedures (see Chapter 2 for methOds). 

----------------- --
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RESULTS 

To study the transformation of the larval antennal center into the adult 

antennallobe, histological, histochemical, and immunocytochemical approaches were 

used to examine preparations from successive larval, wandering, and pupal stages of 

development. I traced the development and terminal fate of the five neuroblast nests 

associated with the LAC, using hematoxylin and eosin-stained preparations to reveal 

the differentiation and integration of these nests into the adult antennal lobe. Levels 

of cell death during postembryonic neurogenesis were examined using Feulgen- and 

hematoxylin and eosin-stained preparations to reveal pycnotic nuclei. As a first step 

toward assessing possible mechanisms underlying production of the sexually dimorphic 

number of cells found in the medial cell group of the adult antennal lobe, these 

preparations were examined to determine if differential cell death or regulation of 

lineage size in nests contributing to the medial cell group plays a role in the observed 

dimorphism. To investigate the relative contribution of embryonically derived cells 

to the adult antennallobe, Bodian's silver-stained and immunocytochemically stained 

preparations were used to examine the positions of larval cells innervating the LAC 

in relation to the five neuroblast nests associated with the LAC. Methods to 

introduce lineage-tracing markers into the embryo of M sexta were evaluated as a 

potential means for selectively labeling and identifying embryonically derived neurons 

that persist into adulthood and are respecified to the adult antennal lobe. 
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A Low Level of CeQ Death Accompanies the Generation of Imaginal Nest Cells 

Cell death, indicated by the presence of pycnotic nuclei, is evident within the 

nests associated with the larval antennal center (A-E) from the outset of 

postembryonic neurogenesis in the first larval stage (I-M) and continuing into 

wandering stage-W2 (Fig. 3.2-3.9). 

There appear to be two levels of cell death in the neuroblast nests associated 

with the LAC: a low level of cell death that coincides with the onset of neurogenesis 

and continues throughout larval life (Fig. 3.6-3.8); and a later, increased level of cell 

death observed in all nests of wandering-stage animals (WO-W3). Cell death 

observed during wandering stages peaks at stage WI and rapidly declines thereafter 

(W2), with no further cell death observed in the neuroblast nests from stage W3 

onward (Fig. 3.6, 3.9). 

There appears to be a characteristic pattern with regard to the extent of cell 

death and nest location. Initially cell death is seen only in more anterior nests 

(lateral nest A, medial nest E), with subsequent death occurring in progressively more 

posterior nests (Fig 3.7, 3.8). From the outset, cell death in the larval instars is most 

pronounced in the anterior nests, whereas levels are roughly equal in the anterior, 

medial (nest B), and posterior nests (nests C and D) during wandering stages (Fig. 

2.12, 3.9). Hence, the progression of cell death in the lineages associated with the 

LAC appears to follow an anterior-to-posterior progression with regard to onset of 

cell death during larval stages, with all nests exhibiting cell death from their specific 

----- ----------- -----
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point of onset until the end of larval life (Fig. 3.7-3.8, 3.10). A higher level of cell 

death is observed during wandering stages (Fig. 3.6) and, unlike that of larval stages 

when cell death is greater overall in the more anterior nests (Fig. 3.7-3.8), it appears 

to be more evenly distributed across all of the lineages during wandering (Fig. 3.9). 

Cell death does not seem to occur in a stereotypic manner with regard to 

specific cells within a given lineage, but instead appears at a low level across the 

population of the nest. Pycnotic nuclei were observed directly adjacent to neuroblasts 

(the size and position of the pycnotic nuclei are consistent with descriptions of 

Edwards (1969) for ganglion mother cells), as well as more distantly from the 

neuroblast. These more distant pycnotic nuclei appear within the population of 

imaginal nest cells of the parent neuroblast and which is consistent with the findings 

of Booker and Truman (1987a), describing cell death of imaginal nest cells in 

neuroblast nests of the ventral nerve cord of M. sexta. Pycnotic nuclei of imaginal 

nest cells were found in proximal, medial, and distal positions within lineages relative 

to the parent neuroblast, suggesting that imaginal nest cell death occurs both early 

and late with respect to birth order within a lineage. Thus, cell death was observed 

throughout development, from neuroblast to ganglion mother cell to imaginal nest 

cell. The cells that die, therefore, do not appear to be stereotyped individual cells 

of the lineage, but instead belong to a certain baseline population of cells distributed 

throughout a neuroblast nest that dies during the course of postembryonic 

---------------------- --



115 

neurogenesis. This low level of cell death continues over the course of larval life and 

increases during wandering stages. 

Significant levels of cell death among the embryonically derived larval neurons 

associated with the LAC were not observed in any of the stages examined (larval 

stages I-V, wandering stages WO-W3, pupal stages PI-P6, P18, 0-4 day old eclosed 

adults). In only a few instances, pycnotic nuclei of differentiated larval cells 

associated with the antennal neuropil were identified (Fig. 3.5), occurring on the last 

day of wandering (W3). Cell death, therefore, appears infrequently among the larval 

cells associated with the LAC, suggesting that the majority of these cells are 

respecified in the adult antenna I lobe. 

Proliferation Ceases During Wandering 

Examination of larval and pupal stage hematoxylin and eosin- and Feulgen

stained preparations (larval stages I-V, wandering stages WO-W3, pupal stages PI-P6) 

exhibit the characteristic profiles of dividing neuroblasts in association with the LAC 

until wandering stage WI. Neuroblasts could still be observed until wandering stage 

W3, but did not appear to be dividing after stage WI (Fig. 3.24). 
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Nest Morphogenesis and Terminal Fates of the Five Neuroblast Nests Associated with 

the LAC 

Previously, I identified five neuroblast nests associated with the LAC (three 

lateral: A-C; and two medial: D,E) which appeared likely to contribute to the 

reorganization of this structure into the adult antennallobe (see Chapter 2). I was 

interested in determining how these five nests relate developmentally to the three 

groups of neurons (anterior, medial, and lateral) in the adult antennallobe (Homberg 

et al. 1988; also see Fig. 3.19). 

To establish the contribution of these five neuroblast nests to the development 

of the adult antennal lobe, I examined successive stages of larval, wandering, and 

pupal development using hematoxylin and eosin-stained histological preparations 

(n> 10, larval stages I-V, wandering stages WO-W3, pupal stages P1-P7). 

Neuroblast nests consist of a neuroblast and its associated imaginal nest cell 

progeny. Imaginal nest cells lie beneath the neuroblast and have only a thin rim of 

cytoplasm around the nucleus, and no apparent nucleolus. Each cell extends a thin 

« 1 /-Lm) process into the LAC neuropil. Imaginal nest cells remain in this arrested 

state of development until shortly after the onset of the wandering stage (see Fig. 

2.11). These nests match descriptions from previous studies of neuroblast nests 

(Panov 1963; Nordlander and Edwards 1969a; 1969ba; 1970; Booker and Truman 

1987a). Imaginal nest cells remain in this pre differentiated state until the end of 

larval development when, in response to hormonal cues, the neuroblast and a 
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subpopulation of the imaginal nest cells die (Booker and Truman 1987b). Surviving 

imaginal nest cells go on to differentiate into neurons. Nests associated with the 

larval antennal center are initially small and then, as a consequence of increased 

number of imaginal nest cells, grow over the course of larval development (see 

Chapter 2). At the end of larval development there is an increase of cell death in 

all the nests (see previous section), with the surviving imaginal nest cells showing 

clear signs of differentiation by wandering stage W3 onward. These signs include 

acquisition of an extensive cytoplasm and a neuronal-type profile (a tear-shaped 

soma), the appearance of a nucleolus, and the elaboration of a much larger process 

by pupal stage PI (Fig. 3.11, 3.12), resulting in the elongation of all the nests (Fig. 

3.17). By pupal stage P2, processes of lateral nest cells begin to fasciculate, so that 

clear tracts from the differentiating imaginal nest cells extend from each nest into the 

antennal neuropil (Fig. 3.13). Tracts are more discrete in lateral nests, whereas tracts 

of medial nests are much more distributed. Nests, and tracts from each nest, are 

clearly separate until stage P3, when such boundaries are no longer distinguishable 

(Fig. 3.14). At this time, the three lateral nests (A-C) appear to consolidate from the 

three previously distinguishable nests and tracts to form the single lateral cell group 

and tract characteristic of the adult. Pupal stage P3 represents the transitional point 

in nest morphogenesis, when the condensation of the three lateral nests and their 

tracts occurs. By pupal stage P4 (Fig. 3.15, 3.16), this consolidation is complete, and 

a single large lateral cell group is clearly recognizable. Throughout this process, 

----------------- -..... . 
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medial nests D and E retain their separate orientations and tracts to the neuropil, 

with nest D giving rise to the postembryonic component of the anterior cell group 

and nest E, to the medial cell group. The time course of differentiation is the same 

for all five nests (A-E). 

Nest morphogenesis thus appears to entail a final wave of cell death which 

peaks at wandering stage WI (see previous section), and by pupal stage P4 is 

followed by the differentiation and integration of the surviving imaginal nests into 

clearly recognizable adult cell groups. Nest morphogenesis appears to entail: (i) 

acquisition of neuronal attributes during stages W3-Pl (relative to pre differentiated 

imaginal nest cells); (ii) the fasciculation of processes into tracts leading from each 

nest to the neuropil at stage P2; followed by (iii) disappearance of a clear border 

surrounding each nest (and the fusion of nests and tracts in the case of the three 

lateral nests); (iv) establishment of a clear adult architecture (in terms of three 

characteristic cell groups and tracts surrounding a central neuropil) emerging by 

pupal stage P4. A summary of these events and terminal positional fates of 

neuroblast nests is shown in Figures 3.18, 3.19, and 3.24. 
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Regulation of Lineage Size and Differential Cell Death as Potential Mechanisms 

Underlying the Sexual Dimorphism of the Medial Cell Group 

The medial cell group of adult antennal lobe neurons in M. sexta is sexually 

dimorphic (Homberg et al. 1988). An important question is the means by which this 

sexual dimorphism develops. Of the five nests associated with the LAC, the present 

work identifies Nest E as having a terminal positional fate in the medial cell group 

of the adult antennallobe (see previous section). 

As a step toward revealing the mechanisms producing the development of the 

sexual dimorphism of the medial cell group, I tested three hypotheses that could 

account for the statistically significant difference in the number of cells in the male 

and female medial cell group (187 ± 6 female, 218 ± 16 male, Homberg et al. 1988). 

The possibility that this numerical difference might arise from a difference in the total 

number of neuroblasts adjacent to the larval antennal center in males vs. females was 

explored previously and can be excluded (see Chapter 2). A difference in the size 

of the medial cell group could arise if the sizes of the lineages that form the medial 

cell group are initially equal and then are reduced differentially by cell death. A third 

possible mechanism would entail a lineage-restriction model of development in which 

nest size (the number of imaginal nest cells) in the male would differ from that in the 

female, thereby accounting for the dimorphism in the total number of neurons found 

in the adult medial cell group. All three hypotheses have precedents in the literature 

(sexually dimorphic number of neuroblasts - Booker and Truman 1987a; differential 
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cell death - Geibultowicz & Truman 1984; sexually dimorphic regulation of lineage 

size of homologous neuroblasts - Truman and Bate 1988; Taylor and Truman 1992). 

I tested the differential cell death model by examining levels of cell death in 

the medial cell group of male and female of larval, wandering, and pupal stages. 

These results did not reveal significant differences in levels of cell death between the 

sexes (p~O.l, n~8 for all stages, Mann-Whitney-U), and the results of these studies 

are shown in the preceding section (Fig. 3.6). 

The lineage-restriction hypothesis was tested in the following manner. The 

initial step was to ascertain how early in pupal development the dimorphism could 

be observed. Pupae of stage PS were used for counting of nuclei in the medial cell 

group because this is the first full stage after the appearance of a clear adult 

architecture of three cell groups. The medial cell group of stage-PS males had 

significantly more nuclei than that of females, demonstrating that the sexual 

dimorphism observed in the adult is already present at this developmental stage 

(221.71 ± 3 SEM eJ, 183.43 ± 8 SEM 9, P < 0.01, n=lS, two-tailed, Mann-Whitney-U 

test, Fig. 3.20). This result, together with previous work revealing no differences 

between the sexes in the extent of cell death during the larval or wandering stages, 

suggested that a differential regulation of lineage size in nest E, the nest that gives 

rise to the postembryonic component of the medial cell group in the adult, might 

contribute to the sexually dimorphic cell number in the medial cell group. To explore 

this possibility, I compared the number of nuclei in nest E of fifth-instar (V-O) 
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animals in males and females, the last larval stage which allows comparisons of nest 

sizes in such closely synchronized animals before the increase of cell death that occurs 

at the end of larval development (see previous section). This stage also permits 

reliable sexing of a large number of animals at the later stages of postembryonic 

neurogenesis (see Chapter 2). Figure 3.20 shows that the mean lineage size of nest 

E in males is significantly larger (85.87 ± 6 SEM d, 52.01 ± 2 SEM 9, p<0.005, 

n=16, two-tailed, Mann-Whitney-U test) than that in females, supporting the notion 

that regulation of nest E lineage size may contribute to the sexual dimorphism 

observed at stage P5 and in the adult. 

Larval Cells - Positions in Relation to the Five Neuroblast Nests Associated with the 

LAC and Potential Relationship Between Laterality and Positional Fate 

To establish the positions of larval cells innervating the LAC in relation to the 

five nests associated with the LAC neuropil, Bodian silver-stained preparations from 

larvae of successive stages were examined. The majority of larval neurons were 

found to occupy stereotyped positions on the peripheral margins of the five 

neuroblast nests surrounding the LAC neuropil (Fig. 3.21). Larval neurons could be 

clearly distinguished from imaginal nest cells by their cytoplasmic and nuclear 

staining, with differentiated larval cells having clear cytoplasm and large, round nuclei, 

and nest cells exhibiting characteristically thin cytoplasm and much smaller, more 

------._---_._-- --_. __ . 
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dense, and tightly clustered nuclei lacking nucleoli (Panov 1963; Nordlander and 

Edwards 1970; Booker and Truman 1987a). 

The only identifiable larval cell known to be associated with the LAC and to 

persist into adulthood is the 5HT-immunoreactive cell found in the lateral cell group 

of each adult antennal lobe (Kent et al. 1987; Fig. 3.22). The position of the 5HT

immunoreactive neuron was examined in sectioned, immunocytochemically stained 

preparations of larval brains. Although most larval neurons are found on the 

peripheral margins of the five nests associated with the LAC, these preparations 

revealed that the single identified 5HT-immunoreactive neuron occupies a different 

characteristic position much closer to the neuropil, at the level of neuroblast nest B 

(Fig. 3.23). The observations that the 5HT-immunopositive neuron resides in the 

lateral cell group in the adult and that the three lateral nests associated with the LAC 

have terminal fates in the lateral cell group (see previous section) suggest that in the 

larva, lateral position with respect to the LAC neuropil predicts a terminal fate in the 

lateral cell group of the adult antennal lobe. 

Labeling of Embryonic Cells 

In an attempt to selectively label and identify LAC neurons respecified to the 

adult antennal lobe, three different approaches were used. First, eggs of M. sexta 

were exposed to BrdU by means of a permeabilization technique that permits the 

----------.----.. --.- --
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introduction of compounds into the developing egg (Limbourg and Zalokar 1973, see 

Methods). Second, eggs were injected with either HRP or HRP/rhodamine-Iysine

dextran at the stage of syncytial blastoderm, and these individuals were examined as 

adults (Technau 1986). Third, female moths were injected with BrdU around the 

time of onset of vitellogenesis in an effort to exploit the loading of molecules 

occurring at this time (Telfer and Anderson 1968) to aid in the introduction of BrdU 

into the embryo. 

Examination of both larval and adult animals showed that all three methods 

failed to label larval neurons (larval preparations were examined to ensure that 

dilution was not preventing adult visualization). Survival was highest with the 

permeabilization technique (ca. 25%, n>400) and lowest for the injection methods 

(1 survivor, n> 100) (both manual and using a microinjection system). 
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PRINCIPAL CONCLUSIONS 

In the preceding chapter I described the identification of five neuroblast nests 

(three lateral: A-C; and two medial: D,E) that appeared likely to contribute to the 

reorganization of the larval antennal center into the adult antennal lobe. 

These results demonstrate that a low level of cell death accompanies the 

generation of imaginal nest cells in the five neuroblast nests associated with the LAC. 

Cell death is observed from the outset of postembryonic neurogenesis (larval stage 

·I-M), and the onset of cell death in the imaginal nest populations associated with the 

LAC appears to follow an anterior-to-posterior progression. Cell death continues 

throughout larval life until wandering stage WI, when a sudden peak in cell death is 

observed that declines to zero by wandering stage W3. Cell death appears to be 

infrequent among the larval cells associated with the LAC, suggesting that the 

majority of the embryonically derived cells are respecified in the adult antennallobe. 

The morphogenesis of the five nests associated with the LAC was also 

examined in terms of differentiation, integration, and terminal positional fate in the 

developing adult antennal lobe. The results suggest that nest morphogenesis begins 

with the differentiation of surviving imaginal nest cells from stages W3 to PI, resulting 

in their acquisition of neuronal characteristics, and is followed by the formation of 

tracts from each of the nests by fasciculating processes of the imaginal nest cells. The 

antennal neuropil remains larval in character (each nest having its own discrete tract 
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and characteristic point of entry into the olfactory neuropil) until pupal stage P3, 

when somata and tracts associated with the three lateral nests (A-C) coalesce to form 

a characteristic adult lateral cell group and input tract by pupal stage P4. Medial 

nests (D,E) retain their separate positions and input tracts relative to the neuropil 

during metamorphosis, with nest E giving rise to the postembryonic component of the 

medial cell group of the adult antennal lobe, and nest D, to the anterior cell group. 

Mechanisms that might underlie the formation of the sexual differences in 

number of neurons in the medial cell group of the adult antennal lobe were 

examined. Results from this and the preceding chapter bear on three different 

hypotheses that could account for the observed sexual dimorphism. The sexual 

dimorphism was observed in the medial cell group as early as pupal stage P5. This 

observation, together with preceding observations showing that nest E gives rise to 

the postembryonic component of the medial cell group of the adult antennallobe, led 

to the hypothesis that differential regulation of lineage size in nest E might contribute 

to the sexual differences in cell number found in the medial cell group. To test this 

hypothesis, I counted nuclei in nest E of fifth- instar (V-D) males and females. I 

observed that the lineage size of neuroblast nest E in males is significantly larger than 

that in females, supporting the notion that regulation of nest E lineage size 

contributes to the sexual dimorphism observed at stage P5 and in the adult. 

In the developing larval brain, most larval neurons associated with the LAC 

are found on the peripheral margins of the five neuroblast nests (A-E), whereas the 
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identified 5HT-immunoreactive neuron occupies a characteristic position much closer 

to the neuropil than other larval cells, at the level of lateral neuroblast nest B. 

Taken together, these observations suggest that, irrespective of embryonic or 

postembryonic origins, cell position lateral to the LAC neuropil predicts a terminal 

fate in the LC of the adult antennal lobe. 
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Fig. 3.1 - Anatomy A Frontal diagram of the brain of a fifth-instar larva. 

B. Frontal diagram of the brain of a stage-PI pupa. C. Horizontal diagram of brain 

of a stage-18 adult. Only the right optic lope is depicted. (Modified from drawings 

generously provided by Dr. Uwe Hamberg). Scale bar = 100/Lm. 

ABBREVIATIONS 

AL - antennal lobe 

AN - antennal nerve 

C - calyx 

CB - central body 

CEC - circumoesophageal connective 

FC - frontal connective 

L - lobula 

LAC - larval antennal center 

LP - lobula plate 

MB - mushroom body 

ME - medulla 

OL - optic lobe 

TC - tritocerebrum 
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Fig. 3.2 - Nomarski DIC photomicrograph of a section of a stage I-M larval brain 

section (frontal, not counterstained) showing a pycnotic nucleus (arrow) in one of the 

medial nests associated with the LAC neuropil (star). Scale bar = 40/-tm. 
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Fig. 3.3 - Brightfield photomicrograph of a frontal section of a second-instar (II-D) 

larval brain stained by the Feulgen reaction and counterstained with Fast Green, 

showing a pycnotic nucleus (arrow) in one of medial nests associated with the LAC 

neuropil (star). Scale bar = 2D /-Lm. 

----------------- --
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Fig. 3.4 - Photomicrograph of a Feulgen-stained fourth-instar larval brain (IV-D) in 

frontal section (not counterstained) through the LAC showing portions of nests A-C, 

nest D, and pycnotic nuclei of imaginal nest cells within nests Band D (arrowheads). 

Scale bar = 2D /Lm. 

------_._-------_ .. 
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Fig. 3.5 - Pycnotic nucleus of a degenerating larval cell (arrow) associated with the 

LAC neuropil (star), from a frontal section of the brain of a wandering stage-W3 

animal stained by the Feulgen reaction and counterstained with Fast Green. Scale 

bar = 20 /Lm. 
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Fig. 3.6 - Mean number of pycnotic nuclei associated with neuroblast nests A-E over 

the course of larval, wandering, and pupal stages. Based on corrected counts of 

pycnotic profiles within the five lineages associated with the LAC for males (TOP) 

and females (BOTIOM) (n=16; n~8 per sex, for all stages). Error bars indicate 

standard error of the mean (SEM). There are no significant differences between 

male and female levels of cell death for any of the developmental stages examined 

(p>O.l for all comparisons; two-tailed, Mann-Whitney-Utest (Sokal and Rolf 1981». 
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Fig. 3.7 - Distributions of observed pycnotic nuclei in lineages associated with the 

LAC (A-E) for early larval instars (I-II). 
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Fig. 3.8 - Distributions of observed pycnotic profiles in lineages associated with the 

LAC (A-E) for later larval instars (III-V). 
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Fig. 3.9 - Distributions of observed pycnotic profiles in lineages associated with the 

LAC (A-E) for wandering stages (WO-W2). 
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Fig. 3.10 - The percent observed pycnotic figures expressed over the course of larval 

(I-V) and wandering stages (WO-W3) for each of the five neuroblast nests associ a ted 

with the larval antennal center. 
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Fig. 3.11 - Frontal section of the brain of a wandering stage-W3 animal stained with 

hematoxylin and eosin, showing antennal neuropil (star) and differentiating cells from 

nest E projecting into the olfactory neuropil (arrow). 

Scale bar = 25 /-tm. 
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Fig. 3.12 - Frontal, pupal stage-PI section stained with hematoxylin and eosin, 

showing differentiated neurons from nest D (arrow) projecting into the antennal 

neuropil (star). Scale bar = 20,urn. 
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Fig. 3.13 - Frontal, pupal stage-P2 section stained with hematoxylin and eosin, 

showing portions of lateral neuroblast nests (arrows) with tracts projecting into the 

antennal neuropil (star). Scale bar = 40 j.tm. 
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Fig. 3.14 - Frontal, pupal stage-P3 section stained with hematoxylin and eosin, 

showing the coalescence of the lateral nests and their tracts (arrow) projecting into 

the antennal neuropil. Scale bar = 20 }Lm. 

-------_._-_._--_ ......... . 
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Fig. 3.15 - Frontal, pupal stage-P4 section stained with hematoxylin and eosin, 

showing, at the end of the coalescence of nests A-C, the characteristic lateral cell 

group (LC, solid arrow) associated with the antennal neuropil (star). A portion of 

the medial cell group (Me) is also shown (open arrow). Scale bar = 20 /-Lm. 



-----------.. ------------ _.-- -
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Fig. 3.16 - Frontal, late pupal stage-P4 brain section stained with hematoxylin and 

eosin, showing antennal nerve (star) and portions of anterior (arrowhead), lateral 

(solid arrow), and medial (open arrow) cell groups. Scale bar = 30/-Lm. 



--
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Fig. 3.17 - Three-dimensional Serial Reconstruction. Computer-aided reconstruction 

(from serial sections) of a pupal stage-PI antennal neuropil (black) and associated 

neuroblast nests (A-E). Frontal orientation. Scale bar = 60/-Lm. 

----- --_. __ ... -
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Fig. 3.18 - Schematic frontal diagrams depicting the relationship of the 3 lateral (A-C) 

and 2 medial (D,E) neuroblast nests to the neuropil of the LAC and antennal lobe 

over the course of metamorphosis. The olfactory neuropil retains a larval 

appearance (i.e. each nest distinct with its own discrete tract and characteristic point 

of entry into the olfactory neuropil) until pupal stage P2. By pupal stage P3, somata 

and tracts associated with the three lateral nests coalesce, forming a characteristic 

adult lateral cell group (LC) by pupal stage P4. Medial nests (D,E) retain their 

orientation and input tracts relative to the olfactory neuropil during metamorphosis, 

with nest E contributing to the medial cell group (MC) of the adult antennallobe and 

nest D contributing to the anterior cell group (Ae). 

------ ------------
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Fig. 3.19 - (TOP) A simplified frontal outline of the larval brain, larval antennal 

center (LAC) neuropil, and associated neuroblast nests (A-C, lateral; D,E, medial). 

(BOITOM) A simplified frontal outline of the adult brain. The five larval nests are 

superimposed on the left hemisphere. The 3 groups of neurons of the adult antennal 

lobe are represented on the right hemisphere. Colors show the terminal fates of the 

five nests relative to these three cell groups. 
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Fig. 3.20 - (TOP) Mean number of nuclei in neuroblast nest E of male and female 

fifth instar (V-D) larvae. Error bars indicate standard error of the mean (SEM). The 

difference in number exhibited between males and females is significant (85.87 ± 6 

SEM in the male, 52.01 ± 2 SEM in the female, p < 0.005). Based on corrected 

counts (n=16, 8 male, 8 female, p < 0.005, two-tailed, Mann-Whitney-U test). 

(BOITOM) Mean number of nuclei in the medial cell group of male and female 

stage P5 pupae. Error bars indicate standard error of the mean (SEM). The 

differences between number of cells in males and females is significant (221.71 ± 3 

SEM in the male, 183.43 ± 8 SEM in the female p < 0.01). Based on corrected 

counts (n = 15, 8 male, 7 female, p < 0.01, Mann-Whitney-U test) ). Note that there 

are over twice as many nuclei in stage P5 pupae as compared to previous graph of 

Nest E size in stage V -0 larvae. 

---------------- --
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Fig. 3.21 - (TOP) Bodian's-stained preparation of a fifth-instar (V-D) larval brain 

showing larval cells (arrow) associated with the LAC (star) occupy positions on the 

peripheral margins of the neuroblast nests (arrowheads) associated with the LAC. 

Preparation provided by Peggy Randolph. (BOTTOM) Summary diagram illustrating 

that most larval neurons with terminations in the LAC occupy positions on the 

peripheral margins of neuroblast nests (A-E, light grey stippled regions). Scale bar 

= 2D ,urn. 

--------------_._----.-._----.--- --
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Fig. 3.22 - One larval neuron, immunopositive to 5HT (serotonin), is known to persist 

over the course of metamorphosis (Kent et a!. 1987). In the adult, the soma of this 

cell is in the lateral cell group of the adult antennallobe and extends a process to the 

opposite antennallobe neuropil. (TOP) Horizontal section of stage-18 adult brain 

stained with an anti-5HT antibody, showing the 5HT cells associated with the adult 

antennallobe (arrow). Scale bar = 150 p.,m. (BOITOM) Horizontal reconstruction 

of one of the bilaterally paired 5HT cells (reprinted from Kent et a!. 1987 with the 

publisher's permission). Scale bar = 200 p.,m. 



',I ,':' ~ ,' ... " .\', •. :.,' "", .~\~" •• " - 'ti,' ~:-":, "'.~ 

LH 

/ 



171 

Fig. 3.23 - (LEFT) Frontal section of a fifth-instar (V-D) larval brain stained for anti-

5HT immunocytochemistry, showing the soma of the 5HT cell (arrow) associated with 

the larval antennal center (star). Scale bar = 150/-km. (RIGHT) Diagram illustrating 

that the soma of this neuron is found at the same level as lateral nest B. 
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Fig. 3.24 - SUMMARY Summary of developmental processes and the changes in 

neuroanatomy associated with the transformation of the LAC into the adult antennal 

lobe. 
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CHAPTER 4 

POSTEMBRYONIC DEVELOPMENT OF THE ANTENNAL LOBE IN THE 

SPHINX MOTH MANDUCA SEXTA: FATE AND PHENOTYPES OF 

ANTENNAL LOBE LINEAGES 

INTRODUCTION 

The brain of M. sexta enlarges and is extensively reorganized during 

metamorphosis (Hildebrand 1985; see Fig. 3.1). I have focused on the re

organization of the antennal center from its larval to adult forms. This reorganization 

entails the addition of new neurons born postembryonically, as well as the 

respecification of some embryonically derived larval neurons, to the adult antennal 

lobe (Kent et al. 1987; also see Chapter 3). Examination of antennal-Iobe 

development, presented in the previous chapter, suggested that much of this structure 

is of postembryonic origin. The next question was whether it would be possible to 

identify specific subpopulations of postembryonic cells, as a means of extending the 

observations of Chapter 3, through the use of antibodies to neurotransmitter 

candidates that localize in neurons in the adult antennallobe. Antibodies would thus 

serve as specific markers of identified populations of cells, and these cells could then 

be traced through metamorphosis in order to gain a better understanding of the 

developmental origins of specific populations of cells within the adult antennal lobe. 

This strategy has been used in previous studies (Kent et al. 1987; Budnick and White 
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1988; Valles and White 1988; Breidbach 1990a). A limitation of this approach is that 

without the use of birthdating methods (e.g. [3H]thymidine or BrdU) such work can 

not determine whether the increased numbers of cells arising over the course of 

metamorphosis are postembryonically derived or come from the differentiation of the 

neurochemical phenotype in embryonically derived larval cells that persisted into 

adulthood. This limitation has been overcome in studies of wholemounts of the 

ventral nerve cord of M sexta, in which birthdating methods have been used in 

conjunction with immunocytochemistry to examine the postembryonic development 

of GABA- and SCPB-like phenotypes (Witten and Truman 1991a; Witten and 

Truman 1991b). I was interested in using a similar approach but with paraffin

embedded sections of the adult antennal lobe. 

The previous chapter established the positional fates of the five 

postembryonically derived neuroblast nests that contribute to adult antennal-lobe 

development. Three neuroblast nests that are lateral to the LAC neuropil (A-C) 

appear to coalesce and give rise to the postembryonic component of the lateral cell 

group of the adult antennal lobe (see Chapter 3). These results, together with 

observations on the larval and adult positions of an identified, embryonically derived, 

larval neuron staining for 5HT (serotonin), led to the hypothesis that neurons located 

in lateral positions with respect to the LAC neuropil, would become incorporated into 

the lateral cell group of the adult antennal lobe. 
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To explore these questions further, I examined the larval and adult 

distributions of two neurochemical phenotypes that are localized to the adult antennal 

lobe. Antibodies to FMRFa, and M. sexta allatotropin (AT), were chosen for this 

study. Both are peptides that have been either immunocytochemically localized or 

biochemically identified in the brain of M sexta (Homberg and Hildebrand 1990; 

Kataoka et al. 1989; Veenstra and Hagedorn 1992). Allatotropin localizes to the 

brain of M sexta (Veenstra pers. comm.) and, as demonstrated by the results of this 

study, localizes to cells in the lateral cell group of the adult antennal lobe. FMRFa 

immunoreactivity has been identified in the lateral cell group of the adult antennal 

lobe of M. sexta, where ca. 80 FMRFa-immunoreactive cells are located (Homberg 

et al. 1990). 

The aims of this study were: (i) to determine if allatotropin-like 

immunoreactivity (ATIR) was localized to the adult antennallobe; (ii) to compare 

larval and adult distributions of FMRFa-like immunoreactivity (FIR) and ATIR, as 

a step towards assessing the relative contributions of postembryonic neurogenesis to 

the distributions of these cell populations in adults; (iii) to develop a double-labeling 

technique, combining cytochemical and anti-BrdU staining in the same paraffin 

section, in order to test the hypothesis that many of the adult cells immunoreactive 

for these peptides in the antennallobe are of postembryonic origin; and (iv) to assess 

the distributions of FIR and ATIR cells associated with the LAC and examine their 

fates in the adult antennallobe as a further test of the hypothesis that laterality with 
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respect to the LAC neuropil is predictive for a positional fate in the lateral cell group 

of the adult antennal lobe. 

Here I report that there is extensive ATIR and FIR in the larval and adult 

brain of M sexta and that a small number of the larval cells are associated with the 

LAC. These larval ATIR and FIR cells are lateral to the LAC neuropil and their 

numbers increase during metamorphosis with a large number of ATIR and FIR cells 

occurring in the lateral cell group of the adult antennal lobe. A method permitting 

double staining of BrdU and ATIR or FIR cells in the same tissue section was used 

to determine if the increase in the number of these cells in the adult antennal lobe 

is the result of postembryonic neurogenesis. These double-labeling experiments 

demonstrated that a number of the ATIR and FIR cells in the lateral cell group are 

born postembryonically. 

-------------------------_._-- _._---. 
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MATERIALS & METHODS 

Experimental Animals 

Rearing and staging methods were identical to those described in the previous 

chapters (see Chapters 2 & 3). Larvae used for wholemount laser-scanning confocal 

fluorescence immunocytochemistry were injected 2-3 days prior to sacrifice with 1-3 

,ul of 0.5 mg colchicine/ml saline (Homberg and Hildebrand 1989b). 

ErdU Treatment 

Animals were immersed for 5 min in ice water, and BrdU injections were 

preceded by a topical application of 70% ethanol to cleanse the site of injection. 

BrdU was administered to fifth-ins tar (V-D) larvae by injection of a BrdU solution (50 

,ul of a 50 mg/ml solution per gram body weight (Witten and Truman 1991a)) into the 

most caudal proleg using a Hamilton syringe (Hamilton, Reno, NV). After the 

injection, larvae were placed in normal rearing conditions, allowed to pupate, and 

placed in large glass jars containing screens, which allowed eclosing adult animals to 

climb and inflate their wings. BrdU incorporation was visualized by means of 

modifying a BrdU-paraffin-section protocol (see below and Chapter 2). 
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BrdU Controls 

In addition to the controls described in Chapter 2, the numbers of neurons 

exhibiting ATIR and FIR in animals injected with BrdU (but processed for regular 

immunocytochemistry instead of double labeling) were compared with those in 

control animals. No significant difference was observed in mean numbers of ATIR 

(108.75 ± 2 SEM BrdU injected (n=4), 105.00 ± 5 SEM control (n=3), p > 0.1, 

two-tailed, Mann-Whitney-U test) and FIR cells (85.75 ± 3 SEM BrdU injected 

(n=4), 88.67 ± 1.452 control (n=3), p > 0.1, two-tailed Mann-Whitney-U test) in 

animals injected with BrdU as compared to control animals. Raw counts of nuclei 

were corrected using the method of Abercrombie (1946) (see Chapter 2). A Zeiss 

compound microscope with a camera lucida attachment was used for all counts to 

ensure that nuclei were not missed or counted more than once within a given section. 

These results demonstrated that, at this level of analysis, for the BrdU concentrations 

used and the neurochemical phenotypes examined, the BrdU treatment did not 

appear to have deleterious effects on the development of the antennal lobe. 

Wholemount Immunocytochemistry 

Brains of third- and fourth-instar larvae were dissected under Sattelle's 

physiological saline solution (Matsumoto and Hildebrand 1981) and fixed overnight 

in a 4% paraformaldehyde/15% picric acid fixative solution (Copenhaver and Taghert 
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1991). Preparations were then washed with TBST buffer (0.1 M Tris-HCl, 0.3 M 

NaCI, pH 7.4, 0.1 % Triton X-100) 6 X 1 hr at room temperature with gentle agitation 

and left in TBST overnight at 4°C. Preparations were then incubated overnight in 

primary antibody (anti-allatotropin (AT) 1:1200-2000 (Veenstra and Hagedorn 1992); 

anti-FMRFa 1:800-1000 (Incstar, Stillwater, MN)) in a blocking solution (per 10 ml 

0.5% Triton X-100 TBST: 300 mg fat-free powdered milk (Carnation, Los Angeles, 

CA), 25 mg BSA (Sigma A-4503), 200 J.Ll normal goat serum (NGS, Gibco, Chagrin 

Falls, OH), 0.02% sodium azide (Fisher Scientific, Fair Lawn, NJ; H. Agricola pers. 

comm.) to reduce non-specific binding. This incubation was followed by extensive 

rinsing (15 X 15 min TBST) at room temperature with gentle agitation and the 

application of Cy3-conjugated goat anti-rabbit secondary antibody (Jackson 

Immunoresearch Labs Inc., West Grove, PA) in TBST (0.5% Triton X-I00) at 1:125 

for 8-12 hr at room temperature with gentle agitation. Centrifugation (20 sec at 14K 

g) of both primary and secondary antibody solutions was performed just prior to 

application to reduce non-specific staining. Preparations were rinsed extensively (15 

X 15 min TBST) and then dehydrated through a series of graded aqueous alcohols, 

cleared in benzyl benzoate (Sigma, St. Louis, MO), and placed in depression slides 

containing benzyl benzoate. Specimens were examined using laser-scanning confocal 

fluorescence microscopy (see below). 
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Laser-Scanning Confocal Fluorescence Microscopy 

Wholemounts of brains stained for allatotropin or FMRFa 

immunocytochemistry (see previous section) were viewed on a confocal microscope 

(Bio-Rad, MRC-600 equipped with a Krypton/Argon laser (15 mW) and a Nikon 

Optiphot-2 compound microscope). Preparations were viewed with standard 

objectives with additional magnification provided by a software-aided zoom function. 

Serial optical sections (at intervals of 1.0 p,m for low power and 0.5 p,m for 

high power) of the whole larval brain were imaged through the entire depth of the 

preparation and then saved as a three-dimensional stack. Projection of the serial 

optical sections yielded a two-dimensional reconstruction of the immunoreactive 

processes visualized. 

BrdU-Paraffin Immunocytochemistry 

Brains of stage-18 M. sexta adults were dissected under Sattelle's physiological 

saline solution (see previous section), fixed for 2 hr in GPA fixative solution (1 part 

25% glutaraldehyde/3 parts saturated picric acid; Boer et al. 1979) and overnight in 

alcoholic Bouin's fixative solution, dehydrated through a graded series of aqueous 

ethanols and toluene, and embedded in Paraplast Plus (Monoject, St. Louis, MO). 

Serial sections of 8-10 JLm were cut with a rotary microtome. Sections were affixed 

to microscope slides (coated with Vectabond, Vector Labs, Burlingame, CA) on a 
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slide warmer overnight at 43°C. Deparaffinized, hydrated sections were processed 

for three-step, avidin-biotin, ABC immunocytochemistry (Vector Labs, Burlingame, 

CA) as follows. 

Humid chambers were used for all of the blocking and antibody incubation 

steps outlined below. Sections were washed in BrdU-PBS (10 mM sodium phosphate 

buffer, pH 7.4), and then treated with a 1:1 mixture of 4 N HCI and PBS-TX (BrdU

PBS, pH 7.4,0.5% Triton X-I00) for 1 hr, rinsed in three changes of 0.1 M potassium 

borate buffer (pH 8.5), and rinsed in PBS-TX. To unmask the antigen, preparations 

were treated with pepsin (0.005 mg/l0 ml in 0.1 N HCI; Sigma) for 20 min and rinsed 

in TBST (0.1 M Tris-HCI, 0.3 M NaCI, pH 7.4,0.5% Triton X-100). To reduce non

specific staining, sections were incubated at room temperature for 30 min in TBST 

containing 2% NGS (Gibco, Chagrin Falls, OH) or antisera were diluted and applied 

in a blocking solution as described in the previous section. Antiserum (anti-BrdU 

Bectin-Dickinson, San Jose, CA) was diluted 1:100 in TBST containing 1 % NGS and 

0.5% Triton X-100, applied to the sections for 4-12 hr at room temperature, and then 

rinsed in TBST. Biotinylated goat anti-mouse secondary antibody was used at 1:200 

in TBST, rinsed (4 X 5 min), incubated for 1 hr in tertiary alkaline-phosphatase (in 

10 mM TBST without Triton-X), rinsed (4 X 5 min), and visualized by incubation in 

buffer (100 mM Tris, pH 8.2) containing a Vector Red chromogen reagent for 15 min 

(all reagents except TBST, Vector Labs, Burlingame, CA). 
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Anti-FMRFa and Anti-Allatotropin Paraffin Immunocytochemistry 

Following processing for BrdU immunocytochemistry (see previous section), 

sections were rinsed (3 X 15 min) in TBST buffer (0.1 M Tris-HCl, 0.3 M NaCl, pH 

7.4,0.1 % Triton X-lOO). To reduce non-specific staining, sections were incubated at 

room temperature for 30 min in TBST containing in 2% NGS. The antisera were 

diluted 1:1200 (anti-AT, Veenstra and Hagedorn 1992) or 1:500 (anti-FMRFa, 

Incstar, Stillwater, MN))in TBST containing 1 % NGS and 0.5% Triton X-100 (Storm

Mathisen et al. 1983), applied to the sections for 4 hr at room temperature, and then 

rinsed in TBST. Goat anti-mouse IgG (Boehringer Mannheim, FRG) was used at 

1:40, and mouse PAP (Dakopatts, Carpinteria, CA), at 1:100. The preparations were 

then treated with a 0.25 mg/ml solution of 3,3'-diaminobenzidine (DAB, Sigma, St. 

Louis, MO) in PBS (0.1 M sodium phosphate, pH 7.4) containing 20 JLl of 30% 

hydrogen peroxide (Fisher Scientific, Fair Lawn, NJ) and 200 ,ul of an 8% aqueous 

NiCI, for 30 min, and rinsed in TBST. Sections were then dehydrated, cleared in 

xylene, and mounted under glass coverslips in Permount (Fisher Scientific, Fair Lawn, 

NJ). All specimens were examined under brightfield illumination on a Nikon 

Optiphot compound microscope . 

. _--_ .. -._----_ ...... . 
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Specificity Controls 

Antisera to FMRFa and AT were chosen based on the availability of the 

antisera, the quality of staining produced, compatibility of the staining with 

histological methods for paraffin sections, as well as their compatibility with fixation 

methods required for the visualization of BrdU incorporation. 

Specificity of the allatotropin antiserum (generously provided by Dr. J.A. 

Veenstra) was tested previously with a competitive enzyme-linked immunosorbent 

assay (ELISA) by Veenstra and Hagedorn (1992). Specificity was further tested by 

preadsorption controls performed by incubating the working dilution of the anti

serum (see above) with three different concentrations of the antigen, 1 p,M/ 10 p,M/ 

100 p,M of FMRFa (Peninsula, Belmont, CA) or 1 p,M/ 10 p,M/ 100 p,M of 

allatotropin (generously provided by Dr. R. Feyereisen) at 4°C overnight with gentle 

agitation, prior use in immunocytochemistry as described by Hoskins et al. (1986). 

With these controls, all specific FIR staining ( ~ 10 p,M FMRFa), and all specific 

ATIR staining ( ~1 p,M allatotropin) was abolished. No specific staining occurred in 

preparations in which the primary antisera (anti-BrdU, anti-FMRFa, anti-allatotropin) 

were deleted from the procedure. 

Previous studies demonstrated that FIR is localized to populations of cells in 

the brain of M. sexta (Hom berg and Hildebrand 1989b; Homberg et al. 1990). The 

antiserum used in this previous work (obtained from the laboratory of the late Dr. 

T.L. O'Donahue) is no longer available, therefore an antiserum from a different 
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source (Incstar, Stillwater, MN) was used for the present study. The preceding 

specificity controls demonstrate that the antibody is specific to FMRFa-Iike antigens, 

and subsequent staining (see Results) revealed the same pattern of staining in the 

antennal lobes and other brain regions of the adult as previously described by 

Homberg et al. (1990). 
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RESULTS 

Distribution of allatotropin and FMRFamide immunoreactivity were examined 

in larval and adult brains. Many more neurons exhibiting both neurochemical 

phenotypes were observed in the adult than in the larva, which suggested the 

possibility that new neurons are added to the developing adult antennal lobe by 

postembryonic neurogenesis. To test this hypothesis, I developed a double-labeling 

technique, combining staining for a allatotropin and FMRFamide immunoreactivity 

neurotransmitter candidate with that of BrdU in the same paraffin section. In 

addition, the positions of FIR and ATIR cells in the larva and in the adult antennal 

lobe were examined as a further test of the predictive value of laterality, with respect 

to the LAC neuropil, for a positional fate in the lateral cell group of the adult 

antennallobe. 

There is Extensive ATIR in the Larval Brain with Three Cells per Hemisphere Lateral 

to the LAC Neuropil 

Previous biochemical studies have indicated that allatotropin is found in the 

brain of the adult M sexta (Veenstra and Hagedorn 1992). In the present study 

wholemount preparations of third- and fourth-ins tar larval brains, processed for anti

allatotropin immunocytochemistry and visualized with laser-scanning confocal 
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fluorescence microscopy, revealed extensive ATIR (Fig. 4.1). The confocal 

microscope allows optical sectioning of wholemounts thereby permitting visualization 

of specific levels of the stack of optical sections of the entire brain. This method was 

used to visualize positions and primary neurite terminations of ATIR neurons with 

respect to the LAC neuropil. 

Extensive ATIR was observed in somata associated with most brain regions 

along with intense staining of the neuropil throughout the larval brain (Fig. 4.1). In 

the region of the neuropil of the LAC three ATIR somata were observed with 

intense staining per hemisphere (Fig. 4.2, 4.3). In all of the preparations examined 

(n>40) these bilaterally paired cells occupied stereotyped positions lateral to the 

LAC and extended processes which terminated in the neuropil of the LAC. The 

most lateral of the three cells had the largest soma and sent its process the greatest 

distance toward the neuropil of the LAC (Fig 4.4). Two other ATIR cells, whose 

somata were somewhat smaller and situated more medially with respect to the LAC, 

were found neighboring the larger ATIR cell. These two cells also extended 

processes terminating in the LAC. Processes of all three cells appeared to enter the 

LAC neuropil at approximately the same level (Fig. 4.2, 4.4). In some preparations, 

the processes of the two smaller cells intertwined with the larger cell's process (Fig. 

4.2). Branching patterns of individual cells within the neuropil were not determined, 

owing to the dense neuropilar staining that was observed in all preparations. 
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There is Wzdespread FIR in the Larval Brain with a Single FIR Cell per Hemisphere 

Lateral to the LAC Neuropil 

Previous studies have demonstrated FIR cells in the antennallobe of the brain 

of adult M sexta (Homberg et al. 1990). Antibodies to FMRFa have been found to 

be selective for the C-terminal Arg-Phe-amide moieties of these molecules, and 

recent work suggests that in M. sexta the antibody probably recognizes a variant of 

this peptide (an N-terminally extended FLRFa) which has been purified and 

sequenced from the brain of M sexta (Kingan et al. 1990). To visualize FIR cells in 

the larval brain, wholemount preparations processed for immunocytochemistry were 

examined using a laser-scanning confocal fluorescence microscope. 

As shown in Fig. 4.5, FIR was evident in a number of cells, as well as in 

regions of neuropil, in brains of third- and fourth-jnstar larvae. A single FIR cell was 

found in the region of each LAC. Its position is dorsolateral to the LAC, and its 

processes extend ventromedially and terminate in the neuropil of the LAC (Fig. 4.6). 

In all of the preparations examined (n>20), the FIR cells were bilaterally paired, 

occupied stereotyped lateral positions, and extended stereotyped projections to the 

LAC. As was the case for the ATIR cells, larval preparations exhibited intense 

somatic immunoreactivity and extensive staining in the neuropil. Because of the 

density of neuropil staining, the branching patterns of neurons were not determined. 
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Increasing Numbers of Both ATIR and FIR Cells are Observed Over the Course of 

Metamorphosis 

Examination of ATIR in serial paraffin sections from successive wandering and 

pupal stages revealed that the number and pattern of larval ATIR cells lateral to the 

antennal neuropil persists until about pupal stage P3/p4. Neuropil staining was much 

reduced compared to larval levels, from stages WO onward. Beginning, with pupal 

stage P3/P4, increasing numbers of cells exhibiting ATIR were observed. These cells 

were found in the developing lateral cell group of the antennal lobe (Fig. 4.7). By 

about pupal stage P7, the staining intensity of the somata had approached that 

observed in adults, but staining of neuropil and neuronal processes was still less 

intense than that observed in adults (Fig. 4.7) (see following section). 

The larval number and pattern of larval FIR cells (a cell lateral to each 

olfactory neuropil) was observed until about wandering stage P2. Overall levels of 

staining were intense for both somata and neuropil over the course of larval 

development, with a sharp decrease in staining intensity occurring at the onset of 

wandering (WO), when staining in the somata was reduced and neuropil staining had 

mostly disappeared. From about stage P2 onward, an increasing number of FIR cells 

became apparent in the cell groups lateral to the developing antennal neuropil; these 

cell groups later give rise to lateral cell group of the developing antennal lobe (Fig. 

4.8). This region contains many cells from the three neuroblast nests lateral to the 

olfactory neuropil as well as some larval neurons. The lateral position of these new 
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cells expressing FIR suggested a positional fate in the lateral cell group of the adult 

antennal lobe, and this event was confirmed in studies of the adult (see following 

section). By pupal stage P7, staining of somata approached levels observed in adults, 

while staining in the neuropil and of processes remained less intense than levels 

observed in adults (Fig. 4.9) (see following section). 

Allatotropin- and FMRFa-Like Immunoreactivity Reveals a Significantly Increased 

Number of Cells in the Adult Antennal Lobe 

Although earlier biochemical studies demonstrated the presence of ATIR in 

the brain of M. sexta (Veenstra and Hagedorn 1992), localization of immunoreactive 

cells in the brain had not been undertaken. In my study, extensive cellular and 

neuropil ATIR staining was observed in paraffin sections of adult (stage 18) brains. 

In the brain, ATIR was observed in ca. 106 neurons in the lateral cell group of the 

adult antennal lobe (see Methods, Fig. 4.10). ATIR staining in the adult antennal 

lobe was most intense in somata, in processes entering the coarse neuropil, and in 

certain parts of the glomeruli. Lighter staining was observed in the central, coarse 

neuropil (Fig 4.10). 

Previous studies have demonstrated that FIR is localized to populations of 

cells the brain of M. sexta (Homberg et al. 1990) with ca. 80 somata found in the 

lateral cell group of the adult antennallobe. Using a different antibody, FIR was 
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observed in the same approximate number of cells (ca. 87) in the lateral cell group 

of the adult antennallobe (see Methods, Figs. 4.11). Staining was most intense in 

somata and in those processes just entering the coarse neuropil of the adult antennal 

lobe (Fig 4.11). Also there was glomerular staining that was more distributed in 

character than the staining pattern observed for ATIR (Fig. 4.11). 

Development of a Method to Determine Neurochemical Phenotype and Developmental 

Origin in the Same Paraffin-Section 

The increased numbers of ATIR and FIR neurons observed in later pupal 

stages and in the adult, relative to those observed in the larval brain, led to the 

hypothesis that neurons appearing later in development were postembryonically 

derived cells which became differentiated and integrated into the developing antennal 

lobe during metamorphosis. To test this hypothesis, a method that would allow the 

visualization of both BrdU incorporation and transmitter immunocytochemistry in the 

same paraffin section was required. 

This method was achieved by testing compatibilities of different fixations and 

substrates with BrdU immunocytochemistry in paraffin sections. The objective was 

to obtain suitable tissue preservation and adhesion by means of a fixation protocol 

that fixed the allatotropin or FMRFamide and that also provided nuclear fixation 

adequate for the detection of incorporated BrdU. This fixation was achieved with a 
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dual fixation protocol to provide the different fixation requirements of the two 

immunocytochemical methods. Adhesion of the tissue to the slide for the duration 

of the procedure proved to be a serious problem. To overcome this, a different 

method to keep sections affixed was used. Though proprietary in composition, I 

learned that Vectabond reagent coats slides with a substance containing free amino 

groups (Vector Labs, Burlingame, CA). A post-fixation step treating affixed tissue 

sections with a glutaraldehyde was used to fix the sections to the Vectabond coating, 

thereby preventing most of the loss of sections. Results from these experiments are 

shown in Tables 4.1-4.2. 

These results were used to formulate the protocol applied in the following 

section. The most important factors that influence double labeling appear to include: 

sequential use of two different fixatives, GP A for adequate peptide fixation, and 

alcoholic Bouin's for nuclear staining; tissue adherence to the slide; and the use of 

a signal-amplifying immunocytochemical method (ABC) to detect levels of BrdU in 

the nucleus that are diluted by volume as the labeled cell's nucleus enlarges over the 

course of differentiation. The dual-fixation protocol provides a compromise that is 

not optimal for either BrdU or peptide immunocytochemistry; this accounts for the 

less pronounced, but stilI distinguishable, staining intensities as compared to those for 

each individual reaction (ATIR alone, Fig. 4.10; FIR alone, Fig. 4.11; anti-BrdU 

alone, Fig. 4.12-4.13). 
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A Subpopulation of the ATIR and FIR Cells in the Adult Antennal Lobe are Bam 

During Postembryonic Neurogenesis 

The double-labeling protocol (described above) was used to test the hypothesis 

that one source of increased numbers of ATIR and FIR cells observed in the adult 

antennallobe is their addition by postembryonic neurogenesis during metamorphosis. 

Animals injected with BrdU at the beginning of the fifth (V-D) larval instar 

were reared to adulthood, sacrificed, and processed for anti-BrdU/neuropeptide 

double-labeling. Staining of both ATIR and FIR cells was undertaken. 

As shown in Fig. 4.14, a number of ATIR cells were visualized in the brain 

and specifically in the antennal lobe of stage-18 adults. In the antennal lobe, ATIR 

was found in cells distributed in the lateral cell group. A subpopulation of the 

immunopositive cells also exhibited nuclear staining, demonstrating that these double

labeled cells were born during BrdU application in the fifth larval ins tar (Fig. 4.14). 

Cells with nuclear labeling alone, as well as cells lacking either label, were also 

apparent, suggesting the single pulse of BrdU labeled only a limited number of the 

total cells in the lateral cell group lineages, as well as a limited number of cells 

positive for ATIR (Fig. 4.14, 4.15). This also suggests that some of the cells born at 

the same time as those exhibiting ATIR and BrdU incorporation were of a different 

phenotype. 

Similarly, BrdU incorporation and FIR were detected in cells of the antennal 

lobe in stage-18 adults that had been injected with BrdU as larvae. FIR was 
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observed throughout the brain as has been reported by Homberg and Hildebrand 

(1990). In the adult antennal lobes, FIR cells were distributed in the lateral cell 

group. Among the FIR cells was a smaller number of doubly-labeled cells exhibiting 

both FIR and nuclear staining, thus confirming that a subpopulation of the FIR 

neurons were born postembryonically (Fig 4.16). Neurons not stained by either label, 

as well as cells exhibiting either BrdU-incorporation or FIR alone, were also 

observed, suggesting: that the single BrdU injection was insufficient to label all of the 

cells in the lateral cell group lineages; that not all of the FIR positive cells are born 

at the same time; and that other cells born at the same time as doubly-labeled ones 

do not have the same neurochemical phenotype (Fig. 4.15, 4.16, 4.17). 
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PRINCIPAL CONCLUSIONS 

The results presented in this chapter demonstrate that ATIR and FIR are 

widespread in the larval and adult brain of M. sexta. In particular, three ATIR and 

one FIR celI(s), whose somata are lateral to the LAC, extend processes into the LAC 

neuropil. In the adult there are ca. 106 ATIR cells and ca. 87 FIR cells in the lateral 

cell group of the adult antennal lobe. The immunoreactive neurons of the larva are 

retained until pupal stage-P3/P4, when new neurons begin to express ATIR (the time 

course of expression of FIR is from about pupal-stage P2 forward). A method for 

examining BrdU- and neuropeptide-immunocytochemical staining in the same section 

of paraffin-embedded tissue was used to test the hypothesis that one source of 

increased numbers of ATIR and FIR cells observed in the adult antennal lobe is their 

addition, over the course of metamorphosis, by postembryonic neurogenesis. I used 

BrdU, in conjunction with ATIR and FIR staining, to identify the postembryonic 

origins of these cells. These double-labeling experiments revealed that among the 

cells exhibiting ATIR and FIR, a subpopulation was also positive for BrdU 

incorporation, thus confirming that these neurons in the lateral cell group are born 

postembryonically. The position of these cells in the larva and adult further supports 

the notion that lateral position, with respect to the LAC neuropil, is predictive of 

positional fate in the lateral cell group of the adult antennal lobe. 
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Fig. 4.1 - Wholemount scanning-confocal micrograph of a fourth-ins tar (IV-O) larval 

brajn, showing extensive allatotropin-immunoreactivity in the larval brain. Scale bar 

= 250/-Lm. 
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Fig. 4.2 - Wholemount scanning-confocal micrograph of three allatotropin

immunoreactive cells (upper-most dorsal cell, arrow; two smaller cells, arrowheads) 

lateral to the LAC neuropil (star) that extend processes to this neuropilar region. 

Scale bar = 50 p,m. 
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Fig. 4.3 - Frontal scanning-confocal micrograph of the three characteristic 

allatotropin-immunoreactive lateral cells (larger, most lateral cell, open arrow; two 

smaller cells, arrows) extending processes to the LAC neuropil (star). Scale bar = 

50/km. 
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Fig. 4.4 - Frontal scanning-confocal micrograph of the three characteristic 

allatotropin-immunoreactive lateral cells. Same image using fewer optical sections 

to reveal the process of the most lateral cell (open arrow) extending to the LAC 

neuropil (star). Scale bar = 50 p.m. 
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Fig. 4.5 - Scanning-confocal micrograph of a third-instar larval brain stained for 

FMRFa-immunoreactivity, showing the two FMRFa-immunoreactive cells (arrows) 

lateral to the LACs. Scale bar = 250 J,tm. 
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Fig. 4.6 - Scanning-confocal micrograph of a third-ins tar larval brain. Frontal view 

of a single FMRFa-immunoreactive cell (arrow) lateral to the LAC neuropil (star), 

which extends a process to this neuropil. Scale bar = 250 p,m. 





-----------

209 

Fig. 4.7 - Brightfield micrographs of stage-P4 and -P7 paraffin section pupal brains 

showing onset and development of expression of ATIR. (TOP) Stage-P4 pupal brain 

showing, in frontal section, onset of ATIR (arrowheads) in cells of the lateral cell 

group (arrow). Star indicates antennal nerve. Scale bar = 40 ""m. (BOTTOM) 

Stage-P7 pupal brain showing, in frontal section, somata and developing ATIR of 

cells (arrows) within the lateral cell group, note beginnings of neuropilar staining in 

glomerular portion of neuropil (arrowheads). Star indicates coarse neuropil, open 

arrow indicates cells in the medial cell group. Scale bar = 60 ""m. 
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Fig. 4.8 - Brightfield micrograph of stage-P2 pupal brain, frontal view of FMRFa

immunopositive cells (arrows) in the lateral nests associated with the developing 

antennal neuropil (star). Scale bar = 40 p.m. 
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Fig. 4.9 - Brightfield micrograph of stage-P7 pupal brain, frontal view of FMRFa

immunopositive cell bodies in the lateral cell group of the adult antennallobe. Star 

indicates coarse neuropil. Scale bar = 30 /Lm. 



;.i\, 



215 

Fig. 4.10 - Micrograph of section showing allatotropin-immunoreactive cells in the 

lateral cell group (arrow) of a stage-IS adult antennal lobe. Star indicates coarse 

neuropil. Scale bar = 20 p,m. 
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Fig. 4.11- Frontal paraffin-section preparation ofFMRFa-immunopositive cells in the 

lateral cell group (arrow) of the adult antennallobe. Star indicates coarse neuropil. 

Scale bar = 40 p,m. 
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Fig. 4.12 - (TOP & BOITOM) BrdU-irnrnunopositive nuclei (arrows) of cells in the 

lateral cell group of the adult antennallobe (frontal sections, stage-IS adult brains). 

Scale bars = 20 ,urn. 
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Fig. 4.13 - (TOP & BOTIOM) BrdV-immunopositive cell (arrow) in a frontal 

section of a stage-IS adult brain in the medial cell group of the adult antenna I lobe. 

Top panel shows cells within the Me, lower panel shows nuclear staining at higher 

magnification. Scale bars = 25 /-Lm. 
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Fig. 4.14 - Double-labeling BrdU-/allatotropin-immunoreactivity (arrows) in frontal 

sections of the lateral cell group of the adult antennallobe (stage 18). Singly-labeled 

cells are indicated by open arrow (nuclear staining for BrdU) and large arrowhead 

(ATIR). Small arrowhead indicates an unlabeled cell. Scale bar = 20 J,Lm. 
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Fig. 4.15 - (TOP) Double-labeling BrdU-/allatotropin-immunoreactivity (arrows) in 

frontal section of the lateral cell group of the adult antennallobe (stage 18). Scale 

bars = 20 j.Lm. (BOTTOM) Singly-labeled somata (arrows) and an unlabeled cell 

(arrowhead) in the lateral cell group of the adult antennallobe from a double-labeled 

BrdU-IFMRFa-immunoreactivity preparation. Scale bar = 20 j.Lm. 
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Fig. 4.16 - Double-labeling, BrdU/FMRFa-immunoreactivity in cells (arrows) of the 

lateral cell group in a frontal section of a stage-18 adult brain. Open arrows indicate 

single-labeled, BrdU-immunopositive cells. Scale bar = 20/-tm. 
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Fig. 4.17 - Double-label, BrdU/FMRFa-immunoreactivity in cells (arrows) of the 

lateral cell group in a frontal section of a stage-18 adult brain. Scale bar = 25 }.Lm. 
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Table 4.1 

Effects of Different Substrates on Tissue Adhesion for Double Labeling 

SUBSTRATE TISSUE ADHESION 

Egg albumin -

Poly-L-Iysine 0.1% >300K MW +1-

Vectabond + 

Vectabond wi GPA postfixation ++ 

Vectabond/postfixation/Parloidin +++ 

The degree of tissue adhesion to substrate-coated slides is indicated on a scale of -

(few or none of the sections adhere) to +++ (most of the sections adhere). 

Vectabond coating is proprietary but contains free amino groups (Vector Labs, 

Burlingame, CA); formula for GPA (glutaraldehyde picric acid fixative solution) was 

provided by Boer et al. (1979); and coating of slides was done with 0.3% Parloidin 

nitrocellulose according to the protocol described by Kiernan (1990). 
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Table 4.2 

Effects of Different Fixative Solutions on Double-Labeling Staining Intensity 

FIXATIVE SOLUTION PEPTIDE STAINING BrdU STAINING 

Carnoy's - +++ 

Alcoholic Bouin's - +++ 

Aqueous Bouin's ++ -

GPA +++ ++ 

4% Paraformaldehyde ++ -

Modified Zamboni's + -

Formulas for Carnoy's, Aqueous and Alcoholic Bouin's, are from Humason (1979), 

4% Paraformaldehyde from Beltz and Burd (1989), GPA (glutaraldehyde picric acid) 

from Boer et al. (1979), and Modified Zamboni's from Kent et al. (1987). 

The degree of morphological preservation is indicated on a scale of - (very poor 

preservation) to + + + (good preservation). The intensity of staining is indicated on 

a scale of - (no staining) to + + + (intense staining). 
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CHAPTERS 

GENERAL DISCUSSION/FUTURE DIRECTIONS 

The results presented in the preceding chapters detail my examination of the 

contributions of embryonic and postembryonic neurogenesis to the development of 

the adult antennallobe in the moth M. sexta. Using histological, histochemical, and 

immunocytochemical methods in conjunction with birth dating methods, I have been 

able to address a number of questions raised in the specific aims as presented in 

Chapter 1. 

Specific Aim #1. Postembryonic Neurogenesis Begins in the Mid-First Larval Instar and 

Proceeds in an Anterior-To-Posterior Pattern During Development 

This study examined the distributions of postembryonic neuroblasts in the 

brain of M. sexta using the proliferative marker BrdU. Previous work on vertebrate 

cells, carried out primarily in vitro, suggested that BrdU can inhibit differentiation of 

some actively dividing embryonic cells (Stockdale et al. 1964; Abbott and Holtzer 

1968; Lasher and Cahn 1969; Wilt and Anderson 1972; Tapscott et al. 1989; Jacobson 

1991; Sechrist and Bronner-Fraser 1991). However, deleterious effects of BrdU 

appear to be context-dependent, because BrdU is not always harmful to cell 

differentiation. There is no difference between the distribution of neurons labeled 
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with BrdU and [3H]thymidine in vivo in the rat, mouse, and chick (Miller and 

Nowakowski 1988; Banningan 1987). Comparisons of labeled cells in the optic lobes 

of Drosophila using eH]thymidine (White and Kanke11978; Hofbauer and Campos

Ortega 1990) versus BrdU methods (Ito and Hotta 1992) reveal identical distributions 

of cells. In Hydra (Plickertand Kroiher 1988) cells exposed to BrdU appear to 

undergo normal differentiation. The same is true for Drosophila peripheral neurons 

(Bodmer et al. 1989) and the locust CNS (Shepherd and Bate 1990). BrdU has been 

shown to be a useful proliferative marker in various aspects of insect development, 

where a number of researchers have demonstrated its use in vivo without any 

apparent deleterious effects on growth rate, viability, or development at the 

concentrations applied (Truman and Bate 1988; Copenhaver and Taghert 1991; 

Prokop and Technau 1991; Witten and Truman 1991a; 1991b; Wolf and Ready 

1991b; Ito and Hotta 1992). The controls described in Chapters 2 and 4 demonstrate 

that, at this level of analysis and for the BrdU concentrations used and the 

neurochemical phenotypes examined, the BrdU treatments used do not appear to 

have deleterious effects on the development of the antennal lobe in M sexta. 

In insects, a number of developmental processes proceed in an anterior-to

posterior progression including larval cuticle pigmentation, cuticle formation in 

preparation for larval molts, embryonic development of serotonin immunoreactivity 

(Wafaa et al. 1989a; 1989b), and segmental and central nervous system development 

during embryogenesis (Locke 1959; Lawrence 1966; Bate 1986; Dorn et al. 1987). 
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The results presented in Chapter 2 demonstrate that postembryonic neurogenesis also 

proceeds in an anterior-to-posterior pattern, beginning in the mid-first (I-M) larval 

ins tar. The signal that triggers the onset of postembryonic neurogenesis is unknown. 

That postembryonic neurogenesis begins in the regions of the larval antennal center 

and calyces of the mushroom bodies may reflect the importance of these regions in 

triggering the onset of postembryonic neurogenesis, and may also reflect attributes 

specific to the neuroblasts of those regions that distinguish them from the total 

neuroblast population in the CNS. The synchrony exhibited in the onset of 

postembryonic neurogenesis may benefit efforts to identify genes specific to this 

developmental process (neuroblast- or neurogenesis-specific gene eA-pression). 

The molecular basis of postembryonic neurogenesis is a fundamental question 

in development. The neuroectoderm of insect embryos consists of a uniform sheet 

of cells, all of which have the potential to become neuroblasts (Bate 1976; Doe and 

Goodman 1985a,b; Thomas et al. 1984). In Drosophila, in which embryonic 

neurogenesis has been studied extensively, formation of neuroblasts requires the 

expression of neurogenic and proneural genes (Doe 1992). The neurogenic genes, 

also termed the neurogenic loci (Notch (N), Delta (DI), Enhancer of split (E(spl)), big 

brain (bib), mastermind (mam), neuralized (nl), and shaggy (sgg)), play important roles 

in neuroblast fate determination by suppressing neurogenesis (Lehmann et al. 1983; 

Knust and Campos-Ortega 1989; Bourouis et al. 1989 Thomas and Crews 1990; 

Hartley 1990). Proneural genes (achaete (ac), scute (sc), lethal of scute (l'sc), asense 
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(ase) and daughterless (da)), on the other hand, promote neurogenesis and are 

thought to be necessary to trigger the development of neuroblasts from the 

ectodermal sheet of the embryo (Cabrera et a1. 1987; Jimenez and Campos-Ortega 

1990; Martin-Bermundo et a1. 1991; Skeath and Carroll 1992; Doe 1992). More 

recently, specific genes described as neuroblast identity genes (prospero (pro), seven-up 

(svp), polyhomeotic (Ph), runt (nm), and wingless (wg)) have been isolated that are 

expressed in only a subset of lineages (Doe 1992). Work by Panov (1963), Truman 

(1990), and Prokop and Technau (1991) suggests that the neuroblasts active during 

larval development are born during embryonic neurogenesis and remain in an 

arrested state until after hatching, when they begin to divide. Only at this time do 

they produce the postembryonic lineages that generate the new neurons of the adult 

brain and ventral nerve cord, suggesting postembryonic neurogenesis may be a 

delayed form of embryonic neurogenesis as suggested by Wigglesworth (1972). It 

would, therefore, be interesting to determine if genes expressed during embryonic 

neurogenesis are expressed during postembryonic neurogenesis in neuroblasts of the 

brain. Some evidence exists for a role of at least one of the neurogenic loci (Notch) 

in postembryonic adult brain development (Cagan and Ready 1989; Markopoulou 

and Artavanis-Tsakonas 1989). The antennallobe may be particularly suited to the 

study of this question since the neuroblasts adjacent to the larval antennal center 

have been identified, they are few in number, and the exact timing of their 

development is known (present study). Future experiments to address this question 
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might include examination of the postembryonic expression of these genes during the 

metamorphic development of the adult antennal lobes. This could be done using 

either immunocytochemical staining of their protein products (Fehon et al. 1990; 

Smoller et al. 1990; Glicksman and Truman 1990), or in situ hybridization techniques 

(Ingham et al. 1985; Markopoulou and Artavanis-Tsakonas 1989). 

Previous reports have shown that the onset of postembryonic neurogenesis 

may differ either in the location in the nervous system or in the species studied. 

Nordlander and Edwards (1969a) reported that in the butterfly Danaus, 

postembryonic neurogenesis begins during the first instar in certain brain regions 

(corpora pendunculata, optic lobes, and proto cerebral bridge) and in some scattered 

neuroblasts (neuroblasts not in proliferation centers of the optic anlagen). The 

neuroblasts in other brain regions (optic lobe anlagen and the scattered neuroblasts 

of the larval antennal center) begin to divide during the early and late second instars, 

respectively. Studies by Panov (1963) in Antheraea pemyi indicated that 8 neuroblasts 

in the brain appeared to be retained from embryogenesis and began to divide in the 

first larval instar, followed by the addition of more neuroblasts beginning in the 

second and continuing into the third larval ins tar. White and Kankel (1978) noted 

the presence of neuroblasts in the brain and ventral ganglia of Drosophila. Addition 

of new cells to the brain was observed in the first larval instar of Drosophila, while 

in the ventral ganglion, no neuroblast activity was observed until after the molt to the 

second instar. Work by Prokop and Technau (1991) has shown that in Drosophila, 
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postembryonic neurogenesis is first observed in the brain and ventral nerve cord 

during the first larval instar (up to 28 hr after hatching). In the brain of M sexta, 

mitotic figures have been observed as early as the first larval ins tar (Kent 1985), an 

observation which is consistent with the results presented here, whereas in the ventral 

nerve cord of M sexta, Booker and Truman (1987a) have shown that postembryonic 

neurogenesis begins by the second larval instar. The results presented in Chapter 

2 suggest that an anterior-to-posterior pattern of neurogenesis underlies this 

difference in timing. 

The numbers of neuroblasts found in the region of the larval antennal center 

also may be species specific. Nordlander and Edwards (1970) reported three 

neuroblasts in the region of the larval antennal center in Danaus, in contrast to the 

five reported here for M. sexta. This may suggest that the homologies in the numbers 

of neuroblasts found during embryonic neurogenesis comparing different insect 

species (Thomas et al. 1984) may not be as precise for postembryonic neuroblasts of 

specific brain regions. 

Specific Aim #2. Five Neuroblast Nests in Stereotyped Positions Adjacent to the LAC 

In order to examine relationships between specific neuroblasts and defined 

regions of neuropil (e.g. the LAC), a method for anti-BrdU immunocytochemical 

labeling compatible with sectioned paraffin-embedded preparations was developed. 
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This method may prove valuable to other researchers as a tool to identify specific 

proliferative cells in the context of defined cellular and neuropilar relationships. 

Paraffin-sectioned preparations stained for anti-BrdU immunocytochemistry revealed 

five neuroblast nests associated with the larval antennal center, as indicated by their 

proximity and projections of their processes. These five nests occupy stereotyped 

positions in relation to the larval antennal center and are present in bilateral pairs 

(three lateral, A-C, and two medial, D,E). Over the course of larval development 

these five nests increase in size (each neuroblast is associated with an increasing 

number of imaginal nest cells). By the end of the fifth larval instar, these nests are 

much larger in size but have retained their stereotyped positions with respect to the 

LAC. As the size increases nests D and E retain their separate orientations, 

whereas the lateral nests (A-C) grow toward one another so that by the fifth larval 

ins tar, they abut. Although the five neuroblasts and their lineages associated with the 

LAC remain in their characteristic positions throughout the developmental stages 

examined, it is important to note that the work presented relies on preparations 

sampled from different developmental stages rather than the continuous real-time 

observation of the developmental process. Thus, although no evidence for mixing of 

nest progeny or migration of neuroblasts was found in the preparations examined, the 

possibility that other neuroblasts might migrate and contribute to AL development 

or that imaginal nest cells might mix between lineages cannot be discounted. These 

questions may be resolved by future experiments which may be able to exploit the 
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stereotyped position of the lineages associated with the LAC, using lineage tracing 

methods (Technau 1986; Prokop and Technau 1991; Copenhaver and Taghert 1990; 

1991; Fraser and Bronner-Fraser 1991) to label cells within specific lineages and 

follow their development. Such methods may also provide insights into the extent of 

imaginal nest cells arborizations during development and whether specific functional 

cell types are born at specific points within specific lineages. 

Although my study did not examine the rates of neuroblast divisions, for future 

studies it would be interesting to compare rates of neuroblast divisions between nests 

and across development. Likewise, the results presented in Chapter 3 describe the 

point when neuroblasts apparently cease divisions (WO) prior to their disappearance 

at stage W3. The question of whether neuroblasts die through programmed cell 

death leaving pycnotic that are cleared before the next preparations examined (PI) 

or whether neuroblasts are eliminated by some other mechanism could be addressed 

in future studies. 

The stereotyped positions of the five neuroblast nests associated with the LAC 

bring up two important questions: (1) what is the developmental relationship between 

the five neuroblast nests and the three cell groups of the adult antennallobe; and (2) 

what mechanisms underlie the sexual dimorphism in the number of cells found in the 

medial cell group of the adult antennal lobe (ca. 218 cells in males, ca. 186 in 

females; Homberg et al. 1988)? Both of these questions were the focus of Chapter 

3 and will be discussed in the following sections. 
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Specific Aim #3. Nest Morphogenesis: A Low Level of Cell Death Accompanies the 

Generation of LAC-Associated Lineages 

The results in Chapter 3 demonstrate that a low level of cell death 

accompanies the generation of imaginal nest cells in the five neuroblast nests 

associated with the LAC. Cell death is observed from the outset of postembryonic 

neurogenesis (larval stage I-M), and the progression of cell death in the imaginal nest 

populations associated with the LAC appears to follow an anterior-to-posterior 

pattern of progression with regard to onset. Cell death continues throughout larval 

life until wandering stage Wi, when a peak in cell death is observed and declines to 

zero by wandering stage W3. 

Previous workers have shown that the extent of cell death varies during both 

embryonic and postembryonic neurogenesis (Panov 1963; Nordlander and Edwards 

1969a; 1970; Bate 1976; Gundersen and Larsen 1978; Booker and Truman 1987a; 

Truman 1990). I examined cell death over the course of adult antennal lobe 

development and observed that within the lineages associated with the LAC, which 

later give rise to postembryonic components of the adult antennal lobe, cell death is 

apparent from the onset of postembryonic neurogenesis until wandering stage W3. 

Cell death appeared to occur at a low level over the course of larval development, 

with a peak just after the onset of wandering, and a decline to zero from stage W3 

and thereafter. Whether the increased levels of cell death observed at wandering 

------------------------------
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stages are influenced by the larger size of later stage imaginal nests, rather than an 

increase in the actual rate of cell death, should be examined in future work. In their 

examination of imaginal nest cell lineages that give rise to postembryonic components 

of the adult ventral nerve cord in M sexta, Booker and Truman (1987a,b) observed 

a peak of cell death in the segmental ganglia during wandering stages. It was further 

shown that this peak was due to the presence of ecdysteroids in the absence of 

juvenile hormone, a condition which occurs at the end of larval life. This finding 

suggests that the peak observed in antennal lobe lineages may arise through similar 

mechanisms. Their work did not identify cell death in ventral-cord lineages earlier 

than wandering, which suggests that different mechanisms underlie the cell death 

observed over the course of larval life in the brain. Nordlander and Edwards (1970) 

observed cell death around this same time of pupation in a few cells associated with 

the developing antennallobe of the butterfly Danaus and suggested that these cells 

were likely dying postembryonic neurons. An earlier study by Nordlander and 

Edwards (1968a) identified cell death in postembryonic lineages over the course of 

larval development in the optic anlagen of Danaus and suggested this event might be 

due to either programmed cell death or a consequence of overproduction of neurons, 

some of which were then discarded. These mechanisms may also be relevant to cell 

death observed during larval stages in imaginal nests associated with the LAC. Also, 

relevant to this question is the work of Witten and Truman (1991b), in which a model 

for the regulation of transmitter phenotypes is suggested; cell death may provide an 
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additional means of shaping ratios of transmitter phenotypes within a given lineage. 

Finally, work by Schwartz and colleagues (Schwartz 1991) has demonstrated that 

death of motor neurons in the ventral nerve cord of M sexta, which occurs just after 

adult eclosion, is presaged by an up-regulation of ubiquitin in motor neurons just 

prior to their programmed cell death. Future experiments could examine whether 

this or other markers presage cell death in imaginal nest cells during larval 

development or the peak occurring at wandering, and whether they involve levels of 

insect hormones (Booker and Truman 1987b; Schwartz 1991). 

Specific Aim #3. Nest Morphogenesis: Positional Fates of the Five Lineages 

Associated with the LAC 

The morphogenesis of the five nests associated with the LAC was also 

examined with regard to differentiation, integration, and terminal positional fate in 

the developing adult antennallobe. The results presented in Chapter 3 suggest that 

nest morphogenesis begins with the differentiation of surviving imaginal nest cells 

from stages W3-P1, resulting in their acquisition of neuronal characteristics. This is 

followed by the formation of tracts from each of the nests by fasciculating processes 

of the imaginal nest cells. The olfactory neuropil remains larval in character (each 

nest having its own discrete tract and characteristic point of entry into the olfactory 

neuropil) until pupal stage P3, when somata and tracts associated with the three 
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lateral nests (A-C) appear to coalesce. These three nests form a characteristic adult 

lateral cell group and input tract by pupal stage P4. Medial nests (D,E) retain their 

separate positions and input tracts relative to the neuropil during metamorphosis. 

Nest E appears to give rise to the postembryonic component of the medial cell group 

of the adult antennal lobe, and nest D to the anterior cell group. 

The overall framework of these results suggests that the basic pattern of 

development is the same whether in the postembryonic cells of the ventral nerve cord 

(Booker and Truman 1987a,b), in the anlagen giving rise to the adult eyes 

(Nordlander and Edwards 1969a; 1969b; 1970), or in cells of other brain regions 

(Panov 1963; Truman and Bate 1988; Truman 1990; Hofbauer and Campos-Ortega 

1990; Ito and Hotta 1992). This pattern begins with the generation of progeny by 

neuroblasts accompanied by cell death either during progeny production, just prior 

to differentiation, or both. This is followed by the differentiation and integration of 

surviving cells into the adult structure, thereby comprising the postembryonic 

component of the adult. Larval cell death is observed to varying degrees and is 

discussed in the following section. 

--_._-_._--------_ .. -----.-._--_. -.. _ .. 
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Specific Aim #4. Positions and Possible Fates of Larval Neurons in the Adult Antennal 

Lobe 

Another important question examined in Chapter 3 concerns the fate of larval 

neurons and the extent to which larval neurons associated with the antennal neuropil 

are retained and respecified to the developing circuitry of the adult antennal lobe. 

The issue of larval cell fate during metamorphosis has been interpreted differently 

by different authors. Early work by Bauer (1904) and Tiegs (1922) suggested that all 

larval neurons were destroyed and that the adult brain was an entirely new structure. 

More recent work by Gundersen and Larsen (1978) supports this view in flies, where 

the larval and adult olfactory regions are described as discrete entities, each 

composed exclusively of larval and postembryonic elements, respectively. Studies by 

other workers (Sanchez 1925; Hanstrom 1925; Panov 1963) held the alternative view 

that at least some larval neurons are retained in the adult, although perhaps in a 

modified form. Confirmation of this latter view has come in recent years from a 

number of researchers working in various insect species (Levine 1986; Truman 1990). 

I examined levels of cell death over the course of larval and pupal (P1-P6) stages. 

In my observations, cases of larval cell death appear to be infrequent among the 

larval cells associated with the LAC, which suggests (indirectly) that the majority of 

these embryonically derived cells are respecified in the adult antennallobe. Other 

studies have also concluded that many of the larval neurons must be respecified in 

the adult brain based on the rarity of larval cell death (Murray and Tiegs 1935; 
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Nordlander and Edwards 1969a; 1970; Technau and Heisenberg 1982), but again, this 

method is indirect. 

Antibodies against specific neurotransmitter candidates have proved to be 

useful in following identified larval neurons that are respecified to the adult brain 

(Kent et al. 1987; Breidbach 1990a; 1990b; Truman 1990). Both ATIR and FIR 

larval cells are present beyond the observed point of larval cell death during 

wandering stage W3 (see Chapter 3), suggesting that these cells persist and are 

incorporated into the adult antennal lobe. Larval cells cannot be traced as 

individuals after the onset of postembryonic phenotype expression. Examination of 

their terminal fates in the adult antennal lobe with respect to position or functional 

type must therefore await more direct methods of larval cell labeling. To overcome 

this problem I attempted a direct method to label larval neurons during embryonic 

neurogenesis. Although my efforts to label larval neurons by this means were 

unsuccessful, there remains a need to determine directly the extent to which larval 

neurons persist over metamorphosis to be respecified in adult brain regions. 

In Chapter 3, I identified positions of larval cells associated with the olfactory 

neuropil and its five associated neuroblast nests. Most larval cells were found to 

occupy stereotyped positions on the peripheral margins of the larval antennal center. 

One exception was an identified larval neuron that is immunoreactive to antiserum 

specific for SHT. This neuron is known to persist throughout metamorphosis and is 

found in the lateral cell group of the adult antennallobe (Kent et al. 1987). Unlike 
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most of the other larval cells that innervate the LAC and lie on the peripheral 

margins of the five neuroblast nests associated with this neuropil, in the developing 

larval brain, the 5HT cell occupies a characteristic position much closer to the 

neuropil at the level of lateral neuroblast nest B. The significance of the position of 

the 5HT cell's soma and processes so near to neuroblast nests associated with the 

LAC should be studied further with respect to the possible effects of 5HT on 

proliferation and differentiation as have been shown in other systems (Burna and 

Roubos 1986; Lauder et al. 1982; Kater and Hayden 1987; Lauder 1988; Hanley 

1989; Mattson and Hauser 1991; Meier et al. 1991; Schwartz 1992). 

The terminal fates (in terms of position) of all observed neurons (both 

embryonic and postembryonic in developmental origin) lateral to the LAC neuropil 

were in the lateral cell group of the adult antennal lobe. Taken together with 

observations on the fate of the three lateral LAC associated lineages, these 

observations suggest that, irrespective of embryonic or postembryonic origins, cell 

position lateral to the LAC neuropil predicts a terminal fate in the LC of the adult 

antennal lobe. 
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Specific Aim #5. Nest Morphogenesis: Regulation of Lineage Size vs. Differential Cell 

Death as Potential Mechanisms Underlying the Sexually Dimorphic Number of Neurons 

in the Medial Cell Group 

Possible mechanisms underlying the sexually dimorphic number of neurons 

found in the medial cell group of the adult antennallobe were examined. In insects, 

sexually dimorphic numbers of neurons appear to arise from different mechanisms. 

Geilbultowicz and Truman (1984) demonstrated that in M sexta, differential cell 

death could result in sexually dimorphic numbers of motorneurons in the terminal 

ganglion of the ventral nerve cord. A sexually dimorphic number of neuroblasts was 

reported for the terminal ventral ganglion of M sexta by Booker and Truman 

(1987a). Still another mechanism for the generation of a sexually dimorphic number 

of neurons has been reported for Drosophila (Truman and Bate 1988, Taylor and 

Truman 1992). In this insect, sex-specific neurogenesis in the terminal abdominal 

ganglia of males involves continued divisions after their female homologs have 

stopped dividing, thus resulting in sexually dimorphic lineage sizes. 

The roles of differential cell death, sexually dimorphic numbers of neuroblasts, 

or differential ,lineage-size of homologous lineages, in the production of the sexually 

dimorphic number of cells in the medial cell group of the adult antenna I lobe were 

examined. In Chapters 2 and 3, I tested these three different hypotheses, each of 

which has precedents in the literature. No significant differences in the levels of cell 

death were observed between males and females in the larval, wandering and pupal 
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stages of development examined (Fig. 3.6); thus at this level of resolution differential 

cell death was not observed. The sexually dimorphic cell number in the medial cell 

group of the adult was observed as early as pupal stage P5. This observation, 

together with preceding observations identifying nest E as having a positional fate in 

the medial cell group of the adult, led to the hypothesis that the lineage size of nest 

E might contribute to the sexually dimorphic size of the medial cell group by means 

of differential regulation of lineage size in homologous nests. To test this hypothesis, 

I counted nuclei in nest E of fifth-instar (V-O) male and female larvae. I observed 

that the lineage size of neuroblast nest E in males is significantly larger than that 

observed in females. This is consistent with the hypothesis that regulation of nest-E 

lineage size may contribute to the sexual dimorphism observed at stage P5 and in the 

adult. These results do not discount the possibility that embryonically derived cells 

might also contribute to the medial cell group and that numbers of respecified cells 

might also be sexually dimorphic. 

The sexually dimorphic size of nest E as early as stage V-O suggests that this 

characteristic is independent of an influence by ingrowing sensory afferents because 

sensory axons do not enter the developing antennal lobe until much later in 

development (about pupal stage P3) (Hildebrand 1985). In contrast, primary 

afferents have been shown in gynandromorphs to induce the male-specific 

macroglomerulus in the neuropil of the adult antennal lobe (Schneiderman and 

Hildebrand 1985). The possibility that ingrowing sensory axons can exert an effect 
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on the eventual size of the MC could be explored by examining the size of the MC 

in gynandromorphs to see if a host brain retains a normal sized MC or, alternatively, 

if ingrowing sensory afferents can influence the final size of the MC in the eclosed 

adult. 

Specific Aim #6. A Small Number of ATIR and FIR Cells Innervate the LAC with 

Increasing Numbers of Both Phenotypes Observed over the Course of Metamorphosis 

The results presented in Chapter 4 demonstrate that there is dense ATIR and 

FIR in the larval and adult brain of M. sexta. I observed that in the larval brain there 

are two FIR and six ATIR cells that occur in bilateral pairs, whose somata are lateral 

to the larval antennal center, and whose processes terminate in the LAC neuropil. 

In the adult there are ca. 106 ATIR cells and ca. 87 FIR cells in the lateral cell group 

of the antennal lobe. The larval number of immunoreactive cells is retained until 

about pupal stage P31P4, when new neurons expressing ATIR are observed. Levels 

of neuropilar staining during metamorphosis were much reduced from those observed 

in the larva or the adult. For FIR, the onset was around pupal stage P2 forward. 

Staining of neuropil was again much reduced relative to larval or adult levels from 

wandering (WO) onward. With both antibodies, neuropil staining began to reappear 

by pupal stage P7, with levels of staining in the somata approaching levels observed 

in the adult. Previous workers have also noted declines in the levels of neuro-



251 

transmitter staining associated with the onset of wandering and early pupal stages in 

the brain (White et al. 1986; Homberg and Hildebrand 1992), although this has not 

been observed in the ventral ganglia (Witten and Truman 1991a). This may indicate 

that reduced levels of immunostaining observed in the brain, and in particular the 

character of neuropil staining, is specific to the brain versus the eNS. Many events 

underlying postembryonic development are under hormonal control and have been 

shown to be triggered by distinct peaks in the levels of ecdysteroids (in the absence 

of JH) which arise shortly before pupation and during early to mid-pupal life (Levine 

1986; Levine et al. 1986; Truman 1988; Levine and Weeks 1990; Weeks and Levine 

1990). The onset of expression of increased levels of ATIR and FIR associated with 

the olfactory neuropil at stages P2 and P4 correlate with points when there are steep 

increases in the hemolymph titers of ecdysteriods, which are thought to trigger 

pupation and induce adult development (Warren and Gilbert 1986; Truman 1988). 

Future work should examine the possible role of hormone levels on the expression 

of these two neurochemical phenotypes. 

Specific Aim #6. A Subpopulation of ATIR and FIR Cells in the Adult Antennal Lobe 

are Born During Postembryonic Neurogenesis 

I developed a method for examining BrdU- and neurotransmitter candidate

immunocytochemical staining in the same section of paraffin-embedded tissue. This 
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made it possible to test the hypothesis that one potential source of increased numbers 

of ATIR and FIR cells observed in the adult antennallobe is their addition through 

postembryonic neurogenesis. To determine if these cells were born post

embryonically, I used BrdU to identify the postembryonic origins of these cells in 

conjunction with ATIR and FIR staining. These double-labeling experiments reveal 

that a number of the ATIR and FIR cells in the lateral cell group are born 

postembryonically. In previous studies, antibodies against neurotransmitters, which 

label specific neurons, have been used as tools to follow cells over the course of 

metamorphosis (Kent et al. 1987; Budnick and White 1988; Valles and White 1988; 

Breidbach 1990a; 1990b; Witten and Truman 1991b). This method is useful in 

identifying the postembryonic fate of larval, postembryonically derived neurons in the 

adult brain, when the number of cells in the larva does not change over the course 

of development. A limitation of this approach, however, has been that without the 

addition of birth dating methods (e.g. employing eH]thymidine or BrdU) such work 

can only infer whether increased numbers of cells arising over the course of 

development are postembryonically derived or persisting embryonically derived 

neurons that have acquired a new neurochemical phenotype (Budnick and White 

1988; Valles and White 1988). Witten and Truman (1991a; 1991b) developed such 

a method for wholemount preparations. I developed double-labeling methods for 

BrdU staining and transmitter immunocytochemistry on paraffin-embedded brain 

sections. The results in Chapter 4 demonstrate this method, which was used to 
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address a specific hypothesis concerning the possible postembryonic origins of 

increasing numbers of antennal-Iobe neurons observed over the course of 

metamorphosis. 

Double-labeling experiments demonstrate that a subpopulation of the ATIR 

and FIR cells observed in the lateral cell group of the adult antennal lobe are of 

postembryonic origin. Injected animals revealed cells lacking either label as well as 

cells exhibiting either neurotransmitter staining or BrdU labeling alone. This suggests 

that the pulse of BrdU delivered was insufficient to label all of the ATIR and FIR 

cells and that some of the cells born at the same time as doubly-labeled cells were 

of a different neurochemical phenotype. In their examination of postembryonic 

lineages in the ventral nerve cord of M. sexta, Witten and Truman (1991b) suggested 

a model for specification of neurochemical phenotypes. This work suggests that some 

phenotypes may be clustered within a particular lineage, whereas other phenotypes 

may be expressed in all cells of a particular lineage. Given the overall numbers of 

both ATIR and FIR cells (ca. 106 and ca. 87) relative to the total number of cells 

found in the lateral cell group of the adult antennal lobe (ca. 980, Homberg et al. 

1988), it seems likely that these cells are a subpopulation of the total lineage. Future 

experiments injecting single and multiple pulses of BrdU earlier and later in 

development might aid in determining when the expression of these two 

neurochemical phenotypes begin and end in the context of postembryonic 

neurogenesis. An alternative strategy would employ selective ablation of different 
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portions of neuroblast lineages using hydroxyurea (Truman and Booker 1986) in 

conjunction with immunocytochemistry, as described by Witten and Truman (1991a). 

Chapter 4 describes ATIR and FIR cells occupying a position lateral to the 

LAC in the larval brain. Subsequent increases in ATIR and FIR are observed in 

cells lateral to the developing olfactory neuropil. While larval ATIR and FIR cells 

appeared to persist into pupal stages when additional cells began to appear, without 

direct labeling methods specific to larval cells it cannot be confirmed that they 

persisted beyond this point, although no pycnotic profiles appear this late, suggesting 

they may persist. If so, this would extend the previous findings, which indicate that 

regardless of embryonic or postembryonic origins, cells innervating the LAC whose 

somata are situated laterally to the LAC neuropil have a terminal fate in the LC of 

the adult antennal lobe. The early appearance of FIR cells lateral to the antennal 

neuropil at stage P2, and their terminal fate in the adult antennal lobe, provide 

evidence, in addition to results from Chapter 3, supporting this notion for 

postembryonically derived neurons. Further tests of this hypothesis must await a 

direct method for labeling larval cells, or new neurochemical markers specific to cells 

lateral to the olfactory neuropil. The molecular mechanisms underlying this 

specification are not understood. Future experiments using molecular techniques 

such as monoclonal antibodies (Hishinuma et al. 1988) or differential hybridization 

(Davis and Svoboda 1989), may aid in elucidating potential molecular signals 

underlying terminal fates. 

--------------------- -
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