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A B S T R A C T  

The structure of the flight muscle of a dragonfly (Aeshna sp.) has been studied with the 
light and electron microscopes, and the organization of this specialized tubular muscle is 
described. This tissue is characterized by the great development of the sarcosomes, which 
are slab-like and are arranged within the fiber opposite each sarcomere of the radially 
oriented lamellar myofibrils. A well developed and highly ordered sarcoplasmic reticulum 
is present, consisting of perforated curtain-like cisternae extending across the face of each 
fibril, together with tubular invaginations of the fiber plasma membrane situated within 
indentations in the sarcosomes and traversing the fibril surface midway between the Z and 
M levels. The structure of these fibers, and notably the organization of the reticulum, is 
compared with that of other types of muscle, and the possible role of the two components 
of the sarcoplasmic reticulum in the contraction physiology of the dragonfly muscle fiber 
is discussed. 

I N T R O D U C T I O N  

It has long been supposed that the striated muscle 
fiber of an insect is built on essentially the same 
plan as that of vertebrate and other invertebrate 
animals, and that these examples differ only 
through variation in the disposition and relative 
abundance of similar components, notably the 
fibrils, nuclei and sarcosomes. I t  was further 
realized that within each group of animals varia- 
tion in detail occurs; for example, in an insect 
the flight muscle often differs from limb or inter- 
segmental fibers and, again, from analogous 
muscles in representatives of other orders. 

The comparative histology of insect muscle 
has received much attention; the extensive litera- 
ture on the structural classification of these fibers 
has recently been drawn together in the schemas 
of Tiegs (1955), Pringle (1957), and Boettiger 
(1960), and it is upon these accounts that the 
following outline is based. The  basic arrangement 

of arthropod leg or trunk muscle fibers, according 
to Tiegs, involves a radial disposition of strap-like 
fibrils surrounding a central core of nuclei? This 
" tubula r"  muscle is found, for example, in the 
limbs of spiders, and among the insects in the leg 
muscle of many Orthoptera,  Odonata,  Lepidop- 

I Tiegs (1955) states that "radial lamellar" fibers 
were first described by Aubert in 1853. He tenta- 
tively suggests that the supposed lamellae may in 
some instances actually represent rows of small 
cylindrical myofibrils. This is clearly not the case in 
dragonfly muscle, nor, for example, in spider leg 
muscle (Smith, unpublished observations). How- 
ever, Tiegs illustrates the leg muscle of a grasshopper, 
Caedicia, in which radially arranged rows of cylin- 
drical fibrils in the outer portion of the fiber are re- 
placed in the center by an irregular array, an appar- 
ent transition between the radial and close-packed 
configurations. 
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FIGURES 1 TO 4 

A series of  l ight mic rographs  i l lustrating the  results ob ta ined  by apply ing  Vera t t i ' s  modif icat ion of 
Golgi 's  "b lack  reac t ion"  to flight muscle  fibers of the  dragonfly Aeshna. All these figures are of  ma t e -  
rial embedded  in Esterwax. 

FIGURE 1 

A 5 ~ longi tudina l  section. T h e  region be tween two adjacent  fibers has  been heavi ly  impregna ted ,  
and  the  sarcoplasmic re t icu lum is visualized in a por t ion of one of these. T h e  str iat ion is clearly 
seen;  the  Z bands  with less dense M bands  between t hem are shown,  and  the  impregna ted  in t ra-  
muscu l a r  s t ructures  appear  as double  rows of granules  s t raddl ing the  Z bands  (arrows). T h e  p lane  
of this section corresponds to tha t  of the  electron mic rograph  (Fig. 9), and  it is clear tha t  the  im-  
pregna ted  port ion of the  re t i cu lum is the  series of t ubu l a r  p lasma  m e m b r a n e  invaginat ions  travers-  
ing the  surface of each fibril above and  below the level of successive Z bands.  X 850. 

FIGURE 

A transverse section of the  mater ia l  shown in Fig. l~ likewise showing incomple te  impregna t ion  of 
the  re t i cu lum of a g roup  of fibers. In  this 8 ~ section, radial ly a r ranged  f i laments  are  seen ex tending  
from the  fiber per iphery  to the  central  axis. Dur ing  microscopic examina t ion  of the  specimen,  suc- 
cesslve series of these f i laments are b rough t  into sharp  focus, suggest ing tha t  they  form precisely 
ordered ranks  wi th in  the  fiber. T h e y  are believed to correspond to the  s ta ined tubules  seen in Fig. 1. 
T h e  curtain-l ike cisteruae described in the  text (and see Fig. 23) are not  impregna ted ,  and  this 
specificity m a y  reflect chemical  differences be tween the  two componen t s  of the  entire sarcoplasmic 
re t i cu lum as defined in this paper .  X 1800. 
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tera, Hymenoptera,  and Diptera, a series in- 
cluding both "h igher"  and " lower"  forms. I t  is 
believed that the muscles involved in the flight 
mechanism have been derived in evolution from 
trunk or leg muscles of the meso- and metathoracic 
segments of the primitive types. The  metabolic 
demands made of the wing-bearing segments have 
resulted in the specialization of these muscles as, 
in the most extreme case, in the fibrillar muscles 
of Diptera, Hymenoptera,  Coleoptera, and some 
Hemiptera.  In certain Orthoptera  (e.g. roaches, 
Blattidae) the tubular radial disposition of the 
fibrils has been preserved in the flight muscles, 
which do not exhibit the other features asso- 
ciated with active flight: a greatly increased 
sarcosome content, and an internalized tracheolar 
supply. These last specializations are met with in 
the more actively flying Orthoptera  (e.g. locusts) 
and in Lepidoptera, where the radial or lamellar 
fibrils have been replaced by an irregular array 
of "close-packed" fibrils (somewhat resembling 
the situation met with in many vertebrate mus- 
cles), the diameter of these subcylindrical fibrils 
being only about one-half of that of true "fibri l lar" 
fibers. Although this close-packed arrangement in 
some respects resembles the fibrillar type on 
morphological grounds, it is well known that 
whereas the close-packed muscles exhibit a 
synchronous ( l : l )  contraction response to motor 
nerve stimulation, fibrillar muscle is asynchronous 
and may have an extremely high contraction 
frequency, far in excess of that of impulses re- 
ceived (Boettiger, 1957; Pringle, 1957; Darwin 
and Pringle, 1959; etc.). 

In this schema the dragonflies occupy a some- 
what special position, for although they are 
powerful fliers, they have retained their basic 
radial arrangement of the flight muscles, which 
respond synchronously, and the most striking 
specialization observed in such fibers is their 
enormously high content of mitochondria, which 
are individually of great size. 

In a recent paper (Smith, 1960) the structure 

of fibrillar flight muscle of the beetle Tenebrio was 
described. In this insect, as in bees, wasps, and 
flies, the high sarcosome content of the tissue 
reflects its activity and high metabolic rate, which 
may also be correlated directly with the exten- 
sive tracheolar system which invades the fiber. 
It  was shown that in Tenebrio the ingrowth of the 
respiratory exchange system has an important 
effect upon the topographical relationship between 
the fiber plasma membrane and the contractile 
material, since the tracheoles carry in with them 
sheaths of fiber plasma membrane from which the 
tracheoles are separated by an extracellular gap. 
It was suggested that the fiber membrane so 
internalized may constitute the internal system 
by which excitation is channeled within these 
fibers, which, despite their high repetitive fre- 
quency, are nevertheless several times the maxi- 
mum diameter of vertebrate muscle fibers. The 
flight muscle of the dragonfly, described in the 
present paper has, for a synchronous muscle, 
an unusually high rate of contraction, Aeshna 
coerulea having a wing-beat frequency of 25 
cycles per second (Heidermanns, 1931) and A. 
juncea and Sympetrum vulgatum, 35 cycle/see and 46 
to 52 cycle/see, respectively (Sotavalta, 1947). 
However, it shows an essential difference from 
the asynchronous muscle of the beetle in that the 
tracheolar supply to the fibers lies exclusively between 
them and at no point makes the slightest inroad into 
them. Thus in the present case, if an internal conduction 
pathway for the nerve excitatory impulse is present, 
corresponding to that of fibrillar muscle, then it must 
be independent of the tracheoles, and it is with this 
fact in mind that this example should be com- 
pared with fibrillar muscles of other insects, and 
also with muscle of vertebrates and other forms, 
in terms both of structure and of physiology. 

M A T E R I A L S  A N D  M E T H O D S  

The dorsoventral mesothoracic flight muscles of a 
dragonfly (Aeshna sp.) were employed. The thorax 

FIGURE 3 

A field similar to that shown in Fig. 2, in which pairs of filaments (arrows) are seen, one filament 
lying on each side of the radially oriented myofihrils. X 1800. 

FIGURE 

A lightly impregnated transverse section of this tissue, viewed in phase contrast. The sarcosomes 
appear dark, and the fibrils lie between them. The dense filaments (the intermediary tubules) a r e  

visible running inward from the surface of the fiber toward its axis (arrows). X 1800. 
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of the  insect was separa ted  from head  and  a b d o m e n  
and  bisected medial ly  in sucrose-containing 1 per  
cent  OsO4 buffered with veronal-acetate  at p H  7.7. 
T h e  fixation vessel was su r rounded  with c rushed  
ice and  the  mater ia l  fixed for 90 minutes  and  then  
t ransferred directly to 70 per  cent  ethanol.  Portions 
of the  ana tomica l  muscles (each conta in ing  m a n y  
fibers) were removed  at this point  and  dehydra t ion  
was completed.  Subsequent  embedd i ng  procedure  
in Epon  was according to Luf t  (1961). Sections were 
cu t  on a Por ter-Blum micro tome using glass knives, 
m o u n t e d  on collodion-coated grids, " s t a ined"  with 
lead hydroxide,  and  examined  in an  R C A  E M U - 2  
microscope.  His tochemical  tests for lipids and  carbo- 
hydra tes  (Oil R ed  O, PAS) were carried out  on thick 
sections of osmium-f ixed  mater ia l  e m b e d d e d  in 
methacryla te .  

T h e  "black  reac t ion"  of Golgi, employed to im- 
pregnate  the  in te rmedia ry  tubules  of  the  sarcoplas- 

mic  re t icu lum (Figs. 1 to 4), was carr ied out  accord-  
ing to the  modificat ions suggested by Vera t t i  (1902). 
Good, t hough  characteris t ical ly incomplete ,  s ta in ing  
of this componen t  was obta ined  with the  following 
schedule:  (i) Fix in a mix tu re  of 1 per  cent  OsO4 
and  3 per  cent  K2Cr407  (1:4) for 10 days. T h e  mus-  
cles in each half  of the  thorax  were exposed as fully 
as possible to the  fixative by removal  of the  surface 
t racheae  and  the  pleural  thoracic  wall. (ii) Transfer  
the  muscles to 0.75 per cent  A g N O a  (several changes ,  
unt i l  the  solution is free of precipitate).  Leave  for 3 
days,  agi ta t ing occasionally. (iii) Replace  in the  

fixative (i) for a fur ther  3 days. (iv) Transfer  once 
more  to A g N O a  solution for 3 days. (Note:  All 
these steps are carr ied out  at 15°C.) T h e  muscles  
were then  dehydra t ed  in ethanol,  cleared for several  
days in thick cedarwood oil, embedded  in Esterwax 
(BDH), and  sectioned at 5 to 8 /~. 

FIGURE 5 

A phase  contrast  mic rograph  of a t ransvcrscly sectioned group  of fibers of  Aeshtm 
flight musclc.  T h e  radial  or ientat ion of their componen t  s t ructures  is s tr iking:  the  
sarcosomcs appear  dark and  the  myofibrils light. T h e  central  core of nuclei  in each 
fiber is one of thc  characterist ics of " t u b u l a r "  muscle.  This  figure is of a 1.5 ~ section 
of E pon -embeddcd  matcrlal .  X 1000. 

FIGURE 6 

A longi tudinal  section of port ions of four fibers (arrows). T h e  sarcomcre  period of 3.2 
is demarca t ed  by the  Z bands,  be tween which  lie the  fainter M bands,  The  I bands  

of this muscle  arc very short  (a feature tha t  m a y  be correlated with the  relatively 
isometric condit ions unde r  which  it operates) and  arc not  visible here. O n  the  left 
of  the  figure the  fibrils are sectioned more  or less frontally, and  on thc  ex t reme r ight  
perpendicular ly  to their  long axis, In  the  lat ter  instance the  dark  sarcosomes are seen 
lying be tween the na r row fibril profilcs. An  Epon -embedded  1.5 # section viewed in 
phase  contrast .  X 1250. 

FIGURE 7 

A survey electron mic rograph  of a por t ion of four transversely sectioned fibers. Note  
the  radial ly a r rangcd  fibrils and  sarcosomes (S), su r round ing  the  sarcoplasmic rctic- 
u l u m  (SR) and  the central  nuclei  (N). T h e  trachcoles (TR) lie exclusively between 
the fibers and  do not  indent  their  surface. T h e  i r regular  bodies (D) s i tuated be tween 
the sarcosomes and  fibrils have  not  been identified wi th  certainty,  bu t  they  m a y  con- 
tain lipid and  ca rbohydra te  materials .  X 7000. 

FIGURE 8 

A longi tudina l  section t h rough  per iphera l  areas of  two ad jacent  fibers. In  the  uppe r  
of these the  p lane  of section passes t h rough  sarcosomes (S) and  in the  lower t h rough  a 
fibril (FI). T h e  insert ion of the tracheoles (TR) between the fibers is the  most  in t imate  
rclat ion between respiratory and  contract i le  portions of this type of muscle.  This  
section passes just  above the  s u r h c e  of a fibril in thc  centra l  region of the  figure; the  
i r rcgular  profiles (IT) lying opposite each side of the  Z bands  arc believed to represent  
sections t h rough  the  highly  convoluted  p lasma  m e m b r a n e  invaginat ions  ( in termediary  
tubules)  seen to better  advan t age  in Figs. 17 t h rough  19. X 25,000. 
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T H E  F I B R I L S  

The radial ar rangement  of the components of 
Aeshna flight muscle around a central core of 
nuclei is clearly seen in the phase contrast micro- 
graph reproduced in Fig. 5, which includes trans- 
verse sections of several fibers each 20 to 30/~ in 
diameter;  this diameter  is only one-tenth of that 
of Tenebrio flight muscle fibers, but comparable to 
that  of many muscles in vertebrates. Even at this 
low magnification, the great development of the 
sarcosomes (noted by Marcus, 1921) is evident; 
these appear as dark wedges inserted between 
the light fibrils. The identity of these components 
may be established by comparing this figure with 
the survey electron micrograph shown in Fig. 7. 
The strap-like fibrils, each 0.5 to 0.8/~ wide, 
extend radially across part  or most of the distance 
from the nucleus to the periphery; thus in many 
instances a diametric transect of a fiber passes 
through two fibrils only. Each fibril is closely 
applied to the outer margin of the fiber and ends 
a short distance from the nucleus. At this magnifi- 
cation almost the entire remaining portion of the 
fiber appears to be occupied by profiles of sar- 

cosomes, but in the narrow spaces intervening 
between fibrils and sarcosomes lie the membranes  
of the sarcoplasmic reticulum, which will be con- 
sidered in detail in due course. In methacrylate-  
embedded material the double array of pr imary 
and secondary myofilaments, described by Huxley 
and Hanson (1960) in insect and vertebrate 
muscles, has been identified here, but in the 
Epon-embedded material illustrated here only the 
wider pr imary array of filaments is clearly visible. 

From the appearance of these fibers in transverse 
section, it is evident that  those in the longitudinal 
plane will present much variation in the aspect 

of fibrils and interposed sarcosomes, depending on 

whether  the section is perpendicular  or tangential 

with respect to the fibril face. An instance of the 

former is shown in Fig. 9, which includes several 

sarcomeres about 3.2 /~ in length. The M band 

is indistinct, but the central region of each sar- 

comere is demarcated by a localized scattering 

of small granules of unknown nature, which have 

also been observed in Tenebrio muscle. In the 

phase contrast micrograph (Fig. 6) both Z and 

M bands are clearly visible. A more tangential  

FIGURES 9 AND 10 

Electron micrographs of longitudinal sections of Aeshna flight muscle cut in a plane 
perpendicular to the long axis of the fiber. 

FIGUaE 9 

In this micrograph two entire sarcomeres and portions of adjacent ones are included, 
over a width of six fibrils. The sarcomeres, 3.2 # in length, are demarcated by the Z 
bands, while in the mid-sarcomere region the level of the M band contains numbers of 
small granules of unknown nature. The correspondence between the positioning of 
sarcosomes and of sarcomeres is very precise. The sarcosomes (S), ca. 3 ~ high and 0.4 
to 0.6 /~ wide, are arranged radially within the fiber, sometimes reaching a length of 
almost l0 ~. Note that each sarcosome is indented (*) at a point midway between 
the Z and M levels of the fibrils. The detailed organization of these indentations is 
seen more dearly at higher magnification in Fig. 10. M 16,000. 

FIGURE I0 

A higher power electron micrograph of one sarcomere (in the same plane of section 
as in Fig. 9), together with portions of the two accompanying sarcosomes (S). Within 
the indentations along the sides of the latter (*) are seen isolated membrane- 
limited profiles. Between the sarcosome surfaces and the fibrils, and extending across 
the entire sarcomere, lies a membrane system (oeR) seen in surface section in Fig. 17, 
interpreted here as a perforated curtain-like cisterna of the sarcoplasmic reticulum. 
This passes across the mouth of each sarcosomal indentation or notch (arrow), which 
contains profiles of the intermediary tubules (IT). The three-dimensional reconstruc- 
tion showing the relationship between these membrane components of the fiber and 
the fibrils and sarcosomes, based on electron micrographic evidence, is shown in Figs. 
23 and 24. X 41,000. 
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Section ot' a fiber is seen in Pig. 20, and  here the 
Z band  is similarly evident  and  the I bands very 
narrow, presumably reflecting, as in fibrillar 
muscle, the relatively short  distance by which 
these muscles contract  dur ing  the flight cycle. 

The  possibility of b ranch ing  of the fibrils, sug- 
gested by the var iable  length of their  profiles seen 
in transverse sections, appears  to be ruled out  by 
observations made  in the longi tudinal  plane;  each 
fibril is a strap-like s t ructure  up to 10 # in breadth ,  
about  0.6/z wide, and, in this species, several m m  
in length,  extending as an independen t  uni t  from 
vent ra l  to dorsal thoracic insertions. 

T I I E  S A R C O S O M E S  

The  sarcosomes of this dragonfly flight muscle are 
larger than  those of any other  cell so far examined 
in the electron microscope. Despite their  great  
size, their  in ternal  organizat ion is similar to tha t  
of o ther  mi tochondr ia  and, as seen in Figs. 18, 20, 
21, etc., they conta in  large numbers  of cristae, 
a r ranged  in whorled and  subparal le l  arrays. In  
transverse sections of the fiber, the sarcosomes are 
seen to lie between the fibrils in a similarly radial  
disposition. The i r  length  is var iable  but  may  
approach  the extent of the fiber radius (10 #), and  
their  width  varies from 0.6 to 1.0 #. Or ien ta t ion  
and  dis t r ibut ion of sarcosomes with respect to 
the cross-striation of the fibrils has been described 
in several types of muscle in both  l ight and  elec- 
t ron microscopic studies, and  this phenomenon  is 
most  striking in Aeshna flight muscle, for, as may  

be seen in longi tudinal  sections (Fig. 9), the  
sarcosomes are arrayed alongside each fibril 
precisely opposite the sarcomeres defined by 
successive Z bands. 

The  slab-like form of these sarcosomes and  of 
the fibrils ensures a very large area of contac t  or 
close apposit ion between them, a feature pre- 
sumably  reflecting the high metabol ic  activity 
of this tissue. Measurements  of longi tudinal  an d  
transverse sections carried out  with  a m a p  meas- 
urer  suggest tha t  a minimum of 70 per  cent  of the 
surface area of each fibril is in contact  wi th  
sarcosomal l imit ing membranes ,  or, ra ther ,  
separated from them by a very nar row space in 
which lies the sarcoplasmic re t iculum (Fig. 22). 
A similar value  obtains in the case of Tenebrio 
flight muscle, in which the cylindrical  fibrils are 
packed in with sarcosomes dis t r ibuted in a fashion 
unrela ted to the str iat ion (Smith, 1961). In  
addi t ion it was estimated tha t  in Aeshna flight 
muscle the sarcosomes account  for no less t han  
40 per  cent  of the fiber volume. 

T H E  N U C L E I  A N D  S U R R O U N D I N G  

S A R C O P L A S M  

A row of nuclei occupies the central  core of each 
fiber in Aeshna flight muscle, the a r r angemen t  
characterist ic  of insect " t u b u l a r "  muscle. Each  
nucleus is about  2/~ in d iameter  and several 
microns in length. Whereas  in Tenebrio flight 
muscle, nuclear  pores were found to be of rare  

FIGURES 11 AND 1~ 

Transverse sections of Aeshna flight muscle in a plane lying between the sarcosomal 
indentations (see Fig. 9), close to either the Z or the M region of the fiber. 

FmuaE 11 

Portions of four fibrils are included (FI) together with sarcosomes (S) and profiles of 
the cisternae of the sarcoplasmic reticulum (SR). Two to four such cisternae are present 
where no sarcosome intervenes (arrows), while only one or two occur, as in the lower 
part of the field (*), separating the mitochondrial surface from that  of the fibrils. These 
cistcrnae are perforated and curtain-like (see Fig. 17), hence the "beaded"  appearance 
afforded by sections in this plane. X 50,000. 

FIGURE IS 

A more extensive aspect of a central region of a fiber sectioned in a plane similar to 
that  shown in Fig. I I. The cisternae (SR) frequently loop around the inner extremity 
(*) of the fibrils (FI) and pass close to the nucleus (N) when no sarcosome stands in 
their way. X 28,000. 
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occurrence, in Aeshna such pores (ca. 50 to 60 m# 
in diameter) are very frequent (Fig. 16). The 
fibrils and sarcosomes terminate a short distance 
from the nuclear envelope; the narrow region of 
sarcoplasm that intervenes contains groups of 
granules, 150 to 250 A in diameter,  and these 
extend into the narrow interstices between the 
fibrils and the sheet-like cisternae of the sarco- 
plasmic reticulum. In addition, the outer mem- 
brane of the nuclear envelope bears small numbers 
of particles, 150 A in diameter,  presumably of 
ribonucleoprotein, differing from the sarcoplasmic 
granules in their rather  smaller size. The latter 
are especially abundant  in the spaces between 

adjacent sarcosomes at each Z band, but  also 
extend across the face of each fibril (Fig. 17). 
Fawcett  and Selby (1958) issued a timely warning 
against the practice of indiscriminate labeling of 
cytoplasmic granules and particles as RNP,  a 
warning that  is apposite here. Thick (3 #) longi- 
tudinal sections of methacrylate-ernbedded fibers 
of Aeshna muscle give a marked diffuse positive 
PAS reaction throughout the sarcomere, while 
the Z bands are more intensely stained though 
less so than the area aroung the nucleus. This 
PAS-positive material is not digested by saliva or 
by a solution of crystalline amylase. However,  
glycogen (with which these sarcoplasmic granules 

FIGURE 13 

A transverse section passing through the level of sarcosomal indentations, shown in a 
plane perpendicular to that in Fig. 9. In the present micrograph, elongated profiles 
take the place of the cisternae indicated in Figs. 11 and 12. It is suggested that these 
represent two different components of the sarcoplasmic reticulum: first, sections 
through tubules lying in the indentations of the sarcosomes (IT) (here seen more or 
less in longitudinal section), and second, flanking these, profiles of those portions of 
the cisternal curtains adjacent to them (SR). The latter, as may be seen in Fig. 10, 
appear to have few perforations opposite the indentations, hence relatively uninter- 
rupted profiles are to be expected here. Regions of transition to the perforated portion 
of the cisternae are indicated by asterisks. Further evidence on the nature of these two 
components of the sarcoplasmic reticulum is presented in the next figure. N denotes 
the nucleus. X 37,000. 

FIGURE 14 

The plane of section of this micrograph is identical with that of the last, and represents 
an area at the periphery of the fiber. The plasma membrane (PM) is clearly invagi- 
nated (between arrows) alongside a sarcosome (S), and this invagination is flanked by 
elongated profiles (SR) adjoining the fibril, having no connection with the plasma 
membrane. It is suggested that the profiles occupying the notches in the sarcosomes 
(Figs. 9 and 10) represent tubules derived from the plasma membrane which, as may 
be inferred from frontal or surface sections (Fig. 17), are highly convoluted. This con- 
volution results in the apparent interruption of the tubules met with in transverse sec- 
tions of the fiber (Fig. 13). The tubules appear to be selectively impregnated by the 
"black reaction" (Figs. I through 4) where they are seen to extend from the periphery 
of the fiber to the central axis. X 19,000. 

FIaURE 15 

An oblique transverse section, to be compared with Figs. 9, 12, and 13. The Z bands 
of successive fibrils are included in the upper part of the micrograph. Some distance 
from the Z bands the accompanying sarcosomes are indented (*) (as in the longitudi- 
nal section, Fig. 9), and within each indentation lies a membrane profile, the elon- 
gated appearance of which, as well as the increased distance from the Z bands (as 
compared with Fig. 9), is attributable to the obliquity of the section. The cisternal 
curtains (SR) between the fibrils and sarcosomes are perforated over most of their ex- 
tent (cf. Fig. l l )  except opposite the indentations (arrows), where they thus afford 
more unbroken profiles. X 19,000. 
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are p robab ly  to be identified) often cannot  be 
removed enzymatical ly f rom osmium-fixed ma-  
terial. Fawcet t  and  Selby (1958) found "enormous  
numbers  of moderate ly  dense granules  100-250 A 
in d i ame te r "  in skeletal and cardiac muscle of the 
frog and  turtle, and  these they identified as 
par t icula te  glycogen. This form of glycogen may 
be compared  with the rosettes of granules de- 
scribed in liver (Carasso, 1960) and,  like these, 
are intensely " s t a ined"  with solutions of lead 
hydroxide.  

The  PAS react ion also demonstra tes  another  
sarcoplasmic componen t :  the large (0.4 to 0.6 #) 
bodies located, for the most part ,  opposite the 
Z bands and  inserted between the sarcosomes 
(Figs. 17 and  20). T he  stainabil i ty  of these struc- 
tures is similarly not  destroyed by amylase or 
saliva t r ea tmen t  in methacry la te -embedded  sec- 
tions. They  have  a r a the r  osmiophilic amorphous  
content  suggestive of lipidic mater ia l ;  if they are 
indeed fat droplets perhaps  associated with poly- 
saccharide,  then  from their  osmiophilia and thei r  
failure to stain with Oil Red O may  be inferred 
their  unsa tura ted  nature.  I t  is interesting to note 
in this connect ion tha t  George and his coworkers 
(1958) found unusual ly  large amounts  of lipase 
in dragonfly flight muscle, though unfor tunate ly  
values of the Q10 of this tissue (which may  conta in  
substant ial  quant i t ies  of ca rbohydra te  and  lipid) 
do not  seem to be available. In  o ther  insects it is 
known tha t  the immedia te  energy source may  be 
ei ther  lipid (e.g. locusts, Krogh  and  Weis-Fogh, 
1951, butterflies, Zebe, 1954) or ca rbohydra te  
(e.g. fruit flies, Wigglesworth, 1949; bees, Beutler, 
1937). I t  would be by no means surprising should 
bo th  prove to be present together,  as may  be the 
case here. 

T H E  T R A C H E A L  S U P P L Y  

T O  T I I E  F I B E R S  

It  will be r emembered  that  invasion of the fiber 
by the fine t racheolar  branches  is a feature asso- 

ciated with the flight muscles of the " f ibr i l la r"  
type, and to some extent  with  close-packed fibers 
as in the active Or thop te ra  (Vogell et al., 1959). 
The  flight muscles of dragonflies, in common 
with insect leg and  t runk muscles, possess only a 
surface t racheat ion,  the tracheoles passing be- 
tween the fibers and never  indent ing  them. These 
t racheolar  branches,  which arise from tracheal  
end-cells likewise inserted between the fibers, 
may be as little as 0. I to 0.2 # in diameter .  Figs. 
7 and  8 il lustrate their  characterist ic disposition. 
In Tenebrio the tracheoles were found to draw 
with them into the fiber concentr ic  sheaths of 
muscle plasma m e m b r a n e  (Smith, 1961), and  it 
is evident  tha t  in Aeshna the si tuation is quite 
different in this respect. This will be considered 
in the next section, when  the p robab le  pa thway  
of impulse conduct ion within the fiber is discussed. 

T H E  P L A S M A  M ] ~ M B R A N E  A N D  T H E  

S A R C O P L A S M I C  R E T I C U L U M  

At the t ime when  the techniques of electron micros- 
copy were first applied to considerations of muscle 
structure,  the early descriptions (notably those of 
Veratt i ,  1902) of a fi lamentous ret icular  system 
distinct from the sarcosomes and  lying in the 
interfibri l lar  sarcoplasm were vir tually forgotten. 
The  first electron microscopic descript ion of a 
m e m b r a n e - b o u n d  system of this nature ,  the 
"sarcoplasmic re t iculum" of Bennet t  and Porter  
(1953), was followed by m a n y  others, and  it 
became evident  tha t  a rc t iculum of this na tu re  is 
present in one form or another  in every striated 
muscle so far examined,  whether  fi'om ver tebrates  
or from other  animals. Porter  and Palade  (1957) 
recognized tha t  in the skeletal and cardiac fibers 
they examined,  the re t iculum is a r ranged  in 
series of units tha t  are repeated in register with  
the striat ion of the myofibrils. Between the 
" t e rmina l  c is ternae" of adjacent  segments of the 
re t iculum they observed small discrete " in ter -  
mediary vesicles" which with the cisternae 

FIGURE 16 

An electron micrograph of the central region of a fiber. Note the nucleus (N) and the 
double nuclear envelope with numerous wide pores (p). The nebenkern-like struc- 
tures of whorled membranes (NK) occur quite frequently in this type of muscle, but 
their significance is not known. This section passes through a Z band in the upper 
right of the field, and is presumably slightly oblique. Whereas in most regions the plane 
of section passes solely through the perforated cisternae of the sarcoplasmic reticulum 
(SR), in places tile more continuous profiles characteristic of the level of the sarcosomal 
indentations are included (arrow) because of slight obliquity in the section or through 
some degree of lack of register in the alignment of neighboring myofibrils. X 33,000. 
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flanking them constituted the "tr iads."  Specializa- 
tions of this general nature have subsequently 
been found in other instances, and many muscles 
may be placed in one of two groups, depending 
on whether  the triads or corresponding structures 
lie opposite the Z bands or, alternatively, at or 
near the level of the A-I junction. However, the 
position of most insect and other invertebrate 
muscles in this respect is not yet clear, though in 
the case of insect fibers available evidence sug- 
gests that  specialization of the sarcoplasmic 
reticulum typically occurs at two levels alongside 
each sarcomere, as in Periplaneta flight muscle 
(Edwards et al., 1956), Blatta abdominal  muscle 

(Edwards, 1959), and tymbal muscle of the cicada 
Tibicen (Edwards et al., 1958). The fibrillar flight 
muscle of Tenebrio exhibits a highly modified 
disposition of the reticulum (Smith, 1961) in 
which "dyads"  consisting of profiles of isolated 
vesicles associated with tubules derived fi'om the 
plasma membrane  of the fiber are abundant,  
though not oriented or distributed in register 
with the striation. In Aeshna flight muscle, the 
situation is strikingly different from this last 
example. 

In the low power longitudinal section shown in 
Fig. 9 it may be seen that  the sarcosomes are 
indented on each side in two places, at levels 
almost midway between the Z bands and the 
region corresponding to the M band, which is 
marked by a series of sparsely distributed granules. 
Within each of these indentations lie from one to 

three circular or ovoid membrane  profiles. From 
the universality of this appearance,  it may be 
inferred that  two tubular systems (continuous or 
otherwise) run alongside the face of each sar- 
comere, perpendicular  to the plane of section 
shown in Figs. 9 and 10. In addition, a second 
membrane  system is present, running between 
each fibril and the adjacent sarcosomes without  
interruption at the Z band level or elsewhere, and 
thus traversing the sarcosomal indentations (Figs. 
9, 10, and 15). At first sight the latter system 
appears, in longitudinal sections, to consist of a 
single or, especially in the mid-sarcocnere region, 
of a double series of vesicles. However,  close 
examination shows that each such series repre- 
sents a profile of a membranous  curtain-like 
cisterna which contains frequent small fenestra- 
tions and extends over the entire surface of each 
fibril. The fenestrations are more or less absent 
only opposite the indentations in the sarcosomes 
and their enclosed membrane  profiles (Fig. 10). 

Consideration of a complex ar rangement  of this 
nature cannot,  of course, be based on sections in 
one plane. I t  is clear that  the appearance of the 
reticulum elements will vary, depending  on the 
level along the sarcomere included in transverse 
sections. In addition, both oblique transverse 
sections and especially sections passing almost 
parallel to the surface of a fibril will be informa- 
tive, as the latter, for example, should include an 
extensive surface view of the components  of the 
reticulum. As an additional guide to the inter- 

FIGURE 17 

An electron micrograph of a section of Aeshna flight muscle which pa~ses just above the 
surface of a fibril (FI). A Z band crosses the field above the center, and between the 
ends of the sarcosomes (S) at this level (@ Fig. 9) are inserted irregular bodies (D) 
which may contain lipid and polysaccharide materials. 

On each side of the Z band and equidistant from it are seen series of irregular mem- 
brane-limited profiles (IT) which are held to represent sections of convoluted tubular 
invaginations of the plasma membrane. At the lower left, a further portion of this 
system lies within the plane of section, adjoining the adjacent Z band lying immedi- 
ately below this field. Traversing the level of the Z band and extending across much of 
the fibril surface is visible, in surface aspect, a perforated curtain-like cisterna (SR) 
seen in other planes of section in Figs. l0 and 13 through 16. The fenestrations are 
irregularly distributed; each is 200 to 300 A in diameter, and together they represent 
about 15 to 25 per cent of the total area of the cisterna. The deeply "stained" granules 
(G) concentrated above the Z band and between the fibril and adjacent sarcosomes may 
be particulate glycogen. Further information on the disposition and nature of the 
membrane profiles straddling the Z band is offered in Figs. 18 to 20. Note that the leve| 
of the Z band is indicated (Z Z) as situated opposite the ends of the sarcosomes, al- 
though the fibril surface lies just beneath the plane of section. X 46,000. 
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pretat ion of electron micrographs illustrating 
these planes of section, the reader  may find the 
reconstruction diagrams (Figs. 23, 24) useful at 
this point. Fig. 15 shows an oblique transverse 
section passing through a series of Z bands ef 
adjacent fibrils. Here, as in the longitudinal sec- 
tion (Fig. 9), the narrow continuous system of 
membranes  lying between the fibrils and sar- 
cosomes is seen, and likewise, at some distance 

from each Z band,  the sarcosomal indentations 
containing in this case cblique profiles which are 
therefore somewhat longer than those noted in 
more precisely longitudinal sections. In this figure 
the terminations of the sarcosomes on either side 
of the Z bands may also be pointed out. 

In the transverse sections shown in Figs. I 1 and 
12 the reticulum is represented by profiles corre- 
sponding to those lying alongside the length of the 
fibrils in longitudinal sections (Figs. 9 and 10), 
and it appears that  the plane of section in the 
present instance lies between the levels of sar- 
cosomal indentation, either just on one side of 
the Z region or between the indentations in the 
mid-sarcomere region. The continuous nature of 
the reticulum is more clearly seen at higher 

magnification (Fig. 11); this micrograph also 
demonstrates that  where the reticulum borders a 
sarcosome one or two cisternae are found, whereas 
three or four are closely applied to one another 
between adjacent  fibrils in those places where no 
sarcosome is interposed. Ffhus far, then, the 
similarity in the appearance of the cisternae in 
these longitudinal and transverse sections sup- 
ports the suggestion that  this portion of the re- 
ticulum consists of perforated curtain-like cis- 
ternae, the fenestrations of which result in the 
"cha ined"  appearance presented by the reticulum 
in the planes of section so far considered. 

A very different aspect of the reticulum is dis- 
played in Fig. 13, where, in a transverse section, 
elongated membrane  profiles predominate  be- 
tween the myofibrils. This field represents part  of 
an area adjoining a nucleus which, as may be 
seen at low magnification, is relatively free of 
sarcosomes (Fig. 7). The plane of section in Fig. 
13 passes through a series of fibrils at the level 
of sarcosomal indentation, though in this field the 
sarcosomes do not extend fully between the fibrils. 
The elongated membrane  profiles represent more 
or less longitudinal aspects of the tubular s trut-  

FIGURE 18 

A field sectioned similarly to that shown in Fig. 17, but lying at the periphery of a fiber. 
The plane of section passes directly through a sarcosomal indentation, but the profiles 
of the convoluted plasma membrane tubules (IT) are not included in the section when 
the adjoining fibril is reached. In Fig. 8 portions of a pair of these series of tubule pro- 
files are to be seen; each series lies midway between adjacent Z bands and the center 
of the sarcomere, the position (as seen in Fig. 9) occupied by the sarcosomal indenta- 
tions. SR indicates a portion of the cisternal sheet of the sarcoplasmic reticulum, in 
surface view. X 20,000. 

FIGURE 19 

A somewhat oblique section passing just above a sarcomere. The position of the Z 
bands has been indicated--opposite the ends of the sarcosomes (S) (arrows)--though 
the fibril surface lies just beneath the planc of section. Only one extensive series of pro- 
files of the convoluted plasma membrane intermediary tubule (IT) is included. The 
perforated cisterna of the sarcoplasmic reticulum is continuous over the Z bands (*), 
as may be seen also in Fig. 10. X 23,000. 

FIGURE ~0 

Another field at the periphery of a fiber in which portions of two sarcosomes (X) are 
included, sectioned parallel to their largest surfaces, and bordering a fibril. Note the 
complex whorls of cristae within the sarcosomes, and the fragmentary profiles of the 
intermediary tubules (IT) lying on either side of the Z bands. The Z band on the right 
is clearly seen, and the position of its neighbor in the center of the field, opposite the 
junction of the two sarcosomes, is indicated by the bracketed Z. X 23,000. 
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tures lying within the indentat ions,  together with 
the accompanying  cisternal sheets. The  relatively 
un in te r rup ted  profiles of the lat ter  are consistent 
with  the observation in longi tudinal  sections 
(Fig. 10) tha t  opposite the indentat ions  fenestra- 
tions are infrequent.  Both these series of profiles 
end before the nucleus is reached, and  in the 
upper  par t  of Fig. 13 a cisterna follows the curved 
t e rmina t ion  of the fibril, while Fig. 12 suggests 
tha t  these cisternae may sometimes loop a round  
the fibril from one surface to the other. The  section 
shown in Fig. 16 is presumably slightly oblique, 
a Z band  being included at the upper  right, and 
the t ransi t ion of the fenestrated cisternae to a 
more un in te r rup ted  system at the level of sar- 
cosome indenta t ion  may in places be seen. 

The  question of the total  un in te r rup ted  length 
of the tubules lying alongside the fibrils in the 
indenta t ions  of the sarcosomes remains. In  Fig. 13 
the greatest such extent  is over 1 /~, and  in a survey 
of similar fields continuous profiles up to 3/~ 
have been noted, representing 20 to 30 per  cent  of 
the fiber radius. An impor tan t  addi t ional  piece of 
informat ion concerning the na ture  of these 
profiles derives from examinat ion  of the disposi- 
t ion of the plasma m e m b r a n e  at the surface of 
the fiber. This m e m b r a n e  lies immedia te ly  be- 
nea th  a delicate and  seemingly amorphous  
basement  membrane ,  confluent with tha t  of the 
t racheal  cells. Al though the plasma m e m b r a n e  
in most places is seen (in transverse sections) to 
run  a simple circumferent ial  course, it is sometimes 
(Fig. 14) invaginated  radially into the fiber to 
varying depths. Where  this occurs the plasma 

m e m b r a n e  tubule  lies alongside a sarcosome and  
is separated from the adjoining fibril by elongated 
profiles hav ing  no connect ion with the p lasma 
membrane  and evidently representing the fenes- 
tration-free region of one of the cisternal " c u r t a i n s "  
in an aspect comparable  with those seen lying 
close to the center of the fiber in Fig. 13. 

If  it is admit ted  tha t  these plasma m e m b r a n e  
invaginat ions are identical  with  the tubules or 
m e m b r a n o u s  structures lying in the sarcosomal 
indenta t ions  and  thus t raversing each sarcomere 
on ei ther  side of the Z band,  then  three  possi- 
bilities remain  to account  for the appa ren t  local 
discontinuities in the radially disposed profiles. 
I t  might  be supposed (a) tha t  the invaginat ions  
are simple tubules visible in their  ent i rety only 
when  sectioned perfectly longitudinally,  (b) tha t  
they are indeed broken into segments e i ther  
permanent ly  or momentar i ly  in the l iving fiber, or 
(c) tha t  the appa ren t  discont inui ty  seen in t rans 
verse sections of the fiber results from sectioning 
a convoluted or sinuous tubu la r  structure.  An 
indicat ion tha t  the last of these al ternat ives is to 
be preferred is afforded by sections passing parallel  
to and  just  above the surface of a fibril, hence 
either th rough  or slightly above or below the 
sarcosomal indentat ions  as in Figs. 17 th rough  20. 

In  Fig. 17 the plane of section passes over the 
surface of a fibril and  just  below the level of 
notching of the f lanking sarcosome. T h e  Z band  
is more or less obscured by large numbers  of 
granules, p robably  of glycogen, and  inserted 
between the sarcosomes opposite the Z band  are 
seen i r regular  ovoid bodies which  may  conta in  

FIGURE ~1 

An electron micrograph illustrating the size and complexity of the sarcosomes in a 
section perpendicular to that shown in Fig. 10. At the top of this figure, small portions 
of two sarcosomes are seen ($1, $2), and immediately beneath is situated the Z band 
of a fibril (FI) visible on the right and lying beneath the plane of section on the left 
(upper bracketed Z), Between this and the next two Z bands, the levels of which are 
indicated by bracketed Z left center and lower left, lie larger portions of four sarco- 
somes ($3, $4, $5, $6) containing large numbers of whorled or irregularly arranged 
cristae. Note that  only portions of these sarcosomes are seen here. They are each about 
3 ~ high (Z-Z level) and reach 10 ~ in length along the radius of the fiber, and thus 
appear to be the most massive mitochondria recorded. Dense bodies (D), possibly 
containing lipid and carbohydrate materials, lie in most cases at the level of the Z 
bands, between the sarcosomes. In addition, small granules (G), probably of glycogen, 
are inserted between the sarcosome surfaces and also (Fig. 17) extend over the fibrils. 
The section passes for a short distance through sarcosomal indentations where frag- 
ments of the intermediary tubules (IT) of the sarcoplasmic reticulum are visible. 
X 29,000. 
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lipid and polysaccharide materials. A short 
distance from the Z band on each side of it lies 
a series of irregular membrane profiles traversing 
the fibril surface but passing out of the plane of 
section at the edge of the sarcosomes. Frag- 
mentary profiles of the corresponding system 
relating to the other half of each sarcomere are 
also visible. In addition to these profiles, a surface 
view is obtained of the fenestrated cisternal 
component of the sarcoplasmic reticulum, per- 
forated by holes 200 to 300 A in diameter. A 
similar field is shown in Fig. 19, but in this case 
the plane of section is more oblique with respect 
to the fibril surface, and above the single sar- 
comere shown only one of the transverse series 
of irregular profiles is included. Although many 
of these profiles are apparently isolated, some 
degree of continuity is evident between them. The 
plane of section in Fig. 18 has passed longitudi- 
nally through one indentation of a peripherally 
placed sarcosome, and the chain of irregular 
profiles, again lying some distance from a Z band, 
is flanked by mitcchcndrial  cristae before passing 
out of the section. In Fig. 8, portions of a pair 
of such profile chains are seen, each situated 
midway between adjacent Z bands and the 
center cf  the sarcomere, at which position, in 
longitudinal sections such as in Fig. 9, the sar- 
cosomes are seen to be indented to accommodate 
the transversely oriented tubules, the longitudinal 
and surface aspects of which have just been de- 
scribed. 

Thus far it has been established that the tubule 
profiles lying in the indentations seen in longi- 
tudinal sections of fibers perpendicular to the 
long axes of fibrils and sarcosomes are represented, 
in sections passing close to the fibril surface, not 
by simple tubules, but by irregular profiles which 
may be connected over short distances. These 
structures, on the other hand, in transverse sec- 
tions of the fiber, appear as elongated profiles 
lying within the plane of section over distances of 
up to 30 per cent of the fiber radius. Two possi- 
bilities remain by which these aspects may be 
coordinated or reconciled. Firstly, the twin 
systems traversing the face of each sarcomere may 
be convoluted tubules affording more or less 
isolated profiles in surface section, but more 
continuous profiles in the plane perpendicular 
to this. Secondly, it may be that this system is not 
a static one, being momentari ly either more or 
less continuous. It is not possible categorically 
to decide at the moment  between these possi- 

bilities, but it is suggested that in the flight muscles 
of the dragonfly the plasma membrane is invaginated 
to form convoluted tubes at two places along each sar- 
comere face at least f~r an appreciable distance, and 
quite probably along the whole radius cf the fiber. 

At this point it should be remembered that 
Porter and Palade (1957), Andersson-Cedergren 
(1959) and others found not a direct invagination 
of the plasma membrane at the triad level (whether 
opposite the Z or the A-I junction level), but at 
least a very close association between the inter- 
mediary vesicles (the T system of Andersson- 
Cedergren) and the plasma membrane,  at the 
periphery of the fiber. It  is suggested here that 
Aeshna flight muscle, despite its peculiarities, may 
be placed in the category of muscles which have 
two triads or similar specializations per sarcomere, 
and that the counterpart  of the intermediary 
vesicles surrounding fibrils in vertebrate muscle 
may be the plasma membrane tubes extending 
across the surface of the slab-like fibrils in Aeshna 
muscle; to stress this suggested homology, these 
tubes will here be referred to as the intermediary 
tubules. 

In the original descriptions of the sarcoplasmic 
reticulum, the intermediary vesicles were con- 
sidered to be one component of the system; 
indeed, the terms " t r i ad"  and "dyad" of Porter 
and Palade described the relation or association 
between these vesicles and the cisternal tubework 
of the rest of the reticulum. The term "sarco- 
plasmic ret iculum" itself (in the connotation 
established on electron microscopic evidence) was 
employed to underline the suggested homology 
between it and the "endoplasmic ret iculum" of 
other cells which, although possibly having 
momentary connection with the plasma mem- 
brane in certain cells, is in general an entirely 
distinct formation. If, as now seems likely, the 
intermediary vesicles of the triad have the special 
function of channeling nervous excitation within 
the fiber by virtue of some relationship with the 
plasma membrane, the question arises whether 
"sarcoplasmic ret iculum" should properly be 
retained as a term connoting two separate com- 
ponents of the muscle cell, or whether it should 
relate only to the system of membrane-l imited 
cisternae extending between the intermediary 
vesicles. 

In Tenebrio muscle (Smith, 1961) the name 
"dyad"  was given to the dual association be- 
tween invaginated plasma membrane tubules 
and isolated vesicles, the former possibly corre- 
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FIGURE ~ 

A myoneural  junct ion in the flight muscle of the dragonfly Aeshna. In  this tissue such endings usually 
appear  to involve a single axon, as in this instance. At the synaptic region the axon (AX) is without  
the lemnoblast  with which it is ensheathed throughout  its peripheral  course, and it is closely applied 
to the plasma membrane  of the fiber (PF). The postsynaptic sarcoplasm is often produced into 
elongated fiber-like processes (p) which presumably increase the area of synaptic apposition. The  
axon shown here contains a large mitochondrion (M) and a few synaptic vesicles (SV), though a 
much  greater concentrat ion of these is frequently found. The  postsynaptic sarcoplasm contains a 
number  of vesicles of variable size (PV), fewer in number  but  similar in appearance  to those de- 
scribed in Tenebrio flight muscle (Smith, 1960). This section passes through a series of profiles of an 
intermediary tubule (IT) or plasma membrane  invagination, lying to one side of the Z band  of the 
fibril (F/),  and these profiles are in int imate relation with those of the postsynaptic vesicles in the 
region indicated by an arrow. 

In  this micrograph the axon appears to effect synapse with two adjacent  fibers simultaneously 
(*), an unusual occurrence, the significance of which is not known. X 33,000. 

spond ing  to the  i n t e r m e d i a r y  vesicles in te rms  
of  the i r  suggested role in in te rna l  conduc t ion  of  
exci tat ion.  I n  Aeshna muscle  a h ighly  o rde red  
t hough  di f ferent ly  o r i en ted  sys tem of  p l a sma  

m e m b r a n e  invagina t ions  is present ,  lying in close 
re la t ionship  wi th  con t inuous  sheet-l ike cis ternae.  
In  the  case of v e r t e b r a t e  muscle,  a l t hough  the  
i n t e r m e d i a r y  vesicles m a y  well  have  a func t iona l  
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relationship with the plasma membrane,  they 
have never been shown to form a continuous 
system throughout the fiber; that is, it seems they 
cannot be regarded as plasma membrane in- 
vaginations in the same (morphological) sense. 
However,  in view of the present incompleteness 
of our knowledge concerning the role played by 
these membranes, and particularly those of the 
extensive cisternae, it is the opinion of this author 
that the term "sarcoplasmic ret iculum" should 
for the present be retained in its original sense 
provided it is clearly understood that it probably in- 

cludes two distinct components, only one of which is 
directly or indirectly connected with the plasma mem- 
brane. The patently plasma membrane nature 
of the oriented tubular system in Aeshna flight 
muscle would thus place this tissue as a special 
case in a more general framework. 

Between the intermediary vesicles of many 
vertebrate fibers lies an irregular latticework of 
wide cisternae which appear to correspond, ex- 
cept for the small size and greater number of the 
perforations in the present example, to the mem- 
branous sheets covering the fibrils of Aeshna 
muscle. The possible functional parallel between 
corresponding components in vertebrate and 
Aeshna muscle will be discussed later. The  inter- 
pretation of the three-dimensional fine structure 
of the dragonfly muscle described here has been 
incorporated into the drawings shown in Figs. 
23 and 24. 

One further aspect of the structure of Aeshna 

flight muscle should be mentioned: the organiza- 
tion of the myoneural  junctions. Edwards (1960) 
found that in longitudinal thoracic muscle of a 
dragonfly (not a muscle of flight) multiaxonal, 
multijunctional synapses occur, and in particular 
that the final junct ion between nerve and muscle 
involves pairs of axons, one axon of a pair being 
smaller than the other, supposedly representing the 
"slow" and "fast"  axons characteristic of insect 
skeletal muscle other than certain flight muscles. 
During the present study, many of the junctions 
have been found to contain only a single axon 
as in Tenebrio flight muscle (Smith, 1960), and 
where more than one is involved such distinctive 
size difference is absent. As in other myoneural 
.junctions, the synapsing axons contain large 
numbers of vesicles from 300 to 450 A in diameter,  
and, as in Tenebrio but unlike other insect and 
vertebrate myoneural  junctions, the lemnoblast 
which surrounds the presynaptic axon is shed 
before synapse is effected. As may be seen in Fig 

22, the sarcoplasm of the Immediately post- 
synaptic region of the fiber contains moderate 
numbers of vesicle profiles ca. 500 to 1500 A in 
diameter having more or less dense contents and 
resembling, except for their sparser distribution, 
the postsynaptic vesicles found in Tenebrio. In  
Fig. 22 the plane of section passes close to the 
surface of a peripherally located myofibril and it 
is evident that the vesicles of the postsynaptic 
area are in close spatial relationship with the 
profiles of the intermediary tubule lying on one 
side of the Z band. 

A P P L I C A T I O N  OF  T H E  ~ B L A C K  

R E A C T I O N  '~ TO A E S H N A  M U S C L E  

The extensive comparative work of Veratti  (1902) 
on filamentous reticula lying within the sarco- 
plasm provides, if not the first, certainly the defini- 
tive light microscopic account of what proved to 
be the sarcoplasmic reticulum of electron micros- 
copy. The  method employed by Vcra t t i - - a  
modification of Golgi's "black reac t ion"- -was  
carried out on Aeshna flight muscle fibers during 
this study. In longitudinal sections (Fig. l) where 
the staining has succeeded, twin chains of black 
granules are deposited on either side of the Z 
bands of the fibrils, and these appear to corre- 
spond to the profiles of the intermediary tubules 
seen in a similarly oriented electron micrograph 
in Fig. 10. In transverse sections of this muscle 
(Figs. 2, 3, and 4), series of intensely impregnated 
filaments are seen, extending radially from the 
periphery toward the central axis of the fiber and 
having precisely the disposition of the inter- 
mediary tubules inferred from the electron 
micrographic evidence. It  is interesting to note 
that the cisternal "cur ta ins"  of the sarcoplasmic 
reticulum appear not to be stained by this pro- 
cedure, at least in these preparations, pointing 
to a possible qualitative difference between the 
two membrane systems which together compose 
the sarcoplasmic reticulum of these fibers. 

D I S C U S S I O N  

The need for a conduction system by which 
membrane excitation initiated by the motor nerve 
impulse is channeled into the striated muscle 
fiber (Peachey and Porter, 1959) is now generally 
agreed upon. Hill (1948, 1949) showed, on 
theoretical grounds, that simple diffusion from 
the periphery of the fiber could not result in the 
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adequate transfer throughout the fiber of any 
substance or ionic disturbance liberated or 
initiated at the depolarized fiber membrane, in 
the observed time elapsing between the arrival of 
the impulse and the start of contraction. In 
vertebrate muscle the microdepolarization experi- 
ments of Huxley, Taylor, and Straub (see refer- 
ences in Huxley, 1959) pointed to the level of the 
triad or similar structure as that at which internal 
conduction takes place. This suggestion derives 
morphological support from the observed close 
association between the plasma membrane and 
one component of the triads--the intermediary 
vesicles. 

Fibrillar flight muscle of insects is typically 
composed of very large fibers, and it has been 
shown in the mealworm beetle Tenebrio (Smith, 
1961) that the maximum distance between plasma 
membrane and fibril is reduced from a distance 
equal to the radius of the fiber (100 to 150 #) to 
a few microns, by virtue of a rich system of plasma 
membrane tubules drawn into the fiber along 
with the invading tracheoles. In Aeshna muscle, as 
indeed in all insect muscles other than those of 
the fibrillar type and the corresponding flight 
muscles of a few other actively flying forms such 
as the higher Orthoptera, no such internalized 
tracheolar system is present, and these fibers 
therefore might be expected to be more directly 
comparable with those of vertebrates and other 
non-tracheated animals as regards the relation- 
ship between the plasma membrane and the 
sarcoplasmic reticulum. 

Evidence has been offered here that the re- 
ticulum of Aeshna fibers is morphologically com- 
parable with that of striated muscle of vertebrates, 
and, in particular, with that exhibiting a repeating 
pattern based on alignment of triads opposite 
the A-I junction or between the A-I junction 
and the H zone. That in Aeshna muscle the in- 
termediary tubule is a direct invagination of the 
plasma membrane, whereas the intermediary 
vesicles of other muscles are probably not, may 
perhaps be attributed to the fact that in Aeshna 
the fiber radius characteristically includes only 
one fibril, whereas the vertebrate fiber is com- 
posed of a large number of cylindrical or ir- 
regular close-packed fibrils. 

It has a number of times been suggested that 
the sarcoplasmic reticulum may represent or 
include the pathway of internal conduction of 
excitation (Bennett and Porter, 1953; Ruska et al., 
1958; Peachey and Porter, 1959). On morphologi- 

cal grounds it now appears that the intermediary 
vesicles of the triad (or in the present case the 
corresponding tubular invaginations) may be the 
primary conduction channels reaching across the 
fibrils at or between the Z bands of every sar- 
comere. If this is the case, then the question of 
the role played by the intervening cisternae re- 
mains. That these too may be intimately con- 
cerned in muscle contraction, perhaps through 
regulation of the cycle of contraction and relaxa- 
tion of the fibers initiated by the arrival of the 
impulse, is suggested, for example, by the work 
of Muscatello and co-workers (1961), who showed 
that the "sarcotubular" (cisternal) fraction of 
homogenized frog skeletal muscle has high Mg ++- 
stimulated, Cam--inhibited ATPase activity, 
while Revel (unpublished observations) has dem- 
onstrated that calcium appears to be present in 
local high concentrations at the level of the in- 
termediary vesicles. In Aeshna muscle the cisternae 
lie physically between the plasma membrane 
tubules and the contractile material, a fact which 
supports the suggestion that they act in some way 
as intermediaries between the fibrils and the 
plasma membrane. 

In vertebrate "twitch" fibers a motor impulse 
arriving at the single end-plate initiates a prop- 
agated wave of membrane depolarization, whereas 
in arthropod muscle several myoneural junctions 
are typically present on a single fiber. Presumably 
local regions of depolarization are set up as the 
impulse reaches the surface of the fiber along the 
axon branches. In fibers of Tenebrio flight muscle 
the membrane-fibril distance is reduced to about 
2 ~ by an irregular though profuse system of 
tubular invaginations. In Amphioxus muscle the 
fibers are sheet-like with a width of only about 1/~ 
(Peachey, 1961), and in Carcinus the branching 
plasma membrane invaginations analogously 
reduce the distance across which membrane 
depolarization must act upon the fibrils (Peachey, 
unpublished observations). In each of these in- 
stances the maximum distance over which 
diffusion must operate is similar to the maximum 
distance from intermediary vesicles to fibrillar 
material in the triads of vertebrate muscle. In 
Aeshna flight muscle the distance between the 
intermediary tubules and any point in the fibrils 
is less than 1/z. Despite structural variation between 
different muscles, a similar proximity between 
myofibrils and an impulse conduction system 
seems always to be established. 
Received for publication, April 7, 1961. 
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FIGURE ~.~ 

A semidiagrammatic reconstruction of the three-dimensional structure of Aeshna 
flight muscle as interpretcd from the electron micrographs shown here. The front face 
of the "block" is sectioned longitudinally across the narrowest dimension of the fibrils 
and sarcosomes (@ Fig. 9). The upper plane of section is obliquely transverse, passing 
on the left above, in the middle through, and on the right below successive Z band 
levels. The precise orientation of the sarcoplasmic rcticulum and of the slab-shaped 
sarcosomes is indicated. 

The notches or indentations in the sarcosomcs, situated on each side of the Z bands, 
contain the convoluted tubules representing invaginations of the plasma membrane. 
When these lie within thc plane of section, elongated profiles accompanying the sar- 
cosomes result (Figs. 13 through 15) together with relatively uninterrupted profiles 
of the cisternal curtains bordering the indentations. On the extreme right of this figure, 
a portion of a perforated cisterna has been exposed, and elsewhere profiles of this com- 
ponent of the sarcoplasmic reticulum are visible, inserted between the radially oriented 
surfaces of the fibrils and sarcosomes, both in longitudinal and in transversc sections of 
the fiber. 

Only a portion of each sarcosome is shown in this drawing. Low magnification trans- 
verse sections of the fiber (Fig. 8) show that these may extend radially from the periph- 
ery to the center of the fiber, ending close to the nucleus. The double envelope of the 
nucleus is indicated, and close to this are included a number of profiles of the smooth- 
membraned vesicles of the well developed Golgi region. 

Note that while the Z and M bands of each sarcomere have been indicated in this 
drawing, no attempt has been made to incorporate into it the detailed organization 
of the myofilaments. These, in fact, are arranged in the double hexagonal 
arrays of primary and secondary filaments described by Huxley and Hanson (1960) 
in both vertebrate and insect striated muscle fibers. 

142 TI~E JOURNAL OF BIOPtIYSICAL AND BIOCHEMICAL CYTOLOGY " VOLUME 11, 1961 



D. S. SMITtI Flight Muscle in a Dragonfly 143 



PEACHEY, L. D., and PORTER, K. R., Science, 1959, 
129, 721. 

PORTER, K. R., and PALADE, G. E., Jr. Biophysic. 
and Biochem. Cytol., 1957, 3, 269. 

PRIN~LE, J. W. S., in Insect Flight, Cambridge Mono- 
graphs in Experimental Biology, No. 9, Cambridge 
University Press, 1957, ch. 3. 

REVEL, J. P., unpublished observations. 
RUSKA, H., EDWARDS, G. A., and CAESAR, R., Ex- 

perientia, 1958, 14, ll7. 
SMXTH, D. S., J. Biophysic. and Biochem. Cytol., 1960, 

8,447. 

SMITH, D. S., Jr. Biophysic. and Biochem. Cytol., 1961, 
10, No. 4, suppl., 123. 

SOTAVALTA, O., Acta Entomol. Fennica, 1947, 4, 1. 
TIEGS, O. W., Phil. Trans. Roy. Soc. London, 1955, 

238, 221. 
VERATTI, E., Mere. reale Ist. Lombardo, Cl. sc. math. 

e nat., 1902, 19, 87. Translated in J. Biophysic. 
and Biochem. Cytol., 1961, 10, No. 4, suppl., 1. 

VOGELL, ~/V'., BISHAI, F. R., B/JCHER, T., KLINGEN- 
BERG, M., PETTE, D., and ZEBE, E., Biochem. Z.,  
1959, 332, 81. 

WIGGEESWORTH, V. B., Jr. Exp. Biol., 1949, 26, 150, 
ZEBE, g., Z. vergleich. PhysioL, 1954, 36, 290. 

FIGURE ~4 

A semidiagrammatic interpretation of the organization of the sarcoplasmic rcticulum 
associated with a single sarcomere of Aeshna flight muscle. The edge of one fibril is in- 
dicated on the left (with the M band in the center of the figure), while the neighboring 
fibril has been removed to display, in surface aspect, the continuous perforated cis- 
ternal curtain, which is frequently doubled in the mid-sarcomere region. This cisterna 
is represented as being cut away over a convoluted intermediary tubule (lower right). 
Transversely sectioned profiles of the three other such tubulcs associated with this 
sarcosome are also shown. 

Note that in this and the preceding figure, the distance between the fibrils, the sar- 
cosomes, and the reticulum cisternac has been exaggerated for purposes of clarity, 
as also has the relative size of the fenestrations in this last component of the reticulum. 
The extremely  intimate relationship that actually exists between these is clearly evi- 
dent in the accompanying electron micrographs. 

144 TIiE JOURNAL OF BIOV)IYSICAL AND BIOCHEMICAL CYTOLOGY • VOLUME ]], 1961 




