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ABSTRACT: 

This dissertation eX2Tn;nes whether proprioceptive feedback to the nervous 

system changes as an animal's morphology and behavior are modified 

postembryonically. The stretch receptor organ (SRO) in the abdominal segments 

of the hawkmoth, Manduca sexta, was investigated using a variety of 

neuroanatomical and electrophysiological tech..rriques. The first goal was to 

descnbe the cellular composition of the SRO. A thorough description of SRO 

anatomy is essential to understand its role in the behavior of this insect. This 

description included the characterization of the central arborization pattern of L;e 

SRO sensory neuron (SRSN) and the identification of the SRO motoneuron. The 

results revealed that the SRO shares anatomical features with other muscle-

associated proprioceptive organs while having a much simpler composition. The 

second goal was to determine whether the SRO undergoes postembryonic 

modifications during metamorphosis. These results revealed that the SRO is 

relatively stable throughout metamorphosis, suggesting that any postembryonic 

changes in proprioceptive input are not due to alterations in SRO morphology and 

enabling an investigation of the role of the SRO in behavior at any stage of the 

inseds life. Tne iast goal was to determine the synaptic input from the SRO to 

motoneurons that innervate power muscles in the abdomen, and to evaluate 

whether postembryonic development modifies the proprioceptive circuitry. The 

results of these studies revealed that the SRO provides synaptic input to 



abdominal motoneurons and that SRO synaptic input to these motoneurons is 

reorganized as tl'Iis insect undergoes dramatic changes in behavior. The SRO is 

12 

therefore an excellent model for investigations of muscle-associated proprioceptive 

organs. Several experiments are proposed at the conclusion of this dissertation. 

These would extend the present study and emphasize the value of the SRO as a 

model for understanding proprioceptive function. 
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5. CHAPTER I: Introduction 

5.1 GENERAL BACKGROUND 

It is important for an organism to be able to develop new behavior 

throughout life, so that it can adapt to its environment and accommodate its 

changing size and morphology. To achieve new behavior, the underlying neuronal 

circuitry must be modifiable postembryonically. One important component of this 

neuronal circuitry is proprioceptive input. It is well established that 

proprioception is important for numer ,Jus behaviors in a variety of organisms, 

including humans (Rothwell, et aL, 1982; Marsden, et aL, 1984; Andersson, et aL, 

1981; Stehouwer & Farel, 1980; Wolf & Pearson, 1988; Delcomyn, 1991). Given 

the importance of proprioceptive input to the production of motor patterns and 

that changes in body size and shape will alter the requirements for feedback, the 

requirements for proprioceptive feedback may be change as new behavior is 

expressed. A thorough comprehension of the postembryonic development of 

behavior thus requires understanding how proprioceptive input is modified. 

Despite its importance, the postembryonic development of proprioceptive synaptic 

connections has not received much attention previousiy. Therefore, the focus of 

this investigation was the postembryonic development of a proprioceptive circuit, 

examined during metamorphosis in the insect, Manduca sexta. 
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5.1.1 Proprioceptors 

This dissertation W!11 focus on an abdominal stretch receptor organ (SRO) 

in the hawkmoth, Manduca sexta. To interpret changes in proprioceptive circuitry 

during metamorphosis, it is important to understand the function of the SRO. 

The SRO is presumably a muscle-associated proprioceptive organ analogous to 

the stretch receptor organ in the silkmoth, Antheraea (Osborne & Fin1ayso:n, 1965; 

Weevers, 1966b). The following section focusses mainly on muscle-associated 

proprioceptors, which may be activated differently during movement from other 

proprioceptors, such that they may provide different feedback iIlformation 

(Kennedy & Davis, 1977; Hulliger, 1984; Hulliger, 1989). However, because 

proprioceptors not associated with a muscle component have also been 

demonstrated to be important in the production of motor programs (Wolf & 

Pearson, 1988; Pfluger & Burrows, 1987), they will be discussed where relevant. 

Proprioceptors- Anatomv 

Tne muscie-associated proprioceptive organs that have been investigated 

most thoroughly are the mammalian muscle spindle and the crustacean muscle 

receptor organ (MRO). Therefore, the anatomy of these proprioceptors are 

descnoed first, and then other proprioceptive organs are considered. 

Mammalian muscle spindle 
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The anatomy of the mammalian muscle spindle has been descnbed in 

detail (Barker, 1948; Boyd, 1962; Corvaja, 1969; Banks, et aL, 1977; Hasan & 

Stuart, 1984). The description that follows focusses on the most thoroughly 

descnbed muscle spindles, those in cat hindlimb muscles. These muscle spindles 

are composed of approximately 5 - 7 fusimotor fibers (Boyd, 1981; Banks, et aL: 

1982) of different type (bag}, bag:o and chain fibers), as disting"Jishable by their 

morphology, histochemistry, and ultrastructure (Banks, et ai, 1977), as well as by 

their mechanical properties (Boyd, 1976). However, all of the fusimotor fibers are 

similar in havi..1g a concentration of nuclei in their equatorial region (Banks, et aL, 

1982). Around each myonucleus is an area lacking contractile apparatus (Banks, 

et aL, 1982). Therefore, the equatorial region of each of the fusimotor fibers has 

minimal contractile apparatus (Banks, et ai, 1982). The presence of a non-

contractile region, along with the small size of the intrafusal fibers (Banks, et ai., 

1982) suggests that these fibers are not effective in force production. This is 

indeed the case, as the maximal force the muscle spindles in a hindlimb muscle 

exert on the skeleton has been estimated to be one ten-thousandth the force the 

extrafusal muscle fibers of that muscle can produce (Boyd, 1985). The 

concentration of myonuclei decreases progressing from the equatorial region of 

the spindle fibers, through the juxta-equatorial region and into the polar regions 

(Banks, et ai, 1982), leading to a tapering of non-contractile area within the 

fusimotor fiber (Banks, et ai, 1982). 
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The innervation to the muscle spindle is quite complex. The sensory 
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There is usually one primary afferent (IA) axon, a large diameter axon, that 

terminates in annulo-spiral endings on the equatorial regions of the intrafusal 

fibers (Barker, 1948). The IA axon is complemented by 1 - 5 secondary afferent 

(sp IT) axons may inl1ervate a muscle spindle (Banks, et aI, 1982; Boyd, 1985). 

The sp IT axons (as distinct from non-spindle group IT axons) terminate in annulo-

spiral endings around the chain fibers and in spray endings on the bag fibers 

(Barker, 1948; Boyd, 1962). The sp II axons occupy a position along the intrafusal 

fibers adjacent to the IA axons (i.e., near the juxta-equatorial regions; Banks, et 

aL, 1982). Therefore, the locations of both the IA and sp IT terminals are on a 

relatively non-contractile region of the fusimotor fiber. The terminals of both 

afferent axons tend to lie in shallow grooves on the intrafusal fibers and send 

occasional projections into the intrafusal fibers, some of which run deep enough to 

reach myonuclear membrane (Corvaja, et aL, 1969). These terminals are 

unsheathed, as the afferent axon loses its myelin once it reaches the fusimotor 

fiber (Banks, et aL, 1982). 

Activation of the muscle spindle by a stretch leads to distinct responses of 

the IA and sp II axons. The IA axons respond phasica1ly (Hulliger, 1984; Hasan 

& Stuart, 1984; Hunt, 1990), showing an initial burst of activity to stretch. The IA 

axons do not encode position accurately, but they are extremely sensitive to 
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minute changes in spindle length. The sp II axons behave mainly as position 

detectors, increasing fi..ri..ng rate with an increase in stretch. The precise site for 

transduction of stretch in these afferent terminals has not been determined. 

The fusimotor (efferent) innervation of a muscle spindle comes from 

approximately 3 - 5 fusimotor axons (Banks, 1981; Boyd, 1985). The fusimotor 

fibers typically receive more than one endplate per fusimotor axon, and may also 

be polyneuronally innervated (Boyd, 1981; Banks, 1981). The fusimotor axons can 

be of either y (innervating only intrafusal muscle fibers) or f3 (innervating both 

intrafusal and extrafusal muscle fibers) type. These fusimotor neurons are further 

subdivided into dynamic and static y or f3 motoneurons. The dynamic fusimotor 

neurons innervate bagl fibers, preferentially, and the static fusimotor neurons 

typically innervate the bag2 fibers (Boyd, 1981); either the dynamic or the static 

fusimotor neurons may innervate the chain fibers. The fusimotor terminals are 

found outside of the area of the equatorial region containing the afferent 

terminals (Corvaja, 1969; Banks, 1981), thus preventing direct innervation of the 

afferent terminals. Activation of the fusimotor neurons ieads to stretch of the 

equatorial region of the fusimotor fibers, increasing the spacing between the 

spirals of the afferent axons and the discharge of the afferent axons (Boyd, 1985). 

Crustacean muscle receptor organ 

Since 1951, when AIexandrowicz first descnbed MROs in the crustacean 
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abdomen, the anatomy and physiology of these organs have received much 

attention. There are two :MROs on each side of every abdomina! segment. The 

muscle of one MRO is a "fast" muscle, while that of the other is "slow" (Kuffler, 

1954). They lie dorsolaterally in the body wall, such that abdominal flexion leads 

to their stretch (Kuffler, 1954). The MROs are independent from the other, 

force-producing muscles (Alexandrowicz, 1951). Each muscle is composed of 

numerous muscle fibers. Some span the length of the abdominal segment, but 

others insert centrally on the connective tissue (an intercalated tendon) within 

each of the MROs. This connective tissue region has been termed the zone of 

relative muscle exclusion (ZRME) because fewer muscle fibers run through this 

central region than run through the end regions (Euteneuer & Winter, 1979). 

There is no decrement in contractile apparatus within any of the muscle fibers as 

is found in mammalian intrafusal muscles fibers, but the ZRME does produce a 

decrement along the length of the entire MRO. 

A sensory neuron innervates each MRO at its ZRME. The soma of this 

neuron lies on the lViRO and sends its dendrites toward the MRO at the ZRME. 

The sensory neuron of the fast MRO responds phasically to stretch, while the 

sensory neuron of the siow Ivu<.O responds tonically (Eyzaguirre & Kuffler, 1955). 

The phasic sensory neuron dendrites terminate as unsheathed (or naked) dendritic 

branches in the connective tissue of the ZRME, and make no contact with the 

muscle fibers (Euteneuer & Winter, 1979). In contrast, the tonic sensory neuron 



19 

dendrites terminate as naked dendritic branches on the muscle fibers that run 
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proposed that the association of the dendritic terminals of the tonic sensory 

neuron with muscle fibers produces its increased sensitivity to changes in length. 

Electron microscopy of the slow MRO in both the relaxed and stretched condition 

reveal that these fine dendritic projectio:ns are deformed by stretching (Tao-

Cheng, et ai, 1981). This result, taken together with the finding of stretch-

sensitive channels on the soma and dendrites of the sensory neurons (Erxleben, 

1989) suggests that transduction may occur in these fine, naked dendrites. 

Overall, the sensory innervation of the MRO is simpler than that in the 

mammalian muscle spindle, and the somata and finer dendrites of the MRO 

sensory neurons are readily accessible for investigation (Eyzaguirre & Kuffler, 

1955), an advantage not offered by the mammalian muscle spindle. 

In contrast to the sensory innervation, the motoneuronal innervation of the 

MRO is quite complex. Five or more motoneurons innervate each pair of MROs. 

Tne excitatory motoneurons also innervate abdominal extensor muscles 

(Alexandrowicz, 1967), and thus resemble f3 motoneurons of vertebrates. There 

are three inhibitory motoneurons to the MROs, and all three innervate the 

sensory neuron in the ZRME (Kuffler & Eyzaguirre, 1955; Hirosawa, et aL, 1981). 

Only two of the inhibitory motoneurons innervate the muscle component of the 

MROs (Hirosawa, et ai, 1981). Another level of complexity in the motor 
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innervation of the :MRO is that axo-axonic synapses have been found between 

efferent axons (Hirosawa, et aL, 1981). 

Numerous hypotheses about the contrIbution of these motoneurons to 

:MRO function have been offered. Eckert (1961) proposed that the activation of 

the excitatory:MRO motoneurons during abdominal extension "takes up the slack" 

that would otherwise occur in these organs. Kuffler showed (1954) that du..ri.ng 

activation of the excitatory motoneuron to a :MRO, the tension on the :MRO 

increased concomitantly with an increase in sensory neuron firing rate. Kuffler's 

interpretation of this finding was that "afferent impulses are set up by the 

mechanical changes which take place in the muscle elements arranged in series 

with the stretch receptor terminals." This information, along with the 

ultrastructural data on sensory neuron terminals from Tao-Cheng and colleagues 

(1981), suggests that excitatory motor activation of the :MRO, just like in the 

mammalian muscle spindle, leads to a stretch of the ZRME because the ZRME is 

in series with contracting muscle. For the inhibitory:MRO motoneurons, Eckert 

(1961) proposed that their activity during flexion acts to prevent the sensory 

neurons from being activated until more extreme flexion is reached. In addition, 

one of the inhibitory motoneurons is the common inhibitor, which also inlnbits the 

extensor muscles (Alexandrowicz, 1967). Therefore, inhibition of the MRO during 

flexion coexists with inhibition of the extensor muscles so that they will not resist 

flexion. 
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Antheraea pernyi stretch receptor organ 

,.Another muscle-associated proprioceptor organ that has been descnoed is 

the stretch receptor organ in the silkmoth, Antheraea pernyi (Finlayson & 

Lowenstein, 1958; Osborne & Finlayson, 1965; Osborne, 1970). This lepidopteran 

is closely related to Manduca, and its stretch receptor organ is presumably 

homologous to the SRO in l',{anduca. The muscle in !pis stretch receptor organ 

seems to be composed of an individual muscle fiber with a large, centrally-located 

nucleus that is probably surrounded by an area lacking contractile machinery 

(Osborne & Finlayson, 1965). Only one sensory neuron has been descnbed to 

innervate this receptor organ (Finlayson & Lowenstein, 1958). It has its soma on 

the receptor organ and sends its dendrites toward the muscle fiber. Between the 

dendrites and the muscle fiber lie "fibre bundles" (Osborne & Finlayson, 1965), 

which they characterize as connective tissue fibrils that run longitudinally along the 

stretch receptor organ. Smaller, naked branches of the sensory neuron enter 

these bundles, and their dendritic projections within the bundles is not known 

(Osborne & Finiayson, 1965). It is also not clear how stretch of the receptor 

organ would affect the dendrites in the bundles, although it is known that stretch 

of the receptor organ excites the sensory neuron. Weevers (1966a) subjected this 

receptor organ to various types and speeds of stretch and showed that its sensory 

neuron faithfully monitors the stretch profile with positional, velocity, and 

acceleration components. In this respect, this sensory neuron is similar to the IA 
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afferent fibers of the mammalian muscle spindles. 

Motor endings on the Antheraea stretch receptor organ have been found at 

the light-microscopy level (Finlayson & Lowenstein, 1958), and ultrastructural 

studies have suggested that these endings synapse on the muscle fiber (Osborne & 

Finlayson, 1965). It is not known how many motor axons innervate the stretch 

receptor organ, nor whether any motor axons may synapse directly on the sensory 

neuron. It is apparent, however, that the stretch receptor organ in Antheraea is 

much simpler than either the crustacean MRO or the mammalian muscle spindle 

in that it seems to have only one sensory neuron and one muscle fiber. Such 

simplicity is advantageous, because it would allow a more direct assessment of 

proprioceptive function. 

The Antheraea stretch receptor organ does share some features with the 

mammalian muscle spindle and the crustacean MRO. All three have a central 

region where there is a decrement in contractile apparatus, and the sensory 

neurons of all three innervate the organ at this central region. Although it seems 

that the stretch receptor organ in Antheraea wouid be an excellent modei for 

muscle-associated proprioceptors in general, little is known about the motor 

circuitry undedying this organism's behavior. Therefore, a study of a similar or 

homologous proprioceptive organ in an insect where a great deal is known about 

its motor circuitry would offer a tremendous advantage as a model system. 
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Other stretch-sensitive proprioceptive organs 

Other Tl1uscIe-associated proprioceptive organs have been desCTIoed in 

invertebrates. The coxo-trochanteral muscle receptor organ (coxo-trochanteral 

MRO) of locusts (Braunig, et aL, 1986) is a single MRO with one sensory neuron. 

This MRO spans the leg joint from the coxa to the trochanter in each thoracic leg 

and is activated by joint depression as well as by stimulation of the receptor 

muscle (Braunig & Hustert, 1983, 1985). As was found in the crustacean MRO, 

this coxo-trochanteral MRO has a connective tissue zone (intercalated tendon) 

located at the distal end of the organ where the three muscle fibers taper off 

(Braunig, et aL, 1986). Although positioned at an end of the organ, this 

connective tissue zone remains in series with the receptor muscle. The sensory 

neuron projects into the connective tissue zone, and its smaIl est, naked dendrites 

lie within the connective tissue matrix (Braunig, et aL, 1986). The connective 

tissue zone is relatively short and the dendrites within it have a knob-like 

appearance, characteristics that differ from those of mammalian muscle spindles 

and the crustacean MRO (Braunig, et aL, 1986). An unusual feature of the 

sensory neuron of the coxo-trochanteral MRO is that striking aggregations of 

microtubules are found within the dendrites, extending beyond where the 

dendrites lose their glial ensheathment. One possible role proposed for these 

aggregations (Braunig, et aL, 1986) is that they act "as a cytoskeletal support 

against which the stimulus-transmitting structures work." The coxo-trochanteral 
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MRO is innervated by a motoneuron that receives synaptic input from other 

proprioceptive neurons that are not associated with muscle in the leg (BraUI'ig & 

Hustert, 1983). In this manner, the MRO can be regulated via feedback signalling 

leg position; this is the sole demonstration of this type of feedback regulation of 

proprioceptive efferent neurons. 

Information about proprioception has also come from proprioceptors that 

are not associated with muscle. The wing-hinge stretch receptor (Gettrup, 1962) 

and the chordotonal organ in the leg (Usherwood, et ai, 1968; ZiIl, 1985a) of the 

locust have been thoroughly st'..ldied. In these organs, the sensory neurons (1 in 

the wing-hinge stretch receptor and approximately 50 in the chordotonal organ) 

are associated with a connective tissue strand that spans a joint. The wing-hinge 

stretch receptor, with a single sensory neuron attached to a connective tissue 

strand, is activated by wing elevation. Its firing rate reflects the phasic aspects of 

wing movement, with tonic position also encoded (Gettrup, 1962), at least grossly. 

The wing-hinge stretch receptor sensory neuron is multipolar. It is attached to the 

connective tissue strand at its centrai region, and it sends its dendrites into the 

connective tissue. 

Tne chordotonai organ is more complicated, with a connective tissue strand 

that inserts at three sites across the femoro-tibial joint in the hindleg. Each 

sensory neuron of the chordotonal organ projects only one long, thin dendrite into 

the connective tissue matrix. This arrangement is quite different from the 
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dendritic arrangement of the wing-hinge stretch receptor, the crustacean MRO, 

and the muscle spindle. The orientation of the demiTite witbil'! tPis Y-shaped 

connective tissue strand enables some of the organ's sensory neurons to respond 

to flexion of the joint, and others to extension (ZiII, 1985a). Both tonic and phasic 

sensory neurons are invested in the chordotonal organ, although no anatomical 

difference between these sensory neurons has been descnbed (ZiII, 1985a). 

There are some major differences between the proprioceptive organs that 

are not muscle-associated and those that are muscle-associated. One difference is 

that the sensitivity of the sensory neurons in the organs that are not musc1e

associated cannot be regulated by efferent activity. Another difference is that they 

do not lie in series with any muscles in their joint. The simplicity of the wing

hinge stretch receptor as provided, in part, by the lack of a receptor muscle, 

makes it extremely useful for examining proprioceptive input to central motor 

circuitry. However, it is also important to understand the role of the efferent 

control of proprioceptors for production of motor patterns, and this area of study 

cannot be advanced by analysis of with proprioceptors that lack an association 

with muscle. 

Summary of proprioceptor anatomy 

The SRO in Maruiuca, if similar to the stretch receptor organ in Antheraea, 

should provide an excellent model system for the study of muscle-associated 
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proprioceptors because neuronal circuits in Manduca are well understood. The 

SRO has not been descnbed anatomically in Manduca, although Bate (1973) and 

Levine and Truman (1982) have carried out investigations that included the SRO. 

Details of the anatomy of the SRO that were not determined in prev:ious studies 

of the Antheraea stretch receptor organ, such as terminal dendritic projections, 

extent of non-contractile region, overlap of dendrites with contractile areas of the 

muscle fiber, and motoneuronal innervation are necessary to develop an 

hypothesis about the method of sensory transduction in this and homologous 

proprioceptive organs. 

Proprioceptors- Central Influence 

The synaptic input from proprioceptive neurons to the central nervous 

system (eNS) must be understood to evaluate the role of the proprioceptors. 

Mammalian muscle spindle 

Tne synaptic input to the CNS from mammalian muscle spindles in the cat 

hindlimb has been investigated extensively (Creed, et aI, 1932; Eccles, et aI, 1957; 

Baidissera, et ai, 1981; Jankowska, 1992). The synaptic input from the IA axons 

to a motoneurons is becoming relatively well established, but the synaptic input 

from the sp II axons is far less certain. The IA axons prov:ide monosynaptic 

excitatory input to a motoneurons innervating the homonymous (same) muscle. 
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They also provide monosynaptic excitatory input to a motoneurons innervating 

heteronymous, synergist muscles, as well as strictly polysynaptic excitatory and 

inlnbitory input to these same motoneurons supplying both homonymous and 

heteronymous muscles. The definition of "synergist" muscles used here is taken 

from Burke (1985), who stated that synergist muscles "have the same, or nearly 

the same: mechanical action on the skeleton." Therefore, a synergist muscle to a 

muscle spindle would. then be a synergist to the extrafusal muscle in which the 

spindle is embedded. Antagonist muscles to a muscle spindle would have an 

opposing mechanical action on the skeleton to the extrafusal muscle in which the 

spindle is embedded. IA axons provide polysynaptic excitatory and inlnbitory 

input to a motoneurons innervating antagonist muscles, albeit by a variety of 

circuits (Jankowska, 1992). The sp IT afferent axons have also been shown to 

excite synergists both monosynaptically and polysynaptically, and to inlubit 

antagonists polysynaptically (Stauffer, et aL, 1976). It is important to remember 

that this description of the synaptic connectivity from spindle afferents to 

motoneurons is simplified to reveal the overall effects of this connection, and that 

there are numerous synaptic pathways within the complex neuronal circuitry of the 

spinal cord that subserve these connectivity patterns. 

When the pattern of synaptic input from the IA axons to the a 

motoneurons was first established, its importance was considered in light of the 

known effect of y motoneurons on muscle spindles (Eccles, et at., 1957; Granit, et 
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al., 1955). The servo hypothesis of Merton (1953) proposed that for execution of 

a slow, voluntary movement, y motoneurcns were recruited, activar.ng spindle 

afferent neurons. These afferent neurons would then activate a pool of synergistic 

a motoneurons (and inhIbit the pool of antagonistic a motoneurons), to produce 

the desired movement. This hypothesis has been abandoned, because recordings 

of spindle afferent neurons during voIunta.ry movements have shown that they are 

always activated after the onset of extrafusal muscle activity (Rothwell, 1987). 

Other hypotheses have since been proposed to explain how the synaptic 

connectivity of the muscle spindle afferent neurons are involved in movement, 8.J.,d 

have experimental support under certain circumstances. One hypothesis (which 

does not depend on y motoneurons) is to enable resistance to passive (imposed) 

movements, the resistance reflex. External perturbations activate spindle afferent 

neurons that lead to the recruitment of synergist a motoneurons and produce a 

movement in the direction of resistance to the perturbation (Kennedy & Davis, 

1977). This has also been called the length servo, because it functions to maintain 

a constant iength of the muscie spindle. Another hypothesis for spindle afferent 

neuron involvement in movements is a-y coactivation (Loeb, 1984; Rothwell, 1987; 

Prochazka, 1989). This proposes that a and y motoneurons are activated at the 

same time in a voluntary movement, such that the spindles are regulated to 

prevent unloading and retain sensitivity to movement errors. Yet another 

hypothesis is that, during rhythmic movements, muscle spindle activity is important 
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to initiate phase transitions. For example, during locomotion in the cat, 

proprioceptive input switches the motor program from stance to swi.ng (GpJ!ner & 

Rossignol, 1978). It may be that spindle afferent axons in hip extensor muscles 

are involved in this transition. 

Crustacean muscle-associated proprioceptive organs 

The crustacean MROs also provide synaptic input to the CNS that serves 

to excite synergist muscles and inhIbit antagonist muscles. The definition of 

synergists and antagol1ists given for muscle spindles must be slightly modified for 

the crustacean MRO system, because the MROs are not embedded within 

"extrafusal" muscles. A synergist muscle in this system would have the same, or 

nearly the same, mechanical action on the skeleton as the MRO muscle fiber were 

it to produce significant force. Therefore, a synergist muscle would, when 

activated, produce shortening of the MROs. The MROs, stretched by abdominal 

flexion, excite abdominal extensor motoneurons (Fields, 1966; Wine, 1977). They 

also excite the inhIbitory motoneurons of the flexor muscles, thereby inhibiting 

flexion (Wine, 1977). In addition, they excite the inlnbitory motoneurons that 

innervate the MROs, an action which wouid aiso decrease the firing rate of the 

MRO sensory neurons. By analogy to the mammalian muscle spindles, the MROs 

could provide resistance reflexes to perturbation in the direction of flexion. Some 

coactivation of the excitatory MRO motoneurons and the abdominal extensor 
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motoneurons is also expected because the excitatory MRO motoneurons are of 

the /3-type, but it may be that there is concomitant activation of the receptor 

motoneurons with the pool of extensor motoneurons. Eckert (1961) provided 

evidence for coactivation in his investigation of crayfish swimming, which consists 

of rhythmic abdominal movements. In semi-isolated preparations expressing 

fictive swimming motor patterns, he showed that when the MROs are held at a 

constant length, their sensory neurons increase their firing rates during fictive 

extension. This indicates that during normal extension, when MRO length would 

be subject to change, the motoneuron to the MRO is active, possibly to !alee up 

any slack in the MROs. Such regulation of MRO tension also may occur during 

normal swimming, as revealed when recordings of MRO afferent activity in intact 

crayfish during swimming did not show a burst of activity during extension. Wine 

(1984) descnbed the role of the MROs in the tail-flip escape response of crayfish 

as triggering the extension of the abdomen after the initial flexion of the escape 

response; during flexion, the MROs are stretched and excite extensor 

motoneurons to initiate extension. Tills is not quite the same phenomenon as a 

length servo, where small movements are corrected, because the extension is only 

triggered at the end of a compieted flexion movement. In this case, the resuits 

suggest that the crustacean MROs may be useful for triggering the phase 

transition from flexion to extension. 

Another muscle-associated stretch-responsive proprioceptive organ that has 
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been investigated for its synaptic effects on the central nervous system is the 

thoraco-coxal muscle receptor organ (TCMRO) in the crustacean leg. This organ 

is innervated by two non-spiking afferent axons with centrally located somata. 

These afferent axons are excited by remotion of the leg (movement of the leg 

posteriorly, as opposed to promotion, movement of the leg anteriorly), as occurs 

rhythmically in forward walking. In a quiescent preparation, stretch of the 

TCMRO evokes a resistance reflex (Sillar & Skorupski, 1986), where the afferent 

axons excite promotor motoneurons. However, in active preparations, there is a 

reversal of this reflex, such that it becomes an assistance, positive feedback, reflex. 

In this condition, remotor motoneuron activity is excited during stretch of the 

TCMRO, while promotor motoneuron activity occurs either during release of the 

TCMRO or is suppressed entirely (SiIIar & Skorupski, 1986). The reflex reversal 

appears to be controlled centrally, through presynaptic inhibition of the afferent 

axons (Skorupski & Sillar, 1986; Cattaert, et aL, 1992). Similar presynaptic 

inlnbition has also been descnbed in other systems and onto other types of 

afferent input (Ecdes, et ai, 1962; Jimenez, et ai, 1988; Kirk, 1985). 

Other proprioceptive organs 

The locust wing-hinge stretch receptor has been shown to have an 

important role in the production of the flight motor pattern (Wolf & Pearson, 

1988). The stretch receptor sensory neuron provides monosynaptic excitatory 
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input to wing depressor motoneurons, and polysynaptic inhIbitory input to wing 

elevators (Burrows, 1975). These cO!l..nectlons were described by Bu..rrows (1975) 

as comprising "a monosynaptic negative feed-back loop; elevation of the wing 

excites the stretch receptor which then inhIbits the elevator motoneurones and 

excites the depressors." It has been shown (Wilson & Gettrup, 1963; Mohl, 1985) 

that the stretch receptor sensory neuron fires during wing elevation in flight. 

Pearson and colleagues (1983) showed that its activity entrains the flight rhythm. 

Wolf and Pearson (1988) have shown that the motor pattern produced by 

deafferented ganglia is substantially clifferent from the actual flight motor pattern; 

the wing-hinge stretch receptor input (and the input from another proprioceptor 

that is not associated with muscle, the tegula) is necessary to produce the true 

flight motor pattern. 

The effect of stimulating the stretch receptor organ in Antheraea on muscle 

activity has been examined (Weevers, 1966c), but the synaptic input to the central 

neIVOUS system from this proprioceptor has not been investigated. Weevers 

recorded from various abdominal muscies while stimuiating a stretch receptor 

organ. Most of the effects that he found were excitatory. The stretch receptor 

organ excited muscles it its own segment and in the adjacent segments as well. 

The most strongly excited muscles were dorsal muscles, including at least one 

dorsal intersegmental muscle (ISM). The inlnbited muscles tended to be located 

more ventrally. However, there were muscles lying among those receiving strong 
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receptor organ almost randomly excites synergists. This does not fit with the 

information from other systems descnbed above, where proprioceptors affect 

entire synergist populations. 

Stretch receptor organ in Manduca 

The only investigations of the SRO in Manduca were carried out by Bate 

(1973) and Levine and Truman (1982). Bate (1973) examined the involvement of 

the SRO in the gin trap reflex, a rapid lateral bending movement of the pupal 

abdomen in response to deflection of cuticular hairs on the body wall (Levine, 

1984). Bate showed (1973) that the SRO has an inlnbitory effect on an 

interneuron involved in the contralateral gin trap reflex, possibly leading to the 

relaxation that follows the lateral bending movement. Levine and Truman showed 

that the SRO excites the ipsilateral MN-1, which innervates a synergist muscle 

(dorsal external muscle) iying near to the SRO. The SRO has an inhibitory effect 

on the contralateral MN-1 in the larva. Based on the position of the contralateral 

dorsal external muscle alone, its activation may lead to stretch of the MRO, and 

thus it may be an antagonist; however, there are no physiological data to support 

or reject this possibility. During metamorphosis, the synaptic input from the SRO 

to the contralateral MN-1 changes, such that it excites the MN-l in the adult. It 
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may be that the adult target of MN-1 (dorsal external muscle 4, DE4), which lies 

in a similar position in the body wall to the dorsal external muscle that MN-l 

innervates in the larva, is a synergist in the adult. This change may be possible, 

because the articulation of the abdominal segments changes during 

metamorphosis. In the larva, the abdomen is free to bend in any direction, but in 

the adult, the abdomen (except for the first abdominal segment; ATbas, personal 

communication) is restricted to movements in the dorso-ventral plane (Levine & 

Truman, 1982). Because DE4 lies dorsally in the body wall, and the SRO lies 

dorsolaterally in the body wall, activation of the contralateral DE4 should produce 

a dorsally directed movement of the abdomen, which would shorten the SRO. 

The interpretations of these data, however, are based solely on the anatomy of the 

abdomen, and not on any physiological experiments. 

Summary of proprioceptive central influence 

The sensory neurons of muscle-associated proprioceptors are associated 

with the relatively non-contractile regions of their receptor muscles. Because this 

non-contractile region is in series with the receptor muscles, activation of the 

receptor muscies via excitatory efferent activity stretches the non-contractile area 

and excites the sensory neuron. The dendrites of the sensory neurons are 

embedded within either muscle or connective tissue within the non-contractile 

regions of the receptor muscle or are embedded within a connective tissue strand. 
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The sensory neurons respond to stretch with both tonic and phasic activity 

changes. They provide excitatory synaptic input (iI1C!uding some excitatory 

monosynaptic input) to the motoneurons of synergist muscles and inhIoitory 

polysynaptic input to the motoneurons of antagonist muscles. This synaptic input 

contnbutes to coordination of movements in a variety of manners. 

5.1.2 Postembryonic Development of Neuronal Connections 

Postembryonic development of neuronal circuitry has now been examined 

in many systems. One of the most influential studies in this field was by Rubel 

and Wiesel and colleagues on the development of the visual system of kittens and 

monkeys (Wiesel & Rubel, 1965; Rubel, et aL, 1977). They were able to 

demonstrate that visual experience can have a dramatic effect on the organization 

of ocular dominance columns in the visual cortex. The ability of the nelVOUS 

system to change in response to experience suggested that such postembryonic 

influences may enable an animal to interact effectively with its changing 

environment. 

It may be that the cellular mechanisms underlying postembryonic 

deveiopmem ruso underlie the postembryonic pjasticity required for repair or 

regeneration after injury or disease, and for learning and memory. For example, 

after peripheral nelVe injury, a cascade of cellular events ensues, that result in 

regeneration of the damaged nelVe (Fawcett & Keynes, 1990). One process that 
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must occur for proper repair is the development and navigation of axonal growth 

cones toward their appropriate targets. During postembryorJc development, 

differentiated neurons may, in essence, "de-differentiate," to develop new 

processes and make new, specific synaptic contacts (Sumner & Watson, 1971; 

Breedlove & Arnold, 1981; AoId & Siekevitz, 1988). Learning can induce changes 

in membrane properties of neurons (Hawkins & Kandel, 1984), and t.llls has also 

been found to occur during postembryonic development (Cameron, et aL, 1991). 

PostembLYonic Development in Humans 

Humans undergo many postembryonic changes in behavior. Infants 

develop the ability to crawl, and then walk. Through puberty, humans gain 

reproductive behaviors. The development of behaviors early in life has been 

linked, in part, to the development of appropriate coordination of muscle 

activation (Forssberg, 1985; Clark, et aL, 1988; Thelen, 1989). For example, in the 

infant locomotor pattern, the hip, knee and ankle joints tend to flex and extend 

together in the stride cycle (Forssberg, et aL, 1992); in the mature locomotor 

pattern, there is an ankle-knee coordination during the stride cycle. However, the 

underlying changes in neuronal connectivity that enable this change in 

coordination cannot be addressed in humans. The development of reproductive 

behaviors during puberty in humans is triggered by changing levels of hormones 

(Breedlove, 1992), but it is difficult to determine the cellular effects of hormonal 
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exposure that induce these changes in behavior without looking to other systems. 

For example, the development of Onufs nucleus 1.'1 human males appears sirni1ar 

to the development of the homologous nucleus in the rat (the spinal nucleus of 

the bulbocavernosus, or SNB; Breedlove, 1992; see below). The prevalence of 

postembryonic changes in human motor patterns is indicative of the importance of 

postembryonic development in humans. Because the cellular basis for the changes 

in connectivity of central neurons is not readily investigated in humans, it is 

important to examine these changes in other systems. 

Postembryonic Development of SexuaIIy Dimorphic Behaviors 

Investigations into the postembryonic development of sexually dimorphic 

behaviors (Nottebohm, 1981; Kelley & Tobias, 1989; Konishi, 1989; Breedlove, 

1992) have uncovered many correlated changes in the nervous system at the 

cellular level. These changes include: the seasonal generation of new neurons in 

the canary brain (Alvarez-Buylla, et aL, 1990); greater soma diameter and spacing 

between somata (Bottjer, et ai, 1986a; Bottjer & Dignan, 1988); decreased cell 

death (Sengelaub, et ai, 1989; Bottjer & Sengelaub, 1989; Kelley & Tobias, 1989); 

and an increased number of projections between the high vocal center and robust 

nucleus of the archistriatum (RA) in the canary brain (Kim, et aL, 1991). The 

behavioral relevance of many of these differences has been tested by manipulating 

hormonal exposure (Bottjer, et aL, 1986b; DeVoogd, 1986; Sengelaub, et ai, 1989) 
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or by lesioning specific regions of the nervous system (Bottjer, et aL, 1984; 

Hermann & Arnold, 1991). For example, Nottebohm (1981) has shown that the 

overall size of the RA in male canaries is correlated with the number of syllables 

used in the bird's song repertoire. Nottebohm also showed (1981) a correlation 

between the level of circulating testosterone and the size of the RA. This 

experiment established a link between hormonal levels and a behavioral effect. 

Since the initial description of this phenomenon, many additional cellular 

consequences of hormone action have been descnbed in the RA (Alvarez-Buylla, 

et aL, 1990; Kim, et aL, 1991). It is difficult, however, to determine how the 

observed anatomical changes function to shape a new behavior. 

Postembzyonic Development in the Chick 

Investigations into the development of walking in the chick have provided 

information about the importance of proprioception in the development of 

behavior. Bekoff and colleagues have evidence that suggests that the motor 

program underlying the walking motor pattern is a modification of the one 

underlying the hatching motor pattern (Bekoff, et aL, 1987). The common feature 

of normai hatching and waiking motor patterns is that muscie co activation tends to 

be common across the two movements; however, the temporal organization, 

interlimb and intralimb coordination (muscle activity burst durations, and cycle 

periods) differ between the two motor patterns. One observation that suggests 
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that hatching and walking are based in a common motor program stems from 

recordings of hatching or walking motor patterns of deafferented or !ow-sp;na! 

chicks (Bekoff, et aL, 1987; Bekoff, et aL, 1989). In these recordings, the intralimb 

coordination of the two patterns converged. Additionally, the hatching motor 

program is not lost immediately after hatching, but is preserved such that chicks as 

old as 61 days posthatching will still display the hatching motor pattern when 

placed into an artificial glass egg (Kauer & Bekoff, 1984). If the hatching motor 

program were not needed post-hatching, one might expect that it would be lost 

immediately after hatching. It may be that recycli..l1g of a motor program similarly 

accompanies the change in motor coordination postnatally in humans. 

Bekoff and colleagues investigated the development of the walking motor 

pattern further to determine how the motor program is modified. They found 

that the transition from hatching to walking is mediated by a change in the 

proprioceptive input from the neck (Bekoff & Kauer, 1984; Bekoff, et aL, 1987, 

1989). This was determined, in part, through observations that when a chick has 

its head tucked under a wing, similar to how the head is positioned when the chick 

is in the egg, it will display the hatching behavior. Wnen the position of the head 

is changed, such that the neck is not bent so severeiy, the waiking behavior is 

displayed. Although there is evidence that the development of the walking motor 

pattern is based in a modification of a pre-existing motor program, it is difficult to 

determine this conclusively in this system. For example, a convincing experiment 
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would be to record from neurons involved in the hatching motor program, and to 

change the proprioceptive input during this recording to generate the walking 

motor program. If these neurons become involved in the walking motor pattern, 

one could conclude that these motor patterns may indeed be based in the same 

motor program. Such experiments have not been done. Assuming that the 

development of the walking motor pattern does result from the alteration of the 

hatching motor pattern, the manner by which this proprioceptive input from the 

neck impinges upon the motor pattern for hatching/walking would be difficult to 

determine. It is not known which neurons receive this proprioceptive input or the 

role of those neurons in each of the motor patterns. 

Postembrvonic Development in the Locust 

Similar postembryonic mechanisms may be involved in the development of 

flight in the cricket. Bentley and Hoy (1970) investigated the development of the 

flight motor pattern in the larva, and found that by the final larval instar, a "flight 

pattern" could be elicited by lifting the cricket off the substrate and appiying a 

wind to its head. However, the larval flight pattern has a much lower frequency 

(i.e., rate of wing strokes) than the adult intact pattern. Bentiey and Hoy (1970) 

note that the lower flight frequency is similar to the adult deafferent flight pattern 

frequency. More recent experiments in the locust (Wolf & Pearson, 1988) have 

shown that phasic input from wing proprioceptors is required to produce an actual 
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flight motor pattern. Therefore, until the wing proprioceptors are able to provide 

phasic synaptic input to the centra! nervous system correspondi.l1g to the flight 

pattern (only in the adult where the wings are developed); the cricket or locust 

cannot produce the actual flight motor pattern. 

Neuromodulatory Transmitter Influence on Chanees in Behavior 

Motor patterns can also be modified on a rapid time scale, as has been 

descnbed clearly in the crustacean stomatogastric ganglion (STG). For example, 

the movements associated with tIle gastric mill rhythm (produced by neurons h'1 

the STG) activate a set of muscle-associated, serotonergic/cholinergic 

proprioceptive neurons that are known as the gastropyloric receptor cells (GPRs; 

Katz, et aL, 1989). Activity of the GPRs enhances the pyloric rhythm, by 

enhancing bursting in the pyloric dilator/anterior burster (PD/AB) cells (Katz & 

Harris-Warrick, 1989). The modulation of the pyloric rhythm by proprioceptive 

input can be mimicked by bath application of serotonin (Katz & Harris-Warrick, 

1989). Other neuromodulatory transmitters have also been shown to affect the 

AB cell in the STG (Marder & Eisen, 1984) and in vitro (Harris-Warrick & 

Fiamm, 1987), each in a different manner. Tne remarkabie piasticity availabie to 

the population of STG neurons has implications for the manner by which motor 

patterns may change during postembryonic development. For example, a change 

in transmitter phenotype of a neuron involved in motor pattern generation during 
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postembryonic development could alter the entire motor pattern produced. The 

incorporation of neuromodulatory neurons into neuronal circuits during 

postembryonic development could also lead to altered motor pattern production. 

In vertebrates, an increase in the number of serotonergic fibers associated with 

quadriceps femoris motoneurons occurs postembryonically (Tanaka, et aL, 1992). 

Such a change could influence motor patterns because serotonin has been shown 

to unmask plateau potentials in spinal cord motoneurons (Houndsgaard & Kiehn, 

1989). Additionally, in tadpoles, Sillar and colleagues (1992) have attnbuted a 

postembryonic change in the motoneuronal activity underlying swimming to the 

development of serotonergic input. Although the serotonergic fibers have not 

been identified, bath application of serotonin mimics the normal postembryonic 

change in the swimming pattern (Sillar, et al., 1992). 

Postembryonic Development in Manduca sexta 

Some of the changes during postembryonic development described above in 

other systems have aiso been shown to occur during postembryonic development 

in Manduca. For example, changes in the coordination of movement (as 

descnbed above in humans and chicks) occurs from the moiting (ecdysis) motor 

pattern in the larva and pupa to the emergence (ec1osion) motor pattern of the 

adult (Mesce & Truman, 1988). The change occurs due to the influence of an 

unidentified descending input. 
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As in the postembryonic development of sexually dimorphic behaviors, 

hormones trigger the striking changes in behavior of metamorphosis 

(Schneiderman & Gilbert, 1964; Truman & Dominick, 1977; Riddiford, 1985). 

The effects of the hormones on individual neurons and on neuronal connectivity 

have been examined and include: expansion of axonal arborizations (Levine, et 

ai, 1986); expansion of dendritic arborizations (Levine, et ai, 1991; Kent & 

Levine, 1993); retraction of dendritic arborizations (Weeks, et ai, 1992); cell death 

(Levine, et ai, 1991; Weeks, et ai, 1992; Weeks, et ai, 1993); and birth of neurons 

(Booker & Truman, 1987; Sorensen, et al., 1991). Indeed, from in vitro studies 

and hormone receptor localization (Levine, et ai, 1991) it appears that some of 

these cellular effects may be due to direct action of the hormones on the neurons. 

As will be descnoed below, it has been possible to evaluate which of the 

hormonally triggered changes are essential for the development of new behavior. 

It has also been established that neurons can change their neuromodulatory 

transmitter phenotypes during metamorphosis in Mal'uiuca (Tublitz & Sylwester, 

1990; Witten & Truman, 1990; Davis, et ai., submitted). For example, Witten and 

Truman (1990) descnbed the loss of FMRFamide-Iike immunoreactivity in a 

popujation of iSM motoneurons during metamorphosis. Tublitz and Sylwester 

(1990) have shown that four neurons switch their transmitter phenotype from 

cardioacceleratory peptide 2 to bursicon during metamorphosis. Such switches 

may act to modify motor patterns, as changes in neuromodulatory neuron activity 
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leads to dynamic changes in STG motor patterns. Although the roles of such 

changes have not yet been determi.1'led, it may be possible to do so in }.1ar.duca, 

because the neurons that undergo the changes in neurotransmitters have been 

identified. 

Studies of the postembryonic development of neuronal circuits in Manduca 

have provided important information for understanding the cellular mechanisms of 

postembryonic development of behavior. These investigations have demonstrated 

on how individual neurons and neuronal connections can be modified 

postembryonically. One neuronal circuit that has been investigated is the lal'val 

proleg withdrawal reflex, which is the retraction of a locomotory appendage after 

displacement of a hair on the appendage (Weeks & Jacobs, 1987). The larval 

neuronal circuitry that underlies this reflex involves the connection (with a 

monosynaptic component) from sensory neurons innervating hairs on the prolegs 

to two motoneurons that innervate proleg retractor muscles. This reflex is lost 

during metamorphosis as the entire proleg is shed (Weeks & Jacobs, 1987). As 

metamorphosis is triggered by changing titers of hormones (Bollenbacher, et aL, 

1981; Riddiford, 1985), the hormones exert their effect on the circuitry for this 

reflex in at least two ways. One way is that as the larval prolegs are shed during 

the hormonally triggered molt, the sensory neurons involved in this reflex die 

(Weeks & Jacobs, 1987). Another way that hormones induce the loss of this 

reflex is by causing the regression of the dendrites of the motoneurons involved in 
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this reflex. This was shown by using hormonal manipulations; for an insect to 

molt from a !a..rva to a pupa, h;gh levels of steroid hormone (20-hydroxyecdysone, 

20-HE) must be experienced in the near absence of another hormone, juvenile 

hormone (Riddiford, .1985). A larval proleg was preserved by treating it with 

juvenile hormone, such that the leg would never experience the near absence of 

juvenile hormone and the molt to the pupa would produce a pupa with a !a..rva! 

proleg (Jacobs & Weeks, 1990). In these hormonally treated insects, the sensory 

neurons were preserved because their somata are in the proleg, but the reflex was 

still lost. The loss of the reflex occurs concomitantly with the dendritic retraction 

of the motoneurons involved in this reflex, indicating that dendritic retraction is 

sufficient to cause this loss (Jacobs & Weeks, 1990). The investigation of the loss 

of the proleg withdrawal reflex during metamorphosis thus revealed that both cell 

death and dendritic reorganization of individual neurons can lead to alterations in 

motor circuitry. These cellular events are under further investigation, toward 

determining how the hormones trigger their occurrence (Levine, et aL, 1991). For 

exampie, the manner by which these hormones may trigger cell death has been 

examined in another set of neurons and was found to depend upon protein 

synthesis (Weeks, et aL, 1993). 

Tne development of the gin trap reflex has also provided information on 

individual cells and how their connections may change postembryonically. 

Although this reflex is only found in the pupa, the sensory neurons and 



46 

motoneurons of this reflex are present in the larva, where they function to 

produce a slow, sustained bending movement (Levine, et aL, 1989). At least some 

of the intemeurons involved in the pupal gin trap reflex are also involved in larval 

bending (Waldrop & Levine, 1992). The hormones that induce metamorphosis 

have at least two actions in changing the neuronal circuitry for larval bending to 

the pupal gin trap reflex. One action is to cause the expansion of the axonal 

arborizations of the s~nsory neurons involved in this reflex (Levine, et aL, 1985; 

Levine, et aL, 1986). Direct juvenile hormone application onto the sensory hairs 

prevented the metamorphic expansion of their axonal arborizations. The resultant 

pupae with "larval" sensory neurons did not express the pupal gin trap reflex 

(Levine, et aL, 1989). However, the expansion of the axonal arborizations were 

not sufficient to lead to the development of the motor circuitry for the gin trap 

reflex. This was shown by inducing the expansion of the axonal arborizations of 

the sensory neurons by direct application of 20-HE onto the sensory hairs in a 

larva that had its endogenous source of 20-HE removed (Levine, et aL, 1989). 

Tne insects that received this hormonal treatment also did not express the gin trap 

reflex. This result indicated that 20-HE induced some other central changes that 

were necessary for the deveiopment of the gin trap motor circuitry. Tnerefore, 

both the expansion of the axonal arborizations of the sensory neurons (probably 

due to direct effects of the hormones on the sensory neurons) and some other 

central effect are necessary for the development of the gin trap reflex. The 
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mechanism by which hormones may effect expansion of neuronal processes is 

being investigated further, by applyi-I1g the hormones to neurons in vitro (T....ev1~l1e, et 

aL, 1991). However, it is still not known what other central effects the hormones 

induce that lead to the development of the gin trap reflex. 

It is apparent from both of these examples in Manduca that changes in the 

morphology of individual neurons (dendritic retraction in the motoneurons of the 

proleg withdrawal reflex and expansion of axonal arborizations of the sensory 

neurons of the gin trap reflex) can be important for the development of neuronal 

circuitry. For the development of a new behavior, however, more has to occur 

than simply a change. in arborizations. Do the hormones that trigger dendritic 

changes also cause the establishment of new synaptic connections? Which 

synaptic connections have to change to allow for behavioral plasticity? This 

dissertation addresses the possibility that changes in proprioceptive input 

accompany behavioral plasticity. Through the use of a model system of the insect 

Manduca sexta, it will be possible to determine whether changes in proprioceptive 

input to the eNS accompany metamorphosis and the dramatic changes in 

behavior. 

5.2 SPECIFIC BACKGROUND 

This section focusses on the specific neuronal connection under 

investigation in this dissertation-- the synaptic connection from the SRO to the 
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ISM motoneurons in Manduca. Therefore, the major components of this 

connection are first descnbed, and then the specific ait"s of the dissert.ation 

research are outlined. 

5.2.1 Major Components of the Proprioceptive Circuit in Manduca 

A thorough investigation into the innervation and musculature of a 

lepidopteran abdominal segment was carried out by Libby (1961). The 

lepidopteran examined, Hyalophora cecropia, is closely related to Manduca. Libby 

found three muscle-associated sensory orga.'1s on each side of the abdominal 

segment, and named them scolopophorous organs 1, 2, and 3 (SeOsl-3). Se01 

and SC02 are positioned near the spiracles, at oblique angles to the body axis, 

and insert on body wall within the segment. SC03 spans the entire segment to 

insert on segmental boundaries and is oriented parallel to the longitudinal axis of 

the body. The presence of an organ homologous to SC03 in Manduca, the SRO, 

was confirmed by Bate (1973). SRO position in the body wall could enable its 

detection of changes in segment length and bending of its segment relative to 

adjacent segments. This is especially likely, because the power muscles of the 

abdomen, the ISMs (Libby, 1961; Dominick & Truman, 1984; Mesce & Truman, 

1988), share similar insertions around the circumference of each abdominal 

segment. Therefore, any contractions of the ISMs could influence segment length 

and affect the length of the SRO. Weevers (1966a,b,c) showed in Antheraea that 
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the axons of the sensory neurone s) and motoneurone s) of the proprioceptive organ 

run in separate nerves, making them accessible for independent manipulations. 

The SRO is retained through metamorphosis (Libby, 1961; Levine & Truman, 

1982). Levine and Truman (1982) also suggested that the axonal projections of 

the sensory neuron of the SRO in the eNS are unaltered during metamorphosis. 

The ISM motoneurons have been identified on the basis of their target 

muscles, soma locations, and the morphology of their dendritic arborizations 

(Levine & Truman, 1985). The somata of the ISM motoneurons lie in the 

segmental ganglion anterior to their targets, on the dorsal surface of the ganglion 

such that they are readily accessible for intracellular recording. The ISM 

motoneurons have dendritic morphologies characteristic of the positions of their 

target muscles; those ISM motoneurons that innervate the more medial ISMs have 

bilateral dendritic arborizations, while those that innervate the more lateral ISMs 

have unilateral dendritic arborizations. Their metamorphic fates have been 

characterized (Levine & Truman, 1985), and they have relatively stable dendritic 

arborizations compared to other motoneurons that undergo major dendritic 

reorganization (I..evine & Truman, 1985; Kent & Levine, 1988b; Weeks & 

Truman, 1985). With two exceptions, all of the ISM motoneurons survive into the 

adult (Levine & Truman, 1985). Some of the ISM motoneurons are also 

respecified during metamorphosis to innervate new target muscles (Levine & 

Truman, 1985). However, shortly after adult emergence these motoneurons and 



their muscles begin to degenerate; by two days after adult emergence the ISM 

motoneurons and the !SM..s are gone, with the exception of a few of the 

respecified ISM motoneurons (Levine & Truman, 1985). The persistence of the 

ISM motoneurons and ISMs through adult emergence suggests that they are 

important for the adult-specific emergence behaviors. Indeed, their involvement 

in the production of a variety of motor patterns at all stages in both semi-intact 

preparations (Lemon & Levine, 1992; Dominick & Truman, 1986) and isolated 

nerve cord preparations (Levine, et aL, 1989; Weeks & Truman, 1984; Mesce & 

Truman, 1988) has been established. 
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Levine and Truman (1982) have shown that the SRO can provide synaptic 

input to an abdominal motoneuron, and that this synaptic input can be modified 

during metamorphosis. The motoneuron, motoneuron 1 (MN-1), innervates a 

dorsal external oblique muscle in the larva which, unlike the ISMs, does not span 

the length of the segment (Levine & Truman, 1985). This motoneuron undergoes 

dendritic expansion and is respecified during metamorphosis to innervate a new 

adult muscie, the dorsal external muscle 4 (Levine & Truman, 1982 & 1985). Tne 

dendritic arborizations of the larval MN-l are mainly unilateral, in the neuropil 

ipsilateral to its target muscle. During metamorphosis, MN-l deveiops a new 

dendritic region contralateral to its target muscle, so that the adult MN-1 has 

bilateral dendritic arborizations. Levine and Truman (1982) examined the 

synaptic input from the SRO to MN-1 by electrically stimulating the nerve 
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containing the axon of the sensory neuron of the SRO. They found no evidence 

for the existence of more than one sensory neuron of the SRO. In both the !arva 

and the adult, SRO stimulation was excitatory to the ipsilateral MN-l (i.e., the 

MN-1 with its target ipsilateral to the stimulated SRO). The contralateral MN-1 

was inlnbited in the larva. However, during metamorphosis, a change in the 

synaptic input from the SRO to the contralateral MN-1 must occur because SRO 

stimulation is excitatory to the contralateral MN-l in the adult. The change in 

synaptic input occurs toward the end of pupal life and may be due to the 

development of a new synaptic connection between the sensory neuron of the 

SRO and the new contralateral dendritic field of MN-1 (Levine & Truman, 1982). 

These experiments confirmed that modifications in proprioceptive input can occur 

during metamorphosis. They did not address whether these modifications occur 

extensively throughout the network of connections the SRO sensory neuron makes 

within the central nervous system. Such a determination is necessary to 

understand the importance of changes in proprioceptive synaptic input to the 

postembryonic development of behavior. 

At this point, it is important to summarize the advantages of examining the 

synaptic connections from the SRO to the ISM motoneurons in Manduca. To 

understand the cellular basis for postembryonic changes in behavior, these 

connections may provide a circuit which does not undergo dramatic morphological 

changes, thus requiring other cellular modifications to be important. This 
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connection will also reveal whether extensive changes in proprioceptive input to 

motoneurons during metamorphosis occurs, as behavior is modified. These POi.l1ts 

can be addressed for this connection because the neurons in Manduca are 

individually identifiable, they can be studied across a defined period of 

postembryonic development, and both the central (ISM motoneurons) and 

peripheral (SRO sen~ory neuron and motoneuron) neurons are accessible for 

experimental recordings. 

5.2.2 Specific Aims 

The present investigation of the postembryonic development of this 

proprioceptive circuit has four major aims: 

SPECIFIC AIM 1: Descnbe the structure and composition of the SRO in 

the larva. This aim includes a determination of whether the SRO is truly 

associated with muscle, how many sensory neurons innervate the SRO, how many 

motoneurons innervate the SRO, and how stretch may be transduced to sensory 

neuron activity by this organ. SPECIFIC AIM 2: Determine whether the 

SRO or its components are modified during metamorphosis. Tnis aim includes 

the investigation of whether any of the SRO components are repiaced during 

metamorphosis, whether the central axonal arborizations of the sensory neuron of 

the SRO undergo reorganization, and whether the dendritic arborizations of the 

SRO motoneuron are reorganized. 
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SPECIFIC AIM 3: Determine the synaptic connectivity between the SRO 

sensory neuron and the ISM motoneurons in L~e 13..,·· .. "a. The results of t.iis aim 

will define the synaptic connections prior to metamorphosis, and provide 

information on the proprioceptive circuitry that may be involved during abdominal 

behaviors in the larva. 

SPECIFIC AIM 4: Determil1e t..'he synaptic connectivity between the SRO 

sensory neuron and the ISM motoneurons in the adult, after metamorphosis. Any 

differences in the connection between the larva and adult will identify 

postembryonic changes in this proprioceptive circuit. 

The first two aims are important because, before any understanding of the 

cellular changes in the proprioceptive circuit can be made, it is imperative to 

understand the cellular organization of the SRO and its modification during 

metamorphosis. Additionally, before any hypotheses of the functional changes of 

the proprioceptive circuit can be made, a more thorough understanding of the 

SRO and its function must be obtained. 

In the third and fourth aims, the synaptic connections will be evaluated for 

whether they are excitatory or inhibitory, and for whether they contain a 

monosynaptic component. In this manner, changes either in the synaptic effect or 

synaptic pathway of this connection can be determined. Toward understanding 

the cellular basis for any changes in this connection, the evaluation of changes in 

synaptic pathways are especially relevant. 
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6. CHAPTER II: The Anatomy of a Muscle-Associated Abdominal Stretch 

Receptor Organ in t..'lJ.e Insect, Ma1".duca sexta. I. The Receptor Muscle. 

6.1 INTRODUCTION 

A muscle-associated stretch receptor organ (the SRO) lies in each 

abdominal hemisegment in.l!!anduca sexta. The SRO spans the hemisegment to 

insert on the segmental boundaries, similar to the insertion points of the 

abdominal intersegmental muscles (ISMs; Schwartz & Truman, 1983; Dominick & 

Truman, 1986; Mesce & Truman, 1988; Levine et al., 1989). The ability of the 

sensory neuron of the SRO to respond to stretch (Weevers, 1966a) and to provide 

input to abdominal motoneurons (Levine & Truman, 1982; Tamarkin & Levine, 

1990 & 1992) has already been established. Previous investigations (Weevers, 

1966a,b; Levine & Truman, 1982) and studies on an apparently homologous 

stretch receptor organ in Antheraea pemyi (Finlayson & Lowenstein, 1958; 

Osborne & Finlayson, 1965) have also suggested that the SRO is a simplified 

muscle-associated stretch receptor, containing only one sensory neuron and 

possibly only one motoneuron. The potential simplicity of the SRO suggests that 

it may provide an excellent model of a muscle-associated proprioceptor. 

Additionally, because a great deal is known about the generation of motor 

patterns in Manduca (unlike in Antheraea), the SRO may also provide a model for 

study of proprioceptive function. In this and the following chapter (III), the 
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anatomy of the SRO in Manduca and its developmental fate are descdbed, and 

the possible functional consequences of its structure are presented. ThJs chapter 

focuses on the muscle component of the SRO, whereas the following chapter (III) 

descnbes the innervation and postembryonic development of the SRO. 

For other muscle-associated stretch responsive organs, it has been shown 

that their muscles are specialized for a sensory function (Corvaja et al., 1969; 

Euteneuer & Winter, 1979; Banks et al., 1982; Boyd & Smith, 1984). The most 

prominent specialization of these muscles is a reduction of contractile apparatus in 

their central region, where they typically receive their afferent innervation. In 

vertebrate muscle spindles, each muscle fiber (bag}, bagz, and chain) features a 

central (equatorial) reduction in contractile apparatus (Corvaja et al., 1969; Banks 

et al., 1977; Banks et al., 1982), and the relatively large volume of this equatorial 

region is taken up by myonuclei. In contrast, in crustacean muscle receptor 

organs, the reduction in contractile apparatus is not within single muscle fibers. 

Rather, some of the muscle fibers end on either side of the central region (on an 

intercalated tendon; Euteneuer & Winter, 1979), causing an overall decrement in 

contractile apparatus. In the abdominal stretch receptor organ of Antlzeraea, 

Osborne & Lowenstein (1965) have suggested that the receptor muscle is 

composed of a single, continuous muscle fiber, and that a decrement in contractile 

apparatus may occur in the central region of the muscle. Similar information is 

lacking on the structure of the muscle of the SRO in Manduca. 



To understand the organization of the SRO muscle, and, to provide a 

direct comparison of the structure of tltis muscle to the muscles of other 

proprioceptive organs, it was necessary to examine the muscle at both the light 

and electron microscopic levels. The initial questions were whether the SRO of 

Manduca actually contained a muscle fiber, the number of fibers in the muscle, 

and the location of both the contractile apparatus and the myonuclei. A 

comparison of the SRO muscle to the main force-producing muscles in the 

abdomen, the intersegmental muscles (ISMs), was also necessary to determine 

which characteristics are typical of the body wall muscles and which are 

specializations of the proprioceptor. The features for this comparison included 

the overall organization of the muscle fibers (e.g., the relative volumes of 

contractile apparatus or sarcoplasm), the organization of the thick and thin 

filaments, and the myonuclear distnbution. 

6.2 METHODS 

6.2.1 l\rlionals 
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Manduca sexta (L.) were reared individually on an artificial diet (Bell & 

Joachim, 1978). Tne larvae were kept in a colony maintained under long-day 

conditions (17hr L : Thr D), where they progress through five stages (instars). For 

the current study, the larvae used were second day fifth instar larvae (LI). After 

pupation, the pupae were transferred to a 12L : 12D photoperiod, 27°C day : 25 
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°C night thermoperiod chamber. The pupae proceed through 18 stages of adult 

development (pO - P18) before adult emergence. PI8 pupae (pharate adults) 

were used as the adults in this study. There are nine abdominal segments in 

Manduca, Al - A9, and the muscle fibers of the SROs in AS were selected for this 

study. 

6.2.2 Dissection and Saline 

The abdomen was cut along its dorsal midline and pinned out on a Sylgard-

coated petri dish. The gut a."1d fat were removed, exposing the abdominal central 

nervous system (CNS). Next, many of the intersegmental muscles in the dorsal 

half of a segment were removed, to reveal the SRO. However, the SRO was 

typically surrounded by fat, which was removed carefully for improved 

visualization. Throughout the dissection, the tissue was rinsed periodically with 

fresh saline (Trimmer & Weeks, 1989; NaCI, 140 mM; KCI, 5 mM; CaCI:z, 4 mM; 

glucose, 28 mM; HEPES, 5 mM; final pH of 7.4). 

6.2.3 Histological Stains 

Giemsa stain, Gilrs hematoxylin stain, and the Feulgen reaction were used 

to stain the nuclei of AS SROs. After exposing the SROs, but while they were still 

attached to the body wall, the preparations were fixed in Gregory's synthetic 

"aged" alcoholic Bouin's fixative (Strausfeld & Miller, 1980), and then rehydrated. 
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For Giemsa staining, the tissue was placed in the stain for 30 min at 60°C (Giemsa 

stain: 2 g Giemsa powder, 132 n1T glycerol, 132 tnT methanol; dilute lOX). For 

hematoxylin staining, the tissue was placed in Gill's hematoxylin (Humason, 1979) 

for 15 min, followed by rinses in acidic water and basic water to enhance the stain. 

The above stains were used on SROs of many stages (fourth instar larvae, second 

day fifth instar larvae, first day wandering larvae, PO, P2, P4, P5, P8, PlO, P13, 

P16, P17 and P18) to obtain a developmental series for the determination of 

changes in the SRO during metamorphosis. The Feulgen reaction (protocol 

detailed in Humason, 1979), was used on both paraffin sections of a SRO and 

whole SROs. The preparation was hydrolyzed (5N HCl, 1.5 hr), placed into 

Schiff's reagent (1 hr and 5 min), and rinsed (in bleaching solution, then water). 

For all staining protocols, the preparations were then dehydrated, and the SROs 

were cut from the body wall and mounted for viewing. Occasionally, other body 

wall muscles (that were attached to the cuticle adjacent to the SROs) were 

removed from the body wall along with the SROs. 

6.2.4 Electron Microscopy 

Each SRO was fixed while still attached to the body wall (in the fifth 

abdominal segment) in order to preserve its shape. The body wall was pinned 

before fixation such that a mild stretch was applied to the SRO; the amount of 

stretch had to be taken into consideration because stretch can influence the 
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ultrastructure of stretch receptor organs (Tao-Cheng, et aL, 1981). The protocol 

of Oland & Tolbert (1987) was used to obtain both semi-thin (1 t.£m) and ultra-

thin (90 nm) sections of the SRO. Paraformaldehyde/glutaraldehyde fixative 

(2.5% glutaraldehyde, 0.5% paraformaldehyde, 0.18 Mm CaC1:z, 0.58 Mm sucrose, 

and 0.1 M sodium cacodylate buffer, pH 7.4; Oland et aL, 1990) was applied for 1 

hour. After fixation~ the tissue was rinsed in O.lM sodium cacodylate buffer and 

embedded in 1 % agarose. The agarose step was necessary for further 

preservation of the shape of the SRO. The agarose-embedded tissue was then 

osmicated (1.0% OS04 in 0.1 M sodium cacodylate buffer), postfixed in 1.0% 

uranyl acetate, and dehydrated. At this point, each SRO (approximately 9 mm in 

length) had to be dissected from the body wall for embedding in Epon/Araldite. 

To facilitate the acquisition of sections from different longitudinal regions of the 

SRO later, it was cut into three pieces before embedding: the middle one-third 

segment of the SRO and the two end segments (that remained attached to a piece 

of the body wall). When possible, nearby body wall muscles (that had been 

processed along with the SRO in the body wall) were dissected along with the 

SRO segments. Each segment was placed in a separate block for embedding, and 

the Epon biocks poiymerized at 60CC for 2 days. 

The Epon block was sectioned with either a glass or diamond knife on a 

Reichert Ultracut E microtome. Cross-sections (transverse to the muscle fiber of 

the SRO) were taken through middle segments and an end segment of the SRO. 
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Through the middle segment, semi-thin cross-sections were taken approximately 

every 50 ]Lm and nitra-thin cross-sections were taken at points of interest in the 

semi-thin cross-sections. Through the end segment of the SRO, ultra-thin cross

sections were taken approximately every 300 - 500 p,m. Longitudinal sections 

(parallel with the muscle fiber of the SRO) were taken only from the middle 

segment of a SRO. Semi-thin longitudinal sections were taken throughout the 

width of the SRO, while ultra-thin longitudinal sections were taken only when the 

semi-thin longitudinal sections was of interest. The semi-thin sections were 

counterstained with toluidine blue, and mounted in Permount for viewing. The 

ultra-thin sections were placed on grids (both Formvar-coated slot grids and 

Athene thin line 300 mesh grids were used) and stained further with lead citrate 

and uranyl acetate. The ultra-thin sections were viewed in a JEOL 1200EX 

electron microscope. 

The abdominal stretch receptor organs (SROs) are bilaterally paired and 

lie dorsolaterally in the body wall of abdominal segments (observed in Al - A6; 

Figure 1). Each SRO spans the length of the segment, inserting on the segmental 

boundaries. Tne iIltersegmentaI muscies (ISMs) are inserted similarly, at different 

circumferential positions around the segment (Figure 1). The relative positions of 

the SROs and the ISMs in the body wall are illustrated in the schematic cross-



SRO 

spiracle~ 

mersegmemal muscles 

.;-spiracle 

~ longitudinal ISM 
~ oblique ISM 

FIGURE 1: Schematic cross-section through a larval abdominal segment 

The SROs lie in a dorsolateral position (dorsal is up). The diameters of 
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the SROs are exaggerated for emphasis. The ISMs lie around the circumference 

of the abdominal segment, and some are indicated by arrows. The ISMs run 

either longitudinally (black) or oblique (shaded) to the longitudinal body axis. The 

eNS (ventral nerve cord) is indicated. 
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section of an abdominal segment in Figure 1. The SRO has four major 

components: a muscle fiber, sensory neuron (SRSN), surround cell, and 

motoneuron. Each of these components, with the exception of the motoneuron, is 

visible in Figure 2. The muscle fiber is the component that spans the segment to 

insert on the segmental boundaries. The anatomy of the muscle fiber of the SRO 

is descnbed in detail in this chapter, and the other components, although visible 

and pointed out in many of the figures in this paper, are descnbed in the 

accompanying paper. 

The muscle of the SRO is composed of a single muscle fiber. This claim is 

supported by the presence of only one myonucleus within the sarcolemma 

(Figures 2 & 3) and only one area circumscnbed by a sarcolemma (Figure 4). 

This muscle fiber extends the length of the abdominal segment (approximately 1 

cm in 5th instar larvae). Its diameter ranges from approximately 40 - 70 !Lm at its 

center, to only 20 - 30 /Lm near its ends. This difference in diameter is only one 

of many differences between the end and central regions of the muscle fiber. 

Tnerefore, specific reference to the region aiong the iength of the muscle fiber is 

made for each feature of the muscle fiber descnbed. 

Tne myonucieus of the SRO muscie fiber lies in the centra! region of the 

muscle fiber (Figures 2 & 5) and has many unique features. The most notable is 

its extraordinarily large size; it extends approximately 130 - 180 !Lm in length and 

20 - 40 !Lm in diameter (Figure 2). The myonucleus contains a great deal of 
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FIGURE 2: Hematoxylin stain of the SRO and an ISM 

A The SRO as revealed with a hematoxylin stain. The three major nuclei 

of the SRO are indicated and are, from the largest to the smallest, the myonucleus 

(asterisk), the surround cell nucleus (single arrowhead) and the sensory neuron 

nucleus (double arrowhead). Note the extremely large sizes of the myonucleus 

and the surround cell nucleus. The dramatic folding of the nuclear membrane of 

the myonucleus in this plane of focus may give the impression that there are two 

myonuclei, although there is indeed only one. The other, numerous and much 

smaller nuclei are the sheath nuclei; they lie in the nerve sheaths that enwrap the 

sensory neuron and the motoneuronal axons. The numbered arrows indicate the 

approximate levels along the longitudinal axis at which transverse sections were 

taken (from different preparations) for the figures that follow. Note that the 

transverse section for Figure 4 was taken from a point much farther along the 

SRO than presented in this photomicrograph. This SRO was taken from a stage 

P13 animal. B. The nuclei of an ISM are shown here at the same magnification 

as used in A, to illustrate the difference in size between the myonuciei of the ISM 

and the myonucleus of the SRO. Scale bar = 50 pm for both A. and B. 
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FIGURE 3: Ultrastructure of the myonuc1eus 

This is an electron micrograph of a transverse section through the central 

region of the SRO, showing the infolding of the myonuclear membrane and the 

density of chromatin within the volume of the myonucleus. Although this 

micrograph only shows one portion of the cross-sectional area of the myonucleus, 

these features are found across its entire cross-sectional area (and also visible in 

longitudinal sections, although not shown). Note that no contractile elements are 

evident in this electron micrograph. 
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FIGURE 4: End region of the SRO 

Electron micrograph montage of a tra.'1SVerse section taken at 2 mm from 

the muscle fiber insertion point of a 9 mm long SRO. At this level along the 

longitudinal axis, the muscle fiber (MF) comprises almost the entire cross-sectional 

area. The sensory side (bottom left, between the arrows) is almost entirely gone, 

except for a remaining surround cell process (SC). The motor side, to the top 

right (between the arrows), remains. A single sarcolemma surrounds the entire 

muscle fiber. The contractile apparatus appears at this low magnification as 

darker regions within the muscle fiber cross-sectional area, and its scattered 

distnbution is evident. 
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FIGURE 5: Transverse section through the SRO 

A transverse thin section (1 J.Lm thickness) through the SRO central region, 

stained with toluidine blue, shows the muscle fiber (SRMF) and its myonucleus 

(asterisk), as well as a dendrite (D) of the sensory neuron and the surround cell 

(SC). The myonuclear membrane is highly folded and the muscle fiber contains 

no visible contractile apparatus. The nerve (N) through which the axon of the 

SRO sensory neuron projects is also visible. Scale bar = 50 pm. 
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euchromatin (Figure 3) and its nuclear membrane is highly folded (Figures 2, 3, & 

5). These attnbutes are suggestive of a polyploid nucleus (BrodsktJ & Uryvaeva, 

1985). The Feulgen reaction (for staining DNA) was used to test this possibility. 

With this procedure, all diploid nuclei should have equal amounts of reaction 

product; the resultant staining intensity thus depends on the dilution of this 

product in the nuclear volume (Brodsky & Uryvaeva, 1985). Large diploid nuclei 

(e.g., some mature neurons) typically appear lightly stained, or are not visible at 

all. Figure 6 shows that the myonucleus stains very darkly (arrow), despite its 

extremely large volume. The sensory neuron nucleus does not stain darkly and 

cannot be seen (n = 3). The other darkly-stained large nucleus in Figure 6 

(arrowhead) is that of the surround cell (see following chapter). The ISM 

myonuclei, in contrast, are small (Figures 2B & 7), and do not have noticeable 

infoldings of their myonuclear membranes (Figure 7). 

The muscle fiber of the SRO contains contractile apparatus composed of 

thick and thin filaments organized into sarcomeres (Figures 8 & 9). In transverse 

section across the entire cross-sectional area of the muscle, there are areas where 

the thick filaments overlap with thin filaments and other areas where only thin 

filaments are visib1e, as in other musdes. Tnere are aiso areas where the thick 

filaments are scattered among thin filaments without any regular arrangement 

(Figure 8A); these areas do not appear to be simply sarcomeres cut in oblique 

section, because there is no orderly arrangement of these areas, for example, 
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FIGURE 6: SRO after staining with the Feulgen reaction 

A_ Whole-mou11t of the SRO of a fifth instar la..'Va. The myonucleus 

(arrow) and the surround cell nucleus (arrowhead) are both darkly stained due to 

the presence of large amounts of chromatin, suggesting that they are polyploid. 

The other darkly stained nuclei are the small sheath cell nuclei; because of their 

small size, the dark staining does not suggest polyploidy. B. A flljck transverse 

section (10 p,m) through a P18 AS SRO and stained with the Feulgen reaction 

confirms the intense staining of the myonucleus and surround cell nucleus. In this 

color photomicrograph, the Feulgen reaction product appears purple; the section 

was counterstained with fast green. The arrow points to the nucleolus of the 

myonucleus, and the arrowhead points to the surround cell nucleus. Scale bars in 

A. & B. = 50 J.Un. 
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FIGURE 7: Ultrastructure of an ISM fiber 

This is a montage of a transverse section through an ISM. The ISM 

myonuclei (N) are small and have relatively rounded nuclear membranes. The 

majority of the mitochondria appear blown-out (asterisks), while others appear 

preserved (arrowheads). The remaining area is filled with contractile apparatus. 

The basal lamina (arrow) is much thinner than that around the SRO muscle fiber, 

and does not contain any dense extracellular matrix molecule. Scale bar = 2 pm. 
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FIGURE 8: Comparison of the SRO muscle fiber to an ISM fiber 

The contractile apparatus of the SRO (}\.., B.) and of an ISM (C., D.) can 

be seen in transverse section. The alternation of thick and thin filaments is visible 

where the section cut through the appropriate region of the sarcomeres, and is 

especially visible in higher magnification in B. and D. The micrograph in A 

includes the basal lamina and sarcolemma, such that t-tubules (arrowheads) are 

visible. In c., the blown-out appearance of some mitochondria (double asterisks), 

as well as some preserved mitochondria (single asterisks) can be seen. Also 

visible in both A and C.: dyads (long arrows), and dense bodies of the contractile 

apparatus (open arrows). B. and D. are included to show the actin : myosin ratios 

of the SRO muscle fiber (B.) and of the ISM fiber (D.). 11ze scale bar represents 

500 nm for A. and C, and 250 lZm for B. and D. 
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FIGURE 9: SRO muscle fiber sarcomeres 

Electron micrographs of longitudinal sections of an SRO to reveal the 

sarcomeric organization of its muscle fiber. A Lower magnification of a typical 

area containing contractile apparatus in this SRO muscle fiber. Sarcomeres of 

varying lengths, as well as sarcomeres that bend, are visible. Scale bar = 1 pm. 

B. Higher magnification of a region where the sarcomeres appear more regularly 

patterned. Even in this more organized area, sarcomeres with Z-lines (line-like 

arrangements of dense bodies) perpendicular to the longitudinal axis of the muscle 

fiber as well as sarcoineres with Z-lines diagonally arranged can be seen. 

Splitting/merging myofibrils are also visible. Scale bar = 500 nm. 
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between areas with a regular arrangement of thick filaments and areas lacking 

thick filaments. The arrangement of thin and t}lick fi1a.rnents indicates that the 

fibrils of sarcomeres are not tightly aligned across the diameter of the muscle 

fiber. This appearance of contractile apparatus, however, is also found in the ISM 

fiber (Figures 7 & 8e), and in the intersegmental muscles of other species 

(Josephson & Young, 1981). Individual sarcomeres of the SRO muscle fiber 

viewed in transverse section show approximately 12 thin filaments around every 

thick filament, yielding an actin: myosin ratio of 6:1 (Figure 8B). This is also the 

ratio for the sarcomeres of the ISM fiber in transverse section (Figure 8D), and is 

characteristic of intersegmental muscles in other species (Smith, 1972). 

Additional features of the sarcomeres and fibrils of the SRO muscle fiber 

were determined from longitudinal sections (Figure 9). One interesting finding is 

that sarcomere length can vary from 2 /Lm to 4.5 /Lm in the SRO muscle fiber 

(some variation visible in Figure 9A). More constant sarcomere lengths have been 

reported for intersegmental muscles (Hoyle & McNeill, 1968; Toselli & Pepe, 

1968; Smith, 1972; Josephson & Young, 1981; Hoyie, 1983). Tne fibriis were 

often seen to bend (Figure 9A), as much as 45° (not shown). These bends may 

occur due to a iack of constraint on the fibriis, since the fibriis are not tightiy 

packed (see below). The bending may also account for some of the variation in 

sarcomere length. Additionally, the fibrils of the SRO muscle fiber tend to split 

and/or merge. This is readily visible because the fibrils are surrounded by 
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sarcoplasmic spaces in this muscle fiber (see below). 

The distnbution of the contractile apparatus in the SRO muscle fiber along 

the longitudinal axis is uneven (as in other muscle-associated, stretch responsive 

organs), with a decrement in contractile apparatus in its central region. This 

distnbution was determined by examining transverse sections along the length of 

the SRO with electron microscopy. At the end region (Figure 4)~ the contractile 

apparatus (the darker profiles within the muscle fiber) spans the entire diameter 

of the transverse section of the muscle fiber (although there are spaces without 

the contractile apparatus, see below). Between the end region and the central 

region (the transitional region, Figure 10), the contractile apparatus is present in 

only one-half of the muscle fiber. In the central region (e.g., in Figure 3), the 

contractile apparatus is absent or extremely reduced. An interesting finding is that 

the diadic specializations in the SRO muscle fiber (areas of close sarcolemmal 

apposition with membrane of the sarcoplasmic reticulum) show the same 

longitudinal distnbution as the contractile apparatus (not shown). 

The distnbution of the contractile apparatus in the transverse plane can be 

seen in the electron micrograph montage of Figure 4. This distnbution is unusual 

for muscie fibers in that there are many spaces iacking contractile apparatus, even 

though this section is through an end region on the SRO, where there is more 

contractile apparatus than in any other region. The sarcoplasmic spaces mainly 

contain loosely arranged mitochondria and microtubules. Therefore, there is a 
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FIGURE 10: Transitional region of the SRO 

Montage from a transverse section through the SRO in the transitional 

region (between the central and end regions). This level along the longitudinal 

axis of the SRO (see Figure 2) is beyond the extent of the myonucleus. The 

contractile apparatus occupies only a portion of the cross-sectional area of this 

muscle fiber (toward the sensory side); it is apparent that this muscle fiber is in 

transition between the end regions containing the contractile apparatus and the 

central region in which there is little or no contractile apparatus. Note that the 

sensory side (between the arrows at the upper left) and the motor side (by the 

nerve, ''N.'') are opposite one another across the muscle fiber. It is also apparent 

in this montage that the dense extracellular matrix material in the basal lamina is 

predominantly located at the sensory side of the SRO. Abbreviations: D, dendrite 

of the sensory neuron of the SRO; Sc, surrowui celL Scale bar = 5 pm. 
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great deal of space that is devoid of contractile machinery in the SRO muscle 

fiber. This is in contrast to the ISM.-S, which appear filled with contractile 

elements like more typical muscles (Figure 6B). 
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The SRO muscle fiber also differs from the ISM muscle fibers in other 

respects. The basal lamina of the SRO muscle fiber contains a dense matrix that 

is unevenly distnbuted around the circumference of the SRO. The dense matrix is 

prominent on the sensory side of the muscle fiber (where the sensory neuron 

dendrites lie), but is almost entirely absent on the motor side of the muscle fiber 

(where the motoneuronal terminals can be found; Figure 4 & 10). The ISM basal 

lamina lacks this dense matrix (Figure 7), as do other muscles previously descnbed 

(Toselli & Pepe, 1968; Smith, 1972; Hoyle, 1983). There are many desmosome

like junctions that the sarcolemma of the SRO muscle fiber makes with itself (and 

with the surround cell, see Chapter III). These junctions can be seen in Figure 11, 

of the sensory side of the muscle fiber, but can also be found on the sarcolemma 

at any other point along the circumference of the muscle fiber. Similar 

desmosome-like junctions are not visible on the sarcolemma of the ISM. Finaily, 

the mitochondria of the two muscle fibers have different appearances (Figure 8). 

Tne mitochondria in the SRO muscie fiber appear intact in eiectronmicrographs, 

but most of the mitochondria in the ISM muscle fibers appear poorly fixed even 

though the two muscles were fixed at the same time in the same preparation. 

This suggests differences may exist between the mitochondria in the two muscles. 
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FIGURE 11: SRO muscle fiber interface with the sensory side 

ThiS elpctron Tnicrnaran1, is a 1,iO'1, Tnaon;ficatinn nf a tran"""!/erse se ... tion Of -- .- - ...... - --~ r ..... ~ ... -~ . .&.A.A ~-- ... _A .. _... ..... 03;... _~.La .... 

the muscle fiber border with the surround cell in the sensory region. The 

surround cell makes projections into the muscle fiber. At the interfaces between 

the sarcolemma and the surround cell membrane, the membranes make 

desmosome-like junctions. These junctions (some are circled) are of the 

sarcolemma or surround cell with themselves or with each other. Note that the 

numerous infoldings of the surround cell membrane descnbe regions of 

extracellular space. Scale bar = 500 nm. 
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6.4 DISCUSSION 

The SRO muscle is composed of only one fiber with only one ""'yonuc1eus. 

This is among the simplest muscles of the muscle-associated proprioceptive organs 

that have been descnbed (Boyd, 1962; Alexandrowicz, 1967; Komuro, 1981). It 

was found that the SRO muscle fiber and the ISM fibers do not contain the same 

density of myofilaments. The percentage of the volume of the SRO muscle 

containing contractile apparatus at any point along the length of the SRO muscle 

is much less than for the ISM. In addition, in the central region of the SRO 

muscle fiber, the contractile apparatus is extremely reduced or absent; this was 

never seen in the sections of the ISM fibers. It is clear that this muscle is not 

specialized for force production. Its size alone is approximately one-tenth the 

diameter of an ISM (while sharing similar insertions), such that even if the density 

of myofilaments were identical in the two muscles, the SRO muscle would still 

produce much less force. These differences in distribution of myofilaments 

between these muscles suggests that the SRO muscle fiber has a specialized 

function. 

The myonucleus of the SRO muscle fiber is highly unusual. Unlike the 

vertebrate intrafusai muscie fibers, where numerous nudei duster to occupy the 

central region of the muscle fiber (Banks et a!., 1977), the SRO has only a single, 

giant nucleus. However, it does appear that this nucleus is required to be highly 

productive, because the large quantity of chromatin, staining with the Feulgen 
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reaction, and the infoldings of the myonuclear membrane all suggest that this 

nucleus is polyploid. It seems 1ikely that the muscle produces the basal !alT1111a 

that surrounds the muscle, because the basal lamina is found around its entire 

circumference. However, because the dense matrix within the basal lamina is 

found mainly near the sensory side of the muscle fiber, the muscle fiber may not 

produce this dense matrix (see next chapter where it is proposed that the 

surround cell produces this dense matrix). A possible explanation for polyploidy 

of the myonucleus may be that, because the SRO muscle fiber can be 

approximately 1 em long (unstretched), the muscle fiber has a large volume that 

must be maintained by the single myonucleus. The only descnbed muscle that is 

similar to this SRO muscle fiber is the muscle of the Antlzeraea stretch receptor 

organ (Osborne & Finlayson, 1965), and no suggestions were offered as to the 

specialized function of that myonucleus. Further, no other myonuclei have been 

descnbed that are so large, have so many infoldings of their myonuclear 

membranes, and stain positively for polyploidy in any other vertebrate or 

invertebrate muscies (Smith, 1972; Banks et ai., 1982; Brodsky & Uryvaeva, 1985; 

Motta, 1990; Stokes & Josephson, 1992). 

Tne iongitudinai distn-oution of contractile apparatus in the SRO muscle 

fiber is of special interest. The almost complete loss of contractile apparatus at its 

central region, while not an advantage for force production, is a feature in 

common with the muscle fibers of proprioceptive organs in other animal systems 
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(Euteneuer & Winter, 1979; Banks et al., 1982). In both the vertebrate intrafusal 

fibers (Hunt, 1990) and the cmstacean MROs (Kuffler, 1954) it has been shown 

that activation of the excitatory motoneuron to the proprioceptive organ muscle 

leads to activation of the sensory neuron. This has been ascnbed to a stretch of 

the central, non-contractile region during contraction of the ends of the muscle 

(Kuffler, 1954; Boyd, 1985). Weevers (1966b) showed that the when the 

motoneuron to the stretch receptor organ in Antheraea is activated, the sensory 

neuron of the stretch receptor organ also increases its firing rate. This 

information, along with the finding that the central region of the SRO muscle fiber 

has reduced contractile apparatus, suggests that activation of the SRO sensory 

neuron by SRO muscle fiber activation may also occur via stretch of the central 

region of the SRO muscle fiber. 

The distrIbution of contractile apparatus across the diameter of the SRO 

muscle fiber is also unique. This distrIbution in the polar regions of the intrafusal 

muscle fibers of mammalian muscle spindles is indistinguishable from that of the 

contractile apparatus in the extrafusal muscle fibers (Banks et ai., 1982). It is also 

true that the distnbution of the contractile apparatus in the muscle fibers of the 

crustacean MROs is indistinguishable from the distnbution of the contractile 

apparatus in the other abdominal muscles (Euteneuer & Winter, 1979). The 

distnbution of the contractile apparatus in the SRO also differs from the 

distnbution found in the receptor muscle of the locust coxo-trochanteral muscle 
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receptor organ, which does not have large spaces of sarcoplasm between 
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distnbution of the myofibrils in the SRO muscle fiber may explain the presence of 

bending and splitting/merging of sarcomeres as due to lack of constraint on the 

myofibriIs. This loose distnbution of contractile elements in this one 

proprioceptive muscle fiber suggests that there may be different functional 

requirements for the receptor muscle of the SRO than for other receptor muscles. 

There are many characteristics of the muscle fiber that suggest it is 

specialized for a proprioceptive function. The insertion points of the SRO muscle 

fiber to the body wall are such that any movement of one segment relative to 

another, or any change in length of an individual segment might affect the length 

of the SRO. This is especially likely, because the SRO muscle fiber insertion 

points are similar to those of the ISMs (Dominick & Truman, 1986; Mesee & 

Truman, 1988; Levine et ai., 1989), Thus, any change in ISM length should affect 

the length of the SRO muscle fiber, This predisposes the SRO to detect 

movement in the abdomen. As descn-oed above, the central decrement in 

contractile apparatus also suggests a proprioceptive function for this muscle, by 

analogy to proprioceptors in other systems. The unique characteristics of this 

muscle fiber along the sensory side of the SRO (e,g., the desmosome- and 

hemidesmosome- like junctions that the muscle fiber makes with the surround cell, 

and the accumulation of a dense matrix in the basal lamina) are also suggestive of 



89 

a specialized function for this muscle. These findings on the muscle fiber all 

support the interpretation that this SRO is a proprioceptive organ, consistent with 

other muscle-associated proprioceptive organs (Euteneuer & Winter, 1979; Banks 

et al., 1982; Boyd, 1985). 



7. CHAPTER ill: The Anatomy of a Muscle-Associated Abdominal Stretch 

Receptor Organ in the Insect, Manduca sexta. II. Tnllervation and Functional 

Implications. 

7.1 INTRODUCTION 
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In this chapter, the innervation of a muscle-associated abdominal stretch 

receptor organ (SRO) in the hawkmoth Manduca sexta is examined anatomically. 

It has been established that a sensory neuron of an homologous SRO in the 

silkmoth Anthereaea pemyi responds with both tonic and dynamic components to 

stretch of the organ (Weevers, 1966a), similar to the response of IA afferent fibers 

that supply the vertebrate muscle spindle (Boyd, 1981; Hunt, 1990) and to the 

combined responses of the sensory neurons of the muscle receptor organs in 

crustacea (Kuffler, 1954). The Antheraea SRO also receives motor innervation 

such that stimulation of its motor nerve produces an increase in the firing rate of 

the sensory neuron (Weevers, 1966b). The effect of this motoneuron is analogous 

to the effect of excitatory motoneurons to muscie-associated stretch-responsive 

organs in other systems (Kuffler, 1954; Hul1iger, 1984). These similarities of the 

lepidopteran SRO to muscie-associated stretch-responsive organs in other systems, 

as well as the similarities in muscle properties among these organs (Cnapter II), 

suggest that the Manduca SRO may function in a manner analogous to these 

other proprioceptive organs. In order to understand the function of the SRO, it is 
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necessary to determine its structure. 

The anatomy of the SRO in Antheraea has been eXa!!1iTled (FiPJayson & 

Lowenstein, 1958; Osborne & Finlayson, 1965; Osborne, 1970). These studies 

suggest that there is only one sensory neuron in this organ. They also suggest that 

this sensory neuron and its dendrites mainly innervate the muscle fiber at its 

center, where there is a reduction of contractile apparatus. However, these 

studies did not determine the extent of dendritic projections, nor did they 

investigate the motoneuron that innervates this organ. Furthermore, the studies in 

Antheraea were confined to the adult stage, whereas the SRO is present 

throughout life and may undergo structural and functional changes during 

metamorphosis. I have chosen to investigate the anatomy of the SRO in Manduca 

rather than in Antheraea because the former species offers several advantages. 

Most importantly, a great deal is known about the motor circuitry in Manduca 

(Levine, 1984; Levine & Weeks, 1990; Waldrop & Levine, 1992), whereas 

relatively little is known about the motor circuitry in Antheraea. Therefore, ideas 

about how the SRO may function, during the generation of coordinated motor 

patterns ('weeks & Truman, 1984; Dominick & Truman, 1986) may be tested 

readily in Manduca. Another advantage is that a great deal is known about the 

hormonal control of postembryonic development in Manduca (Riddiford, 1985; 

Weeks, 1987; Levine, et aL, 1991). Thus, if there are changes in the role of the 

SRO during metamorphosis, the hormonal contnbution to such changes can be 
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investigated in Manduca. 

The SRO in Manduca may also provide an excellent mode! for musc!e

associated proprioceptive organs in general. It has already been established that 

this organ is associated with a single muscle fiber (Chapter II). If this organ is 

innervated by only one sensory neuron and one motoneuron, it would certainly 

offer the advantage of simplicity. By contrast, each crustacean muscle receptor 

organ contains numerous muscle fibers and is innervated by approximately 5 

motoneurons (Alexandrowicz, 1967; Komuro, 1981), while the mammalian muscle 

spindles contain approximately 5 - 7 intraf'..lsal muscle fibers (Boyd, 1981; Banks, et 

aL 1982),2- 6 afferent axons (Boyd, 1985), and 3 - 5 efferent (fusimotor) axons 

(Banks, 1981; Boyd, 1985). The SRO of Manduca itself, as well as both its 

afferent and efferent innervation, are accessible for experimental manipulation 

(Chapter II; Weevers, 1966b; Figure 12B). This SRO is also in a system in which 

it is possible to study synaptic connections of individual, identified neurons 

(Levine, et aL, 1989; Trimmer & Weeks, 1991), enabling the specific effects of this 

organ on identified neurons to be determined. In addition, because it is possible 

to investigate a variety of motor patterns in semi-intact (Dominick & Truman, 

1986; Lemon & Levine, 1992) and isolated (Levine et aL, 1989; Weeks & Jacobs, 

1987) nerve cord preparations, one can also investigate the effect of the SRO on 

the generation of numerous motor patterns. 

This anatomical investigation requires an examination of the neuronal 
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components of the SRO both within the peripheral SRO and in the central 

nervous ~ysteTn (eNS) Po" thp SenSO"y CO""'pnnent O{: thp SRi") only O."p .""." .. "'" .... _ .;); ... _ \ ..... ..... .... ~_ ......... .&.1..& ....,.&A .&&.. ... ~ ... ...., .&. "-', .&.A..&. .&.&~ .I..l,,",Y.&.V.I,J, 

responded to stretch of the Antheraea SRO (Weevers, 1966a), and only one 

sensory neuron was descnbed anatomically in Antheraea. However, the number of 

sensory neurons innervating the SRO of Manduca must be established, because 

more than one afferent neuron has been descn'bed in other muscle-associated 

proprioceptive organs (Boyd, 1981; Skorupski & SilIar, 1986). It must also be 

determined where the dendrites of the sensory neurone s) insert on the SRO. In 

the previous chapter on th.e SRO muscle, it was shown that the single SRO muscle 

fiber has a reduction in contractile apparatus in its central region. This is similar 

to reductions in contractile apparatus in vertebrate intrafusal fibers (Banks, et aL, 

1982; Corvaja, 1969) and in the crustacean muscle receptor organs (MRO; 

Euteneuer & Winter, 1979). In the vertebrate muscle spindle, the afferent 

neurons mainly innervate the intrafusal muscles in the region where there is a 

reduction in contractile apparatus. However, the dendrites also extend beyond 

this region (Banks, et aL, 1982). In the crustacean MRO, the dendrites of both 

sensory neurons innervate the MRO in the region where there is a decrement in 

contractile apparatus (Euteneuer & Winter, 1979). The dendrites of one of the 

sensory neurons are isolated from the muscle fibers whereas the dendrites of the 

other sensory neuron remain intimately associated with muscle fibers (Euteneuer 

& Winter, 1979). It is important to determine the association of the dendrites of 
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the SRO sensory neuron(s) with the central region of the SRO muscle fiber, as 

well as to obtain a detailed description of the term1'1ations of the dendrites of the 

sensory neurone s). Such a determination would enable the creation of a 

functional model of how the transduction of stretch occurs in this organ. 

Information on the motoneuron to the SRO is limited. Weevers (1966b) 

found evidence for the existence of only one SRO motoneuron by stimulating the 

motor nerve to the SRO and recording from the SRO muscle fiber. However, 

because Weevers did·not alter the stimulation voltage to or inject any current into 

the muscle fiber, this test would not necessa..ti1y reveal all the possible excitatory or 

inhibitory motoneurons to the SRO. Weevers (1966b) was also able to show not 

only that activity of this motoneuron increases the activity of the sensory neuron, 

but that sensory neuron activity decreases the activity of the motoneuron. It has 

also never been investigated whether the motoneuron to the SRO innervates the 

SRO sensory neuron(s) directly; in crustacean MROs, it is clear that MRO 

motoneurons may directly innervate not only the muscle of this organ, but also the 

MRO sensory neuron rrlirosawa, et aL, 1981), providing an additional mechanism 

of sensory modulation. It is also important to determine whether the SRO 

motoneuron innervates other muscies in the body wall. Motoneurons that 

innervate both receptor muscle fibers and other muscle fibers have been shown in 

mammalian muscle spindles (HuIIiger, 1984) and in the crustacean MRO (Florey 

& Florey, 1955). It may be that such motoneurons are activated differently from 
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motoneurons that only innervate receptor muscles (Matthews, 1981). Finally, the 

SRO motoneuron has not been identified 1.'1 the CNS. Such identification would 

allow further experiments on the role of this efferent neuron in proprioceptor 

function during behavior. 

This study provides a detailed description of the innervation and 

metamorphic fate of the SRO, yielding a model for how transduction of stretch 

occurs and providing important information toward understanding the 

proprioceptive function of this organ. 

7.2 METHODS 

7.2.1 ~a1s 

Manduca sexta (L.) were reared individually on an artificial diet (Bell & 

Joachim, 1978). The larvae were kept in a colony maintained under long-day 

conditions (17hr L : 7hr D) where they progress through five stages (instars). In 

the middle of the fifth instar the larvae enter the ''wandering'' stage in preparation 

for pupation. For the current study, the larvae used most frequentiy were second 

day fifth instar larvae (LO), a stage prior to wandering, but 4th instar (4th I) and 

wandering CwO) larvae were used in specific experiments. After pupation, the 

pupae were transferred to a 12L : 12D photoperiod, 27°C day : 25 °C night 

photoperiod chamber. The pupae proceed through 18 stages of adult 

development (PO - P18) before adult emergence. The following stages of pupae 
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were used to investigate any changes in the SRO during metamorphosis: P2, P4, 

P5, P6, P8, Pl0, P13, P16, P17 & P18. P18 pupae (pharate adults) were used as 

the adults in this study. There are nine abdomina! segments in Manduca, Al -

A9; most of the experiments descnbed examine the SROs in AS, a segment that 

has been investigated for its motor circuitry previously (Levine, et ai, 1989). 

Some ofthe experiments were done on other segments, from Al - A7. 

7.2.2 Dissection and Saline 

The abdomen was cut along its dorsal midline and pinned out on a Sylgard

coated petri dish. The gut and fat were removed, exposing the abdominal CNS. 

Many of the intersegmental muscles in the dorsal half of a segment were then 

removed to reveal the SRO. The SRO was typically surrounded by fat, which was 

removed carefully for improved visualization. Throughout the dissection, the 

tissue was rinsed periodically with fresh saline (Trimmer & Weeks, 1989; NaCI, 

140 mM; KCI, 5 mM; CaClz, 4 mM; glucose, 28 mM; HEPES, 5 mM; final pH of 

7.4). 

For the electrophysio]ogical identification of the SRO motoneuron, the 

eNS was removed from the body waH and pinned direcdy on the syigard while the 

connections from the CNS to the AS SRO remained intact. For intracellular 

impalements, the A4 ganglion was desheathed, typically without use of a 

proteolytic enzyme. When such an enzyme was needed for desheathing (more 



often in the adults that have a tough dorsal pad) it was applied by placing a 

square of a tissue dipped in 3% collagenase dispase (Boehringer Mannheim) on 

the ganglion for one minute (Weeks & Jacobs, 1987). The preparation was 

perfused with saline throughout the electrophysiological experiment. 

7.2.3 Iiistological Stains 

Nuclear Stains 
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Giemsa stain, Gill's hematoxylin stain, and the Feulgen reaction were used 

to stain the nuclei of AS SROs, as descnoed in Chapter II. Giemsa and Gill's 

hematoxylin stains were used on SROs of many stages (fourth instar larvae, 

second day fifth instar larvae, WO, PO, P2, P4, P5, P8, P10, P13, P16, P17 and P18) 

to obtain a developmental series for the determination of changes in the SRO 

during metamorphosis. The Feulgen reaction (protocol detailed in Humason, 

1979), was used on both paraffin sections of a SRO (of a P18) and entire SROs 

(L1 and PI8). 

Cobait Backfilling of Nerves 

Cobalt was used to stain the sensory neuron (SRSN) and motoneuron of 

the SRO. Cobalt lysine, cobaltic hexamine and cobalt chloride were all tried, and 

the best results were obtained with 500 mM cobalt lysine. For staining, the nerve 

of interest was placed into a vaseline well. Distilled water was placed in the well 
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for the final cut of the nerve. The water was replaced after approximately 5 

minutes with the cobalt solution, and then the well was sealed with more vaseline. 

The preparation was flooded with saline and placed into a refrigerator (at 4°C) for 

2 - 5 days. No longer than 5 days could be allowed for diffusion, because the 

tissue began to deteriorate by the sixth day. After cobalt diffusion (backfill), the 

preparation was reacted with hydrogen sulfide, and fixed in either CanlOy's fixative 

(Humason, 1979) or Gregory's synthetic "aged" alcoholic Bouin's fixative 

(Strausfeld & Miller, 1980). The preparation was silver intensified (Tyrer & Bell, 

1974; Bacon & Altman, 1977), dehydrated, and cleared in methyl salicylate for 

viewing. 

Backfills of the nerve to the SRO (the lateral branch of the dorsal nerve, 

the DNt ; Figure 12B) out to the periphery revealed the soma and axon of the 

SRSN as well as the axonal terminals of the SRO motoneuron. Only two to three 

days were required for the cobalt to diffuse into the SRO. 

Backfills of the nerves from the SRO into the CNS were made to reveal 

either the axonal terminals of the SRSN or the soma iocation of the motoneuron 

of the SRO. Tne SRSN has a large diameter axon, as opposed to the 

motoneuronai axon, allowing for greater diffusion within the 5 day limit. 

Therefore, an attempt to yield stained profiles of the SRSN axon alone in the 

CNS was made by placing the vaseline well around the SRO and cutting only the 

SRSN. Unfortunately, other nerves run near the SRO, and it proved difficult to 
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prevent them from also lying within the vaseline well and taking up the cobalt. 

On occasion, tbis method produced preparations with few other stained precesses, 

but more often, either nothing at all, or many additional processes were stained. 

Therefore, more proximal cuts were also made, either of the offshoot of the DN t 

(the DNta, Figure 12) that includes the axon of the sensory neuron (but not of the 

motoneuron): or of the entire DN~: These more proximal cuts were necessa.ry to 

obtain a larger number of successful backfills of the sensory neuron (after the 

sensory neuron process had been identified by backfills from the more distal cuts, 

it was possible to distinguish it from other filled processes). Most of these 

preparations were allowed five days for diffusion of the cobalt. To locate the 

possible positions of the soma of the SRO motoneuron, backfills of the entire DNt 

were used. This required four to five days for diffusion. Because of the small 

diameter of the SRO motoneuron, it was not possible to use cobalt backfills to 

stain it alone for morphological identification; for this reason, an 

electrophysiological identification was necessary. 

Plastic sections of select cobalt backfills into the CNS were made. Either 

immediately after intensification or after clearing the tissue for viewing, the tissue 

was embedded in Spurr's resin. Sections were taken at 10 - 15 /Lm thickness with 

a glass knife, placed on gelatin-coated slides, and mounted in Permount. 



7.2.4 Electron Microscopy 

The methods for electron microscopy were descnbed in the previous 

chapter (Chapter II). 

7.2.5 Electrophysiology 

To identifv the extent of the sensorv neuron arborization in the eNS 
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The soma of the sensory neuron of the SRO (SRSN) is located on the 

SRO and its projection into the CNS was examined using retrograde stimulation 

and extracellular recordings. Stimulation of the connectives of the CNS at any 

point that contained the SRSN axon should trigger a antidromic action potential in 

the SRSN axon. SRSN activity was detected through extracellular recording of the 

nerve at the SRO that contains only the SRSN axon (the SRSN nerve, visible in 

Figures 12B & 13C). Verification that the recorded activity was indeed from the 

SRSN was possible by mechanically stretching the SRO- if the recorded unit 

increased its firing rate to stretch, its identity as the SRSN was confirmed. 

To investigate the motoneuron of the SRO 

Tne SRO motoneuron was found in the eNS by recording intraceliuiarly 

from somata in the ganglion in A4 while recording extracellularly from the muscle 

fiber of the SRO with a suction electrode. When the action potentials in the 

intracellular recording corresponded 1:1 with the muscle action potentials 
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recorded extracellularly, the motoneuron was injected with cobalt for anatomical 

identification. The innervation of the SRO muscle fiber was exan'l;'1ed by 

recording intracellularly from the muscle fiber while stimulating the entire dorsal 

nerve near the ganglion through a suction electrode. Whether the SRO 

motoneuron innervated other muscles as well as the SRO muscle fiber was 

determined by recording simultaneously from the SRO muscle fiber and the dorsal 

intersegmental muscles; no stimulation of the SRO motoneuron was necessary 

because the SRO muscle fiber receives tonic synaptic input. Removal of any of 

the dorsal muscles could damage the efferent innervation of the other dorsal 

muscles; therefore, in some preparations, the SRO was found by just pushing aside 

the overlying intersegmental muscles and not cutting them. The intersegmental 

muscles were recorded intracellularly and the SRO muscle fiber was recorded 

extracellularly with a suction electrode. An Axoclamp amplifier was used for the 

intracellular recordings while Grass and A-M Systems amplifiers were used for the 

extracellular recordings. All records were stored on a Vetter Model B 

Instrumentation Recorder. 

7.3 ~LJ~1LS 

7.3.1 General Observations 

The abdominal stretch receptor organ (SRO) lies attached to the body wall, 

one on each side of each abdominal segment, and spans the segment to insert on 
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the segmental boundaries (Figure 12A). Innervation is supplied through the 

lateral branch of the dorsal nerve, DN,e. (Figure 12B). The SRO sensory neuron 

soma (Figures 13A,B, 14, & 15A,C) lies on the SRO muscle fiber (Chapter II); it 

projects its dendrites within the SRO (Figures 13A,B & 16A) and its axon toward 

the CNS (Figure 20). The surround cell (its nucleus is visible in Figure 14) 

enwraps the dendrites of the sensory neuron on the SRO. The anatomy of the 

surround cell is important for understanding the dendritic terminations of the 

sensory neuron. Only one excitatory motoneuron was found to innervate the SRO 

muscle fiber (Figures 13C & 25), and its soma, as is the case with the 

intersegmental muscle motoneuroTIS, is in the ganglion of the segment anterior to 

the SRO that it innervates. 

7.3.2 Sensory Neuron and Surround Cell Components in the Periphery 

There is only one sensory neuron (the SRSN) invested in the SRO. This 

statement is based on observations that there is only one neuronal soma on the 

SRO (Figures 14 & 15A,C), and only one axon (Figures 13A,B, 14 & 15C) 

coursing away from the SRO. Tne soma of this sensory neuron lies on the central 

region of the SRO, near the SRO muscie fiber nucieus (Figure 15A,C). Thin 

sections (1 p.m) in both the transverse and longitudinal planes through the central 

region were consistent in revealing only one SRSN soma (Figure 15). This 

anatomical data confirms Weevers' electrophysiological data (1966a), that 
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FIGURE 12: Schematic of an abdominal segment and its innervation 

A and B. are each are drawings of the right half of an abdomiTla! segment 

in the larva. In each drawing, anterior is up, ventral midline is at the left, dorsal 

midline is at the right, and the spiracles are near the lateral edge. The diagram in 

A illustrates the relative positions of body wall muscles to the SRO (adapted from 

Levine & Truman, 1985). The diagram in B. shows the nervous supply from the 

eNS (segmental ganglion) to the SRO. The names of the nerves supplying the 

SRO are indicated. Most of the branches off the DNt are not drawn, nor are the 

terminal branches of Ll}e DNta and DNtp• Note that the SRSN projects its axon 

through a short nerve containing only the SRSN axon (the SRSN nerve) before 

joining the DNta, and the motoneuron axon arrives at the SRO through a short 

nerve branch containing only the SRO motoneuron (the SRMN nerve) after 

branching off the DNtp• Abbreviations: DNf! lateral branch of the dorsal nerve; 

DN tIP anterior branch of the DN fi DN f.? posterior branch of the DN fi SRO, stretch 

receptor organ. 
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FIGURE 13: The neuronal innervation of the SRO 

These preparations (A - D.) were stained with cobalt .. A A SRO from a 

larva. The large arrowhead points to the area where the SRSN soma lies. The 

small arrowhead points to the axonal branch of a possible additional motoneuron. 

B. & c. A SRO from an adult. This SRO is similar to the SRO in A, but the 

SRSN and SRO motoneuron are more visible. The central region of the SRO is 

shown in two focal planes such that both the sensory and motor innervation are 

visible. In B., the sensory neuron soma (arrowhead) and primary dendrites (dark 

speckled area pointed out by arrow) are visible, and L.'l c., the motoneuronal 

terminals are visible. The SRMN nerve has broken in this preparation, and the 

broken ends are pointed out by the asterisks in B. & C. Motoneuronal terminals 

onto an intersegmental muscle (ISM) are shown in D. at the same magnification 

used in A-C. Note· that the terminals on the SRO muscle fiber in C. appear 

more bulbous than those on the ISM in D. Dorsal is up in these 

photomicrographs. Scale bar = 100 pm. 
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FIGURE 14: The SRO as revealed with a hematoxylin stain 

This is a photomontage of the SRO, to show both the SRSN nucleus 

(SRSN N.) and the surround cell nucleus (SC N.). The single arrowhead points to 

the axon of the SRSN and the double arrowhead points to a major dendrite of the 

SRSN. The other, numerous and much smaller nuclei are the sheath nuclei; they 

lie in the nerve sheaths that enwrap the sensory neuron and the motoneuronal 

axons. The muscle fiber nucleus is out of the plane of focus. This SRO was taken 

from a stage P8 animal. Dorsal is up. Scale bar = 50 ;.un. 
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FIGURE 15: Thin sections through the SRO 

Select thin sections (1 /km thickness) through the SRO middle region in 

both longitudinal and transverse section, stained with toluidine blue and viewed 

with light microscopy. A Longitudinal section through a larval SRO revealing the 

single SRSN soma (asterisk). B. Longitudinal section through the same larval 

SRO showing a major dendrite (arrow) branching toward a dense material at the 

border of the muscle fiber (MF). This section also shows some of the axon (a) as 

it projects proximally. C. Transverse section through a larval SRO revealing a 

single SRSN soma (asterisk) a.1J.d its iPitial axonal projection (a) into the SRSN 

nerve. The surround cell nucleus (SC N.) is also visible along the sensory side of 

the SRO. D. Transverse section through a P18 SRO. A major dendrite of the 

SRSN (arrow) is visible. In all of the photomicrographs, the SRO muscle fiber is 

denoted by MF and its nucleus is indicated by an arrowhead. In C. & D., the 

numerous infoldings of the SRO muscle fiber nucleus can be seen. Serial 

longitudinal and transverse sections through the central regions of SROs 

(represented by these sections) confirmed the presence of omy one sensory 

neuron. Scale bar A. & B. = 100 J.U1Z, C. = 50 J.U1Z, & D. = 20 pm. 
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suggested that only one sensory neuron responded to stretch of the SRO. Its axon 

courses toward the CNS in its own nerve for a relatively short distance (ca. 250 -

500/Lm; the SRSN nerve) before joining the DNta (Figure 12B). In many 

preparations, the sensory axon can be seen to zigzag within the nerve sheath that 

surrounds it (e.g., Figures 14 & 15B). The dendrites of the sensory neuron are 

restricted to one side, the sensory side, of the muscle fiber (Chapter II, Figures 16 

& 17). There are often two or three major dendrites of the sensory neuron visible 

in preparations stained for light microscopy (e.g., the cobalt backfill of Figure 

13B). Some of the finer branches of the dendrites are also visible in Figure 13B, 

but, typically, were difficult to stain. These branches could be seen with electron 

microscopy, and were closely associated with processes from the SRO surround 

cell. 

The surround cell is a non-neuronal cell based on the observations that it 

does not possess an axon or make synaptic specializations. It lies on the sensory 

side of the SRO (Chapter II; Figures 16 & 17) and extends processes that enwrap 

the sensory neuron dendrites (Figures 16A & 17). These processes lie between 

the SRSN dendrites and the muscle fiber of the SRO, thwarting any direct contact 

between the sensory and muscle components (Figures 16A, 17 & 18). In the area 

between the SRSN dendrites and the muscle fiber, the surround cell processes are 

highly folded (Chapter II; Figure 16A & 18). This folding, combined with the 

desmosome-like and hemidesmosome-like junctions it makes with itself (Chapter 
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FIGURE 16: The sensory side of the SRO 

.A_ Electron micrograph montage of the sensory side from a transverse 

section at the central region of the SRO. The surround cell (SC) and its nucleus 

(SC N.), as well as the relative positions of the surround cell, the sensory neuron 

dendrites (major dendrite, D; smaller dendritic branches, arrowheads), the muscle 

fiber (MF) lacking contractile apparatus, and the muscle fiber nucleus (myo N.) 

are visible in this figure. The dendritic branches appear as electron-lucent 

profiles, some of which can be seen to branch from the larger dendrite. Note that 

the dendritic branches are surrounded by the surround cell, and the interface 

between the dendritic branches and the muscle fiber is occupied by the surround 

cell. B. Electron micrograph of the sensory side from a transverse section taken 

through the end region (at 2 mm from the insertion of the 9 mm long SRO). At 

this point, the SRSN is no longer detectable, but the surround cell projections 

remain. The basal lamina (BL) still contains the dense extracellular matrix 

material, but artifacts from slight folding of this section are visible in the basal 

iamina as well. Tne muscie fiber CMF) has contractile apparatus in this region. 

Scale bar = 4 pm in A. and 1 pm in B. 
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FIGURE 17: Sensory side of the SRO containing lateral dendrite 

Electron micrograph of the sensory side of the SRO from a transverse 

section taken 3 mm from the SRO muscle fiber (of 9 mm total length) insertion. 

At this level along the longitudinal axis of the SRO, a branch of the SRSN 

dendrite (the lateral dendrite, arrowhead) is still present and enwrapped by the 

surround cell (SC). The dense extracellular matrix material stm occupies 

extracellular spaces descnoed by the surround cell, but no profiles of dendritic 

fingers are apparent. The basal lamina (top left) contains the dense extracellular 

matrix material, and the muscle fiber (right and bottom edges) can be 

distinguished by the presence of contractile apparatus. Scale bar = 500 nm. 
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FIGURE 18: Dendritic fingers of the SRO 

This is an electron micrograph of dendritic ten:ninals in tra.~erse section. 

The larger, electron-lucent profiles are dendritic branches (DB). Note that these 

lie adjacent to the regions of extracellular space descnoed by the surround cell 

(SC). Smaller branches come off the dendritic branches (the dendritic fingers, 

arrows) and project into the extracellular spaces. Within these spaces both the 

dense extracellular matrix material and the smallest electron-lucent profiles are 

found. These electron-lucent profiles are dendritic fingers that branched off a 

dendritic branch in a 'different plane of section. The large number of these 

profiles in a single plane of section suggests that the dendritic fingers run 

longitudinally within the spaces, embedded within the dense material. Note that in 

the extracellular spaces, the dendritic fingers, unlike the other dendritic branches, 

run naked (without the surround cell wrapping). The circles descnbe some of the 

hemidesmosome-like and desmosome-like junctions of the surround cell and 

muscle fiber. Scale bar = 500 nm. 
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II; Figure 18), defines areas of extracellular space, to be descnbed in more detail 

below. The surround cell also extends processes into the muscle fiber, making 

numerous desmosome-like and hemidesmosome-like junctions with the 

sarcolemma (Chapter II; Figure 18). 

Another striking feature of the surround cell is its large, elongate nucleus 

(Figures 14 & 16A). The nucleus of the surround cell extends approximately 100-

200/Lm in length and has a diameter of approximately 10 - 20/Lm (Figures 14, 

16A; see also Figure 26B,C). It contains much chromatin and its membrane is 

highly infolded (Figure 16A). When these results are considered with the intense 

staining of this nucleus in the Feulgen reaction (Chapter II), they suggest that the 

surround cell nucleus is polyploid. 

As the major dendrites of the sensory neuron approach the SRO muscle 

fiber, they form smaller dendritic branches (Figures 16A & 19A). It is these 

dendritic branches that are enveloped by the surround cell. They are visible in 

transverse section in Figures 16A and 18, and in longitudinal section in Figure 

19A Tney tend to run parallei to the muscie fiber, and near the extraceliular 

spaces defined by the surround cell. Tnese spaces contain a dense extracellular 

matrix within them that appears similar to the dense matrix within the basal 

lamina in both transverse (Figure 17) and longitudinal sections (Figure 19); this 

similarity is especially convincing in the longitudinal sections, where the dense 

material has a filamentous appearance in both locations. The one striking 
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FIGURE 19: Ultrastructure of the sensory side of the SRO in longitudinal section 

A Electron niicrograph montage frO!!! a longitudinal section through the 

central region of the SRO. This and the following electron micrographs are 

oriented such that the longitudinal axis of the SRO runs from the top to the 

bottom of this figure. A sensory neuron dendrite (0) approaches the muscle fiber 

and runs longitudinally along the SRO. This dendrite sends projections ("dendritic 

branches," arrows) toward the muscle fiber. The dendritic branches abut the 

dense extracellular matrix material (arrowheads) in the extracellular spaces. The 

dense material appears filamentous when sectioned longitudinally. B. Higher 

magnification of the dense extracellular matrix material in the extracellular spaces 

descnbed by the surround cell to show its filamentous appearance. The arrows 

point to profiles, possibly dendritic fingers, within the dense material. Similar 

profiles were never found in the dense material in the basal lamina. C. This 

electron micrograph shows that not only does the dense extracellular matrix 

material in the extracellular spaces (ES) appear filamentous, but the dense 

material in the basal lamina (BL) also appears filamentous. Scale bar = 2 pm in 

A., and 500 nm in B. & c. 
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difference in the dense material between the two locations is that, in transverse 

section, there are numerous round, electron-lucent profiles within the extracellular 

spaces defined by the surround cell (Figure 18) never found in the basal lamina. 

Connections from the electron-lucent profiles to the dendritic branches 

(arrows in Figure 18) were frequently seen. Therefore, it is concluded that these 

profiles represent the smallest dendritic processes ("dendritic fingers"). As the 

dendritic fingers enter the spaces, they lose their surround cell wrapping. 

Presumably, all of the electron-lucent profiles are dendritic fingers, and most of 

them connect to the dendritic branches in other planes of section. This suggests 

that within the dense extracellular matrix, the dendritic fingers must run parallel to 

the muscle fiber. This should be possible to verify in longitudinal sections. 

However, although electron-lucent profiles were found in the dense extracellular 

matrix in longitudinal sections (e.g., Figure 19B), no connections from these 

profiles to dendritic branches have been found. A dendritic finger was never seen 

to protrude through an extracellular space to make contact with the muscle fiber. 

It is dear that in the central region of the SRO there are many dendritic 

branches and fingers. To determine the extent to which these dendrites run 

toward the end regions, transverse sections were taken at various longitudinal 

levels. The SRO sectioned for this purpose was approximately 9 mm in total 

length. An electron micrograph of the sensory side from a transverse section at 2 

mm from an SRO attachment site (Figure 16B) does not reveal any dendritic 
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processes (although processes of the surround cell are still visible). This was also 

the case at 2.5 rom from the attachment site (not shown). By 3 mm from the 

attachment site (one-third of the way along the SRO; Figure 17), a dendritic 

process is visible on the sensory side of the SRO. This process looks similar at 3.4 

and 4.0 mm from the attachment (not shown). This dendritic process (the ''lateral 

dendrite") has a small diameter (less than 400 nm), and is not seen to project 

dendritic fingers, although some extracellular spaces containing the dense 

extracellular matrix are visible. It is also noteworthy that there is only one 

dendritic profile is visible, unlike in the central region where there are numerous 

dendritic branches. Further, in transverse sections where the lateral dendrite is 

visible, contractile apparatus is found across the diameter of the muscle fiber, 

unlike in the central region. The precise point at which this dendrite ends, 

somewhere between 2.5 and 3.0 nun from the insertion, was not found. Based on 

the longitudinal exterit of the sensory dendrite and assuming that the SRO is 

symmetrical along its length from the central region, these results indicate that the 

entire central one-third of the SRO contains dendritic processes of the SRSN. 

However, because even at 4.0 nun the sensory processes were reduced to the 

profile of the single lateral dendrite, only the central millimeter (the centrai one

ninth) of the SRO contains the highly branched dendrites and dendritic fingers. 
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7.3.3 Projection of Sensory Neuron Component into the CNS 

Both electrophysiologica1 and anatomical techniques cor.fi...~ed that the 

axon of the SRSN enters its segmental ganglion through the dorsal nerve and 

bifurcates to run into the next anterior and posterior ganglia, where its axon ends. 

Extracellular recordings of the SRSN near its soma were made via a suction 

electrode while a number of points in the CNS were stimulated, s!mllar to the 

method used by Weevers (1966c). Any point in the CNS which, when stimulated, 

led to retrograde activation of the SRSN was considered to contain the SRSN 

axon within it. Stimulation of the connectives anterior and posterior to AS 

recruited the SRSN of AS. However, stimulation anterior to A4 and posterior to 

A6 did not recruit the AS SRSN, even with stimulus intensities well above those 

used on the connectives from AS. 

Cobalt backfills confirmed that the SRSN enters the ganglia both anterior 

and posterior to its segmental ganglion (Figure 20). There were two obstacles to 

obtaining successful fills of the SRSN. The first was that the cobalt must diffuse 

over a great distance, from the dorsally located SRO to the ventral nerve cord and 

into the ganglia in the next segments. This was overcome by using the much 

smaller fourth instar larvae for the cobalt backfills. The other obstacle was that 

the DNt has many branches in the vicinity of the SRO, making it difficult to 

isolate the SRSN axon. However, one process was filled in the majority of 

preparations, and could be distinguished from the other processes because it lies 
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A4 A5 A6 

FIGURE 20: Axonal arborizations of the SRSN 

The axonal arborizations of a single larval sensory neuron from a SRO in 

the fifth abdominal segment of a fourth instar larva are shown. The axon has 

processes in the fourth (A4), fifth (A5), and sixth (A6) abdominal ganglia. In 

each ganglion, the profIle of the SRSN axon is denoted by an arrow. Note the 

sparse and club-shaped branches of the SRSN axon. The processes to the right of 

the SRSN axon, and somewhat out of focus, are the axonal arborizations of the 

sensory neurons innervating cuticular hairs. Anterior is up. Scale bar = 200 JLm. 
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in a different focal plane from the other filled processes (Figure 20). This process 

was also revealed in one preparation where only two processes stained. Tr.is 

process (see Levine & Truman, 1982) is thus considered to be the SRSN axon. It 

extends anteriorly within the ganglion in A4 and posteriorly within the ganglion in 

A6. 

Aside from the axonal bifurcation, the SRSN axon branches only sparsely in 

its ganglion of entry into the CNS. The terminal axonal branches ranged in 

appearance from short and clubby to more elongate (Figure 21). The number of 

terminal axonal branches within a ganglion ranged from fewer than 10 to more 

than 20. This variability in branching pattern is illustrated in the camera lucida 

drawings of Figure 21; this figure also includes an SRSN axon of a segment other 

than AS, illustrating that the SRSN branching pattern is similar in each of the 

segments examined (segments Al - A6). 

Most processes of sensory neurons are in the ventral neuropil (Zawarzin, 

1925; Levine, et aL, 1986), and the dendrites of the ISM motoneurons are in the 

dorsal neuropil (Levine & Truman, 1985). By analogy to other systems where the 

proprioceptive synaptic input pattern is known (Burrows, 1975; Wine, 1977, 

Baidissera, et aL, 1981) it is most likely that the SRSN would provide synaptic 

input to motoneurons innervating targets that, when activated, lead to the 

shortening of the proprioceptive element. In Manduca, this would represent those 

motoneurons innervating the ISM in the same segment as the SRO and lying near 
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FIGURE 21: Variability in SRSN axonal arborizations 

Camera-lucida tracings of the SRSN axonal arborizations from four larva! 

cobalt preparations, only showing the axonal branching pattern in the ganglion of 

entry for each preparation. A, B., & c. are all cobalt backfills from a SRO in AS. 

D. is a cobalt backfill from a SRO in A6. A & C. are both backfills of SROs in 

fourth instar larvae, while B. & D. are both backfills of SROs in fifth instar larvae. 

Note that there is variability in the amount of terminal branching and in the 

morphology of the terminal branches among these preparations. The dotted lines 

in B. & C. indicate the approximate position of the SRSN axon in regions that 

were obscured by other processes that were stained in the same preparations. 

Scale bar = 100 pm. 
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the SRO. The somata and dendrites of the ISM motoneurons with targets in AS 

are located in the A4 ganglion. Therefore, it was of special interest to determine 

whether the AS SRSN axon could make direct contact with the motoneurons in 

the A4 ganglion. Considering the sparsity of SRSN terminal branching, if its axon 

and branches were in the ventral neuropil, it might preclude the SRSN from 

contacting motoneurons. LTl whole mounts, however, it appears that the SRSN 

axon is in a more dorsal focal plane than the processes of the cuticular afferent 

neurons (in the sensory neuropil) that happen to fill in many of these cobalt 

preparations (Figure 20). 

Thick sections (10 p.m) of successful backfill preparations were made to 

address whether the terminal branches of the SRSN axon could potentially contact 

the dendrites of ISM motoneurons. The SRSN axon enters the AS ganglion 

dorsally (Figure 22C), and then projects toward the intermediate neuropil. It then 

runs in an intermediate neuropilar region, and its branches also lie in the 

intermediate neuropilar region. The sections presented in Figure 22 A - D were 

taken from a cobalt backfill of a fourth instar larva. Note that the SRSN process 

(Figure 22A-D) consistently lies dorsal to the processes of the cuticular afferent 

neurons (arrowheads). One transverse section through an ISM motoneuron 

(motoneuron 12) from an adult preparation is also presented in Figure 22 (E), 

showing that its dendritic arborizations are restricted to the dorsal neuropil. 
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FIGURE 22: Cobalt-stained SRSN axon viewed in transverse section of the CNS 
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instar larva) shown in whole-mount in Figure 20. The sections from A = D. are 

in order from the most anterior to the most posterior section, and dorsal is up. A 

& B. Transverse sections through the fourth abdominal ganglion (A4). C. & D. 

Transverse sections tI1 .. roug.1! the fifth abdomi.l!a! ganglion (.AaS). In each section 

from A - D., the SRSN axon is indicated by the arrow and the processes of the 

cuticular hair sensory neurons are indicated by the arrowhead. Note that in all 

four sections, even when branches of the SRSN axon or of the cuticular hair 

sensory neurons are visible, the SRSN profile is located dorsal to the cuticular hair 

profiles. E. The dorsal processes of an intersegmental muscle motoneuron (MN-

12) in an A4 ganglion that had been stained through intracellular injection of 

cobalt can be seen in this transverse section. The difference in size of this 

ganglion and the ganglia shown in A-D. is because the ganglion in E. is from a 

P18 insect which is larger than a fourth instar larva. The cross-sectional level 

through the ganglion in E. is approximately equal to that in D. Scale bar = 100 

J.L11l for all sections. 
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7.3.4 Motoneuron Component in the Periphery 

In the majority of cobalt backfills to the SRO in the periphery it appears 

that there is only one motoneuronal axon innervating the SRO. The axon of this 

motoneuron runs for a short distance in its own nerve (the SRMN nerve, visible in 

Figure 13B,C), before innervating the SRO muscle fiber polyterminally (Figure 

13C). The axon of the motoneuron branches numerous times 'within the SRMN 

nerve, before the nerve itself branches (Figure 13B). In some preparations, all 

branches were clearly derived from a single axon, and in most preparations (n = 

24), the axonal branches from the SRMN nerve all appeared similar in diameter 

and shape of their terminals. In one preparation, however, (Figure 13A) two 

distinct axons were visible within the SRMN nerve, differing in axonal diameter, 

leaving open the possibility that more than one motoneuron innervates the SRO. 

The motoneuronal endings on the SRO muscle fiber tend to appear more 

bulbous at the light microscopy level than the endings of other motoneurons on 

the ISMs (compare Figure 13C with 13D), in all but one preparation (of 24) 

where the endings onto the SRO muscie fiber and the ISMs appeared the same 

size. Wnen examined with electron microscopy, chemical synapses onto the SRO 

musde fiber were found (Figure 23), presumably from the SRO motoneuron, 

although no stain was used for verification. The presynaptic terminal contains 

mainly small, clear vesicles, but larger, dense-cored vesicles were also found 

(Figure 23, arrowheads). 
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FIGURE 23: A neuromuscular junction onto the SRO muscle fiber 

Electron micrographs of two sections (separated by approximately 100-

200 nm) of a neuromuscular contact. Two chemical synapses from the presynaptic 

terminal onto the muscle fiber are visible (arrows point to them from the 

postsynaptic side). The arrowheads point to dense-cored vesicles. Scale bar = 

500nm 
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Efferent regulation of sensory receptor cells has been shown to occur in 

other systems (Spoendli.'f1, 1989; Bock & Russell, 1973). In particular, the sensory 

neurons of the crustacean MROs receive direct synaptic input from the efferent 

neuron (Hirosawa, et aL, 1981). To explore whether this was a possibility in the 

SRO, the location of the motor nerves and presynaptic profiles relative to the 

sensory side of the SRO was examined. Both nerves and presynaptic profiles were 

found only on the motor side of the SRO (opposite the sensory side). This 

segregation of the motoneuronal terminals from the sensory neuron dendrites, 

along with the finding that the sensory neuron dendrites are encircled by the 

surround cell, suggest that the motoneuron does not make any direct contact with 

the sensory neuron. 

Electrophysiological evidence also indicates that there is only one excitatory 

motoneuron to the SRO, and suggests that this motoneuron does not innervate 

any other muscle fibers. Both intracellular (Figure 24) and extracellular (not 

shown) recordings from the muscle fiber of the SRO revealed muscle action 

potentials in response to stimuiation of the DNt . Each stimuius puise evoked one, 

all-or-none muscle action potential. Varying the stimulus intensity, as well as 

hyperpolarizing the muscle fiber with intracellular current injection (up to -25.0 

nA; Figure 24C), did not reveal any other evoked postsynaptic responses of the 

muscle fiber. The evoked muscle action potentials look similar to the muscle 

action potentials that occur tonically in this muscle fiber without stimulation 



FIGURE 24: Electrophysiologica1 evidence for the existence of only one 

excitatory motoneuron of the SRO 
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A This trace is an intracellular recording from the muscle fiber of the 

SRO. In response to DNt stimulation (stimulus artifact is denoted by the arrow), 

the muscle produced an action potential. The stimulation voltage used to elicit 

this action potential was 9 V, well above the threshold stimulation voltage of 3 V 

required to produce a muscle action potential. B. The top trace is an intracellular 

recording from the SRO muscle fiber, and the bottom trace is the extracellular 

recording from the DNe, to show the stimulation art.ifact. The SRO motoneuron 

action potential cannot be seen in this trace, but other units can be seen to be 

activated by the stimulation. A stimulus train (at 75 pps) produces a train of 

muscle action potentials that follows the stimulation 1:1, all of the same amplitude. 

C. When -22nA hyperpolarizing current is intracellularly injected into the SRO 

muscle fiber, spontaneous activity does not cease and no other synaptic inputs to 

the SRO muscle fiber are revealed. 
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(Figure 24A). Intracellularly recorded SRO motoneuron action potentials 

preceded each SRO muscle action potential (Figure 25C). Fu...-ther, when the 

SRO motoneuron is hyperpolarized intracellularly such that it no longer produces 

action potentials (asterisk in Figure 25C), the SRO motoneuron unit in the DNt 

and the action potentials recorded from the SRO muscle fiber cease 

simultaneously. This evidence a!! suggests that only one excitatory motoneuron 

innervates the SRO. "It is also likely that the tonic muscle fiber activity is not 

myogenic, because the intracellular hyperpolarization of the muscle fiber descnbed 

above did not stop the tonic activity. 

For a thorough understanding of this motoneuron, it is important to know 

whether it innervates other muscle fibers in addition to the muscle fiber of the 

SRO. By pairing the extracellular recordings of the SRO muscle fiber with 

simultaneous extracellular recordings of dorsal ISMs, it was possible to show that 

their activity was never correlated. In fact, none of the ISMs recorded were 

tonically active. This experiment indicates that the SRO motoneuron innervates 

oniy the SRO muscle fiber, similar to the gamma-type efferent neurons of 

vertebrate muscle spindles (Hulliger, 1984). 

7.3.5 Motoneuron Component in the CNS 

Identification of the excitatory motoneuron was achieved through a 

combination of techniques. Cobalt backfills were made into the CNS from the 
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FIGURE 25: The larval motoneuron of the SRO 

.A Photomicrograph of this motoneuron, stained throug..lJ. i!ltracellu!ar 

injection of cobalt, in the fourth abdominal ganglion. Its axon runs posteriorly 

where it exits from the fifth abdominal ganglion to innervate the SRO in the fifth 

abdominal segment. B. Camera-Iucida tracing of the same motoneuron. Scale bar 

A. & B. = 50 pm. C. Electrophysiological identification of this motoneuron. The 

intracellularly recorded action potentials of the motoneuron (top trace) 

correspond with the extracellularly recorded action potentials in the DNt (middle 

trace) and with the action potentials of the SRO muscle fiber (bottom trace). 
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DNt to identify somata that were candidates for the SRO motoneuron soma. As 

shown by Levi..ne and Truman (1985), these candidate somata are all located in 

A4. The locations of the cobalt-filled somata were used to guide intracellular 

impalements in the search for the SRO motoneuron. During the intracellular 

impalements, the SRO muscle fiber was monitored with extracellular recordings. 

Only one motoneuron was found in any preparation to have activity correlated 1:1 

with the SRO muscle fiber action potentials. These recordings confirmed that the 

tonic SRO muscle fiber action potentials are neurogenic. This motoneuron was 

injected intracellularly with cobalt for morphological identification (Figure 25A,B). 

7.3.6 Is the SRO Modified during Metamorphosis? 

In the PeripheIV 

Changes in the SRO in the periphery during metamorphosis, such as 

replacement or modification of the SRO components, were investigated by 

examining SROs at many stages during metamorphosis and in the adult. Because 

many changes couid be detected at the light microscopy level, such as a change in 

the number or position of the component nuclei, or modification of the 

motoneuronal terminals, histological stains and cobalt backfills were used. Giemsa 

and Gill's hematoxylin stains were used on all of the following stages: Ll, WO, PO, 

P2, P4, P5, P6, P8, PlO, P13, and P16 - 18. No differences in the number or 

position of the SRSN, surround cell, and muscle fiber nuclei were found (Figure 
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26). The cobalt backfills were used on Ll, PO and P18 staged animals. The 

motoneuronal term illals and appearance of the SRSN soma and axon also did not 

appear different among the stages examined (Figure 13). These results suggest 

that the SRO remains stable throughout metamorphosis, however, other possible 

changes, such as in distnbution of contractile elements in the muscle or in 

dendritic projection patterns, cannot be resolved without electron microscopy. 

In the CNS 

The possibility that the SRSN or the SRO motoneuron undergo central 

alterations was also tested. Anterograde cobalt staining of the SRSN into the 

CNS did not reveal substantial differences in the projection of the SRSN axon 

between the larva and adult. Because it was much more difficult to obtain a 

complete fill of the SRSN axon in the adult, the stability of this axonal process is 

concluded mainly from comparisons of the SRSN axon in its ganglion of entry into 

the CNS. There was, however, one preparation where the SRSN axon was stained 

in ail three ganglia (Figure 27B) and this SRSN axon appears similar in ail three 

ganglia to the Iaxval SRSN axon. The A4 and AS ganglia are tipped onto their 

sides in this figure, so that not only is the sparse branching pattern visibie, but also 

the SRSN axon can be seen to run through a medial region in the ganglion. In 

addition, the SRSN axon in the pharate pupa (W3; Figure 27A) and first day pupa 

(PO, not shown) were similar to that in the larva. Therefore, it appears that the 
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FIGURE 26: Stability of the SROs during metamorphosis 

A & B. are different foca! planes of a hem atoxy1ill-stained SRO from a 

fifth instar larva, and C. & D. are different focal planes of a hematoxylin-stained 

SRO from a P18. In A, the larval sensory neuron nucleus (SRSN N.) and soma 

are in focus. The arrowhead points to an unstained area that represents the 

SRSN axon in the SRSN nerve. In B., the larval SRO surround cell nucleus (SC 

N.) and SRO muscle fiber nucleus (myo N.) are in focus. In C., the P18 sensory 

neuron nucleus (SRSN N.) and surround cell nucleus (SC N.) are in focus. The 

arrowhead points to a major dendrite of the SRSN that can be seen by its lack of 

stain as projecting toward the SRO muscle fiber. In D., the P18 SRO muscle fiber 

nucleus (myo N.) is in focus. This figure shows that at each stage, the same 

number of large nuclei in similar relative positions. Scale bar = 50 p.m. 
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FIGURE 27: Stability of the SRSN axon in the CNS through metamorphosis 

Anterograde cobalt diffusion of the SRSN axons in a pharate pupa (A) 

and in a PI8 (B.) stain their processes (arrows) in the CNS. In A, the orientation 

of the ganglia is the same as in Figures 20 and 21. In B., the A4 and AS ganglia 

are oriented differently. In these photomicrographs, the ganglia were tipped onto 

their sides such that dorsal is to the right. This enables the SRSN process to be 

seen amidst the numerous other processes that are stained, and also reveals that 

the P18 SRSN process runs in a sinnlar, intermediate region in the ganglion 

(neither dorsal nor ventral). The A6 ganglion in B. appears different from the A6 

ganglion in A and from the A6 ganglia in Figures 20 and 21 because in the P18s, 

the A6 ganglion is fused with the terminal abdominal ganglion. No substantial 

changes in the arborization pattern can be seen from the larva (Figures 20 & 21) 

to the P18. The variation seen in the branching patterns between the different 

stages is similar to the variability of the branching pattern among the larval 

preparations. Scale bar = 200 p.m. 



A 
A4 

B 

A4)r~ 

,,~ 
--'IT, ii-(>:1 

I 

I 

AS ~ __ . 

A5 

144 

I, / 

i~ " 
: , ",,,--,,,~ I ;~'j" 
! , • 

A6 .... r 
11' 



SRSN axon does not undergo major postembryonic modifications during 

metamorphosis. 
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To determine whether the dendritic morphology of the SRO motoneuron is 

modified during metamorphosis, intracellular recordings and dye-injection of the 

adult SRO motoneuron were made. The adult SRO motoneuron was identified 

electrophysiologically by the 1:1 correlation of its activity with the SRO muscle 

fiber action potentials in four adult preparations. The adult motoneuron (Figure 

28) is similar to the larval motoneuron in soma position and in the morphology of 

its initial neurite. However, the dendritic arborizations of the adult motoneuron 

are more extensive than in the larva, and some dendritic branches extend to the 

contralateral neuropil, unh"ke the larval SRO motoneuron. 

7.4 DISCUSSION 

Only one sensory neuron innervates the SRO. This sensory neuron (the 

SRSN) projects its dendrites mainly in the central region of the SRO, where the 

muscle fiber is lacking in contractile apparatus (Chapter II). Tnis is analogous to 

the IA and sp II afferent innervation of intrafusal muscles (Banks, et aL, 1982) and 

to the sensory neuron innervation of the crustacean MROs (Euteneuer & Winter, 

1979). These central· dendritic branches give rise to smaller dendritic fingers that 

are enmeshed in a dense extracellular matrix material. These dendritic fingers are 

the only branches of the SRSN that are not enwrapped by the surround cell. Such 
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FIGURE 28: The SRO motoneuron in the adult 

This SRO motoneuron was stained through intracellular injection of cobalt. 

A Photomicrograph of the stained P18 SRO motoneuron. B. Camera-Iucida 

tracing of the same motoneuron. The dendritic arborizations of this PI8 SRO 

motoneuron are more extensive than the dendritic arborizations of the larval SRO 

motoneuron (Figure 24). However, the soma location and the morphology of the 

primary neurite of this motoneuron are similar to the larval SRO motoneuron 

(visible by comparing this camera-Iucida tracing to the one in Figure 24B). The 

simil~rities between these motoneurons suggest that they are indeed the same 

motoneuron, but that during metamorphosis, the dendritic arborizations of this 

motoneuron are remodeled. Scale bar = 50 pm. 
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"naked" dendrites are· typically considered to be the site for transduction in 

mechanosensory neurons (French, 1988). 

The dendritic fingers appear to run longitudinally within the dense 

extracellular matrix material. Orientation of proprioceptive sensory neuron 

dendrites has been shown to be important for determining the direction of stretch 

to which a sensory neuron is sensitive (Zill, 1985). In the chordotonal organ of 

the locust, the orientation of the proprioceptive sensory neuron dendrites is 

correlated to whether the sensory neuron is responsive to flexion or extension of 

the femorotIbial joint (Zill, 1985). By analogy, the longitudinal projections of L"'1e 

SRSN dendritic fingers predict that they would be most sensitive to stretch in the 

longitudinal plane, the same direction their dendrites project. 

The SRSN also projects a dendritic branch that runs longitudinally. This 

lateral dendrite extends approximately one-third of the distance from the central 

region to the insertion site of the SRO muscle fiber, overlapping with the SRO 

muscle fiber where it contains a full complement of contractile apparatus (Chapter 

II). An overlap between sensory dendrites and contractile machinery also occurs 

between both the primary and secondary afferent neurons with the intrafusal 

fibers in vertebrate muscie spindies (Banks, 1981), as well as in the tonic MRO in 

crustacea (Euteneuer & Winter, 1979). Tne lateral branches of the SRSN 

dendrite differ in appearance from the majority of SRSN dendritic branches in the 

central region in that it does not give rise to dendritic fingers, has a relatively 
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small diameter, and remains wrapped by the surround cell. However, in neither 
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systems do the dendritic projections that extend into the contractile regions take 

on an appearance so ·strikingly different from the majority of the dendritic 

branches. 

The axon of the SRSN projects into three segmental ganglia. Projection 

into a limited number of abdominal ganglia is a characteristic of the SRSN axon 

that differs from the projection pattern descnbed for the crayfish MRO sensory 

neurons (Bastiani & Mulloney, 1988a). In the crayfish, individual MRO sensory 

neurons project into the ganglion of their segment of origin, bifurcate, and then 

run through the entire length of the CNS, from the brain to the terminal 

abdominal ganglion. In Manduca, the SRSN axon branches only sparsely in each 

of the three ganglia. Sparse branching is also characteristic of the crayfish MRO 

sensory neurons (Bastiani & Mulloney, 1988a). The sparse branching pattern may 

not prevent the SRSN axon from making monosynaptic connections with 

abdominal motoneurons. This is because of the finding that the SRSN axon runs 

in an intermediate tract in each ganglion, more dorsally than other sensory 

afferent axons. Bastiani and Mulloney did not investigate where the MRO sensory 

neuron axons run in the crayfish eNS. However, it has been shown for other 

proprioceptive neurons in insects that proprioceptive neurons tend to project to a 

separate, more intermediate area of the eNS from other sensory neurons (pfluger, 
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et al, 1988; Murphey, et al, 1989; Merritt & Murphey, 1992). Based on this 

intermediate position of the SRSN axon and axonal arbor128.tions along with the 

extensive dorsal dendritic arborizations of the intersegmental muscle motoneurons 

(Levine & Truman, 1985), it is possible for these sensory and motor elements to 

overlap and form monosynaptic connections. In order to demonstrate this 

anatomically, it would be necessary to examine preparations in which both the 

SRSN and an ISM motoneuron were filled. These preparations could be 

examined at the light microscopy level (Shepherd & Murphey, 1986; Schneider & 

Kutsch, 1989), but the most conclusive experiment would be to examine such a 

preparation ultrastructurally, to demonstrate the existence of synapses from one 

stained profile onto the other exist. 

These results have also revealed the existence of only one excitatory 

motoneuron to the SRO, and no inhibitory motoneurons. The excitatory 

motoneuron appears to be of the "fast" type, such that each motoneuronal action 

potential leads to an all-or-none action potential in the muscle fiber. The motor 

nerves and synapses were never seen to lie near the sensory side of the SRO, but 

rather, opposite the sensory side. This suggests that the SRO motoneuron does 

not innervate the SRSN directiy, and provides further evidence against the 

existence of an inlubitory motoneuron to the SRO analogous to the inhibitory 

motoneuron of the crustacean MROs that does synapse directly on the sensory 

neurons of the MROs. There is no evidence to rule out or confirm the existence 
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of any neuromodulatory motoneurons to the SRO. Pfluger and colleagues 

(Pfluger, Witten & Levi..ne, submitted publication) demonstrated that there are 

neuromodulatory motoneurons that project into the DNt , but they did not reveal 

the terminal projections of these neurons. They were able to show that these 

neuromodulatory neurons entered all visible nerve branches, even the finest 

nerves. The one preparation shown in Figure 13A that appears to have an 

additional motoneuronal axon could represent neuromodulatory motoneuronal 

innervation. However, electron microscopy of this organ never revealed synapses 

of differing appearances as would indicate the presence of a neuromodulatory 

motoneuron. Also, neuromodulatory motoneurons descnbed to innervate muscles 

in other systems (Bishop, et ai, 1987) have been shown to modulate muscle 

tension. Because the SRO muscle fiber (Chapter II) is not specialized for force 

production, any neuromodulatory motoneuron may be involved in a function other 

than tension control. If a neuromodulatory motoneuron were to alter sensory 

neuron responsiveness to motoneuronal activation, it was not found by Weevers 

(1966'0), who stimulated the motor axon at varying frequencies and monitored 

SRSN activation. 

Identification of the excitatory SRO motoneuron revealed that it has 

predominantly unilateral dendritic arborizations, ipsilateral to the SRO it 

innervates. The anatomy suggests that the SRSN axon and the dendrites of the 

SRO motoneuron of the same SRO could overlap in the CNS. Sensory neurons 
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in insect systems have been shown, in general, to have excitatory synaptic effects 

on their postsynaptic targets (Burrows, 1975; Sanes & F..i1debrand, 1976; Shepherd 

& Murphey, 1986; Pfliiger & Burrows, 1987; Weeks & Jacobs, 1987; Laurent & 

Burrows, 1988; Pearson & Wolf, 1988; Trimmer & Weeks, 1991; Waldrop & 

Levine, 1992). In addition, Levine and Truman (1982) provided evidence that the 

SRSN may monosynaptically excite motoneuron 1. The results of Chapter IV also 

indicate that the SRSN can monosynaptically excite a motoneuron. If the SRSN 

were to monosynaptically excite the SRO motoneuron, it would presumably 

contnbute to a positive feedback loop. This is inconsistent with Weevers' 

observations of a negative feedback loop for these neurons (1966b), such that the 

SRO motoneuron excites the SRSN, leading to inlnbition of the SRO motoneuron. 

It is most likely, therefore, that the SRSN inlnbits the SRO motoneuron through a 

polysynaptic pathway~ Information on the synaptic input from the SRSN to the 

SRO motoneUron is necessary to resolve this issue. 

The dense extracellular matrix material found around the sensory side of 

the SRO is intriguing. Tne importance of this material is suggested by the 

numerous naked dendritic fingers that are invested in this material. A material 

with a similar fiiamentous appearance has been descnbed in the Antheraea stretch 

receptor organ (Osborne & Finlayson, 1965). The phasic sensory neuron in the 

crustacean MRO also projects its dendrites into an extracellular material, but this 

extracellular material is not organized into filamentous bundles (Euteneuer & 
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Winter, 1979). One crucial question about the dense extracellular matrix material 

is the extent of its elastic properties. This question must be answered to 

understand the function of this material. The presence of the dense material 

along the end regions of the muscle fiber suggests that the amount of strain in this 

material is higher than typical of biological material, otherwise it would interfere 

with contraction of the muscle. 

The possibility that the surround cell nucleus is polyploid suggests that this 

cell may be required to produce a great deal of protein (Brodsky & Uryvaeva, 

1985). Due to the close association of the dense material with the stL.70und cell, 

and the localization of the dense material to the sensory side of the SRO, it is 

possible that polyploidy reflects the need of this cell to produce this dense 

extracellular matrix material. Osborne and Finlayson (1965) also predicted that 

the cell in that organ corresponding to the surround cell (the "fibre tract cell") 

produces the dense material in the Antheraea stretch receptor organ, although 

they did not bring up the possibility of this cell having a polyploid nucleus. 

Tnereiore, the surround cell may have an important role in producing as well as 

enclosing this dense material. 

There are other specializations of the surround cell that suggest it plays an 

important role in SRO function. The surround cell is large, extending at least 

60% of the distance from the central region toward the attachment of the SRO 

muscle fiber (i.e., to at least 1.7 mm from the muscle fiber insertion). The 
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surround cell makes specializations with the SRO muscle fiber (e.g., it sends 

projections in to the muscle fiber and ma..kes hemidesmosome- and desmosome

like junctions with the sarcolemma). These specializations should serve to create 

a tight association of the surround cell with the muscle fiber. This suggests that 

any change in the length of the SRO (ultimately affecting the activity of the 

SRSN) would affect the length of the surround cell. The surround cell also 

ensheathes the SRSN dendrites, except for the dendritic fingers, and blocks any 

direct contact between the SRSN and the muscle fiber. The numerous 

specializations suggest that the surround cell is a fully differentiated cell with an 

integral role in SRO function, and thus also indicate that the surround cell is not a 

type of satellite cell. 

From these results it is possible to offer a model for how transduction may 

occur in this SRO in response to both passive stretch and via SRO motoneuron 

activity. When the SRO is stretched passively, as may occur due to an external 

perturbation of the abdomen, the SRO muscle fiber would stretch along its entire 

length. Because of the tight association of the surround ceil with the muscie fiber, 

the surround cell would also stretch along its length. A stretch of the surround 

ceil would then deform the extraceiiuiar spaces, because these spaces are defined 

by the surround cell, and, in turn, deform the bundles of the dense extracellular 

matrix material within the spaces. Any deformation in this material would then 

also deform the shape of the dendritic fingers. Like the sensory neuron of the 
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crustacean MRO (Erxleben, 1989), the SRSN membrane may have stretch

activated channels. Therefore, a deformation of the dendritic fingers should 

activate these stretch.;.activated channels, leading to a depolarization of the SRSN. 

When the SRO motoneuron is activated, the SRSN also increases its 

activity (Weevers, 1966b). However, activation of the SRO muscle fiber by the 

SRO motoneuron would not lead to a stretch of the entire muscle fiber. Instead, 

the end regions of the muscle fiber (that contain a full complement of contractile 

apparatus) would contract, leading to a stretch of the central region of the SRO 

(lacking contractile apparatus). This central stretch should then lead to activation 

of the SRSN in the same manner as descnbed for the passive stretch. 

A complication of this scheme for SRSN activation is the existence of the 

lateral dendrites of the SRSN that project along a contractile area of the muscle 

fiber. In vertebrate muscle spindles, some of the sensory dendrites also associate 

with areas of the intrafusal fibers that have a full or almost full complement of 

contractile machinery (Banks, et aL, 1982), but the role of these dendrites is not 

understood. In the crustacean MROs, the centrai regions have fewer muscle 

fibers than the end regions, being mainly composed of connective tissue 

(Aiexandrowicz, 1967). Tne tonic sensory neuron makes specializations directiy 

with the muscle fibers that run through the central region (Euteneuer & Winter, 

1979), whereas the phasic sensory neuron does not make similar specializations. 

Instead, the dendritic terminations of the phasic sensory neuron are embedded 



156 

within the connective tissue (Euteneuer & Winter, 1979). The authors explain this 

difference as providing the tonic sensory neuron with its greater sensitivity to 

stretch than the phasic sensory neuron. Therefore, the lateral dendrites in the 

Manduca SRO, because they are located in the region with a full complement of 

contractile apparatus, may be especially sensitive to stretch as well. 

It is compelling to predict that the role of the lateral dendrites in the SRO 

in Manduca is to increase the sensitivity of the SRO to external perturbation; the 

lateral dendrites would not be involved in the SRSN response when the SRSN is 

activated via the SRO motoneuron and the end regions are shortened. This role 

requires that the lateral dendrites as well as the dendritic fingers have stretch

activated channels. From the investigation of stretch-activated channels on the 

crustacean MRO (Erxleben, 1989), it seems that they can be found on any section 

of membrane of the sensory neuron. This would indicate that it is likely that the 

lateral dendrites would have these channels. An alternative role for the lateral 

dendrites could be to anchor the SRSN to the SRO. This anchoring role is not 

supported by the electron microscopy of the iateral dendrites, which show that 

they do not have any junctions with other cells and are typically surrounded by 

empty spaces. Tne presence of dendrites overiapping contractiie apparatus in the 

mammalian muscle spindle and in the crustacean MRO, as well as in the Manduca 

SRO suggests that there must be an advantage to having this arrangement. There 

could indeed be an advantage to additional sensitivity to perturbations. 
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My model for sensory transduction depends on the assumption that the 

dense extracellular matrix material is capable of greater strain than norma! 

biological materials. If the dense material is more rigid, the following alternative 

model could explain the activation of the SRSN. The dendritic fingers, because of 

their insertion into the dense material, would act as anchors, to attach the SRSN 

to the SRO. The lateral dendrites, because they do not interact similarly with the 

dense matrix, would be sensitive to stretch of the SRO. In this case however, 

when stretch of the SRO occurs via the motoneuron, the sensory neuron would 

have to be activated quite differently because the lateral dendrites are actually 

shortened in this case. Possibly, the shortening of the muscle leads to buckling of 

the sensory side of the SRO, because of the rigidity of the dense material within it, 

leading to buckling of the lateral dendrite and activation of the sensory neuron. 

These studies suggest that the SRO, with the exception of the dendritic 

field of the SRO motoneuron, does not undergo major reorganization during 

metamorphosis. The peripheral structure of the SRO remains stable, even though 

many other changes do occur in the periphery of the abdomen during 

metamorphosis, such as sensory neurons gaining new structures to innervate 

(Levine, et ai., i985), muscie degeneration (Schwartz & Truman, 1983), 

development of new muscles (Levine & Truman, 1985), motoneurons changing 

their target muscles (Levine & Truman, 1985), and a change in the articulation of 

the segments (Levine & Truman, 1982). The stability of the SRSN axon and its 
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projections within the eNS was not necessarily expected. Rather, it could have 

been anticipated that, as the behavior of the insect changes during metamorphosis, 

the proprioceptive input required by the central nervous system would also 

change, possibly by changing the axonal branching pattern of the SRSN. 

However, the dendritic branching pattern of the SRO motoneuron does change 

through metamorphosis. This may reflect a need for altered recruitment of the 

SRO motoneuron in the new adult behavior. 

The results of this anatomical study and of the preceding chapter 

demonstrate that the SRO is a relatively simple muscle-associated proprioceptive 

organ. This SRO provides an excellent model for the investigation of transduction 

in muscle-associated proprioceptive organs and for an investigation of the role of 

muscle-associated proprioceptive organs in behavior. As a model for transduction, 

the model proposed here could be tested by identifying the dense extracellular 

matrix material and by comparing the ultrastructure of the dendrites of the SRO 

when it is relaxed, stretched while passive, and activated by the SRO motoneuron. 

Toward understanding the role of muscle-associated proprioceptive neurons in 

behavior, this SRO offers the tremendous advantage of having an accessible and 

identified efferent neuron. Tne advantage could be expioited to determine how 

the SRO motoneuron is activated centrally in a variety of motor patterns, from 

simple reflexes (the gin trap reflex; Levine, et aL, 1989) to rhythmic motor 

patterns (molting; Weeks & Truman, 1984; Mesce & Truman, 1988), all of which 
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can be generated in reduced prepat-ations. Thus, this model could be used to 

provide new insights into some of the critical issues concerning the functional role 

of proprioception. 
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8. CHAPTER N: Postembryonic Development of a Proprioceptive Circuit in the 

Insect, Manduca sexta. 

8.1 INTRODUCTION 

In many systems, proprioceptive sensory neurons provioe synaptic input to 

motoneurons that ultimately produce movements that these sensory neurons 

detect. The proprioceptive input has been shown to be important for posture 

(Aniss, et ai, 1990; Macpherson, et ai, 1986; Kenlledy & Davis, 1977), movement 

control (prochazka, 1985; ZiTI, 1985), and the generation of rhythmic motor 

patterns (Hoffer, et ai, 1989; Wolf & Pearson, 1988). As organisms grow and 

acquire new behavior, the requirements for proprioceptive feedback may change. 

Thus, the properties of the sensory organ or its interactions with the CNS may 

change. This possibility can be addressed in an insect model system, the 

hawkmoth Manduca sexta, where individual neurons and their connections are 

identifiable, and a defined period of dramatic behavioral changes, metamorphosis, 

occurs. A muscle-associated proprioceptor (the stretch receptor organ, SRO; 

Chapters II & III) and a population of motoneurons (the intersegmental muscle 

motoneurons, ISM motoneurons; Levine & Truman, 1985) in the abdomen of 

Manduca have been identified previously. In this investigation, their synaptic 

connections and the metamorphic fate of these connections are determined. 

The synaptic input provided by muscle-associated proprioceptive neurons to 
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motoneurons has been investigated in detail for the mammalian muscle spindle 

afferent axons (Eccles, et aL, 1957; Baldissera, et al., 1981; Jw_l{owska, 1992) and 

the crustacean abdominal muscle receptor organ (MRO) sensory neurons (Wine, 

1977; Bastiani & Mulloney, 1988b). In both of these systems, the sensory neurons 

excite motoneurons to synergist muscles and inlnbit motoneurons to antagonist 

muscles of the proprioceptive organ. Mammalian group IA axons provide 

monosynaptic excitatory input to motoneurons innervating the homonymous 

muscle, as well as to some motoneurons innervating heteronymous synergist 

muscles (Baldissera, et a1., 1981). They also provide polysynaptic excitatory input 

to other heteronymous motoneurons and polysynaptic inlnbitory input to 

antagonist motoneurons (Baldissera, et al, 1981). The crustacean :MROs are 

stretched upon abdominal flexion (Kuffler, 1954), and their sensory neurons excite 

abdominal extensor (synergist) motoneurons and inlnbit abdominal flexor 

(antagonist) motoneurons (Wine, 1977). Can a similar pattern of excitation of 

synergists and inlnbition of antagonists be descnbed for the connection from the 

SRO to the ISM motoneurons in Manduca? If so, does that pattern of synaptic 

input change during metamorphosis? 

Tne SROs are bilaterally paired, lie dorsolaterally in the body wall, and 

span the length of an abdominal segment to insert on the segmental boundaries 

(Libby, 1961; Chapters II & III). The position of the SROs in the body wall 

suggests that any movement of an abdominal segment could affect SRO length. 
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This is possible because the intersegmental muscles (ISMs) share similar insertions 

to the SRO and are power muscles in abdominal movements (Libby, 1961; Levine 

& Truman, 1985; Dominick & Truman, 1986, Mesce & Truman, 1988; Levine, et 

aL, 1989). Each SRO is innervated by only one sensory neuron, the stretch 

receptor sensory neuron (SRSN; Chapter llI). The axon of the SRSN projects 

through its own nerve for a short distance before joining a larger segmental nerve, 

such that it is accessible for stimulation and recording in isolation. The SRSN 

projects its axon into the ganglion in the same abdominal segment as its SRO, 

then bifurcates to terminate in the next anterior and posterior ganglia. Its axonal 

arborizations are unilateral and ipsilateral to the SRO. The SRO is retained 

through metamorphosis, and, based on light microscopic observations of axonal 

morphology (Chapter III), it appears to have a stable axonal morphology 

throughout metamorphosis. 

Levine and Truman (1982) showed that the SRSN can provide synaptic 

input to an abdominal motoneuron and that this synaptic input may change with 

postembryonic development. Tne motoneuron they investigated was motoneuron 

1 (MN-l), a motoneuron that innervates a dorsal external muscle (not an ISM). 

MN-i undergoes dramatic changes in dendritic morphoiogy during metamorphosis. 

In the larva, MN-l has mainly unilateral dendritic arborizations that are ipsilateral 

to its target muscle. During metamorphosis, a contralateral dendritic field is 

added, such that the adult MN-1 has bilateral arborizations. Stimulation of the 
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SRSN is excitatory to the ipsilateral MN-1 (i.e., the motoneuron with its target is 

ipsilateral to the stimulated SRO) and inlnbitory to the contralateral MN-l in the 

larva. In the adult, the ipsilateral MN-l is still excited by the SRSN, but the 

synaptic input to the contralateral MN-l has changed, such that it is no longer 

inhIbited, but is excited by the SRSN synaptic input. Levine and Truman (1982) 

proposed that the cellular basis for the change from inhibition to excitation in the 

pathway to the contralateral MN-1 is at least in part due to the changes in MN-1 

dendritic morphology; the new contralateral dendrites permit the development of 

a monosynaptic excitatory connection from the SRSN to the contralateral MN-1. 

They also proposed that this change occurs as the abdomen undergoes a change in 

mobility during metamorphosis, from a relatively fleXIble abdomen to a more rigid 

abdomen that is restricted in flexion to the dorso-ventral plane. This change in 

mobility removes the need for antagonism between the two sides of the body. 

This hypothesis predicts that there should be a loss of antagonism in the SRSN 

connection to all the abdominal motoneurons, because the change in mobility of 

the abdomen should affect the entire motor system. This hypothesis has never 

been tested. The aim of this investigation was to examine the synaptic input from 

the SRSN to the entire population of ISM motoneurons in the larva and adult so 

that further insight into the functional significance of any changes in synaptic input 

can be made. 

Weevers (1966c) investigated the effect of SRSN stimulation on body wall 
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muscles, including some ISMs, by recording from muscles in Antheraea pernyi, a 

leoidooteran closelv related to Manduca. The results showed that most of the 
.... J 

muscles, including many dorsal muscles, were recruited following SRSN activation 

and that recruitment of some ventral muscles was inlnbited by the SRSN. 

However, there were muscles lying among those receiving strong excitatory 

influence that were not affected at all by stretch receptor organ activation. This 

result is unexpected, because it indicates that the stretch receptor organ 

incompletely excites synergists. By recording intracellularly from the ISM 

motoneuroDS, the synaptic effect of SRSN stimulation can be determined more 

precisely. 

The ISM motoneurons (Levine & Truman, 1985) lie in the segmental 

ganglion anterior to their targets and persist through metamorphosis. Those ISM 

motoneurons that innervate the more medial ISMs have bilateral dendritic 

arborizations, while those that innervate the more lateral ISMs have unilateral 

dendritic arborizations. During metamorphosis, some of the ISM motoneurons 

are respecified to new target muscles, yet their dendritic morphologies are 

conserved (Levine & Truman, 1985). Tne behaviors in which the ISMs and the 

ISM motoneurons are involved differ across the stages of metamorphosis. For 

example, in the larva and pupa, the ISMs produce lateral bending movements 

(Levine, et aL, 1989), but in the newly- merged adult, the ISMs produce 

movements that are bilaterally symmetrical (Levine & Truman, 1982; Mesce & 
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Truman, 1988). After involvement in adult emergence (Mesce & Truman, 1988), 

the ISMs and many of the ISM !!!.otoneurons degenerate (T--ibby, 1961; Schwa.r+.z & 

Truman, 1983; Levine & Truman, 1985). Therefore, the investigation of the 

synaptic input to the adult ISM motoneurons must be done early in adult life. 

To examine the cellular mechanism that may mediate changes in the 

proprioceptive circuit during metamorphosis, one must identify all the neurons 

involved in the circuit. Those synaptic pathways that are polysynaptic would 

therefore involve intemeurons, and these intemeurons would have to be identified 

to understand the cellular changes that are responsible for any changes in synaptic 

input. Thus, in the following experiments, data are obtained to determine whether 

the synaptic pathway to each motoneuron has a monosynaptic component. 

8.2 METHODS 

8.2.1 Animals 

Manduca sexta (L) were reared individually on an artificial diet (Bell & 

Joachim, 1978). Tne larvae were kept in a coiony maintained under long-day 

conditions (17hr L : 7hr D). Larvae progress through five stages (instars) before 

entering the pupai stage. Second day fifth instar larvae were used consistently for 

the larval recordings. After pupation, the pupae were transferred to a 12L : 12D 

photoperiod, 27°C day: 25°C night thermoperiod chamber. Adult development 

occurs during 18 stages of pupal life. Stage 18 pupae (PI8s) are called pharate 
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adults until they emerge from their pupal cuticle. PISs were used as the adults in 

this study. 

8.2.2 Dissection and Saline 

The preparation used in these studies (schematic in Figure 29) consisted of 

an almost completely isolated central nervous system (CNS), with its only intact 

connections to either one or both SROs in the fifth abdominal segment (AS). 

This preparation was obtained by cutting the abdomen along its dorsal midline 

and then pinning down the cuticle on a Sylgard-coated petri dish. The gut and fat 

were removed, exposing the eNS in the larva. In the adult, an additional step, 

removing the dorsal pad that covers the eNS, was required to expose the eNS. 

Each SRO was then revealed by removing the intersegmental muscles that overlie 

them. Each nerve leading to the SRO must be distinguishable for proper 

placement of extracellular electrodes; therefore, the fat that typically surrounds 

the SRO had to be removed carefully. Although the motoneuron to the SRO was 

not examined in this study, it was maintained intact to preserve the heaith of the 

SRO during the experiments. The dorsal AS body wall to which the SRO(s) was 

attached was then pinned down. The iateral branch of the dorsal nerve (DN J is 

the nerve containing both the sensory neuron and motoneuron axons of the SRO. 

This nerve was dissected clear of any overlying tissue, and all of its branches 

proximal to the SRO, with the exception of those innervating the SRO, were cut. 
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At this point, the CNS was freed from the body wall (with the exception of either 

one or two A.5 DNJ to float near the snrface of the saline level. The body wall 

around the SRO(s) was cut from the rest of the body wall, allowing the bulk of 

the abdominal body wall to be removed. The eNS could then be pinned down 

directly to the Sylgard, enabling visualization of somata in the CNS with trans

illumination. The A4 ganglion was desheathed prior to intracellular recording. 

This was usually done without enzymatic digestion of the sheath. Occasionally, 

however, 3% collagenase dispase (Waldrop & Levine, 19??) was applied to adult 

ganglia (a square of tissue dipped in the enzyme was placed on the A4 sheath for 

1 min) to facilitate desheatbing. Throughout the dissection, the tissue was rinsed 

periodically with fresh saline (Trimmer & Weeks, 1989; NaCI, 140 mM; KCI, 5 

mM; CaClz, 4 mM; glucose, 28 mM; HEPES, 5 mM; final pH of 7.4). This saline 

is isotonic with the nervous system and was perfused through the dish during 

intracellular recordings. A saline high in divalent cations was used during some 

intracellular recordings (see Results). The high divalent saline (adaptation from 

Trimmer & Weeks, 1989; NaCi, 86 mM; KCi, 5 mM; giucose 28 mM; HEPES, 5 

mM; CaClz, 30 mM; MgClz, 10 mM, final pH of 7.4) was introduced through the 

perfusion system and rinsed out by changing the perfusion system back to normal 

saline. 
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8.2.3 Electrophysiology 

Up to three extracellular suction electrodes and one intracellular electrode 

were used simultaneously in a single preparation. The first suction electrode was 

placed on the DNt to the SRO selected for stimulation (electrode #1, Figure 29). 

This record was used mainly to monitor the activity of the sensory neuron of the 

SRO (the SRSN). The unit in electrode #1 that corresponded to the SRSN was 

identified (using its shape and amplitude as criteria) by determining which unit in 

the record increased its firing rate in response to manual stretch of the SRO 

(Figure 30A). Preparations where no unit responded to the stretch were 

discarded. There is only one SRSN and its axon runs for a short distance in its 

own nerve, the SRSN nerve, before joining with a branch of the DNt (see 

previous chapter). Therefore, it is possible to draw the SRSN nerve into a suction 

electrode (electrode #2, Figure 29) and record or stimulate this unit in isolation. 

The proper placement of the second suction electrode was verified when upon 

stimulation it recruited the unit identified as the SRSN action potential in 

electrode #1 (Figure 30B). On occasion, electrode #2 was also used to record 

the SRSN unit in this nerve to verify that only one unit could be recorded through 

electrode #2 and that this unit was activated 1:1 with the SRSN unit recorded 

through electrode #1 (Figure 3OC). This procedure for identification of the SRSN 

unit was necessary because, once electrode #2 was placed on the preparation, the 

SRO could no longer be stretched without pulling the nerve out of electrode #2 
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FIGURE 29: Experimental protocol for electrophysiology experiments 

This schematic illustrates t..lJe nearly isolated abdominal ganglia (those in 

A4, AS, and A6 are illustrated), the intact connection from the SRO in AS to the 

AS ganglion through the DN t, and the electrodes used. Each electrode is 

numbered and is drawn to reflect its position and type (extracellular or 

intracellular, recording or stimulating). For cla..r:ity, the axon of the SRO 

motoneuron was not drawn in this diagram, but it remains intact in these 

experiments. The ISM motoneuron in this figure is a contralateral motoneuron 

and has a unilateral dendritic field. This is the only pairing of an ISM 

motoneuron with the SRSN where there is no possibility for dendritic overlap with 

the SRSN axonal terminals. 
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FIGURE 30: Verification of SRSN action potential identity 

A: B, & C were all taken from the same preparation. A A wit in the DNi 

(recorded through electrode #1) increases its firing rate to mechanical stretch. 

The approximate duration of stretch is indicated by the solid line underneath the 

record. B. The same unit that increased its firing rate to stretch is recruited by 

electrical stimulation through electrode #2. The arrow points to the stimulation 

artifact. C. When electrode #2 is switched from stimulation to recording, only one 

unit is seen in its record (upper trace), and the activity of that unit is correlated to 

the activity of the unit recorded through electrode #1 that increased its firing rate 

to stretch (lower trace). 
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or damaging the SRO. In some preparations, another suction electrode was 
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record the unstimulated SRSN. 

Motoneurons were impaled (electrode #3, Figure 29) in the A4 ganglion. 

The goal of each recording was to characterize the overall response of the 

motoneuron (excitation or inhibition) to the synaptic input from the SRSN and to 

accumulate evidence as to whether the motoneuron received monosynaptic or 

polysynaptic input from the SRSN. Two stimulation paradigms were required to 

achieve these goals and are detailed below. At the end of the intracellular 

recording, the motoneuron was injected with Lucifer Yellow (L Y) for 

identification. Only one motoneuron, motoneuron 12 (or :MN-12), did not require 

dye-injection for identification, as it is the only ISM motoneuron with a dorsal 

soma that sends its axon ipsilateral to its soma. Because motoneurons with dorsal 

targets project through the DNt , it was also possible to record the action potential 

of the :MN-12 axon with electrode #1. In every preparation, up to three 

motoneurons were recorded: one motoneuron that was then filled with L Y, and, 

when possible, both MN-l2s. After all motoneuronal recordings were complete, a 

final suction eiectrode (electrode #4, Figure 29) was placed on the interganglionic 

connective just under A4 ipsilateral to the stimulated SRSN. This electrode was 

used to record the SRSN action potential as it entered the ganglion in A4, 

allowing an estimate of the synaptic latency. An Axoc1amp ampli~er was used for 
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the intracellular recordings while Grass and A-M Systems amplifiers were used for 

the extracellular recordi..llgs. _A.!! records were recorded on a Vetter Mode! B 

Instrumentation Recorder. 

Two stimulation paradigms were attempted for each motoneuron recording. 

Stimulation of the SRSN in trains of pulses, usually at 75 pps for 400 ms (the 

standard train) allowed the synaptic input from the SRSN to be characterized as 

excitatory or inlnbitory. Stimulation of the SRSN in trains of pulses was also used 

to obtain an estimate of relative synaptic strength when the motoneurons were 

held just under th,eir thresholds with current injection. 

The other paradigm was to record the motoneuronal response to single 

stimuli of the SRSN at a relatively low frequency (0.5 pps), or to the spontaneous 

SRSN action potentials. This was used to evaluate whether a given motoneuron 

received monosynaptic or polysynaptic input. Because these motoneurons tended 

to display a high level of background synaptic activity (fluctuations in membrane 

potential were as high as 7 or 8 m V) it was difficult to detect the postsynaptic 

response to single SRSN action potentials. Tnerefore, spike-triggered signal 

averaging (BrainWave software) was used to evaluate whether the motoneuron 

responded to individual SRSN action potentiais. 'When the SRSN synaptic input 

was excitatory, waveforms in the Signal-averaged records were better revealed 

when the motoneurons were held (with current injection) slightly hyperpolarized 

from their thresholds for firing action potentials. The current injection was 
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standardized to -0.5 nA below the current that brought the motoneurons to their 

thresholds for firing an action potential. When the synaptic input was i.1'lJ:!.!bitory, 

data acquisition was typically carried out both at the motoneuron's threshold for 

firing an action potential, and at -0.5 nA below that level (for comparison to the 

excitatory input). 

8.3 RESULTS 

The sensory neuron of the SRO (the SRSN) provides synaptic input to the 

ISM motoneurons in both the larva and the adult. The synaptic input to the ISM 

motoneurons is presented by grouping the motoneurons into categories based on 

the positions of their target muscles relative to the stimulated SRO (Figure 31). 

In this manner, the pattern of synaptic input from the SRSN based on relative 

position of the ISMs to the SRO is clear. The synaptic input to three 

motoneurons in particular are highlighted, one that innervates a dorsal muscle 

near the SRO (MN-12), one that innervates a lateral muscle (VIL-l), and one that 

innervates a ventral muscle (VIM). For each motoneuron, the synaptic inputs to 

both the ipsilateral and contralateral homologues are presented, distinguished by 

the side of their target muscles reiative to the stimuiated SRO. 

8.3.1 Motoneurons Innervating the Dorsal ISMs 

The ISM motoneurons that innervate the dorsal, longitudinal 
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Larva 

Adult 

FIGURE 31: Larval and pharate adult ISMs 

The right half of the body wall is diagrammed, such that ventral (where the 

central nervous system lies) is to the left and dorsal is to the right. The position 

of the SRO in each stage is indicated. The muscle on the larval body wall that is 

highlighted with a large asterisk is DEM (the dorsal external medial muscle), the 

larval target of MN-12. MN-12, as well as all of the other motoneurons named by 

a number rather than a target, is respecified to a muscle generated during 

metamorphosis. All of the newly generated muscles of the adult are designated by 

asterisks. Anterior is up, and the circular form in the middle of each body wall is 

the spiracle, which is located slightly ventral of lateral. 
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intersegmental muscles are MN-12 and the dorsal internal medial muscle 

motoneuron (DIM). MN-12 innervates the dorsal external medial muscle in the 

larva and the fourth dorsal external muscle in the adult. This switch in muscle 

targets occurs during early pupal life and is complete prior to the stage used here 

as the adult (Levine & Truman, 1985). DIM retains its innervation during 

metamorphosis. The target muscles of these motoneurons (see Figures 31 & 51) 

lie nearer to the SROs than any other muscles in the larval body wall. In the 

adult, other muscles that develop during metamorphosis (dorsal external muscles 

1,2& 3) also lie near the SRO, and the motoneurons to these adult muscles are 

descnoed in another section because they innervate muscles in other positions in 

the larva. Previous investigations descnoing the axonal projections of the SRSN 

(Chapter llI) and the dendritic arborizations of MN-12 and DIM (Levine & 

Truman, 1985) suggest that the SRSN may be in a position to make a 

monosynaptic contact with these motoneurons. The axon of the SRSN projects 

into the CNS in the segment of the SRO, then bifurcates to run into the 

immediateiy adjacent ganglia (Cnapter III). Within each ganglion, the axonal 

arborizations of the SRSN are unilateral and ipsilateral to the SRO (Chapter Ill; 

see schematic in Figure 29). Because the ISM motoneurons have bilateral 

dendritic arborizations, direct synaptic contact between the SRSN axon and an 

ISM innervating a dorsal target could occur regardless of whether the MN-12 or 

DIM is ipsilateral or contralateral to the SRSN. 



MN-12 

In most preparations where MN-12 was recorded, both right and left 

homologues in the A4 ganglion were recorded consecutively. In some adult 

preparations both SRSNs in AS were monitored extracellularly. 

Synaptic input from the SRSN to the ipsilateral MN-12 in l~rva and adult 
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Stimulation of the SRSN with the standard train of 75 pps typically 

produced more than one action potential in the ipsilateral MN-12 in both larva 

and adult (Figure 32). The frequency of the standard train was chosen because it 

is well within the physiological firing frequency of the SRSN, which is 

approximately 0 - 250 pps. The tonic firing rate of the SRSN varied between 

preparations (ca. 10 - 40 pps). For an evaluation of synaptic strength, stimulus 

trains were given at a variety of stimulation frequencies, and the lowest frequency 

stimulus train that would still lead to an action potential in the motoneuron at 

least one-half of the time was considered the threshold frequency. A low 

threshoid frequency would therefore indicate a strong synaptic connection. Tne 

lowest frequency train that would produce a single action potential in the 

ipsilateral MN-12 was in the range of 20 - 50 pps. Subtraction of the tonic firing 

rate of the SRSN from the threshold stimulation frequency reveals that a stimulus 

frequency of only 5 - 15 pps above the tonic SRSN firing rate elicited an action 

potential in MN -12. 



FIGURE 32: Ipsilateral MN-12 is excited by the SRSN in both the larva and 

adult 
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The standard stimulus train (75 pps, 400 msec) to the SRSN typically 

evokes at least two action potentials in both the larval and adult MN-12. In the 

trace from the adult ipsilateral MN-l2, the extracellular record from the DNt 

containing the SRSN unit is included, and the timing of the stimulus train to the 

SRSN can be seen by the increased firing rate of the SRSN. Extracellular traces 

of the DNt such as the one shown here are displayed when the SRSN unit within 

it is clearly visible. Whenever the SRSN unit is difficult to see, a bar underneath 

the trace, as in the larval record, is used instead. Note the large amplitude (up to 

approximately 5 m V) of the background synaptic activity. The amplitude scale in 

this and in all of the following traces only refers to the intracellular records. The 

time scale refers to both the intracellular and extracellular traces. 
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The ipsilateral MN-12 in both larva and adult responds to single SRSN 

action potentials with an excitatory postsynaptic potential (e.p.s.p.; Figure 33). 

Unlike most of the ISM motoneurons, this e.p.s.p. was typically visible over the 

background synaptic activity (Figures 33A & 34). It was typically easier to resolve 

the individual e.p.s.p.s in adult than in larval preparations, probably because of the 

decreased background synaptic activity in the adult. In some preparations, these 

e.p.s.p.s could be seen for each SRSN action potential, suggestive of a 

monosynaptic connection. Note that the e.p.s.p.s in Figures 33A and 34 begin at a 

constant latency from the presynaptic SRSN action potential. A constant latency 

e.p.s.p. was seen in each ipsilateral MN-12 recording in both larva and adult, 

suggesting that this connection may be monosynaptic. 

When spike-triggered signal-averaging was applied to the ipsilateral MN-l2s 

(Figure 33B,C,D), large amplitude (range: 0.6 mY - 1.7 mY, n=10) e.p.s.p.s were 

revealed. When MN-:-12 was hyperpolarized during signal averaging data 

acquisition to -1.0 nA below its threshold for firing an action potential (instead of 

the standard -0.5 nA), the signal-averaged e.p.s.p. increased in amplitude (not 

shown for MN-l2, but see Figure 42A for MN-31), suggesting that this connection 

is chemical. The rapid rise of these signai-averaged e.p.s.p.s ~.t'igure 33B,C,D) is 

indicative of a constant latency from the triggering presynaptic SRSN action 

potential. 

For a synaptic connection to be monosynaptic, the latency from the 
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FIGURE 33: Responses of the ipsilateral MN-12 to SRSN action potentials 

In A, five sweeps of the MN-12 record (top trace) are overlaid, triggered 

from the SRSN action potential in the DNt (lower trace), showing that the e.p.s.p. 

in the ipsilateral MN-12 occurs at a constant latency after the SRSN action 

potential. In B. - D., and in all of the following signal-averaged records, the 

bottom traces are the signal-averaged records of the SRSN action potential in the 

DNt used to trigger the averaging of the motoneurons and to trigger the averaging 

of the SRSN action potential upon entry to the A4 ganglion. The number of 

traces averaged off of the SRSN action potential determines the number of SRSN 

averaged records overlaid on this bottom trace; in these averages, 2 averaged 

records (one for the motoneuron average and one for the SRSN below A4 

average) are overlaid in each of B. - D. Also, in these averaged records and in 

the averaged records in the following figures, the top traces are the averages of 

the motoneurons and the amplitude scale refers only to the amplitude of the 

motoneuron records, whereas the time scale refers to both the intracellular and 

extracellular records. B. Tnis e.p.s.p. is an average of 205 sweeps, triggered off 

the spontaneous SRSN action potential. Tne synaptic latency from the SRSN 

action potential beiow A4 to the e.p.s.p. = 0.66 msec. Tne averaged record of the 

SRSN action potential below A4 was triggered off evoked SRSN action potentials, 

and the stimulus artifact (asterisk) is visible. The stimulation (at the end of the 

preparation) occasionally led to two SRSN action potentials, so the second, more 
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variable SRSN action potential is also visible. C. and D. are from the same 

preparation, where it.was possible to record from both MN-l2s (left MN-12 in C. 

and right MN-12 in D.) and monitor the SRSN activity in both DNts (left DNt in 

C. and right DNt in D.). C. This MN-12 was averaged from 364 sweeps. The 

synaptic latency from the SRSN action potential below A4 to the e.p.s.p. = 0.85 

msec. D. This MN-12 was averaged from 369 sweeps. The synaptic latency to 

this e.p.s.p. = 0.82 msec. 
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presynaptic action potential to the e.p.s.p. must not only be constant, but it must 

also be short. The evaluation of synaptic !atenoj has been used as a test for 

monosynapticity in many systems (Watt, et al, 1976; Beny & Pentreath, 1976; 

Burrows, 1975; Shepherd & Murphey, 1986; Burrows, 1987; Laurent & Burrows, 

1988). This test was applied in both the larva and adult, by determining latency 

from the time of entry of the SRSN action potential into t..'he A4 ganglion to the 

start of the e.p.s.p. in the ipsilateral MN-12. Therefore, the synaptic latency would 

include the time for the action potential in the SRSN axon to travel from the 

point of entry of the SRSN axon into the ganglion in A4 to the presynaptic 

terminals. The conduction velocity of the SRSN axon as measured between two 

extracellular electrodes in these experiments is 1 m/sec. The approximate antero

posterior length of the A4 ganglion is no longer than 0.5 mm. Thus, the portion 

of the synaptic latency due to travel time within the ganglion should be no longer 

than 0.5 msec. The latencies for the SRSN to ipsilateral MN-12 connection in the 

larva measured from averaged records of many hundreds of e.p.s.p.s ranged from 

0.54 - i.20 msec (n = 7), and in the adult, from 0.49 - 1.03 msec (n=4). Synaptic 

latencies of 1.2 - 1.8 msec (including within ganglion travel time) have been 

interpreted as monosynaptic connections in a similar preparation in the locust 

(Burrows, 1987). The short latencies seen in Manduca are therefore consistent 

with the SRSN connection being monosynaptic. 

An additional test for monosynapticity, incorporating saline high in divalent 
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cations (high divalent saline), was used in some adult preparations. High divalent 

saline in the immediate extracellular envi-ronment of a c1-rcmt increases the action 

potential threshold throughout the circuit (McLaughlin, et al., 1971; Beny & 

Pentreath, 1976; Trimmer & Weeks, 1989). Therefore, an interneuron in the 

pathway would stop firing as its threshold became too high to be recruited by the 

SRSN synaptic input and the postsynaptic response in the motoneuron would 

begin to show failures despite SRSN firing, or would cease immediately. High 

divalent saline was perfused onto the preparation during the single stimulus 

paradigm. As seen in Figure 34, the postsynaptic response of the adult ipsilateral 

MN-12 is not abolished, even minutes after the normally recorded spontaneous 

activity in the DNt (including the spontaneous SRSN action potentials) has been 

silenced by the high divalent saline. The high divalent saline did make the e.p.s.p. 

smaller in amplitude, . but this may be due to the effect of elevated magnesium on 

transmitter release by the presynaptic terminals; the e.p.s.p., although smaller in 

amplitude, was still visible because the high divalent saline reduced the 

background synaptic activity in MN-12. In each of three adult preparations, the 

e.p.s.p.s persisted throughout a twenty minute exposure to high divalent (although 

decreased in amplitude). Tne persistence of this e.p.s.p. in high divaient saline 

provides further evidence that the connection from the SRSN to the ipsilateral 

MN-12 has a monosynaptic component. 
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FIGlJRE 34: High divalent saline test for monosynapticity on the adult ipsilateral 

M.l\T-12 

Three sweeps were overlaid in each trace. Between 6 and 10 minutes in 

high divalent saline, the SRSN stopped firing spontaneously. Therefore, the SRSN 

action potential had to be evoked and the stimulus artifacts are visible in the 10 

minute exposure, 14 minute exposure and 2 min wash traces. The extracellular 

records in the bottom trace show the SRSN action potential used to trigger the 

intracellular sweeps in each of the traces above it overlaid. This extracellular 

trace shows that all of the intracellular traces were triggered from the same action 

potential at the same time. The amplitude scale refers to the intracellular records 

only, whereas the time scale refers to both the intracellular and extracellular 

records. 
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Synaptic input from the SRSN to the contralateral MN-12 in larva and adult 

The contralateral MN-12 is also excited by the SRSN ;n both !a..TVa and 

adult. The standard 75 pps stimulus train typically produced an action potential in 

this motoneuron (Figure 35). The lowest stimulation frequency that elicited an 

action potential in the contralateral MN-12 was consistently higher than for the 

ipsilateral MN-12 in the same preparation (n = 9 in the larva and n = 5 in the 

adult). This difference in threshold stimulus frequency suggests that the 

contralateral MN-12 receives weaker synaptic input from the SRSN than the 

ipsilateral MN-12. The lowest stimulation frequency to evoke an action potential 

in the contralateral MN-12 was in the range of 40 - 70 pps, approximately 25 - 50 

pps above the tonic firing rate of the SRSN. 

Signal-averaging revealed waveforms resembling e.p.s.p.s in the 

contralateral MN-12 in both larva and adult (Figure 36). These e.p.s.p.s, however, 

were smaller in amplitude and had a slower rate of rise than those in the 

ipsilateral MN-12. Individual e.p.s.p.s in response to single SRSN action potentials 

were typically not visible above the background synaptic activity. Tne range of 

synaptic latencies for this contralateral in the larva was 0.34 - 1.35 msec (n = 7). 

In each iarval preparation where synaptic iatencies were evaiuated for both the 

ipsilateral and contralateral MN-l2s, the synaptic latencies from the SRSN to each 

were similar (n=6), consistent with the presence of a monosynaptic component in 

this pathway. However, in the adult, the synaptic latency measurements for the 
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FIGURE 35: Contralateral MN-12 is excited by trains of ~RSN action potentials 

in larva and adult 

The standard stimulus train leads to one action potential in the larval and 

hi.e adult contralateral MN-12. 
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FIGURE 36: Signal-averaged responses of the contralateral MN-12 in larva and 

adult 

A This contralateral MN-12 is from the same preparation as the 

ipsilateral MN-12 in Figure 32A This record was averaged from 122 sweeps, 

triggered off a stimulus-evoked SRSN action potential (stimulus artifact is 

indicated by asterisk). The synaptic latency = 0.34 msec. B. and C. are the same 

motoneurons as shown in Figure 32B and C. In B., the left MN-12 was triggered 

off the right SRSN for signal averaging (298 sweeps) and in c., the right MN-12 

was triggered off the left SRSN for signal averaging (346 sweeps). Synaptic 

latency in B. = 1.84 msec and in C. = 2.04 msec. 
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contralateral MN-12 connection with the SRSN tended to be longer (latency to 

contraIateral/latency ~o ipsilateral for each of 4 preparations: 0.99/0.82 msec, 

1.84/0.85 msec, 1.87/1.03 msec, & 2.04/0.82 msec). Although within-ganglion 

synaptic latency measurements were only possible in 4 pairs of adult MN-l2s, the 

latencies from the SRSN in the periphery to the e.p.s.p.s in the adult MN-l2s 

could be measured and compared in 6 pairs of adult MN-l2s: allowing an 

additional estimate of latency. Three of these pairs showed similar delays (delay 

differences = 0.11,0.17 & 0.33 msec) whereas the other 3 pairs had longer delays 

in the contralateral MN-l2s (delay differences = 0.84, 1.01, & 1.19 msec). Thus, 

the contralateral pathway in the adult may be polysynaptic. 

Summary for MN-12' 

Signal-averaging, synaptic latency, and high divalent saline tests all suggest 

that the synaptic input from the SRSN to the ipsilateral MN-12 is monosynaptic. 

Therefore, in evaluating the signal-averaged responses of other motoneurons, the 

signal-averaged responses of ipsilateral MN-l2s from the same preparations are 

also presented whenever possible to provide an indication of when a monosynaptic 

e.p.s.p. should occur. Tne ability to record from both MN-l2s in a preparation 

provided a within-preparation comparison of synaptic strengths and latencies 

between the ipsilateral and contralateral MN-l2s. It was also possible, by 

recording both SRSNs and both MN-l2s in a single preparation, to compare 
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synaptic latencies to two ipsilateral :MN-12s and two contralateral :MN-12s in the 

same preparation. This recording situation, in addition to enabling a \vitl-Jn-

preparation comparison of synaptic inputs, provides a measurement of error in 

synaptic latency measurements. Thus, the synaptic latencies for each of the two 

ipsilateral :MN-12s shIJuId be identical (as long as electrode placement under A4 

and SRSN axonal branching pattern is consistent). The longest d;fference in 

synaptic latency between either the two ipsilateral MN-12s or the two contralateral 

MN-12s was 0.33 msec. Thus, for the differences in within-ganglion synaptic 

latencies that are reported, approximately 0.33 msec can be accounted for by 

technical considerations. 

DIM 

Synaptic input from the SRSN to DIM in larval and adult 

Both the ipsilateral (Figure 37A,B) and contralateral (Figure 38A,B) DIMs 

were excited by stimulation of the SRSN in trains in larva (Figure 37A & 38A) 

and adult (Figure 37B & 38B). In one preparation it was possllJie to record from 

both the ipsilateral MN-12 and a contralateral DIM (their somata lie on opposite 

surfaces of the ganglion), and the threshoid stimulus frequency needed to elicit an 

action potential was 30 pps higher for the contralateral DIM than for the 

ipsilateral :MN-12; this is similar to the difference in threshold stimulus frequencies 

between the contralateral and ipsilateral MN-12s. Signal averaging revealed 
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FIGURE 37: Larval and adult ipsilateral DIM 

The excitatory response of the ipsilateral DIM to the s!a.T1dard train is 

shown in A (larva) and B. (adult). The DIM in A was recruited by the SRSN 

when a 100 pps train was given. The response of the DIM in A to the standard 

75 pps stimulus train .is shown in the lower trace. The stimulus train in B. was the 

standard 75 pps. C. An e.p.s.p. is visible in this averaged record (from 492 

sweeps). D. The e.p.s.p. in this averaged record is from 360 sweeps, and the 

synaptic latency to the e.p.s.p. = 0.81 msec. 
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A. The larval contralateral DIM responded to a stimulus train at 100 pps 

with an action potential. B. The adult DIM shows a depolarization to the 

standard 75 pps stimulus train, but this train does not evoke an action potentiaL 

C. A signal-averaged record (from 457 sweeps) reveals an e.p.s.p. in the adult 

contralateral DIM. 
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e.p.s.p.s in the ipsilateral DIM (n=6, 3 in larva and 3 in adult; Figure 36C,D). In 

the contralateral DIM (n=2, both in adult), one averaged record revealed an 

e.p.s.p. (Figure 37C), whereas another did not (not shown). It was only possible 

to determine the synaptic delay to the e.p.s.p. of one ipsilateral DIM of an adult 

preparation, and it was 0.55 msec, consistent with a monosynaptic connection. 

This suggests that both ISM motoneurons that innervate dorsal targets receive 

monosynaptic input from the SRSN, although additional synaptic latency 

measurements would be necessary for verification of the DIM measurement. 

8.3.2 Synaptic Input from the SRSN to Ipsilateral Motoneurons Innervating the 

Lateral and Ventral ISMs in Both Larva and Adult 

The lateral and ventral ISM motoneurons (Figures 31 & 51; Levine & 

Truman, 1985) include: VIL-l and Vll..-2, innervating ventral internal lateral 

muscles; VIM, innervating the ventral internal medial muscle; VIO, innervating a 

ventral internal oblique muscle; VEO, innervating a ventral external oblique 

muscle in the larva; MN-30, innervating a dorsal internai obiique muscle in the 

larva and a dorsal external muscle in the adult; and MN-31, innervating a lateral 

internal obiique muscie in the iarva and a set of dorsai externai muscles in the 

adult. Note that both MN-30 and MN-31 are respecified during metamorphosis to 

new target muscles lying near the SRO, as was descnbed for MN-12. The 

motoneurons i.l"1Ilervating lateral targets (VIL-l, VIL-2, VIO, VEO, MN-31, and 
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the larval :MN-30) all have ipsilateral unilateral dendritic fields (Levine & Truman, 

1985), suggesting that they could o!lly receive monosynaptic input from the 

ipsilateral SRSN (Chapter IIT). VIM has a bilateral dendritic field (Levine & 

Truman, 1985) as does :MN-30 in the adult, suggesting that a monosynaptic 

contact with the SRSN is possible for both the ipsilateral and contralateral VIM or 

adult :MN-30 motoneurons. 

Ipsilateral VIL-1 

In both stages, stimulation of the SRSN with t..1]e 75 pps stimulus train was 

excitatory to the ipsilateral Vll.-l (Figure 39A,B). The lowest stimulation 

frequency in a 400 msec train required to produce an action potential in the 

ipsilateral Vll.-1 ranged from 40 to 75 pps (n = 5 tested), 28 to 65 pps above the 

tonic firing rate of the SRSN. Note that this range for the threshold stimulation 

frequency is similar to that for the contralateral :MN-12, and consistently higher 

than that for the ipsilateral :MN-12. In four of the five ipsilateral Vll.-l 

preparations in which the stimulation frequency was varied, it was also possible to 

determine the minimal stimulation frequency that produced an action potential in 

a MN-12. in all four cases, the iowest stimuiation frequency that produced an 

action potential in the ipsilateral VIL-l was similar to that in the contralateral 

:MN-12, and higher than that in the ipsilateral :MN-12. This suggests that the 

synaptic strength of the connection from the SRSN to the ipsilateral VIL-1 is 
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FIGURE 39: Larval and adult ipsilateral VIL-l 

A (larva) and B. (adult) are the responses of the ipsilateral VIL-l to the 

standard 75 pps stimulus train. C. Ipsilateral MN-12 (127 sweeps) and ipsilateral 

VIL-l (105 sweeps) from the same larval preparation. The synaptic latency to the 

ipsilateral MN-12 = 1.08 msec and to the ipsilateral VIL-l = 2.56 msec. D. 

Ipsilateral MN-12 (215 sweeps) and ipsilateral VIL-1 (172 sweeps) from the same 

adult preparation. The synaptic latency to the ipsilateral MN-12 = 0.49 msec and 

to the ipsilateral VIL-l = 1.61 msec. 
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approximately equal to that of the contralateral MN-12, and weaker than that to 

the ipsilateral :MN-12. 

Signal averaging of the response of the ipsilateral VIL-1 to single SRSN 

action potentials revealed waveforms resembling e.p.s.p.s in both larval and adult 

averaged records (Figure 39C,D). The latencies to these waveforms were longer 

than the latencies to the MN-12s in all preparations where both were recorded 

(n=5). The differences in latencies between the ipsilateral VIL-1 and the MN-12 

ranged from 0.64 to 1.36 in the larva and 0.12 to 1.12 msec in the adult. 

Ipsilateral VIM 

The ipsilateral VIM (only recorded in the larva) also receives excitatory 

synaptic input from the SRSN (Figure 40A). Signal-averaged records of the 

synaptic input from the SRSN to the ipsilateral VIM appear flat (Figure 40B), 

even though the impalement of the VIM was maintained, indicative of a strictly 

polysynaptic pathway. 

Other Ipsilateral ISM Motoneurons with Lateral Targets 

Tne remaining motoneurons in this category are VIa, VIL-2, YEO, MN-30, 

and MN-31. VIO was the only motoneuron of this set recorded in both the larva 

and adult. YEO could only be recorded in the larva because it and its target 

muscle die shortly after pupation. VIL-2 and MN-30 were also recorded only in 



202 

FIGURE 40: Larval ipsilateral VIM 

.A The responses from two ipsilateral VIMs (in different preparations) to 

the standard 75 pps stimulus train. The VIM in the lower set of traces had been 

depolarized through intracellular current injection to show the increase in firing 

rate of this motoneuron to SRSN stimulation. B. The signal-averaged records 

from both the ipsilateral MN-12 (44 sweeps) and the ips!!ater~l VIM: (223 sweeps) 

from the same preparation. The synaptic latency to the ipsilateral MN-12 = 0.54 

msec. Note that the average of the ipsilateral VIM appears flat. 
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the larva. Recordings from MN-31 were only obtained in the adult, but the 

response of :MN-31 to st!Tnllius trains was not evaluated. These motoneurons 

(except MN-31) were also excited by trains of SRSN action potentials in the larva 

(Figure 4IA) and adult (Figure 41B). Figure 42 presents signal-averaged records 

from a larval MN-30 (Figure 42A) and an adult VIO (Figure 42B), revealing a 

waveform resembling· an e.p.s.p in both records. The synaptic latency to this 

waveform in the larval MN-30 was 1.70 msec. This duration is longer than the 

mean latency to the larval ipsilateral MN-I2s (1.00 msec, N=7; no ipsilateral MN-

12 was recorded in the same preparation as this MN-30). The delay from the 

SRSN action potential in the periphery to the e.p.s.p. in the adult VIO was 

approximately equal to the delay to the ipsilateral MN-12. This may suggest that 

the adult VIO receives monosynaptic input from the SRSN. When the signal 

averaging results are considered together, it is clear that these motoneurons all 

receive reliable excitatory synaptic input from the SRSN. 

The adult MN-31 responded differently from the other lateral target 

motoneurons. Tnis motoneuron responded strongiy to singie action potentials of 

the SRSN, a feature shared with the ipsilateral MN-12. The individual MN-31 

responses to the SRSN occurred at a constant latency from the SRSN action 

potential. Signal-averaged records (Figure 43A,B) confirmed this constant latency 

in revealing an e.p.s.p. with a rapid rise. Trace 1 of Figure 43A was the averaged 

record when the motoneuron was held at -0.75 nA below the current that would 
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FIGURE 41: Other ISM motoneurons innervating ipsilateral and lateral targets 

are excited by the SRSN 

A Larva: Responses of the ipsilateral MN-30 (top traces) and VIO 

(bottom traces) to the standard train. B. Adult: Response of an ipsilateral VIO 

to the standard train. Electrical stimulation of t..h.is SRSN led to an increased tonic 

firing rate that lasted for several seconds. A prolonged depolarization in the 

ipsilateral VIO can be seen in response to the long-lasting increase in SRSN firing 

rate. 
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FIGURE 42: Signal-averaged responses from other ISM motoneurons innervating 

ipsilateral and lateral target to the SRSN 

A. Signal-averaged record (from 52 sweeps) of a larval ipsilateral MN-30. 

The synaptic latency t~ this e.p.s.p. = 1.70 msec. The presynaptic action potential 

was stimulus-evoked for the average of the motoneuron, but not for the average 

of the SRSN action potential below A4. It is because of the noise from the 

stimulator that the SRSN action potential traces in the periphery do not overlap 

entirely. B. Signal-averaged records from the ipsilateral MN-12 (636 sweeps) and 

ipsilateral VIO (493 sweeps) in the same preparation. The delay from the SRSN 

action potential in the periphery to the e.p.s.p. in the ipsilateral MN-12 = 9.63 

msec and in the ipsilateral VIO = 9.69 msec. 
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FIGURE 43: Signal-averaged responses of ipsilateral MN-31 and an unidentified 

motoneuron to the SRSN action potentia! 

A Trace 1 is the averaged e.p.s.p. (309 sweeps) when the motoneuron was 

injected with -0.75 nA below the current needed to bring the MN-31 to its 

threshold. Trace 2 is the averaged e.p.s.p. (155 sweeps) when the injected current 

was changed to -1.75 nA below the threshold for the MN-31. B. ThJs averaged 

record of the ipsilateral MN-31 is from 218 sweeps (at -0.5 nA below the 

threshold current). C. This signal-averaged record is from an unidentified 

motoneuron, possibly MN-30 or MN-31, averaged from 164 sweeps (at -0.5 nA 

below the threshold current). 
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bring it to its threshold. When the MN-31 was hyperpolarized beyond that 

this connection is chemical. At least one other motoneuron with a soma near the 

MN-31 soma, possibly MN-30, also responded strongly to individual SRSN action 

potentials (Figure 43C). The within-ganglion synaptic latencies for these 

motoneurons (and their response to trains of stimuli) were not determ111ed. 

However, the constant latency and large amplitude of their e.p.s.p.s, as well as the 

similarity of the MN-31 signal-averaged record to that of the ipsilateral MN-l2, 

suggest that this motoneuron may receive monosynaptic input from the SRSN. 

8.3.3 Synaptic Input from the SRSN to Contralateral Motoneurons Innervating 

the Lateral and Ventral ISMs in the Larva 

Contralateral VIL-l in the Larva 

The contralateral VIL-l in the larva is inhibited by the SRSN. This can be 

seen in the response of the contralateral VIL-l to stimulation of the SRSN in 

trains (Figure 44A). In the top trace of Figure 44A, the motoneuron was 

depolarized with current injection to bring it above its threshold for firing an 

action potential; a 75· pps stimulus train decreased the firing rate of this 

motoneuron. When the contralateral VIL-l was brought to just under its 

threshold for firing an action potential by current injection (middle trace of Figure 

44A), the same train led to a hyperpolarization of the motoneuron. The last trace 
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FIGURE 44: Contralateral VIL-l in the larva 

.A_ The top trace shows that the standard 75 pps stimulus train stopped 

this motoneuron from firing action potentials. The middle trace shows a 

compound i.p.s.p. in response to the standard 75 pps stimulus train when the 

motoneurons was held just below its threshold for firing an action potential. The 

bottom shows that this i.p.s.p. reversed when the motoneuron was injected with 

hyperpolarizing current (-2.0 nA below the threshold current). B. This figure 

presents the signal-averaged record of the ipsilateral MN-12 (101 sweeps) and the 

contralateral VIL-l (106 sweeps) from the same larval preparation to the SRSN 

action potential. The synaptic latency to the ipsilateral MN-12 = 1.20 msec. Note 

that there is no event in the contralateral VIL-l averaged record correlated with 

the SRSN action potential. 
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in Figure 44A shows that when the motoneuron was hyperpolarized well below its 

threshold (-2.0 !LA. below), the i.p.s.p. from the stimulus train reversed, suggesting 

that this inhIbitory connection is through a chemical pathway. The signal-averaged 

records of this motoneuron show no event in VIL-l correlated with the SRSN 

action potential (Figure 44B), suggesting that this pathway is polysynaptic. This 

was expected, because the anatomy of VIL-l predicts that there is no possibility 

for overlap between the axonal terminals of the SRSN (Chapter III) with the 

dendrites of the contralateral VIL-l (Levine & Truman, 1985). 

Contralateral VIM in the Larva 

This motoneuron is also inhIbited by the SRSN. Figure 45A-C shows the 

response of the contralateral VIM to the standard 75 pps train. Again, the 

inhIbitory response is shown by presenting records in which the stimulus train 

decreased the firing rate of the VIM (Figure 45A), led to an i.p.s.p. in the sub

threshold VIM (Figure 45B), and reversed the i.p.s.p. through hyperpolarizing 

current injection (Figure 45C). Tne signal-averaged record of the contralateral 

VIM (Figure 45D) shows no event correlated to the SRSN action potential. This 

indicates that this connection is most likely pOlysynaptic. 

Other ISM Motoneurons with Contralateral. Lateral Targets in the Larva 

These motoneurons are all inhIbited by the SRSN. Figure 46A-C shows 
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FIGURE 45: Contralateral VIM in the larva 

A The standard 75 pps stimulus train stopped Llris motoneurons from 

firing action potentials. B. An i.p.s.p. occurred in response to the standard train 

when the motoneuron was held just below its threshold for firing an action 

potential. C. The i.p.s.p. reversed when the motoneuron was injected with 

hyperpolarizing current (-1.8 !I_A. below the threshold Cll..TTent). D. The signal

averaged response of the ipsilateral MN-12 (300 sweeps) and the contralateral 

VIM (468 sweeps) in the same preparation. Note that there is no event in the 

contralateral VIM averaged record correlated wiL'1 the SRSN action potential. 
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FIGURE 46: Other contralateral motoneurons innervating lateral targets in the 

larva 

A This set of three traces from a contralateral VEO also show that this 

motoneuron is inlubit.ed by the SRSN. The top trace shows that the standard 

train stopped this motoneuron from firing action potentials. The middle trace 

shows an i.p.s.p. in response to the standard 75 pps train when the motoneuron 

was held just below its threshold for firing an action potential. The bottom trace 

shows that this i.p.s.p. reversed when the motoneuron was injected with 

hyperpolarizing current (-2.7 nA below the threshold current). D. and E. are 

averaged records from a contralateral VEO and a contralateral VIO, respectively. 

These records did not reveal any event in the averaged record correlated with the 

SRSN action potential. 
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responses of the contralateral VEO, VIL-2, and VIO to 75 pps trains of SRSN 

stimuli. Signal-averaged records of these motoneurons to Sit1g1e SRSN action 

potentials appeared as flat lines (Figure 46D,E); this again suggests that this 

inlnbitory pathway is polysynaptic. 
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Another set of experiments was done to confirm that the pathway to the 

motoneurons with contralateral and lateral targets is inhIbitory. On the dorsal 

surface of an A4 hemiganglion, there are four motoneuronal somata in an anterior 

and medial cluster that innervate lateral and ventral targets. Although the 

positions of the four somata may shift, this population of four motoneurons 

includes only VIL-l, VIM, VEO, and VIO. In three larval preparations, all four 

contralateral ISM motoneurons with dorsal somata and at least one MN-12 were 

recorded consecutively. In each preparation, all four of these motoneurons were 

inhibited by the SRSN, while the MN-12 was excited. The responses of this set of 

motoneurons to the 75 pps stimulus train, along with the response of an ipsilateral 

MN-12, in one of these preparations are shown in Figure 47. 

8.3.4 Synaptic Input from the SRSN to Contralateral Motoneurons Innervating 

the Laterai and Ventrai iSMs in the Adult 

Contralateral VIL-l in the Adult 

The contralateral VIL-l in the adult was excited by the SRSN, as shown by 

its response to a 75 pps stimulus train (Figure 48A,B). This was a clear change 
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FIGURE 47: Contralateral ISM motoneurons are inlnbited by the SRSN 

The traces in tlais figure are each from a different ISM tnotoneuron in one 

preparation. The top 4 traces are from each of the 4 dorsal somata (VIL-1, VIM, 

VIO & VEO) contralateral to the SRSN, although it is not known which trace 

corresponds with which motoneuron. All of these 4 traces show an inlubitory 

response to the standard stimulus train. The response of the ipsilateral MN-12 is 

also presented, and it is excited, as usual, by the standard stimulus train. 
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FIGURE 48: Contralateral VIL-l in the adult 

A and B., taken from different preparations, both show the excitatory 

response of the contralateral VIL-l in the adult to the standard stimulus train. C. 

Signal-averaged records of the ipsilateral MN-12 (337 sweeps) and the 

contralateral VIL-l (416 sweeps) from the same adult preparation. Note that 

there is no event in the contralateral VIL-l averaged record correlated with the 

SRSN action potential. 
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from the larva, where this motoneuron was inhIbited by the SRSN (see Figure 44). 

The signal-averaged record of the contralateral VIL-l (Figure 48C) showed no 

event correlated with the SRSN action potential, suggesting that the excitatory 

pathway was polysynaptic. 

Contralateral VIM in the Adult 

This motoneuron also received excitatory input from the SRSN in the adult, 

as shown by its response to the 75 pps stimulus train (Figure 49A). Because this 

motoneuron has a bilateral dendritic field, there was a possibility that the change 

from inhIbition to excitation in this connection occurred through a change from a 

polysynaptic larval to an monosynaptic adult pathway. Signal averaging, however, 

revealed no p.s.p., suggesting that the pathway from the SRSN to the adult 

contralateral VIM was polysynaptic (Figure 49B). 

Other ISM Motoneurons with Contralateral. Lateral Targets in the Adult 

Tne only other motoneuron with a contralateral and lateral target from 

which recordings were made in the adult is VIO. This motoneuron also received 

excitatory synaptic input from the SRSN (n=4; 3 were excited, 1 showed no 

response; Figure 50). The signal-averaged records from the adult VIO appeared 

flat, suggesting that this synaptic connection was polysynaptic. 
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FIGURE 49: Contralateral VIM in the adult 

A. The contralateral VIM is excited by the standard stimulus train. B. 

Signal-averaged records of the ipsilateral MN-12 (293 sweeps) and the 
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contralateral VIM (489 sweeps) from the same adult preparation. Note that there 

is no event in the contralateral VIM averaged record correlated with the SRSN 

action potential. 
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FIGURE 50: Contralateral VIO in the adult 

A, B, and C are recordings of the contralateral VIO from 3 different 

preparations. Each shows that the contralateral VIO is excited by the standard 

stimulus train. D. Signal-averaged records of the ipsilateral MN-12 (496 sweeps) 

and the contralateral VIO (777 sweeps) from the same adult preparation. 
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8.4 DISCUSSION 

The SRSN provides synaptic input to the ISM motoneurons in both the 

larva and adult, and this input is modified during metamorphosis. The synaptic 

input to the ipsilateral MN-12 in both the larva and adult appears to have a 

monosynaptic component, based on the constant-latency e.p.s.p. to incLividua! 

SRSN action potentials, the appearance of an e.p.s.p. in signal-averaged records 

(as well as its steep rise), the short synaptic latency, and the persistence of the 

e.p.s.p. in high divalent saline. The existence of a monosynaptic component h' the 

pathway to the ipsilateral MN-12 does not preclude the existence of a concurrent 

polysynaptic pathway from the SRSN to the ipsilateral MN-12. Indeed, a 

polysynaptic component to this connection may be involved in producing the 

robust excitatory response of this motoneuron to trains of SRSN stimuli, but no 

evidence was obtained during theses experiments to determine whether a 

polysynaptic component exists. 

Tne ipsilateral IviN-12 required the lowest stimulation frequency to elicit an 

action potential, suggesting that this motoneuron receives the strongest synaptic 

input from the SRSN among this population of motoneurons; it takes 

approximately an additional 25 pps to evoke an action potential in either the 

contralateral MN-12 or the ipsilateral VIL-l. The ipsilateral DIM was not tested 

for monosynapticity or synaptic strength, but it was also excited, possibly 
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monosynaptically, by the SRSN. 

The contralateral MN-12 and DIM: in both la..TVa and adult are also excited 

by the SRSN. In the larva, the synaptic input to the contralateral MN-12 appears 

to have a monosynaptic component. This conclusion is drawn from the presence 

of an e.p.s.p. in the signal-averaged record and from the similarities in synaptic 

latency measurements to the synaptic latency measurements for the ipsilateral 

MN-12 within a preparation. The latter criterion was not met by the adult 

contralateral MN-12 .. In one-half of the adult preparations in which the delay to 

the contralateral MN-12 averaged waveform could be compared within a 

preparation to the delay to the ipsilateral MN-12 e.p.s.p., the contralateral delay 

exceeded the ipsilateral delay by approximately 1 msec. Because 0.33 msec of the 

difference could be due to experimental variability in placing the electrodes on the 

preparation, the difference between contralateral and ipsilateral synaptic latencies 

could range from approximately 0.67 - 1.33 msec. Because it may be that the 

location of the synaptic contact to the contralateral MN-12 changes during 

metamorphosis, the SRSN action potentiai may have to travel farther within the 

ganglion. Tne additionai travel time should require less than 0.5 msec, because 

the entire iength of the ganglion is 5 mm. A change in the site of synaptic contact 

could also remove the synaptic site farther from the intracellular electrode, leading 

to increased e.p.s.p. degradation and poorer resolution of e.p.s.p. onset. With 

these complications, it is not possible to determine whether the additional synaptic 
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delay is due to a polysynaptic pathway or to changes in a monosynaptic pathway. 

It is clear, however, that poiysynaptic pathways can be reliable enough to give rise 

to a waveform that resembles an e.p.s.p. (or an i.p.s.p.) in signal-averaged records 

(Watt, et ai., 1976; Stauffer, et al., 1976). In addition, any change in this pathway 

would have to vary between preparations, because one-half of the adult 

contralateral MN-12 synaptic latencies equalled the synaptic latencies for the 

ipsilateral MN-12. The significance of this variability is unclear. 

Regardless of any change in the synaptic pathway to the contralateral MN-

12 during metamorphosis, the strength of the synaptic pathway does not appear to 

change. In both the larva and adult, a stimulus train 25 - 50 pps above the SRSN 

background firing rate evoked an action potential in the contralateral MN-12. 

This stimulus train was higher in frequency than the threshold train for the 

ipsilateral MN-l2, suggesting that the contralateral MN-12 received weaker 

synaptic input. This may be reflected in the smaller amplitude of the e.p.s.p.s 

recorded in the contralateral MN-12s compared to the ipsilateral MN-l2s (Figures 

32 & 35 offer within preparation comparisons). Although not tested for synaptic 

strength, the contralateral DIM also receives excitatory synaptic input from the 

SRSN that can lead to action potentials in its response. 

Tne synaptic input from the SRSN to the ipsilateral ISM motoneurons 

innervating lateral and ventral targets is also excitatory. The range for the lowest 

stimulation frequency required to elicit an action potential in the ipsilateral VIL-l 
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(28 - 65 pps) was similar to the range for the contralateral MN-l2, suggesting that 

the synaptic strength is roughly equivalent. An evaluation of synaptic strength to 

the ipsilateral VIM was not obtained. Signal averaging revealed a waveform in 

the averaged record of the ipsilateral VIL-l, but with a longer synaptic latency 

than the that to a MN-12 in all Cn = 5) preparations in which both were recorded 

(mean difference in synaptic latencies = 0.85 msec). This longer latency may 

indicate that this pathway is polysynaptic (but reliable), that the SRSN action 

potential must travel farther into the A4 ganglion to the presynaptic terminal onto 

the ipsilateral VIL-l, or that the synaptic site is at a distance from the intracellular 

electrode such that the e.p.s.p. degrades enough to prevent the resolution of 

e.p.s.p. onset. It is not possible to determine which of the above schemes is the 

correct one for this proprioceptive pathway to VIL-l. 

The results are more clear for the ipsilateral VIM, and indicate that the 

proprioceptive input to this motoneuron is through a strictly polysynaptic pathway, 

because the signal-averaged records of this motoneuron appear flat. Only limited 

recordings were made from the remaining motoneurons that innervate ipsilaterai 

and lateral muscles. From these recordings, it was not possible to determine the 

synaptic strength they receive from the SRSN. However, these recordings did 

reveai that each of these motoneurons received excitatory synaptic input from the 

SRSN. 

The responses of the adult MN-31 suggest that it may receive synaptic 
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input of similar strength to the ipsilateral MN-12. In signal-averaged records of 

t..1!e adult MN-31, e.p.s.p.s of compa .... ab!e amplitude to the ipsilateral MN-12 

averaged e.p.s.p. were revealed, and single e.p.s.p.s were visible to each SRSN 

action potential. This suggests that the adult MN-31 may receive a monosynaptic 

input from the SRSN. The soma of MN-31 lies in the same packet of somata as 

the soma of MN-30, and more than one motoneuron in !!lis packet responds 

similarly to MN-31. Both MN-30 and MN-31 are respecified to new targets during 

metamorphosis, from internal oblique muscles (DIO & LIO, respectively) to 

dorsal exterior muscles (DE3 and DEl,2, respectively) 1yL.'1g near the SRO and 

running longitudinally (Figure 30). The similar developmental fates of MN-30 and 

MN-31, as well as the finding that another motoneuron with its soma near the 

MN-31 soma receives strong synaptic input from the SRSN in the adult, suggests 

that both of these motoneurons undergo a change to a stronger, synaptic pathway 

in the adult. This could represent a change from a polysynaptic larval pathway to 

a monosynaptic adult pathway. 

A postembryonic change in the synaptic input from the SRSN to the ISM 

motoneurons was found in the synaptic connection to the ISM motoneurons 

innervating contralateral, lateral and ventral ISMs. In the larva, these ISM 

motoneurons are inlnbited by the SRSN through a polysynaptic pathway in the 

larva. The synaptic input to these motoneurons changes during metamorphosis, 

such that they are excited by SRSN synaptic input in the adult. The excitatory 
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adult pathway is also .purely polysynaptic. Therefore, the change in this synaptic 

connection is based in alterations of a polysynaptic pathway. The larva! !n!nbitory 

pathway was expected to be polysynaptic because, in general, insect sensory 

neurons have been shown to provide exclusively excitatory synaptic input to their 

postsynaptic partners (Sanes & Hildebrand, 1976; Trimmer & Weeks, 1991). A 

polysynaptic pathway was also expected for all of the ISM motoneurons 

innervating lateral targets, because (as in the schematic of Figure 29) there does 

not appear to be any overlap between the dendrites of contralateral motoneurons 

with unilateral dendritic arborizations and the axonal terminals of the SRSN 

(Chapter IIT). However, the pathway to the contralateral VIM in the adult was 

not necessarily expected to be polysynaptic, because VIM has bilateral dendritic 

arborizations (Levine & Truman, 1985) and could potentially overlap with the 

axonal arborizations of the SRSN (Chapter IIT). The synaptic pathway from the 

SRSN to the contralateral VIM does remain polysynaptic, such that VIM, unlike 

MN-1 (Levine & Truman, 1982), does not appear to establish a monosynaptic 

connection with the SRSN on its contralateral dendritic field. 

Tnese results are summarized in Figure 51. Figures 51A & B are 

schematic diagrams of a cross-sections through the A5 abdominai segment in the 

larva (A) and in the pharate adult (B). Tnis cross-sectional view reveals the 

circumferential arrangement of the ISMs in an abdominal segment. The 

dorsolateral positions of the SROs are also indicated. The color of the muscles 
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FIGURE 51: Summary of SRSN synaptic input to ISM motoneurons 

The synaptic input is summarized in the following schematic cross-sections 

through the abdomens of a larva and pharate adult. For each diagram, the 

synaptic input descnbed is based on stimulation of the SRO on the right (and 

dorsal is up). The muscles colored in purple are those that received the strongest 

excitatory synaptic input from the SRSN. Those that are colored in blue received 

weaker excitatory synaptic input, and those that are colored in red were inlnbited 

by the SRSN. Inlnbition by the SRSN was only found in the larva. Note that all 

motoneurons investigated in the adult received excitatory synaptic input from the 

SRSN. The motoneurons that innervate each of these muscles are indicated. 

Vll.-l and Vll.-2 both innervate the ventral internal lateral muscle fibers, but 

there is no evidence that they innervate the same muscle fibers. The muscles of 

motoneurons that are discussed in this chapter, but never recorded, are shaded. 



LARVA 

ADULT 

234 

_ STRONGLY EXCrrm 
_ EXCIIlD 

I!!I INHIBlIED 
_ Not Recorded 

o STIMDLATED SRO 
® spiracle 

c::::;::, lteart 

1M *CNS 



235 

represents the type of SRSN synaptic input to the motoneurons innervating those 

muscies. The muscles that are shaded are those that were not recorded in this 

study or in the study by Levine and Truman (1982). The names of the ISM 

motoneurons are included and connected by lines to the muscles they innervate. 

Figure 51 shows that in both the larva and adult, the motoneurons that 

innervate targets lying near the SRO receive the strongest excitatory input. The 

strength of excitation decreases as the distance between the target muscle and the 

SRO increases. In the larva, the motoneurons innervating targets lying opposite 

the SRO in the body wall are irt.J..1bited. This is a component of the 

proprioceptive circuit that changes during metamorphosis; the inlnbition is lost, 

and all the ISM motoneurons are excited by the SRSN in the adult. 

The pattern of proprioceptive input descnbed in the adult is unique. No 

other systems have been descnbed yet in which a proprioceptor excites all the 

motoneurons that may affect the joint about which it is senses movement, 

regardless of their effect on the joint. For example, it seems physiologically 

appropriate for the SRSN to excite lViN-12. If the abdomen is dispiaced ventrally, 

the SRO should be stretched, exciting the SRSN and exciting MN-12 to correct for 

the abdominai displacement. However, the same perturbation would also result in 

activation of both ipsilateral and contralateral VIMs, which would lead to 

additional ventral flexion, and the positive feedback loop could conceivably 

continue until the abdomen is at its mechanical limit for ventral flexion. Because 
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both the dorsal and ventral flexion proprioceptive reflexes would be activated 

simultaneously (and all the other !SM...s would also be activated), the net result of 

the initial perturbation might simply lead to an overall increase in muscle tension 

in the abdomen, resulting in stabilization of posture. The resultant posture should 

be slightly dorsoflexed, because the SRSNs provide stronger synaptic input to the 

ISM motoneurons innervating dorsal muscles. Such a postural reflex would 

presumably be helpful in stabilization of abdominal posture during flight. An 

important point, however, is that the powerful ISMs degenerate after adult 

emergence. Thus the changes descnbed may only be important for a limited array 

of behaviors associated with emergence; during these emergence behaviors, the 

dorsal and ventral ISMs are active together (Mesce & Truman, 1988). Because 

only the external muscles remain in older adults, it is important to consider the 

proprioceptive feedback they receive for a complete understanding of changes in 

this connection during metamorphosis. This is especially important for MN-28, 

the motoneuron innervating the only remaining ventral muscles in the older adults, 

to see if it is also excited by SRSN synaptic input. Tne synaptic input to MN-28 

remains to be examined in both the larva and the adult. 

As proposed by Levine and Truman (1982), the inlnbitory pathway may be 

lost during metamorphosis as the segmental articulation changes. The larval 

abdomen is able to flex in any direction; however, the adult abdomen (with the 

exception of the most anterior segment) is restricted to movements in the 
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dorsoventral plane. Therefore, any antagonism between left and right sides of the 

body in the larva would be unnecessary in the adult. This hypothesis is effective 

in explaining the loss -of inlnoition, but it does not explain the development of the 

new excitatory pathway. It could also be tested by examining whether the 

proprioceptive input to the ISM motoneurons innervating the ISMs in Al changes 

during metamorphosis. Another possibility is that the synaptic input from the 

SRSN to the ISM motoneurons is regulated centrally (Jimenez, et aL, 1988; 

Skorupski & Sillar, 1986; Cattaert, et ai, 1992), preventing the expression of 

contradictory reflex movements as descnoed above. In addition, no recordings 

have been made from MN-28, another ISM motoneuron innervating a ventral 

ISM, to determine if all the motoneurons to the ventral muscles are excited by the 

SRSN. This is especially important, because MN-28 persists throughout adult life, 

well after VIM has degenerated. 

In addition to the functional implications of the change in proprioceptive 

input, some insights into the cellular basis for this change have also been 

descdbed. This postembryonic change seems to occur through a change in a 

polysynaptic pathway. It is likely that the change is in the intemeurons involved in 

this pathway, because of the stability of the SRSN (Chapter III) and the iSM 

motoneurons (Levine & Truman, 1985) during metamorphosis. An interneuronal 

change could involve a modification of the interneurons already involved in the 

pathway, a respecification of existing intemeurons into the pathway, or the 
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addition of postembryonically derived interneurons into the pathway. Changes in 

neurotransmitter phenotype during metamorphosis have been shown to occur ill at 

least some neurons (Tublitz & Sylwester, 1990; Witten & Truman, 1990); a change 

in transmitter phenotype of the interneurons in this proprioceptive pathway could 

contnbute to the change from inhIbition to excitation by the SRSN. Some of the 

abdominal interneurons that persist at least into the pupal stage have been 

identified (Waldrop & Levine, 1992; Sandstrom & Weeks, 1991), and their 

involvement in the proprioceptive pathway could be examined. Also, the addition 

of new interneurons into the SRSN pathway to the ISM motoneurons couId be 

examined by recording from hydroxyurea-treated insects; it has been shown that 

treatment of larvae with hydroxyurea greatly reduces the number of 

postembryonically-derived interneurons (Truman & Booker, 1986). Therefore, 

prevention of the change in synaptic input by hydroxyurea-treatment would 

suggest that the addition of postembryonica1Iy-derived interneurons is necessary 

for the change to occur. 
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9. CHAPTER V: Discussion 

9.1 GENERAL DISCUSSION 

The goals of this dissertation were to descnoe the anatomy of the SRO, to 

determine the synaptic connections from the SRO to the ISM motoneurons, to 

determine the stability of the synaptic connections duri..ng metamorphosis, and to 

uncover the possible cellular basis for postembryonic changes in this 

proprioceptive circuit. These goals were met, and the results are summarized and 

interpreted in t.lris chapter. Following the summary, future experiments are 

proposed to investigate this proprioceptive circuit further. 

The SRO is composed of only one muscle fiber, one sensory neuron (the 

SRSN), and only one excitatory motoneuron. Compared to the muscle-associated 

proprioceptive organs descdbed in other systems (Boyd, 1962; Alexandrowicz, 

1967; Komuro, 1981), the composition of this SRO is extremely simple. The 

organization of the components of the SRO has similarities to the organization of 

the components of other muscie-associated proprioceptive organs (Euteneuer & 

Winter, 1979; Banks et aL, 1982). The most notable similarities are that the 

central region of the SRO muscle fiber is relatively void of contractile apparatus 

and that the SRSN innervates the SRO mainly in this central area. This suggests 

that when the SRO muscle fiber is activated by the SRO motoneuron, the ends of 

the receptor muscle contract, leading to stretch of the central region containing 
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the majority of the dendrites of the SRSN. Therefore, both passive stretch of the 

SRO and active recruitment of the SRO muscle fiber produce a stretch of the 

central region of the SRO. Such a scheme has also been proposed for activation 

of the proprioceptive neurons of the mammalian muscle spindle (Boyd, 1980; 

Hunt, 1990) and crustacean MRO (KuffIer, 1954). This implies that the SRO may 

function similarly to these other proprioceptive organs. The simplicity of the 

SRO, the similarity between SRSN activation and proprioceptive neuron activation 

in other muscle-associated proprioceptive organs, and the knowledge of CNS 

circuitry in Ma1".tiuca suggest that this particular SRO is an excellent model for the 

study of muscle-associated proprioceptive organs. 

A model for how transduction occurs in the SRO was presented (Chapter 

III). This model depends on the following assumptions: 1) the dense extracellular 

matrix material must be capable of greater strain without changes in its plastic 

structure than typical biological materials; 2) activation of the SRO muscle fiber 

by the SRO motoneuron must lead to contraction of the end regions and stretch 

of the central region; 3) stretch-activated channeis must exist in the membrane of 

the SRSN. There is currently no information to support or refute whether the 

dense extraceiiuiar matrix material is highly elastic, because this issue was not 

addressed in Antheraea and no other muscle-associated proprioceptive organs 

have been descnbed with a similar material. The second and third assumptions 

are both based on analogy to other systems (KuffIer, 1954; Arbuthnott, et a!., 



t • 

241 

1982; Boyd & Smith, -1984; Boyd, 1985; Erxleben, 1989). Experiments to test each 

of these assumptions are presented below. 

In order to interpret changes in the SRSN to ISM motoneuron connection, 

it is important to know whether the SRO itself undergoes any metamorphic 

changes. Changes in the structure of the SRO in the periphery (or of the SRO 

motoneuron centrally) would indicate that the SRO could be activated differently 

at each life stage. Changes in the axonal arborizations of the SRSN in the CNS 

would indicate that any changes in synaptic connectivity could be due to the 

morphological alterations of the SRSN. It was shown in Chapter ill that during 

metamorphosis, the SRO is relatively stable morphologically. No replacement of 

the SRO muscle fiber or of the SRSN was seen during metamorphosis. The three 

major nuclei of the SRO, the SRO muscle fiber myonucleus, the SRSN nucleus, 

and the surround cell nucleus were all seen at every stage of the insect's life that 

was examined. Additionally, no noticeable changes in the distnbution of 

motoneuronal terminals along the SRO were seen. The lack of changes in the 

periphery suggests that the SRO may be activated similarly by movements at all 

stages. Of course, there are changes in the mobility of the abdomen during 

metamorphosis (as descnoed in Chapter IV) such that even though the SRO does 

not change, the movements that lead to its activation may differ between the 

stages. The SRO motoneuron does undergo dendritic expansion during 

metamorphosis. The finding that contralateral arbors of the SRO motoneuron 
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develop during metamorphosis was unexpected. The significance of this 

morphological change on SRO activation is not known, but it may be that the 

contralateral expansion of the SRO motoneuron dendrites reflects the production 

of bilaterally symmetrical movements in the adult abdomen. 

The axonal arborizations of the SRSN do not appear to be remodeled 

during metamorphosis. Unfortunately, because of the low success rate of 

anterograde cobalt staining of the axon of the SRSN in the adult CNS, and 

because of the variability of the SRSN axonal arborization even in the larval CNS, 

minor changes of the SRSN axonal arborization duri..ng metamorphosis may have 

gone unnoticed. The apparent lack of changes in the SRSN axonal arborizations 

during metamorphosis suggests that the SRSN, like the ISM motoneurons (Levine 

& Truman, 1985), does not undergo major morphological changes during 

metamorphosis that are likely to account for changes in their synaptic connectivity. 

Levine and colleagues (Levine, et a!., 1991) have extended the observation of ISM 

motoneuron dendritic stability by showing that ISM motoneurons in vitro also do 

not expand their arborizations in response to changing hormone titers. This result 

can be compared to results on thoracic leg motoneurons, which do undergo 

dendritic changes during metamorphosis in vivo (Kent & Levine, 1988), and were 

found to expand their arborizations in vitro (Levine et ai., 1991). It is not known 

whether ultrastructural changes (e.g., change in the number of synaptic contacts, 

change in the number of terminal branches) occur in these arborizations; such 
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changes could have an effect on synaptic connectivity. 

The results on the S"jIlaptic connectivity from t..'1e SRSN to the ISM 

motoneurons showed that the SRSN does provide synaptic input to the ISM 

motoneurons in both the larva and adult. In both stages, the SRSN most strongly 

excites the ISM motoneurons innervating muscles that lie near the SRO. This 

synaptic input, for at least one of these motoneurons (MN-12), has a 

monosynaptic component. The SRSN also excites, although less strongly, those 

ISM motoneurons that innervate muscles ipsilateral to the SRO, and dorsal 

muscles contralateral to the SRO in both stages. The synaptic input to one of 

these motoneurons (the contralateral MN-12 in the larva) has a monosynaptic 

component; it appears that other motoneurons in this category (e.g., ipsilateral 

Vll..-l) may receive only polysynaptic input from the SRO, although this could not 

be determined conclusively (experiments to address this point are included below). 

A difference in synaptic input between the larva and adult was found in the 

synaptic input from the SRSN to the ISM motoneurons innervating lateral and 

ventral muscles contraiateral to the SRO. In the larva, these ISM motoneurons 

are inhibited by the SRSN, and in the adult, these ISM motoneurons are excited 

by the SRSN. The synaptic input to these motoneurons are subserved by 

polysynaptic pathways. 

Another difference in SRSN synaptic input between larva and aduit has 

been uncovered in this study. MN-30 and MN-31 both innervate internal oblique 
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muscles in the dorsal half of the body in the larva, and then are respecified to 

dorsal external muscles (near t.'i.e SRO) in the adult. Additionally, both of these 

motoneurons persist throughout the life of the adult. Because of the similarities 

between the muscles these motoneurons innelVate at each stage and in the 

metamorphic fates of these motoneurons, these motoneurons may receive similar 

synaptic input from the SRSN at both stages. Recordings were orJy obtained 

from the ipsilateral MN-30 in the larva, and from the ipsilateral MN-31 in the 

adult. The laIVal ipsilateral MN-30 received excitatory synaptic input from the 

SRSN, that may be throu~'i. a polysynaptic paL'lway. The adult ipsilateral MN-31 

received excitatory synaptic input from the SRSN that may have a monosynaptic 

component. If these motoneurons do receive similar synaptic input from the 

SRSN at the two stages, then the results suggest that the synaptic input they 

receive may change from polysynaptic to monosynaptic. This needs to be 

examined further (see below). 

When one defines synergist muscles as those that shorten (relax) the SRO, 

and antagonist muscles as those that lengthen (stretch) the SRO, it is revealed 

that the laIVal SRSN excites synergist muscles and inhibits antagonist muscles. 

This pattern of synaptic input from the SRSN to the ISM motoneurons in the 

laIVa is analogous to the pattern of synaptic input from muscle-associated 

proprioceptive organs to motoneurons in other systems (Wine, 1977; Baldissera et 

al., 1981). If one considers the muscles lying closest to the SRO as analogous to a 
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"homonymous" muscle in mammals (i.e., the muscle in which the muscle spindle is 

embedded), the analogy is extended further. !A afferents from mammalia..'"1 

muscle spindles provide the strongest excitatory monosynaptic input to those 

motoneurons that innervate their homonymous muscle (Baldissera, et aL, 1981); 

the motoneurons to the homonymous-like muscles in Manduca receive the 

strongest excitatory synaptic input from the SRSN and ti'Js S"j!laptic input also has 

a monosynaptic component to at least one motoneuron. Extending the analogy, 

the other motoneurons that receive the weaker excitatory synaptic input from the 

SRSN and that innervate muscles lying fa..-Jier from the SRO could be considered 

"heteronymous" muscles. The motoneurons innervating heteronymous muscles in 

mammals also receive weaker and sometimes monosynaptic input from the IA 

afferent axons (Baldissera, et aL, 1981). 

In the adult, the pattern of synaptic input from the SRSN changes. One 

can still descnbe the synaptic input to the motoneurons innervating homonymous

like and heteronymous-like muscles in the same way as in the larva. However, the 

inhfoition to motoneurons that innervate antagonist muscles disappears. The adult 

SRSN excites all the ISM motoneurons, including those that were considered to 

innervate antagonist muscles in the larva. If the adult SRSN excites all the adult 

iSM motoneurons, can one describe a population of these motoneurons that 

innervates antagonist muscles? I do not believe this is possible. It may be that 

when activated, a ventral muscle in the adult could act to lengthen the SRO, and 
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thus be an antagonist muscle by the definition above. However, excitation of such 

a functional antagopjst would produce a posiLive feedback loop (the SRSN would 

activate its antagonist, which would, when shortening, activate the SRSN further, 

and this would lead to increased activation of the antagonist). Such an 

uncontrolled positive feedback loop would not be useful, as any perturbation of 

the adult's abdomen would result in complete abdominal flexion. However, it may 

be that a positive feedback loop is useful for some movements (e.g., ovipositing) 

and is controlled centrally. Central control of proprioceptive input has been 

shown in a number of systems (Jimenez et ai., 1988; Cattaert et ai., 1992). It 

remains unclear whether there are functional antagonist muscles to the SRO in 

the adult. However, it is clear that the classical proprioceptive inhIbition of 

motoneurons to antagonist muscles (Baldissera, et aI., 1981; Wine, 1977) is lost 

during metamorphosis. 

Two major questions remain regarding to the loss of the antagonistic 

pathway during metamorphosis: what changes at the cellular level are responsible 

for the change in synaptic input?; and what is the functional significance of this 

change in synaptic input? The first question was addressed in two ways. First, to 

determine whether changes in the SRSN were likely to be responsible for the 

change in synaptic connectivity, the metamorphic fate of the SRSN was 

investigated. As descnbed above, no detectable changes in the SRSN during 

metamorphosis were uncovered. The second way this was addressed was by 
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investigating whether the synaptic changes were based in monosynaptic or 

polysynaptic conn.ecnons. The finding that the changes in S"jIlaptic input occur in 

polysynaptic pathways suggests that interneurons involved in this pathway as 

responsible for the circuitry changes. The changes in interneurons could be in 

their morphology, biophysical properties, or neurotransmitters. The interneuronal 

changes could also include birth of new intemeurons that become integrated into 

the proprioceptive circuit (possibly combined with death or respecification of the 

larval interneurons of the proprioceptive circuit). Experiments to address these 

possible changes are descnbed below. 

No experiments were carried out to address the functional significance of 

the changes in this proprioceptive circuit, but two hypotheses can be presented. 

One hypothesis (Chapter IV) is that the loss of antagonism is based on the 

morphological changes of the entire abdomen during metamorphosis. The 

abdomen of the larva is relatively unrestricted to movements in any direction 

(personal observations). It has also been shown experimentally that the larval 

abdomen is capable of lateral bending movements (Levine, et aL, 1989). The 

articulation of the abdomen changes during metamorphosis, such that the 

posterior abdominal segments of the adult are restricted to movements relative to 

each other in the dorsoventral plane (Levine & Truman, 1982). Additionally, the 

behaviors descnbed for an emerging and newly emerged adult (before any of the 

ISM motoneurons have died), do not involve lateral bending, but instead involve 
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bilaterally symmetrical movements, such as the eclosion or digging motor patterns 

(Mesce & T!U!!lan, 1988). Therefore, the loss of latera! antagonism occ-..!!s for the 

adult where there is also a loss of lateral movements. Perhaps the loss of 

antagonism occurs at the same time as the loss of lateral movements, thus 

suggesting that the two are linked. These ideas are tested in the future 

experiments descnbed below. 

Another possible function for the proprioceptive input lacking the 

antagonist pathway in the adult, is that it may provide for control of abdominal 

posture in certain adult behaviors. For example insects have specific flight 

postures that include movements of the abdomen or legs into different positions to 

aid in steering of flight (Dugard, 1967; Camhi, 1970; Arbas, 1986). The excitatory 

synaptic input to all the motoneurons in the adult may have the effect of 

regulating posture when the abdomen experiences numerous perturbations, as 

could occur in the airstream during flight. Because of the gradient of synaptic 

strength to the motoneurons (those innervating dorsal targets receive the strongest 

SRSN synaptic input and those innervating ventral targets receive the weakest 

SRSN synaptic input), the posture of the abdomen should be slightly dorsoflexed 

to be consistent with this hypothesis. It is important to note that after 2 days of 

adulthood, many of the ISM motoneurons have died, and are thus not used in 

flight. MN-30, MN-31, and MN-28 are the ISM motoneurons that survive into 

adulthood. MN-28 innervates a ventral muscle, but was not recorded in these 
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experiments. It is important to examine the synaptic input to l\1N-28 to determine 

whether t..1J.e same pattern of synaptic input to the ISM motoneurons exists in the 

older adult as in the newly emerged adult, before any evaluation of the 

importance of the SRO in flight posture can be made. 

The results of this dissertation have shown that the SRO in Manduca 

provides an excellent ·model for muscle-associated proprioceptors. TIlls statement 

is based on the anatomical and electrophysiological similarities between the SRO 

and muscle-associated proprioceptors in other systems, and on the simplicity of 

the composition of the SRO. The results have also shown that as postembryonic 

development leads to the expression of new behaviors, the proprioceptive 

feedback to the nervous system can change. The changes in the proprioceptive 

circuit uncovered are changes in polysynaptic pathways, such that the specific 

cellular events that produce the change in synaptic input still remain to be 

investigated. 

9.2 FUTURE EXPERIMbN"TS 

9.2.1 On the SRO in the Periphery 

The dense extracellular matrix molecule should be investigated to reveal 

the extent of its elastic properties. One way to do this is to compare the 

appearance of the dense extracellular matrix material in stretched versus relaxed 

SROs (the SROs in this dissertation were all slightly stretched). A similar study 
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was done on the ultrastructure of stretched and relaxed tonic crayfish MROs by 

Tao-Cheng and colleagues (1981); these MROs do not have similar dense 

extracellular material, but this study enabled the deformations in dendritic tips to 

be resolved. If the dense extracellular matrix material is capable of enduring great 

strain without changes in its plastic structure, one would expect that in the relaxed 

position, the diameter of the bundles of filaments would be greater than in the 

stretched position. If the material is relatively inelastic, one would expect that in 

the relaxed position the bundles of filaments would appear buckled. 

Another way to investigate the dense extracellular matrix material is to 

stain the sections for electron microscopy with antibodies directed toward various 

extracellular matrix molecules (e.g., collagen, elastin, resiIin, laminin, fibronectin). 

This is currently being done to investigate the extracellular material surrounding 

the dendrites in the chordotonal organ of the locust (L Field, personal 

communication). If an antIbody is found that specifically recognizes the dense 

extracellular matrix material, a biochemical analysis of the antigen it recognizes 

could be done using Western analysis. Tne moiecuiar weight of the proteins 

recognized by the antibodies that bind to the dense matrix couid then be 

compared to the moiecuiar weight of various extracellular matrix molecules to 

provide information on what proteins compose the dense extracellular matrix 

material. 

The electron microscopic study descnbed above, to view the SRO in 
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stretched and relaxed conditions, would also enable the determination of whether 

the dendritic fingers and/or the latera! dendrites undergo deformations to stretch. 

The model presented in Chapter m for transduction in the SRO predicts that 

deformations of the dendritic fingers as well as of the lateral dendrites would be 

found. This study could be extended to determine what happens to the lateral 

dendrite during motoneuron activation of the SRO. The only way to examine this 

would be to stimulate the SRO motoneuron of a relatively relaxed SRO (such that 

passive stretch effects do not interfere) and rapid-freeze the SRO for electron 

microscopy. The mode! presented in Chapter ill predicts that one would find the 

lateral dendrites to have a larger diameter than in the passively stretched 

condition, and approximately the same diameter as in the relaxed condition. Such 

an observation suggests that the lateral dendrites are only involved in the response 

of the SRSN to passive stretch. 

It is important to establish the mechanical effect of SRO motoneuron 

activity that leads to SRSN activation. Does activation of the SRO motoneuron 

lead to a stretch of the central region of the SRO and a contraction of the end 

regions of the SRO as assumed in the model for SRO transduction in Chapter III? 

Tills could be determined through observations of the SRO during activation of 

the SRO motoneuron. Markers could be placed on the edges of the central 

region (such as carbon or crystals of DiI) and toward the insertions of the end 

regions. This will allow a clear visualization of how the central and end regions 
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change length during electrical stimulation of the SRO motoneuron (from an 

electrode on the DN J. If the results show that the end regions do shorten daring 

SRO motoneuron activation, then this result also suggests that the lateral 

dendrites of the SRO are either activated differently by passive SRO stretch and 

active SRO recruitment, or that these lateral dendrites are only activated by 

passive SRO stretch. 

The existence of stretch-activated channels in the membrane of the SRSN 

could also be investigated to test the model proposed for sensory transduction 

(their presence on t.l}e membrane would be consistent with the model). This could 

be determined either in vivo or in vitro. In vivo, an experiment analogous to the 

one performed on the crustacean MRO could be used (Erxleben, 1989). This 

could be difficult, because it would be necessary to place a patch electrode directly 

on the membrane of the SRSN, and even the soma of the SRSN is covered by 

numerous sheath cells (Chapter II!). If the patch electrode could be placed 

directly on the SRSN· membrane, stretch-activated channels could be detected by 

applying suction through the patch eiectrode and recording the response of the 

SRSN membrane in the cell-attached patch. For an in vitro investigation, it may 

be possibie to remove SROs and dissociate the cells within the SRO for plating in 

tissue culture dishes. The only neuron that would be removed using this technique 

would be the SRSN. Therefore, if a neuron were to grow in these cultures, its 

membrane could also be investigated with a cell-attached patch electrode by 
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recording the response of the membrane to suction. The in vitro recording 

paradigm may also allow for these recordings to be made on the neurites of the 

SRSN, rather than just on the soma. 

When completed, the sets of experiments descnbed above would test the 

assumptions of the model proposed in Chapter ill for sensory transduction of the 

SRO. They would also address whether deformations of the dendritic fingers and 

lateral dendrites occur, such that these deformations could lead to the opening of 

stretch-activated channels to produce the generator potential in the SRSN. 

An examination of the embryonic development of the SROs should also be 

carried out. During embryonic development of vertebrate muscle spindles, it is 

proposed that the myoblast precursors of the extrafusal and intrafusal muscle 

fibers are equipotent, and contact by afferent axons induces myoblasts to 

differentiate into intrafusal muscle fibers (Boyd & Smith, 1984). The similarities 

between the SRO muscle fiber and the ISM fibers (same actin:myosin ratio, 

similar organization of the contractile apparatus in transverse section excluding the 

sarcoplasmic spaces found in the SRO muscle fiber, presence of dyads) may 

indicate that the SRO muscle fiber and the ISM fibers develop from common 

precursors as well. By examining the embryonic development of the SRO, using 

both light and electron microscopy, it should be possible to determine if the SRO 

develops similarly to the mammalian muscle spindle. If so, the SRO could provide 

a model for the embryonic development of muscle spindles. 
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Finally, the SRO could be used to investigate differential cell death. By 

two days after adult emergence, all the ISMs that persisted through 

metamorphosis die. Only some of the muscles that developed during pupal life 

remain (Levine & Truman, 1985). However, the SRO muscle fiber, which 

develops embryonically, persists throughout the adult stage (LIbby, 1961; personal 

observations). What mechanism is responsible for sparing the SRO muscle fiber 

from death during metamorphosis? Some work has been done on differential cell 

death in the nervous system in Manduca (Fahrbach & Truman, 1987; Weeks & 

Levine, 1992), but similar studies on the SRO muscle fiber may prove more 

fruitful, because the SRO is much larger and more accessible than the neurons 

investigated. As a first step, one could identify which hormones trigger the death 

of the ISMs at the different times when they die (after pupal ecdysis and after 

adult eclosion; Schwartz & Truman, 1983). If the hormone involved is the steroid 

20-hydroxyecdysone, it should be possible to determine whether the steroid 

receptor is found on the membranes of the ISMs and of the SRO muscle fiber 

(Fahrbach & Truman, 1989). I would predict that the steroid receptors wouid be 

found on the ISMs and not on the SRO muscle fiber. If this is the case (and if 

cell death of these muscies requires protein synthesis as found for identified 

motoneurons; Schwartz & Truman, 1983; Weeks, et ai, 1993), then this system 

would be ideal (based on accessibility and size of the tissue) for an investigation 

into the genes that trigger cell death. 
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9.2.2 On the Synaptic Input from the SROs 

Additional information on the synaptic connections descnbed from the 

SRSN to the ISM motoneurons could be obtained One method that would be 

useful would be to record from the dendrites of the ISM motoneurons rather than 

from their somata. This would enable a more accurate determination of the 

amplitude of the synaptic input from single presynaptic action potentials of the 

SRSN, and would allow for a more accurate determination of synaptic latencies to 

evaluate whether each pathway is monosynaptic or polysynaptic. This could be 

especially useful for the pathway to the contralateral MN-12 in the adult and to 

the ipsilateral VIL-l in the larva and adult, where there is a discrepancy as to 

whether these pathways are mediated by a strictly polysynaptic pathway or not. 

Another method for obtaining more information on this proprioceptive pathway is 

to use electron microscopy to determine conclusively whether the SRSN truly 

makes a monosynaptic connection with any of the ISM motoneurons (starting with 

the ipsilateral MN-12). However, it will be difficult to obtain a successful double

fin of the SRSN and an ISM motoneuron. Tnis problem could potentially be 

overcome by staining the SRSN through intracellular dye-injection. 

As descnbed above, it is important to determine the synaptic input the 

SRSN provides to MN-30 and MN-31, as well as to MN-28. Tnis can be 

determined using the same methods used in Chapter IV for the other ISM 

motoneurons. Such an investigation could reveal postembryonic development of a 
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synaptic connection where a new monosynaptic input is established (as has been 
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the contralateral MN-28 to determine whether all antagonism in the adult 

proprioceptive connection to the ISM motoneurons is indeed lost. In addition, 

what synaptic input does the SRO provide to the tergostemal muscle 

motoneurons? The tergostemal muscles act to lengthen the entire abdominal 

segment in the larva and adult (Mesce & Truman, 1988), and would therefore be 

functional antagonists of the SRO. The synaptic input to these motoneurons 

should be investigated at each stage to determine if t..'lls is another antagonist 

connection that is lost during metamorphosis. 

Is the change in this proprioceptive pathway triggered by changing 

hormonal titers? One way to investigate this point is to determine when the 

change in synaptic input occurs during metamorphosis and to see if it corresponds 

to a time period when the hormonal titers are changing. Another benefit of such 

an investigation is that it may provide insight into the cellular mechanisms for the 

change in synaptic input. An investigation into the onset of the change in the 

proprioceptive pathway to MN-1 revealed that this pathway changes at the end of 

pupai deveiopment, possibly corresponding to declining steroid hormone levels or 

the rising eclosion hormone levels at the end of pupal development (Levine & 

Truman, 1982). Preliminary experiments on the synaptic input from the SRSN to 

the ISM motoneurons indicates that the change does not occur prior to the first 
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day of pupal life (D. Tamarkin, unpublished observations). The experiments on 

MN-l also revealed some possible cellular mechaIlisms by which this 

proprioceptive circuit may be reorganized. For example, Levine and Truman 

(1982) found that the new excitatory synaptic input to the contralateral MN-1 

appears before the larval inhIbitory synaptic input to MN-1 is lost, suggesting that 

different neurons are involved in the excitatory pathway from those in the 

inhIbitory pathway. Levine and Truman (1982) proposed that the intemeurons 

mediating the polysynaptic inhIbitory pathway die during metamorphosis. 

Interneurons in the abdominal ganglia could be investigated to determine 

which intemeurons are involved in this pathway, and what changes in the 

intemeurons could lead to the changes in the proprioceptive pathway during 

metamorphosis. It is known that many new intemeurons are added to the 

thoracic ganglia during postembryonic development (Booker & Truman, 1987; 

Witten & Truman, 1991). Therefore, these new intemeurons may be added to the 

proprioceptive circuit and may mediate the change in the pathway. One way to 

test this possibility is to prevent the birth of new intemeurons postembryonicaliy. 

Tnis is possible by treating larvae with hydroxyurea, an agent that prevents cell 

division (Truman & Booker, 1986; Oland & Tolbert, 1988). These treated larvae 

would then be left to proceed through metamorphosis and the proprioceptive 

circuit to the contralateral ISM motoneurons innervating lateral and ventral 

targets would then be tested. If the change in this pathway no longer occurs, this 
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would indicate that the postembryonica1ly derived interneurons are important for 

changing this proprioceptive circuit postembryonically. If the change in this 

pathway still occurs, however, one cannot interpret this as indicating that the 

postembryonically derived interneurons are not important. The hydroxyurea 

effects would most likely be incomplete, because some neurons are born as early 

as the first instar (Sorensen, et ai., 1991), and the insects may not survive if treated 

throughout their entire larval lives with hydroxyurea (Oland & Tolbert, 1988; J. 

Witten, personal communication). Therefore, some postembryonically derived 

neurons could still be involved in t..lris pathway. Finally, interneuron death may 

also be involved in the postembryonic changes in certain proprioceptive 

connections. For example, for the change in the connection from SRSN to the 

contralateral MN-1, Levine & Truman (1982) suggested that death of the 

interneuron mediating the larval polysynaptic inhibitory pathway may be involved 

in crystallizing the adult excitatory pathway. Because of the metamorphic 

similarities between MN-1 and MN-30, this method for remodelling may also be 

involved in any changes that may occur in the synaptic connection from the SRSN 

to the contralateral NM-30 during metamorphosis. 

It is aiso possibie that interneurons that persist throughout metamorphosis 

are hlvolved in changing the proprioceptive pathway during metamorphosis. 

Persistent interneurons have been identified (Sandstrom & Weeks, 1991; Waldrop 

& Levine, 1992) and may be involved in producing the gin trap reflex (Waldrop & 



259 

Levine, 1992) and the proleg withdrawal reflex (Sandstrom & Weeks, 1991). 

Recordings could be made from these interneurons to see if they receive synaptic 

input from the SRSN. If so, do they provide synaptic input to the ISM 

motoneurons of the pathway descnbed in this dissertation to change during 

metamorphosis? This could be determined by doing the same experiments 

descnbed in Chapter N but with another intracellular electrode to record the 

interneurons. Because it is known that some of these interneurons are involved in 

the gin trap reflex, and the ISM motoneurons are involved in the gin trap reflex, 

these interneurons could be a site of convergence of proprioceptive (SRSN) and 

cuticular (gin trap hairs) sensory input. 

Finally, are the interneurons that receive synaptic input from the SRSN 

non-spiking or spiking interneurons? In the locust, sensory input including 

proprioceptive input (Burrows, 1987) synapses mainly onto the spiking 

interneurons. This general segregation of sensory input has allowed for models of 

how pattern generating circuitry can be modified by sensory feedback (Burrows, 

1985). Is the same general pattern for this proprioceptive input found in 

Manduca? No non-spiking interneurons have been descnbed in Manduca to date, 

but that does not preclude their existence. in fact, in one experiment (of three) 

where the SRSN was found to provide synaptic input to an interneuron, 

preliminary experiments suggested that interneuron may have been a non-spiking 

interneuron (D. Tamarkin, unpublished observation). 
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9.2.3 On the Behaviaral Relevance af the SROs 

There is an experiment that cauld test the hypoth.esis that the lass of 

antaganism in the adult is due to' the lass af lateral abdaminal mavements. The 

first abdaminal segment (AI) is able to' bend laterally at its jaint with the tharax 

(E. Arbas, persanal cammunicatian). Such lateral bending mavements may be 

preserved in the Al segment in arder to' allaw far the insect to' steer with its 

abdamen during flight (Dugard, 1967; Camhi, 1970; Arbas, 1986). The mare 

pasteriar abdaminal segments, hawever, cannat bend laterally relative to' ane

anather. Therefare, the hypathesis far the lass af antagonism in the synaptic 

connectians af this dissertation wauld predict that a similar lass would nat accur in 

the synaptic input fram the Al SRO. This cauld be investigated using techniques 

similar to' those descnbed by Weevers (1966c) on Antheraea. Extracellular 

recardings from the ISMs in Al could be made while stimulating the SRSN. This 

technique shauld allaw excitation af the cantralateral muscles lying laterally and 

ventrally to' be revealed. The extracellular techniques are propased because the 

ganglian in which the ISM matoneurans innervating A1 lie, the metatharacic 

ganglion, is more complex than the abdaminal ganglia. The metatharacic ganglian 

has approximately six times the number of neurons af the abdaminai ganglia 

(Baaker & Truman, 1987) and is fused with three other ganglia in the adult. 

The passible rale af the entirely excitatary SRSN input in the adult in 

maintenance af pasture shauld alsO' be tested. Hawever, this wauld first require a 
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determination of the synaptic input to MN-30, MN-31 and MN-28 in the adult as 

descnbed above. If this synaptic input is as predicted (excitatory to all), 

behavioral experiments could be pursued. The position in which the abdomen is 

held during flight and how the abdomen responds to perturbations must be 

determined. A slightly dorsoflexed position and rapid correction of position to 

perturbations would be expected. I would not predict that during flight a 

perturbation would lead to an extreme ventral flexion, in spite of the positive 

feedback loop descnbed above, because that would affect flight direction. These 

behavioral observations could be followed by making extracellular recordings from 

the various abdominal muscles during flight. A tonic background activity would be 

expected in the muscles (unlike the lack of background activity found in the 

reduced preparations descnbed in Chapter IV), with a higher frequency in the 

dorsal muscles than the ventral muscles. 

One rather straightforward way to test the role of the SROs in behavior is 

to delete them entirely from the abdomen. The surgery required to delete the 

SROs by cutting them manuaHy wouid be so extensive that it wouid probabiy kill 

the insects. In addition, other tissues would be destroyed in the process, such that 

the abdomen might not be capabie of movements of a normal abdomen. 

Therefore, an alternative method is proposed here. It may be possible to delete 

all the SROs using laser ablation. If a first or second instar larva were used, it 

would be large enough to locate the SROs and small enough to still have a 
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relatively transparent cuticle. This second characteristic, a transparent cuticle, is 

necessary to find the SROs under the high magnification light level microscopy 

necessary for laser ablation (H. Keshishian, personal communication). After 

ablation of the SROs, the behavioral performance of such insects could be 

evaluated. Any changes noted in behavioral performance could then be 

considered due to lack of proprioceptive feedback. Criteria for the evaluation of 

behavioral performance for a number of behaviors would have to be established 

before this is feasible. 

Because every abdominal segment has an SRO on each side, abdominal 

movements may affect the activity of many SROs at the same time. This would 

presumably provide the abdominal nerve cord with synaptic input from many 

SROs simultaneously. What effect does the synaptic input from many SROs have 

on a given ISM motoneuron? To answer this question, two methods can be used. 

The first is to determine the synaptic input that is provided to an ISM 

motoneuron from a SRO in a segment other than the segment of the target 

muscle of the ISM. Preliminary experiments suggest that the strongest SRO input 

to an ISM motoneuron is from the SRO in the same segment as the ISM 

motoneuron target muscie. For exampie, in one iarvai preparation, the synaptic 

input from the AS SRO was examined to the A4, AS and A6 ipsilateral MN-l2s. 

The A4 MN-12 (innervating the AS dorsal external muscle) was the most strongly 

excited and the A6 was the least excited (D. Tamarkin, unpublished observations). 
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This suggests that the synaptic input from additional SROs would lead to 

additional activation of the ISM motoneurons, but not linearly proportional to the 

number of additional SROs providing synaptic input. The other method to 

investigate how the synaptic input from many SROs would affect motoneuron 

activation would be to record from an ISM motoneuron while either electrically 

stimulating more than one SRO or while stretching a large segment of body wall 

such that more than one SRO would be activated. This second method is 

experimentally more difficult. 

9.2.4 The Manduca SRO as a Model for Understanding How Proprioceptors 

Function 

One tremendous advantage of the SRO in Manduca is that the SRO 

motoneuron (now identified) can be selectively recorded intracellularly. This will 

enable numerous experiments into the role of y-like motoneurons. In particular, 

the a-y coactivation issue could benefit tremendously from the accessibility of the 

y-like SRO motoneuron. Tne !la-y coactivation issue!! is a mnemonic for the area 

of investigation in which the relative extent of independent versus combined 

activation of the a and y mOtoneurons suppiying a singie muscie is examined 

during that muscle's contnbution to selected postures and movements. In general, 

in studies on conscious humans (featuring carefully controlled voluntary 

movements of limited excursion), there is a tendency toward a pronounced 
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coactivation of the two motoneuronal species. Conversely, in studies on freely 

moving cats (featuring movements of far greater range and forcefulness and often 

executed in an automatic fashion), more of a dissociation between a and y 

motoneuron activity has been observed (for review: Loeb, 1984). Unfortunately, 

these experiments have tended to involve an indirect evaluation of the 

participation of the y motoneurons (i.e., as inferred from the firing patterns of 

muscle spindle afferents rather than direct recordings from the y motoneurons 

themselves). As a result, the a-y coactivation issue will be with us for the 

foreseeable future in the mammalian species, thereby bringing out the 

attractiveness of studying this issue in Manduca. 

To understand the function of the SRO MN, its recruitment could be 

determined during the production of each of the following motor patterns, since 

they have each been recorded in reduced preparations: Larval locomotion, larval 

lateral bending, larval ecdysis, pupal ecdysis, pupal gin trap reflex, adult eclosion, 

and adult digging. It may be that in some of these motor patterns, the SRO 

motoneuron is activated at the same time as the activation of ISM motoneurons. 

Concomitant activation of the SRO motoneuron with ISM motoneurons to 

synergist or ::homonymous:: muscles would represent a-y co-activation as described 

in mammalian systems (Baldissera et at., 1981). The SRO motoneuron may also 

be activated at the same or nearly the same time as ISM motoneurons innervating 

antagonist muscles. This type of activation may represent a resistance reflex being 
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provided through the SRO motoneuron. Other motor patterns may not involve 

activation of the SRO motoneuron. By examinil1g the timil1g of activation of the 

SRO motoneuron in a variety of motor patterns, similarities among the motor 

patterns with the same SRO motoneuron activation pattern may be resolved. This 

would then provide a key for the types of movements that have specific 

requirements for SRO motoneuron activation by direct recordings from the SRO 

motoneuron. This key may then be useful for understanding the activation of y 

motoneurons in vertebrates. 

The identification of the SRO motoneuron could also allow a determination 

of the synaptic input it receives from the SRSN. Is this synaptic input inlnbitory 

(subserving a negative feedback loop) as the experiments carried out by Weevers 

(1966c) would indicate? If so, does this synaptic input change during 

metamorphosis and how would that affect the recruitment of the SRO 

motoneuron? I would predict that the synaptic pathway from the SRSN to the 

SRO motoneuron would indeed be inlnbitory, and that the inlnbition would persist 

through metamorphosis. It just does not seem feasibie for this synaptic pathway 

to be excitatory, since the resuitant positive feedback loop would cause any 

perturbation or activation of the SRO by the SRO motoneuron to lead to very 

high frequency, maintained activation of the SRSN, and any positional information 

carried by the SRSN would be lost. 

Another way that the SRO may provide information useful to studies on a 
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variety of proprioceptors is by examining the synaptic input from the SRSN under 

different activation frequencies to a given motoneuron. The activation frequencies 

used could mimic those seen during ramp and hold or sinusoidal stretches of 

varying lengths and periods. In this way, each component of SRSN activation 

(position-, velocity-, and acceleration- sensitive components; Weevers, 1966a) 

could be included and then excluded from stimulations while recording from 

postsynaptic motoneurons to decipher its importance for motoneuronal activation. 

9.3 CONCLUSION 

My studies have established that the SRO of Manduca SRO is an 

important model for studying the role of proprioceptors. I hope that the results of 

this dissertation and the experiments that are proposed in this chapter will 

stimulate further research in the future. 
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