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INTRODUCTION

It is now well established that the transverse
tubular system (T system) in skeletal muscle com-
municates with the extracellular space . Moreover,
it is also generally agreed that the T tubules act as
a conducting mechanism for the spread of electrical
activity from the surface to the interior of the cell .
Experiments using tracers such as ferritin, lan-
thanum, and horseradish peroxidase confirmed
the sarcolemmal invaginations (Huxley, 1964 ;
Page, 1964 ; Revel and Karnovsky, 1967; Forss-
mann and Girardier, 1970) . However, in fish
skeletal muscle well-defined sarcolemmal invagina-
tions which form the T system have been illus-
trated without the use of tracers (Franzini-
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Armstrong and Porter, 1964) . Furthermore
Rayns et al . (1967) have shown external apertures
of the T system in guinea pig cardiac muscle by
the technique of freeze-etching for electron
microscopy . In mammalian myocardium, T
tubules are rarely seen directly joining the sarco-
lemma to any great length in longitudinal sections .
Since T tubules are highly convoluted or tortuous
near the surface of the myofibers in heart muscle,
electron micrographs in past papers have only
been suggestive . In the present study of the heart
of active and hibernating bats (untreated and
treated with reserpine), continuities of the T
system to the base of the corrugated sarcolemma
are clearly visible in the regions of the myocardium
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where the sarcomeres are extremely shortened
(less than 1 .5 p) . The deep sarcolemmal incursions
appear to be correlated with the supercontracted
sarcomeres and appear to be more prominent in
bats injected with reserpine .

MATERIALS AND METHODS

Active, nonhibernating bats, Myotis lucifugus, were
caught in their natural habitat in late October . In
one group of four bats, reserpine (Serpasil, Ciba Ltd .,
Duxford, Cambridge, England) was injected intra-
peritoneally at low dosage (0.5 mg/kg) for 7 successive
days. After 7 days the four treated animals and four
normal active animals were anesthetized with ether,
and the left ventricles were removed, diced, and pre-
pared for electron microscopy . In another series of
experiments, four late-hibernating bats (late March)
were injected with reserpine (0 .5 mg/kg) in a cold
room (4 °C). After 7 days the four treated and four
hibernating bats were sacrificed and the cardiac mus-
cle was immediately prepared for electron micros-
copy. The tissue was fixed in 6 .25% glutaraldehyde
in 0.067 M cacodylate buffer for 2 hr and then rinsed
in ice-cold 0.067 M cacodylate buffer, pH 7 .3, for
around 12 hr . After postfixation in 0 .067 M cacodylate-
buffered 1 0/0 osmium tetroxide (pH 7 .3) for 1 hr, the
cardiac muscle was dehydrated and embedded in
Epon. Thin sections were doubly stained with uranyl
acetate and lead citrate and examined in a Philips EM
200 electron microscope.

RESULTS AND DISCUSSION

The ultrastructure of the bat heart is not unlike
that of other mammalian hearts (Moore and
Ruska, 1957 ; Stenger and Spiro, 1961 ; Fawcett
and McNutt, 1969) . When the myocardium is
shortened, there are indentations of the sarco-
lemma in longitudinal sections at the Z-line levels
of the band patterns . Dense material was never
observed between the points of indentation oppo-
site each Z line of the subjacent myofibrils as re-
ported in some striated muscle studies (Simpson
and Oertelis, 1962 ; Hagopian and Spiro, 1967) .
Occasionally, in longitudinal sections of shortened
muscle, portions of the invaginating sarcolemma
have been noted in a series at Z-line levels between
myofibrils . In the intermyofibrillar regions the
thick-walled sarcolemmal invaginations or tubules
are easily differentiated from the thinner-walled
sarcoplasmic reticulum (SR) . The SR in the bat
myocardium, like that in other mammals, is
essentially a closed system of anastomosing
tubules with terminal cisternae surrounding each
myofibril. The terminal cisternae of the SR are

flattened and have a close association with the T
tubules at Z-line levels . If the association is only
on one side of the T tubule, it is a dyad, whereas,
if the intimate relationship is on both sides of T
tubules, it is a triad . At times the sarcolemmal
invaginations or T system in certain planes of
orientation appear as longitudinally sectioned
tubules running transversely to the myofibrils in
the cell . In other cases identical tubules are visible
near the surface of the myofiber and do not com-
municate with the extracellular space in the plane
of section. Serial sections, however, demonstrate
the continuity of the tubular lumen and the
extracellular space . This indicates that the T
tubules are very tortuous or convoluted near the
surface of the myofiber. When pieces of tissue from
the left ventricle have been placed directly into the
fixative, however, there are on occasion areas of
the myocardium which have undergone super-
contraction, i .e ., when the sarcomere lengths are
less than 1 .5 p. When the muscle fiber is extremely
shortened, the sarcolemma becomes deeply
corrugated with rounded ridges alternating with
deep grooves at each Z line . In longitudinal
sections, the surface has a scalloped appearance .
Some of these areas of supercontraction show the
sarcolemma with its protein-carbohydrate coat
invaginating deeply into the myofiber . In Fig. 1
the sarcolemmal incursion at the left of the micro-
graph has clearly penetrated approximately 4 .5 p
at the Z-line level . The terminal cisternae of the
SR are in close association with the sarcolemmal
incursion to form dyads (arrows) . It thus seems
that a considerable portion of the incursion in
Fig. 1 is a T tubule since it has penetrated the
myofiber so deeply. The T tubule opens onto the
cell surface in the depth of the circumferential
groove. In longitudinal sections, the appearance
of a groove and that of a tubule are identical . The
occurrence of terminal cisternae in association
with an incursion of the sarcolemma does not
identify the latter as a T tubule because sub-
sarcolemmal cisternae also occur at various
points on the periphery of the fiber that would be
drawn into grooves in the contracted muscle .
Deep penetrations of the sarcolemma were never
observed in the stretched heart muscle of bat .
The upper sarcomere in Fig . 1 is about 1 .4 p in
length, whereas the bottom left sarcomere is
approximately 1 .3 p. In the sections examined,
1 .3 p is the maximum shortening length of the
sarcomeres before disorganization of the myofila-
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FIGURE 1 A portion of a longitudinal section of the myocardium of the active bat illustrating a deep
sarcolemmal invagination with its surface coat in a zone of supercontraction . The sarcolemmal groove
with an opening into the T system is approximately 4 .5 µ in length and is clearly defined . The sarcomere
at the top of the micrograph is approximately 1 .4 u in length, whereas, the sarcomere at the bottom left
is about 1 .8 µ in length and is probably at its maximum shortening length . Arrows point to the close
association between the terminal cisternae of the SR and the sarcolemmal incursion (dyads) . Mark : 1 .0
µ . X 29,000 .

FIGURE 2 An oblique section of the myocardium of the active bat. The sarcolemmal invagination is
deeper than in Fig. 1, but the communication with the extracellular space is interrupted by a portion of
the SR (arrow) . Mark : 1 .0 µ . X 29,000 .
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FIGURE 3 A micrograph of the surface of supercontracted myocardium of the reserpinized active bat .
The sarcomeres in this longitudinal section are approximately 1 .4 µ in length . The extreme indentations
of the sarcolemma at the level of the Z lines are the profiles of the grooves in the normal scalloping of the
extremely shortened muscle cell . Also note that the sarcolemma has little relationship with the terminal
cisternae of the SR. Mark : 1 .0 µ . X 99,000 .
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FIGURE 4 A portion of the surface of the myocardium of the reserpinized hibernating bat . In this view
of an oblique section the sarcolemmal invaginations are widely spaced . The arrows point to the terminal
cisternae of the SR on both sides of the surface membrane . Mark : 1 .0 µ . X 29,000 .
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ments. The myosin filaments measure about 1 .6 µ
in length and seem to penetrate the Z lines at
sarcomere lengths of 1 .5-1 .3 µ (Figs. 1 and 3) .
In the same sarcomeres, note the dense zone on
either side of the Z line. Fig . 2 illustrates a portion
of an oblique section of the myocardial surface
and shows that the sarcolemmal invagination in
this plane of section is greater than the incursion
in Fig. 1 .

In reserpine-treated active and hibernating
bats the zones of supercontraction in the myo-
cardium are more frequent . Therefore, there are
more areas of sarcolemmal scalloping and deep
sarcolemmal penetrations into the myofiber . The
morphological effects of reserpine which depletes
norepinephrine (Chang, 1964 ; Roberts et al .,
1965; Brodie et al ., 1966) reveal in the treated
active bats a large increase in the number and
size of lipid droplets, an increase in glycogen
granules, and some mitochondrial degeneration .
In the treated hibernating bats the response in the
myocardium is less effective . There is a block in
the increase of lipid droplets, but there are an
increase in glycogen granules and a focal de-
generation in some mitochondria .' Fig . 3 depicts
an area of supercontraction in the myocardium of
the reserpinized active bat . The sarcomeres in the
micrograph are approximately 1 .4 µ in length,
and there is an extreme scalloping of the sarco-
lemma in this region of the myofiber . Although
some of the indentations penetrate 2.5-3 .0 µ at
the Z-line levels, the indentations are simply the
profiles of the grooves at the Z-line level in the
normal surface scalloping of the contracted heart
muscle cell . In Fig . 3 the grooves have only a slight
association with the terminal cisternae of the SR
in this plane of orientation. Fig . 4 shows a portion
of an oblique section of the myocardium of the
treated hibernating bat. Because of the orientation,
the grooves which possibly open into the T tubules
are widely spaced. In this view, some terminal
cisternae of the SR are in close association with
both sides of the invaginations .

The communication between the T system and
the extracellular space in the myocardium of the
normal and reserpinized active and hibernating
bats is clearly defined in the zones of supercon-
traction. This indicates that the convoluted or

' Hagopian, M., M. D. Gershon, and E . A. Nunez .
1972 . An ultrastructural study of the effect of reserpine
administration on the myocardium of active and hi-
bernating bats (hlyotis lucifugus) . In preparation .

tortuous T tubules near the surface of the myofiber
are straightened and are brought closer to each
other as a result of the extreme shortening of the
sarcomeres . It seems probable that the anastomos-
ing tubules of the SR become folded or bent during
supercontraction since the terminal cisternae of the
SR are always attached or closely associated with
the T tubules (dyads or triads) at all states of
contraction . Furthermore, the myosin filaments
(1 .6 µ in length) appear to penetrate the Z lines
in sarcomeres less than 1 .5 µ in length, which is
in agreement with a previous study of supercon-
tracted glycerinated pectoral muscle of chick
(Hagopian, 1970) . Finally, the present findings
on the T system, SR, and sarcomeres in the super-
contracted zones of the bat heart are consistent
with the model of contraction in striated muscle
(see Huxley, 1965, for review) .
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