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Abstract:

Muscle differentiation and the development of contractility was investigated in embryos of Anlocara
elliotti (Thomas). Antibodies, prepared against adult femoral myosin and labelled with fluorescein
isothiocyanate were used to analyze muscle development during the various embryonic stages. The
purity of antigen was established through viscometry, spectrophotometry and enzyme tests. Through
the use of various control procedures, it was found that the antimyosin was bound by the A band in the
cross-striated myofibrils. The first structures that bound the antibodies in the developing embryo were
observed at the beginning of diapause. These structures were uniformly fluorescent filaments or fibrils,
within the myoblasts from the ventral abdominal region of the embryo. At the end of diapause as
blastokinesis began, cross-striated fibrils and multinucleated myotubes appeared. As development
proceeded the number of cross-striated myofibrils increased. By stage 24 definite muscle bands were
present in the embryo. The contractility of embryonic muscle was tested by ATP. It was found that
only those cells which contained cross-striated fibrils contracted when exposed to ATP. The
differentiation of myoblasts and of cross-striated myofibrils is presumed to be attributable to a direct
effect of hormonal control.
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ABSTRACT

Muscle differentiation and the development of contractility was
investigated in embryos of Aulocara elliotti (ThHomas). —hntibodies,
prepared against adult femoral myosin and labelled with fluorescein
isothiocyanate were uged to analyze muscle development during the various
embryonic stages. The purity of antigen was established through viscemetry,
spectrophotometry and enzyme tests. Through the use of various control
procedures, it was found that the antimyosin was bound by the A band in the
cross-striated myofibrils. The first structures that bound the:.antibodies
in the developing eumbryo were observed at the beginning of diapause. These
structures were uniformly fluorescent filaments or fibrils, within the’
myoblasgts from the vemtral abdominal region of the enbryo. AL the end of
diapause as blastokinesis began, cross-striated fibrils and multimucleated
myotubes appeared. As development proceeded the number of cross-striated
myofibrils increased. By stage 24 definite muscle bands were present in
the embryo. The contractility of ewbryonic muscle was tested by ATP. It
was found that only those cells which contained cross-striated fibrils
contracted when exposed to ATP., The differentiation of myoblasts and of
cross-gstriated myofibrils is presumed to be attributable to a direct effect

of hormonal control. '




Ll

INTRODUCTTON

The.movement of the embryo vithin the egg.ie a characteristic phenomen
non of development in many‘insectso‘ Those movements wﬁich lead to:a'change.
_in the orientation of the embryo in the egg are generally classed under the
term blastokinesis (Torre-Bueno,.l950). In the different insect gronps,'
however, blastokinesis may vary greatly (Snodgrass;'l935)° In the grasshopper
species A. elliotnifblastokinesis_consists of a revolution of the embryo on
its tranéveree axis by which it reverses its orientation from the posterior
toward the anneriof end of the egg (Van ﬁorn,‘l963)o

| Although blastoklnesis is a Well known event,‘the-nechanisms aasociated

..wifh it have not been satisfactorily explained. ‘The rupture and connraction
of embryonic membranes was thought to be the mechanical force that inltiated
‘these movements (Sllfer, 19323 Le Berre, 1952, as reported by Roemhlldy
1967)0 Nelsen (1931) noted-that, although the rupture of serosa may cause
some passive movements, the revolution of the embryo is accompanied by
:active movements of the embryo itself. In some cases-Slifer (1932) found
that blastokinesis was nearly completed without tne serosa being ruptured.
indicating that the contraction of the'embryonic-membranes is not tne
primary cause of revolutlono. '. |

Microscoplc examlnatlon by Slifer (l93h) revealed that before the
onset of blastokinesis, unicellular spindlemshaped nonstrlated fibers are
present and that they occupy the poaition of the future abdomlnal mnscleo
She suggeeted that these presumptive muscle,cells are respon31ble'for,the
movementa of the embryo. This implies tnen eince ahe dld not detect " :

striated‘mnscle.until‘about nine days after the firet»movements, that these
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undifferentiated muscle cells were capable of contraction long before eross-
striation was present. There are other references in the literature to'this
effect, suggesting that contraction can fake place before the appearance of
the cross-striated condition., Neusch (1963) investigated the development

of muscle function in Antheraea polyphemus and found that myofibriis of the

developing flight musclés contracted two days prior to the appearance of
cross-striation. Similarl&,_Carlson and Meek (1998)Areported ﬁhat,'in
embryos of Limulus,; heart beats could be observed before cross-striation
could be distinguished. Such reports are nof unidﬁe t6 Arthropods.
Contraction of cardiac mwdblésts‘and skeletal mﬁééie fibrils of vertebrates,
before the appearance of cross-stration, was reﬁoffed ﬁy several investi-
gators (Lewis and Lewis, 191T; Copenhaver, 1939; Olivio, Ezaglég 19%6).

Since cross-striation of myofiﬁrils is due fo é very precise
localization of certain proteiﬁs (Hanson and Huxleyy 1953), i£ is doubtful
whether myofibrils.lacking this particular arrangemént of contraétile
components can coﬂtracta -Although érossmstriaxion'ggg_gg.is nét 8 pre-
requisite for contracktion, nefeftheless, there must be a requirement for
these proteins to be pfesent in a highly organized éondition (Holtzer,

‘et al., 1959; Holtzer, 1961).

Studies by Hoitzery et al. (1957) indicated that failure to deteet,
cross~striation‘in contracting myofibrils is not necessarily due.td the
abgence of striatienp but may be due 10 the limiﬁed sensitivity of the
techniques used. Their investigations disclosed that striation in mono

or multinucleated myoblasts could be detected at a.mnch earlier stage by
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immimological means, using fluorescent antibodies against myosin,.than with
"conventional histological techniques. Experiments with labeled antimyosin
also demonstrated that neither skeletal nor cardiae myofibrils could
contract until after cross;striation was present (Holtzer and Abbotb, 1958;
Holtzer, et al., 1959).

Although considerable work has been done on the development and
morphology of the various insect muscles (Edwards, et al., 1954; Philpott
and Szent-Gyorgyi, 1955; Tiegs, 1955; Hodgé, 1956; Smith, 1962; Pringle,
1965; and others), studies to cerrelate morphological differentiation with
the developmeﬁt of function have been limited (Slifer, 1934; Wigglesworth,
1956; Neusch, 1963). .The present study was initiated to obtain basic
information on muscle development and to corrélate morpholbgical differentia-

tion of myefibrils with the appearance of first embryonic movements in

Aulocars elliotti. To accomplish the purposes of this investigation, the
: , ]
fluorescent antibody techniques of Coons and Kaplan (1950) and Coons (1956)

were used.

The use of fluorescent antibody technique as an analytical tool
requires that the antiéera contain antibodies only against the specific
protein, in this case imsect myosin. It is importént, therefore, that the
antigen used for the production of antibodies has a high degree-qf.éuri%yo
To establish the homogeniety of myosin preparations; several tesis ﬁere’
performed. Data obtained from viscosity measurements, spectrophotometr&x
ultracentrifugal analyses, and emzyme studies were used as eriteria of

purity. Preliminary studies were conducted using chick muscle and gome of
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the results were used for compara‘bivé purposes with insect muscle.
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MATERTALS AND METHODBS

Ingsect Material

The grasshoppers which were'used as a source of myosin were collected
as adults from various localities in Montana. Because A. elliotti is
available only during the summer months, several thousand sﬁecimens were
procured during these summer periods in order to ensure an adeqﬁate supply
of material. |

The insects, brought in from the field, were inactivated by placing
them in a 4° ¢ cold roomy; then the fempra of their hind legs were removed
and placed in a solution of 50 percent glycerol and water at 4° ¢, When
approximately 50 feﬁora were obtained they were ground in a mortar to break
up the exoskeleton in order to ailow for a bétter penetration of glyéerol°
The”suspension was held for 2k hours at 0° C, after which it was transferred
to a fresh 50 percent giycerol-water éolution aﬁd placed at =20? “c,o,=25O c
until used (Szent-Gydrgyi, 1949). '

A. elliottl eggs also were collected from wild populations. The eggs
were removed from the pods and the embryos dissected free from the yolk
and other extraneocus material. These embryos were then placed‘in a mixture
of 50 percent glycerol-water and held at 0° C for 24 hours after which they
were transferred into a fresh mixbire of 50 percent glycerol-waber solution
and kept at -20° C o -25° C until used.-

The embryos were shaged éccordiné to the criteria established by
Van Horn (1963, 1966a). She showed that, stages 1 to 18 represent predia-
pause development, and at stage 19, which ig reached agproximately Lo days'

at 250 C gfter the eggs are laid, the embryos of A. elliotti enter an
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obligatory diapause. Stage éO represents the beginning of the post-
diapause development, and at this stage the enbryo begins to revolve around
the posterior pole of the egg. Blastokinesis is completed at staée 23, and
stage 27 represents the definitive emﬁryoo

'Preparation of Proteins

Myosin frem insect muscle, unlike that of rabbit muscle, cannot be
obtained by direct extraction because even a short extraction period yields
a typical actomyosin (Gilmour and Calaby, 1953). Pure myosin can be
prepared, however, from actomyosin by aifferential centrifugation in the
presence of ATP (Adenosine-5'~triphosphate) and magnesium ions (Weber, 1956;
Maruyama, 1958). - Accordingly, myosin was prepared essentially as described
by Maruyams (1958; Kominz, g‘l:pg;];,,v 1962),

The glyeerolwsuspeﬁded insect muscle was washed twice inm: a solution
containing 0,04 M KCL and 0.01 M Tris (Tris [hydroxymethyl] ~aminomethane,
SIGMA Chemical Co., St. Louis, Mo., U.S.A.) bﬁffer, pPH T.0. It was then
homogenized in a blender for 30 seconds at a high speed in a solution
consisting of 0.6 M KCl and 0.04 M KHCO39 The extraction was then carried
out for two to three hours at h? C with occasional agltation, The abo%e
suspension was then diluted with one volume of 0.6 M KCl, filtered through
several layers of gauze, and then centrifuged at 12,000 RPM for 30 minutes,
The supgrnatant was filtered again through gauze to remove susﬁended_fat
particleso. The precipitation of actomyosin was effected by the‘addition
of ten volumes of cold water, and adjusting the pH to 6.5 with dilute acetic
acid., The precipitated actomyosin was then removed by centrifugation at

6,000 RPM for 30 minutes, after which it was dissolved in 2 M KCl and
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enough water added to brihg the final KCl concentration to‘O@6 M. The.pH
was adjusted to 7.2 with 0.15 M imidazole - HCL buffer. The dissolved |
actomyosin was fhen reprecipitated twice with cold water, and finally
clarified by centrifugation at 12,000 RPM for 30 minutes. The actomyosin
solution obtained by the above procedure was adjusted to about 0.3 percent
concentration and centrifuged for three hours at 40,000 RPM in the presence
of 0,6 M KCl, 2 mM MgCl,, 5 mM ATP, and 0,02 M Tris buffer,'pH T+2. The
upper three~fourths of the supernatant which contained the myosin was
carefully removed and dialyzed against a solution containing 0.6 M KC1,
0.02 M Tfis, PH T.2. A few mM of beta-mercapteethanol was added to the
diaLyziné solution tp avoid denaturation of the protein (Maruyana, 1961)°
’ The myosin solution,gthus freed from ATP and Mg ioms, was then Ailuted.l5
fold with ecold water: to precipitate the pretein° The myosin was collected
by centrifugation at.Q,OOO RPM for 30 mihutes? It was then dissolved in
Ooﬁi M KCl, and 0.02 M Tris, pH T.2, and was further purified by subseéuent
reprecipitations with cold water., Finally, the precipitated myosin was
dissolved in 0.6 M KCl containing the desired buffer. .

Methods for Characterization of Actomyosin and Myosin

Viscometry.

An Ostwald type viscometer with a flow time of 25 seconds (0;6
M‘KCl)_yas_usedh The volume of pro@gip splg?ion introduced Was‘S ml, and
when applicable ATP and MgCl, was added in quantities of 0.1 ml each.

Ultracentrifugal analysis. |

A .Beckman Analytical Eltracgntrifﬁge Model E squipped With‘
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schlieren optics and an AW-D rotor at a top speed of 59,780 RPM was
employed.,
Spectrophotometry.
A Beckman DU spectrophotometer was used. The absorption spectra
between 250 m micraz. and 320 m micra. were investigated.
Protein concentration. |
The protein concentration was determined by the method of
Lowry et al., (1951). For each determination six different concentrations
containing between 6 to 100 micro g of protein were used. To a 1 ml volume
of protein 5 ml copper - alkali and 0.5 ml of Folin - Ciocalteu reagent
(Hartman-Ledden Co., Philadelphia, Pa., UoSvo)'was added, and the color
read at 750 m micra " using either a Beckman DU spectrophotometer or a
Spectronic 20 with a red filter and red sensitive phototube. Standards
were based on micro Kjeldahl nitrogen determinations. The digestion
mixture consisted of three parts of Cusoh, one part of Késoh, and 0,005
parts of selenite; and 2 ml of concentrated reagent grade sulfuriec aecid.
A protein solution of 0.5 ml volume was introduced, A miged indicator
coutaining boric acid and methjl red - bromocresol green was usged. Tﬁe
.conversion factor, to obtain the quantity of aeﬁomyosin and myeéin, was
6.0 (Maruyama, 1957).
Myosin ATP-age test.
Myosin was present in a solution containing 0.6 M KCl, and in
addition either 0.02 M Tris or 0,05 M imidazole buffers. The reaction

mixture consisted of 0.2 to 0.6.M KCl, 0,02 M Tris or 0,05 M imidazole
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buffer, 3 mM CaClej and 2 to 3 mM ATP, Ineubafion was at 230 C at pH 7.0
for various lengths of time depending upon the objective of study
(Maruyama, 1958).

The ATP-ase activity for the insect myosin was determined by
measuring the free inorganic phosphate liberated from ATP. The determination
was carried out using a modificatien of.the method of Fiske and Subbarow
(1925).

The enzyme reaction was started with the addition of 1 ml of
protein to 2 ml of a solution containing the appropriate éalts, buffer, and
ATP as described previously. The reaction was stopped by the addition of
1 ml of ten percent TCA (Trichloroacetic acid) solution. The precipitate
formed was removed by centrifugation snd 2 ml of the supérnatant was used
for phosphate determination@ To the 2 ml sample was added‘6 ml bf water,

1 ml Photol (Bastman Kodak Co., Rochester, N. Y., U. S. A.) mixture (0,2
percent Photol in 30 percent NaHSO3) and 1 ml of 5 percent ammonium
molybdate in 5 N H2804°‘ The solution was mixed and allowed t© stand for
ten minutes, and the optical-density was read in a col@rimetér atiého m
micr &o.

Preparation of Antibodies

Rebbits were immunized with insect myqsin as described by Laki,
Horvhth, Katzo (1958). About ten mg doses of the myosin dissolved in 0.5
N NaCl were injected intravenously via the marginal ear vein every other
day for a two-week period. Six days after the last injeetion, 15 ml of

blood were drawn and the titres determined. In some cases alum-precipitated
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protein was also used (Stevens, et al., 1957). With this latter technique
the formation of nonspecific antibodies may have been reduced because much
less protein had to be injected to produce a high titre serum.

Preparation of Gamma Globulin

The gamma glcobulin from the sera was isolabed by precipitation with
ammonium sulfate at 50 percent saturation (Coons, 1958)., The purification
of antibodies was achieved by two additional precipitations with ammoniunm
sulfate at a final concentration of one-third saturation. The final
precipitate was dissolved in buffered saline and dialyzed against the same
solution to eliminate ammonium ions.

The profein concentration was determined colorimetrically by the
method of Lowry et al., (1951). Standards were based on micro Kjeldahl

nitrogen determinations using a conversion facter of 6.25 (Campbell, et al.,

1964 ) to obtain the quantity of protein in the sample.

Conjugation of Antibodies with Fluorescein Isothiocyanate

The conjugation procedﬁre as described by Rinderknecht (1963) and

George , et alo, (1961) was used with some modifications,

To 2 ml of gamma globulin solution, diluted with an equal part of
0.05 M godiumecarbonate - bicarbonate buffer PH 8.5, 0.5 mg of fluorescein
isothiocyanate (10 percent on celite) (Nutritional Biochemical Co.,
Cleveland, Ohio, U.S.A.) per mg of protein was added. This fluorescein
isothiocyanatg powder was carefully depdsited on the surface of the
protein solution to prevent dggleomeration of the particles. Wetting Qf the

powder was facilitated then by centrifugation.The powder thus sedimented,was
suspended throughout the liguid by gentle stirring. The conjugation was

allowed to proceed at least one hour at room temperature, or at 3 C for
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24 hours with continuous slow mechanieal stirring., The unbound dye was
removed by'dialysis or by gel filtration as described below.

Dialysis was carried out at ho C against large volumes of buffered
saline, To eliminate the green fluorescence from the dialysate; a period
of three to five days was required even though the dialysing solution was
changed frequently.

A much more rapid separation of unbound dye was achieved by gel
filtration using Sephadex G=25 Fine Gél (Pharmacia Fine Cheﬁ;cals, Inc.;,
Sweden)., The column was prepared by pouring the watgr-suspended ggl into
a container and washing the column with several column-volumes of 0,02 M

sodium phosphate buffer pH 6.5. "From 2 to 5 ml aliquots of fluorescein
isothiocyanate labelled protein solution were applied to the top ;f the
gel, and the column developed with 0,02 M sodium phosphate buffer pH 6.5
With this method an excellent separation of labelled protein and unbound
dye was obtained.

Preparation of Myofibrils -

Ferworal muscles of adults of A. elliétti were dissected out and
placed in a mixture of equal parts of glycerol and water. The suspension
was left overnight at o® ¢ after which the muscles were resuspended in a
fresh glycerol-water mikture and stored at -20O to -250 C until used.

The muscles of tﬁree femora were uséd for each preparation. After
storage in the glycerol-water solubion, the muscles were washed in a
solution containing 0.0hk M KCl and 0.0l M Tris, pH 7.0. The muscles were

homogenized at & high speed in a Virtis micro-homogenizer for one minute
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in a solution of 0,04 M XCl and 0.0l M Tris, pH 7.0 or in a solution of 25
percent glycerol containing 0.016 M phosphate buffer, pH 7.5 (Szenf-Gygrgyi
and Holtzer, 1960)., The myofibrils were sedimented by cemtrifugation, and
suspended in a medium of 25 percent glycerol and 0,016 M phosphaté buffer,
PH T.5. When the myofibrils were stored for an‘extended peried of time,
the suspending solution ﬁsed consisted of 50 percent élycer@l,and phosphate
buffer.

Techniques for Studying Myofibrils and Embryos

Conventionally stained material,

Gfasshopper embryos and muscle were.fixed.in Bouin's solution
and embedded in.ﬁaraffin, and sectioned seriglly at 5 micréq The stain
used was Heidenhain's iron-hematoxylin (Humason, 1962). |

Phase contréstlmicroscqpﬁ.

Muscles and embryos, used for the phase contrast observatioﬁs,
were unstained-glycerol-extracted preparations. Specimens were mounted
on a siide iﬁ 25 percent glycerol contéining 0,016 M phosphate buffer,

PH To5.
Fluorescent antimyosin stained material.

Insect myofibrils and insecf enbryos were.extracted in glycercl
as already deseribed. The staining‘of myofibfils and enbryos was performed
fy using either of the following two procedures. .In. one case the'myo;
£ibrils or squashed embryos were placed on a microscope slide in a medium
consisting of 25 percent glycerol and 0.016 M phosphate buffer, pH 7.5.

A few drops of fluorescein-labelled antimyosin solution wag drawn under
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the coverslip, and ﬁhe'reaction allowed to proceed for ten minutes. Then
the piepargtiéniwgs washéd with tﬁe glycerol-phosphate solution to remove
unbound éntiﬁodiéé¢ |

In the other caée myofibrils and embryos were transferred into
either the fiuorescein—labelled antimyosip or the fluorescein-labelled
normsl globulin solution.in Buffered glycefolo After 24lhours the speci-
mens were removéd and washed repeatedly through centrifugation ;n the
_ glycerol-phosphate solution at 0O to 4° Co

Contraction of glycerol-extracted muscle by ATP.

The contractility of‘myofibrils ahd enbryonic muscle was tested
by exposing them to a éolutiqn of ATP (0,04 M ATP in 0.6.M KCl, pH 7.0).
A drop of ATP solution, appiied to the edge of the cover slip, was drawn
under the cover by the aid of blottér paper placed on the opposite side
. of the cover slip. The contraction of muscle preparations could thus be
followed undef ‘the phase combrast microscope.

Tests for the Specificity of Antimyesin Sers .

To demonstraite that the autimyosin sera contained, at leasf to a
high degree; only anﬁibédies against myosin and that the antimyesin
reacted only with myosin in the myofibrils, the following.experiﬁﬁntg
were performed.

a) After-thé removal of A band material, myofibrils were treated
with fluorescein-labelled antimyosin, .For extraction of A band material

from insect muscle a solution consisting of 1.0 M KCl, 0.01 M sedium

pyrophogphate, 0,001 M MgCl,, and 0,01 M Tris, pE T.0 was used (Gilmoure,




L. LLL

- Y

Lt

slh-

and Robinson, l96h)o -After the extraction the fibrils we?e washed in 3
solution of 0.0k M KCL, 0,016 M phosphate buffer, pH 7.0

b) Myofibrils,'extracfed'with'oeé M KI solution; were treated with
fluorescein-labelled antimyosin. The KI solution from insect muscle is .
known to extract both myosin and actin (Szent-Gygrgyi, 1951; Gilmour and
Rdbinson, 1964 ),

'e) TFluorescent antibody-stained preparations were washed in either
the KT or Mg=-pyrophosphate -solution.

d) The muscle and embryonic preparations‘were treated with
‘fluoresceiﬁ-labeiled normal globulin solution, and subseguently were

washed in either the KI & Mg-pyrophosphate solution.

Microscggz

A Zeiss Photomicroscepe egquipped with phase contrast and fluorescence
accessories was used. . Observations With thé,flubrescence microscope were
made by using either a dark-field or a bright/darkfield‘phase contrast
fluorescence condenser (Zeiss), and Achfomatic,,Plan/onchrematic, and
Neofluar objectives (Zelss). Excitation was accomplished by using HBO 200
mercﬁry lamp with UG and BG Zeiss filters.  FPhojomierographs were taken on

Kodak Tri-X or Panatomic~-X film and developed in Diafine.
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RESULTS
Viscometry.

The viscosity of insect actomyosin and myosin was measured both in the
absence and - in the presence of ATP, Figure 1 represents the relative
viscosity of actomyosin before and after the addition of ATP, - As ATP was
introduéed, the viscosity dropped to a low level (Fig. 2). The hydrolytic
breakdown of ATP by the actomyosin began immediately as indicated by a
graduasl increasse of viscosity, and in about 35 minutes when most or‘all of
the ATP was hydrolyzed, the original viscosity was almost completely
recovered (Fig. 2).

On the other hand the viscosity of myosin remained the same afbter
ATP was added (Fig. 3).

The viscosity of the lower portion of the supernatant, (actin plus
undissociated actomyosin) cbtained by centrifugation of actomyosin in the
presence of ATP and MgClg, was aiso investigated. A comparison of the

relative viscosities of actomyosin, myosin and the lower portion of the

supernatant (Table I).shows that the viscosity of actomyosin in the presence

of ATP chaﬁged the most, while that of the lower superuatant changed only
slightly, and the myosin did not alter ifs viscosity.
Ulbracentrifugal analysise.

- Ultracentrifugal analysis of insect actomyosin showed one main peak
and two smaller components (Plate I). The main peak which had a seditenta-
tion coﬁstant of 408 is thought to be actomyosin., One of the slow peaks
with a constant of 5 S iz probably mwosin; while the nature of the other

slow peak having a constant of 2 S has not been determined (Maruyama, 1957).
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TABLE I

Comparison of relative viscosities, both in the absence and presence of ATP,
of actomyosin, upper-half of supernatant, and lower-half of supernatani
obtained by centrifuging inse¢t actomyosin in the presence of ATP and Mg
ions. . :

Relative Viscosity

without with

ATP ATP

Actomyosin 1,298 1.148
Upper-half of

supernatant 1,025 1,025
Lower=half of

superngtant 1.039 1.032

In the.p;esence of 3.85 mM ATP and 4 mM MgCl,, the sedimentation
pattern changed éignifieantly as a result of the dissociation of actomyosin
(Plate II). The sedimentation éonstaht fof the main peak was approximately
5 8 which corresponds to the 5 S peak in the absence of ATP and which is
assumed, therefore, %o be myosin (Maruyama, 1957). Two small peaks also
were noticeable in addition to one main one but no S value was computed
for these.

Spectrophotometry.

The dbsorﬁtien spectra between 250 and 320 m micra weré_investigated
(Figo 4),  Maximum absorption was observed at 280 m micrs. |
ATP-ase activity.

The ATP-ase activity of insect mvosin'was.measurgd at different

protein concentrations (Fig. 5). The activity level of several preparations




optical density

0,50

Fige k4

«20e

260 270 280 290 300 310 320

Absorption spectra of A. elliottiomyosin.
Conditions: 0.6 M KC1, pH 7,0, 23 C,

m micron




micro g Pi liberated/min,

25

20

15

10

Figs Se

¥t

0.2 O 0,6 0,8 1.0 1,8 mg

ATP-ase activity of A. elliotti femoral

myosin at different protein concentrations,
Conditions: 0,2 M KC1, 3 mM CaCl2 y 002 M
Tris, 3 mM ATP, pH 7.0, 23° C,




L el dalodidl

-
was determined and the average.amount of phbsphate liberated was 0.85
micro M Pi/min/mg protein. The Qp, microliters of hypothetical P gas
liberated in one hour at 370 C per milligrem of protein, ﬁs about 3700,

To check the purity of myosin preparations s the time ac't'ivity of
myosiﬁ_ATP-ase was also determined, Figure 6 shows the time activity of
insect myosin ATP-ase in the presence of 5 micre M ATP. As the data show:,
the maximum amount of phosphate liberated is 156,3 micro g, the amount
being .apiaroximtely the same as that of tez;minal labile phosphate intro-
duced with ATP (154,8 micro g). A slight diécrepancy between the
terminal P introduced with ATP and the Pi liberated was observed in all
enzyme teg‘bs which is either due to some impurity of ;nyosin solutionl or
t0 the sensitivity ;3f the quaptita’tiv_e t‘ec.:hniques used,r Because myosin
was precipitated several ‘l.::i;mes I;efore the ATP-gse ac‘&ivity was determined,
it is assumed that the slight difference is due to the sensitivity of the
- methods,

Appearance of adult myofibriis; phase contrast obgervationé,‘

Although no precautions were taken in preparing rest-length myofibrils,
the majority of fibrils were in a relaxed state when examined. In relaxed
fibrils sarcomeres ranged in length from 7 teo 15 miera with a pésk at -aIiaout
9 micra. The A bands of these fibrils varied sccording %o tﬁe size of the
sarcomere, the.majority being about 5 micra in length, In these relaxéd
fibrils A and I bands and the Z.lines were clearly distinguished, and. an H
zZone was prgsent in the mjddle of the A band, but no M line could be '

It .

debected (Fige T)o
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The addition of Mg-pyrophosphate solution to the suspended Ffibrils
chenged *tueir sppearance drastically (Fig. 8). This solution extracted
most or all of the A band material leaving a light background maferial and
the dafk Z lines, The H zone of the formed A bands showed very low density.
A simultaneous swelling and shortening of myofibrils also took place. A. |
subsequent washing of fibrils in a mixture consisting of 0.0k M KCl and
0,01 M Tris (neutral), aﬁd the addition of ATP did not alter the appearance
of these extracted mwofibrils;

The exposure of myofibrils to the KI solution resulted in the removal
of both the A and I bands including the lighter background material (Fig.
9). Im additiqn to this change in the band pattern, a swelling and

shortening of fibrils also took place which was more prominent than-that
caused by ‘the Mg-pyrophosphate solution alone,

Staining with antimyosin.
Treating the normal myofibrils with the antimyosin solution resulted

in an increased optical density of their A bands (Figure 10). This
increase in optical density seemed to be more pronounced at the lateral
edges of the A band than at any other region,

Washing these antimyosin treated myofibrilg in either the KI or Mg-
lpyr@phosphate solution did ﬁot cause any visible change in the.éppearance
of their A bands; however, after exposing them to the KT solution, ﬁhe I
bands became invisible and the Z lines seemed to disappear. It appeared,
thereforg, that antimyosin fixed the A band material in such a way as to
prevent its reﬁcval by the extracting solutions.

Myofibrils, treated with normal ‘globulin solution, exhibited no

visible change in the optical density.of the regiqns of the sgrcoﬁereso
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Upon the addition of Mg-pyrophosphate solution, the A band subs%ance was
removed, and the general appearance of fibrils was similar to the extracted
but untreated preparations, Tﬁe KT solution affected the whole sarcomere
by extracting both the A and T band material, and caused the disappearance
of the Z lines, It seemed, therefore, that the nérmal globulin did not
react with any of the material localized in the sarcomere, and thus did not
prevent the gxtraction of these substances.

Myofibrils, pretreated with either the Mg=pyroph®sphate or KI solution,
did not seem to bind antimyosin. |
Fludrescence microscopy of adult myofibrils,

Relaxed myofibrils, treated with the fluorescein-labelled anbimyosin
solution, showed a green fluorescence at the A band region (Fig. 11) however,
there was congiderable variation in the intensity of fluorescengeo The I
bands remsained ﬁnstainéd but the Z lines occasionally showed a very faint
green fluorescence which, after repeated washings, usually disappeared;

The H zone of the fibrils seemed to be free of fluorescence.

Trestment’ of wmyofibrils with fluorescein-labelled norﬁal giobplin
golubion did nect caugf any specific region of the sarcomere to fluoresce.
In most cases an extremely faint staining of the outer limits of thé
fibrils was observed which was probably due to the presence of free dye in
the solution. |

When myofibriis were pretreated with either the Mg«éyrthosphate or
KT solution and then exposed to the labelled antimyosin, flucrescence was

completely absent., On the other hand, myofibrilsy_previously stained with
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the labelled antimyosin and then washed with the Mg-pyrophosphate solution,
preserved their fluorescing A bands. Treatment wifh the KT solution gave
similar results.
Muscle development.

In embryos younger than stage 16 no elongated éells could be found in
the ventral sbdeminal regilon where future muscle bands later occur in enbryoc.

In iron-hematoxylin stained sections of embryos of stages 16 and 17
oval-ghaped cells, occasionally with mitotic figures, were observed (Fige
12). These cells were in close associztion with each other and formed an
almost coutinuous band between the lateral abdominal walls of the ewmbryo.
When sguashed glycerol—ektracted material from this abdominal region of
stage 17 enbryos was viewed under the phase contrast microscope, ovale -
sﬁaped and somewhat -elongated cells were found; hewever,-spinélefshaped
cells were absent,

Ironahematoxyiin stained sections of stages:l7 (possibly late) amd
18 cmbryos revealed the pfeséhce of an increased number-of elongated cells
in the position of the future sbdominal muscle bands. In glycero,l--
extracted and squashe@ material of the same ages'these elongated cél;s
were very distinet under phase contrast dbseryationo In these cells no
filamentous material could bé detected under pﬁasé'contrasta When such
preparstions were exposed to fluorescein-labelled antimyosin, apd sub;
sequently washed to remové unbound antibodies, no fluorescence could be
detected with the fluorescence microscope. The failure of these cells to

‘bind the antibody indicated that in stage 18 or in younger eubryos no
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protein with the immunological specificity of myosin was present. In view
of these dbservations, these elongated cells which did not bind the
antimyosin were termed presumptive myoblasts. It may be significant that
neither presumptive myoblasts nor any other cell outside the muscle
forming regions fixed antimyosin at any stage of development.

. A large number of the eloﬁgated cells became spindle»shaped?by early
gtage 19, In embryos whith were fixed and stained with iron=hematoxylin
these gpindle-shaped cells did not reveal thg presence of any filaments.

In glycerol-extracted preparations, after treatment with tﬁe labelled
antimyosin, fibrillar structures could be detected under the phase contrast
microscope (Fig. 13). - When this latter preparation was viewed under the
fluorescence microscope, uniformly fluorescent fibrils could be Sbserved
which were distributed at the‘periphery of celds in close association with
the sarcolemma (Figo_llk)° These filaments were found to be the first
struétures that bound the anbimyosin in the aeveloping embryo (Figp‘l5)o
Antibody was bound frequently by the sarcoplasm or by cyteplasmic
inclusions and this resulited in s @iffused fluorescence through@ut the cell
(Fig. 16). Intenselyvfluorescing spots or particles within the sarcoplasm,
however, may have indicated the presence_of'some definitive eleménts that
fixed the antimyosin te a higher degree than did othgr components @f,fhe
cell. Such fluorescing particlesg may have regulted from the breaking of
1@@5 wyosin-containing filaments during the squashing procedures. Whén
such injured cells are treated with the fluorescein-labelled antimyosin,

%
myesin or myosin-containing particles dispersed in the sarcoplasm will fix
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the antibodles in such a way that a diffused fluorescence will be cbsgerved.
in the cell (Holtger, et gio,‘l959)o This seems to be a plausible
explanation for the presence of fluorescence in the sarcoplasm since
presumptive myoblasts having no filamentous struqtures did not fix the
antimyosin in thelr sarcoplasm to detectable extent.

When glycerol-extracted aﬁd squashed enmbryos of late stage 19 were
tregted with the l&belled—aﬁtimyosing fluorescence could be dﬁserVed in
the abdominal region of the embiyos (Fig. 17). As can be seen, the
fluerescing structures are organized into distinet bands which are
uniformly fluorescent withoubt the evidence of éross-striation.

The most conspicuous change fréom the state of mononucleated'myo~
blasts is the appearance of multinucleated myotgbes and cross-striated
myofibrils at the end of.diapauSe in stage 20, In myotubes of this age
the nuclél are densely packed together, while during late stage 20 and in
latter stages, the nuclei usually lie apart in the sarcoplasm (Figs. 18
and 19), The once round muclei, By the end of stage 20 in oldgr myotubes,
.becone mucﬁ elongated and cecupy a position with ﬁheir longitudiqal axes
being in the direction of the longitudinal axis of the myotubes (Fig. .20).

When inspeefed with the phase contrast microscope, glyberol extracted
preparations or iron-hemstoxylin stained sections, do not reveal the
presence of cross-striated fibrils in stage 20. However, when stage 20
material was tréated with fluorescein-labelled antimyosin, the crosu;
striated condition of fibrils became evident under the fluorescence

microscope (Fig. 21). Although most of the fibrils in late sbage 20

2,
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appeared 'to bé cross~striated, there were fibrils which were st£11
uniformly fluorescent. | _

During stage 21 most, if not all, of the fibrils appeared to be
cross-striated when treéted with antimyosin and observed under the
fluorescence microscoﬁeo In phase contrast, however, many of the fibrils
appeared to be non-striated before antibody treatment. It ma& bé mentioned
that the failure to detect cross-striation in some of the fibriis with the
fluorescence method may have resulted from the limitations of the-hechniques
used., .Squashed preparations may be several hundred microns in thic;knesso
Az a consequence not all of the fibrils are in the same plane of focus and
thus a diffused fluorescence will be observed,

. Except for am increase in the number of multinucleated myotubes,
enbryos in stages 22 and 23 did not reveal any additional detafi over the
stage 21 material.

Beginning with stage 2I or possibly late stage 23, the formétion of
mugcle bands becomes conspicuous. ' The once individual myofubes are now
in an intimate agsociation with each other; and they can no longer be
distinguiéhed a8 individual units in squashed préparationso Glycerol-
extfacted and squashed muscle of this age, when exposed to the.labeliedn
antimyosin and ¢bserved under the fluoréscencé microscope, is almost
indistinguishable from matured muscle treated in a similar manner (Figs.

22 and 23). s A
Contraction of embryonic muscle by ATP.

In order to correlate morphological differentiation with the
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development of contractility, observations were made on the effect of ATP
on the myofibrils freom embryocs of various ages, - During the course of these
tests it was found that only those cells containing cros5wstriéﬁed
myofibrils were able to contract when'exposed to ATP. Cells without cross-

striated myofibrils were not observed ito contract during any stage of

embryonic development. The pattern of cross-striation in the contracted

embryonic fibrils was found to be similar to that in contracted adult

musele (Figs 24),

As in mature muscle, a previous treatment of cross-striated embryénie

myofibrils with antimyosin prevented them from contrdacting when they were

exposed to ATP.
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PLATE T

Sedimentation pattern of actomyosin from A. elliotti.
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PLATE II

Sedimentation pattern of actomyosin from A. ellictti in the presence of ATP.



















































































































