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Innervation of Heart and Alary Muscles 
in Sphinx ligustri L. (Lepidoptera) 

A Scanning and Transmission Electron Microscopic Study* 

Lutz Thilo Wasserthal and Wiltrud Wasserthal** 
Lehrstuhl fiir Spezielle Zoologie, Ruhr-Universit~it Bochum, Bochum, Federal Republic of Germany 

Summary. The origin and orientation of  the heart nerves in Sphinx ligustri and 
Ephestia kuehniella were investigated by scanning electron microscopy using a 
special technique which involved pinning the dissected specimens on a 
stabilizing metal pad. The heart and alary muscles in Sphinx particularly their 
caudal extremity were also examined by transmission electron microscopy. The 
alary muscles form an incomplete sheath around the heart with a mainly 
longitudinal fibre orientation, e.i. antagonistically to the fibres of  the heart itself. 
The heart and alary muscles are multiterminally innervated by branches of  the 
transverse segmental nerves. All branches contain a single electron lucent axon; 
the thickest branches also possess several neurosecretory axons. Swellings of the 
segmental nerves may indicate the position of  nerve cell bodies. There are no 
lateral heart nerves. Only one type of neuromuscular junction is abundant in the 
alary muscles but less frequently found in the heart. The terminals originate 
from the central axon only. They are capped by glial cells, which interdigitate 
with the muscle cells. They penetrate into the T-system toward the Z-discs and 
form a complex intercellular space system. Exocytosis of  dense-cored vesicles 
into this "perisynaptic reticulum" seems likely. Sites of  neurohaemal release are 
distributed along the nerve branches and special nerve endings occur at the level 
of the ostia. The possible nervous influence upon heart activity is discussed. 
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Zusammenfassung. Ursprung und Verlauf der Herznerven bei Sphinx ligustri 
und Ephestia kuehniella wurden unter Verwendung von Pr/iparationsunter- 
lagen aus Bleiblech rasterelektronenmikroskopisch untersucht. Herz und 
Alarmuskeln von Sphinx ligustri wurden mit besonderer Berficksichtigung des 
caudalen Herzabschnitts im Transmissionselektronenmikroskop untersucht. 
Die Alarmuskeln bilden eine unvollst~indige Hfille um das Herz aus 
fiberwiegend 1/ings orientierten Fasern, antagonistisch zum Faserverlauf im 
Herzmuskel. Herz und Alarmuskeln sind multiterminal fiber die transversalen 
Segmentalnerven innerviert, deren gr613te Zweige ein elektronentransparentes 
und mehrere neurosekretorische Axone enthalten. Verdickungen der 
Segmentalnerven enthalten m6glicherweise Nervenzellen. Laterale Herznerven 
wurden nicht gefunden. Synaptische Axonendigungen nur eines Typs sind in 
den Alarmusketn h~iufig, im Herzmuskel seltener. Sie werden nur yon dem 
zentralen Axon aus gebildet. Die neuromuskul~iren KontaktsteUen sind von 
Gliazellen bedeckt, die fiber zahlreiche Ausl/iufer mit der Muskelzelle verzahnt 
sind und mit ihr ein ,,perisynaptisches Retikulum" bilden. Die Gliazellausl/iufer 
dringen in das T-System bis zu den Z-Banden vor. Exozytose von Neurosekret- 
Vesikeln in das perisynaptische Interzellularsystem wird angenommen. 
Neuroh/imale Abgabeorte finden sich entlang der Nerven/iste und in speziellen 
Nervenendigungen auf der H6he der Ostien. Der m6gliche Einflul3 der 
Innervierung auf die Herzaktivit/it wird diskutiert. 

Introduction 

The activity of insect hearts is generally regarded as myogenic with a superimposed 
regulatory innervation (Wigglesworth, 1972; Richter, 1973; Miller, 1974). In 
different insect orders the heart innervation has been confirmed ultrastructurally 
(Johnson, 1966; Miller and Thomson, 1968: Blattaria; Normann, 1972: Diptera). In 
Lepidoptera, histological and vital stain investigations have led to contradictory 
results (Ke, 1932; Kuwana, 1932; McIndoo, 1945; Hinks, 1975). In electron 
microscopic studies in Hyalophora no heart innervation was found (Sanger and 
McCann, 1968a, b). On the other hand, Carlson (1906) reported changes in 
heartbeat frequency after stimulation of the thoracic ganglia in the Polyphemus 
moth. In electrophysiological investigations no postsynaptic effects could be 
registered in lepidopterous hearts (McCann, 1970; Richter, 1973; Miller, 1974), 
although this was the case in the fly Sarcophaga (Bruen and Ballard, 1970) and in 
Periplaneta (Miller and Rees, 1973). Temperature experiments were also interpreted 
as indicating some nervous control of heartbeat frequency (Heinrich, 1970). 
Elevation of the heartbeat frequency during emergence and wing expansion 
(Queinnec and Campan, 1972; Moreau and Lavenseau, 1975; Wasserthal, 1975) 
may also indicate nervous involvement. Recently, it was shown that periodic 
heartbeat reversal is a regular event, which is interrupted by a prolonged period of 
forward beating during emergence (Wasserthal, 1975). The periodical changes of 
heartbeat direction are coordinated with the abdominal respiratory movements 
(Wasserthal, 1976). The question arises whether the coordination is established 
directly by mechanical effets on the heart or/and by nervous control. 
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The present study focuses on the caudal  end o f  the abdominal  heart  tube where 
the dominan t  pacemaker  is supposedly located (Tenney, 1953; McCann ,  1966). 

Material  and Methods 

Sphinx ligustrilarvae were reared under normal daylight conditions in the laboratory and emerged in an 
air-conditioned room. For transmission electron microscopy hearts of 2 and 6 day-old animals were 
fixed in situ in 3 % glutaraldehyde (0.08 M cacodylate buffer), dissected and then left in the fixative for 
14 h at 4 ~ C. After washing in 0.05 M cacodylate buffer containing 4 % sucrose, specimens were postfixed 
in 1% OsO 4 in 0.05 M cacodylate buffer for 1 h at 4 ~ C, washed as before, rinsed in double-distilled water 
and dehydrated in ethanol. During dehydration the specimens were block-stained in 1% uranyl acetate 
in 70 % ethanol for 60 min. They were then embedded in Epon. Ultrathin sections were cut with glass 
knives on a Reichert Om U2 microtome, stained in 1% uranyl acetate and lead citrate (Venable and 
Coggeshall, 1965) and examined in a Zeiss EM 9 S. 

The samples for the SEM were dissected in saline solution (Glaser, 1917). They were fixed as 
mentioned above, but left in glutaraldehyde at 4 ~ C for 1 to 2 weeks with repeated changes of the fixative. 
After fixation in OsO4 the preparations were pinned onto a pad of folded sheet-lead to minimize the 
danger of damaging the tissue by changes of cuticle tension. Only sheet-lead proved to be sufficiently soft 
to allow penetration by the steel dissecting needles and to withstand the dehydrating agents (ethanol and 
acetone) and the drying prodedure in a critical point apparatus (Polaron). The gold-coated specimens 
were examined in a Jeol-U3 (Figs. 1, 2, 6, 7) and Leitz-AMR 1000 (Figs. 3-5). 

Results 

Mode of Heart Attachment and Suspension by the Alary Muscles 

The heart  tube o f  Sphinx ligustri is composed  of  a single layer o f  muscle cells, the 
myofibrils o f  which follow the course o f  a tightly wound  spiral. The inner heart  wall 
is coated only by a basement  membrane,  the outer wall additionally by scattered 
connective tissue cells. The heart  is suspended by arrays o f  alary muscles with lateral 
a t tachment  to the intersegmental cuticular apophyses,  as in Ephestia (Fig. 1). The 
heart  cells and alary muscle cells in Sphinx are connected by myomuscu la r  junctions 
and by connective tissue strands as in Hyalophora ceeropia (Sanger and McCann,  
1968 a,b). In Ephestia a rather irregular network of  alary muscle branches is tightly 
connected to the heart  by means o f  connective tissue (Fig. 3). The alary muscles in 
Sphinx form latticed ramifications a round  the ventral and lateral heart  tube with 
mos t  branches oriented parallel to its long axis (Fig. 5). Thus  the Sphinx heart is 
equipped with an incomplete outer  layer o f  longitudinal muscle fibres (Figs. 8,15). 
The last abdominal  pair  o f  alary muscle arrays extends caudally f rom the tip o f  the 
heart. At  the posterior heart  segment, tracheae and single alary muscles penetrate 
into the lumen of  the heart  (Figs. 6-9). The walls o f  only this abdominal  heart  
segment receive large tracheae f rom the inner side, which fill a large par t  o f  its lumen 
(Fig. 8), but  there is no conspicuously augmented tracheolar  supply o f  the muscle 
cells. Ano the r  special feature is a meshwork  o f  connective tissue cells on the inner 
wall o f  the posterior  heart  segment (Figs. 7,13). 

Origin and Orientation of the Heart Nerves 

Segmental nerves can be detected in whole m o u n t  preparat ions  o f  the heart  under 
the dissecting microscope and also in favourable SEM-preparat ions .  



Fig. 1. Ventral view of the transverse segmental nerves (n) extending from the spiracular region (sr) to the 
alary muscle arrays (am) in Ephestia. h heart; p posterior; SEM 

Fig. 2. Ramification of  the left nerve with probable nerve cell bodies (nc); detail from Figure 1 ; am alary 
muscle; h heart; pc pericardial cell; SEM 



Fig. 3. Segmental nerve supply (arrowheads) of the alary muscles (am) and of the sheath of am-fibres 
around the heart tube (h) in Ephest ia;  a w m  abdominal wall muscles; n nerve; nc presumed nerve cell 
bodies; p c  pericardial cell; orientation as in Figure 2; SEM 



Fig. 4a. Insertion of  the alary muscles (am) at the Sphinx heart (h); fc fat cell; n nerve; p posterior; t 
trachea; SEM. b. Alary muscles (am) and adjoining transverse segmental nerve branch (arrowhead), 
detail from Figure 4a (at arrow); ct connective tissue; pc pericardial cell; n nerve; t trachea; SEM 

Fig. 5. Ventral view of the Sphinx heart, 6th segment; ramification of  the alary muscles (am) near the 
heart tube and longitudinal alary muscle sheath;fc fat cell; n nerve; pc pericardial cell; p posterior; SEM 
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The following characteristics are used to discern different tissue types in the 
SEM preparations: All strands with an almost round and constant diameter are 
interpreted as nerves. The tracheae, which can also be round in cross sections, have a 
more variable diameter and are often compressed. The connective tissue strands 
and alary muscles are more flattened and diverging, at least at their attachment 
sites. The muscles can be recognized by their directional arrangement and, when 
contracted, by the ruffling of the cell membrane (Fig. 3). In contrast to the muscles, 
the connective tissue strands are very delicate. 

From each abdominal spiracular region the distal end of the transverse nerve, 
which originates from the median nerve of the ventral cord, extends directly toward 
the dorsal alary muscle array of the preceding intersegrnent. In Sphinx this 
segmental nerve strand runs parallel to the anterior tracheal trunks of each 
segmental tuft, which supply the corresponding alary muscle array and heart region 
(Figs. 4a, b). In a ventral view of the preparation this nerve is almost entirely hidden 
by these anterior tracheae. The peripheral branching of the segmental nerve can not 
be demonstrated in Sphinx because of the complex arrangement. The arrangement 
appears to be similar to that in Ephestia, where the segmental nerve strands can 
more easily be traced in SEM preparations, because the tracheal trunks are less 
developed and the distance between spiracle and alary muscle array is relatively 
larger (Fig. 1). The nerve ramifies before intimately contacting the alary muscles 
(Figs. 2, 3). In the branching region a swelling of the segmental nerve can be 
observed (Figs. 2, 3). Often the main nerve branches accompany the alary muscles 
before finally reaching the heart (Fig. 3). 

In the region of the last lateral array of alary muscles in Sphinx the branches of 
the corresponding segmental nerves are more numerous and conspicuous because 
they lie closer and more parallel to the heart tube. They could therefore be seen in 
semithin cross sections of the heart (Figs. 8, 9). A thick nerve strand (maximal 
diameter 30 lxm) approaches the posterior heart dorso-laterally from each side 
(Fig. 10). This nerve ramifies, one branch extending forward toward the posterior 
ostia, the other one backward; both continue dorso-lateral and parallel to the heart 
with further dorsolateral and ventrolateral ramifications. At the heart tip single 
nerves penetrate the heart tube and enter the heart lumen in the same region as the 
alary muscle fibres (Fig. 13). No continuous longitudinal nerve accompanying the 
heart was found that could be interpreted as a lateral nerve. 

The nerve branches approaching the posterior heart segment contain a single 
electron lucent axon, surrounded by glial cells with densely packed microtubules 
(type II according to Maddrell and Treherne, 1967). An outer sheath of glial cells 
with fewer microtubules (type I) is covered by a basement membrane. Only normal 
desmosomes occur between the glial cells. The intercellular space system of the 
heart nerves appears enlarged after bathing the specimes in saline before fixation 
(Fig. 11), but not if they are fixed immediately (Fig. 10). At their periphery these 
nerves contain a number of neurosecretory axons with dense-cored vesicles 
(maximal size of 1000 A). These axons are enveloped by glial cells of type I without 
complicated folding (Fig. 10). A possible neurohaemal release is indicated by the 
presence ofaxon endings covered only by a basement membrane (Fig. 12). Most of 
the smallest nerve branches lie between the longitudinal ramifications of the alary 
muscles around the ventral and lateral heart (Fig. 15) and among the caudal alary 
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Fig. 6. Tracheal supply (t) in the interior of the abdominal heart tip with naked muscle cell surface, 
anterior to Figure 7; arrowhead: branch of the trachea penetrating the heart muscle (h); hc haemocyte; 
Sphinx; SEM 

Fig. 7. Part of the meshwork of connective tissue cells (ct) in the dorsum of the abdominal heart tip; n 
probable nerve branch; t trachea; Sphinx; SEM 

Fig. 8. Cross section of the last heart segment, showing the lateral extension of the longitudinal alary 
muscle sheath (am); h heart wall; n dorsolateral nerve branch; pc pericardial cell; t trachea in the heart 
lumen 

Fig. 9. Alary muscle (am) penetrating the heart wall (h); arrowheads: small ventrolateral nerve branches; 
n dorsolateral nerve branch; cross section 

muscles.  The  f ine p r e t e r m i n a l  nerve  processes cons is t  o f  i n d i v i d u a l  e lec t ron  lucen t  
axons  (Fig. 17). T h e y  somet imes  c o n t a i n  single dense -cored  vesicles, which  occur  
on ly  rare ly  in  the  th icker  cen t ra l  axons  fu r the r  f rom the  hea r t  (Fig. 14). 

Structure of  the Synaptic Sites 

S y n a p s i n g  a x o n  t e rmina l s  are  sca t tered  in  the  wal l  o f  the  en t i re  pos te r io r  hea r t  
segment .  O n l y  few a x o n  t e rmina l s  are s i tua ted  a t  the i nne r  side o f  the hea r t  tip. In  



Fig. 10. Dorsolateral nerve branch as in Fig. 9; arrowhead: presumed neurosecretory release site; a 
central axon; bm basement membrane; gl, g l l  glial cells; mt bundles of microtubules; na neurosecretory 
axon; nu nucleus 

Fig. 11. Dorsolateral nerve branch with artefactually swollen intercellular spaces (is) between the inner 
glial cells, caused by saline treatment; a axon; bm basement membrane; gL g l l  glial cells; ds desmosome; 
mt microtubules 

Fig. 12. Neurohaemal release site on a nerve branch; bm basement membrane; dv dense-cored vesicle; gI  
glial cell; na neurosecretory axon 



Fig. 13. Interior of  the abdominal heart tip, cross section, showing a nerve(n), trachea(t) and connective 
tissue (ct) in the lumen; a axon; h wall of the heart tube; hc haemocyte 
Fig. 14. Central axon with dense-cored vesicles (dv) in the heart nerve, detail from Figure 13 (at 
arrowhead) 
Fig. 15. Cross section of  the heart wall and alary muscle sheath, showing the rectangular orientation of  
heart muscle fibres (h) and alary muscle fibres (am) with nerves and connective tissue cells (ct); a central 



Fig. 16. Nervous supply and distribution ofaxon terminals (arrowheads) in an alary muscle, longitudinal 
section; a central axon; cc glial cap cell; n u  nucleus 

Fig. 17. Glial cell (cc)  capping the supplying nerve and interdigitating with the alary muscle cell around 
the axon terminal (at); a axon; n u  nucleus; t tracheole 




















