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Retrograde Coupling: Muscle’s
Orphan Signaling Pathway?
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ABSTRACT In skeletal muscle excita-
tion-contraction coupling, a voltage-
gated calcium channel directly activates
opening of the calcium release channel
(RyR1) in the sarcoplasmic reticulum
that supplies the calcium signal trig-
gering contraction. In addition, a retro-
grade signal from the RyR1 facilitates
gating of the voltage-gated calcium
channel. Recent studies of RyR1 mu-
tants, including the article by Bannister
et al. in this issue of the Biophysical
Journal, advance our understanding of
the signaling mechanism, although the
physiological significance of retrograde
coupling remains elusive.

Upon stimulation of skeletal muscle,
the voltage-gated calcium channel
Cayl.1 in the T-tubules senses the
membrane depolarization and activates
calcium release channels from the
adjacent cisternae of the sarcoplasmic
reticulum (SR) through physical inter-
actions with the type 1 ryanodine re-
ceptor (RyR1). The calcium released
from the SR is necessary and sufficient
to activate contraction, whereas cal-
cium influx is dispensable for skeletal
muscle excitation-contraction (EC)
coupling. In fact, L-type calcium cur-
rents (LTCC) through the adult
Cayl.la isoform are small, require
high membrane potentials for activa-
tion, and activate slowly. Interestingly,
these current properties depend on
interaction of Cay1.1 with the RyRI.
Twenty years ago, Nakai et al. (1)
noticed that in cultured myotubes
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derived from dyspedic (RyR1-null)
mice, the LTCC amplitude was
dramatically reduced and its activation
kinetics accelerated. Normal calcium
current density could be restored by
heterologous expression of RyRI.
This observation gave rise to the bidi-
rectional coupling hypothesis accord-
ing to which Cayl.1 and RyR1 not
only interact in EC coupling (termed
“orthograde coupling”), but also in
the retrograde direction in which the
RyR1 supports normal channel func-
tion of Cay1.1.

In subsequent studies, the retrograde
coupling model has been refined
(Fig. 1). The >10-fold current reduc-
tion was in part explained by a reduced
channel open probability and in part
by a reduction in the number of the
channels (3). The latter may be the
consequence of decreased Cayl.1
expression in myotubes lacking SR
calcium release and EC coupling. The
effects on open probability were
accompanied by an increased speed
of current activation and an increased
sensitivity to the LTCC agonist Bay
K 8644 in dyspedic myotubes (3).
Furthermore, pharmacological block
of the RyR1 was shown to shift the
voltage-dependence of activation and
inactivation of the LTCC (4). Thus,
retrograde coupling of the RyR1 and
Cayl.1 is important to achieve normal
current densities, gating, and the phar-
macological properties of skeletal
muscle LTCCs.

In parallel studies, important details
about the molecular mechanism under-
lying retrograde coupling were eluci-
dated. Using chimeras of Cayl.1 and
other Cay isoforms, a sequence in the
cytoplasmic loop connecting the ho-
mologous repeats II and III of Cay1.1
was identified, which is essential for
skeletal muscle type EC coupling (5).
Importantly, the same sequence is
equally important for retrograde
coupling; identifying the II-IIT loop as
a critical component of bidirectional
Cayl.1-RyR1 interactions and sug-
gesting that activation of the RyR1 by
Cayl.l and the enhancement of
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Cayl.1 currents by RyRI1 merely are
two effects of the same coupling mech-
anism. However, applying a similar
approach to the RyR1 indicated that
the two coupling mechanisms can be
separated. In chimeras of RyR1 with
either RyR2 or RyR3, some RyRl1
sequence domains were important for
both EC coupling and retrograde
coupling, while others supported only
one or the other mechanism (6,7).
This demonstrated that the molecular
mechanisms supporting EC coupling
and retrograde coupling are in
part overlapping and in part specific.
However, due to its enormous size
and complex structure, further
attempts to dissect the specific struc-
tures underlying EC coupling and
retrograde coupling were met with lit-
tle success.

This is where studies of mouse mu-
tants come into play. Malignant hyper-
thermia is a pharmacogenetic muscle
disease characterized by an overly sen-
sitive calcium release machinery that
can be activated by excessive heat or
exposure to volatile anesthetics. Many
mutations in RyR1 and several in
Cayl1.1 have been linked to malignant
hyperthermia and some of these have
recently been introduced in mouse
models. Interestingly, two such muta-
tions in RyR1 affect the Cayl.l
EC-voltage sensing function as well
as its current properties (8-10). In this
issue of the Biophysical Journal, Ban-
nister et al. (2) report on a new RyR1
mutation. The RyR1-E4242G mutation
has previously been shown to ablate
EC coupling (11). In the current study,
the researchers from the University of
Colorado demonstrate that the RyR1-
E4242G mutation also reduces the
LTCC amplitude by 80%. Biophysical
analysis of the gating currents and tail
currents indicated that about half of
the reduced current amplitude in
RyR1-E4242G myotubes was due to
reduced expression of the channel
and the other half due to reduction in
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FIGURE 1 Evolution of retrograde coupling in skeletal muscle. Initially orthograde excitation-

contraction coupling (ECC) and retrograde coupling (RyR1-dependent augmentation of LTCC) were
perceived as the two effects of a single coupling mechanism. Later it became clear that the molecular
mechanisms are partially separate. Now Bannister et al. (2) demonstrate that, in the RyR1-E4242
mutation, the retrograde action on activation kinetics of LTCCs is unaffected, whereas the effects on

Cayl.1 open probability and EC coupling are lost.

the channel open probability. Interest-
ingly, however, the activation kinetics
of LTCC in the RyR-E4242G mutant
was not affected. The perturbation of
EC coupling and Cayl1.1 open proba-
bility could indicate that the point mu-
tation affects the intrinsic gating
mechanisms of both the RyR1 and
the Cay1.1. Alternatively, the mutation
could affect only the gating of Cayl.1,
resulting in reduced conduction and in
a loss of voltage-sensing, and thus
indirectly cause the loss of EC
coupling. In any case, the observation
that current kinetics is not affected by
the RyR1-E4242G mutation indicates
the existence of multiple retrograde
coupling interactions.

If we picture EC coupling as a clas-
sical signal transduction cascade
with sequential actions of the Cayl.1
and RyR1 in voltage-sensing and SR
calcium release, respectively, the exis-
tence of such a complex retrograde
signaling along the same pathway is
puzzling. Even more so, when we
consider that the physiological impor-
tance of LTCC is still highly disputed.
Without a function to be regulated, the
necessity of this signaling pathway is
not obvious and retrograde coupling
could be regarded as an orphan
signaling pathway. On the other hand,
if we picture the EC coupling system
as a complex molecular machine, the

fact that the normal function of each
component depends on the function-
ality of any other component is not sur-
prising at all. Or would a bicyclist be
surprised if damage of his/her bicycle
gears would not only result in failure
to actuate the rear wheel but also cause
a jammed or idle turning crank?
Certainly not! Looking this way at
the EC coupling machine accounts
for multiple interactions in both direc-
tions and disconnects the existence of
these interactions from the question
as to its physiological function. The
recent discoveries of hitherto unno-
ticed components of the EC coupling
machine (12,13) and the high-reso-
lution structure information on the
RyR1 promise that before long we
may know how the multiple parts
of the EC coupling machine fit
together. In combination with further
mutagenesis studies and studies of
disease mutations like that by Bannis-
ter et al. (2), these advances will even-
tually contribute to a mechanistic
model of the fascinating molecular
machine that regulated the activation
of skeletal muscle contraction.
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