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257 (Cell Physiol. 26): C504-C511, 1989.—Terminal cisternae
(TC) of skeletal muscle represent the specialized compartment
from which Ca®* is released into the myoplasm after a propa-
gated action potential. In this study we have investigated the
morphology, protein composition, and Ca®* release properties
of TC isolated from rabbit gastrocnemius muscle 2 wk after
nerve sectioning. Thin-section electron microscopy showed that
TC vesicles from denervated muscle were enriched in calse-
questrin (CS) and contained a larger fraction of the junctional
sarcoplasmic reticulum (SR), as judged by membrane profiles
with morphologically intact feet structures. Accordingly, the
yield of junctional SR from denervated muscle was twice that
of control muscle, and the protein pattern of TC vesicles
exhibited an increase in junctional protein components, e.g.,
CS and the 350-kDa protein. The larger content of the 350-
kDa protein, or ryanodine receptor (F. A. Lai, H. Erickson, E.
Rousseau, Q.-Y. Liu, and G. Meissner. Nature Lond. 331: 315-
319, 1988; T. Imagawa, J. S. Smith, R. Coronado, and K, P.
Campbell. J. Biol. Chem. 262: 10636-10643, 1987; L. Hymel,
M. Inuij, S. Fleischer, and H. Schindler. Proc. Natl. Acad. Sci.
USA 85: 441-445, 1988) was paralleled by an increased binding
site density (Bmax) for ryanodine binding in denervated muscle
TC. The effects of ruthenium red, a Ca** release blocker, on
Ca®* loading rate and Ca®**-ATPase activity suggested that TC
from denervated muscle were less permeable to Ca®*. After
active Ca®* loading, both doxorubicin and caffeine induced Ca®*
release from isolated TC, yet Ca®* release rates were reduced
in denervated muscle TC. This study provides evidence that
denervation causes I) proliferation of the junctional SR and 2)
significant modifications of the functional properties of the
Ca** release channels of isolated TC.

sarcoplasmic reticulum; denervation; excitation-contraction
coupling

IN A PREVIOUS STUDY, we have shown that denervation
of rabbit gastrocnemius induces proliferation of trans-
verse tubules (T'T), a selective overdevelopment of the
cisternal portion of the sarcoplasmic reticulum (SR), and
an increase in the number of triads (31). Morphologi-
cally, changes of SR membranes in situ are paralleled by
marked modifications in protein composition and prop-
erties of isolated “heavy” SR fractions (31), indicating
that the early effects of denervation on SR membranes
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concern mainly the junctional region of terminal cister-
nae (TC). Recently, Saito et al. (30) have described a
procedure for the isolation of a SR fraction highly en-
riched in TC vesicles, containing two types of mem-
branes, the extrajunctional Ca?’* pump membrane
(~80%) and the junctional face membrane (JFM) or
junctional SR (~20%) with morphologically intact feet
structures. Purified TC fractions contain calsequestrin
(CS), the intraluminal, high-capacity Ca®* binding pro-
tein, and are enriched in Ca®* release channels (2). Such
Ca®* release channels seem to be restricted to the junc-
tional SR, as indicated by single channel recording of
the purified ryanodine receptor’ incorporated in the lipid
bilayer (13, 14, 17).

Previous biochemical studies on the isolated SR from
denervated muscle of the rat (26) and of the chicken (36)
had concerned mainly the Ca®*-ATPase, but very little
is known concerning the Ca®* release properties of TC
in denervated muscle. We addressed this issue by study-
ing the protein composition, morphology, and Ca** re-
lease properties of isolated T'C from rabbit gastrocnemius
2 wk after denervation. We provide additional and direct
evidence that denervation induces an increase of the
junctional SR membrane relative to the Ca®* pump mem-
brane. Our results also indicate that TC of denervated
muscle are less permeable to Ca®* and less sensitive to
both caffeine and doxorubicin, two Ca®* releasing agents
(25, 41).

MATERIALS AND METHODS

Materials. Pyruvate kinase and lactate dehydrogenase
were obtained from Boehringer (Manneheim, FRG) and
phosphocreatine, creatine phosphate kinase, antipyry-
lazo III, caffeine, and ruthenium red (RR) were obtained
from Sigma Chemical (St. Louis, MO). Doxorubicin was
a gift from Farmitalia Carlo Erba (Nerviano, Italy).
[*H]ryanodine was purchased from New England Nu-
clear (Dreieich, FRG). Ryanodine was a gift of Dr. Larry
R. Jones (Indiana Univ., Indianapolis, IN).

Denervation. Denervation of the gastrocnemius was

! The molecular weight of the feet protein has not been determined
yet, and it has been reported to be either 450 kDa (14), ~400 kDa (17),
360 kDa (13), or 325 kDa (15). Throughout the text, we shall refer to
the feet protein as the 350-kDa protein (40) or ryanodine receptor (13,
14, 17).
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obtained by transecting the common popliteal nerve and
removing 0.5 cm of the nerve (31). After 2 wk, the animals
were killed by cervical dislocation. The muscle from the
unoperated leg was used as control.

Purification of TC and JFM-CC fractions. TC were
isolated from denervated and control gastrocnemius and
were purified by sucrose density gradient centrifugation
as described by Saito et al. (30). JFM with compartmen-
tal content (JFM-CC) was obtained by Triton X-100
treatment of the TC fraction, as described by Costello et
al. (3) and as detailed by Zorzato et al. (40). TC and
JFM-CC fractions were resuspended in 0.3 M sucrose
and 5 mM imidazole, pH 7.4, and stored at —70°C until
used. Protein concentration was determined according
to Lowry et al. (19), using bovine serum albumin as
standard.

Electron microscopy. TC fractions were prefixed at
room temperature with 0.5% glutaraldehyde in Tyrode’s
buffer plus 0.5% tannic acid and centrifuged. Pellets were
fixed with 2.5% glutaraldehyde in Tyrode’s for 1 h,
treated with OsO, in Tyrode’s buffer for 30 min at room
temperature, dehydrated in ethanol, and embedded in
durcupan. Sections were stained with 3% uranyl acetate
in 50% ethanol and lead citrate. Observations were made
with a Philips 400T electron microscope.

Sodium dodecyl sulfate-polyacrylamide slab gel electro-
phoresis (SDS-PAGE). SDS-PAGE was carried out ac-
cording to Laemmli (16) in 5-15% polyacrylamide linear
gradient gels. Slab gels were stained with Coomassie
brilliant blue. Densitometric scanning of slab gels was
carried out in a Gilford spectrophotometer as described
previously (31).

CS content of TC fractions was determined as previ-
ously described (37), with reference to calibration curves
obtained with 0.5-10 ug of purified CS. After SDS-PAGE
and Stains All staining (32), the absorbance of each CS
band was measured at 615 nm.

Ca** loading and Ca**-ATPase activities. Ca®* loading
was measured in a Hewlett-Packard 8451A spectropho-
tometer following the change in absorbance (AA) (710-
790 nm) of the metallochromic indicator antipyrylazo
III. The assays were carried out at either 25 or 30°C in a
medium containing, in a final volume of 1 ml, 92 mM K
phosphate, pH 7.0, 200 uM antipyrylazo III, either 1 or
2 mM MgATP, 0.5 mM phosphoenolpyruvate, 2.5 units
of pyruvate kinase, 2.5 units of lactate dehydrogenase,
and 30 ug of TC protein. The reaction was started by
adding 50 uM CaCl..

Adenosinetriphosphatase (ATPase) activity was meas-
ured spectrophotometrically by an enzyme-coupled assay
following the oxidation of NADH, under the same ex-
perimental conditions used for the Ca®* loading assay.
Mg?*-ATPase activity was measured in the presence
of 0.2 mM ethylene glycol-bis(3-aminoethyl ether)-
N,N,N’ N’-tetraacetic acid (EGTA). Ca**-ATPase ac-
tivity was determined as the difference between total
ATPase (0.2 mM CaCl,) and Mg**-ATPase activities
(41).

Ca®* release from TC. Ca®* release measurements were
carried out as described by Palade (25). TC fractions
were preloaded with ~2 umol Ca®*/mg protein at 37°C
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in a medium containing, in a final volume of 1 ml, 7.5
mM sodium pyrophosphate, 2 mM MgATP, 200 M
antipyrylazo III, 100 mM KCI, 5 mM Na, creatine phos-
phate, 20 ug/ml creatine phosphokinase, and 40-50 ug
of TC protein. Ca®* loading was performed by adding
sequential 25- to 50-nmol CaCl, pulses. After completion
of Ca?* loading, when steady state was attained, Ca®*
release was triggered by adding either caffeine (25) or
doxorubicin (41).

FH]ryanodine binding assay. [*H]ryanodine binding
assay was performed essentially as described by Fleischer
et al. (8) in a medium containing, in a final volume of 1
ml], 0.15 M KCl, 10 mM N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid (HEPES), pH 7.4, and 3 mM
ATP as recommended by Campbell et al. (1). [*H]ryano-
dine was diluted with carrier to obtain a specific radio-
activity of 5,000-10,000 dpm/pmol. TC vesicles (0.2 mg/
ml) were incubated for 1 h at 37°C with varying concen-
trations of ryanodine (1 nM-1 uM). Bound [*H]ryano-
dine was measured by Millipore filtration (0.22-um Mil-
lipore filters). Filters were rinsed with 20 volumes of ice-
cold buffer and 10 volumes of 10% ice-cold ethanol (8).
Nonspecific binding was determined in the presence of
10 uM cold ryanodine.

RESULTS

Morphology and yield of isolated TC fractions from
control and denervated muscle. Morphology and purity of
TC fractions were assessed by thin-section electron mi-
croscopy. T'T, plasma membrane, and mitochondria ap-
peared to be virtually absent from TC isolated both from
control and denervated muscle (30; Fig. 1). TC fractions
consisted of vesicles having the membrane ultrastruc-
tural features and intraluminal electron-dense content,
i.e., CS, as previously described (10, 30; Fig. 1). After
staining with tannic acid, the Ca** pump membrane of
TC appeared as an asymmetric trilayer, due to the uni-
directional alignment of the Ca®**-ATPase molecules, and
JFM was characterized by the presence of repeated, but
separated, square-shaped units, referred to as junctional
feet (30).

The TC fraction from denervated muscle (Fig. 1B),
when compared with control TC (Fig. 14), appeared
enriched of vesicles almost filled with electron-dense
material (CS) always attached to the JFM (Fig. 1C; see
Ref. 10). At higher magnification, the JFM with mor-
phologically intact feet structures was identified in con-
trol and denervated TC vesicles (Fig. 1, A and C, insets).
The JFM, both the external and internal leaflet in con-
tact with the electron dense material, appeared to be
more expanded in TC vesicles from denervated muscle.

The yield of TC (mg protein/50 g muscle) from dener-
vated muscle increased compared with control muscle
(Table 1). Interestingly, and in agreement with ultrami-
croscopic observations (Fig. 1), the yield of JFM-CC from
denervated muscle was doubled compared with control
muscle (Table 1).

Protein composition and [PH]ryanodine binding of TC
fractions from denervated and control muscle. The protein
profile of TC membranes further indicated that dener-
vation induces proliferation of the junctional SR relative



TABLE 1. Yield of TC and JFM-CC fractions
from control and denervated muscle

. Denervated
Fraction Control Muscle Muscle
TC
mg Protein/50 g muscle 8.0x1 (6) 15.0£2.5% (6)
JFM-CC
% TC protein 45 (3) 53 (3)
mg Protein/50 g muscle 3.60 (3) 795 (3)

Values are means + SE when >4 preparations were tested, with no.
of different SR preparations examined in parentheses. Contralateral
muscles were used as control. * P < 0.01.

to the Ca** pump membrane. TC from denervated muscle
showed a significant increase of CS and a decrease of the
Ca’*-ATPase, as indicated by SDS-PAGE (Fig. 2B).
Determinations of the CS content by Stains All staining
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FIG. 1. Thin-section electron micros-
copy of TC fractions from control (4)
and denervated muscle (B and C). De-
nervation induced an increase of number
of CS-containing vesicles and a signifi-
cant expansion of junctional SR, ie.,
membrane area bearing feet projections
on external leaflet and electron-dense
CS aggregates on inner leaflet (arrows in
B and C). Ultrastructural organization
of feet projections is seemingly unaltered
in TC from denervated muscle (compare
A and C, insets).

of SDS-PAGE (see MATERIALS AND METHODS for de-
tails), indicated that TC of denervated muscle contain
more CS than TC of control muscle (46.5 and 31.7%,
respectively; see also Ref. 31). Moreover, both the ratio
of the 350-kDa protein to the Ca’*-ATPase and the CS/
Ca®*-ATPase ratio were increased in TC from denerva-
ted muscle (Table 2). Thus the content of two junctional
proteins, CS and the 350-kDa protein or ryanodine
receptor’ (13, 14, 17), is increased in TC from denervated
muscle.

Direct binding studies with [*H]ryanodine (Fig. 3)
likewise demonstrated an increased density of receptor
sites in isolated TC from denervated muscle. Scatchard
plot analysis of the paired data from denervated and
control muscle of three different rabbits indicated a two-
to threefold increase in binding site density (B,.,) (from
5.8 to 14.9 pmol/mg protein, on average). On the other
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FIG. 2. SDS-PAGE of TC and JFM-CC fractions from control and
denervated muscle. 15 ug of protein of each fraction were separated
using a linear polyacrylamide gel gradient (5-15%), according to Laem-
mli (16). Apparent molecular masses are indicated by arrows. T'C (lane
a) and JFM-CC (lane ¢) from control muscle; TC (lane b) and JFM-
CC (lane d) were from denervated muscle. 350-kDa protien/CS ratio,
as determined by densitometry (see Table 2), was similar in both TC
and JFM-CC from either control or denervated muscle (0.138 and
0.140, respectively). HMW, high-molecular weight protein or 350-kDa
protein; ATPase, Ca’*-ATPase.

TABLE 2. Content of 350-kDa protein, Ca**-ATPase,
and CS of TC fractions from control
and denervated muscle

350-kDa/Ca**-ATPase C8/Ca**-ATPase

Ratio Ratio
Control 0.08+0.02 0.58+0.04
Denervated 0.13+0.01 0.93+0.03

Values are means + SE; n = 7 different preparations. Densitometry
of Coomassie blue-stained slab gels was performed as described in
MATERIALS AND METHODS. Ratios were calculated by 2 methods: 1)
paper relative to area of each peak was weighted and 2) area of each
peak was determined by triangulation. CS and 350-kDa protein are
components of junctional SR. Ca®**-ATPase is a component of free or
nonjunctional SR.

hand, there appeared to be retention after denervation
of a single, high-affinity [*H]ryanodine binding site. K4
values were also found to be in the same range for control
and denervated muscle (see Fig. 3 legend).

When purified junctional SR fractions were analyzed
by SDS-PAGE (Fig. 2, C and D), no appreciable differ-
ences in peptide pattern could be detected between con-
trol and denervated muscle. The ratio of the 350-kDa
protein to CS was found to be closely similar, as deter-
mined by densitometry (see Fig. 2 legend).

Ca** loading by TC from denervated and control muscle.
Isolated TC are characterized (2) by low Ca®* rates at
low free Mg®* concentrations (~0.1 mM), which can be
stimulated five- to sixfold by RR, a Ca®* release blocker.
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FIG. 3. Binding of ryanodine to TC fractions from control (®) and
denervated (o) muscle. Ryanodine binding was performed essentially
as described by Fleischer et al. (8), as detailed in MATERIALS AND
METHODS. Each data point represents mean *+ SD of duplicate deter-
minations carried out on 3 different T'C preparations from denervated
and control muscle. Mean values at each ryanodine concentration were
used to build Scatchard plot (inset). B, and K, values = SE (n = 3)
were 5.8 + 0.5 and 14.9 £ 2.0 pmol/mg protein and 58.3 + 14.4 and
65.7 + 14.4 nM for control and denervated T'C, respectively. Differences
in Bpax values were found to be significant for P < 0.01.

Figure 4 shows the dose-response curve of RR-stimu-
lated Ca®* loading rate in the presence of either 1 or 2
mM total Mg**. Denervated and control TC were maxi-
mally stimulated at 10 uM RR. In the presence of 1 mM
Mg®**, TC from control muscles exhibited a fourfold
stimulation that was twice as high as that found for TC
from denervated muscle (see Table 3, first column).
These differences appeared to be independent of changes
in the K, for RR in denervated TC, since K, values
appeared to be similar (Fig. 44, inset), and were also
comparable to those reported by Chu et al. (2) under
similar assay conditions.

Mg?** is an effective inhibitor of Ca** release from TC
(21). As shown in Fig. 4B, at 2 mM total Mg?* the
stimulatory effect of RR on Ca** loading rate was reduced
by 50% in both TC fractions, even though the maximal
stimulation of Ca®" loading rate by RR appeared to be
higher in control T'C, compared with T'C from denervated
muscle.

The degree of stimulation of Ca®** loading rate of TC
by RR depends on the open-closed state of Ca®* release
channels (2, 39): the effect of RR is maximal when a
large proportion of Ca** channels are kept open. Because
the K,, for RR was unchanged, the reduced stimulation
displayed by TC from denervated muscle could reflect a
decreased Ca** efflux via Ca®" release channels.

Ca®>"/ATP coupling ratio of TC from denervated and
control muscle. TC fractions exhibit a considerable Ca**
efflux in the absence of RR, and Ca®* loading rate is low
under these conditions despite an appreciable Ca**-de-
pendent ATPase, i.e., transport and catalytic activities
are uncoupled, particularly at low free Mg>* (0.1 mM).
Ca®**/ATP coupling ratios approached theoretical values
of 2 in the presence of RR (2).

Therefore we compared the permeability to Ca?* of
control and denervated TC by determining the Ca®*/
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FIG. 4. Effect of RR on Ca®* loading
rate of T'C fractions from control (@) and
denervated (0) muscle. Ca?* loading
rates were measured as described in MA-
TERIALS AND METHODS, using antipy-
rylazo III as Ca®* indicator. Duplicate
determinations were carried out on 2
different preparations. Reaction was
started by adding 50 uM CaCl, to a me-
dium containing, in a final volume of 1
ml, 50 ug of TC protein, 100 mM K
phosphate, pH 7.0, and either 1 mM
MgATP (A) or 2 mM MgATP (B), at
30°C. Basal rate was subtracted from
RR-stimulated rate to give change in
rate (AV).
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ATP coupling ratios at 0.1 mM free Mg?* in the presence
and in the absence of 10 uM RR. The maximal Ca?*
loading rate of TC was 30% lower for denervated com-
pared with control muscle (Table 3). However, because
the Ca®*-dependent ATPase activity of denervated TC
decreased to a similar extent, the Ca®* transport effi-
ciency appeared to be unchanged, as indicated by the
high Ca**/ATP coupling ratio (Table 3).

In the absence of RR, Ca?* loading rates of both TC
fractions were similar, but the Ca?**/ATP coupling ratio
of denervated TC was ~30% higher, indicating that TC

TABLE 3. Functional properties of TC fractions from
denervated and control muscle

Ca®* Loading Ca?*-ATPase

2+
Rate, Activity, CCaou/ ?l’rI;P
umol Ca?*. umol P;- Rzﬂio g
min~'.-mg™* min~'.mg™*
Control
- RR 0.18+0.02 (6) 0.73+0.12 (6) 0.28+0.04 (6)
+ RR 0.88+0.10 (6) 0.63+0.10 (6) 1.45%0.25 (6)
+ Doxorubicin 0.14 (2) 1.20 (2) 0.11 (2)
+ Caffeine 0.15 (2) 1.25 (2) 0.11 (2)
Denervated
- RR 0.21+0.02* (6) 0.51%0.10 (6) 0.41+0.05% (6)
+ RR 0.64+0.07t (6) 0.46+0.07 (6) 1.50+0.20* (6)
+ Doxorubicin 0.17 (2) 1.05 (2) 0.15 (2)
+ Caffeine 0.17 (2) 0.90 (2) 0.17 (2)

Values are means + SE when >4 TC preparations were tested, with
no. of different SR preparations examined in parentheses. Ca®* loading
rate and Ca**-dependent ATPase activity were measured at 25°C using
an identical assay medium as described in MATERIALS AND METHODS.
Coupling ratio is ratio between Ca®* loading rate and Ca®*-dependent
ATPase activity. Total Mg?* concentration was 1 mM and corresponds
to a free Mg?* concentration of ~0.1 mM. RR, doxorubicin, and caffeine
were 10 uM, 100 M, and 20 mM, respectively. Percentage of vesicles
containing Ca®* release channels is calculated using Ca?*/ATP coupling
ratios measured in presence and absence of RR, as outlined by Feher
and Lipford (6). Three classes of vesicles are considered: vesicles
sensitive to RR and containing Ca®* release channels (V.), vesicles
insensitive to RR and lacking Ca®* channels (V;), and leaky vesicles
(Vy). If ideal coupling ratio (5) is 2.0 and C. and C; are the measured
Ca®*/ATP coupling ratios in presence and absence of RR, respectively,
then following equation system can be written: V. + V; + V, = 100; C;
= 9V;; and C. = n(V; + V.). Therefore for control TC fraction, V. =
58%, Vi, = 14%, and V|, = 28%; for denervated TC fraction, V. = 55%,
V,=20%, and V|, = 25%. * NS; + P < 0.05.

fractions from denervated muscle are less permeable to
Ca®*. Analysis of the data of Table 3, according to Feher
and Lipford (6), indicates that the percentage of RR-
sensitive (Ca®* channel containing) vesicles is similar for
TC of control and denervated muscle (58 and 55%,
respectively; see Table 3 legend for details). Thus the
higher Ca®*/ATP coupling ratio is not due to a change
in the percentage of vesicles sensitive to RR.

Doxorubicin and caffeine are Ca®*-releasing agents
that most likely act by opening Ca®* release channels of
TC (25, 41), thus decreasing net Ca®* loading rate. In the
presence of either 100 uM doxorubicin or 20 mM caffeine,
the Ca?*/ATP coupling ratios were low as expected, yet
the values for denervated TC were still higher than those
for control TC (Table 3). These results indirectly suggest
that TC from denervated muscle are less sensitive to
Ca®* releasing agents.

Ca®* release from TC of denervated and control muscle.
In search of an explanation for the observed differences
in Ca®* permeability properties, we studied drug-induced
Ca®* release from TC fractions.

In preliminary experiments it was found that Ca®*
release rates were related to the amount of Ca®* preload-
ing and that maximal release rates were attained above
1.8 umol/mg protein for both control and denervated T'C
(data not shown). In the experiments of Figs. 5 and 6,
TC from either control or denervated muscle were ac-
tively loaded with ~2 umol Ca®**/mg protein and when
steady state was attained, Ca®* releasing agents were
added (25). Figure 5 shows two typical tracings for con-
trol (A) and denervated TC (B): after active Ca®* pre-
loading, 50 uM doxorubicin evoked Ca®* release from
both control and denervated TC, yet Ca®* release rate
was higher for control TC (A). Figure 6 shows the effect
of caffeine (A) and doxorubicin (B) on the initial rate of
Ca®* release from control and denervated TC. Half-
maximal stimulation of caffeine-induced Ca?* release
was attained at 8 and 10 mM for denervated and control
TC, respectively. At saturating concentrations of either
caffeine or doxorubicin, the initial rates of Ca®* release
from control TC were twofold higher than those of de-
nervated TC. In additional experiments carried out at
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FIG. 5. Doxorubicin-induced Ca®* release from TC fractions of con-
trol and denervated muscle. Ca** loading and Ca®* release were meas-
ured as described in MATERIALS AND METHODS, using antipyrylazo III
as Ca®* indicator. Assay was started by adding ~50 ug of protein of
control TC (A) and denervated TC (B). Two consecutive 50-nmol
CaCl, pulses were administered, and 2nd pulse is shown (Ca®*). After
completion of Ca?* loading, 50 xM doxorubicin was added. A downward
deflection of absorbance tracings is indicative of Ca** loading; an
upward deflection corresponds to Ca?* release. At end of each experi-
ment, one 50-nmol CaCl, pulse was added to recalibrate dye response.

lower Ca** preloading level (0.5 and 1 umol Ca®**/mg
protein), the observed differences between control and
denervated TC were even larger (data not shown).

DISCUSSION

A long-described, early membrane response to the loss
of motor innervation to the muscle, seen in amphibian
(24) and mammalian (5, 27, 34) twitch fibers and shared
also by invertebrate insect muscle (29), is the increase in
volume and surface development of TC, as longitudinal
network of SR becomes simplified. As reinvestigated
recently in isolated muscle fractions from the gastroc-
nemius of the rabbit (31), changes within the SR mem-
brane system between 1 and 3 wk after denervation
appear to occur concomitantly with the proliferation of
transverse tubules (27).

Our present results demonstrate time correlated
changes in membrane composition and in the Ca** re-
lease properties of isolated T'C, 2 wk after denervation.

Proliferation of junctional SR after denervation. An
overdevelopment of the junctional SR, relative to the
Ca?* pump membrane, after muscle denervation is sup-
ported by the following lines of evidence: 1) TC from
denervated muscle are enriched in vesicles with morpho-
logically intact feet structures and contain larger masses
of electron-dense compartmental contents, i.e., CS (Fig.
1); 2) differences in protein profile between the TC
fractions of denervated and contralateral control muscle
are mainly referable to a twofold increase in the ratio of
CS to Ca**-ATPase protein and to a corresponding in-
crease in the relative amount of the 350-kDa feet protein,
a specific marker of the junctional SR, recently identified
as the ryanodine receptor (13, 14, 17); and 3) [*H]ryano-
dine binding studies demonstrate a parallel increase of
ryanodine binding sites in isolated TC from denervated
muscle, as deduced from changes in B, values.

Single-channel recording studies have shown that the
ryanodine receptor is a Ca®* release channel (13, 14, 17)
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FIG. 6. Drug-induced Ca®* release from isolated TC fractions of
control and denervated muscle. Both TC fractions (40 ug protein) were
preloaded with 2 ymol Ca®*/mg protein in a medium containing, in a
final volume of 1 ml, 7.5 mM pyrophosphate, pH 7.0, 2 mM MgATP,
200 uM antipyrylazo, 100 mM KCl, 5 mM disodium creatine phosphate,
and 20 ug/ml creatine kinase. Increasing concentrations of caffeine (A)
and of doxorubicin (B) were added after completion of Ca** accumu-
lation. At end of each experiment, one 50-nmol CaCl, pulse was added
to recalibrate dye response. Duplicate determinations were carried out
on TC from control muscle (®) and denervated muscle (0).

that seems to exist as a tetrametric complex of 350-kDa
subunits (17). Because T'C from denervated muscle have
a higher B..., for ryanodine, it appears that denervation
induces an increase in the number of Ca®* release chan-
nels. TC from denervated muscle bind ryanodine with
the same affinity as control TC. However, this finding
per se does not warrant the conclusion that the Ca®*
channel subunit composition is identical in control and
denervated muscle.

Reduced Ca®* permeability of TC after denervation. The
occurrence of changes in the functional properties of the
Ca®* release channels of junctional SR after denervation
of the muscle is strongly implied by the data reported in
Figs. 4-6 and Table 3. 1) TC from denervated muscle are
functionally distinct in that they have a relatively high
ATP-dependent Ca®* loading when normalized for the
content of Ca?*-ATPase protein, which is enhanced to a
lower extent, i.e., about one-half as much compared with
control, by RR, which locks the Ca?* channels in a closed
configuration (2, 39), as well as by high Mg®*, likewise
known to be an effective inhibitor of Ca?* release from
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TC (21). 2) The rate of both caffeine- and doxorubicin-
induced Ca?* release is reduced after denervation. Be-
cause the affinity for either doxorubicin, caffeine, or RR
is not changed, it appears that after denervation Ca?*
release channels are predominantly in an inactivated
and/or closed configurational state (23).

The relevance of our present findings to the altered
Ca** homeostasis and prolongation of isometric twitch
of skeletal muscle early after denervation (28), before
changes in the intrinsic properties of the contractile
proteins (4, 7), must be assessed in the framework of
previous experimental findings. Changes in the time
course of the contraction-relaxation cycle in fast-twitch
fibers deprived of their motor innervation are likely to
involve changes both in the amount and in the rate of
Ca?" release and in the rate of ATP-dependent CaZ*
uptake as well as possibly in the excitation-coupling
process itself (4).

The finding of an increased Ca®* content in denervated
muscle (28), on account of our present and previous
evidence (31), is best explained by an increase in size of
the Ca®* pool within the TC compartment of the SR, the
Ca®* being probably present in CS-bound form, since
intraluminal CS is found considerably augmented. Con-
trastingly, the Ca®* binding protein parvalbumin de-
creases in the myoplasm of denervated muscle (18). An
increase in the amount of stored Ca®** within the lumen
of the SR, together with an increase in number of Ca?*
release sites per muscle fiber and per sarcomere (31),
would be expected per se to shorten the duration of the
muscle active state, unless the rate of Ca’" release is
markedly reduced. Although ATP-dependent Ca?* trans-
port across SR membranes appears to be tightly coupled
and there is likewise no evidence of a fast to slow change
of the SR Ca®**-ATPase in rabbit gastrocnemius after
denervation (31), there is, however, evidence that total
number of Ca®** pump units per fiber decreases, which
would imply a concomitant decrease in the rate of Ca*
reuptake from the myoplasm.

Caffeine-induced contracture is a property shared by
mammalian slow-twitch and denervated fast-twitch fi-
bers (12). Differences in the dose-response effect of dox-
orubicin on the rate of tension rise between chemically
skinned slow and fast muscle fibers have been observed
(32), which superficially bear some resemblance to those
reported here for doxorubicin-induced Ca?* release be-
tween isolated T'C from denervated and control gastroc-
nemius. However, twitch potentiation elicited by low
concentrations of caffeine was reported to be similar for
denervated and normal fast muscle (12), and drug-re-
sponses of skinned fast and slow fibers differ in many
other significant ways (32). Thus it seems unjustified, at
the present time, to explain the reduced Ca?* permeabil-
ity of TC after muscle denervation as being truly equiv-
alent to a fast to slow transition.

Does motor innervation control Ca®* release isochannel
transitions? Well-described, early changes in properties
and composition of the surface membrane of muscle
fibers after denervation are the development of tetrodo-
toxin-resistant action potentials (35), as the result of
Na* channel transitions (11), and the spreading of ace-
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tylcholine sensitivity, concomitant with the substitution
of the adult, junctional type of acetylcholine receptor
channel by the fetal, extrajunctional type (22). An inter-
esting possibility, although entirely speculative at the
present time, is that there may exist different subtypes
of Ca®* release channels in skeletal muscle SR, according
to the type of motor innervation as well as the stage qf
development of the muscle, and that there may occyr
isochannel transitions, as a specific effect of the loss of
innervation, to account for changes in Ca?* permeability
of junctional SR. Although little is known on differences
in Ca?* homeostasis between immature fast and dener-
vated adult muscle, it is significant that the development
of TT and of junctional SR precedes that of longitudinal
SR during postnatal development of fast muscles (20, 33,
38), i.e., before muscle fibers have acquired the twitch
characteristics of the adult fast type.
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