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Abstract

To probe the physiological role of calsequestrin in excita-
tion—contraction coupling, transgenic mice overexpressing
cardiac calsequestrin were developed. Transgenic mice ex-
hibited 10-fold higher levels of calsequestrin in myocardium
and survived into adulthood, but had severe cardiac hyper-
trophy, with a twofold increase in heart mass and cell size.
In whole cell-clamped transgenic myocytes, Ca?* channel-
gated Ca’" release from the sarcoplasmic reticulum was
strongly suppressed, the frequency of occurrence of spon-
taneous or Ca’?* current-triggered “Ca’" sparks” was re-
duced, and the spark perimeter was less defined. In sharp
contrast, caffeine-induced Ca?* transients and the resultant
Na'-Ca?* exchanger currents were increased 10-fold in
transgenic myocytes, directly implicating calsequestrin as
the source of the contractile-dependent pool of Ca?*. Inter-
estingly, the proteins involved in the Ca?*-release cascade
(ryanodine receptor, junctin, and triadin) were downregu-
lated, whereas Ca’'-uptake proteins (Ca’>'-ATPase and
phospholamban) were unchanged or slightly increased. The
parallel increase in the pool of releasable Ca?* with overex-
pression of calsequestrin and subsequent impairment of
physiological Ca?>" release mechanism show for the first
time that calsequestrin is both a storage and a regulatory
protein in the cardiac muscle Ca**-signaling cascade. Car-
diac hypertrophy in these mice may provide a novel model
to investigate the molecular determinants of heart failure.
(J. Clin. Invest. 1998. 101:1385-1393.) Key words: calcium-
induced calcium release « excitation—contraction coupling
hypertrophy « ryanodine receptor « sarcoplasmic reticulum

Introduction

In the heart, Ca?* signaling is mediated by a sequence of
events, starting with (a) opening of the L-type Ca’>" channel
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and activation of Ca?* current (I,);' (b) Ca?* influx triggering
the ryanodine receptors to release Ca?*; (c) the released Ca*
in turn inactivating the Ca?* channel, thus terminating the re-
lease process; (d) after the activation of myofilaments, the ma-
jor fraction of released Ca** (between 70 and 90%, depending
on species) is sequestered by Ca?*-ATPase into the sarcoplas-
mic reticulum (SR), while another fraction is extruded from
the cell via the Na*-Ca?* exchanger and sarcolemmal Ca**-
ATPase (1); and (e¢) Ca’* is stored in the SR by binding to
calsequestrin before its release in the next cycle.

Cardiac calsequestrin binds 800-900 nmol Ca?* per mg of
protein (~ 40 mol of Ca?*/mol of calsequestrin, with K, = 0.4-1
mM at 150 mM KCI) (2), contains no transmembrane do-
mains, and is located solely within the lumen of the SR (3).
Structurally, calsequestrin contains 109 acidic amino acids with
an excess of 69 negatively charged residues, contributing, in
large part, to its ability to bind a large amount of Ca®* (3). Al-
though the physiological role of calsequestrin is poorly under-
stood, its association with terminal cisternae (4), its conforma-
tional change upon binding of Ca>" (2, 5), and its apparent
anchoring to the ryanodine receptor via junctional face pro-
teins such as triadin (6) and junctin (7, 8) suggest that calse-
questrin may play a regulatory role in the Ca?*-release process
(9-12).

To examine the physiological role of cardiac calsequestrin,
transgenic mice with targeted overexpression of cardiac calse-
questrin in atrium and ventricle were produced, and possible
alterations in the Ca?*-signaling cascade were examined and
quantified.

Methods

Generation of calsequestrin-overexpressing transgenic mice. The 1378-
bp Smal restriction enzyme fragment from canine cardiac calseques-
trin cDNA clone IC3A (3) was subcloned into pBluescript SK (Strata-
gene, La Jolla, CA) and then digested with Sall and Sacl restriction
enzymes. The Sall-Sacl fragment, containing the entire canine car-
diac calsequestrin protein coding region (including the signal peptide
sequence) and 135 bp of 5'- and 10 bp of 3'-untranslated sequences,
was ligated into the Sall-Sacl sites of a mouse cardiac a-myosin heavy
chain (a-MHC) promoter expression cassette (13). The expression
cassette subcloned into pSPT included the a-MHC promoter and 5'-
untranslated region (a 5.7-kb insert described in Scott et al. [3]) fused
to a 0.2-kb fragment containing the SV40 transcriptional terminator.
The transgene, composed of the a-MHC promoter, the entire protein
coding region for calsequestrin, and the SV40 polyadenylation signal

1. Abbreviations used in this paper: Ca;, intracellular Ca?*; [Ca®"];, in-
tracellular Ca>" concentration; I,, Ca>* current; Iy,c,, Na™-Ca?* ex-
changer current; a-MHC, a-myosin heavy chain; SR, sarcoplasmic
reticulum.
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sequence was isolated from the parent plasmid as a 7.4-kb Nrul frag-
ment and used for embryo microinjections (14). Transgene-positive
mice were identified by PCR assay of toe digests using primers de-
signed to selectively amplify the transgene (15). Animals (6-9 wk old)
were used in accordance with institutional guidelines.

Immunoblotting. Levels of SR proteins were determined by im-
munoblot analysis. 200 pg (for detection of the ryanodine receptor)
or 40 pg (for detection of other SR proteins) of ventricular homoge-
nate proteins was subjected to 5% (for ryanodine) or 8% (for other
proteins) SDS-PAGE, blotted to nitrocellulose, and probed with an-
tibodies specific for calsequestrin, ryanodine receptor, cardiac triadin
isoform 1, junctin, Ca?*-ATPase, and phospholamban (6, 7, 16). Blots
were developed with »I-protein A or alkaline phosphatase—conju-
gated protein A (for triadin). Immunoreactive bands were quantified
by a molecular imager (model GS-250; Bio-Rad Laboratories, Rich-
mond, CA).

Electron microscopy. Hearts from 4-wk-old wild-type and calse-
questrin-overexpressing mice were fixed by perfusion through the left
ventricle with a Ca?*-free Ringer’s solution, followed by 3.5% glu-
taraldehyde in 0.1 M cacodylate buffer. Small parallel bundles of fi-
bers were teased from the walls of the left ventricle, postfixed in 2%
0Os0, in 0.1 M cacodylate buffer, rinsed briefly, enblock stained with
saturated uranyl acetate at 60°C for 4 h, and embedded in Epon. Sec-
tions were further stained with uranyl acetate and lead solutions and
examined in an electron microscope (model EM410; Philips, Eind-
hoven, The Netherlands) (17).

[P HJ]Ryanodine binding assay. Homogenate protein (450 wg) from
control and MHC-calsequestrin mouse ventricles was added to 200 .l
of binding medium containing 20 mM Mops (pH 7.1), 1 mM CacCl,,
0.6 M NaCl, and the saturating concentration of 15 nM [*H]ryano-
dine. Incubations were conducted at 37°C for 1 h in the presence and
absence of 10 wM cold ryanodine and terminated by filtration. Spe-
cific [*H]ryanodine binding is reported (7).

Measurements of SR Ca*" uptake. 60 mg of mouse ventricular tis-
sue from control and transgenic hearts were homogenized at 4°Cin 1 ml
of 0.25 M sucrose, 10 mM histidine (pH 7.4) with a homogenizer
(model 2000; Omni International, Inc., Gainsville, VA). Active Ca’*
transport was determined at 37°C by adding 450 wg of homogenate
protein to 10 ml of Ca?* uptake medium containing (in mM) 50 histi-
dine, 3 MgCl,, 100 KCl, 5 NaNj3, 3 oxalate, and 0.05 “CaCl,. Samples
were preincubated for 10 min in the presence or absence of 300 uM
ryanodine, and ¥Ca’" uptake was initiated by addition of 3 mM ATP
and terminated at the indicated time points by filtration (Millipore
Corp., Bedford, MA) (18, 19). 300 pM ryanodine completely blocks
open Ca’*-release channels in junctional SR vesicles (18, 19). Oxalate
precipitates actively sequestered Ca’* retained inside SR vesicles,
giving a 1,000-fold increase in uptake rates and negating any contri-
bution by calsequestrin (18, 19).

Cardiac myocyte isolation. Ventricular myocytes were isolated
from mice using the collagenase/protease method (20) that is a modi-
fication of the original method of Mitra and Morad (21). Briefly, ani-
mals were anesthetized with sodium pentobarbital (50 mg/kg, intra-
peritoneal). Hearts were excised and perfused, at 1.2 ml/min in a
Langendorff apparatus, first with Ca?*-free Tyrode solution com-
posed of (in mM) 137 NaCl, 5.4 KCl, 10 Hepes, 1 MgCl,, and 10 glu-
cose (pH 7.3) at 37°C for 8 min, then with Ca?*-free Tyrode solution
containing collagenase (0.5 to 0.6 U/ml, type A; Boehringer Mann-
heim Biochemicals, Indianapolis, IN) and protease (0.55 U/ml, type
XIV, pronase E; Sigma Chemical Co., St. Louis, MO) for 15 min, and
finally with low Na*, high sucrose Tyrode solution containing (in
mM) 52.5 Na(l, 4.8 KCl, 1.19 KH,PO,, 1.2 MgSO,, 11.1 glucose, 145
sucrose, 10 Hepes, 0.2 CaCl, for 10 min. The ventricle of the digested
heart was then cut into several sections and subjected to gentle agita-
tion to dissociate the cells. The freshly dissociated cells were stored at
25°C in low Na®, high sucrose Tyrode solution containing 0.2 mM
CaCl, and were used for up to 10 h after isolation.

Patch-clamp experiments. The patch electrodes, made of borosil-
icate glass capillaries (resistance of 2-3 MQ) were filled with the in-
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ternal solution composed of (in mM) 110 CsCl, 30 tetracthylammo-
nium chloride, 5 MgATP, 10 Hepes, 7 NaCl, 0.2 cAMP, and Ksfura-2
(Molecular Probes, Inc., Eugene, OR) and titrated to pH 7.2 with
CsOH. Cells were perfused with Tyrode solution containing 2 mM
CaCl, and 0.2 mM BaCl,. Whole cell-clamped myocytes were dia-
lyzed with the internal solution for at least 8 min, and current and SR
Ca’* release transients were monitored simultaneously using an inte-
grating patch amplifier (model 3900A; Dagan Corp., Minneapolis,
MN) and a rapidly alternating (1.2 kHz) dual beam excitation fluores-
cence photometry set-up (Vibraspec Inc., Bear Island, ME) (22) at
25°C. Excitation wavelengths of 335 and 410 nm were used to monitor
the fluorescence signals of Ca?*-bound and Ca?*-free fura-2 (22). The
signals were acquired simultaneously with the whole cell currents us-
ing pCLAMP software, and intracellular concentration of Ca*"
([Ca*"];) was calculated (23). Since rapid application of caffeine
causes intracellular Ca®* release and activates inward Na*-Ca?" ex-
changer current (Iyyca) (24), caffeine-induced SR Ca’>" release and
I\.c. Were monitored simultaneously at —90 mV. Cells were exposed
to 5 mM caffeine for 1.8 s using a rapid concentration clamp system (22).
The transient inward current (Iy,c,) generated by caffeine-induced
Ca’* release represents exchange of three Na* for one Ca?*.

Confocal imaging. Ca*" currents and two-dimensional Ca*" im-
ages were monitored simultaneously in myocytes dialyzed with inter-
nal solutions containing fluo-3 (Molecular Probes, Inc.). Fluorescence
images were recorded using an acoustooptically steered confocal mi-
croscope (Noran Instruments, Milton Keynes, UK) at 120 frames/s
with a pixel size of 0.207 pm and 3 X 3 filtering before plotting on a
common color scale.

Statistical analysis. Means=SEM were calculated, and statisti-
cally significant differences between two groups were determined by
the Student’s ¢ test at P < 0.05.

Results

Overexpression of calsequestrin alters gene expression of Ca**-
regulatory proteins and causes cardiac hypertrophy. The level
of the expression of calsequestrin in transgenic hearts was 10-
fold higher than in control mice as quantified by Western blot
analysis (Fig. 1). Remarkably, other proteins of the junctional
SR, the ryanodine receptor, triadin, and junctin were downreg-
ulated by 50% or more, whereas the levels of proteins associ-
ated with active sequestration of Ca?*, Ca’*-ATPase, and
phospholamban were increased slightly (10-25% for Ca**-
ATPase) or were unchanged (Fig. 1). Such mice, though living
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Figure 1. Immunoblots detecting cardiac
SR proteins in homogenates from control
and MHC-calsequestrin mouse ventri-
cles. 200 pg (for detection of the ryano-
dine receptor) or 40 wg (for detection of
other SR proteins) of ventricular ho-
mogenate proteins was subjected to SDS-
PAGE, blotted to nitrocellulose, and
probed with antibodies specific for
calsequestrin (CSQ), ryanodine receptor
(RyR), cardiac triadin isoform 1 (Triadin
1), junctin, Ca>*-ATPase, and phospho-
lamban (PLB). Blots were developed
with 'ZI-protein A or alkaline phos-
phatase—conjugated protein A (triadin),
and the corresponding autoradiogram is
shown.



Table I. Cardiac Properties of Calsequestrin-overexpressing Transgenic Mice

Control

Calsequestrin

Heart weight (mg)
Body weight (g)
Heart weight/body weight ratio
Capacitance (pF)
Calcium current, I, (pA/pF)
(0.1 mM fura-2)
(2 mM fura-2)
(1 mM fluo-3, 1 mM EGTA)
(1 mM fluo-3, 14 mM EGTA)
Time constant of I, (ms)
(0.1 mM fura-2)
(2 mM fura-2)
(1 mM fluo-3,1 mM EGTA)
(1 mM fluo-3, 14 mM EGTA)
Ca;-transient (I¢,-induced)
(0.1 mM fura-2)
(2 mM fura-2)
(1 mM fluo-3,1 mM EGTA)
(1 mM fluo-3, 14 mM EGTA)
[*H]Ryanodine binding (fmol/mg homogenate protein)

85.7+3.6 (n = 28)
20.1+0.8 (n = 16)
43

162+8.5 (n = 25)*
19.3%0.9 (n = 13)
8.4

151£6 (n = 23) 240%12 (n = 54)*

11.6=1.1 (n = 3) 7.8+0.9 (n = 8)
71432 (n=4) 73+2.0 (n = 6)
9.8+1.8 (n = 5) 11419 (n = 5)

113%2.1 (n = 3) 101438 (n = 3)

73%14 (n=3) 26.1+2.0 (n = 8)*
8.9+0.5 (n = 4) 35.7+1.4 (n = 5)*
64+1.1(n=5) 21.4+3.9 (n = 5)*

14.9+9.4 (n = 3) 331+7.8 (n = 2)
67941 nM (n = 3)
110423 nM (n = 4)
209+51% (n = 4) 106%39% (1 = 6)

84+23% (n = 3) 37+21% (n = 5)
377+28 207+13%

23889 nM (n = 3)*
17.6=7.6 nM (n = 6)*

I, and Ca;-transients were measured in whole cell-clamped myocytes dialyzed with the indicated Ca** buffers. Fura-2 measurements of Ca?* are cal-
ibrated (see citation to Fig. 3), whereas measurements with fluo-3 are percentage relative to resting fluorescence (see citation to Fig. 5). Holding po-
tentials were —50 to —70 mV, and the duration of voltage clamp pulses was 60-100 ms. *Significantly different from control values at P < 0.05.

into adulthood, develop cardiac hypertrophy (1.9-fold increase
in mass compared with their nontransgenic littermates; Table
I) with focal areas of fibrosis, accompanied by rapid heart rate,
increased respiratory rate, and fluid retention. Enzymatically
isolated ventricular myocytes (19) from calsequestrin-overex-
pressing mice were significantly larger (~ 240 vs. 151 pF; Table
I), and had a distinctive appearance with blurred striations
(Fig. 2).

Ultrastructural analysis demonstrates that myocytes from
hearts expressing excessive amounts of calsequestrin are filled
with a large number of membrane-limited vesicles which per-
vade the entire cell outline (Fig. 3 A, arrows), displacing myo-
fibrils and mitochondria. The vesicles contain a fine-grained
electron-dense network (Fig. 3 B), presumably consisting of
calsequestrin. The fine-grained appearance of calsequestrin
within the vesicles is typical of that observed in the center of
the terminal SR vesicles in skeletal muscle (17), but differs
from the more clustered disposition of calsequestrin in the
proximity of the feet-bearing domain of the SR membrane in
skeletal and cardiac muscle.

Junctions between the SR and the surface membrane, or
peripheral couplings (Fig. 3 C), and between the SR and T tu-
bules (Fig. 3 D) are less frequent than in wild-type myocar-
dium and have two distinguishing features (compare Fig. 3, C
and D, with E). First, the junctions are smaller, due to the fact
that the surface area of apposed membranes is smaller, and
fewer feet (arrows) are present. Second, the junctional SR in
the wild-type myocardium (Fig. 3 E) has the characteristic flat-
tened shape and a dense periodically disposed content (25, 26)
identified with calsequestrin. In the overexpressing myocar-
dium, on the other hand, the junctional SR is enlarged, and the
calsequestrin content is more dispersed (Fig. 3, C and D).

To assess the functional contribution of ryanodine recep-
tors in transgenic myocytes, radioactive ¥*Ca?>* uptake by SR
vesicles in whole heart homogenates was measured in the pres-
ence and absence of 300 wM ryanodine. Ca?" uptake in the ab-
sence of ryanodine reflects Ca?* transport by the longitudinal
SR vesicles and the fraction of junctional SR vesicles with
closed release channels. On the other hand, Ca?* uptake stim-
ulated by ryanodine reflects the fraction of junctional SR vesi-
cles with open Ca’" release channels, which are closed upon
addition of ryanodine to the assay medium (18, 19). Fig. 4
shows that Ca’>" uptake stimulated by ryanodine decreased
greatly in calsequestrin-overexpressing compared with control
heart homogenates. This finding is consistent with the ob-
served downregulation of the proteins involved in the Ca**-
release cascade (ryanodine receptor, triadin, and junctin; Fig. 1
and Table I), and strongly suggests the functional impairment
of Ca?*-release apparatus in transgenic hearts overexpressing
calsequestrin. We observed consistently a higher level (10-
25% increase) of total Ca?* uptake in homogenates from
transgenic mice, which could reflect the slightly increased con-
tent of Ca?>* pumps (Fig. 1) or the expanded SR volume (Fig.
3) in these animals.

Caffeine-induced Ca’" release is enhanced by calsequestrin
overexpression. In enzymatically isolated ventricular myocytes
(21) from calsequestrin-overexpressing transgenic mice, strik-
ingly large caffeine-induced Ca?* releases could be triggered
(Fig. 5), which often saturated the Ca?* indicator dye (0.1 mM
fura-2), suggesting that large Ca?* concentrations were avail-
able in the diadic junctions for release. In the vast majority of
myocytes, the impressively larger caffeine-induced C&* re-
lease damaged irreversibly the myocytes. Nevertheless, before
loss of giga-seal, large and rapidly activating Iy,c, levels were
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recorded (Fig. 5 A). In calsequestrin-overexpressing myocytes
dialyzed with 0.1 mM fura-2, the caffeine-induced intracellular
Ca’* transients (Ca;-transients), though significantly underesti-
mated because of saturation of the dye, were 2.1+0.3 pM
(SEM, n = 9) activating peak Iy, ., of 6.1+0.8 pA/pF (SEM,
n = 11). In control myocytes, caffeine-induced Ca-transients
averaged only 0.9£0.3 pM activating peak Iyyc, of 1.5+0.2
PA/pF. Thus, Iy, c, levels in calsequestrin-overexpressing myo-
cytes were not only much larger than in controls but also than
those of transgenic mice overexpressing the cardiac Na*-Ca**
exchanger (~ 5 pA/pF) (20). In addition to the significantly
larger (two- to fourfold) peak values of A[Ca’>"]; and Iy, in
transgenic myocytes, it was apparent that both Ca;-transients
and Iy, c, remained at much higher levels above baseline val-
ues after the exposure of myocytes to caffeine, suggesting a
much larger increase in total Ca?* released as well as Ca**
transported via the Na*-Ca?* exchanger in transgenic myo-
cytes. In fact, integration of the areas under the curves in Fig.
3 A showed that the total caffeine-induced Ca** release was

1388 Jones et al.

Figure 2. Comparison of
ventricular myocytes dis-
sociated from control
and calsequestrin-overex-
pressing transgenic mice.
(A, C, and E) Control
myocytes showing clear
and regular striations. (B,
D, and F) Hypertrophied
and distorted calseques-
trin-overexpressing myo-
cytes at the indicated
magnification.

increased by ~ 10-fold in the calsequestrin-overexpressing
mice, consistent with the 10-fold increase in the level of over-
expression of the protein (Fig. 1). Surprisingly, large densities
of Iy,c, continued to be activated in transgenic myocytes (n =
14) even when myocytes were dialyzed with 2 mM fura-2 (Fig.
5 B). These findings suggest that in calsequestrin-overexpress-
ing transgenic myocytes, [Ca®>"]; in the microdomain surround-
ing the Na*-Ca?* exchanger may rise to a sufficiently high
level to withstand the strong Ca?* buffering imposed by fura-2.
The ability of calsequestrin-overexpressing myocytes to gener-
ate large Iy, c, When dialyzed with high concentrations of fura-2
was in sharp contrast not only to the control myocytes but also
to those obtained from the Na™-Ca?* exchanger—overexpress-
ing myocytes (20), underscoring the possibility that Ce2* con-
centrations reaching the microenvironment of the Na*-Ca?*
exchanger in calsequestrin-overexpressing myocytes were sig-
nificantly larger than those estimated from the cytosolic fura-2
fluorescence signals. These are the first data that not only di-
rectly implicate calsequestrin as the store of the contractile-



dependent pool of Ca?*, but also suggest that this Ca?* store
can be regulated dynamically by the amount of calsequestrin
that is targeted to the Ca’*-release sites.

Ca?*-induced Ca** release is impaired by calsequestrin
overexpression. In sharp contrast to caffeine-triggered Ca**
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Figure 3. Electron microscopic analysis of
SR in control and calsequestrin-overex-
pressing hearts. (A) Transverse section
through a myocyte in the left ventricle of a
calsequestrin-overexpressing mouse at 4
wk of age. At least half of the cell outline is
filled by profiles of membrane-limited vesi-
cles (arrows) with a fine content. Myo-
fibrils and mitochondria have a less orderly
arrangement than in wild-type mice (not
shown). (B) Detail of two calsequestrin-
containing vesicles in the experimental ani-
mal. Note that the vesicles are filled en-
tirely by a delicate network of protein,
resembling the content of the terminal
cisternae of skeletal muscle, where calse-
questrin is located. (C and D) Peripheral
coupling (C) and dyad (D) in calsequestrin-
overexpressing myocardium. The SR (ar-
rowhead) is joined either to the surface
membrane (SL) or to the T tubules (7) by
feet (arrows). The SR cisternae are dilated
and filled with calsequestrin. (E) Dyad in a
myocyte from a wild-type mouse. The junc-
tion is more extensive, containing more
feet, and the SR vesicle (arrowhead) is con-
siderably more flat. Its calsequestrin con-
tent is more clumped than in C and D.

release, Ca®>" current (I,)-induced Ca®>" release was signifi-
cantly smaller in transgenic compared with control myocytes
(Fig. 6). Depending in part on various Ca?*-buffering condi-
tions, Ca;-transients were two to six times smaller in transgenic
compared with control myocytes (Table I). The ratio of /¢,

500
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0 T T T T T T T
0 10 20 30 40

Time (min)

Figure 4. Ca®" uptake in homogenates from control and MHC-calsequestrin (CSQ) mouse ventricles. Ventricular tissue from control and trans-
genic hearts was homogenized. Active Ca?* transport was determined in the presence or absence of 300 uM ryanodine (+Ry).
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Figure 5. Caffeine-induced Ca;-transients and Iy,c, in control and
transgenic myocytes dialyzed with fura-2. Iy, c, was activated by Ca?*
release from the SR triggered by rapid application of 5 mM caffeine
at a holding potential of —90 mV. (A) Ca;-transients (top) and Ixyca
(bottom) recorded from representative control and calsequestrin-
overexpressing myocytes dialyzed with 0.1 mM fura-2. Bar, Timing of
caffeine application. (B) Ca;-transients (top) and Iyyc, (bottom) re-

Control
i 0mV T 0mV
-60 mV .
0 e 0 ..n.
E * L]
Q L]
i B] R 1 . ]
S
o
10 ¢ -10f
600 600
4T
2 400t M \Mr 400
= :
N“ [3
O 200t g 200 ;-/\N

induced Ca?" release to caffeine-triggered Ca?* release was
0.02 in calsequestrin-overexpressing myocytes compared with
0.47 in control myocytes, suggesting an ~ 20-fold decrease in
the efficiency of I.,-gated Ca’" release in calsequestrin myo-
cytes.

The inability of the Ca>* channel to trigger effectively the
intracellular pools was also apparent from the marked de-
crease in the inactivation kinetics of I, (Fig. 6). The time con-
stant of inactivation of /-, was two to four times greater in
transgenic compared with control myocytes (irrespective of
concentrations of Ca?* buffers used), even though the ampli-
tude of I, did not change significantly (Table I). It has been
suggested previously that the kinetics of inactivation of the
Ca’* channel can serve as a good barometer of Ca?* content of
the SR. Consistent with this idea, marked decreases in the ki-
netics of inactivation of /., were observed in control myocytes
when the SR pools were Ca’>"-depleted either by caffeine or
thapsigargin (23, 27), a finding attributed to suppression of
Ca?" cross-signaling between the Ca?* channel and the ryano-
dine receptor. In transgenic myocytes with overloaded Ca**
stores (Fig. 5), the absence of Ca>*-induced inactivation of the
Ca?* channel (Fig. 6) not only supports the impairment of the
release mechanism, but also underscores the idea that the two
receptors indeed function as a complex (23, 27).

The efficacy of the Ca?*-release complex was further exam-
ined using rapid (240 frames/s) scanning laser confocal imaging
(Fig. 7). To limit the diffusion of Ca?* to ~ 50 nm, myocytes
were dialyzed with 1 mM fluo-3 and 5 mM EGTA, which en-
hanced the off-kinetics of the dye and increased the spatial and

corded from representative control and calsequestrin-overexpressing
myocytes dialyzed with 2 mM fura-2. Bar, Timing of caffeine applica-
tion.

Calsequestrin

-60 mV

Figure 6. I,-induced Ca;-transients in con-
trol and transgenic myocytes dialyzed with
0.1 mM fura-2. Ca*>" channel current (top)
and Ca’* release from the SR (bottom)
were triggered by depolarization to 0 mV
from a holding potential of —60 mV. I,
(top) and Ca;-transients (bottom) recorded
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from representative control and calseques-
trin-overexpressing myocytes.



Figure 7. Ca**-release patterns measured
with confocal microscopy in control (A4, C,
and E) and transgenic (B, D, and F) myo-
cytes dialyzed with fluo-3. The Ca?* distri-
butions at the holding potential of =70 mV
(A and B) and shortly after voltage clamp
depolarization to 0 mV (C and D). The
comb-like marker in C indicates the pres-
ence of point-like releases spaced, like sar-

ry
(41}

—transient
a: —transient

Cai

comeres, at 2 wm. The time course of I,
activated from —70 to 0 mV, and the nor-
malized cellular fluorescence is shown in £
and F. The slow, nonfluorescent Ca?*
buffer, EGTA, served as a secondary recip-
ient of Ca?* and helped to stabilize the
resting Ca®* concentration and prevent sat-
uration of fluo-3 (20). The transfer of Ca**
from 1 mM fluo-3 to 1 mM EGTA is seen
in E as a relatively rapid decline in the Ca;-
transient which already takes place during
the voltage clamp pulse. Images were re-
corded with a confocal microscope at 120
frames/s with a pixel size of 0.207 wm and

3 X 3 filtering before plotting on a common

0 50 100 180 ~a 50

temporal resolution of confocal images. Spontaneous or /c,-
induced focal releases of Ca>* (Ca?* sparks) (28) were ob-
served at the holding potential of —70 mV and when I, was
activated minimally at —40 or +60 mV. In resting myocytes,
spontaneous focal Ca?>* releases (0.5 um in diameter and 10 ms
in duration) were seen in 16 of 18 control myocytes, but were
completely absent in 19 of 20 transgenic myocytes examined
(compare Fig. 7, A and B). Full activation of I, at 0 mV in
control ventricular myocytes produced a highly regular and
dynamic pattern of Ca?* stripes lasting 20 ms (C and E), yield-
ing slowly to a more homogenous rise in cytosolic Ca?*. The
Ca?* distribution at 0 mV appeared as ridges or beads spaced
in register with 2-wm sarcomere spacing (Ca>" stripes). On the
other hand, in transgenic myocytes, intracellular Ca?* signals
developed more slowly (F) and appeared after 25 ms (three
frames) as a blotchy pattern (D) similar to somewhat smeared
large focal releases, but failed to produce the regular and dis-
tinct pattern of Ca?* stripes. It should be noted that the inacti-
vation of I, was strongly slowed (Fig. 7 F), in agreement with

100 150 color scale (inset).

the findings of Fig. 6. In transgenic myocytes, confocal imaging
data show that focal Ca?* releases are initiated infrequently
and with slower kinetics and different spatial distribution pat-
terns, resulting in slowly developing and attenuated Ca;-tran-
sients (Figs. 6 and 7) suggestive of impairment of the Ca** re-
lease complex.

Discussion

Although the existence of calsequestrin has been known for
over 25 years (29), knowledge of its physiological roles has
been limited to the postulation that it may play an active role
in excitation—contraction coupling based on several in vitro
studies (9-12). The development of transgenic mouse overex-
pressing cardiac calsequestrin allowed, for the first time, the
probing of the role of calsequestrin at the cellular level and
showing that this protein is closely and functionally linked to
the Ca?*-release process. Since caffeine-induced Ca>™ release
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and Na*-Ca?* exchanger activity are increased dramatically,
and since such an increase is proportional to the degree of
overexpression of calsequestrin, the results strongly implicate
calsequestrin as the store of releasable Ca?*.

Unexpectedly, transgenic hearts adapt to calsequestrin
overexpression by altering the levels of gene expression of
other proteins of the Ca?*-signaling pathway, such as ryano-
dine receptor, triadin, and junctin. Recently, in vitro studies
have suggested that these proteins, plus calsequestrin, associ-
ate together as a complex at the SR junction (8), and addi-
tional data have implicated calsequestrin—junctin protein inter-
actions as important for normal operation of the Ca*-release
process (30, 31). It is not yet clear whether overexpression of
calsequestrin is the direct stimulus in downregulation of these
proteins, or whether their level of expression is somehow
linked to the functional efficacy of the Ca?* channel-ryano-
dine receptor complex (Figs. 6 and 7). For instance, the down-
regulation of triadin (Fig. 1), postulated as a linking protein in
the functional organization of the dihydropyridine-ryanodine
receptor complex (32), is consistent with such a possibility.
However, this cannot alone explain the observed failure of the
Ic,-induced Ca?' release mechanism, because in transgenic
myocytes bathed continuously in 5 mM caffeine or exposed to
isoproterenol, a partial restoration of I¢,-induced Ca’* release
could be observed (our unpublished observation). Therefore,
the Ca?* load of the SR may in itself serve as a determining
factor in the negative feedback regulation of the Ca?*-induced
Ca?*-release mechanism. Such a possibility is supported by re-
cent findings that the ryanodine receptor activity may be inac-
tivated by high luminal Ca?* concentrations (33, 34). Impair-
ment of I,-induced Ca?" release may in part result from the
distortion and/or decrease in the number of diadic junctions
(Fig. 3). It should be noted that impairment of Ca?* channel-
gated Ca’" release in the transgenic myocytes is not accompa-
nied by compensatory activation of Ca?* release by the ex-
changer at +10 to +40 mV, even though the exchanger func-
tions very effectively to extrude Ca?* when faced with a large
increase in [Ca?*]; (Fig. 5). Therefore, the large magnitudes of
caffeine-induced Iy,c, in calsequestrin-overexpressing myo-
cytes must be secondary to the large caffeine-triggered Ca?*
releases, rather than compensatory overexpression of the ex-
changer.

Irrespective of an exact molecular mechanism responsible
for impairment of I.,-induced Ca?* release, the overexpres-
sion of calsequestrin appears to modulate the Ca?* load of the
SR and its physiological release mechanism, suggestive of a dy-
namic role for calsequestrin in cellular Ca?* cycling. Our data
further suggest that the twofold cardiac hypertrophy (Table I)
is likely to result from a significant increase in the size of in-
dividual cardiac myocytes (Fig. 2). The marked increase in
the number of the calsequestrin-containing vesicles (Fig. 2),
though it may contribute to the increased heart weight and its
structural deformity (Fig. 3), is unlikely to change the cellular
capacitance, because the vesicles are confined to the intracel-
lular space, with little or no sarcolemmal connections. How-
ever, it is possible that the observed increase in myocyte size
results in part from the unique adaptive response to overex-
pression of calsequestrin rather than from an increase in myo-
fibrillar mass. Whether the cytosolic calsequestrin-containing
vesicles have limited access to Ca*>*-release pools also remains
to be determined. However, it should be noted that such pools
appear to be unresponsive only to the Ca?* current (Figs. 6
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and 7) and not to the application of caffeine (Fig. 4), even
though both stimuli are known to have a shared site of action
on the ryanodine receptor. This finding is therefore more con-
sistent with a defect in dihydropyridine/ryanodine receptor sig-
naling resulting either from altered cytoskeletal spacing that
surrounds the cellular microdomains of the Ca**-release com-
plex or from a change in the sensitivity of the Ca?* regulatory
site on the ryanodine receptor.

Acknowledgments

We thank Dr. B. Knollmann of Georgetown University for help with
Fig. 2.

This work was supported by National Institutes of Health grants
RO1-HL-16152 (to M. Morad) and HL-28556 to (L.R. Jones).

References

1. Puglisi, J.L., R.A. Bassani, J.W. Bassani, J.N. Amin, and D.M. Bers. 1996.
Temperature and relative contributions of Ca transport systems in cardiac myo-
cyte relaxation. Am. J. Physiol. 270:H1772-H1778.

2. Mitchell, R.D., HK.B. Simmerman, and L.R. Jones. 1988. Ca>* binding
effects on protein conformation and protein interactions of canine cardiac
calsequestrin. J. Biol. Chem. 263:1376-1381.

3. Scott, B.T., H.K.B. Simmerman, J.H. Collins, B. Nadal-Ginard, and L.R.
Jones. 1988. Complete amino acid sequence of canine cardiac calsequestrin de-
duced by cDNA cloning. J. Biol. Chem. 263:8958-8964.

4. Fleischer, S., and M. Inui. 1989. Biochemistry and biophysics of excita-
tion-contraction coupling. Annu. Rev. Biophys. Biophys. Chem. 18:333-364.

5. Cala, S.E., and L.R. Jones. 1983. Rapid purification of calsequestrin from
cardiac and skeletal muscle sarcoplasmic reticulum vesicles by Ca-dependent
elution from phenyl-sepharose. J. Biol. Chem. 258:11932-11936.

6. Guo, W., A.O. Jorgensen, L.R. Jones, and K.P. Campbell. 1996. Bio-
chemical characterization and molecular cloning of cardiac triadin. J. Biol.
Chem. 271:458-465.

7. Jones, L.R., L. Zhang, K. Sanborn, A.O. Jorgensen, and J. Kelley. 1995.
Purification, primary structure, and immunological characterization of the 26-
kDa calsequestrin binding protein (junctin) from cardiac junctional sarcoplas-
mic reticulum. J. Biol. Chem. 270:30787-30796.

8. Zhang, L., J. Kelley, G. Schmeiser, Y.M. Kobayashi, and L.R. Jones.
1997. Complex formation between junctin, triadin, calsequestrin, and the ryan-
odine receptor. Proteins of the cardiac junctional sarcoplasmic reticulum mem-
brane. J. Biol. Chem. 272:23389-23397.

9. Ikemoto, N., M. Ronjat, L.G. Meszaros, and M. Koshita. 1989. Postulated
role of calsequestrin in the regulation of calcium release from sarcoplasmic
reticulum. Biochemistry. 28:6764-6771.

10. Feher, J.J., and A. Fabiato. 1990. Cardiac sarcoplasmic reticulum: cal-
cium uptake and release. /n Calcium and the Heart. G.A. Langer, editor. Raven
Press, Ltd., New York. 199-268.

11. Ikemoto, N., B. Antoniu, J.-J. Kang, L.G. Meszaros, and M. Ronjat.
1991. Intravesicular calcium transient during calcium release from sarcoplasmic
reticulum. Biochemistry. 30:5230-5237.

12. Kawasaki, T., and M. Kasai. 1994. Regulation of calcium channel in sar-
coplasmic reticulum by calsequestrin. Biochem. Biophys. Res. Commun. 199:
1120-1127.

13. Gulick, J., A. Subramaniam, J. Neumann, and J. Robbins. 1991. Isola-
tion and characterization of the mouse cardiac myosin heavy chain genes. J.
Biol. Chem. 266:9180-9185.

14. Hogan, B.F., F. Constantini, and E. Lacey. 1986. Manipulating the
Mouse Embryo. Cold Spring Harbor Laboratory Press, Plainview, New York. 332.

15. Chen, S., and G.A. Evans. 1993. Use of polymerase chain reaction for
screening transgenic mice. Methods Mol. Biol. 15:75-80.

16. Movsesian, M.A., M. Karimi, K. Green, and L.R. Jones. 1994. Ca*>*-
transporting ATPase, phospholamban, and calsequestrin levels in nonfailing
and failing human myocardium. Circulation. 1994:90:653-657.

17. Franzini-Armstrong, C., L. Kenney, and E. Varriano-Marston. 1987.
The structure of calsequestrin in triads of vertebrate muscle. J. Cell Biol. 105:
49-56.

18. Jones, L.R., H.R. Besch, Jr., J.L. Sutko, and J.T. Willerson. 1979. Ryan-
odine-induced stimulation of net Ca*™* uptake by cardiac sarcoplasmic reticu-
lum vesicles. J. Pharmacol. Exp. Ther. 209:48-55.

19. Jones, L.R., and S.E. Cala. 1981. Biochemical evidence for functional
heterogeneity of cardiac sarcoplasmic reticulum vesicles. J. Biol. Chem. 256:
11809-11818.

20. Adachi-Akahane, S., L. Lu, Z. Li, J.S. Frank, K.D. Philipson, and M.
Morad. 1997. Calcium signaling in transgenic mice overexpressing cardiac Na*-
Ca®* exchanger. J. Gen. Physiol. 109:717-729.



21. Mitra, R., and M. Morad. 1981. A uniform enzymatic method for disso-
ciation of myocytes from hearts and stomachs of vertebrates. Am. J. Physiol.
249:H1056-H1060.

22. Cleemann, L., and M. Morad. 1991. Role of Ca>* channel in cardiac ex-
citation contraction coupling in the rat: evidence from Ca?* transients and con-
traction. J. Physiol. (Lond.). 432:283-312.

23. Adachi-Akahane, S., L. Cleemann, and M. Morad. 1996. Cross-signaling
between L type Ca?* channels and ryanodine receptors in rat ventricular myo-
cytes. J. Gen. Physiol. 108:435-454.

24. Callewaert, G., L. Cleemann, and M. Morad. 1989. Caffeine-induced
Ca®" release activates Ca?" extrusion via Na*-Ca?" exchanger in cardiac myo-
cytes. Am. J. Physiol. 257:C147-C152.

25. Jewett, P.H., J.R. Sommer, and E.A. Johnson. 1971. Cardiac muscle. Its
ultrastructure in the finch and hummingbird with special reference to the sarco-
plasmic reticulum. J. Cell Biol. 49:50-65.

26. Sommer, J.R. 1995. Comparative anatomy: in praise of a powerful ap-
proach to elucidate mechanisms translating cardiac excitation into purposeful
contraction. J. Mol. Cell. Cardiol. 27:19-35.

27. Sham, J.S.K., L. Cleemann, and M. Morad. 1995. Functional coupling of
Ca®" channels and ryanodine receptors in cardiac myocytes. Proc. Natl. Acad.
Sci. USA. 92:121-125.

28. Cheng, H., W.J. Lederer, and M.B. Cannell. 1993. Calcium sparks: ele-
mentary events underlying excitation contraction coupling in heart muscle. Sci-
ence. 262:740-744.

29. MacLennan, D.H., and P.T. Wong. 1971. Isolation of a calcium-seques-
tering protein from sarcoplasmic reticulum. Proc. Natl. Acad. Sci. USA. 68:
1231-1235.

30. Yamaguchi, N., T. Kawasaki, and M. Kasai. 1995. DIDS binding 30-kDa
protein regulates the calcium release channel in the sarcoplasmic reticulum.
Biochem. Biophys. Res. Commun. 210:648-653.

31. Kagari, T., N. Yamaguchi, and M. Kasai. 1996. Biochemical character-
ization of calsequestrin-binding 30-kDa protein in sarcoplasmic reticulum of
skeletal muscle. Biochem. Biophys. Res. Commun. 227:700-706.

32. Brandt, N.R., A.H. Caswell, J.P. Brunschwig, J.J. Kang, B. Antoniu, and
N. Ikemoto. 1992. Effects of anti-triadin antibody on Ca?' release from sarco-
plasmic reticulum. FEBS (Fed. Eur. Biochem. Soc.) Lett. 299:57-59.

33. Tripathy, A., and G. Meissner. 1996. Sarcoplasmic reticulum lumenal
Ca®" has access to cytosolic activation and inactivation sites of skeletal muscle
Ca’* release channel. Biophys. J. 70:2600-2615.

34. Herrmann-Frank, A., and F. Lehmann-Horn. 1996. Regulation of the
purified Ca®* release channel/ryanodine receptor complex of skeletal muscle
sarcoplasmic reticulum by luminal calcium. Pfliigers Arch. 432:155-157.

Cardiac Calsequestrin 1393



