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1. G E N E R A L I N T R O D U C T I O N 

In 1963 KARLSON introduced his theory on the mode of action of hormones 
at the molecular level, which has certainly stimulated much work during the 
last few years. This theory is based on the model proposed by JACOB and MO-

NOD (1961) concerning the regulation of protein synthesis in micro-organisms. 
As yet there is no definite proof of Karlson's theory, and recent studies suggest 
that at least in higher organisms regulation of the translation of messenger 
RNA may be a more important control mechanism for protein synthesis than 
the rate of genetic transcription (TATA, 1966a). Furthermore it may be questioned 
whether Karlson's theory can explain the mechanism of action of all hormones. 

The study of the mode of action of hormones at the molecular level is com
plicated by the diversity of the hormonal effects on one hand and the specificity 
of action on the other. The effects of the juvenile hormone of insects, secreted by 
the corpora allata, can be used to illustrate this problem. This hormone appears 
to play an important role in the maintenance of larval characters and to have 
a gonadotropic effect in many adult insects studied thus far. Moreover, the 
juvenile hormone appears to be involved in certain types of polymorphism in 
termites and locusts. It has also often been qualified as a metabolic hormone 
(WIGGLESWORTH, 1964). Since 1958 studies on the mode of action of juvenile 
hormone in the Colorado beetle have been carried out in the Wageningen En
tomological Institute. In this insect removal of the corpora allata results in the 
syndrome of diapause, a state of inactivity, low metabolic rate and arrest of 
reproduction. During the onset of diapause many changes occur, but an out
standing feature is the atrophy of the flight muscles (see chapter 2). 

As allatectomy in other insects does not always result in atrophy of flight 
muscles, a very important question from the endocrinological point of view is, 
whether the juvenile hormone is indeed directly involved in the maintenance of 
flight muscle structure and function in the Colorado beetle. In other words, 
which processes related to this element of diapause are directly controlled 
by the juvenile hormone? Are other hormones also involved and which proces
ses are influenced indirectly? These questions will be an important topic of the 
present study, especially in relation to the flight muscles. 

As energy production and consumption is the most obvious biochemical 
characteristic of flight muscles, the activity of some enzymes essential for car
bohydrate and fatty acid metabolism was followed. The activity patterns of the 
enzymes are used as parameters for the functional integrity of the flight muscles. 
Parallel with the changes in activity of these enzymes, the ultra-structural chan
ges were followed by means of the electronmicroscope. After a discussion of the 
literature in chapter 2, the material and methods are given in chapter 3. A 
description of the biochemical and morphological condition of flight muscles 
in active (non-diapause) beetles is given in chapter 4, the results of changes in 
hormone level are described in chapter 5 and discussed on the basis of our 
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knowledge of the hormone titer. In order to investigate whether this hormonal 
effect is indirect, we studied the influence of the nervous system on the structure 
and function of the flight muscles, which is reported in chapter 6. 
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2. LITERATURE 

2 .1 . THE INSECT ENDOCRINE SYSTEM 

The centres of hormone production in insects are closely associated with the 
central nervous system. Specialized neurosecretory cells are present in the pars 
intercerebralis. The neurosecretory substances are transported through the 
axons to the corpora cardiaca, which are responsible for the release into the 
haemolymph (B. SCHARRER, 1962 and 1965). Neurosecretory cells are also 
found in the ganglia of the ventral nerve cord (RAABE, 1965). Closely associated 
and contiguous with the cerebral neurosecretory system are the corpora allata, 
which produce the juvenile hormone. Lastly, the prothoracic glands secrete the 
moulting hormone, ecdysone (reviews : KARLSON, 1956 ; GILBERT and SCHNEIDER-
MAN, 1961; WIGGLESWORTH, 1964; GILBERT, 1964; KARLSON, 1966; HIGHNAM, 

1967). 
In discussing the functions of these hormones, we may distinguish between 

their effect on : 
a. Larval growth and metamorphosis. 
b. Functions in the adult insect, e.g. oogenesis, adult maturation. 

The fact that the post-embryonic development of insects is under the control 
of hormones is well established. Many excellent reviews are dealing with this 
subject (WILLIAMS, 1952; GILBERT and SCHNEIDERMAN, 1961; GILBERT, 1964; 
WIGGLESWORTH, 1964). In the literature relating to it there is a certain degree 
of agreement about the role of these hormones in growth and metamorphosis. 

The cyclical growth and moulting of an insect is brought about by two hor
mones. The brain hormone, produced by the neurosecretory cells of the brain 
and released by the corpora cardiaca, activates the prothoracic glands, which 
respond with the release of ecdysone. Ecdysone initiates the moulting process. 
The juvenile hormone, secreted by the corpora allata, appears to promote the 
the development of larval characters, and to prevent metamorphosis. Con
sequently, the juvenile hormone determines whether the result of a moult is a 
larva, pupa, or adult. When an insect moults in the absence of juvenile hormone, 
it tends to differentiate towards the adult stage. 

There is, however, much less agreement about the relative role of the brain 
hormone and the juvenile hormone in the adult insect. After the adult moult 
the prothoracic glands, as a rule, degenerate (SHAAYA and KARLSON, 1965; 
HERMAN and GILBERT, 1966). 

There are, however, many reports concerning the role of the juvenile hormo
ne and the neurosecretory cells in the adult insect. It was WIGGLESWORTH (1936) 
who first demonstrated the role of the juvenile hormone in the adult blood
sucking bug, Rhodnius prolixus. The corpora allata are here necessary for the 
normal maintenance of sexual functions. Since then this gonadotropic effect has 
been demonstrated in many other insects (for references see: DE WILDE, 1964; 
EL-IBRASHY, 1965; ENGELMANN, 1968). 
There is at present a good deal of evidence that the morphogenetic and gona-

Meded. Landbouwhogeschool Wageningen 69-2 (1969) 3 



dotropic effects are due to the same hormone. Larval corpora allata can induce 
egg maturation in allatectomized adult females and adult corpora allata can 
inhibit adult differentiation when implanted into allatectomized larvae. 
Furthermore, cecropia oil (WILLIAMS, 1956), and several juvenile hormone 
analogues, such as farnesyl-methyl-ether, have both the juvenilizing and the 
gonadotropic effects. Recently ROLLER and BJERKE (1966) demonstrated these 
two functions with their pure juvenile hormone preparations. 

That oocyte growth is also dependent upon factors from the neurosecretory 
cells has been demonstrated by THOMSEN (1952) in Calliphora erythrocephala, by 
HIGHNAM (1962) in Schistocerca gregaria, and by MORDUE (1965 a, b , c) in 
Tenebrio molitor. THOMSEN and M0LLER (1959, 1963) have found that the pro-
tocerebral neurosecretory cells influence the synthesis of protease in the gut, and 
they suggested an effect upon protein synthesis in general. The neurosecretory 
cells also play an important role in the activation of the corpora allata (THOM
SEN, 1952; HIGHNAM, 1962). In this connection especially the lateral neurosecre
tory complexes seem to be important (STRONG, 1965). Moreover, it has been 
suggested that the corpora allata control to some degree the activity of the 
neurosecretory cells (HIGHNAM, LUSIS and H ILL , 1963; LEA and THOMSEN, 1962) 

and that the ovaries also affect the activities of the corpora allata and the neuro
secretory cells (NAYAR, 1958). It is clear that we are faced with a very complex 
system, comprising the brain, the corpora cardiaca, the corpora allata, and the 
ovaries. These organs influence each other by nervous stimuli, by neurosecretion 
along nervous pathways and by humoral factors in the haemolymph circulating 
through the body. The relative parts played by these different elements in 
this system vary from one insect to another (WIGGLESWORTH, 1964; DE WILDE, 
1964; ENGELMANN, 1968). 

2.2. ENVIRONMENTAL FACTORS AND THE NEURO-ENDOCRINE SYSTEM 

Together with intrinsic signals, information from a variety of other sources 
is passed on to the neuro-endocrine system. Important factors in this respect 
are photoperiod and food. 

It has been observed by GRISON (1958) and confirmed in our laboratory that 
the fecundity of the Colorado beetle is usually reduced with the ageing of the 
host plant. In fact, feeding on physiologically old leaves can induce a diapause 
reaction in Leptinotarsa (DE WILDE and FERKET, 1967). The effect of nutrition 
on the reproductive processes, however, is not necessarily a direct one. There 
are many indications that the neuro-endocrine system is involved, and that nu
trition has an indirect effect (JOHANSSON, 1964; DE WILDE and FERKET, 1967). 

The same applies to the photoperiod (DE WILDE, 1965). It has never been ob
served that the photoperiod has a direct influence on an effector organ. Photo
periodic control is generally effected through the superordinated neuro-en
docrine centres. The importance of this arrangement is twofold. The central 
nervous system receives stimuli other than photic ones, and thus is in a position 
to integrate the over-all input. Furthermore, more than one function is, as a 
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rule, light-dependent and this demands for the integration of these functions 
(E.SCHARRER, 1964). 

WILLIAMS (1963) demonstrated in the silkworm, Antherea pernyi, that light 
enters the pupa through an area of transparent cuticle overlying the brain. By 
surgical methods he was able to show that light acts directly on the pupal brain, 
inducing the termination of pupal diapause. The photoperiod acts within the 
brain to control the neurosecretory cells (WILLIAMS, 1963). A similar mechanism 
seems to exist in the adult Colorado beetle. In this insect the photoperiod re
mains effective as a controlling factor of adult diapause even after blinding 
(DE WILDE, DUINTJER and MOOK, 1959). 

2.3. T H E PHOTOPERIODIC RESPONSE IN THE COLORADO BEETLE 

A widely spread phenomenon under thecontrol of the photoperiod is diapause, 
a condition of very low activity combined with a standstill of growth and repro
duction. 

D E W I L D E (1953) studied different aspects of adult diapause in the Colorado 
beetle. One of the most obvious characteristics was the change in behaviour. 
He observed a positive geotactic response instead of an active feeding and re
productive behaviour. The animals ceased reproduction, left the host plant 
and burrowed themselves. Basal metabolic rate was much reduced. 

The photoperiod is the governing environmental factor inducing diapause. The 
Colorado beetle appeared to be a long-day insect, with a critical photoperiod 
of 15 hours. Photoperiods applied to the adult insect were decisive although 
treatment of the larvae had some effect (DE WILDE, 1955 ; DE WILDE et al, 1959) 

That the corpora allata are involved in the induction of diapause was also 
shown by the experiments of DE WILDE (1955). In later studies DE WILDE and 
STEGWEE (1958), DE WILDE (1959) and DE WILDE and DE BOER (1961) could prove 

more definitely that diapause in the Colorado beetle is the result of inactivity 
of the corpora allata. Allatectomy can produce the change in behaviour, arrest 
of oogenesis and the low rate of respiration characteristic for diapause. There
fore DE WILDE and DE BOER (1961) described the adult diapause of the Colorado 
beetle as a case of pseudo-allatectomy. 

That the corpora allata were directly involved in the regulation of diapause 
was concluded from the experiments with tissue homogenates (DE WILDE and 
STEGWEE, 1958; DE WILDE, 1959; STEGWEE, 1960). They could obtain a signi
ficant increase in the oxygen consumption of crude homogenates of diapausing 
beetles with succinate as a substrate after addition of 4-6 corpora allata of 
active ovipositing females. The same result could be obtained with the so-called 
cecropia extract, which is believed to contain the juvenile hormone (WILLIAMS, 
1956). But the effects of the cecropia extract upon the succinate oxidation of 
isolated sarcosomes of diapausing beetles were rather inconsistent (STEGWEE, 
1960). 

STEGWEE, however, found, within a narrow concentration range of the cecro
pia oil, a pronounced effect on the rate of oxidative phosphorylation of sarco-
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somes from diapausing beetles. Recently MINKS (1967) found the same with 
mitochondria from Locusta. 

STEGWEE (1964) started a study on the respiratory metabolism of the flight 
muscle, because in active animals the thoracic tissues account for some 80 
per cent of the total respiration. After he had demonstrated that isolated sarco-
somes from normal active beetles have the same characteristics as other insect 
and vertebrate mitochondria (STEGWEE and VAN KAMMEN-WERTHEIM, 1962), 
he showed that diapausing beetles yielded sarcosome preparations which were 
both biochemically and morphologically distinctly different from normal sar-
cosomes (STEGWEE, 1964). The respiratory activity was only 5% of those from 
'active' sarcosomes. 

Although the presence of several components of the respiratory chain could 
be demonstrated in these 'diapausing sarcosomes', their absolute and relative 
concentrations seemed to have undergone drastic changes. The sarcosomes 
seemed to be degenerated. Further electronmicroscopic examination substantiat
ed this view (STEGWEE, 1964; STEGWEE, KIMMEL, DE BOER and HENSTRA, 1963). 
In diapause the flight muscles show pronounced degeneration. The muscle 
fibrils are greatly reduced in diameter and the sarcosomes are virtually absent. 
They found the same degeneration after extirpation of the postcerebral complex 
of endocrine glands. Reimplantation of active postcerebral complexes or of 
isolated corpora allata resulted in a very rapid regeneration of the muscle fibres 
and a new formation of sarcosomes. It is worth while pointing out here that 
these experiments of STEGWEE do not prove that this effect of the corpora allata 
is due to a direct influence on the flight muscles. 

Recently, EL-IBRASHY (1965) made a comparative study on metabolic effects 
of the corpora allata in two adult Coleoptera, Tenebrio molitor and Leptinotarsa. 
He has found that after allatectomy the respiratory rate in both sexes of Lep
tinotarsa decreased, while in Tenebrio this operation had no effect on the rate of 
02-consumption. Furthermore, he showed that castration did not lead to a 
reduction of the oxygen uptake in either of the two species. An electron-
microscopic study of the flight muscles of Leptinotarsa showed that castration 
did not result in degeneration of the flight muscles (DE KORT, unpublished ob
servations). It can be concluded that in Leptinotarsa females, the effect of the 
corpora allata on respiration cannot be explained by an effect on the ovaries, 
as was described by SLAMA (1964) in Pyrrhocoris. 

From the data mentioned above concerning the photoperiodic response in 
the Colorado beetle, the following conclusions may be drawn : 
1. The photoperiodic induction of diapause is mediated by hormones; especial

ly the corpora allata appear to be important. 
2. Diapause is accompanied by a decrease in the rate of respiration. 
3. Flight muscle degeneration is the most important cause of this decrease in 

respiratory rate. 
4. The state of the gonads, although they are also under the control of the 

neuro-endocrine system, appears to have no direct relations to flight muscle 
structure. 
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2.4. HORMONES AND METABOLISM 

The action of hormones is very often accompanied by an increase in metabolic 
rate. The juvenile hormone has even been qualified as a 'metabolic hormone' . 

THOMSEN (1949) demonstrated a decrease of oxygen consumption in adult 
Calliphora after allatectomy. This could not be explained by a lack of ovarian 
development, because castration did not produce this effect. Comparable re
sults were obtained by WEED-PFEIFFER (1945) in Melanoplus, SÄGESSER (1960) 
in Leucophaea and DE WILDE and STEGWEE (1958) in Leptinotarsa. 

Different results, however, were reported by PFLUGFELDER (1952) with Dixip-
pus and by SLAMA with Pyrrhocoris (SLAMA, 1964a, b, 1965). 

The concept of a general metabolic hormone from the corpora allata is 
questionable in view of the discovery that the neurosecretory cells play an im
portant role in protein synthesis as described above and because of the sugges
tion that the corpora allata may exert an activating effect on the neurosecretory 
cells (HIGHNAM et al., 1963; LEA and THOMSEN, 1962). But this latter effect may 
be indirect. In this connection, the experiments of LÜSCHER and LEUTHOLD 
(1965) are interesting. They measured the 02-consumption of the isolated 
fat body of Leucophaea after addition of hormone glands. They found a stimula
tion of the 02-consumption after addition of corpora cardiaca. On the other 
hand, the corpora cardiaca had no effect in vivo. Implantation of corpora allata, 
however, resulted in a stimulation of 02-consumption after 5 -10 days. 

Hormone action is often accompanied by an increase in protein synthesis. 
Because protein synthesis requires an increase in energy production, it is not 
surprising that hormone action involves changes in rate of 02-consumption. 
This effect on 02-consumption may then be only indirect: the result of a higher 
demand for energy. Therefore it can be explained in terms of homeostatic 
regulation. 

I t is difficult to decide whether a given metabolic effect is a direct or an in
direct result of hormone action. The question can be asked if this problem can 
be solved by 'classical' endocrinological experiments such as : injection, extirpa
tion, implantation and transplantation of hormone glands. Very recently 
M INKS (1967) and GILBERT (1967) used more direct approaches in their studies 
of the influence of insect hormones on metabolism. 

MINKS very extensively studied in vitro effects of the corpus allatum hormone 
on mitochondrial preparations from flight muscles and from the fat body of 
Locusta. He could never obtain any increase in the oxygen consumption of these 
preparations after addition of corpora allata or cecropia oil, as was reported by 
CLARK and BALDWIN (1960). However, he clearly demonstrated the effect on 
oxidative phosphorylation with both fat body and flight muscle mitochondria. 
His results with a-glycerophosphate as a substrate are very convincing, but he 
could not obtain the same result with pyruvate/malate, except with totally 
uncoupled mitochondria. However, many questions remain to be answered. 
Isolated sarcosomes, especially from insects, very often show P/O ratios far 
below their theoretical value. I t could always be demonstrated that this was due 
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to the isolation procedure (VAN DEN BERGH, 1962). Many corrective factors are 
known to enhance the phosphorylating capacity of isolated mitochondria, in 
other words, they only may reduce the disruptive effects of the isolation procedu
re. In view of this the question may be asked, whether the effect of the hormone 
is different from that of unspecific factors. Is this 'correcting influence' necessary 
in vivo? MINKS could not find a difference in phosphorylating efficiency of 
mitochondria isolated from normal and allatectomized locusts. Can this cor
recting effect explain the whole diapause reaction in the Colorado beetle? Is 
this effect a general principle, and can it be demonstrated in other insects? 

GILBERT (1967) demonstrated the transfer of labelled lipid from the fat body 
to the ovaries in vitro, and suggested that the juvenile hormone is involved in 
this process. WIENS and GILBERT (1965 and 1967) demonstrated an in vitro 
effect of a corpus cardiacum extract on glycogen metabolism in the fat body of 
Leucophaea maderae. Through these approaches they could confirm the oc
curence of a hyperglycaemic factor in the corpora cardiaca, described before 
by STEELE (1961, 1963), BOWERS and FRIEDMAN (1963) and RALPH and MC

CARTHY (1964). STEELE (1963) and WIENS and GILBERT (1967) have shown the 
involvement of Phosphorylase in the mobilization of polysaccharides. These 
results clearly revealed a mechanism comparable to the effect of glucagon in 
vertebrates. The corpora cardiaca also bring about an acceleration of the oxygen 
consumption of the fat body in vitro, which is in accord with the results of 
LÜSCHER and LEUTHOLD (1965). The interpretation of the measurements of 
total body 02-consumption is very difficult considering the experiments discus
sed here with isolated tissues. 

From all this it is evident that the term 'metabolic hormone' is rather inade
quate. Every hormone brings about metabolic changes. Moreover, as shown 
above, it is difficult to decide whether a given metabolic effect is a direct or an 
indirect result of hormone action. 

The isolation and identification (ROLLER et al, 1967) and synthesis (DAHM 
et al, 1967) of juvenile hormone will probably open new possibilities for the 
study of its mode of action. 

2.5. HORMONES AND THE STRUCTURE AND FUNCTION OF MUSCLES 

The data about the influence of hormones on the structure and function of 
muscles are scarce. LINDBERG (1965) and TATA et al (1963) studied the effects 
of thyroxine on the structure and metabolic rate of rat muscles. But their 
results could be explained by indirect effects as well. 

c 
i 

C C C n 

I I I S 
c-c-c-c-c-c-c=c-c-c-c=c-c 

0 xo—c 

juvenile hormone = methyl 10-epoxy-7-ethyl-3,ll-dimethyl-2,6-tridecadienoate. 
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In insects, comparable results are not available. MINKS (1967) has some indica
tions from electronmicrographs that the amount of mitochondria increases 
in the flight muscles ofLocusta after allatectomy, but he gives no correlated enzy
matic data. LOCKSHIN and WILLIAMS (1964, 1965a, b) have studied the program
med cell death of the intersegmental abdominal muscles in the silkmoth 
Antheraea pernyi. Indeed this histolysis is directly related to ecdysis, but LOCK-

SHIN and WILLIAMS could prove that the ultimate cause of the degeneration is 
the standstill in the conduction of nerve stimuli to the muscle. 

Although the diapause reaction involves a whole syndrome of characteristics, 
we focused our attention on the flight muscles. Furthermore, the degeneration 
of the flight muscles is the most important cause of the decrease in respiration. 
Therefore the flight muscles can be considered as the 'target-organs' for the 
hormonal effect on oxidative metabolism. This paper will give a contribution 
to the discussion about the relation between hormones and metabolism. BÜCHER 

and coworkers (BROSEMER et al, 1963; VOGELL, 1965; BÜCHER, 1965; BEEN

AKKERS, 1964) described the development of the flight muscles in Locusta; 
they used both electronmicroscopic and biochemical methods. This combined 
enzymological and electronmicroscopic approach seems to us a useful way to 
describe the condition of the flight muscles. 
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3. M A T E R I A L S A N D M E T H O D S 

3.1. EXPERIMENTAL ANIMALS 

In order to obtain beetles of a constant physiological state, rearing conditions 
were standarized as much as possible. Especially the quality of the food can 
greatly influence the effect of the photoperiod (DE WILDE and FERKET, 1967). 
Larvae and adults of the Colorado beetle (Leptinotarsa decemlineata Say,) were 
reared on fresh potato leaves. Prepupae were placed on sand of appropriate 
moisture content and soon entered the soil for metamorphosis. The adults 
emerged after 10-14 days, with a maximum at the 11th day when about 
60 % emerged. This group was taken together and directly provided with fresh 
food. The breeding stock was kept in a climate room at 25 °C and treated under 
two different photoperiods. 
1. Long photoperiod (18h photophase). 
2. Short photoperiod (10h photophase). 

The animals were kept ab ovo under these conditions. In some experiments 
short-day treated larvae were transferred to long-day conditions and long-day 
treated larvae to short-day. The transfer always took place during metamor
phosis. 

For comparison some experiments were carried out on Musca domestica, 
Tenebrio molitor and Apis mellifica. 

3.2. OPERATIONS AND INJECTIONS 

For some experiments allatectomized animals were used. Allatectomy was 
carried out by the method described by DE WILDE and DE BOER (1961). Dener
vation was carried out after C0 2 narcosis under Ringer solution. The nerves of 
the third thoracic ganglion were carefully cut and the wound in the cuticle was 
closed with paraffin wax. 

Injections were always given laterally in a soft part of the abdomen with the 
aid of a Hamilton microsyringe. 

3.3. ELECTRONMICROSCOPY1 

The dorso-longitudinal flight muscles were fixed in situ with one drop of 
cold 6.25% glutaraldehyde according to SABATINI et al (1963) and directly 
dissected and fixed for another 2 hours in the same glutaraldehyde solution in 
the cold. After removal of the aldehyde the specimen was rinsed with several 
changes of 0.2 M sucrose in 0.1 M Na-cacodylate buffer pH 7.4 during 24 
hours. Post-fixation in 1 % osmium tetroxide at 4°C according to PALADE 
(1952) was carried out during 2 hours and the specimen was embedded in the 
resin Epon 812 according to LUFT (1961). Ultrathin sections were cut with a 
1 Electronmicroscopy was carried out in collaboration with the section Electronmicroscopy of 

the Service Institute for Technical Physics in Agriculture, Wageningen. 
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glass-knife on an L.K.B. ultramicrotome type 'Ultratome III'. The sections were 
examined with a Siemens Elmiskop I or Philips E.M. 300 electronmicroscope. 

3.4. EXTRACTION OF THE ENZYMES FROM MUSCLES 

The dorso-longitudinal flight muscles were too small for collection in suffi
cient amounts, and therefore total thoraces were used for the extraction of the 
enzymes. The fractionated extraction procedure of DELBRÜCK et al (1959) was 
applied for the determination of the activities of c-MDH and m-MDH. 

For determination of the other enzymes this procedure could not be used 
because it inactivated about 75% of the mitochondrial SDH and aGPox 
activities. The use of an ultrasonic desintegrator for disruption of the mito
chondria was mainly responsible for the drastic inactivation of the SDH and 
aGPox activities. This is illustrated in fig. 1. 

S D H ACTIVITY M MOL/THORAX/H. 

FIG. 1. Effect of ultrasonic vibration on the SDH 
activity of flight muscle mitochondria of the Colorado 
beetle. 

40 60 80 100 120 

TIME OF VIBRATION IN SEC. 

Also VAN DEN BERGH (1962) and LENNIE and BIRT (1967) found an inactiva
tion of aGPox by ultrasonic treatment, but they found no effect on SDH. How
ever, BELLAMY (1958) and CLEMENTS (1959) observed an inactivation of SDH 
during homogenization of the fat body of locusts. We found no effect of ultra
sonic treatment on SDH from thoraces of Tenebrio, housefly, honey-bee or 
locust. We avoided this treatment for the extraction of the enzymes from tho
races of the Colorado beetle. In our routine experiments the following extraction 
procedure has been followed : Four thoraces were carefully isolated, minced and 
homogenized in 4.0 ml 0.32 M sucrose + 5 mM EDTA pH 7.4 solutions in a 
handdriven Potter-Elvehjem (teflon and glass) homogenizer. For removal 
of the cuticle fragments the homogenate was filtered through fine nylon tissue 
by suction into a small tube. The filtered homogenate was transferred to a 
centrifuge tube and centrifuged during 20 min. at 60,000 g in a Christ-Omega 
ultracentrifuge. The soluble cytoplasmic enzymes GAPDH, GDH and LDH 
were measured in the supernatant fraction. The pellet, suspended in 4.0 ml 
sucrose, contained the mitochondrial SDH and aGPox activities. For determina-
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tion of the CE and HOAD activities part of the total homogenate was treated 
with an ultrasonic desintegrator and measured separately. 

3.5. DETERMINATION OF THE ENZYME ACTIVITIES IN THE MUSCLE EXTRACTS 

Determination of the enzyme activities was carried out by the so-called optical 
test, under optimal conditions in standardized testmedia as described by 
BEIZENHERZ et al (1953), BÜCHER et al (1964) and BEENAKKERS (1964). 

The composition of the testmedia was : 
GAPDH: 0.05 M TRA-buffer pH 7.6; 5 mM EDTA; 3.3 mM MgS04; 0.15 

mM NADH2; 2.4 mM reduced glutathione; 1.5 mM ATP; 7 mM 
phosphoglycerate ; 4.5 units/ml 3-phosphoglyceratekinase (EC 
2.7.2.3). 

GDH: 0.05 M TRA-buffer pH 7.6; 5 mM EDTA; 0.15 mM NADH2; 0.4 
mM dihydroxyacetonephosphate. 

HOAD: 0.10 M TRA-buffer pH 7.0; 5 mM EDTA; 0.45 mM NADH2; 0.10 
mM acetoacetyl-CoA. 

LDH: 0.05 M TRA-buffer pH 7.6; 5 mM EDTA; 0.15 mM NADH2; 
2.4 mM pyruvate. 

MDH: 0.05 M Phosphate buffer pH 7.4; 20 mM aspartate; 13 mM <x-
oxoglutarate ; 0.20 mM NADH2 and 0.36 units/ml glutamate-
oxaloacetate transaminase (EC 2.6.1.1). 

CE: 0.20 M TRIS-buffer pH 8.0; 5 mM EDTA; 5 mM NAD+; 50 mM 
malate; 36 units/ml malate dehydrogenase; 0.15 mM acetyl Co A. 

SDH : 0.10 M phosphate buffer pH 7.4 ; 5 mM EDTA ; 1 mM KCN ; 0.1 % 
cytochrome c; 20 mM succinate. 

aGPox; 0.10 M phosphate buffer pH 7.4; 5 mM EDTA; 8 mM MgS04; 
1.0 mM KCN; 0.1% cytochrome c; 20 mM a-glycerophosphate. 

All the solutions were made in redistilled water and adjusted to the appro
priate pH. The oxidation of NADH2 and the reduction of cytochrome c were 
followed in an Optica CF4R spectrophotometer at 340 m[A (for HOAD 366 my. 
was used) and 550 mjj, respectively. From the change in optical density the 
activities were calculated with the aid of the difference in extinction coefficients 
between reduced and oxidized NAD and cytochrome c (BÜCHER et al, 1964; 
MARGOLIASH et al, 1959) and expressed as [Amol substrate/thorax/h. The con
centrations of substrates and co-substrates were carefully estimated by means 
of the optical test with the aid of pure enzyme preparations. 

3,6 PREPARATION OF SUBSTRATES 

To 25 mg dihydroxyacetonephosphate-dimethylketal 1.10 ml water and 0.5 
ml Dowex 50H+ was added. After thoroughly mixing for 30 sec. the Dowex was 
centrifuged and the substrate solution was incubated in a water bath at 40 °C 
for 4 hours. The pH of the substrate solution was adjusted to 4.5 with a con-
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centrated NaHC03 solution. Before use Dowex was activated with 4 N HCl 
and washed till the elution liquid was neutral. 

To 1.84 g 3-phosphoglycerate. 2 H 20 (Ba-salt) 2.5 ml 4 N H2S04 was added 
and the BaS04 was centrifugated down. The precipitate was washed with water 
and the pooled supernatants were adjusted to pH 7.5 with 4 N NaOH and fur
ther diluted to a volume of 10 ml. 
For preparations of aceto-acetylCoA a modification of the method described 
by DRUMMOND and STERN (1960) was used: 
1. Reduction of Co A: To a solution of 0.5 ml 0.1 M Tris-bufTer pH 9.0, 2.0 ml 

2 mM KOH and 20 mg KBH4 an amount of 10 mg CoA was added. After 
incubation during 15 min. at 37 °C, the solution was adjusted to pH 7.2 with 
2 N H2S04 at 0 °C. The solution had to be shaken till the free hydrogen gas had 
disappeared (10-15 min.). 
2. Synthesis of aceto-acetylCoA : To the reduced CoA solution 0.050 ml freshly 

distilled diketene (Schuchardt, Munich) was added. After 15-20 min the 
solution was adjusted to pH 4.5. The excess of diketene was removed with 
diethyl-ether saturated with H20. 

The same procedure could be used for the synthesis of acetylCoA, except that 
instead of diketene 6 [xl distilled acetic anhydride was used. 

3.7. ESTIMATION OF CHOLINESTERASE ACTIVITY 

Routinely 15 heads were homogenized in 3.0 ml 0.1 M phosphate buffer 
pH 7.6 + 3 % NaCl in a handdriven Potter-Elvehjem homogenizer and after
wards treated 2 x 1 min. in a MSE-ultrasonic desintegrator. For removal of 
the cuticle fragments the homogenate was filtered through a layer of fine nylon 
tissue. 

The ChE-activity was measured by the method of ELLMAN et al (1961), 
with acetylthiocholine iodide as a substrate. The amount of thiocholine was 
determined with the use of 5 :5 dithio bis-2-nitrobenzoate (DTNB), according 
to the reaction : 

(CH3)3N+CH2CH2S- + R-S-S-R > (CH3)3N+CH2CH2-S-S-R + RS" 

^__^ The yellow coloured anion 5 thio-2-nitrobenzoic 
R=NO2<^ V - acid was formed, which could be measured at 

I _ 412 mfji. Very recently LEWIS (1967) reported a 
significant increase in ChE activity of crude 

homogenates after addition of organic solvents. 
n-Butanol appeared to have the strongest effect, it stimulated the activity 

about 400%. As n-butanol enhanced the ChE activity in crude homogenates 
of the Colorado beetle with ca 300 %, we added butanol to the medium through
out our experiments. The composition of the medium for estimation of the ChE 
activities was as follows : 
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0.10 M phosphate buffer pH 7.6 + 3% NaCl; 2% n-butanol; 3.3 mM DTNB; 
ImM acetylthiocholine iodide. 

With the aid of the extinction coefficient of the anion the activity could be 
calculated. It was expressed as [xmol/5 heads/h. 

3.8. PROTEIN DETERMINATIONS 

The protein content of the homogenate was measured as follows. The pro
teins were precipitated by the addition of perchloric acid (PCA) to a final 
concentration of 2 %. After washing with cold 2 % PCA, the lipid material was 
removed with ethanol/ether (3 :1 v/v). The proteins were dissolved in 1 N NaOH 
and the concentration was estimated according to the method of LOWRY 
et al (1951). As a standard, solutions of bovine serum albumin were used. 

3.9. QUANTITATIVE DETERMINATIONS OF SOME BODY CONSTITUENTS 

The amount of glycogen was determined with the anthrone reagent according 
to the method described by VAN HANDEL (1965). The carbohydrate concentra
tion in the haemolymph was also measured with anthrone, after precipitation of 
the haemolymph proteins with methanol, final concentration 66 %. Trehalose 
was used as a standard. 

The total lipids were extracted with chloroform/methanol (2:1 v/v) according 
to FOLCH et al (1957) and measured gravimetrically. 

The concentration of the glycerides in the haemolymph was determined 
spectrophotometrically by the method described by EGGSTEIN and KREUTZ 

(1966). Haemolymph was collected with the aid of a glass capillary after clipping 
a hind-leg. The haemolymph was chilled in ice in the presence of a small amount 
of reduced glutathione to inhibit tyrosinase activity. A known haemolymph 
sample (0.10 ml) was saponified in a small centrifuge tube with 0.50 ml alcoholic 
potassium hydroxide (0.5 M KOH in 96% ethanol) during 30 min. at 70 °C in 
a water bath. After cooling, 2.5 N PCA was added, to a pH value of about 7 
(6-8) and the centrifuge tube was allowed to stand in an ice bath for 30 min. 
After centrifugation, the amount of glycerol was measured in the clear superna
tant according to the following reactions : 

glycerol + ATP * > glycerol-1-phosphate + ADP 
phosphoenolpyruvate + ADP < , pyruvate + ATP 

pyruvate + NADH2
 < >' lactate + NAD+. 

The oxidation of NADH2 was followed spectrophotometrically as described 
in 3.5. The composition of the test medium was: 0.1 M TRA-buffer pH 7.6; 
4 mM MgS04; 6 mM NADH2; 33 mM ATP; 11 mM phosphoenolpyruvate; 
7 units LDH ; 1.5 units pyruvate kinase (EC. 2.7.1.40) and 1.7 units glycerokinase 
(EC. 2.7.1.30) in a final volume of 1.0 ml. 

The amount of free glycerol was determined in unsaponified haemolymph 
and subtracted from the total glycerol. The glyceride concentration in the 
haemolymph was calculated from the change in optical density (see 3.5) and 
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expressed as glycerideglycerol in mg/100 ml haemolymph. The amount of pro
tein was estimated as described in 3.8. 

3.10 CHEMICALS 

All enzymes, coenzymes and substrates were obtained from Boehringer, 
Mannheim. 

The normal chemicals used were from Baker Chemicals, except: trehalose 
(E. Merck A.G., Darmstadt), osmium-tetroxide (Brocades, Arnhem), glutaral-
dehyde 25% (Koch-Light Laboratory Ltd., England), Epon 812, dodece-
nylsuccinic anhydride and methylnadic anhydride (G.T. Gurr Ltd. England), 
propylene oxide (Hopkin and Williams Ltd., England) and potassium borohy-
dride (Fluka, Switzerland). 

All these chemicals were of p.a. quality. 
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PLATE 1. Cross section of the dorsal longitudinal flight muscle at the moment of emerm:nce 
(10,500 x). 
M = mitochondrion; N = nucleus; T = tracheole; F = myofibril. 
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4. D E V E L O P M E N T O F T H E S T R U C T U R A L A N D 
B I O C H E M I C A L P R O P E R T I E S O F T H E F L I G H T 
M U S C L E S I N L O N G - D A Y T R E A T E D B E E T L E S 

4.1. INTRODUCTION 

In chapter 2 we discussed extensively the data showing that both the ultra-
structure and the metabolic acitivity of the flight muscles of the Colorado beetle 
are influenced by the photoperiodic treatment. Therefore both ultrastructure 
and metabolic activity were studied together here. Already in an early phase 
of our study it appeared that a significant development of the flight muscles 
takes place after emergence. We followed this development in order to compare 
its characteristics with those of short-day beetles. 

The development of the flight muscles of Locusta migratoria has been describ
ed very extensively by BÜCHER and his associates (BROSEMER et al. 1963; 
VOGELL, 1965 ; BÜCHER, 1965). They demonstrated a positive correlation between 
the development of the structural components and the enzymic pattern. They 
showed, furthermore, that several enzymes from a number of metabolic path
ways behave l ike'constant-proportiongroups' . The activity ratios of the enzymes 
of a group are constant at all stages of development. The same constant-pro
portion groups could be found in several tissues from a variety of other orga
nisms ; e.g. rat heart, liver, brain, beef heart, a number of muscles from rabbit, 
pigeon, rat and even in baker 's yeast. Consequently, one enzyme is truly re
presentative of a whole group. (PETTE, L U H and BÜCHER, 1962 PETTE, KLINGEN

BERG and BÜCHER, 1962; BEENAKKERS, 1964; PETTE, 1965). Therefore the activity 

of one enzyme at different times of development can be taken as a measure for 
the capacity of that particular metabolic chain, e.g. H O A D forms a constant 
proportion group with the other enzymes of the fatty acid oxidation chain, and 
consequently it is a measure for the capacity for fatty acid oxidation a t different 
times of flight muscle development. 

Such systematic investigations as have been done on Locusta have never been 
carried out on holometabolous insects. I t would be interesting to compare the 
flight muscle development of these different kinds of insects. This will be done 
in this chapter. 

4.2. STRUCTURE OF THE FLIGHT MUSCLES AT DIFFERENT TIMES AFTER 

EMERGENCE 

Our electronmicrographs were taken from the dorso-longitudinal indirect 
flight muscles. At the time of emergence these muscle fibers are very small. 
We measured an average diameter of the fiber of 34 \L, if we assume that the 
fibers are completely cylindrical. Plates 1,2,3, show the fiber at this stage. In 
a transverse section at low magnification (plate 1) an enormous network of 
tracheoles can be seen between the myofibrils, suggesting a very efficient oxygen 
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PLATE 2. Cross section of the flight muscle at the moment of emergence (54,000 x). 

* * : -* • : • 
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