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ABSTRACT 

In vivo protein turnover was measured during the last 4 days of flight muscle 

development in tobacco hornworm pupa. Linear synthesis rates were measured up 

to 2 hours after injection of 30 imol [3H]phenylalanine. Since the results with this 

technique did not differ from another established method, the large bolus injection 

of phenylalanine did not affect protein synthesis. The former method is 

advantageous because only a single time point is required. Flight muscle growth 

and protein synthesis decreased in parallel between 100 and 24 hours. During this 

time free phenylalanine turnover decreased, and the total pool diminished, indicating 

that this pool could be a major sink for muscle protein synthesis. Proteolysis was 

rapid even in the growing muscle. 20-Hydroxyecdysone increased muscle growth at 

certain times by inhibiting proteolysis. Protein synthesis either decreased or was 

unchanged after injection of the hormone. Therefore ecdysteroids may play a role 

in controlling growth of the dorsolongitudinal flight muscle during adult 

development, especially by retarding proteolysis. 
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CHAPTER 1 

INTRODUCTION 

The success of insects as terrestrial animals is at least partly due to their 

ability to fly. The major organ to provide this function is the dorsolongitudinal 

flight muscle. The formation of the flight muscle occurs during the latter stages of 

insect metamorphosis, when pupae develop into adult moths. While this thoracic 

muscle has no apparent physiological function in the pupa, it is necessary to sustain 

flight in the adult (Chan and Richardson, 1969). Reviews discussing substrate 

utilization in flight muscles, substrate transport, flight and lipid metabolism, proline 

and insect flight, and general flight metabolism (Kammer and Heinrich, 1978; 

Beenakkers et al., 1984), have all been in adult insects. However, relatively few 

papers have studied flight muscle metabolism in the pupa. 

Previous Studies of Flight Muscle Metabolism 

Chan and Richardson (1969) and Chan and Reibling (1971) studied protein 

synthesis by isolated flight muscle mitochondria and thoracic cytoplasm of the 

tobacco hornworm. Their results indicated that maximal protein synthesis in the 

cytoplasm (possibly muscle synthesis) precedes maximal protein synthesis in the 

mitochondria by 1 to 2 days prior to emergence. In addition, flight muscle 

mitochondria protein (Lennie and Birt, 1967; Walker and Birt, 1969) and 

sarcosomal proteins (Williams and Birt 1971; Williams and others, 1972) were 
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intensively synthesized in the period immediately before and after emergence. The 

most extensive study to date was done in the blowfly. Williams and Birt (1972) 

reported that the thorax maintained high rates of protein synthesis during the 

period shortly before and after adult emergence. It is likely that most of the 

protein being synthesized at this time is that of flight muscle (Gregory, Lennie and 

Birt, 1968; Barritt and Birt, 1971; Peristianis and Gregory, 1971). It was also shown 

that protein synthesis was the major sink for free lysine during most of the 

developmental period. It appears that the variations in the rate of lysine turnover 

were similar to those of protein synthesis. These results indicate that formation of 

the proteins of the adult insect occurs via de novo protein synthesis during 

metamorphosis. 

Studies of protein synthesis in isolated Lucilia (blowfly) flight muscle 

mitochondria of various developmental stages revealed a maximal period of protein 

synthesis spanning emergence. This coincided with the peak of synthesis observed 

in the in vivo studies of Williams and Birt (1972). Based on this result Williams 

and Birt suggested that the peak of synthesis (1 to 2 days prior to emergence) is due 

mainly to the synthesis of the proteins of the contractile apparatus. 

A thorough review of the literature revealed a lack of studies of the absolute 

rates of flight muscle protein degradation in vivo during the metamorphosis of the 

tobacco hornworm, Manduca sexta. Measurement of in vivo protein metabolism in 

insects is also limited. In insects, the muscle growth rate has been estimated only 

by muscle weight change (Schwartz and Truman, 1983). The measurement of 
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protein metabolism in vivo has been restricted to estimates of protein synthesis by 

incorporation of amino acids into protein (Schmidt et al., 1985; Tillinghast and 

Townley, 1986). The quantitative protein synthesis study of Williams and Birt 

(1972) utilized calculations of protein synthesis rates based on lysine pool size and 

its turnover, and the rate of incorporation of labeled lysine into protein. 

However,these data were obtained from whole insect. Clearly this does not explain 

anything about one specific muscle, since during insect development some muscles 

degenerate while others are being synthesized. Therefore, it is very critical to 

develop a technique which can be used to quantitatively study protein turnover in 

one specific muscle. 

The Development of Manduca Sexta 

The tobacco hornworm, Manduca sexta. was selected for this investigation 

because it is a popularly used experimental insect and few studies on flight muscle 

metabolism have been done. The development of Manduca sexta from egg to adult 

has been described by Bell and Joachim (1976). Most of the latter half of each 

larval instar is spent as an inactive (nonfeeding) larva undergoing molting. In 

preparation for pupation, when the larvae cease feeding, the fifth larval instars enter 

a wandering phase and burrow into the soil to construct an underground chamber 

for pupation. After 18 days of pupa period, the adult emerges. The progression 

from the larval to pupal to adult stages is controlled by the relative hemolymph 

titers of ecdysteroids and juvenile hormone (JH). During post-embryonic 

development, the ecdysteroid and JH titers are similar for each of the four larval 
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molts. Following the molt to the fifth (final) larval instar, the JH titer falls so that 

metamorphosis can proceed (Nijhout and Williams, 1974). The fall of JH titer is 

followed by a small pulse of ecdysteroids, called the "commitment pulse". This 

commitment pulse is the first appearance of ecdysteroids in the absence of JH. It 

irreversibly commits the body tissues to pupal differentiation (Riddiford, 1981,1982). 

It also triggers wandering behavior to form a pupation chamber (Dominick and 

Truman, 1985). Finally, it commits the epidermal cells to produce pupal cuticle at 

the next molt. This change in cellular commitment has been termed 

"reprogramming" (Riddiford, 1985). After wandering, which is the pupa formation 

period, ecdysteroids rise again during the "prepupal peak". Meanwhile JH also 

transiently reappears, but it disappears from the hemolymph at the end of wandering 

for the remainder of development. The old larval cuticle is shed at pupal ecdysis. 

At this time, ecdysteroids rise once again to promote adult development then fall 

precipitously about 6 days before emergence. 

Regulation by Ecdvsone in Manduca Sexta Development 

Ecdysone, one of the three major hormones in insects, is synthesized and 

secreted by the prothoracic glands and hydroxylated by many peripheral tissues to 

form molting hormone. 20-Hydroxyecdysone (20-HE) is the more biologically active 

form of the hormone. The action of this hormone on the epidermal cells is to begin 

the molting process. 

Regulation of Ecdysone Biosynthesis 
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The prothoracic glands are regulated by the neuropeptide prothoracicotropic 

hormone (PTTH) (Bollenbacher and Granger, 1985), which is released from brain 

neurosecretory neurons into hemolymph at specific times during development 

(Carrow, Calabrese and Williams, 1981). PTTH acts via a Ca++ dependent cyclic 

AMP second messenger to activate the prothoracic glands (Smith and Gilbert, 1986), 

which will then increase the rate of ecdysone biosynthesis. 

Evidence shows that prothoracic gland activity is also influenced by a number 

of secondary regulators. Hemolymph stimulatory factor plays a critical role in 

regulating ecdysone biosynthesis (Smith and Gilbert, 1986). Watson et al. (1987) 

reported that the relative size of the ecdysteroid titer is determined by the amount 

of hemolymph stimulatory factor when the prothoracic glands are activated by 

PTTH. 

The actions of ecdysteroids are strongly modified by the presence or absence 

of JH (Rountree and Bollenbacher, 1986). In the last instar, the pupal commitment 

peak is delayed or inhibited in a dose-dependent manner if the hemolymph titer of 

JH remains elevated due to topical application of the hormone or its analogue 

ZR512 (JHA). This delay or inhibition results from a failure of the prothoracic 

glands to increase ecdysone synthesis/secretion. The effect is not to suppress the 

gland sensitivity to PTTH, since prothoracic glands of JHA and JH- treated larvae 

are capable of being activated in vitro by PTTH. 

Rountree and Bollenbacher (1986) showed that effects of JH could be 

logically focused on PTTH release, since release of this peptide is the initial event 
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in the hormonal cascade leading to commitment. It is also possible that JH may 

act downstream in the cascade, by inhibiting the prothoracic gland, by increasing 

rates of ecdysteroid turnover, or by altering the capacity of the larval tissues to 

respond to the ecdysteroids. The results of their study show that such effects are 

not readily apparent and would be secondary to the effect on PTTH release. 

After commitment, JH titer increases a second time to regulate 

metamorphosis to the pupa (Granger et al., 1982). It may affect the prothoracic 

gland either directly (Hiruma, 1982) or indirectly. The latter effect involves the 

JH-elicited release from the fat body of a factor which stimulates ecdysone synthesis 

(Gruetzmacher et al., 1984; Watson et al., 1985). 

Ecdysteroid Control of Abdominal Muscle Degeneration 

The musculature of Manduca undergoes an essentially complete turnover 

during metamorphosis. During the larval-pupal transformation, all the external 

muscles in the abdomen degenerate so that only the intersegmental muscles are left 

in the pupa (Taylor and Truman, 1974). In the meantime the hemolymph hormone 

titers are also relatively complex. Ecdysteroid peaks occur twice (commitment pulse 

and prepupal peak), and JH transiently reappears. To study the effect of hormone 

on muscle degeneration, Manduca abdomens were isolated on or before the day 

of wandering to eliminate both hormones. The results showed that the larval 

development was arrested and muscle degeneration was prevented (Weeks and 

Truman, 1985). Further experiments showed that regardless of whether JHA was 

provided simultaneously, the 20-HE infusion to the isolated abdomens triggered 
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pupal development; that is the abdomens produced pupal cuticle, and external 

muscles degenerated. This proved that the prepupal peak of ecdysteroid appears 

to be the normal trigger for muscle degeneration regardless of the presence or 

absence of JH. 

To test the necessity for the normal two-peak sequence, abdomens were 

isolated before either peak, and infused with 20-HE on the next day when the 

commitment pulse would normally have occurred. 20-HE infusion caused external 

muscles to degenerate, although more slowly than usual (Weeks and Truman, 1985). 

However, when 20-HE was infused simulta neously with JHA, the muscles survived 

indefinitely in their larval state, and in fact the abdominal epidermis underwent a 

larval molt. 

These data indicated that during the larval-pupal transforma tion, the 

commitment of muscle degeneration requires the commitment pulse, which is the 

exposure to ecdysteroids in the absence of JH. After the muscles become 

committed, the prepupal peak, a continued exposure to ecdysteroids, is needed to 

induce degeneration. The presence of JH at this time is not necessary (Weeks and 

Truman, 1985). The commitment pulse also increases the sensitivity of the muscles 

to ecdysteroids. The mechanism of this effect is not known. It may increase 

synthesis of ecdysteroids or alter mRNA and protein synthesis (Riddiford, 1985). 

During the later stages of adult development the atrophy and death of 

intersegmental muscles is correlated with the declining ecdysteroid levels so that the 

role of the ecdysteroids becomes inhibitory (Schwartz and Truman, 1983). Isolating 
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the abdomen on day 15 of adult development caused the hemolymph ecdysteroids 

titer to decline prematurely, and accelerated both phases of intersegmental muscle 

degeneration, as well as the other terminal events in adult development (Schwartz 

and Truman, 1983). For instance, the pupal cuticle became thin and crackly and 

the molting fluid was resorbed a day early. 

To determine if the effects of abdomen isolation were induced solely by 

ecdysteroids decline, isolated abdomens were injected with 20-HE or were implanted 

with active prothoracic glands. The results showed that the acceleration of muscle 

degeneration and the other developmental processes were completely reversed. 

Therefore the muscle degeneration could be accelerated by ecdysteroid decline in 

the abdomen. 

This hypothesis was strongly supported by further experiments, in which 

20-HE was injected into intact animals to keep the ecdysteroids titer elevated beyond 

the usual time of its decline. The degeneration of intersegmental muscles was 

prevented in a dose dependent manner when 20-HE was injected during the final 4 

days of adult development. The effectiveness of a given dose diminished at later 

times. It was demonstrated that the ISM monitors the hemolymph titer of 

ecdysteroid. Initial decline of ecdysteroid titer led to activation of the slow atrophy 

of the muscles and further decline of the hormone triggered rapid muscle dissolution 

(Schwartz and Truman, 1983). 

Ecdysteroid Control of Neuronal Structure and Survival 
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Besides turnover of muscles, many neurons also exhibit dramatic changes in 

the shape of their dendritic arbors during metamorphosis. Such changes in 

abdominal motoneurons (Weeks and Truman, 1985), and sensory neurons associated 

with mechanoreceptor hairs on the body wall (Levine et al., 1985) are thought to 

be induced by ecdysteroid. During the larval-pupal transformation, metamorphic 

changes involve the degeneration of the proleg musculature, the dendritic regression 

of proleg motoneurons, such as the principal planta retractor (PPR) motoneurons 

which innervate proleg retractor muscle (PPRM) (Weeks and Truman, 1984), and 

the programmed death of a subset of these motoneurons (Weeks and Truman, 1984, 

1985). 

Regression and death of PPR could be due to direct steroid action on the 

nervous system or be indirectly triggered by the death of the target muscle of the 

motoneuron. To solve this question, evidence was presented by Weeks and Truman 

(1985) that PPR remained in its larval state indefinitely if hormone release was 

prevented by abdomen isolation on or before wandering. To mimic the missing 

prepupal peak, isolated abdomens were infused with 20-HE. Just as in the control, 

the moto neuron regressed and subsequently died. JHA treatment with the infusion 

did not alter these results. The results indicated that regression and death of PPR 

were triggered by the prepupal ecdysteroid peak. 

To test PPR motoneuron dependence on its target muscle, PPRM was 

surgically removed from abdomens isolated on or before the day of wandering. 

When examined a week later, the targetless PPR motoneuron was alive and had the 
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same dendritic density as did controls. However, if 20-HE infusion was given 4 days 

after PPRM removal, the targetless motoneurons regressed to the same degree as 

did controls. It was indicated that PPR motoneuron regression and death could be 

triggered by the direct effect of ecdysteroids on the nervous system instead of via 

loss of contact with its target muscle. 

Following the emergence of the adult moth, despite intersegmental muscle 

degeneration, approximately half of the neurons in the abdominal ganglia died 

(Taylor and Truman, 1974). Various experiments have been done (Weeks and 

Truman, 1986) to study whether this neuronal death was hormonally mediated. At 

emergence, neuronal degeneration of the ganglia, which was implanted into the 

body cavity of insects early in adult development, was synchronous with that of the 

host (Truman and Schwartz, 1984). Advanced degeneration was induced by isolating 

abdomens, which declines hemolymph ecdysteroid precociously, on day 15 or 16 of 

adult development (2-3 days before the normal onset of neuron death). Also, the 

degeneration was delayed or prevented in a dose-dependent fashion when 

ecdysteroid titer was kept elevated by infusion or injection of 20-HE (Truman and 

Schwartz, 1984). Obviously the neurons responded in the same way as ISM did. 

This indicated that the blood ecdysteroid decline at the end of adult development 

triggered neuronal death. 

Additional evidence indicated that the neuron death is triggered by 

ecdysteroids acting on the nervous system instead of on target muscles of the 

motoneuron (Truman and Schwartz, 1984). Their experiment indicated that by 
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carefully timed ecdysteroid treatments, muscle degeneration occurred on schedule 

but motoneuron death was blocked even though steroid treatment could prevent the 

degeneration of both the neurons and the intersegmental muscles. 

Study of in vitro cultured ganglia (Bennett and Truman, 1985), which were 

removed before emergence, showed that ganglia in 20-HE free culture medium 

demonstrated the typical pattern of degeneration. In contrast those in 20-HE treated 

cultures showed the neurons survived. This result demonstrated definitively that 

neuron death was triggered by direct action of ecdysteroids. 

Aim of this Study 

Although insect ecdysteroids have been studied exhaustively, there are no 

studies of their effect on flight muscle development in Manduca. It is clear that in 

the latter stages of Manduca development, 3 days before the pupa develops into an 

adult moth, the flight muscle is almost completely formed and the levels of 

ecdysteroids are very low. The obvious question concerns the effect of ecdysterone 

on the flight muscle metabolism. Therefore, the aims of this study were: 1) to 

develop methodology for studying protein turnover in vivo for insect, 2) to determine 

how the stage of development may affect the rate of flight muscle protein synthesis 

and degradation, and 3) to determine the effect of ecdysterone administration on 

flight muscle metabolism. 
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CHAPTER 2 

MATERIALS AND METHODS 

Manduca sexta eggs were obtained from Dr. J. Law who got these eggs from 

Drs. J. P. Reinecke and J. Buckner, United States Department of Agriculture, Fargo, 

ND. Eggs were hatched in an incubator with a temperature of 26°C and humidity 

of 50%. Larvae were placed in room temperature and reared on an artificial diet 

(Reinecke et al., 1980) containing high wheat germ. During the first 3 instars the 

larvae were placed directly on blocks of food which were supported by a wire mesh 

and placed in metal trays covered by plastic cover with holes in it. The food was 

changed every two days. For the fourth and fifth instars, the larvae were placed on 

v-shaped wire mesh inserts in large plastic containers where the food was molded 

into the bottom of the container. The containers were inverted and supported by 

v-shaped wire. After wandering, individual larvae were placed into 50 ml plastic 

screw-capped centrifuge tubes with holes punched in both ends. Two weeks later, 

the pupae were collected into cardboard boxes maintained at 26°C and 50% 

humidity with a long day photoperiod (17 hours light:7 hours dark, lights on at 6 

a.m.). Both male and female insects were randomly selected when the pupa 

developed to the desired stages. Stages 6 to 13 (the last 4 days of adult 

development) were identified by the characteristic morphological markers described 

by Schwartz and Truman (1983). 
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Flight Muscle Growth Rate Estimate 

A group of pupae at desired stages were numbered and weighed. The 

dorsolongitudinal flight muscle was quantitatively excised with a piece of cuticle 

attached. The total muscle was weighed and dried to constant weight at 50°C. The 

weighed muscle and cuticle were placed for 4 hours in a Duall tube containing 1 

ml of 0.05 N HC1, which did not extract protein from the cuticle. Muscle remaining 

on the cuticle was removed using a spatula and forceps. The cuticle was then rinsed 

5 times with 0.25 ml of 0.05 N HC1. Then 1 N HC1 was added to make a final 

volume of 2.75 ml of approximately 0.22 N HC1. The cuticle was dried and weighed 

for calculation of muscle wet and dry weights. The muscle was homogenized by a 

motor-driven ground glass pestle. After homogenization, the total extract was 

centrifuged at 8000 g for 15 minutes. The supernatant solution and protein pellet 

were separated, and the pellet was washed twice with 3 ml of 10% (w/v) 

trichloroacetic acid and once with ethanohether (1 : 1). After drying, the pellet 

was solubilized in 4 ml of 1 N NaOH and protein content was analyzed using the 

biuret procedure (Layne, 1957). Acid-soluble protein in the supernatant solution 

was analyzed using the Lowry procedure (Lowry et al., 1951) by adding 5 il of 

sample in to 495 il of 2 mM NaOH. 

Ecdvsteroid Treatment 

Pupae were injected with 10 ig 20-HE in a volume of 50 il of insect medium 

(Ephrussi and Beadle, 1936). The 20-HE concentration was determined 

spectrophotometrically in a Beckman DU-6 spectrophotometer at 240 nm using a 
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molar extinction constant of 12,670 (Meltzer, 1971). Control pupae were injected 

with the same volume of insect medium. 

In Vivo Protein Metabolism by Non-carrier Technique 

Radioactive Labeling of Muscle 

A group of pupae at desired stages were selected, numbered, weighed and 

injected with 5 iCi [3H] phenylalanine dissolved in 200 il insect medium (Williams 

and Birt, 1972). Pupae were injected into the eighth abdominal segment just under 

the spiricle using a 500 il Hamilton syringe. The wound was sealed with a drop of 

Krazy glue. Injected pupae were kept at 26°C for the prescribed time of incubation. 

Treatment of Tissues 

The following procedures are mainly modified from the study of Garlick et 

al. (1980). At various times after the labeled phenylalanine injection, the pupa head 

and abdomen were cut off. The thoracic part was cut longitudinally to expose the 

flight muscle. A portion of flight muscle (about 50 mg) was removed by means of 

a liquid nitrogen chilled hemostat. The remainder of the insect was placed in a 

plastic cup with 20.0 ml of 2% perchloric acid (PCA) and pulverized by pestle to 

extract total body free phenylalanine and total radioactivity remaining in the free 

amino acid pool. An aliquot (5 ml) of extracted total body sample was centrifuged 

at 8000 g for 15 minutes. A portion (1 ml) of the supernatant was added to 0.5 ml 

of saturated tripotassium citrate, resulting in precipitation of KCIO4 and a pH close 

to 6. After centrifugation, 1 ml supernatant was taken for the following procedure. 
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Frozen muscle was homogenized using a motor-driven ground glass pestle in 

a Duall tube containing 1 ml of ice cold 2% PCA. After centrifugation at 8000 g for 

20 minutes, the protein pellet was washed three times with 6 ml of 2% PCA, then 

dissolved in 6 ml of 0.3 M NaOH and incubated at 37°C for 1 hour. A 1 ml sample 

of this solution was taken for protein analysis by the Lowry procedure (Lowry et al., 

1951). Protein was reprecipitated from the remaining volume by adding 1 ml of 

20% PCA. After separation by centrifugation, the pellet was washed twice with 5 

ml of 2% PCA. The protein was then hydrolyzed by adding 8 ml of 6 M HC1 and 

heating at 110°C for 24 hours. The hydrolysis tubes were dried to evaporate all HC1, 

then the amino acids were resuspended in 1.0 ml of 0.5 M sodium citrate, pH 6.3. 

These samples were used for the protein bound phenylalanine specific activity assay. 

Injection medium was diluted 1:100 by distilled water. One ml of this diluted 

medium was taken to do the following process for estimating injected [3H] 

phenylalanine. 

Specific Activity Assay 

All samples derived from the above procedure were incubated individually 

with 0.5 ml of L-tyrosine decarboxylase suspension overnight at 50°C to enzymatically 

convert phenylalanine to beta-phenethylamine. The suspension contained enzyme 

(0.7 unit/ml for total body extraction sample; 1.4 units/ml for hydrolysates and 

injection medium samples), 0.5 M sodium citrate, pH 6.3, and 0.5 mg of pyridoxal 

phosphate/ml. The beta-phenethylamine was extracted by adding 1 ml of 3 M 

NaOH and shaking with 10 ml of chloroform/n-heptane (1:3, v/v). This extraction 
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is to isolate labeled phenylalanine (as beta-phenethylamine) from labeled tyrosine 

(as tyramine). The tyramine produced from tyrosine by tyrosine decarboxylase is not 

extracted into the chloroform/heptane. After separation of the two layers, the 

organic layer was transferred to 5 ml of chloroform plus 4.0 ml of 0.01 M H2S04 and 

shaken. The aqueous layer containing beta-phenethylamine was removed for specific 

activity assay. 

For radioisotope counting, extracted samples (750 il of muscle sample; 200 

il of total body sample; 100 il of injected medium sample) were adjusted to 750 

tl with 1 mM H2S04. Samples were then analyzed in 5 ml liquid scintillation 

solution in a Beckman LS 5801 liquid scintillation counter. 

Phenethylamine was assayed by using 1 to 20 nmoles beta-phenethylamine 

in 1 mM H2SC>4 as a standard. Extracted samples (20 il from muscle sample; 100 

il from total body sample) were diluted to 1 ml with 0.01 M H2S04. After adding 

0.5 ml of 2 mM leucylalanine, 1 ml of 50 mM ninhydrin and 2.5 ml of 1.0 M 

potassium phosphate, pH 8.0, samples were incubated at 60°C for 1 hour and then 

cooled in ice for 15 minutes to stop the reaction. After warming at 36°C for 2 

minutes, samples were read in a Perkin-Elmer LS-5B fluorometer at 495 nm 

(excitation 390 nm). All fluorometric procedures were performed in a dimly lit 

room. 

The fractional synthesis rates of muscle protein were calculated based on the 

equation derived by Heaton in Dinamarca and Levenbook (1966). It was assumed 

that there was a single homogeneous amino acid pool of constant size during the 
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period of isotopic sampling. The phenylalanine turnover rate (Ka) was calculated 

from the equation 

(Ka)(t) = (-a)ln(qi/q0) 

where Ka = imols phenylalanine turned over/insect/hour; a = total body free 

phenylalanine in imols/insect; q0 = radioactivity of injected [3H]phenylalanine in 

DPM; q1 = radioactivity remaining in the phenylalanine pool at time t in 

DPM/insect. The Ka value was derived from the slope of a plot of (-a)ln(q1/q 0) 

versus time. 

The incorporation of phenylalanine into protein (Kp) is defined as (DPM in 

protein)(Ka)/(q o-qO- Kp was obtained from the slope of the plot of 

(DPM)(Ka)(t)/(q o-q^ versus time and was expressed as imols phenylalanine 

incorporated/hour. The fractional rate of synthesis was expressed as (Kp)/(total 

phenylalanine in protein). 

In Vivo Protein Metabolism by Flooding Dose Technique 

Radioactive labeling of muscle followed the same procedure as described in 

the above section for the non-carrier technique except that in addition 30 imols of 

unlabelled phenylalanine was added to the 200 il of injection medium. 

Treatment of Tissues 

At various times after the labeled phenylalanine injection, the pupa head was 

cut off, and a 5 il hemolymph sample was drawn by a capillary tube and added to 

1.05 ml of 2% PCA which was ice cooled. A portion of flight muscle (about 50 mg) 
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was frozen, and homogenized as described above. After centrifugation at 8000 g for 

20 minutes, 1 ml of the supernatant from the muscle sample was added to 0.5 ml of 

saturated tripotassium citrate and this solution was centrifuged at 8000 g for 15 

minutes. Then 1 ml of the supernatant was taken for intramuscular specific activity 

assay. The muscle precipitate was treated in the same way as described above. 

Hemolymph samples were centrifuged at 8000 g for 15 minutes, 1 ml of the 

supernatant was added to 0.5 ml of saturated tripotassium citrate. After 

centrifugation, 1 ml of supernatant was taken for further assay. 

Specific Activity Assay 

As for the non-carrier technique, phenylalanine in all samples was 

enzymatically converted to beta-phenethylamine (0.7 unit/ml enzyme was used for 

supernatants and hemolymph samples) then isolated by extraction. The specific 

activity assay was done as for the non-carrier technique. Extracted samples were 

used for radioactivity counting (750 il from both hemolymph and muscle samples; 

200 il for muscle supernatant) and beta-phenethylamine assay (750 il from 

hemolymph sample; 200 il from supernatant; 20 tl from muscle protein sample). 

The protein synthesis rate was calculated using the equation 

Ks = S^S a)(t) 

where Sb is the specific activity of protein-bound phenylalanine, Sa is the specific 

activity of phenylalanine in the precursor pool (hemolymph or intramuscular), and 

t is the time in hours. All final data were normalized to 12 hours. 
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Statistical Analysis 

Significance of differences between 20-HE treatment and no treatment or 

between flooding dose technique and non-carrier technique measurement were 

tested by the unpaired Student's t test. 

Chemicals 

Components of the insect diet were purchased from United States 

Biochemical Corp. or ICN Biochemicals. [3H] phenylalanine was acquired from ICN 

Radiochemicals. 20-Hydroxyecdysone was obtained from Sigma Chemical Company. 
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CHAPTER 3 

RESULTS 

To accurately study the growth rate of the muscle, the duration between each 

stage, described by morphological characteristics (Table 1), was carefully determined. 

A large group of insects (60 insects) were checked every 4 hours between 7 a.m. and 

midnight. The average duration of each stage and the total approximate time 

(Stages 6 to 12) before adult eclosion are shown in Fig. 1. The total time before 

eclosion, as calculated from the average duration of each stage, was approximately 

100 hours. This period was about 24 hours longer then that reported by Schwartz 

and Truman (1983). The differences could be due to rearing conditions, different 

generations or personal interpretation. Nevertheless, the important fact is that there 

was consistent analysis for these experiments. 

Pupae Body Weight 

The measurements of pupae weight (Fig. 2) showed no differences between 

groups of insects from adjacent stages (Stages 6 to 13), although there can be a 

relatively large variation between different generations. The effect of 20-HE was 

studied by measuring the pupa weight one stage after administration of 20-HE (Fig. 

2). Insects were injected with 10 ig 20-HE which was an average of 1.75 ig/g insect 

for the mean value of groups at the desired stages. The range was 1.67 to 1.87 ig/g 

insect based on size of the insect. The pupa weight was not affected by 20-HE at 

any stage. Even increased 20-HE exposure time by injecting at both Stages 10 and 

11 sequentially produced no effect on pupa weight at Stage 12. 
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Table 1. Markers Used for Staging Manduca Pupae During the Last Four 

Days Prior to Adult Eclosion 

Stage Characteristics 

6 Spots form along the distal margin of the wing 

7 Darkened area of distal band expands toward distal margin of wing 

8 Wing pigmentation completed 

9 Wings and body pigmentation become very dark 

10 Cuticle over wing begins to soften while rest of cuticle is rigid 

11 Cuticle over abdomen softens 

12 Molting fluid resorbed 

13 Just before eclosion 

These characteristics were originally described by Schwartz and Truman (1983). 
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Fig. 1. Duration of Stages of Final Four Days of Development to Adult 

Eclosion. 

Each stage was identified as described by Schwartz and Truman (1983). The 

duration time is presented as mean + SEM for 60 insects. The time before eclosion 

was calculated from the mean duration of each stage. 
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Fig 2. Pupa Weights of Insects Injected with Saline or 20-Hydroxyecdysone (20-HE). 

20-HE dissolved in saline was injected (10 /zg/insect) at the preceding stage 

and pupa weight was measured at the outset of each stage. Each bar represents 

mean + SEM for 10 to 16 insects. 
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Growth of the Flight Muscle 

To study the growth of the dorsolongitudinal flight muscle, muscle wet weight 

was initially analyzed (Fig 3). There were no significant differences in muscle wet 

weights between stages (Stages 8 to 13). Injection of 20-HE generally produced no 

significant effect on muscle weight except during Stage 11 (measured at Stage 12). 

However the ratio of muscle wet weight to dry weight (Fig 3) was significantly 

lower (p<0.05) at Stages 9 through 13 than at Stages 6 and 7. This ratio fell 24% 

from Stage 6 to Stage 13. The biggest ratio change appeared between Stages 7 and 

9. 20-HE produced no effect on the ratio of muscle wet weight to dry weight. By 

measuring extracellular space (Tischler et al, 1989) it was shown that the ratio 

change from early to later stages was at least partially due to fluid loss. Thus to 

express muscle growth or muscle degeneration by change in muscle weight could be 

misled by fluid loss. Therefore the best estimation is to use protein content. 

The data in Fig. 4 show a growth curve for the dorsolongitudinal flight muscle 

based on its total protein content. These data measured at each stage were plotted 

against the measured time before eclosion from Fig. 1. The dorsolongitudinal flight 

muscle continuously grows to about 24 hours before adult emergence. During the 

last 100 hours of adult development, about 18% of protein was added to the total 

muscle protein. For Stages 6 to 12, approximate rates of growth (ig protein per 

hour), respectively, were 150, 130, 60, 80, 50, 50, and 5. Among these stages, Stage 

7 produced the greatest accretion of total protein with an increase of 5.2% (1300 

ig protein). In Stage 12, the last 24 hours of adult development, the muscle ceased 
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Fig 3. Mass and Wet Weight to Diy Weight Ratio of the Dorsolongitudinal 

Flight Muscle in Pupae Injected with Saline or 20-HE. 

Data were obtained from the same insects used in Fig 2. 
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Fig 4. Total Protein Content of the Dorsolongitudinal Flight Muscle of Pupae 

Injected with or without 20-HE. 

Data from normal pupae (solid circles) and 20-HE treated pupae (open 

circles) were the same animals used for the experiments of Fig 2. In an additional 

experiment (open square), 12 pupae were treated with 20-HE at both Stages 10 (-65 

hours before eclosion) and 11 (-50 hours before eclosion) with measurement made 

at Stage 12. 

* p<0.005 versus untreated insects. 
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to grow. This result indicated that the dorsolongitudinal flight muscle was fully 

developed by this time, and is known to be functional (Williams and Birt, 1972). 

The effect of 20-HE on muscle growth was estimated by comparing accretion 

of muscle protein in groups of insects injected with 20-HE or with saline (Fig 4). 

The biggest effect of 20-HE administration on flight muscle growth was achieved 

by a single injection at Stages 10 (-65 hours) and 11 (-50 hours). Muscle protein 

content increased by 15% during the 15 hours after injection at Stage 10, and by 8% 

during the 23 hours after injection at Stage 11. Thus the growth rates increased 

from 50 ig protein per hour to approximately 300 and 160 ig protein per hour, 

respectively. 

A sequential injection of 20-HE at both Stages 10 and 11 produced no 

different data than the single injection at Stage 11. Although injection at Stages 8 

and 9 did not significantly increase the muscle protein, the growth rates of these 

stages were apparently accelerated to 150 to 200 ig protein/hour. This is the same 

range for the growth rate measured at Stage 6 without injection of 20-HE. 

Flight Muscle Protein Synthesis 

In order to study the in vivo rate of muscle protein synthesis, a non- carrier 

technique was used (Dinamarca and Levenbook, 1966; Williams and Birt, 1972). 

With this technique, groups of insects at desired stages were quantitatively injected 

with 5 iCi [3H]phenylalanine. At different times (0.5, 1.0, 1.5, and 2 hours) after 

injection, individual insects were analyzed as described in the methods section. The 

results measured at each stage (Stages 8 to 12) are shown in Table 2. The total 
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body free phenylalanine concentration was highest at Stages 8 and 9. The 

concentration subsequently decreased to a minimum of 0.40 is/g insect at the outset 

of Stage 12, which was 53% of the amount at the start of Stage 8. The largest 

decrease (31%) occurred during Stage 11. 

Phenylalanine turnover (Ka) was determined from the slope by plotting 

(-a)ln(q1/q 0) versus time. Data from a typical experiment is shown in Fig. 5. Data 

in Table 2 showed phenylalanine turnover increased the most at the Stage 11 

followed by a marked decrease at Stage 12. The slow turnover at Stage 12 occurred 

despite the low body free phenylalanine. At all previous stages measured there had 

been a steady increase in the rate of turnover. 

The muscle protein-bound phenylalanine was similar for all stages studied. 
© 

The average value for these stages was 0.220 +. 0.001. The rate of amino acid 

incorporation into protein of these muscles (Kp) was obtained from the slope by 

plotting (DPM incorporated)(Ka)(t)/(q 0-q0 versus time. A representative plot for 

Kp is shown in Fig. 6. The phenylalanine incorporation into protein and the 

fractional rate of synthesis, as shown in Table 2, decreased steadily between Stages 

8 and 12. The largest decrease was from Stage 11 to 12. 

To develop a simpler methodology for studying in vivo protein synthesis in 

insects, a modification was used of the flooding dose technique previously utilized 

only in mammalian systems (Garlick et al., 1980). In mammalian systems, this 

technique assumes the muscle intracellular specific activity reaches plateau shortly 

(<1 minute) after injection of radiolabeled amino acid, and is stable for at least 

15 minutes, at which time incorporation is measured. Because hemolymph flow is 
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Table 2. Phenylalanine Content and Metabolism in Pupae 

Stage of Phenylalanine Phenylalanine Protein 
Injection Content Turnover Synthesis 

Muscle Total Ka
c Fractional*1 Kp® Fractional 

Protein8 Freeb 

8 217+5 0.75+0.03 1.102 23.6 1.85 10.3 

9 216+6 0.78+0.04 1.143 30.9 1.78 9.9 

10 222+9 0.64+0.04 1.148 39.3 1.64 8.9 

11 223+3 0.58+0.04 1.387 52.5 1.54 8.3 

12 221+2 0.40+0.04 0.522 30.2 1.06 5.8 

Insects were injected with 5 iCi [3H]phenylalanine and measurements were 

made at 30, 60, 90 and 120 minutes as described in Chapter 2. Phenylalanine 

turnover was calculated as [Kg/body phenylalanine]x[body mass]. Fractional 

synthesis is [(12)(Kp)]/ [phenylalanine in muscle protein] converted to a percent. 

Data are means +. SEM for 15 to 30 pupae. 

anmol/mg protein 

bimol/g insect 

cimol/g insect/hour 

dpercent/hour 

enmol/mg protein/hour 

fpercent/12 hours 
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TIME Cuinutcs) 

Fig 5. Phenylalanine Turnover at Stage 9. 

Phenylalanine turnover was calculated from (-a)ln(q1/q 0), where a=free 

phenylalanine in imol/insect, q0 = total injected DPM, q! = radioactivity remaining 

in phenylalanine pool at time t in DPM, t = time in minutes. Ka is the slope of the 

line. 
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Fig 6. Incorporation of Phenylalanine into Protein at Stage 9. 

Incorporation (synthesis) was calculated from [(Ka)(DPM in 

protein)]/[(q 0-qi)*1000]. For definitions of Ka, q0 and q1s see legend to Fig 5. Kp 

is the slope of the line. 
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much slower than mammalian circulation, the first thing to determine was how long 

the hemolymph specific radioactivity took to reach a plateau after injection. Insects 

were injected with 5 iCi [3H] and 30 imols of phenylalanine. After injection, 

hemolymph specific activity increased in linear relationship initially and did not 

reach plateau until 7 minutes (Fig. 7). 

Obviously, with such a large delay, the time parameter used for mammalian 

systems cannot be used in insects. Therefore, it was necessary to determine the 

time period over which the hemolymph specific activity can be maintained. Longer 

treatments showed that hemolymph specific activity did not change between 15 and 

120 minutes after injection (Fig. 8). Also the intramuscular specific activity did not 

change over this time. During 15 to 120 minutes after injection, the specific activity 

was equilibrated between the hemolymph and the intramuscular fraction (Fig 8). 

Phenylalanine incorporation into flight muscle protein was measured at the 

outset of Stages 8 to 12. These data were plotted against time. During 30 to 120 

minutes, the incorporation of phenylalanine into muscle protein was linear for each 

of these stages. The data plotted for Stage 10 is representative for all the stages 

(Fig. 9). These results indicated that between 30 and 120 minutes after injection, 

turnover of labeled muscle protein must be negligible since the incorporation of 

radioactivity was linear. Therefore the rate of protein synthesis can be estimated 

between 30 and 120 minutes after injection. 

The flooding dose technique was tested in Manduca sexta at Stages 8 to 12. 

For each stage the specific activity of hemolymph and protein-bound phenylalanine 

was measured at 0.5, 1.0, 1.5 and 2.0 hours after injection. Fractional rates of 
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Fig 7. Radioactivity of [3H]Phenylalanine in Pupa Hemolymph at Different Times 

After Injection. 

Pupae were injected with 5 /xCi and 30 /xmols [3H]phenylalanine. The data 

are presented as the percentage of total DPM injected contained in 5 /il of 

hemolymph injected. 
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Fig 8. Specific Activity of Hemolymph and Intramuscular Phenylalanine at Various 

Times After Injection. 

Radioactivity [3H] in the extracellular fluid was corrected using average 

extracellular volume measured in a different study using [14C]inulin (Tischler et al., 

1989). The specific activity was assayed as described in Chapter 2. Each bar 

represents the mean + SEM for 10 to 20 animals. 



42 

LU 
Z 

X c 
ro <u 

o» 
E 

0 
<C F cr | 
o 3 

TIME AFTER INJECTION (minutes) 

Fig 9. [3H]Phenylalanine Incorporated into Flight Muscle Protein at Different Times 

After Injection. 

Injection was the same as in Fig. 7. Each point represents the mean +. SEM 

for muscle from 5 to 10 animals at Stage 10. 
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protein synthesis were determined at each time point for each stage. Results in Fig. 

10 demonstrated that the synthesis rates measured at 0.5 hour are generally lower 

than those measured at 1.0, 1.5 and 2.0 hours. However, there were no differences 

in protein synthesis rates measured at 1 to 2 hours. The lower synthesis rates 

measured at 0.5 hour could be a result of the long time delay of hemolymph specific 

activity reaching a plateau. Thus the rate at 30 minutes would be underestimated, 

while at longer time points the delay becomes negligible. From these results, it is 

concluded that to study muscle protein synthesis rates in insects using the flooding 

dose technique, measurement should be done at least 1 hour after injection. 

With the flooding dose technique, it is important to ascertain that the large 

amount of phenylalanine injected does not itself influence rates of protein synthesis 

in tissues. Therefore, the measurement of flight muscle incorporation of 

phenylalanine and fractional synthesis rates were compared with the results using 

the non-carrier technique (Table 3). None of the results from the two techniques 

were different at any stage. These data suggested that the flooding dose technique 

was accurate for studying protein synthesis in insects, and that injection of a large 

amount of phenylalanine does not affect the rate of synthesis. Since data at 1 to 2 

hours with the flooding dose technique do not differ (Fig. 10), a single time point 

can be used, as in mammalian studies, albeit a longer time. 

Using the above data (Figs. 4,10), it was possible to compare protein 

metabolism at all stages (Fig 11). The degradation rate was obtained by subtracting 

the growth rate (Fig. 4) from the synthesis rate (Fig. 10). The results show that a 

high protein synthesis rate is paralleled by a high degradation rate. During this 
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Fig 10. Fractional Synthesis Rates of Flight Muscle Protein at Various Time Points 

After [3H]Phenylalanine Injection. 

Each bar represents the mean + SEM for muscles from 5 to 10 pupae as 

measured by the flooding dose technique. 
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Table 3. Protein Synthesis Compared by Non-carrier and Flooding Dose 

Techniques 

Stage of Phenylalanine Incorporation Fractional Synthesis Rate 
Measurement 

Non-carrier Flooding Non-carrier Flooding 
nmol/mg protein/hour percent/12 hours 

8 1.85 1.95 10.3 10.3 

9 1.78 1.78 9.9 9.6 

10 1.64 1.63 8.9 9.2 

11 1.54 1.48 8.3 8.8 

12 1.06 1.08 5.8 5.8 

Data for the non-carrier method are taken from Table 2 and data for the 

flooding dose method linear incorporation data at 60, 90 and 120 minutes (Fig. 9 

representative) and from data in Fig. 10. 
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Fig ll.Fractional Rates of Flight Muscle Protein Metabolism. 

Fractional synthesis rates (Table 3) and growth rate (Fig. 4) were taken as the 

average for the beginning of each stage and the start of the next stage. Degradation 

rate was calculated as the difference between synthesis and growth. 
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final 4 days of adult development, the fractional degradation rate was only 35% of 

the fractional synthesis rate at Stage 7. However, as the muscle growth slowed due 

to slower protein synthesis, the rates of synthesis and of degradation became nearly 

equal. 

Since 20-HE promotes muscle growth (Fig. 4) its effect on protein synthesis 

was tested (Table 4). Surprisingly, even though 20-HE injection at Stages 10 and 

11 increased the muscle growth, it did not increase protein synthesis. In fact 

compared with saline-injected controls from the same generation, 20-HE injection 

decreased protein synthesis rate during Stages 10 and 11. During Stage 10, the 

effect of 20-HE injection was even observed within 4 hours. The effect of 20-HE 

injection disappeared by 24 hours after injection at Stage 11 even though it was 

evident after 6 hours. Also there was no effect during Stage 8,9 or 12. These results 

indicate, therefore that the effect of 20-HE injection on muscle growth must be 

produced by inhibition of protein degradation. This inhibition was not evident at 

Stage 12 where 20-HE had no effect on growth. 
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Table 4. Effect of 20-Hydroxyecdysone on Protein Synthesis in Flight 

Muscle. 

Time After Fractional Rate of Synthesis Difference 

Injection Saline Ecdysone 

hours percent/12 hours percent 

8 10 8.0 ± 0.4 7.2 ± 0.3 NS 

9 11 9.2 ± 0.4 8.9 + 0.5 NS 

10 4 9.4 ± 0.4 7.6 ± 0.6 19.1" 

10 15 8.7 ± 0.4 6.5 + 0.5 25.3' 

11 6 8.8 ± 0.4 7.7 ± 0.3 13.2' 

11 24 4.6 ± 0.4 4.7 + 0.4 NS 

12 6 4.0 ± 0.4 3.9 + 0.9 NS 

12 24 4.9 ± 1.0 3.8 ± 0.9 NS 

Stage of 

Injection 

Protein synthesis was measured in flight muscle using the flooding dose 

technique. Animals were injected with saline or 20-hydroxyecdysone (10 ig/insect). 

Data are means +. SEM for 5 to 10 pupae. 

*p<0.05 versus saline treated. 

NS means not significant 
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CHAPTER 4 

DISCUSSION 

In quantitatively measuring the protein synthesis rate, the only technique 

used previously in insects was the non carrier technique (Dinamarca and Levenbook, 

1966; Williams and Birt, 1972). The problems with this technique are that when 

only tracer dose of labeled amino acid is injected, the specific activities of the free 

amino acid in different compartments (e.g. hemolymph and tissue) may differ widely, 

and also it may change rapidly. In order to measure the protein synthesis rate, 

large numbers of animals must be killed at multiple time points after injection. For 

obtaining the amino acid turnover rate (Ka), free amino acid pool size (a) and 

radioactivity remaining in amino acid pool (q-|) at time (t) have to be quantitatively 

determined, which is technically difficult to estimate (Williams and Birt, 1972). 

Injected total radioactivity (q0) can only be estimated indirectly from the injection 

medium and assumes no leakage after injection. The experimental error and 

individual insect difference may be enlarged by the complicated calculation. 

To avoid these problems, a successful way is to inject the labeled amino acid 

as a very large dose (Hasselgren et al., 1988). This technique has been successfully 

used in the mammalian system. Although the specific activity of the hemolymph 

does not reach a plateau for minutes (Fig. 7), an advantage in the insect is that 

hemolymph and intramuscular specific activities equilibrate and are constant for at 

least 2 hours (Fig. 8). The slow circulation of hemolymph could lead to a low value 

of synthesis rate if measurements were taken within 0.5 hour (Fig. 10). However, 
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the protein synthesis rate is constant if estimated between 1 and 2 hours. 

Compared with the non-carrier technique, no difference was observed (Table 3). 

Therefore, protein synthesis rate can be estimated from a single time point 

measurement (e.g. 1.5 hours after injection). This saves considerable experiment 

time and expense of analyses. The assay procedure for specific radioactivity of 

phenylalanine is convenient, reliable and sensitive. Combining all these advantages, 

it is concluded that the flooding dose technique is an accurate method for measuring 

rates of protein synthesis in insects. This is a significant advance for studying in 

vivo protein turnover in insects and its regulation. 

The results presented here indicated that the dorsolongitudinal flight muscle 

is completely developed by 24 hours prior to emergence (Fig. 4). Only about 18% 

of the total muscle protein is added to this muscle during the final 4 days of adult 

development. During this time the growth rate gradually diminishes and in parallel 

the protein synthesis rate decreases. Despite the decline of muscle growth, the free 

amino acid pool size is decreasing between Stages 8 to 12 (Table 2). This result 

indicated that the free amino acid pool supported by larval proteins hydrolysis 

(Williams and Birt, 1972) may be used up by the end of adult development. As the 

muscle ceased to grow at Stage 12, the total body phenylalanine turnover rate (Ka) 

decreased dramatically. These evidences strongly support the theory that a large 

proportion of adult protein is formed de novo from the free amino acids possibly 

derived by the hydrolysis of larval proteins (Williams and Birt, 1972). It appears 

that the flight muscle protein synthesis could be a major sink for free phenylalanine 
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during adult development in Manduca as in blowfly (Williams and Birt, 1972). In 

insects, as in mammalian systems (Lewis et al., 1984), proteolysis may be an 

important factor during muscle growth. 

As described in Chapter 1, ecdysteroids have different effects on muscle 

turnover depending on the period of development. Prior to pupal ecdysis, these 

hormones stimulate muscle loss. In contrast during adult development, these 

hormones seem to inhibit loss of certain muscles and to promote growth of others. 

During the last 4 days of adult development, the period in which our measurements 

were made, the ecdysteroid level falls to 0.4 - 0.2 ig/g insect. 

To test the effect of ecdysteroid on flight muscle turnover, 10 ig 20 

HE/insect was injected at various stages of this final 4 days of adult development. 

This concentration is physiological since it is within the range of concentrations 

noted between days 5 to 10 after pupal ecdysis (Bollenbacher et al., 1981). A dose 

curve showed that injection of this amount produced 50% of the maximum effect 

on muscle growth (Tischler et al., 1989). This amount is maximally effective in 

delaying degeneration of intersegmental muscles (Schwartz and Truman, 1983). 

When 20-HE was injected before Stage 10, it had little effect on flight muscle 

growth (Fig. 4) and no effect on muscle protein synthesis (Table 4). At this time 

the 20-HE level is at least 0.4 ig/g insect. After this time when the 20-HE level 

falls to only 0.2 ig/g insect, the injected hormone dramatically increased growth of 

this muscle by inhibition of protein degradation. A decrease in protein synthesis 

was also detected at this time. These results suggest that the earlier higher 
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hemolymph 20-HE may have masked, to some extent, the effects of injected 

hormone. The lack of ecdysone near the end of adult development could allow 

proteolysis to increase but not directly trigger the protein synthesis of the flight 

muscle. 

The effect of 20-HE injection seems to diminish after Stage 10 and there is 

no response at Stage 12. Similarly, the effect of 20-HE injection to delay 

degeneration of intersegmental muscles diminishes near the end of adult 

development (Schwartz and Truman 1983). This lack of response suggests possibly 

some change in the muscle receptor binding of this hormone or some post-receptor 

alteration. The results of this flight muscle protein turnover study and previous 

intersegmental muscle degeneration studies strongly suggested that proteolysis can 

be significantly diminished by 20-HE. To find the mechanism of this action will 

be an interesting project for further study. 



53 

REFERENCES 

Barritt, L. C. and Birt, L. M. (1971). Development of Lucilia cuprina:correlation 
of biochemical and morphological events. J. Insect Physiol. 17, 1169-1183. 

Beenakkers, A. M. Th., Van der Horst, D. J. and Van Marrewijk, W. J. A. (1985). 
Biochemical processes directed to flight muscle metabolism. In: Comprehensive 
Insect Physiology, Biochemistry and Pharmacology (Edited by KerKut, G. A. and 
Gilbert, L. I.), Vol. 10, pp.451-486. Oxford: Pergamon Press. 

Bell, R. A. and Joachim, F. G. (1976). Techniques for rearing laboratory colonies 
of tobacco hornworms and pink bollworms. Annals Entomol. Soc. Amer. 69, 
365-373. 

Bennett, K. and Truman, J. W. (1985). Steroid-dependent survival of identifiable 
neurons in cultured ganglia of the moth Manduca sexta. Science 299, 58-60. 

Bollenbacher, W. E. and Granger, N. A. (1985). Endocrinology of the 
postembryonic hormone. In: Comprehensive Insect Physiology, Biochemistry, and 
Pharmacology (Edited by Kerkut, G. A. and Gilbert, L. I.), Vol. 7, pp. 109-151. 
Oxford: Pergamon Press. 

Bollenbacher, W.E., Smith, S. L., Goodman, W. and Gilbert, L. I. (1981). 
Ecdysteroid titer during larval-pupal-adult development of the tobacco hornworm, 
Manduca sexta. Gen. Comp. Endocrinol. 44, 302-306. 

Carrow, G., Calabrese, R. L. and Williams, C. M. (1981). Spontaneous and evoked 
release of prothoracicotropin from multiple neurohaemal organs of the tobacco 
hormworm, Manduca sexta . Proc. Natl. Acad. Sci. USA 78, 5866-5870. 

Chan, S. K. and Reibling, A. (1971). Biochemical studies in the developing thoracic 
muscles of the tobacco hornworm. III. Amino acid incorporation in the cytoplasmic 
ribosomal fraction. Biochim. Biophys. Acta 228, 252-258. 

Chan, S. K. and Richardson, L. (1969). Biochemical studies on the developing 
thoracic muscles of the tobacco hornworm. J. Biol. Chem. 244, 1039-1042. 

Dinamarca, M. L. and Levenbook, L. (1966). Oxidation, utilization, and 
incorporation into protein of alanine and lysine during metamorphosis of the blowfly 
Phormia regina (Meigen). Arch. Biochem. Biophys. 117, 110-119. 

Dominick, O. S. and Truman, J. W. (1985). The physiology of wandering behavior 
in Manduca sexta. II. The endocrine control of wandering behavior. J. Exp. Biol. 
117, 45-68. 



54 

Ephrussi, B. and Beadle, A. W. (1936). A technique of transplantation for 
Drosophila. Amer. Nat. 70, 218-225. 

Garlick, P. J., McNurlan, M. A. and Preedy, V. R. (1980). A rapid and convenient 
technique for measuring the rate of protein synthesis in tissues by injection of 
[3H]phenylalanine. Biochem. J. 192, 719-723. 

Granger, N. A., Niemiec, S. M., Gilbert, L. I. and Bollenbacher, W. E. (1982). 
Juvenile hormone synthesis in vitro by larval and pupal corpora allata of Manduca 
sexta. Molec. Cell. Endocrinol. 28, 587- 604. 

Gregory, D. W., Lennie, R. W.,and Birt, L. M. (1968), An electron-microscopic 
study of flight muscle development in the blowfly Lucilia cuprina. J. Microsc. Soc. 
88, 151-175. 

Gruetzmacher, M. C., Gilbert, L. I. and Bollenbacher, W. E. (1984). Indirect 
stimulation of the prothoracic glands of Manduca sexta by juvenile hormone: 
evidence for a fat body stimulatory factor. J. Insect Physiol. 30, 771-778. 

Hasselgren, P. O., Pedersen, P., Sax, H. C., Warner, B. W. and Fischer, J. E. (1988). 
Current research review: Methods for studying protein synthesis and degradation in 
liver and skeletal muscle. J. Surg. Res. 45, 389-415. 

Hiruma, K. (1982). Factors affecting change in sensitivity of prothoracic glands to 
juvenile hormone in Mamestra brassicae. J. Insect Physiol. 28, 193-199. 

Kammer, A. E. and Heinrich, B. (1978). Insect flight metabolism. Adv. Insect 
Physiol. 13, 133-228. 

Layne, E. (1957). Spectrophotometric and turbidmetric methods for measuring 
proteins. Methods Enzymol. 3, 447-453. 

Lennie, R. W. and Birt, L. M. (1967). Aspects of the development of flight-muscle 
sarcosomes in the sheep blowfly Lucilia cuprina in relation to changes in the 
distribution of protein and some respiratory enzymes during metamorphosis. 
Biochem. J. 102, 338-350. 

Levine, R. B., Park, C. and Linn, D. (1985). The structure, function and 
metamorphic reorganization of somatotopically projecting sensory neurons in 
Manduca sexta larvae. J. Comp. Physiol. 157, 1-13. 

Lewis, S. E. M., Kelly, F. J. and Goldspink, D. F. (1984). Pre- and post-natal growth 
and protein turnover in smooth muscle, heart and slow- and fast-twitch skeletal 
muscles of the rat. Biochem. J. 217, 517-526. 



55 

Lowry, O. H., Rosebrough, N. J., Farr, A. L. and Randall, R. J. (1951). Protein 
measurement with the Folin phenol reagent. J. Biol. Chem. 193, 265-275. 

Meltzer, Y. L. (1971). Hormonal and attractant pesticide technology. Noyes Data 
Corp., Park Ridge, N. J. 

Nijhout, H. F. and Williams, C. M. (1974). Control of moulting and 
metamorphosis in the tobacco hornworm, Manduca sexta (L.): cessation of juvenile 
hormone secretion as a trigger for pupation. J. Exp. Biol. 61, 493-501. 

Peristianis, G. C. and Gregory, D. W. (1971). Early stages of flight muscle 
development in the blowfly Lucilia cuprina. A light and electron microscopic study. 
J. Insect Physiol. 17, 1005-1022. 

Reinecke, J. P., Buckner, J. S. and Grugel, S. R. (1980). Life cycle of 
laboratory-reared tobacco hornworms, Manduca sexta: A study of development and 
behavior using time-lapse cinematography. Biol. Bull. (Woods Hole) 158, 129-140. 

Riddiford, L. M. (1981). Hormonal control of epidermal cell development. Amer. 
Zool. 21, 751-762. 

Riddiford, L. M. (1982). Changes in translatable mRNAs during the larval-pupal 
transformation of the epidermis of the tobacco hornworm. Devel. Biol. 92, 330-342. 

Riddiford, L. M. (1985). Hormone action at the cellular level. In: Comprehensive 
Insect Physiology, Biochemistry, and Pharmacology. (Edited by Kerkut, G. A. and 
Gilbert, L. I.), Vol. 8, pp.37-84. Oxford: Pergamon Press. 

Rountree, D. B. and Bollenbacher, W. E. (1986). The release of the 
prothoracicotropic hormone in the tobacco hornworm, Manduca sexta. is controlled 
intrinsically by juvenile hormone. J. Exp. Biol. 120, 41-58. 

Schmidt, T., Stumm-Zollinger, E. and Chen, P.S. (1985). Protein metabolism of 
Drosophila melanogastermale accessory glands-III. Insect Biochem. 15, 391-401. 

Schwartz, L. M. and Truman, J. W. (1983). Hormonal control of rates of 
metamorphic development in the tobacco hornworm Manduca sexta. Devel. Biol. 
99, 103-114. 

Smith, W. A. and Gilbert, L. I. (1986). Cellular regulation of ecdysone synthesis by 
the prothoracic glands of Manduca sexta. Insect Biochem. 16, 143-147. Taylor, H. 
M. and Truman, J. W. (1974). Metamorphosis of the abdominal ganglia of the 
tobacco hornworm, Manduca sexta. J. Comp. Physiol. 90, 367-388. 



56 

Tillinghast, E. K. and Townley, M. A. (1986). The independent regulation of 
protein synthesis in the major ampullate glands of Araneus cavaticus (Kevserling). 
J. Insect Physiol. 32, 117-123. 

Tischler, M. E., Cook, P., Hodsden, S. McCready, S. and Wu, M. (1989). 
Ecdysteroids influence growth of the dorsolongitudinal flight muscle in the tobacco 
hornworm (Manduca sexta). J. Insect Physiol., in press. 

Truman, J. W. and Schwartz, L. M. (1984). Steroid regulation of neuronal death 
in the moth nervous system. J. Neurosci. 4, 274-280. 

Walker, A. C. and Birt, L. M. (1969). Development of respiratory activity and 
oxidative phosphorylation in flight muscle mitochondria of the blowfly, Lucilia 
cuprina. J. Insect. Physiol. 15, 305-317. 

Watson, R. D., Agui, N., Haire, M. E. and Bollenbacher, W. E. (1987). Juvenile 
hormone coordinates the regulation of the hemolymph ecdysteroid titer during the 
pupal commitment in Manduca sexta. Insect Biochem. 17, 955-961. 

Watson, R. D., Ciancio, M., Gunnar, W. P., Gilbert, L. I. and Bollenbacher, W. E. 
(1985). Regulation of insect prothoracic glands: existence of a hemolymph 
stimulatory factor in Manduca sexta. J. Insect Physiol. 31, 487-497. 

Weeks, J. C. and Truman, J. W. (1984). Neural organization of peptide- activated 
ecdysis during the metamorphosis of Manduca sexta. II. Retention of the proleg 
motor pattern despite Loss of the prolegs at pupation. J. Comp. Physiol. 155, 
423-433. 

Weeks, J. C. and Truman, J. W. (1985). Independent steroid control of the fates 
of motoneurons and their muscles during insect metamorphosis. J. Neurosci. 5, 
2290-2300. 

Weeks, J. C. and Truman, J. W. (1986), Hormonally mediated reprogramming of 
muscles and motoneurons during the larval-pupal transformation of the tobacco 
hornworm, Manduca sexta. J. Exp. Biol. 125, 1-13. 

Williams, K. L. and Birt, L. M. (1971). Amino acid incorporation into thoracic 
mitochondria of Lucilia during adult development. Proc. Aust. Biochem. Soc. 4,100 
(abstr). 

Williams, K. L. and Birt, L. M. (1972). A study of the quantitative significance of 
protein synthesis during the metamorphosis of the sheep blowfly Lucilia. Insect 
Biochem. 2, 305-320. 



57 

Williams, K. L., Smith, E., Shaw, D. C. and Birt, L. M. (1972). Studies of the levels 
and synthesis of cytochrome c during adult development of the blowfly Lucilia 
cuprina. J. Biol. Chem. 247, 6024-6030. 


