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Abstract. Calsequestrin (CSQ) is the low affinity, 
high capacity Ca2+-binding protein concentrated within 
specialized areas of the muscle fiber sarcoplasmic 
reticulum (a part of the ER) where it is believed to 
buffer large amounts of Ca 2÷. Upon activation of intra- 
cellular channels this Ca 2+ pool is released, giving rise 
to the [Ca2+]i increases that sustain contraction. In or- 
der to investigate the ER retention and the functional 
role of the protein, L6 rat myoblasts were infected 
with a viral vector with or without the cDNA of 
chicken CSQ, and stable clones were investigated be- 
fore and after differentiation to myotubes. In the 
undifferentiated L6 cells, expression of considerable 
amounts of heterologous CSQ occurred with no major 
changes of other ER components. Ca 2+ release from 
the ER, induced by the peptide hormone vasopressin, 
remained however unchanged, and the same occurred 
when other treatments were given in sequence to de- 
plete the ER and other intraceUular stores: with the 
Ca 2+ pump blocker, thapsigargin; and with the Ca 2+ 
ionophore, ionomycin, followed by the Na÷/H + iono- 
phore, monensin. The lack of effect of CSQ expres- 
sion on the vasopressin-induced [Ca2+]i responses was 
explained by immunocytochemistry showing the heter- 

ologous protein to be localized not in the ER but in 
large vacuoles of acidic content, positive also for the 
lysosomal enzyme, cathepsin D, corresponding to a 
lysosomal subpopulation. After differentiation, all L6 
cells expressed small amounts of homologous CSQ. In 
the infected cells the heterologous protein progres- 
sively decreased, yet the [Ca2+]i responses to vasopres- 
sin were now larger with respect to both control and 
undifferentiated cells. This change correlated with the 
drop of the vacuoles and with the accumulation of 
CSQ within the ER lumen, where a clustered distribu- 
tion was observed as recently shown in developing 
muscle fibers. These results provide direct evidence 
for the contribution of CSQ, when appropriately re- 
tained, to the Ca 2÷ capacity of the rapidly exchanging, 
ER-located Ca 2+ stores; and for the existence of 
specific mechanism(s) (that in L6 cells develop in the 
course of differentiation) for the ER retention of the 
protein. In the growing L6 myoblasts the Ca2+-binding 
protein appears in contrast to travel along the exocytic 
pathway, down to post-Golgi, lysosome-related vacu- 
oles which, based on the lack of [Ca2+]~ response to 
ionomycin-monensin, appear to be incompetent for 
Ca 2+ accumulation. 

CUMULATION of Ca 2+ within the cisternae of the ER 
is a general property of eukaryotic cells. A family 
of pumps, the sarcoplasmic-endoplasmic reticulum 

Ca 2+ ATPases (SERCAs),' takes care of the transport of the 
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1. Abbreviations used in thispaper: Ab, antibody; BSA, bovine serum albu- 
min; [Ca2+]i, cytosolic Ca 2+ concentration; CatD, cathepsinD; CR, cal- 
reticulin; CSQ, calsequestrin; DAMP, 3-(2,4-Dinitroanilino)-3~tmino- 
N-methyldipropylamine; SR, sarcoplasmic reticulurn; GC, Golgi complex; 
IP3, inositol 1,4,5 trisphosphate; SERCA, sarcoplasmic-endoplasmic retic- 

cation across the membrane, and various lumenal proteins 
are responsible for its low affinity binding and storage. This 
last activity keeps the free lumenal concentration of the cat- 
ion at a level (most probably in the 10-3-10 -4 M range) re- 
quested by local ER functions (Pozzan et al., 1994). In addi- 
tion, the segregated pool remains rapidly releasable in case 
the channels present in the ER limiting membrane are acti- 
vated (see Berridge, 1993; Pozzan et al., 1994). 

Among the lumenal Ca2÷-binding proteins, two are be- 

alum Ca2+-ATPase; PDI, protein disulfide isomerase; Tg, thapsigargin; 
Vp, vasopressin. 
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lieved to play a major role in the storage of the cation. Cal- 
reticulin (CR) appears to be ubiquitously expressed, al- 
though its levels are often variable depending also on the 
differentiation state of the cell. Within the ER lumen CR is 
widely distributed, similar in this respect to other resident 
proteins (Michalak et al., 1992; Pozzan et al., 1994). Calse- 
questrin (CSQ), on the other hand, is expressed by only a 
few cell types, especially muscle fibers. Fast twitch skeletal 
muscles express a first (Fliegel et al., 1987) and the heart a 
second (Scott et al., 1988) isoform, while slow twitch and 
various smooth muscles can express both (Volpe et al., 
1994). Outside muscles, CSQ expression has been reported 
only in the Purkinje neurons of birds (Volpe et al., 1990). 
On simple functional and molecular grounds CSQ appears 
to resemble CR by a variety of criteria. It has approximately 
the same relative molecular weight and binds Ca 2÷ with ap- 
proximately the same low affinity (ko •1 mM) and high 
stoichiometry (1/25-50). The general organization of the two 
proteins, with a highly acidic Ca2+-binding COOH-terminal 
domain, is also similar (Fliegel et al., 1987; Michalak et al., 
1992; Pozzan et al., 1994). However, profound differences 
exist in the amino acid sequence. In particular, CSQ does not 
exhibit at its very COOH terminus the tetrapeptide KDEL 
(Fliegel et al., 1986; Scott et al., 1988) recognized by the 
recycling receptor which unables CR and several other pro- 
teins to maintain their ER lumenal localization (Pelham, 
1988). Moreover, the distribution of CSQ is not even 
throughout the lumen but is markedly concentrated into dis- 
crete areas (e.g., the terminal cisternae of the skeletal muscle 
sarcoplasmic reticulum [SR]), localized in close proximity 
to the release channels, the ryanodine, and/or inositol 1,4,5- 
t r i sphospha te  (IP3) receptors (Franzini-Armstrong et al., 
1987; Villa et al., 1993a; Pozzan et al., 1994). These dis- 
crete areas appear therefore specialized to assure the high 
efficacy of two coordinate processes: on the one hand, Ca 2÷ 
storage; on the other hand, Ca 2÷ release from the ER lumen 
to the surrounding cytosol. 

During the last several years, the peculiar localization of 
CSQ has attracted considerable interest, however the under- 
lying mechanisms have not been fully identified yet. Elec- 
tron microscopy studies have revealed the protein to be ar- 
ranged into dense, apparently insolubilized masses visible 
already during early postnatal steps of skeletal muscle devel- 
opment (Flucher, 1992; Villa et al., 1993b). These masses, 
which initially appear randomly scattered throughout the en- 
tire ER, progressively concentrate into the specialized dis- 
crete areas observed in the adult, apparently attached to the 
lumenal surface of the membrane by discrete filaments possi- 
bly composed by integral membrane proteins protruding 
into the lumen (Franzini-Armstrong et al., 1987). Up until 
now, however, the information about the filaments or other 
anchorage mechanisms of the CSQ masses has not gone 
much beyond description and hypotheses (Mitchell et al., 
1988; Damiani and Margreth, 1990; Knudson et al., 1993). 

Because of its peculiar properties, CSQ can be envisaged 
as an interesting tool to investigate mechanisms that underlie 
the ER structure and function. The experimental approach 
that we have used was based on the expression in L6 cells, 
a line of rat myoblasts, of a heterologous form of the protein, 
specific of chicken muscles (Clegg et al., 1988; Choi and 
Clegg, 1990). In their undifferentiated, growing state the 
cells of this line exhibit a fibroblast-like phenotype which 

turns towards muscle differentiation, with expression of 
specific markers including CSQ, only after a few-day culture 
into a low-serum medium (Yaffe, 1968, 1973). Stable clones 
of these cells, infected either with or without the eDNA for 
the chicken muscle Ca2+-binding protein, were studied both 
before and after differentiation by a comprehensive approach 
that included biochemistry, physiology and immunocyto- 
chemistry. Our results have revealed new aspects of the cell 
biology of the CSQ protein with ensuing insights into the 
processes of Ca 2+ distribution and Ca 2÷ homeostasis in eu- 
karyotic muscle and noumuscle cells. 

Materials and Methods 

Materials 
The I.,6 myogenic cell line, described by Yaffe (1968), was purchased from 
American Type Culture Collection (Rockville, MD); fura-2, monensin, 
and ionomycin from Calbiochem-Behring Corp. (San Diego, CA); thap- 
sigargin (Tg) from L.C. Service Corp. (Woburn, MA). The antibodies (Abs) 
used have been described elsewhere: anti-CSQ, a rabbit pelyclonal Ab, by 
Hall et al. (1988); anti-CR, a rabbit pelyclonal Ab, by Pen-in et al. (1991); 
anti-ER membrane proteins, afffinity-purified rabbit polyclonal Abs, by 
Louvard et al. (1982); anti-bovine protein disulfide isomerase (PDI), a rab- 
bit polyclonal Ab, by Villa et al. (1993a); anti-PDI C terminal tail (1D3) 
a mouse monoclonal Ab, by Vaux et al. (1990); anti-SERCA, a mouse 
monoclonal Ab, by Colyer et al. (1989); anti-IP3 receptors, a rabbit poly- 
clonal Ab, by Peng et al., 1991; anti-cathepsin D (eatD), a rabbit polyelonal 
Ab, by Hashimoto et al., 1988. Rhodamine- and fluoresceine-labeled don- 
key IgGs against rabbit and mouse IgGs as well as rhodamine-labeled sheep 
IgGs against the same antigens, unlabeled goat Fab fragments and goat se- 
rum were purchased from Technogenetics (Milan, Italy). Colloidal gold 
particles (5 and 15 rim), coated with goat IgGs against either rabbit (large 
and small particles) or mouse (small particles only) IgGs, were purchased 
from Biocell (Cardiff, UK). Before each labeling experiment the colloidal 
gold preparations wore carefully checked in the electron microscope for ad- 
herence to specifications in terms of both size uniformity and absence of 
aggregates. Only the preparations exhibiting >95 % of single particles and 
no aggregates larger than two particles were used in the present work. Other 
chemicals were analytical or the highest grade available. [12Sl]Protein A 
and the sheep anti-mouse [~25I] mAb were purchased from Amersham Int. 
(Buckinghamshire, England); 3-(2,4-Dinitroanilino)-3'amino-N-methyl- 
dipropylamine (DAMP) and anti-DAMP Ab from Oxford Biomedical Re- 
search (Oxford, MI); culture sera and media from GIBCO (Basel, Switzer- 
land); glass microflber filters from Whatman, (Maidstone, U.K.); the 
remaining chemicals from Sigma-Aldrich (Milan, Italy). 

Generation and Growth of CeU Clones 

Construction of retroviral expression vectors containing the neo-gene, with 
or without the chicken CSQ eDNA (Clegg et al., 1988) inserted behind a 
human cytomegalovirus intermediate early promoter/enhancer, has been 
described in Muller et al. (1990). Plasmid DNA was purified from Eache- 
richia coli strain DH5-c~ by the alkaline SDS lysis-CsC! gradient procedure 
(Sambrook et al., 1989) and infected into the retroviral packaging cell line 
PA317 (Bender et al., 1987) using the cationic lipid lipofectin (Bethesda Re- 
search Labs, Bethesda, MD) (Muller et al., 1990). Various separate G418- 
resistant clones were isolated and expanded, and tissue culture supernatants 
from confluent cultures (Bender et al., 1987) wore cleared of debris by een- 
trifugation at 3,000 g and used to infect L6 cells. 

For infection, L6 cells were cultured for 24 h in DME containing 20% 
FCS and 400 ttg/mi polybrene, in the presence of varying dilutions of viral 
particles. After washing away the pelybrene and harvesting the cells, trans- 
ductants were selected by growth in media containing 400 gg/ml active 
G418 (Geneticin; BRL-G1BCO, Bethesda, MD) for 14 d. Resistant colonies 
were subeloned by dilution and grown in 96-well plates. Selected derivatives 
of L6 were propagated into 10 cm Petri dishes in the presence of 400 gg/ml 
G418 to maintain selective pressure. Cells were fed every other day with 
high serum media (DME containing 20% FCS) and passed by trypziniza- 
tion when 75 % confluent. 

Differentiation of myoblasts to myotubes was obtained according to the 
protocol described by Yaffe (1973). Briefly, myoblasts were plated onto 10 
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cm Petri dishes (2 x 106 cells/dish) previously coated with gelatin (0.01%) 
for 15 rain at room temperature, in the above described culture medium. 
After 2 d of culture, cells were bathed in the differentiation medium contain- 
ing DME, 2 % horse serum, 0.04 U/ml insulin. 

SDS-PAGE and Western Blotting 
The various cell preparations were harvested, washed in PBS, and then 
lysed in 150 mM NaCl, 15 mM MgCl2, 1 mM EGTA, 1 mM PMSE 50 
mM Hepes-KOH, 10% glycerol, 1% Triton X-100, pH 7.5. After addition 
of SDS and/3 mercaptocthanol, the samples were boiled and 50-80 #g of 
protein (measured by the bicinchonic acid procedure) were loaded into the 
slots of 10% SDS polyacrylamide minigels which were run as described 
elsewhere (Villa et al., 1992). High transfer of proteins onto nitrocellulose 
membranes was carried out at 200 mA for 18 h in a buffer containing: 25 
mM Tris, 192 mM glycine, 20% methanol, pH 8.3. After transfer, both the 
gels and the blots were routinely stained with Fonceau red. Blots were 
processed at room temperature, first for 1 h with PBS + 3 % BSA, then for 
2 h with appropriate concentration of the specific Abs in the same buffer. 
After washing five times for 5 rain with 150 mM NaCl, 50 mM Tris-HCI, 
0.05% Tween-20, 5% powdered milk, pH 7.4, the blotted hands were deco- 
rated with [12SI]protein A. The blots were washed five times for 10 rain 
with the above buffer, dried, and then finally autoradiographed at -80"C 
for variable periods of time. Quantitation of the various bands was obtained 
by microdensitometry in a Molecular Dynamics Imagequant apparatus. 
Results shown are representative of three to five separate experiments. 

Secretion Studies 
For secretion studies, the proteins present in the culture media were precipi- 
tated by adding solid ammonium sulfate at 80% saturation, and the suspen- 
sions were stirred for 30 rain. The pH was then adjusted to 4.7 with phos- 
phoric acid and the suspensions were stirred for more than 4 h in the cold 
room. The precipitated proteins were collected by centrifugation at 15000 g 
for 20 rain, the pellet was dissolved, dialyzed against PBS, and finally ana- 
lysed on 10% SDS polyacrylamide minigels as described in the preced- 
ing section. 

[Ca2+lt Measurements 
At the beginning of the experiments, the differentiated and undifferentiated 
cell preparations were harvested, washed, and finally loaded for 30 rain at 
37"C (while suspended in DME containing either 10 or 2% FCS: 
undifferentiated or differentiated cells, respectively) with the Ca 2+ sensi- 
tive dye fura-2, added as acetoxymethylester (final concentration, 5 ~,M). 
Cells were then diluted in Krebs Ringer Hepes medium containing: 125 mM 
NaC1, 5 mM KCI, 1.2 mM KH2PO4, 1.2 mM MgSO4, 2 mM CaCI2, 6 
mM glucose, 25 mM Hepas-NaOH, pH 7.4, to a final concentration of 3-4 
× 106 cells/ml, and kept at 37"C until use. Cell aiiquots (4 × 106 cells) 
were centrifuged, resuspended by gentle swirling in 1.5 mi of medium sup- 
plemented with 250 ~M sultinpyrazone (to prevent dye leakage), and finally 
transferred to a thermostatted cuvette (37"C) maintained under continuous 
stirring in a fluorimeter (LS-SB; Perkin Elmer Corp., Eden Prairie, MN). 
Analyses were carried out as recommended by Grynkiewicz et al. (1985). 
I rain before adding the Ca 2+ releasing agents, the samples were sup- 
plemented with excess EGTA (3 raM; Ca2+-free medium). Results are 
shown as traces and graphs. Traces are representative of the results obtained 
in at least eight separate experiments; graphs show the average values + 
SD of 3-12 experiments. 

Conventional and Immuno Microscopy 

Cell culture monolayers were fixed in situ for 2 h at 4"C with 4% parafor- 
rnaidehyde, 0.25% glutaraideh)xle in 125 mM phosphate buffer, and then 
washed with the buffer. Some monolayers were processed for im- 
munofluorescenee as such, others were detached by scratching, suspended 
in the phosphate buffer, and centrifuged at low speed. The pellets thus ob- 
tained to be used for conventional electron microscopy were washed exten- 
sively with phosphate buffer, postfixed with 1% OsO4 in 125 mM cacodyl- 
ate buffer, dehydrated in ethanol, block stained with uranyl acetate, and 
embedded in Epon. Thin sections were doubly stained with uranyi acetate 
and lead citrate. Samples for cryosections were infiltrated with concentrated 
sucrose, frozen in a 3:1 (voi/vol) mixture of propane and cyclopentane 
cooled with liquid nitrogen, and transferred to an ultramicrotome TOP 
170A with a cryosection apparatus TOP CRYO 200 (Pabisch, W., S.p.A., 
Milan, Italy). The sections for immuno fluorescence ('~l-tLm thick, flat- 

tened over glass slides) as well as the fixed monolayers were covered with 
2% liquid gelatin in 125 mM Na phosphate buffer, pH 7.4. After a short 
treatment with 1% Na borohydrate (to eliminate glutaraldehyde fluores- 
cence) they were washed and exposed for 30 rain to a solution containing 
0.3% Triton 3[-100, 15% filtered goat serum, 0.45 M NaC1, and 10 mM 
phosphate buffer, pH 7.4. After washing, the sections were exposed (1 h at 
37"C or overnight at 4"C) to any one of the various primary Abs diluted 
in the above Triton X-100 and goat serum-containing solution. They were 
then washed thoroughly and treated with the appropriate rhodamine-labeled 
sheep Abs (1:20-1:40 in the "l~itun X-100, goat serum solution, 30-60 rain, 
37°C), washed again, and mounted in glycerol to be examined in either a 
Zeiss Photomieroscope Ill apparatus or a LSM Zeiss confoeal scanning mi- 
croscope (Carl Zeiss, Inc., Oberkochen, Germany), where images were 
recorded using a Focus lmagecorder Plus (Focus Graphics Inc., Foster City, 
CA). Controls in which the primary Ab was either omitted or replaced by 
preimmune or nonimmune IgGs yielded completely negative results. Dual 
labeling was carried out by sequential exposure of the samples to two Abs, 
revealed by rhodamine and fluoresceine, respectively, using precautions to 
prevent cross-labeling, signal spill-over, and bleed-through artifacts as de- 
scribed in detail by Villa et al. (1993a). 

For immunogold labeling, ultrathin cryosections (50-100-nm thick) were 
collected over nickel grids and covered with 2 % gelatin. After treatment 
with 125 mM Na phosphate buffer, pH 7.4, supplemented with 0.1 M gly- 
cine, they were exposed for 1 h at 37"C to the first Ab diluted in phosphate- 
glycine buffer, and then washed with the buffer and decorated with 
anti-IgG-coated gold particles (5 or 15 nm, dilution 1:80 in the same 
buffer). For dual labeling the sections were exposed in sequence to the two 
Abs followed by the corresponding gold particles, with appropriate washing 
and quenching steps in between (see Villa et al., 1993a). In all cases the 
anti-CSQ Ab and the large gold particles were applied second. The im- 
munodecorated grids were then processed as recommended by Keller et ai. 
(1984). Both conventional sections and cryosections were examined in a 
Hitachi H-7000 electron microscope. Pictures were usually taken at a 
magnifieatiun of 24,000. 

With nonimmune serum, the 5 tun gold particle labeling was low and uni- 
formly distributed over the cell nucleus and cytoplasm. The average label- 
ing, calculated under standard conditions in a group of randomly chosen 
pictures, i.e., the background, was three to five gold particles//~m 2. With 
15 run particles the background values were variable, depending on the ex- 
perimental conditions used (in no case >35 particles//am2). When the 
specific Abs were used, labeling over some cell structures, such as nuclei 
and mitochondria, was not significantly different from the background. 

Results 

Stable clones of rat L6 cells were selected (by (3418 ex- 
posure) from the cell populations previously infected with 
constructs containing the retrovirai expression-antibiotic re- 
sistance vector, with or without the eDNA of the chicken 
CSQ The latter protein is known to run in SDS gels at a rate 
similar to the mammalian cardiac CSQ (52 kD; Choi and 
Clegg, 1990), and to be therefore easily distinguished in 
Western blots from the skeletal muscle isoform endoge- 
nously expressed by L6 cells after differentiation, which ex- 
hibits an apparent molecular weight 10 kD higher. 

Protein Expression 

A first series of experiments was carried out to characterize 
protein expression in control and CSQ-infected clones of L6 
cells while in their fully growing, undifferentiated state. The 
results obtained are summarized in Figs. 1 and 2. Western 
blots obtained with total homogenates of two control and 
four CSQ-infected clones investigated for the two Ca z+- 
binding proteins, CSQ and CR, are shown in Fig. 1. Expres- 
sion of CR (Fig. 1 B) was found to be quite constant in all 
these clones. The values of this protein, established in this 
and in three additional experiments by microdensitometry in 
comparison with scale amounts of an authentic standard run 
in parallel (not shown), were found to vary between 1.5 and 
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Figure I. Western blot analysis for CSQ and CR in control (CI and 
C2) and CSQ-infected (A3, H, Jl, and ,12) L6 cell clones. A illus- 
trates the Western blot labeling of CSQ. The two standards (std. I 
and std. 2) are of rabbit heart and skeletal muscle CSOo respec- 
tively. Notice that control clones are completely negative whereas 
of the infected clones two (.43 and H) exhibit a prominent CSQ- 
positive doublet (•52 and 48 kD), the other two (J] and J2) a faint 
band running as the higher band of that doublet and as the heart 
standard. B shows CR Western blots, with the specific standard 
(std. 3). Notice that in all the clones the CR bands run the same 
and look very similar in intensity. 

1.8 ftg/mg of total homogenate protein. The CSQ results of 
the same clone homogenates are illustrated in Fig. 1 A. As 
can be seen, the two control clones, C1 and C2, exhibited 
immunoreactive bands neither at 52 nor at 61 kD, the posi- 
tions of the infected and endogenous CSQ, respectively. In 
all the four CSQ-infected clones, on the other hand, im- 
munodecorated bands positioned at 52 kD were clearly visi- 
ble, although quite variable. In the two richest clones, A3 
and H, a second CSQ-positive band appeared at the apparent 
molecular weight of 48 kD, whereas in the two poor clones, 
J1 and J2, clear second bands were never observed, even 
when exposure of the immunoblots was prolonged to obtain 
signal intensities comparable to those shown for the A3 and 

H clones. The actual CSQ values of the last two clones were 
measured by microdensitometry (as specified above for CR) 
in a total of 12 experiments. For the authentic band the 
results obtained varied between 1.1 and 1.5, for the faster 
band between 0.6 and 1.8 $g/mg of total homogenate protein. 
Overall, these levels of expression are comparable to those 
of normal skeletal muscle fibers (see Pozzan et al., 1994). 

The Western blot characterization of homogenates of the 
two control and the two CSQ-rich clones, A3 and H, in their 
undifferentiated state, was pursued by the study of various 
other proteins known to play important roles in Ca 2+ 
homeostasis (Fig. 2). In all clones, the anti-SERCA Ab re- 
vealed two bands at ~,,110 and 95 kD, probably correspond- 
ing to the 2b and 2a isoforms of the ATPase, respectively. 
Some differences of these bands were revealed among the 
clones, in particular C1 appeared rich in the lower band and 
H in both. These differences, however, might not be of great 
physiological significance since, with respect to the L6 cell 
mixed population and to other cell lines (not shown), all of 
the clones appeared well equipped with these pumping en- 
zymes. Variability was observed also with two other pro- 
teins, however limited to moderate degrees (<30%): the in- 
tracellular Ca 2+ channel, IP3 receptor; and the lumenal 
enzyme, PDI, which is also a Ca2+-binding protein (Fig. 2). 
Of the four main proteins recognized by the Ab raised 
against ER membranes (Louvard et al., 1982), the 91-kD 
calnexin and the low molecular weight, 28-29-kD proteins, 
previously described in other cell types, were found to be ex- 
pressed at low levels in L6 cells. Two other bands, 66 (a dou- 
blet) and 48 kD, were more abundant, with some, but not 
major, heterogeneities among the clones (Fig. 2). 

Further experiments were carried out with control and 
CSQ-infected cells induced to differentiate by low serum cul- 
turing (Yaffe, 1973). Fig. 3 illustrates the results obtained 
with CSQ and CR in the C1 and A3 clones. Similar results 
were obtained also with the C2 and H clones. CR was not 
consistently modified after 3 d. After 7 d, however, it was 
considerably decreased ( -40-60% compared to undifferen- 
tiated ceils; see also Opas et al., 1991) (Fig. 3 B). The 
changes in CSQ (Fig. 3 A) were more complex. First of all, 
the homologous skeletal isoform of the protein began to ac- 
cumulate and was fully visible already after 7 d of differenti- 
ation. At later stages (10 and especially 20 d) the values in- 

Figure 2. Western blot analy- 
sis for various ER components 
in control (C1 and C2) and 
CSQ-infected (,43 and H) L6 
cell clones. Notice some vari- 
ability among the clones in 
the expression of the SERCA 
pumps concerning in particu- 
lar the more slowly running 
band. Expression of both the 
lumenal protein, PDI, and the 
IP3 receptor (IPzR) appears in 
contrast more even, while the 
anti-ER membrane protein 
blot reveals a doublet at 66 
and a band at 48 kD, both 
moderately variable among 
the clones. 

The Journal of Cell Biology, Volume 128, 1995 344 



Figure 3. Western blot analysis for CSQ and CR of a control (C1) 
and a CSQ-infected (A3) L6 cell clone. In A and B the standards 
are positioned as in Fig. 1. A shows, to the left, the lack of homolo- 
gous CSQ in control cells before and at 3<1 differentiation, and the 
appearance of the protein at 7 d; to the right, the decreased expres- 
sion of the heterologous Ca2+-binding protein in the infected cells 
during differentiation (3 d and 7d), with appearance of the homolo- 
gous protein, also at 7 d. B shows the decrease of CR at 7<1 differen- 
tiation both in controls (left) and in CSQ-infected (right) cells. C 
shows the bands positive for heterologous CSQ revealed in the me- 
dia bathing for 12 h the infected A3 cells at 0, 3, and 7 d of differen- 
tiation. The standard band to the left (std. 3) is of chicken CSQ 
Compared to A and B, C was overexposed in order to reveal the 7<1 
band. 

creased considerably (not shown). Concomitantly, the avian 
type protein decreased in the CSQ-infected cells, with a 
marked drop already at 3 d both of the authentic ( -60%)  
and, especially, of the faster ( -90%)  CSQ-positive bands. 
At 7 d the faster band was no longer visible, while the 
authentic heterologous band stabilized at values only moder- 
ately higher than the homologous protein. Thereafter (10 and 
20 d, not shown) the heterologous CSQ remained stable 
while the homologous protein increased, similar to the con- 
trol cells. 

CSQ immunoreactivity was also searched for in the incu- 
bation medium of the cells. The endogenous mammalian 
skeletal isoform was never detected, in both controls and 
CSQ-infected cells. In contrast, the avian form appeared in 
the medium of the CSQ-infected cells (~10% released in 12 
h with respect to the total intracellular levels), however only 
as a single band of authentic relative molecular weight. The 
lower molecular weight CSQ band was never detected in the 
medium (Fig. 3 C). During differentiation the medium band 
decreased considerably, especially at 7 d (Fig. 3 C) and 
thereafter (not shown). In a few experiments, CSQ-infected 
A3 cells, before and after differentiation, were incubated in 
vitro for 2 h with the Ca ~÷ ionophore, ionomycin, 0.5/~M. 
In other cell types this treatment has been shown to greatly 
increase the rate of regulated secretion. In contrast, no con- 
sistent increase of CSQ discharge was observed with respect 

to unstimulated preparations incubated in parallel (not 
shown in figures). 

Morphological Studies 

The four L6 clones discussed so far for ER protein expres- 
sion were investigated also by morphological techniques. 
The results shown refer to e l  and A3, but similar data were 
obtained also with C2 and H. Fig. 4, A and B, compares 
the conventional thin section electron microscopy of undif- 
ferentiated cells. Although the general appearance of control 
and CSQ-infected cells was moderately different, with the 
latter cells being larger and apparently more flat, the nu- 
cleus, mitochondria, ER and Golgi complex (GC) were sim- 
ilar. In addition, however, the CSQ-infected cell (Fig. 4 B) 
showed a series of ovoidal vacuoles, 0.2 to 0.6 #m in the 
small diameter, often concentrated near the cell surface. 
Some of these vacuoles appeared filled with a homogeneous, 
moderately dense content (Fig. 4, B, D, and E); in others the 
content was more irregular, with a moth-eaten appearance 
(Fig. 4 C). Finally, some of the vacuoles appeared to enclose 
not one but two to four moderately dense masses, close to 
each other (not shown). The vacuoles were often located in 
the proximity of other organdies, particularly ER cisternae 
and mitochondria, with respect to which, however, they 
never establish continuous connections, apparently main- 
taining therefore the status of discrete organdies (Fig. 4 B). 
In the higher magnification insets (Fig. 4, C-E) the vacuoles 
are shown to often possess localized membrane irregularities 
(duplications, small blebs) which however do not extend into 
the content. 

The molecular composition of the vacuoles was inves- 
tigated by immunofluorescence and immunogold labeling of 
undifferentiated L6 cells. Fig. 5 A illustrates the delicate im- 
munofluorescent network revealed by the decoration with 
anti-CR Ab in a control C1 cell. The images obtained with 
the same Ab in CSQ-infected cells were not appreciably 
different (not shown). Marked differences between con- 
trol and infected cells were in contrast revealed when im- 
munofluorescence was addressed to CSQ. In agreement with 
the Western blot data (Fig. 1), control cells were in fact nega- 
tive (Fig. 5 B) whereas the CSQ-infected cells exhibited a 
tenuous fluorescence in their background cytoplasm to- 
gether with numerous, intensely fluorescent puncta visible 
in over 50% of the cell population. The largest and most 
prominent puncta were concentrated in the subplasmalemma 
area, others were spread in the rest of the cell (Fig. 5 C). 
The nature of these CSQ-positive puncta was further inves- 
tigated by immunogold labeling of ultrathin crio and Epon 
sections. As can be seen in Fig. 5 (D and G), the organelles 
positive for CSQ were vacuoles corresponding in size, shape 
and distribution to those described by conventional ultra- 
structural analysis (Fig. 4, compare B-E). Interestingly, 
some of these vacuoles exhibited a multilobular content (Fig. 
5 D) while others were irregular, enclosing a dense, round, 
CSQ-positive core in apparent continuity with one or more 
lighter, largely CSQ-negative structures (Fig. 5 G). In addi- 
tion to the large vacuoles, some degree of CSQ labeling was 
observed over small, apparently discrete vesicles and within 
Golgi cisternae, in particular at the periphery and towards 
the trans Golgi area (Fig. 5, E and F, and data not shown). 
Within the ER lumen the CSQ labeling was low and appeared 
randomly distributed (Fig. 6, D and E). 
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Figure 4. Conventional electron microscopy of undifferentiated control (C1) and CSQ-infected (A3) L6 ceils. The control cell (.4) shows 
a fibroblast-like phenotype, with numerous, widely distributed rough-surfaced ER cisternae, a well developed Golgi complex (GC), dense 
mitochondria and a fiat nucleus (N). In the CSQ-infected cell (B) all these properties are maintained. In addition the cells show accumula- 
tion of large vacuoles of moderate density. At higher enlargement (C-E) some of these vacuoles show a homogeneous, others a partially 
heterogeneous content. The limiting membrane of the vacuoles is locally duplicated or irregular. Bar (in these and in the following electron 
micrographs) 0.25 ~tm. 

Various possibilities were considered to explain the nature 
of the CSQ-positive vacuoles revealed in undifferentiated, 
CSQ-infected L6 cells. Fig. 6 (A-C) shows confocal images 
obtained by the use of 1D3 (Vaux et al., 1990), an Ab ad- 
dressed to the COOH terminus of the ER lumenal protein, 
PDI, and recognized also by other ER resident proteins ex- 
pressing the COOH-terminal tetrapeptide, KDEL. The deli- 
cate fluorescent network obtained with this Ab, which 
closely resembles that of CR (compare Figs. 6, A and B, with 
5 A), appeared similar in control and CSQ-infected cells. 
When, however, the latter cells were doubly labeled for PDI 
and CSQ, the strong puncta positive for the second protein 
were Seen to correspond to small negative areas in the PDI 
network (Fig. 6, B and C). Similar dissociation of the CSQ 
puncta was observed also with respect to the CR network 
(not shown). Dual label experiments were carried out also 
at the ultrathin cryosection immunogold labeling level. Fig. 
6 D shows that the PDI labeling, concentrated within ER 
cisternae, was accompanied by only very low labeling for 

CSQ. The ER localization of PDI is confirmed also in Fig. 
6 E, where however the major labeled structure is a vacuole 
that exhibits exclusively CSQ, and not any PDI labeling. 
Results similar to those of Fig. 6 E were obtained in over 40 
additional vacuoles. 

The results of Fig. 6 exclude the vacuoles of nondiffer- 
entiated, CSQ-infected cells to be part of the ER. Fig. 7 (,4 
and B) explores the possible acidic nature of these or- 
ganelles, investigated by confocal microscopy of CSQ- 
infected cells dually labeled for CSQ and DAMP, a weak 
lipophilic amine accumulated into the acidic compartments 
(Orci et al., 1986; Hashimoto, 1988). As can be seen, the 
punctate pattern revealed in the confocal microscope by the 
Ab against the latter antigen did not appear interrupted in 
correspondence of most, if not all, CSQ-positive puncta. 
The possible lysosomal nature of these CSQ-positive acidic 
organelles was investigated by immunolabeling with anti- 
cathepsinD (CatD) Abs. At the immunofluorescence level 
the general distribution of the two antigens, CSQ and CatD, 
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Figure 5. Undifferentiated control (C1) and CSQ-infected (A3) L6 ceils. Immunolabeling for CR and CSQ. A shows the immunofluorescence 
labeling for CR and B the negative pattern for CSQ in C1 cells. Positivity for CSQ, with intensely fluorescent puncta of various size in 
a group of CSQ-infected (A3) cells is shown in C. D and G show the intense immunogold labeling of the vacuoles (thin arrows) correspond- 
ing to the fluorescence puncta, as revealed in a ultrathin Epon section and in a cryosection, respectively. In G the open arrow points to 
a lighter body, with only moderate CSQ labeling, which appears in direct continuity with a typical CSQ-rich vacuole. E and F show cryosec- 
tioned Golgi complex images of infected cells. Weak CSQ labeling is visible over vesicles (E) and within Golgi cisternae (F). The labeling 
encircled in F might be artifactual. Bar (in A, B, C, and in the following fluorescence micrographs) 10/~m. 

appeared similar, except for some large, strongly CSQ- 
fluorescent puncta near the cell surface (Fig. 7, compare C 
and E). Attempts to obtain dually labeled fluorescent prepa- 
rations yielded however unconvincing results. The problem 
was therefore reinvestigated at the ultrathin cryosection im- 
munolabeling level. As can be seen in Fig. 7 (F and H-K) 
colabeling for the two antigens was observed in a large popu- 
lation of vacuoles which however appeared not homogeneous 
but distributed in two populations. Those with a denser con- 
tent were most often rich in CSQ and showed low CatD im- 
munolabeling (Fig. 7, F,, H, and I). Other vacuoles, of lighter 
content, exhibited a variable CatD positivity and a low CSQ 
signal which, considering the relatively high background of 
the large gold immunolabeling, was often at or just above the 
specificity levels (Fig. 7, F and K). In some cases, vacuoles 
of the two types were closely adjacent, suggesting a mem- 
brane continuity (Fig. 7 F) similar to that already mentioned 
in Fig. 5 G. A plot summarizing the CSQ/CatD immuno- 

labeling properties of the investigated vacuoles is shown in 
Fig. 7 G. 

Morphological studies were carried out also on L6 cells 
after differentiation induced by serum starvation. Fig. 8 (A 
and B) shows conventional images of control C1 cell ultra- 
structure, documenting 7 d changes with respect to growing 
cells, including large prevalence of the myotube phenotype 
and appearance of muscle markers, such as the myofibril- 
lae, with marked development of the smooth ER. Similar 
changes were observed in the other control clone, C2, and 
in the two CSQ-infected clones, A3 and H (not shown). At 
the immunofluorescence level the positivity for CSQ ap- 
peared now distributed throughout the cytoplasm, more 
prominent in the clones infected for the Ca2÷-binding pro- 
tein than in the controls. Intensely fluorescent puncta were 
still evident, expressed however not by the majority but by 
<5 % of the infected cells (Fig. 8 D). In the analyzed popula- 
tion the number of puncta/cell was 0.07, i.e., 1.7% with re- 
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Figure 6. Immunolabeling for PDI and CSQ in undifferentiated L6 cells. A shows the PDI fluorescence labeling of a control C1 cell, and 
B and C dual labeling for PDI and CSQ in an infected cell (A3). In both panels the white arrowheads point to the CSQ puncta and the 
corresponding holes in the PDI pattern. D and E show dual, PDI (small gold)/CSQ (large gold) immunolabeled ultrathin cryosections. 
Notice, the almost uniform distribution of PDI throughout the ER lumen (arrowheads), with few accompanying CSQ-labeling gold parti- 
cles; and the intense CSQ labeling of a vacuole which is completely PDI negative (thin arrow, E). 

spect to the corresponding value in undifferentiated cells. In- 
terestingly, the CSQ-positive puncta were visible not only in 
the infected ceils but appeared also in a fraction (•2%) of 
the controls (Fig. 8 C). At later stages of differentiation (10 
and 20 d) the puncta were visible neither in the infected nor 
in the control cells. In these more differentiated populations 
a fraction of the cells were of higher volume, with larger ac- 
cumulation of CSQ. 

Immunogold labeling of the 7-d cells revealed that the few 
CSQ-rich vacuoles (not shown) were undistinguishable from 
those of the growing cells. Profoundly different was in con- 
trast the CSQ labeling of the ER lumen (Fig. 8, E and F). 
On the one hand, it was much more intense than in undif- 
ferentiated cells; on the other hand, it was not evenly dis- 
tributed but concentrated into discrete areas whereas other 
areas, in particular long cisternae, remained negative. Com- 
parison of infected and control cells confirmed a moderately 

higher labeling in the first (Fig. 8, compare E and F), which 
however was not quantitated morphometrically. 

[Ca2+], Responses 

These experiments, carried out in suspensions of fura- 
2-10aded cells, were aimed at investigating whether expres- 
sion of CSQ in the infected cells was inducing changes of 
intraceUular Ca 2+ homeostasis. Fig. 9 shows the concentra- 
tion dependence of the [Ca2+]i peak responses induced by 
the administration (in the Ca2+-free medium) of vasopressin 
(Vp), a peptide hormone that in L6 cells is addressed to the 
V1 receptor. The latter is a receptor coupled to the hydroly- 
sis of polyphosphoinositides, which induces generation of 
IP3 and thus release of Ca 2+ from the stores. As can be 
seen, in the undifferentiated cells (Fig. 9 A) the [Ca2+]i re- 
sponses induced by the whole range of peptide concentra- 
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Figure 7. Immunolabeling for DAMP, CatD, and CSQ of undifferentiated, CSQ-infected (A3) L6 cells. A and B show a dual immunofluores- 
cence labeling for DAMP and CSQ in a group of infected cells. Notice that the brightly fluorescent puncta positive for the latter protein 
seem not to interrupt the granular pattern revealed in the cells for the weak amine. C and E show two different cells fluorescenfly labeled 
one for CarD, the other for the Ca2+-binding protein. Double label for CatD (small gold) and CSQ (large gold), is shown in the ultrathin 
cryosections of D, F, and H-K. Notice that in the vacuoles the higher density of the content is accompanied by stronger CSQ positivity 
(F, H, and I, thin arrows) whereas the lighter content is poor of CSQ and more labeled for CarD (D, F, and K, open arrows). In F one 
dense and one light vacuoles are close to each other, suggesting membrane continuity. G shows in a plot the quantitation of the CSQ/CatD 
labeling data. Closed circles are the dense, and open circles the light vacuoles analyzed. 



Figure 8. Differentiated control (C1) and CSQ-infected (A3) L6 cells, shown in conventional electron microscopy, immunofluorescence, 
and ultrathin cryosection immunogold labeling for CSQ. A and B illustrate the conventional electron microscopy of control cells that show 
clear signs of differentiation, with a myotube phenotype, accumulation of myofibrils and development of the ER. C and D show the CSQ 
immunofluorescence images of controls and infected cells, respectively, chosen because of the occurrence of a few intensely fluorescent 
vacuoles in a cell minority of both preparations. The distribution of the labeling appeared primarily into a delicate network, more evident 
in the CSQ-infected cells. In the ultrathin cryosections (E and F, infected and control cell, respectively) such a network appears to be 
composed by ER cisternae which however appear partially filled with (small arrows) and partially devoid of (arrowheads) the immunogold- 
labeled antigen. 

tions remained essentially the same in the four clones inves- 
tigated, no matter whether control or CSQ infected, in spite 
of the expression in the latter cells of considerable amounts 
of the Ca2+-binding protein. Fig. 9 B shows the correspond- 
ing peak responses observed in two clones, C1 and A3, inves- 
tigated after 7 d differentiation treatment. As can be seen, the 
responses of the CSQ-infected clone were now larger than 
in the control, not so much however at low and maximal but 
rather at intermediate Vp concentrations, especially at 10 
nM where the difference observed was about 2:1 in 12 ex- 
periments. 

The results of Fig. 10 extend the study of Ca 2+ homeosta- 
sis from the IP3 sensitive, rapidly exchanging stores to the 
other Ca 2÷ stores of undifferentiated and differentiated L6 
cells, controls and CSQ infected. The rationale of the experi- 
ments lies on the administration to the cell suspensions (in 
Ca2+-free medium) first of the optimal concentration of Vp 
(10 riM, Fig. 9) followed in sequence, after the exhaustion 
of the preceding response, by maximal concentrations of the 
SERCA pump blocker, Tg; of the Ca 2+ ionophore, ionomy- 
cin; and finally of the H+/Na + ionophore, monensin. Under 
the conditions of the experiment Tg is expected to release the 
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Figure 9. [Ca2+]i peak in- 
crease responses induced by in- 
creasing concentrations of Vp 
in the various L6 clone cells 
suspended in the Ca2+-free 
medium. A illustrates the re- 
sponses of the control (C1 and 
C2) and CSQ-infected (A3 
and H) clones analyzed while 
undifferentiated; B of the C1 
and A3 clones analyzed af- 
ter 7-d differentiation. Values 
shown are averages + SD. 

part of the ER Ca 2+ pool remaining after the Vp treatment, 
due however to unopposed leakage from the store rather than 
to activation of a channel; ionomycin is expected to release 
Ca 2+ pools from non ER stores with non-acidic lumen; and 
monensin (working in association with ionomycin), the 
pools from acidic stores (Fasolato et al., 1991). Fig. 10 (A 
and C) concerns the C1 clone; (B and D) the A3 clone. As 
can be seen, differentiation of the control cells fails to 
modify not only the [Ca2+]i responses induced by Vp, but 
also those by the other treatments. In the CSQ-infected cells, 
on the other hand, the increased response to 10 nM Vp ob- 
served after differentiation was not accompanied by any 
changes in response to the other treatments administered 
(Fig. 10, B and D). 

Discussion 

In the present work we have investigated the expression of 
heterologous CSQ, the major Ca2÷-binding protein of mus- 
cle SR, in stable clones of a myoblast cell line that does 
express CSQ homologously together with other skeletal 
muscle markers, however only after differentiation. Some 
concern about our approach could come from the fact that 
the protein and cells used were from different animal species, 
chicken and rat, respectively. In the chicken, only one form 
of CSQ is known, localized in both heart and muscles, 
whereas in mammals two forms are expressed, one in fast- 
twitch muscles, the other in the heart, while in the slow- 
twitch and in the smooth muscles these two forms coexist 
within individual fibers (see Pozzan et al., 1994; Volpe et al., 
1994). Although the general structure of the chicken CSQ 
is very similar to that of the mammalian proteins, a few of 
its amino acid sequences are peculiar (compare Clegg et al., 
1988 with Fliegel et al., 1987, and Scott et al., 1988) and 
its glycosylation pattern is not yet known. The possibility 
should thus be considered that the accumulation of the 
chicken CSQ we have observed within the large vacuoles of 
infected, non differentiated L6 cells represents the result not 

of physiological sorting, but of some type of unspecific "re- 
jection" process of the heterologous protein. Based on the 
available evidence, however, this possibility appears highly 
unlikely. In fact: (a) CSQ-rich vacuoles, such as those de- 
scribed here in L6 cells, were seen to develop in other types 
of mammalian cells as well (human epithelial HeLa and 
mouse C2 myoblasts) when infected with the eDNA not 
only of the chicken but also of a mammalian (rabbit) CSQ 
(Villa, A., J. Meldolesi, and P. Volpe, unpublished obser- 
vations); (b) CSQ-rich vacuoles appeared not only in un- 
differentiated, infected cells, but also in a small fraction 
of controls at an early stage of differentiation, i.e., when 
these cells begin to synthesize the endogenous rat CSQ (see 
Figs. 3 and 8); and (c) in fully differentiated L6 cells, no mat- 
ter whether control or CSQ infected, the Ca~+-binding pro- 
tein was no longer sorted to the vacuoles, but entirely re- 
tained within its site of physiological localization, the ER. 
This last result demonstrates the "compatibility" of the 
chicken CSQ (which in the differentiated infected cells ac- 
counts for >50 % of the total) for the sorting mechanisms of 
rat L6 cells. We conclude therefore that the differential dis- 
tribution of the heterologous CSQ observed in L6 cells de- 
pends on their state of differentiation. Moreover, the [Ca2+], 
results obtained in the infected cell populations before and 
after differentiation demonstrate that such a differential dis- 
tribution of CSQ has profound effects on the responses trig- 
gered by a IP3 generating treatment. 

In the skeletal, cardiac and smooth muscle fibers, as well 
as in avian Purkinje neurons, i.e., the cell types where CSQ 
is physiologically expressed, synthesis on the membrane- 
bound polysomes Coy the signal sequence-SRP mechanism) 
is known to be followed by the lumenal concentration of the 
protein within specialized areas of the ER (SR terminal and 
corbular cisternae; calciosomes; see Pozzan et al., 1994). 
Such a localization cannot be due to the recycling from the 
GC, which has been demonstrated for other ER lumenal pro- 
teins, since CSQ misses the COOH-terminal sequence ad- 
dress, KDEL (Fliegel et al., 1987; Scott et al., 1988; Clegg 
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Figure 10. Comparison of the [Ca2+]i responses induced by the 
subsequent, additive administration of Vp, Tg, ionomycin, and 
monensin to control (C1) and CSQ-infected (A3) clone cells ana- 
lyzed, while suspended in Ca2+-free medium, before and after 7-d 
differentiation. A shows typical responses of C1 ceils and B those 
of A3 cells. (Broken lines) undifferentiated; (continuous lines) 
differentiated cells. The drugs (arrows) were administered at the 
following concentrations: lip, 10 nM; Tg, 0.1 /~M; ionomycin 
(lono), 0.5/~M; monensin (Mon), 1/zM. Cand D show the corre- 
sponding average peak values + SD obtained in six separate experi- 
ments. C1 and A3, and CID and A3D refer to the two clones, 
undifferentiated and 7-d differentiated, respectively. 

et al., 1988). Rather, CSQ masses appear to assemble and 
might be directly attached to membrane protein(s) protrud- 
ing into the lumen (Franzini-Armstrong et al., 1987). Vari- 
ous proteins have been proposed to play this CSQ anchoring 
role (Mitchell et al., 1988; Damiani and Margreth, 1990; 
Knudson et al., 1993). None, however, has been identified 
with certainty yet. 

In the growing, undifferentiated L6 cells only a tiny frac- 
tion of the heterologous CSQ was revealed within the ER, 

apparently intermixed at random with other lumenal pro- 
teins, the bulk being concentrated within the vacuoles. At 
variance with previously described bodies of different spec- 
ificity (Sitia and Meldolesi, 1992), these last organelles can- 
not be part of the ER because of their negativity for abundant 
ER lumenal proteins, such as PDI and CR. These results 
strongly suggest that growing L6 cells are devoid of the 
mechanisms to keep CSQ in its ER location. As a conse- 
quence, the Ca:+-binding protein appears to be transported 
along the exocytic pathway, ending up into the vacuoles. 

Information about the assembly of the latter structures 
may be deduced from our ultrastructural and immunocyto- 
chemical findings. Within the GC of growing infected cells 
the CSQ labeling was found to be weak, revealing no major 
concentration with respect to the ER. The observation of 
small foci of labeling within individual cisternae, particu- 
larly towards the trans side, suggests however that CSQ- 
containing vesicles might pinch off from the GC. The rarity 
of discrete CSQ-labeled vesicles in the surrounding cyto- 
plasm, together with the observation of vacuoles exhibiting 
a multilobated content, suggest the GC-derived vesicles to 
be destined to rapid fusion, and CSQ concentration to occur 
primarily within the large vacuoles. Because of these proba- 
ble processes, the newly assembled CSQ-rich vacuoles may 
appear akin to prelysosomes or even to secretion granules, 
a nature that might explain also the acidity of their content 
revealed by the labeling with DAMP. In addition, apprecia- 
ble amounts of the heterologous CSQ were recovered in the 
incubation medium. Since, however, release of CSQ did not 
increase when the cells were exposed to ionomycin, an iono- 
phore that stimulates regulated secretion from a variety of 
secretory cells, the involvement of regulated secretion gran- 
ules appears unlikely. 

Most CSQ-rich vacuoles were positive not only for the 
acidity marker, DAMP, but also for the lysosomal enzyme, 
CatD. How could the vacuoles pick up their modest, but ap- 
preciable, levels of this and, presumably, other lysosomal 
enzymes? The fact that the vacuoles do not coincide with the 
whole lysosome population, but with a subpopulation, 
makes unlikely the involvement of the molecular transport 
mechanisms specific for mannose-6-phosphate and its re- 
ceptors. Alternatively, at least three processes have been 
described for the lysosomal conversion of intraceUular 
structures: autophagocytosis (see Dunn, 1990a, b), ER- 
lysosomal diversion (Noda and Farquhar, 1992) and crin- 
ophagy (Smith and Farquhar, 1966; Farquhar, 1969). In our 
cells, autophagocytosis and diversion appear unlikely, the 
first because the vacuole content did exhibit neither recog- 
nizable organelles nor myelin figures, as expected from the 
unspecific engulfment of volumes of the cytoplasm; the sec- 
ond because intermediate stages of ER processing, preced- 
ing the appearance of lysosomal enzyme positivity, were 
never observed. Moreover, as already mentioned, the vacu- 
oles were negative for ER lumenal proteins, PDI and CR. 
At the present time, therefore, the most likely explanation 
appears crinophagy, i.e., the direct fusion of lysosomes with 
the vacuoles. This interpretation appears supported by im- 
ages suggesting vacuole-lysosome fusion and by the irregu- 
larities of the limiting membrane, observed in the vacuoles 
by conventional electron microscopy, which could result 
from the fusion process. Moreover, crinophagy could ex- 
plain the observation that only the authentic and not the 
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faster CSQ isoform is released to the medium, if we assume 
that after lysosome fusion (the process that presumably leads 
by proteolysis to the generation of the faster band) the vacu- 
oles loose their property to be discharged at the plasma- 
lemma. Whatever the biogenetic process, what is clear is that 
the CSQ-rich vacuoles account for only a fraction of the cell 
lysosomes, while the others contain no or only small concen- 
trations of CSQ. 

The [Ca2+]i study of the undifferentiated, CSQ-infected 
L6 cells provided additional information about the vacuoles. 
The lack of major differences in the responses to Vp with re- 
spect to the controls was expected. The hormone action on 
[Ca2÷]i occurs in fact via the generation of IP3 and the re- 
lease of Ca 2÷ from stores located in the ER, an organelle 
that CSQ infection left substantially unchanged in the 
undifferentiated cells (only minimal levels of CSQ within the 
lumen; no change of other components, including CR and 
the IP3 receptor). Unexpected, in contrast, were the results 
obtained with ionophores, ionomycin and monensin. In par- 
ticular, the combination of these two drugs is known to in- 
duce discharge of Ca 2÷ from organelles with acidic lumena 
(Fasolato et al., 1991), such as the vacuoles. CSQ is a high 
capacity protein that maintains large part of its Ca 2÷- 
binding activity in an acidic environment (Mac Lennan and 
Wong, 1971). Since its concentration within the vacuoles is 
high, an increased Ca 2÷ release after the combined treat- 
ment with the two ionophores was to be expected. The only 
explanation for the negative result is that vacuoles contain no 
accumulated Ca 2÷, presumably because their membrane 
contains no Ca 2÷ ATPase. 

Differentiation of L6 cells yielded profound transforma- 
tions of their structural and functional properties. Already 
at 7 d a switch occurred in control cells between the major 
ER lumenal Ca2÷-binding proteins, with decrease of CR 
and appearance of the homologous CSQ. Since these two 
events occurred concomitantly, they probably tended to 
compensate for each other, thus explaining why no major 
changes occurred in the Vp-induced [Ca2+]~ responses of 
control cells. The same changes of endogenous CR and CSQ 
occurred also in the infected cells which however, in spite 
of their marked decrease of the heterologous CSQ, neverthe- 
less exhibited [Ca2+]i responses to Vp considerably larger 
than those in both controls and non-differentiated, CSQ- 
infected cells. Such an increase of the Vp responses appears 
to correlate well with the change of the CSQ distribution. In 
the differentiated cells, in fact, the CSQ immunolabeling was 
restricted almost exclusively to the ER lumen. Thus, al- 
though no Abs are available to us that discriminate between 
homologous and heterologous CSQs, we can nevertheless 
conclude that these two forms were co-accumulated at that 
site, in clear excess with respect to the decrease of CR. This 
excess is most likely responsible for the increased Ca 2÷ ca- 
pacity of the IP3-sensitive stores, revealed by the release ex- 
periments with Vp. Moreover, in the infected differentiated 
(and also in the control) cells the immunogold labeling of the 
ER was clearly non-random, with concentration in specific 
areas and apparently complete lack in others. Retention and 
non-random distribution of CSQ within the ER can only be 
attributed to the appearance during differentiation of the so 
far unidentified mechanisms for the development and an- 
chorage of the CSQ masses discussed above in the other cells 
that express the protein. 

In the differentiated L6 cells the CSQ masses might occur 
in the proximity of IPa receptor clusters, as it is the case for 
the smooth muscle SR (Villa et al., 1993a) and also for the 
striated muscle SR with the ryanodine receptors (Franzini- 
Armstrong et al., 1987). This could explain why higher 
differences in [Ca2+]~ responses between controls and in- 
fected cells were better observed at submaximal rather than 
at maximal concentrations of Vp. With strong stimulations, 
because of the general recruitment of IP3 receptors, the 
Ca 2+ release could in fact come not only from the special- 
ized, but also from the remaining areas of the ER, which ap- 
pear to participate little in CSQ accumulation. 

In conclusion, the results that we have reported have per- 
mitted us to trace the distribution of CSQ, the major muscle 
SR Ca2+-binding protein, when expressed in a myoblast line 
before and after differentiation. Expression of the protein by 
the undifferentiated L6 cells, which are not equipped for this 
task, has revealed accumulation within a post-GC vacuolar 
compartment which appears to largely correspond to a 
lysosomal subpopulation and which, although much less 
prominent, does develop also in a fraction of the control cells 
once the synthesis of the homologous CSQ is initiated during 
differentiation. The CSQ-rich vacuoles seem to be poor of 
Ca 2÷ within their lumen, a property that, to our knowledge, 
had never been reported for any cytoplasmic organelles (see 
Pozzan et al., 1994). It was only in the infected differentiated 
L6 cells, where accumulation of CSQ occurs not much 
within the vacuoles but within the compartment of physio- 
logical localization, the ER, that a functional correlate of the 
Ca2+-binding protein expression was revealed, i.e., an in- 
crease of the IP3-mediated Ca 2+ release. These observations 
document two phenomena which, although widely accepted, 
were supported up until now by little if any experimental evi- 
dence in intact myoblastic cells: the development during 
differentiation of specific mechanism(s) of CSQ retention in 
the ER; and the direct contribution of CSQ, when appropri- 
ately retained in the ER, to the Ca 2+ capacity of the IPrsen- 
sitive, rapidly exchanging Ca 2÷ stores. The availability of 
the infected L6 cell model we have described, where expres- 
sion of CSQ and its retention in the ER can be dissociated, 
is expected to ultimately prove useful for the identification 
of the retention mechanism(s) that so far have remained elu- 
sive when investigated in the cells of physiological expres- 
sion, such as the various types of muscle fibers. 
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