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ABSTRACT

The purpose of this investigation was to study the cyto-
chemical changes in the metathoracic median dorsal longitudinal

flight muscle of the female desert locust, Schistocerca gregaria,

during its differentiation from the last day of the fourth
nymphal instar, through the fifth’nymphal instar up to the
eighth day after the imaginal moult. The parameters examined
were: I. changes accompanying nuclear differentiation; with
respect to: (1) DNA content, (2) transcriptional activity,
(3) degree of chromatin condensation and (4) nuclear area.
II. changes accompanying muscle'fibre differentiation, consider-
ing: (1) RNA cbntent, (2) protein content and (3) cross-
sectional fibre area.

The results of the incorporation of thymidine (methyl 3H)
into muscle nuclei show that DNA synthesis occurs just prior
to the final nymphal moult, three days thereafter and, to a
lesser degree, five days after the imaginal moult.

Although DNA synthesis occurs during differentiation
microspectrophotometric analysis of Feulgen-stgined nuclei
shows that polyploidization is not a phenomenon associated with
the differentiation of these muscles. The nuclei remain diploid
throughout the developmental period.

By "staining" with S3H-Actinomycin D, followed by autoradio-
graphy, the changes in transcriptional activity coincident with
flight muscle devélopment were examined. At the beginning of the

developmental period the transcriptional activity is relatively

iii



high and remains éo up until about the middle of the fifth
instar after which time it declines fairly steadily. These
changes in transcriptional activity are accompanied by changes
in the degree of chromatin condensation. Generally, the
periods of high transcriptional activity exhibit 1eés condensa-
tion of the chromatin.

The originally high transcriptional activity is accompanied
by a steady over-all increase in total RNA content during the |
developmental period; and in turn é large increase in total
protein content. The cross-sectional area of the muscle fibres
increases significantly during the growth and differentiation of

the flight muscles.
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INTRODUCTION

The indirect flight muscles of most insects are made up of
large sized fibrils arranged into giant fibres several hundred um
in diameter (Sacktor, 1970). The fibrils (myofibrils) are dis-
crete groups of interdigitating arrays of two sets of filaments,
thick myosin filaments, 150 & in diameter, and thin actin fila-
ments, 50 £ in diameter, and transverse Z-membranes. The fibrils
are surrounded by mitochondria, sarcoplasmic reticulum, nuclei-
and sarcbplasmic sap (Maruyama, 1965). The fibres are character-—
istically invaded by a rich tracheolar system (Sacktor, 1970).
The fibres are arranged around a central trachea which has
radlating branches (Ashhurst, 1967), penetrating, in large
numbers, into the interior of the fibres (Tiegs, 1955), thus
facilitating oxygen transport by diffusion.

The muscle nuclel are usually few in number and are
generally located peripherally immediately under the sarcolemma
(Tiegs, 1955). The numerous mitochondria are slablike and very
large (Smith, 1966) and are arranged in élosely-packed elongate
columns, between the fibrils (Sacktor, 1970).

The development of insect flight muscles is a complex
process differing from order to order and indeed from species
to species. This is evident from the monumental work of Tiegs
(1955) who examined in detail the developing flight muscles of
various orders of insects. Among the Acridiidae he has described
the postembryonic development of these muscles in the plague

locust Chortoicetes terminifera. In the minute first instar




nymph, all the main muscles of the adult can be distinguished,
in a very rudimentary condition. During development the
fibres both increase in diameter and in number. The fibre
enlargement usually takes place during the early growth period
of the nymph. In the third, penultimate instar, the fibres
begin to cleave. 1In the final instar, the muscle, whose growth
has, till now, merely kept pace with that of the nymph, acceler-
ates its development in preparation for the new function of
flight. The muscles enlarge up to three or four times their
diameter at the inception of the instar, while the nymph
enlarges by about twice.

Bocharova-Messner and Yanchuk (1966) observed a similar
pattern of flight muscle development in the domestic cricket,

Acheta domestica, In addition they noted that the intensive

preparation for new duties associated with intensification of

'energy balance, begins during the last third of the final nym-

phal instar.
Scudder (1971) and Scudder and Hewson (1971) studied the

flight muscle development in the Hemipterans Cenocorixa bifida

and Oncopeltus fasciatus respectively. They found that the

dorsolongitudinal flight muscles of the first instar disappear
and are replaced in later instars by new muscles that function
in the adult. During the first instar there are four, fully
formed, striated dorsolongitudinal muscle fibres. During the
second instar, they become surrounded by basiphilic cells with

large prominent nuclei. 1In the third instar these basiphilic
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cells appear to have invaded and fragmented the original muscle
fibres. The fourth instar is characterized by the predominance
and organization of the basiphilic cells into four discrete
groups, closely packed together. In the final nymphal instar
and for some time after the imaginal moult these groups of cells
grow and differentiate into functional flight muscles.

In recent years considerable research has been carried
out on the ultrastructure of differentiating muscles of insects.
particularly in holometabolous species. The development of the

flight muscles has been described in Simulium ornatum (Grant,

1961), Drosophila melanogaster (Shafiqg, 1963), Antherea pernyi

(BYotna and Michejda, 1966), Galleria melonella (Sahota and

Beckel, 1967), ILucilia cuprina (Gregory et al., 1968; Peristianis

and Gregory, 1971) and Calliphora erythrocephala (Crossley,

1972). Most of these studies have shown that in holometabolous
insects the larval muscles degenerate at pupation and the
imaginal muscles are formed by the multiplication and fusion
of myoblasts into syncytia. The steps involved in the formation
of muscle syncytia have been studied in depth using cultured
voluntary striated muscles of vertebrates eiamined with the
aid of time-lapse cinematography (Capers, 1960; Cooper and
Konigsberg, 1961),

According to the reviews by Goodman (1957) and Murray
(1960) amitosis has been implicated in the formation of the
eyncytium, whereas Cooper and Konigsberg (1961) cast consider-

able doubt on the evidence which had been presented to support



"amitotic" nuclear division as a mechanism of the origin of
multinuclearity of muscle cells. Goodman (1957) and Murray
(1960) had drawn attention to deformities imparting to such
nuclei a "dumbbell" shape. Cooper and Konigsberg (1961) found
that this type of deformity does not lead to direct division
of the nucleus. The dumbbell shape is assumed transitionally,
the nucleus later resuming its elliptical shape.

Capers (1960) noted from his observations that in the
course of rotation and migratory activity of the nuclei, a great
deal of distortion commonly occurs. During migration, oval
nuclei often turn so that their long axes are perpendicular to
those of the muscle "straps". This frequently results in the
formation of folds in the nuclear membrane some of which occur
between two nucleoli of the same nucleus. Capers {(1960)
suggests that this may explain numerous reports that nuclei
divide into sectors each with its own nucleolus. However, he
found that such divisions are not permanent but disappear as
soon as the nucleus has completed its rotation.

Capers (1960) and Cooper and Konigsberg (1961) found that
no mitosis, amitosis, or nuclear budding could be observed
during the course of muscle development. Cooper and Konigsberg
(1961) noted that despite the complete absence of mitotic
phenomena in the multinucleate cells, mitoses are numerous
~ among adjacent mononucleated elements in culture. It seems
unlikely, therefore, that culture conditions per se prevented

mitosis. Cooper and Konigsberg (1961) as well as Capers (1960)



reported that myoblast fusion was the only demonstrable way of
giving rise to multinucleation.

This questilon seems to have been resolved as reported
in Fischman's (1972) most recent review. Therein he states
clearly that "multinucleation in muscle cells results from the
cytoplasmic fusion of myogenic cells and not from amitosis or
some other process involving the multiplication of myotube
nuclei without cytokinesis." Evidence for this is obtained from
five principal types of experiments. These include: direct
morphological analysié of light and electron microscopy of

both in vitro and in vivo systems; quantitative DNA measurements

by Feulgen microspectrophotometry showing all nuclei within myo-
tubes to be diploid; autoradiographic analysis of nuclear
synthesis using tritiated thymidine as a labelled precursor of
DNA which is found not to be incorporated into the nuclear DNA
of myotubes; inhibitor studies in which DNA synthesis is blocked
by X-rays, nitrogen mustards, folic acid antagonists, colchicine
etc., resulting in the prevention of the replication of mono-
nucleated cells but not myotube formation; and finally fusion
studies using genetic markers.

In the regenerating limb muscles of Periplaneta americana,

Cowden and Bodenstein (1961) found that when the mononucleated
myoblasts reach a sufficient population density, lying as they
do in a space between myotubes, they form interdigitating chains
énd cytoplasmic outlines become indistinct. They found no mito-

tic figures even in the multinucleate myotubes. Bhakthan et al.



(1971) while examining the regeneration of flight muscles in the

bark beetle, Ips paraconfusus (l, confusus) found that mono-

nucleated myoblasts appear and apparently fuse with other myo-
blasts to form multinucleated cells. From the above it may be
concluded that the multinucleate condition of the myofibres

of insect muscles is achieved by the fusion of myoblasts rather
than by mitosis.

Further development of the flight muscles includes a
considerable change in the weight of the muscle. This is of
course especially noticeable in.the hemimetabolous insects
where the growth and differentiation takes place over a longer

period of time. In the desert locust Schistocerca gregaria,

the flight muscles grow throughout the fourth and fifth instar,
ceasing Jjust prior to and during the ecdyses. Hill and
Goldsworthy (1968) calculated that the flight muscle increases
in weight by 23%8% during the fourth instar and by 1624% during
the fifth instar. This somatic growth continues after the
imaginal moult for about eight to ten days during which time
the male experiences an overall 90% increase in dry weight
(Walker et al., 1970), and the female a 110% increase (Hill et
al., 1968). Although these increases in body weight are not
entirely due to growtﬁ of the flight muscles; this probably
constitutes a large percentage of it.

These structural changes are accompanied by biochemical
changes as well. Much of the bilochemical analysis of flight

muscle development has been carried out on various Orthopteran



insects. Blicher (1965) has done substantial work using Locusta

migratoria. He examined the following biochemical parameters;

non-extractable protein made up partly by mitochondrial fractions
but chiefly by the contractile proteins; the glycerol-l-phosphate
oxidase representing the constant proportion complement of
mitochondrial enzymes; and finally four extra-mitochondrial
enzymes involved in the breakdown of carbohydrate: glyceraldehyde-
3-phosphate dehydrogenase, glycerol—l—phoéphate dehydrogenase
(GDH), lactose dehydrogenase (LDH) and glucose-6-phosphate
dehydrogenase (G6PDH). During the first phase of the fifth
instar the exponential increase of all parameters is almost
equal. During the moulting interval the increase in LDH

shows a peak, which can possibly be attributed to the growth of
the tracheoblasts. Next, the activity of GDH increases by a
factor of 20 (Brosemer et éi., 1963), whereas that of LDH decrea-
ses by a factor of three. Activities of G6PDH and some other
enzymes almost disappear. From about the fifth to the eighth

day of imaginal 1life there is an almost exact duplication of

th

[0)

extramitochondrial enzyme activities,

The tremendous increase in GDH after the last moult is
due to net enzyme synthesis de novo, and not the activation of
a preexisting apoenzyme (Brosemer, 1965). Two other enzymes,
not mitochondrial, also show a significant increase in activity
during development. These are B-hydroxyacyl-CoA-dehydrogenase
and B-ketoacylthiclase (Beenakkers, 1963%). This may be correla-

ted with flight metabolism,



Growth and differentiation of insect flight muscles is
an orderly but complex process., It is undoubtedly carefully
controlled and guided as are most developmental phenomena in
insects. Numerous experiments have been done in an attempt to
elucidate those control mechanisms that are related to somatic
growth in general (see reviews by: Doane, 1973; Gilbert, 1964;
Wigglesworth, 1964). ©Poels and Beenakkers (1969) and Beenakkers
(1973) observed that implantation of active corpus allatum in-

hibited differentiation of flight muscles in L. migratoria. From

this they proposed that the trigger for differentiation of the
muscles is the low titre of corpus allatum hormone. The speci-
fic mechanisms involved in this process remain to be elucidated.

t From the foregoing it is evident that a number of bilochemical

; events assoclated with muscle differentiation in insects are

: being brought to light. However much also still remains to be

[ studied. In an attempt to further clarify some of the processes

| involved in differentiation of flight muscles the following study
was undertaken. The objectives of this study were: I. to |
determine changes accompanying nuclear differentiation, with
respect to: (1) DNA content, (2) transcriptional activity, (3)
degree of chromatin condensation and (4) nuclear area. II. to
determine the changes accompanying muscle fibre differentiation,
considering: (1) RNA content, (2) protein content and (3) cross-

sectional fibre area.




METHODS AND MATERIALS

The desert locusts Schistocerca gregaria used in this

study were raised on a diet of whole wheat bran and fresh grass
(Hunter-Jones, 1956), and reared under a constant light regime
at 35 - 38° C and 60 - 70% R. H. Under these conditions the
fifth instar nymph moulted to an adult in about six days.

Histological Preparations:

This study was confined to the metathoracic median dorsal:
longitudinal muscles. Figure 1 is a pictorial representation of
the over-all change in size that this particular muscle under-
goes during its differehtiation. The changes characterizing
muscle growth and differentiation are much exaggerated in females
as compared with those in the males (Hill et al., 1968; Walker
et al., 1970) and so only females were used in this study.

The flight muscles begin differentiating towards the end
of the fourth nymphal instar, and continue through the fifth
nymphal instar and into about eight days of imaginal life (Hill
et al., 1968). Therefore, the following age groups were chosen
for study: 1last day of the fourth nymphal instar; first, third,
fifth and last day of the fifth nymphal instar; first, third,
fifth and eighth day after the imaginal moult. Three to five
insects were used for each group.

Nucleus:

For Studies on deoxyribonucleic acid (DNA) synthesis,

locusts were injécted under CO, anaesthesia with 10 pyl of

thymidine (methyl H®) (2 Ci/mM, Amersham/Searle, Chicago) through
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Figure 1.

The metathoracic dorsal longitudinal flight muscle of
female S. gregaria at different stages of development.
These diagrams are pictorial representations of a

ventral view of the pair of muscles.

A, end of fourth nymphal instar
B. middle of fifth nymphal instar

C. five-day-old adult
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the arthrodial membrane at the base of the second pair of legs.
After injection, the insects were returned to 36+1°C for four
hours., The flight muscles were then dissected out and squashes
were made on gelatinized (0.5%) slides using the dry ice tech-
nique (Conger and Fairchild, 195%). After removing the cover
slips, the slides were air-dried for 10 minutes, and fixed in
ethanol:acetic acid (%:1) for two hours., After hydration the
slides were treated with cold trichloracetic acid (TCA) for 15
minutes and washed in nonradioactive Q.l% thymidine solution for
20 minutes to remove unbound radiocactive thymidine. The slides
were air-dried and then coated with NTB-2 nuclear emulsion
(Bastman Kodak) according to Baserga and Malamud (1969). Some
slides were treated with ribonuclease (RNase) (Sigma Chemical Co.
St. Louis, Mo.), 1 mg/ml for 1 hour (Deitch, 1966) and then
coated with nuclear emulsion. Preparations were exposed for four
weeks at 4° C and then processed and stained in methyl green/
pyronin (Pearse, 1968). At least 500 nuclei per age group were
examined for labelling and from these data the percéntage of
labelled nuclel was calculated.

To examine changes, if any, in the total DNA
content and its concentration during the developmental period,
ethanol:acetic acid (3:1) fixed squashes of muscles were hydro-
lyzed in %.5N hydrochloric acid (HC1) at %7° C (Fand, 1972).

To determine the optimun hydrolysis time squashes of
flight muscle of two different age groups, one-day-old and final

day fifth instar nymphs, were hydrolyzed in 3%.5N HC1 for 10, 15,
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20 and 25 minutes and stained in Schiff's reagent (Basic
Fuchsin, Harleco, Philadelphia) prepared according to Deitch
(1966). The optimum hydrolysis time was 20 minutes in both
cases (Table I). To standardize the technique, slides were
stabilized in 37° C distilled water before hydrolysis, and were
chilled after hydrolysis in cold (4° C) 1N HCl1l to halt this
process. The slides were then stained in Schiff's reagent for
one hour and, after processing, were mounted in oil of matching
refractive index (™D = 1.56, Cargille, Cedar Grove, N. J.).

Extinction measurements onleO nuclel per age group were
taken at 570 nm using a Scanning Microscope Photometer (SMP;
Carl Zeiss, Oberkochen, W. Germany). These readings were com-
pared with those obtained from similarly fixed and stained
spermatids (1C) to determine the DNA class of flight muscle
nuclel. |

h]

The technique of "staining" by ®H-Actinomycin D (AMD)
followed by autoradiography (Brachet and Ficq, 1965) was used
to determine whether the transcriptional activity of the
nucleil changes during differentiation. For this, flight_
muscles were dissected out and fixed in cold (4° ¢) Carnoy
(Brachet and Hulin, 1969) for four hours. The muscles were
then dehydrated,‘embedded in paraffin and cut at 5 um thick-
ness. The sections were deparaffinized, hydrated and trans-
~ferred to a ®H-AMD solution (5 uCi/ml, Sp. act. 3.8 Ci/mM,
Schwartz/Mann, Orangeburg, N. Y.) in the dark. After one hour

the slides were rinsed in distilled water and transferred to a
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TABLE T
Mean extinction of Feulgen-stained flight muscle nuclel of
S. gregaria as a function of hydrolysis in 3.5N HC1l at
37° C
Hydrolysis Time M.E.'T 5. E. % M.E.2T 5. E.
10 0.34 £ 0.007 0.31 & 0.009
15 0.35 T 0.009 o.4% ¥ o0.011
20 0.39 £ 0.01%4 0.46 £ 0.013
5 0.28 T 0.012 0.36 ¥ 0.009

Total number of nuclel measured per group was 25.
! One-day-o0ld fifth instar nymph.
2 last day fifth instar nymph

*# S.E. = standard error

Analysis of variance showed that the change in each age group
was significant (P < 0.05). !
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nonradioactive AMD (Calbiochem, San Diego, Calif.) solution
having a concentration of 10 - 20 mg/ml for one hour. ' This was
followed by washing in tap water for 20 hours, after which the
slides were rinsed in two changes of distilled water and four
changes of T70% ethanol (Ebstein, 1969). They were then air-
dried and coated with NTB-2 nuclear emulsion (Eastman Kodak).
After three days of exposure at 4° C, the slides were processed
and stained with methyl greeh/pyronin. Using a square graticule
the number of silver grains per grid (6.25 pmz) of nuclear area
was determined for 100 nuclei per age group.

Cytoplasm:

To examine changes in the ribonucleic acid (RNA) and
protein levels during development, flight muscles were dis-
sected out and fixed overnight in 3% glutaraldehyde in phosphate
buffer (pH 7.4). The tissue was then washed in two changes of
buffer, slowly dehydrated, cleared and embedded.in paraffin.
Five micron sections were cut, deparaffinized, hydrated and
washed in‘three 20-minute changes of tap water before staining.

Sections for RNA analysis were stained with the basic
thiazine dye Azure B (Allied Chemical, Morristown, N. J.),
according to Flax and Himes (1952). The optimum staining
period at 40° C was two hours. The pH of the staining solution
was adjusted to 4.0 by the addition of potassium biphthalate
crystals (Deitch, 1966). |

Sections for prdtein analysis were stained with the tri-

phenylmethane dye Coomassie Blue (Edward Gurr Ltd., London,
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England). The staining procedure was modified from that de-
scribed for gel electrophoresis. (See Appendix I.) A 1%
stock solution was dissolved in 12% TCA to make a 0.1% staining
solution. Staining was done at 37° C for 15 minutes followed
by destaining in 7% glacial acetic acid for 15 minutes at room
temperature.

Extinction measurements for both the Azure B and Coomassie
Blue stained sections mounted in oil (™D = 1.56) were made at
590 and 595 nm respectively. The extinction values were deter-
mined for the cross-sections of 100 muscle fibres per age group
in both these studies.

Microspectrophotometry:

The Feulgen, Azure B and Coomassie Blue stained slides
were examined with the SMP.. The SMP has a mechanical stage
that exhibits the comb-type movement. According to Zimmer
(1970), the fine scanning stage can be shifted at a rate of 60
measuring steps per second, being driven by two stepping motors
which receive the necessary pulses’from the control unit.
Measurements are performed in the interval between the steps,
whose length and size of area can be varied (Zimmer, 1970).

The connection of this machine to a digital computer
creates practically unlimited possibilities for the digital

analysis of microscope images. The SMP used in this study was

~on-line with a PDP-12 computer (Digital Equipment Corporation,

. Maynard, Mass.). The program used is called APAMOS (Automatic

Photometric Analysis of Microscopic Objects by Scanning), a
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variation of the original program, TICAS (TaxXonomic Intracellular
Analytical System), described in detail by Weid et al. (1968).

The CRT unit allows the display of the measured points of
various extinctions. In addition, an editing program allows the
operator to exclude measurements from adjacent cells.

All measurements were carried out with ultrafluar objec-
tive (x100, N. A, 1.25) and condenser (N, A, 0.8) lenses at 1.0 um
step size along the X and Y axes. The diameter of the measuring
aperture was 1.0 um for nuclei and 1.6 un for fibres.

Figure 2 represents a print-out of the extinction values
of each of the measured points of a Feulgen-stained nucleus.

The machine will also print out the data as follows:

X= steps Y= lines A= TE= ME=

X represents the number of steps on the x axis and Y the number
of lines on the y axis. A represents the area as determined

by the number of measured points having a transmission between

5 and 95%. TE is the total extinction. It represents the fotal
of all the values presented in figure 2. ME is the mean
extinction or the average of all these values.

Data Analysis:

The data were analysed using one way analysis of variance
(Burkhardt, 1964).

DNA content was expressed as logs of total extinction.
This was for the purpose of determining if polyploidy is occur-
ring in the developing flight muscles since an increase by one

unit in the logs value represents a doubling of the real value
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Figure 2. A matrix of extinction values for each of the points

measured in a Feulgen-stained flight muscle nucleus.
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(Mittwoch, et al., 1966; Fox, 1969).

For determination of the relative frequency of occurrence
of extinction values in Feulgen-stained nuclei a computer pro-
gram modified from the original version (Bartels et al., 1974 )
was used. This program counts the frequency of occurrence of
extinction values within the range of 0.0 to 1.8 at intervals
of 0.1 for each nucleus. From these a composite histogram for

the entire population is compiled.
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RESULTS

DNA Synthesis:

The results from the thymidine (methyl H®) incorporation
are summarized in figure 3. Peaks of DNA synthesis occur during
the fourth instar, just prior to the final nymphal moult, and
on the third day of the fifth nymphal instar. Synthesis de-
clines rapidly and ceases completely prior to the imaginal moult.
There 1s one other, smaller peak, five days after the imaginal
moult. It is pertinent to mention here that RNase treatment had
no effect on the extent of labelling in these nuclel.

DNA Content:

The data from Feulgen microspectrophotometry indicate
that no clear-cut polyploidy is occurring during differentiation
(Fig. 4). It seems that the flight muscle nuclei are diploid

and remain thus throughout development.

DNA Transcriptional Activity:

| The transcriptional activity is relatively high to begin
with and remains so, with no significant change, up to the fifth
day of the fifth instar. It then declines steadily until about
the third day of adult 1life after which time it rises slightly
(Fig. 5). The overall change is statistically significant (P <
0.05).

The changes in transcriptional activity may be expected

"to be coincident with changes in the degree of condensation of
" the chromatin, Transcriptionally active chromatin would assume

a less condensed state than transcriptionally inactive chro-
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Pigure 3.

Thymidine (methyl H®) incorporation into S. gregaria
flight muscle nuclei. Total number of nuclei examined

per age group was at least 500.

* No labelled nuclel could be detected in these

groups.
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Figure 4.

DNA content of S. gregaria flight muscle nuclei ex-

pressed as logs of total extinction.

A: last day of fourth nymphal instar; B, C, D, E:
first, third, fifth and last day of fifth nymphal
instar, respectively; ¥, G, H, I: first, third,
fifth and eighth day of adult, respectively; J:
spermatids. Total number of nuclei measured per
age group was 100. 20 spgrmatid nuclei were

measured to obtain the haploid value.
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Figure 5.

Transcriptional activity of S. gregaria flight muscle

nuclei based on the binding of ®H-Actinomycin D to

chromatin. Each point represents the mean  standard

error of 100 measurements.,
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matin. This would be reflected by the lower percentage of high
density points for less condensed chromatin (Fig. 6).

There are few high density points in the last day of the
fourth nymphal instar but their frequency increases gradually
until the first day after the imaginal moult. The third day of
adult life is characterized by a decrease in the frequency
distribution of high density points. A further increase is
evident on the fifth day.

Nuclear Area:

The changes in the size of the nuclei over the development-
al period are summarized in figure 7. The area is seen to
decrease at both moults and also as maturation is achieved.
These changes are statistically significant (P < 0.05).

RNA:

Azure B microspectrophotometry carried out on cross-
sections of flight muscle fibres indicates an overall increase
in the total level of RNA during development (Fig. 8). This
trend is interrupted only at the time of the two moults after
which the total RNA level continues to increase. In both cases,
the rise resumes immediately after the ecdysis. The apparent
decline in the amount of RNA between the first and third days
after the ultimate moult is not statistically significant (2 >
0.05).

Other than a slight increase at the very onset of
development, the concentration of RNA declines slowly, but

steadily throughout this period. Although the overall change
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Figure 6.

Relative frequency of occurrence of partial extinction
values in Feulgen-stained S. gregaria flight muscle

nuclei,
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Figure 7.

Area of S. gregaria flight muscle nuclei. Each point
represents the mean p standard error of 100 measure-

ments. A nucleus with a 100 um step size is equiva-

lent to 76 ¢ in area.
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Figure 8.

Cytoplasmic RNA content (total extinction) and its
concentration (mean extinction) of S. gregaria flight
muscle fibres. Each point represents the mean =+
standard deviation of 100 measurements.

————¢ total extinction

W= - % mean extinction
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appears small, analysis of variance indicates that it is sig-
nificant (P < 0.05).
Protein:

The changes in the amount of total protein in the muscle
fibres follows very closely those changes in the total RNA
levels (Figs. 8, 9). As with the RNA, the total protein level
decreases significantly (E < 0.05) at the time of both the
final nymphal moult and the imaginal moult.

The concentration of protein rises at the beginning of
development and then decreases slowly and steadily throughout
the remainder of the growth and differentiation period (Fig. 9).

Cross-sectional Fibre Area:

The growth and differentiation of the insect flight
muscles is reflected in changes occurring in the cross-sectional
area of the muscle fibres. Except for interruptions at the
time of both the moults, the cross-sectional area of the fibres
increases rapidly throughout the developmental period (Fig. 10).
During the fifth nymphal instar the area increases by 800%
with a subsequent 350% increase in area during the first eight
days of imaginal life, This statistically significant (P <
0.05) increase of about 12-fold is not surprising in view of

the overall increase in weight that occurs.
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Pigure O,

Cytoplasmic protein content (total extinction) and
its concentration (mean extinction) of S. gregaria
flight muscle fibres. Each point represents the mean

+ standard deviation of 100 measurements,

- ¢ total extinction

—— mean extinction
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Figure 10. Cross-sectional aresa of S. gregaria flight muscle
fibres expressed in terms of a 1 um step size,
Fach point represents the mean + standard error

of 100 measurements.
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DISCUSSION

Although there has been a considerable amount of research
on differentiation of striated muséles of vertebrates, little is
known on nuclear differentiation of muscles (see reviews by
Fischman, 1972; Holtzer et al., 1972, Goldspink, 1972).

The availlable data indicate that DNA synthesis 1s seen only in
the mononucleated myoblasts and once a syncytium is formed by
the fusidn of these cells, DNA synthesis ceases. The muscle
nuclel remain diploid throughout the life of the orgahism.

Information on the cytochemistry of insect muscle nuclei
during development and metamorphosis is also scanty. The
results obtained in my study show that DNA synthesis occurs
during the pefiod of flight muscle differentiation in S. gregaria.
During this time there are three distinct peaks of high synthetic
activity (Fig. 3).

Krishnakumaran et al. (1967) studied the pattern of DNA
synthesis in different tissues of Lepidopterous insects during
growth and metamorphosis. They observed DNA synthesis in
muscle cells not only during the larval instars, but also
during pupal-adult ecdysis. They also noticed labelling of
muscle nuclei in adult cockroaches and meélworms. These
observations led Krishnakumaran et al. (1967) to hypothesize
that DNA synthesis at certain times during development may be
for elimination of various "biases" thus enabling the cells to
be reprogrammed. Although this hypothesis is an interesting

one its validity has.yet to be established.
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The fact that DNA synthesis occurs in the flight muscles
during differentiation raises possibilities concerning its
purpose. Does this indicate polyploidizatioh of nuclei or
their duplication?

Throughout the developmental period the logs of the total
extinction values of the flight muscle nuclei remain between
5.0 and 6.0 (Fig. 4). This represents a diploid condition.
These observations conform with those obtained in vertebrate
skeletal muscles by others (ILash EE.El" 1957; Firket, 1958;
Basleer, 1962; Cox and Simpson, }970). ’

This rules out polyploidization as the reason for DNA
synthesis. Another‘pOSSibility is nuclear fission. Examina-
tion of nuclear érea shows that it undergoes statistically
significant changes over the developmental period. These
changes (+ 20%) do not appear substantial enough to support
the possibility of fission (Fig. 7).

The absence of aﬁy mitotic or amitotic figures as well
as a lack of polyploidization.in these fibres would suggest
a different function for the newly synthesized DNA. From the
data I have it 1s difficult to establish that this new DNA
is metabolic DNA (Pelc, 1972). 1In the locust, the "precursor"
muscle begins synthesizing its components immediately after the
moult into the fifth instar. This involves the synthesis of
certain molecules like myosin. In systems which synthesize
large quantities of proteins it will be advantageous to have

additional gene copies for transcription. Pelc (1972) suggests
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that "owing to wear and tear some copiles become unusable and
are periodically renewed." In light of this it is tempting
to suggest that the cycles of DNA synthesis in these nuclei at
certain periods of development represent the synthesis of the
necessary copies of the genome that transcribe for special pro-
teins like myosin aﬁd certain enzyme systems.

DNA transcriptional activity is an essential, on-going
process in both developing and mature tissues. Bonner and
Huang (1963) suggest that histones, basic nuclear proteins,
are involved in the regulation of gene expression at the
transcriptional level. They surmise that changes in the binding
of histones to the template would make different segments of
DNA available for transcription. Actinomyciﬁ D is an antibiotic
which binds specifically tb the histone-free guanosine-containing
sites of the DNA molecule (MUller and Crothers, 1968; Zajicek
et al., 1970). |

It has been shown conclusively, that the binding of AMD
is dependent upon the state of repression of the chromatin,
that is, an AMD binding profile reflects changes in the degree
of association between DNA and chromosomal proteins at different
stages of the cell cycle (Brachet and Ficq, 1965; Berlowitz et
gi., 1969; Badr, 1972; Pederson and Robbins, 1972).

Brachet and Malpoix (1971) state that AMD binding decreases
when the genome is repressed. This binding decreases towards
the final phase of differentiation especially in those cells

that synthesize one major protein. It has also been shown that
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AMD binding increases in lymphocytes stimulated by phytohemag-
glutinine (Darzcynkiewicz EE al., 1969; Ringertz et al., 1969;

Ringertz and Bolund, 1969 a, b; Rigler et-al., 1969), and in

the colleterial gland nuclei of Periplaneta americana stimulated

by Jjuvenile hormone (Nair and Menon, 1972).

From the SH-AMD study (Fig. 5) we see that in general as
differentiation nears completion the originally high transcrip-
tional activity declines. The high transcriptional activity in
the early stages is probably indicative of increased mRNA pro;
duction for the synthesis of special proteins such as myosin
and actin. These results_supporf the findings of Vogell (1962)
who observed large amounts of polysomes in electronmicrographs

of L. migratoria "precursor muscle".

The chromatin in nuclei exists either in diffused form
(euchromatin) or in a condensed form (heterochromatin). It is
believed that euchromatin is transcriptionally active, whereas
the heterochromatin is transcriptionally inactive (Keifer et al.,
1973). If this is so analysis of the chromatin pattern would
give some information on the genetic activity of the nucleus.
Frequency distribution of points in a Feulgen-stained nucleus
would show whether there are points with high extinction values.
These would represent the regions of condensation in the chroma-
tin,

The results of the ®H-AMD study suggest that a frequency
distribution of the extinction values of Feulgen-stained flight
muscle nuclei should exhibit more high density points as the

age increases. Generally,/this is true. However, one other
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factor must also be considered. A change in the physical state
of the chromatin may be indicative not only of the level of
transcriptional activity but also of the occurrence of DNA
synthesis. Indeed, those two age groups wherein no DNA synthesis
was detected (last day of the fifth nymphal instar and one-day-
old adult)‘also have the highest percentage of high density
points (Fig. 6). Furthermore, those two age groups showing the
highest percentage of thymidine (methyl ®H) incorporation (last
day of the fourth nymphal instar and three-day-old fifth instar
nymph) have the lowest percentage of high density points. There-.
fore, as expected, where the chromatin exhibits low condensation
and presumably, therefore, high synthetic activity, the frequency
distributions show fewer high density points.

Extensive work has been done on flight muscle development

in the L. migratoria, an insect closely related to S. gregaria.

On the basis of fresh weight of the muscle the developmental
process falls into four distinct phases (Brosemer et al., 1963;
Blicher, 1965). This has been confirmed by ultrastructural and
biochemical studies. The first phase, "larval growth", com-
prises most of the fifth instar.’ It is characterized by an
increase, on a logarithmic scale, of all ce%}ular domponents,
Although the nuclei are excluded from this extensive growth,
they do remain highly active at this time. The "moulting inter-
val" begins just prior to the imaginal moult and ends a day or
two after ecdysis. At this time the increase in welght ceases.

Furthermore, the muscles undergo tracheole invasion. The "dif-
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ferentiation phase" proceeds until about the third day after
the imaginal moult. It is during this period that growth
resumes coupled with differentiation of the morphological and

enzymological patterns characteristic of the functional flight

' proceeds

muscle. After differentiation, the "duplication phase'
until about the eighth day of imaginal 1life. At this time,
many major components are duplicated.

An examination of the changes in total RNA and protein as

well as in cross-sectional area of the fibres show that the

development in S. gregaria is very similar to that in L. migratoria

(Figs. 8, 9, 10).
In all three of the parameters examined the "larval growth
phase" 1s characterized by considerable increases., The apparent
decrease in fibre area during the "moulting ihterval" is not
statistically significant. However, there has obviously been
a cessation of growth. Indeead total‘protein and total RNA
levels decline slightly at this time. Although they were expected
to increase during the "differentiation phase", the reason they
did not may be linked to the transcriptional activity. The trans-
scriptional activity is relatively high at the beginning of .the
"larval growth phase", but it declines about midway through this
phase and dogs not increase again until the "differentiation
phase"_has begun. Therefore the increases 1in total RNA and
protein content expected after the imaginal moult would not
~occur until after this significant increase in transcriptional
'

activity. And so the "duplication phase" is not surprisingly

assocliated with substantial increases in all three components.
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The overall increase in total RNA content was predictable
considering the initially high transcriptional activity in the
developing flight muscle nuclei., Furthermore, in view of the
tremendous increase in size that the flight muscle undergoes
(Hill and Goldsworthy, 1968; Hill et al., 1968), the changes in
total protein content are not surprising. And finally, with

such a substantial increase in protein, the major constituent

of muscle (Maruyama, 1965), the changes in cross-sectional

muscle fibre area are to be expected. Indeed both the total
protein content and the cross-sectional area increase by a factor
of 12. Blicher (1965) found a similar increase in the fresh

weight of L. migratoria flight muscles during their development.

The concentration of RNA in the flight muscles decreases
throughout development while the total RNA content increases.
This is because the cross-sectional area of the muscle fibres
1s increasing at a higher rate than the total RNA. And
so, the changes inlthe concentration of profein or RNA in the
developing flight muscles 1s a functioqrof the changes 1in total
protein and RNA and the changes in fibre area.

There is one final point to be discussed and that is the

significance of the moulting interval. 1In L. migratoria the

developing flight muscles do not have a tracheole system until
after the final ecdysis (Bticher, 1965). Indeed the moulting

interval is characterized by the invagination of tracheoblasts.
Blicher (1965) suggested that development could proceed only so

far under the anacerobic conditions that would occur in the
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absence of interfibrillar tracheae. Therefore, before develop-
ment can continue, the tracheole system would have to be
reconstructed. There is some evidence from this study that the
same situation exists in 8. gregaria. Firstly, there is this
characteristic interruption in development during the moulting
interval indicated by the cessation in the increase in total

RNA and protein content and cross-sectional fibre area. Secondly,
at this time, the distance between the muscle fibres is seen to

increase greatly which could indicate tracheolar invagination.
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CONCLUSIONS

Cytochemical analysis of flight muscle differentiation in

S. gregaria showed the following: --

(1)

(2)

(3)

(4)

(5)

The flight muscle nuclei remained diploid throughout
the period of differentiation.

Although the nuclei are diploid, cyclical synthesis
of DNA is seen during differentiation. This may
represent amplification of certain segments of the
genome,

The transcriptional activity of these nuclei is high

to begin with but gradually declines towards the end

of differentiation.

RNA and protein content increase during the differen-
tiation period by a factor of four and twelve
respectively.

Thé cross-sectional area of the fibres increase by

a factor of 12.
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Appendix I

Introduction:

There is an unfortunate gap among histochemical techniques

for quantitative protein stains. Gomori (1956)1 has described
the problems associated with those protein stains which react
with the sulphydryl and disulphide groups. There are a few

stains which have been used successfully in the past for protein

microspectrophotometry. However, the majority of these are for

histones. These include Faslt Green (Alfert and Geschwind, 1953%),
the Sakaguchi reaction (Deitch, 1961) and o Naphthol Yellova
(Deitch, 1955). However, there are problems associated with use
of these techniques. The Sakaguchi reaction product is of low
intensity (Deitch, 1966) and furthermore its'development and
preservation are technically difficult (Pearse, 1968). o Naphthol
Yellow does not stain intensely and is rather diffuse (Brachet,
1957) .

The commonly used stain for general protein determination
is Millon's. However, due to numerous problems Rasch and Swift
(1960) found that this technique is really only valuable if an
accuracy of no greater than 20% is desired.

Mercuric Bromophenol blue (Mazia et al., 195%) is another
commonly used protein stain. Ficq (1955) found that
the stain intensity of Bromophenol blue is strongly influenced

by the presence or absence of RNA,.

The purpose of this investigation was to determine whether

lReferences cited in the appendix are listed in the general
reference list from p. 39,
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Coomassie Brilliant blue could be used for the estimation of
proteins in tissue sections by cytophotometric methods. It has
been used extensively in electrophoresis (Fazekas de St. Groth
et al., 1963; Meyer and Lamberts, 1965; Maizel, 1966; Chrambach
et al., 1967; Bennett and Scott, 1971; and Fishbein, 1972).

Fazekas de St. Groth et al. (1963), Chrambach et al.,
(1967) and Fishbein (1972), have shown that the intensity of
the stain bound to proteins was proportional to the concentra-
tion of proteins.

Methods and Materials:

The dorsal longitudinal flight muscle of a five-day-
old fifth instar nymph of S. gregaria was fixed by freeze-
substitution (Pearse, 1968) and embedded in paraffin., Five
micron sections were cut and placed on quartz slides. Some
sections were treated with ribonuclease (Sigma Chemical Co.,
St. Louis, Mo.) (1.0 mgyml) for 1 hour at 37° C (Deitch, 1966).
These and the control sections were then dehydrated through
grades of ethanol and mounted in glycerine (™D = 1.459). The
extinction measurements were made at 280 nm in the SMP as
described on p. 15 . The diameter of the scanning aperture was
1.16 um and the step size was 2 .

These same sections were then stained with Coomassie
Blue (Edward Gurr Ltd., London, England) after refixation in
12.5% trichloroacetic acid (TCA) for 30 minutes.

Since the concentration of the dye solution does not

appear to be a crucial factor when used between 0.05 and_l.O%
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(Maizel, 1966; Chrambach et al., 1967; Vesterberg, 1971; and

Fishbein, 1972), in my study the stain was made up from a 1%

stock solution, by a 1:20 dilution in 12.5% TCA (Chrambachlgz

al., 1967). These and all other solutions_preceding destaining
were made up with glass distiiled water as suggested by Fazekas
de St. Groth et al. (1963). The sections were stained for one

hour at 37° C and destained in 7% acetic acid (Maizel, 1966) for

Nt U 3, | G ERGRSH 90 RSB = WISV AR S 115 S

one hour at room temperature. They were then mounted in oil
(nD = 1.56, Cargillé,‘U. S.IA.). Extinction measurements of these
sections were taken at 590 nm using the same aperture and step
size as before,

The data were submitted to "Curfit"lanalysis, a Decus
program (Shirer, 1969). This prog}am fits weightéd or unWeighted
data to a straight line dn'a Cartesian, log-log, or semi-log
graph. It calculates the Sidpe'éﬁd tﬂe intercept of the line,
the standard error in these values, the regression coefficient

and other measures of the "goodness" of fit. This was used

therefore to enable comparison of the slopes using the student

t-test.

Results and Discussion:

Coomassie Blue is a‘triphenylmethane dye which gives an
exceptionally high colour intensity (Fazekas de St. Groth et al.,
1963) .

The total extinction for'increasing amounts of proteins
in unstained locust flight muscle sections determined by ultra-
violet microspectrophotometry, is'presented in figure 11A and B.

i
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Figure 11,

The relationship between total extinction and the

amount of proteins in sections of fifth instar‘g.

A:

B:

gregaria flight muscle,

measured at 280 nm

same as above after RNase treatment for one

hour at 37° C

measured at 590 nm after staining with Coomassie
blue

same as C preceded by RNase treatment

sample size

regression coefficient
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Figure 11B is for flight muscle sections previously treated
with ribonuclease. ‘Figures 11C and D represent the protein
content of the same sections after staining with Coomassie
blﬁe, The statistical data from these four graphs is also
presented in Table II.

Although the two ways of measuring protein content,
i.e., u.v. and Coomassie blue microspectrophotometry, would
be expected to yield different absolute results, both the
trends and slope of the résuiting lines shoﬁld be very similar,
Table II and figure 11 show this to be the case.

Statistical analysis showed no significant differences
between ény two of these four populations when resulting
slopes were compared.

Conclusions:

It appears that Coomassie blue can be used as a quanti-
tative stain for cytochemical analysis of pfoteins. Further-
more, the presence of RNA does not interfere with the Coomassie
Blue stalning whereas it does with mercuric Bromophenol blue
staining (Ficq, 1955).

It would be desirable to test the influence of other factors
like the temperature of the staining bath and the minimum stain-}

ing time for each type of tissue to be examined.




TABLE II

Regression coefficient analysis of data in Fig. 11

52.

Sample N y-intercept slope r
A 22 3.77 0.138 .91
B 39 0.97 0.144 .97
C 80 0.09 0.149 .97
D 80 -1.58 0.176 .94

A-D as in Fig. 11

N: sample size

r: regression coefficient



