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Cardiac calsequestrin (Casq2) is thought to be the key sarcoplasmic reticulum (SR) Ca?* storage protein essen-
tial for SR Ca?* release in mammalian heart. Human CASQ2 mutations are associated with catecholaminer-
gic ventricular tachycardia. However, homozygous mutation carriers presumably lacking functional Casq2
display surprisingly normal cardiac contractility. Here we show that Casq2-null mice are viable and display
normal SR Ca?* release and contractile function under basal conditions. The mice exhibited striking increases
in SR volume and near absence of the Casq2-binding proteins triadin-1 and junctin; upregulation of other
Ca?"-binding proteins was not apparent. Exposure to catecholamines in Casg2-null myocytes caused increased
diastolic SR Ca?* leak, resulting in premature spontaneous SR Ca?* releases and triggered beats. In vivo, Casg2-
null mice phenocopied the human arrhythmias. Thus, while the unique molecular and anatomic adaptive
response to Casq2 deletion maintains functional SR Ca?* storage, lack of Casq2 also causes increased diastolic

SR Ca? leak, rendering Casq2-null mice susceptible to catecholaminergic ventricular arrhythmias.

Introduction

Cardiac calsequestrin (Casq2), encoded by the Casq2 gene (1, 2), is
a low-affinity, high-capacity Ca?*-binding protein (3, 4) located in
the junctional sarcoplasmic reticulum (jSR) of mammalian myo-
cardium (5). The jSR in heart serves as the principal site of Ca?*
storage and Ca?* release (6). Casq2 appears as a densely staining
protein in the lumen of the jSR on electron micrographs (7) and
at this site forms a quaternary complex (8) with the sarcoplasmic
reticulum (SR) Ca?* release channel (ryanodine receptor [RyR])
and with the jSR membrane proteins triadin 1 (9) and junctin (10).
Consistent with the early work on characterization of the protein
in SR (3-5, 11), overexpression of cardiac Casq2 in transgenic
hearts (12, 13) and in isolated cardiomyocytes (14, 15) caused mas-
sive increases in Ca?* storage and release from the SR, supporting
the idea that in live cardiac cells, Casq2 is the major Ca?* storage
protein in heart. Early observations that Casq2 binding to the RyR
via triadin 1 and junctin is Ca?* dependent (11) raised the possibil-
ity that Casq2 also serves as the molecular Ca?* sensor that confers
responsiveness of the Ryr to SR luminal Ca?* (16, 17). Casq2 may
also importantly regulate the development of the SR ultrastruc-

Nonstandard abbreviations used: [Ca?'];, intracellular [Ca?']; Casq2, cardiac
calsequestrin; CPVT, catecholaminergic polymorphic ventricular tachycardia; EC,
excitation-contraction; Fraio, fluorescence ratio; jSR, junctional sarcoplasmic reticu-
lum; PVC, premature ventricular complex; RyR, ryanodine receptor; SERCA2a, SR
Ca?* pump protein; SR, sarcoplasmic reticulum; TS, Tyrode solution; VT, ventricular
tachycardia.
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ture along with junctin and triadin 1 (18, 19). Together, these
observations have suggested that Casq2 plays an essential role in
the regulation of cardiomyocyte Ca?* storage and release required
for excitation-contraction (EC) coupling in mammalian hearts.

The importance of functional SR Ca?* storage and release is
demonstrated by the early embryonic lethality of mice lacking
RyR2 (20). In humans, mutations in both the RyR2 and CASQ2
genes have been associated with catecholaminergic polymor-
phic ventricular tachycardia (CPVT) and sudden cardiac death
(21-25). However, unlike CPVT caused by RyR2 mutations, CPVT
linked to CASQ2 mutations is usually autosomal recessive, and
several patients homozygous for alleles predicted to entirely lack
CASQ2 function have been described (22). Despite the apparent
absence of CASQ2, these patients display surprisingly normal
cardiac contractile function (22).

In order to determine the role of Casq2 in cardiac function and
to elucidate the physiologic, molecular, and structural changes in
cardiomyocytes lacking Casq2, we generated Casq2-null (Casg27")
mice. Our data show that Casq27~ mice are viable and phenocopy
the human arrhythmias. Despite absent Casq2, these animals
maintain relatively normal Ca?* release and contractile function;
we attribute this finding to unprecedented increases in SR vol-
ume, reductions in triadin 1 and junctin levels, and increased gain
of Ca?*-induced SR Ca?" release. Significantly, while the unique
molecular and anatomic adaptive response to Casq2 deletion
maintains functional SR Ca?" storage, lack of Casq2 also causes
increased diastolic SR Ca?* leak, rendering Casq27/~ hearts suscep-
tible to catecholaminergic ventricular arrhythmias.
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Results

Generation of Casq2-null mice. Most CASQ2 gene mutations found
in CPVT patients described to date are predicted to induce pre-
mature stop codons (22), suggesting complete absence of CASQ2
protein in homozygous carriers. Thus, to model this genetic syn-
drome in mice, we wished to generate animals that were true Casq2
nulls. Given the large size of the Casq2 gene (11 exons spanning
more than 60 kb), we reasoned that the most feasible method
for generating a null allele was to delete the Casq2 promoter and
first exon. In order to deduce the location of the Casq2 promot-
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Figure 1

Generating the Casqg2- allele. (A) The Casq2 exon 1 sequence as
determined by 5" RACE. Four transcriptional starts were identified
and are marked with filled arrowheads. Nucleotide number 1 repre-
sents the 5’ end of the longest identified transcript. Exon 1 includes 3
in-frame ATG translational starts (underlined). Only the second ATG
is conserved in other vertebrates, and only this ATG is predicted to
encode a leader sequence that would appropriately target the nascent
CASQ2 peptide to the SR. (B) Wild-type (i) and mutant (ii) alleles of the
Casq2 locus are depicted. The Casq2 locus spans more than 60 kb
and includes 11 exons (vertical bars). Exon 1 encodes the ATG initia-
tion codon and the first 78 amino acids. The Casq2- allele is a 1.1-kb
deletion that removes 561 bp of upstream sequences, including the
presumptive Casq2 promoter (open oval) as well as the entire 431-bp
exon 1 and 107 bp of intron 1.

er, we empirically determined the 5" boundary of exon 1 using 5’
RACE. The analyses summarized in Figure 1A show the full exon 1
sequence with its multiple transcription start sites. All identified
mouse Casq2 mRNA isoforms share 3 common in-frame ATG
translational start codons, but only the second ATG is predicted
to encode a peptide that would be appropriately targeted to the
SR. Moreover, this is the only ATG not restricted to rodent spe-
cies. Based on this information about the Casqg2 gene structure, we
generated a 1.1-kb deletion that removes the entire exon 1 (with all
4 potential translational start sites) as well as 561 bp of upstream
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Casqg2-- hearts lack calsequestrin, display no apparent upregulation of other SR Ca2+-binding proteins, and have decreased triadin 1 and junctin
protein levels. (A) Forty micrograms of homogenate protein from Casq2++, Casq2+-, and Casq2- hearts and 30 ug of microsomal protein from
control membranes from mouse heart (Casqg2) and skeletal muscle (Casq1) were electrophoresed per lane and probed with anti-calsequestrin
antibody. Cardiac (Casq2), skeletal muscle (Casq1), and Casqg-like proteins are indicated. (B) 45Ca2* overlay and Stains-all staining of SR mem-
brane proteins obtained from Casq2++, Casq2+-, and Casq2-- hearts. Seventy-five micrograms of SR membrane protein was loaded per lane in
duplicate and subjected to SDS-PAGE, then one-half of the gel was processed for 45Ca2*+ overlay (left) and the other half stained with Stains-all
(right). One microgram of purified canine Casg2 was also run as an internal standard. (C) Immunoblot detection of SR proteins in microsomes
isolated from 10 Casq2++, 10 Casq2+-, and 10 Casq2-- hearts. Forty micrograms of microsomal protein were electrophoresed per lane, trans-
ferred to nitrocellulose paper, and probed with the antibodies indicated on the left. (D) Quantification of protein expression levels. Data represent
average values for 4 hearts per genotype expressed relative to Casq2++ values. RyR2, cardiac isoform of the RyR; SER, SERCA2a or cardiac
isoform of the Ca2* pump; TRN, triadin 1 or major cardiac isoform of triadin; JCT, junctin; *P < 0.05.
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Casq2-- mice display catecholaminergic ventricular ectopy and exercise-induced polymorphic VT. (A and B) Continuous heart rate plot and
examples of surface ECG (lead 1) recordings from an anesthetized Casq2++ (A) and Casg2-- mouse (B) injected with the 3-adrenergic recep-
tor agonist isoproterenol (1.5 mg/kg i.p.; arrowhead). Note the multifocal PVCs (*) at the peak of the heart rate response in the Casg2-- mouse.
(C) Example of a telemetric ECG recording from a conscious Casq2-- mouse obtained shortly after a treadmill exercise tolerance test. PVCs,
couplets (#), and runs of polymorphic VT were frequently observed in Casq2-- mice. All episodes of polymorphic VT reverted spontaneously back
to sinus rhythm (b, sinus beat; lower record). (D) Example of bidirectional VT recorded in another Casq2-- mouse. Bidirectional VT was initiated
after several bigemini and couplets and terminated into stable bigemini. (E) Average rate of PVCs and VT episodes during a 10-minute period of
post-exercise telemetric ECG recordings. n = 5 mice per genotype; tP < 0.05, **P < 0.01.

sequences including the presumptive Casq2 promoter and encom-
passing several highly conserved DNA sequence elements. This
Casq2- allele was generated as detailed in Methods and is depicted
in Figure 1B. After crosses into the CS7BL/6 background, mice
heterozygous for the Casq2- allele were intercrossed to generate the
Casq2** and Casq27/~ littermates used in this study. Casq27~ mice
are viable and survive into adulthood in the expected Mendelian
ratios: observed/expected genotypes at weaning age were Casq2"",
53/61; Casq2*/-,128/122; and Casq27/-,63/61; P = 0.5 (x?).
Ablation of Casq2 mRNA and protein in Casq27/~ hearts was
confirmed by quantitative RT-PCR and Northern blot analysis
(data not shown) and by immunoblot analysis, which was unable
to detect any Casq2 protein in Casq27~ mice (Figure 2A); thus
the gene does not use any downstream start sites. The previously
described high-molecular-weight “calsequestrin-like proteins” (3),
presumed polymers of Casq2 present in low content that cross-
2512
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react with anti-calsequestrin antibodies (26), were also completely
ablated from Casq27/~ hearts (Figure 2A). Skeletal muscle calse-
questrin (Casql), the other calsequestrin isoform, which is not
normally expressed in mammalian ventricle (2), could potentially
substitute for cardiac Casq2. However, we found that Casql was
not detectable in Casq27/~ hearts at the mRNA (data not shown) or
protein level (Figure 2A).

45Ca?* overlay (11) and Stains-all staining (5) were used to fur-
ther verify the total absence of calsequestrin in SR vesicles from
Casq27/~ hearts (Figure 2B). As shown previously (11) by the +Ca?*
overlay method, Casq2 is the major Ca?*-binding protein in car-
diac SR vesicles, and this was confirmed for SR vesicles isolated
from both Casq2”* and Casq2”~ mice (Figure 2B, lanes 1 and 2).
In contrast, no significant ¥*Ca?*-binding protein was detected in
membranes from Casq27/~ mice (lane 3). Likewise, Stains-all stain-
ing revealed that the major blue-staining, 55-kDa protein band
Number 9
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using tail-cuff method was not sta-
tistically different between the 2
groups (Casq2*”*: 106 + 18 mmHg,
n=7;Casq27/~:99 + 20 mmHg, n = 5;
P=0.53). Casq2”/~ mice had a modest
but statistically significant increase
in ventricular wall thickness (Sup-
plemental Table 1) and an approxi-
mately 10% increase in heart to body
weight ratio (Casq2*/*:6.3 + 0.6 mg/g,

= 5; Casq27/~: 7.0 + 1.12 mg/g,
n=206;P<0.03). H1stolog1cal exami-

Al I
f WA
VWY MRS

(2]
o

*
(% cells)

()]
o

nation of mouse hearts demonstrat-
ed that this was not associated with
significant ventricular fibrosis or
myofibrillar disarray (Supplemen-
tal Figure 2).
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Figure 4

Casqg2-- myocytes display spontaneous Ca?* releases and triggered beats but largely maintain normal
contractility, SR Ca?* release amplitudes, and SR Ca?* content. (A) Examples of [Ca?*]; transients (top
traces) and cell shortening (bottom traces) recorded from fura-2/AM-loaded, field-stimulated myocytes
(1 Hz). Application of 1 umol/l isoproterenol (ISO) significantly increased Ca?* transients and cell short-
ening in both myocytes. Note that shortly after ISO application was started, only the Casq2-- myocyte
displayed spontaneous Ca?* releases and aftercontractions of increasing amplitude following each
paced twitch (vertical lines). (B and C) Comparison of the incidence of spontaneous (Spont.) Ca2*
release events (B) and Ca?* oscillations (C) at baseline and in the presence of ISO. Data represent
the fraction (%) of myocytes that displayed at least 1 event during a 20-second recording period. Insets
show representative examples of spontaneous Ca?* after-releases (arrows in B, inset) and Ca?* oscil-
lations (C, inset) induced by spontaneous Ca?* releases and triggered beats (# in C, inset). *P < 0.05,
**P < 0.01, TP < 0.001, Casq2-- versus Casq2++ myocytes by Fisher's exact test. Casq2++ myocytes:
n = 45 (baseline) and 27 (1ISO); Casq2-- myocytes: n = 71 (baseline) and 43 (ISO).

corresponding to Casq2 (3-5) was entirely absent from cardiac SR
vesicles isolated from Casq27~ hearts (Figure 2B, lane 7). In sum,
the Casq2- allele is a true null and results in complete loss of Casq2
without compensation by upregulation of Casql or of other obvi-
ous Ca?'-binding proteins. Thus, calsequestrin expression in the
heart is not required for viability.

We next examined expression levels of proteins normally associ-
ated with Casq2 in the SR. Protein levels of cardiac RyRs (RyR2)
were unchanged in Casq27/~ hearts (Figure 2, C and D). However,
levels of the calsequestrin-binding proteins triadin 1 and junctin
were substantially downregulated (Figure 2, C and D). By compari-
son, the level of the SR Ca?* pump protein (SERCA2a), found pre-
dominantly in the free SR (5), was unchanged (Figure 2, C and D).
Thus, the physiological changes of Casq27~ mice described below
should be considered in the context of the rather drastic down-
regulation of Casq2’s 2 partner proteins, triadin 1 and junctin.

Surface ECG and echocardiographic measurements were
obtained to determine the effect of Casq2 ablation on cardiac
function in vivo. Similar to human homozygous carriers of CASQ2
mutations (21, 22), Casq2~/~ mice displayed a significantly slower
heart rate but normal cardiac contractility, normal left-ventricu-
lar cavity size, and unchanged ECG parameters (Supplemental
Table 1; supplemental material available online with this article;
doi:10.1172/JCI129128DS1). Systolic blood pressure measured
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B-adrenergic agonist isoproterenol,
anesthetized Casq27~ mice displayed
frequent multifocal premature ven-
tricular complexes (PVCs), which
occurred during the time of maxi-
mum heart rate response (Figure 3B).
Casq27~micehad onaverage2.1+2.53
PVCs/min (n = 11), whereas PVCs
were rare, isolated events in Casq2"*
mice (0.07 + 0.1 PVCs/min; n = 16;
P < 0.05). Polymorphic nonsus-
tained ventricular tachycardia (VT)
occurred in 3 of 11 Casq2~/~ mice but
was not observed in Casq2"/* mice.
The coupling intervals of the PVCs
were long, with a ratio of 0.86 + 0.071
(range 0.56-0.96; n = 51) relative to
the preceding RR interval. A predominance of long-coupled PVCs
has also been described in CPVT patients (27).

We next subjected the mice to treadmill exercise while continuous-
ly monitoring the ECG by telemetry. Maximum running time on the
treadmill was not statistically different between the 2 groups of mice
(Casq27/+:8.2 + 1.3 min, n = 5; Casq27/~: 6.8 + 2.4 min, n = 5; P = 0.35).
Unlike Casq2”* mice, Casq27~ mice developed multiple episodes of
ventricular bigeminy, couplets (2 successive PVCs), and polymorphic
VT after the exercise test (Figure 3C). Interestingly, the polymorphic
VT frequently displayed an alternating QRS complex (Figure 3D)
consistent with bidirectional VT, which is characteristic of CPVT
patients (24, 28). Figure 3E compares the rate of exercise-induced
PVCs and VT between Casq2”* and Casq2~~ mice. Interestingly, the
frequency of PVCs and VT episodes was significantly higher in con-
scious Casq2~/~ mice after exercise (22 + 22.5 PVCs/min; Figure 3E)
compared with anesthetized Casq2~~ mice after catecholamine chal-
lenge (P < 0.001), suggesting that anesthesia suppressed the rate of
ventricular arrhythmias. In total, 56 episodes of VT (duration rang-
ing from 0.5 seconds to 145 seconds) were observed in 5 mice during
the 10-minute recording period following the exercise stress, while
VT did not occur in the 5 Casq2"* mice tested (Figure 3E; P < 0.01).

Casq2 ablation causes spontaneous SR Ca?* releases and triggered beats
in cardiomyocytes. To begin investigating the cellular mechanism
for the catecholaminergic ventricular arrhythmias observed in

ISO
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Table 1

[Caz+]; and sarcomere shortening measurements in ventricular myocytes

of isoproterenol, Ca?* transients and cell
shortening parameters remained largely
intact (Table 1). These results are con-

Baseline Isoproterenol sistent with the normal contractility of

Casqzn Casqz+ Casg2 Casq2 Casq2~/~ mice measured in vivo (corgp.are

(n=28) (n=47) (n=18) (n=20) Sgpplemental Table 1) but surp'r1s1ng

Ca2* transient given the complete loss of the major SR
Diastolic signal (Fato) 150017  1.70:024¢  149:016  1.67+0.224 Ca*" storage protein in Casq2 / myocytes.
Peak height (Fiato) 0.73:0.36 072037 173+057 1.37:057 To assess the effect of Casq2 ablation on
Time to peak (ms) 39.0+12.0  52.0+19.74  400:168  41.0:202 SR Ca? storage capacity, total SR Ca**
Time to 50% peak (ms) 15.0+ 3.6 19.0 £ 6.27 11.0+2.2 15.0 +5.7A content was measured by rapid appli-
T (ms) 256 + 94 250 + 88 97 +38 96 + 57 cation of caffeine (Figure 5A). SR Ca?*
Time to 90% relaxation (ms) 527 +135 494 + 150 232 + 111 240 + 119 content of Caqu*/* myocytes was only
Cell shortening decreased by 11% in basal conditions but
Diastolic SL (um) 1.80+0.062 1790058  1.74+0.09 1.73:0.16 decreased more significantly (30%) in the
% FS 2.68 £2.39 2.80 £2.86 10.0+6.23 124 £23.19 presence of isoproterenol (Figure 5B, left
Time to peak (ms) 172 £45.2 185+42.8 140.0+20.9 179 + 163 panel). Na/Ca exchanger function was
Time to 50% peak (ms) 68 £13 80+ 17.7A 51.0+£56.3 72.0 £29.54 estimated by the decay of cytosolic Ca?*
Time to 90% relaxation (mS) 435+ 29 374 £ 20 216 £ 62.0 219+ 34.0 during caffeine application (3 1) and was

Diastolic signal: Fraic immediately prior to paced beat; Peak height: difference between diastolic Fraio
and Fraio at peak Ca?* transient; Time to 50% peak: time from onset to 50% peak Ca2*/cell shorten-
ing; Time to 90% relaxation: Time from peak Ca2*/cell shortening to 90% decline; t: time constant

of the Ca?* transient decay obtained by monoexponential curve fit; Diastolic segment length (SL):
average distance between discrete striations of the cardiomyocyte using power spectrum analysis
software (lonWizard; lonOptix); % FS: ratio of absolute cell shortening amplitude to diastolic cell

length. AP < 0.05 compared with Casq2+/+.

vivo (Figure 3), we next measured intracellular [Ca?*] ([Ca?*];)
and cell shortening in isolated, field-stimulated myocytes loaded
with the fluorescent Ca?* indicator fura-2. Representative tracings
are depicted in Figure 4. Casq27~ myocytes frequently developed
transient rises in diastolic Ca?* and aftercontractions following
each paced beat (Figure 4A). These spontaneous premature Ca?*
release events occurred in a statistically significant larger fraction
of Casq27/~ cells compared with Casq2** myocytes even under basal
conditions, but the difference in frequencies was particularly strik-
ing when cells were exposed to isoproterenol (Figure 4, A and B).
Such slow and low-level Ca?* transients are reminiscent of spon-
taneous SR Ca?" release events and Ca?* waves typically observed
under SR Ca?" overload conditions (29) or in myocytes transiently
transfected with CPVT-linked Casq2 mutants (23). Consistent
with this idea, application of caffeine, which opens RyRs and emp-
ties the SR (30), completely abolished the aftercontractions and
spontaneous Ca?* transients (data not shown). The spontaneous
Ca?" releases triggered full-fledged beats, resulting in sustained
Ca?* oscillations significantly more often in Casq27/~ compared
with Casq2** myocytes (Figure 4C). Together, these data strongly
support the idea that premature SR Ca?* release events causing
delayed afterdepolarizations and triggered beats are responsible
for the ventricular ectopy and CPVT observed in vivo.

Casq2 ablation has little effect on SR Ca®* release, myocyte contractil-
ity, and SR Ca?* content in basal conditions but significantly increases
SR Ca?* leak during isoproterenol exposure. Although we identified
abnormal spontaneous Ca?* release events in Casq27/~ cells, it is
equally noteworthy that field-stimulated Ca?* transients and cell
shortening were surprisingly normal in Casq27~ myocytes (Fig-
ure 4A). Indeed, twitch Ca?* transient amplitude, Ca?* transient
decay kinetics, myocyte diastolic sarcomere length, and myo-
cyte shortening and relaxation were not significantly different
between the 2 groups of myocytes (Table 1). Even in the presence
2514
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not significantly different between the
2 groups (time to 50% relaxation of caf-
feine transient: Casq2*/*, 1.30 + 0.70 s,
n=40;Casq2/,1.26£0.59s,n=67;P=0.72).
Basal and isoproterenol-stimulated
L-type Ca?* current was also not signifi-
cantly different between the 2 groups
of myocytes (Supplemental Figure 3).
On the other hand, the fraction of total SR Ca?* released dur-
ing each beat was significantly increased in Casq27/~ myocytes
(Figure 5B, right panel). Together these data suggest that loss
of Casq2 sensitizes the RyR2 channel complex to activation by
Ca?', resulting in increased gain of SR Ca?* release during EC
coupling. While this increased EC coupling gain likely contrib-
uted to maintaining normal twitch Ca?* transients and con-
tractile function in Casq27/~ myocytes, sensitization of the RyR2
channel likely would lead to increased SR Ca?* loss via the RyR2
channel during diastole (SR Ca?* leak). Indeed, we found that
in the presence of isoproterenol, SR Ca?* leak was significantly
increased in Casq2~~ myocytes (Figure 5, C and D). Conversely,
when SR Ca?* leak was prevented by application of tetracaine, SR
Ca?* content was not statistically different between the 2 groups
(Figure SD, right panel). In normal myocytes, SR Ca?* leak
increases exponentially with increased SR Ca?* load (32). Loss
of Casq2 in Casq27/~ myocytes did not change this fundamental
relationship but rather shifted the leak-load curve leftward com-
pared with that of Casq2*/* myocytes (Figure SE).

Casq2 ablation increases SR volume and surface area. While the
above-described findings provide a good explanation for the
maintained contractility and increased rate of diastolic SR Ca?*
release, they cannot account for the normal SR Ca?" storage
capacity of Casq27/~ myocytes. Thus, we next investigated the SR
ultrastructure of Casq2~/~ hearts. In Casq2** mice, calsequestrin
is located within the flat cisternae of the jSR that are associated
either with the transverse tubules, forming dyads (Figure 6, A
and B, between arrows), or with the surface membrane, forming
peripheral couplings. Within the jSR, calsequestrin is condensed
into periodic clumps, a structural disposition that is induced by
the attachment of calsequestrin to the jSR membrane proteins tri-
adin 1 and junctin (18, 19). Small densities, or “feet,” constituted
by the cytoplasmic domains of RyRs separate the adjacent SR and
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Figure 5

Casqg2-- myocytes have largely preserved SR Ca?* release and SR Ca2* content under basal conditions, but isoproterenol application causes
increased SR Ca?* leak. (A) Representative examples of rapid application of caffeine (10 mmol/l) to a Casq2++ (top) and a Casq2-- myocyte
(bottom). Myocytes were field stimulated at 1 Hz to maintain consistent SR Ca?* load. Note the increased twitch transient and caffeine-induced
transients in the presence of ISO (1 umol/l; right). The height of the caffeine-induced Ca?+ transient was used as a measure of total SR Ca?* con-
tent (30). Fractional SR Ca?* release was calculated by dividing the height of the last twitch transient by the height of the caffeine transient. (B)
Comparison of average SR Ca?+ content (left) and fractional SR Ca2* release (right). *P < 0.05, **P < 0.01. Casq2+* myocytes: n = 41 (baseline)
and 27 (ISO); Casg2-- myocytes: n = 70 (baseline) and 37 (1ISO). (C) Protocol used to measure SR Ca2+ leak as described in ref. 32. Plasma
membrane Ca?* flux is eliminated by removal of extracellular Na* and Ca?*. The drop in steady-state [Ca?*]; (double arrow) represents a shift
of Ca?* from the cytosol to the SR when RyR2 channels are inhibited by tetracaine (1 mmol/l) and was used as a measure of SR Ca?* leak. (D)
Comparison of average SR Ca?* leak (left) and SR Ca?* content in the presence of tetracaine (right). Note that when SR Ca?* leak was blocked by
tetracaine, SR Ca2* content was not significantly different between the 2 groups. **P < 0.01. Casq2++ myocytes: n = 32 (baseline) and 45 (ISO);
Casq2--myocytes: n = 29 (baseline) and 42 (ISO). (E) SR Ca?* leak in the presence of ISO plotted as a function of SR Ca2* content. Note that the

SR Ca2?* leak of Casq2-- myocytes remained SR load dependent but was shifted to the left compared with that of Casq2++ myocytes.

T tubule membranes. Lack of calsequestrin, junctin, and triadin 1
in Casq27/~ myocardium did not affect the docking of jSR to T
tubules (Figure 6, C-E) and to the surface membrane (Figure 6F),
but it did produce distinct changes in the jSR cisternae. The cis-
ternae appeared empty and their size was more variable, being
either slightly narrower (Figure 6, C and D) or noticeably wider
(Figure 6, E and F) than in wild-type myocardium. In some cister-
nae (e.g., Figure 6E), a very diffuse density was present in the SR,
but it appeared quite different from the condensed calsequestrin
of Casq2”* SR (compare with Figure 6A).

The free SR forms a continuous network over the middle of the
sarcomere and is connected to the flat jSR cisternae in proximity of
the Z lines, where the T tubules are located. Figure 6G shows a view
of the SR in a Casq2~/~ myocyte. Its general disposition was not dif-
ferent from that found in Casq2”* myocytes, but the frequency of
SR tubular profiles was higher than usual. This was confirmed by
morphometric analysis comparing the surface density and volume
fraction of SR membranes in Casq2*/* and Casq2~/~ left-ventricu-
lar myocardium (Table 2). SR volume related either to total cyto-
plasmic volumes or to myofibrillar volumes increases by approxi-
mately 51% and 45%, respectively, in Casq2~/~ hearts. SR surface
areas related to total and myofibrillar volumes show an increase
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of approximately 52% and 49%, respectively. The differences were
highly significant (P < 10713 to 10-2!). In contrast, mitochondria
occupied an almost identical fraction of the cell volume in both
groups of myocytes (Table 2).

Discussion

Comprehensive evaluation of cardiac function and structure in
the Casq2~~ mice has generated important new insights regard-
ing the function of Casq2. First, Casq2 is not essential for provid-
ing sufficient Ca?* storage for normal function of cardiac mus-
cle. This is a surprising finding, since Casq2 is by far the most
abundant SR Ca?*-binding protein (11, 30). A highly significant
increase (~50%) in SR volume is apparently sufficient to maintain
near normal SR Ca?* storage capacity in Casq2-deficient mice.
Interestingly, SERCA2a expression levels were unchanged, sug-
gesting that SERCA2a density in the SR membrane is decreased
by approximately 50% (compare Figure 2B and Table 2). The
relative abundance of SR increases during early postnatal myo-
cardium differentiation but then remains constant throughout
adulthood (33). Heart hypertrophy-inducing challenges result in
an overall increase in cell volume but do not change the SR/myo-
fibril ratio (34). Thus, the SR expansion in response to lack of
Number 9 2515
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Casq2 is unprecedented. We speculate that a similar SR volume
increase occurs in human carriers of CASQ2 nonsense muta-
tions, which would explain why cardiac contractility is normal in
patients presumably lacking Casq2 protein (22).

Second, Casq2 importantly modulates SR Ca?" release but is not
required for luminal SR Ca?* sensing. We find that even in the absence
of Casq2, SR Ca?" leak remains steeply nonlinear with increasing SR
Ca?* content. This is somewhat of a surprise, since studies have sug-
gested that Casq2 together with triadin 1 and junctin serves as the
luminal Ca?* sensor that dynamically regulates the RyR2 open prob-
ability (16, 17). We discovered that the highly homologous skeletal
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Figure 6

jSR lacks its visible content, and
overall SR volume is increased
in Casq2-- ventricular myocytes.
Electron micrographs of left-ven-
tricular myocytes from Casqg2++
(A and B) and Casqg2-- (C-G)
hearts. Flat jSR cisternae are
closely apposed to T tubules (T).
In Casq2++ myocytes, cisternae
are quite uniform in width and filled
by calsequestrin, which is periodi-
cally arranged in small clumps (A
and B, between arrows). “Feet”
(RyRs) are present in the junc-
tional gap between the 2 mem-
branes. In Casq2-- myocytes,
the jSR has variable width and is
apparently empty (C—F, between
arrows). (G) Longitudinal SR of a
Casq2--myocyte in a section that
was cut tangentially to the myo-
fibrils. The SR forms a network
with large fenestrations cover-
ing the A bands and continuing
across Z lines (Z). In proximity
to the T tubules, the SR runs in
a transverse orientation, accom-
panying the T tubule profiles. The
SR network is quite abundant in
Casq2-- myocytes (see data in
Table 2).

muscle Casq1 is also not expressed in Casq27~ mice. Hence, the RyR2
channel can sense luminal Ca?* even in the absence of calsequestrin,
possibly via a cytoplasmic site, as suggested by earlier studies (35).
Rather, Casq2 appears to function as a modulator of SR Ca?* release
that shifts the leak-load relationship to the right and reduces SR Ca?*
leak and therefore RyR2 open probability in conditions of high SR
Ca?" load, reminiscent of the RyR2 regulation by calstabin2 (36) or
calcium/calmodulin-dependent kinase II (CaMKII) (37). This idea is
consistent with the observations that Ca?*-induced Ca?" release and
EC coupling gain are profoundly decreased in myocytes overexpress-
ing Casq2 either acutely (15) or chronically (12, 38). Furthermore,
Number 9
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Table 2
Total SR volume and surface area in left-ventricular myocytes
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Finally, our data demonstrate that Casq2 protein
levels of heterozygote Casq2*~ hearts were only mod-
estly decreased (~25%) and triadin 1 and junctin pro-

Casq2++ Casq2-- P tein levels were essentially unchanged. These data may
Mitochondrial vol/total vol (%) 371+6.86 34.1+578 A explain why heterozygous carriers of Casq2 mutations
SR volume/total vol (%) 142081 214+0.81 1.3 x10-15 are either asymptomatic or significantly less symptom-
SR volume/cytopl. vol (%) 227+087 330+£127 15x10 atic compared with homozygous patients (21-23).
SR surface area/total vol (um%um3) 065+022 099+028 14x10% There are a number of caveats to consider when
SR surface area/cytopl. vol (um?/um3)  1.03+0.34 153+043 2.1 x10" applying the results of our experiments to human

The first row gives the mitochondrial volume in relation to the myocyte volume

(excluding nuclei and Golgi regions). This volume was subtracted from the total vol-
ume to yield the cytoplasmic (cytopl.) volume. The second and third rows give the
SR volume in relation to the total and the cytoplasmic volumes, respectively. The
fourth and fifth rows give SR surface area in relation to the total and the cytoplasmic
volumes, respectively. n = 135—-136 micrographs, from 45—47 cells, 3 mice per group.
AThe slightly larger mitochondrial volume in Casg2++ cells was due to the fact that in
one Casq2++ myocardium, the mitochondria were dilated due to a fixation artifact.

acute reductions in Casq2 in isolated myocytes increased the frequen-
cy of diastolic SR Ca?* release (14). Almost complete downregulation
of triadin 1 and junctin (Figure 2) may help maintain RyR2 func-
tion in Casq27~ mice, since triadin 1 and/or junctin in the absence of
Casq2 (17) or excess triadin 1 in the presence of Casq2 (39) appear to
increase EC coupling gain and/or RyR2 open probability.

Third, our data directly demonstrate the mechanism underly-
ing cardiac arrhythmias associated with CASQ2 mutations: Lack
of calsequestrin in Casq27~ myocytes causes premature spontane-
ous SR Ca?" releases and triggered beats, resulting in arrhythmias
in Casq27~ mice that phenocopy the catecholaminergic ventricular
arrhythmias observed in their human counterparts (21, 22). Previ-
ous in vitro experiments with transfected isolated myocytes that
achieved only a reduction but not ablation of endogenous Casq2
(14) also indicated that a decrease in Casq2 can lead to spontane-
ous SR Ca?* release. Interestingly, RyR2 mutations linked to the
CPVT syndrome also appear to sensitize the RyR2 to Ca?*, result-
ing in enhanced store overload-induced Ca?* release events (40-42).
Alternatively, the RyR2 mutations may interfere with calstabin2
(FKBP12.6) binding to RyR2, resulting in “leaky” RyR2 channels
(43,44). Our finding of increased diastolic SR Ca?* leak in Casq27/~
myocytes after isoproterenol application suggests that either Casq2
modulates RyR2 channels in a fashion similar to calstabin2 or that
loss of Casq2 enhances unbinding of calstabin2 from the RyR2
channel complex during B-adrenergic stimulation (36).

Fourth, our data indicate that calsequestrin is responsible for
the electron-dense “clumps” of the SR cisternae observed on elec-
tron micrographs, as initially suggested for skeletal muscle (45).
In addition and more importantly, we demonstrate that Casq2,
junctin, and triadin 1 are not required either for the docking of jSR
to T tubule/surface membrane or for the dihydropyridine recep-
tor-RyR association at the docking sites that is responsible for EC
coupling. These findings extend our previous observations that
junctin (and also presumably triadin 1) become associated with
dyads and peripheral couplings only after the junctions are formed
during normal cardiac myocyte differentiation (18, 19).

Fifth, Casq2 is required to maintain triadin 1 and junctin protein
levels. This appears to be a direct effect of Casq2 on triadin 1 and
junctin protein synthesis and/or stability, since junctin and triadin 1
mRNA levels remained unchanged in Casq2** mice (unpublished
observations). Future studies will be needed to further examine
the mechanism responsible for this phenomenon.
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biology: While conscious Casq27~ mice had numerous
episodes of polymorphic and bidirectional VT, the VT
did not degenerate into ventricular fibrillation, and
sudden cardiac deaths were also not observed. This
contrasts with reports in humans, where sudden death
is one of the hallmarks of this disease (22, 28, 44). A
likely contributor is that mice are generally less suscep-
tible to ventricular tachyarrhythmias than larger spe-
cies because of their small ventricular mass (46).

Casq2~/~ mice had a slight increase in heart weight and left-ven-
tricular wall thickness (Supplemental Table 1), whereas patients
with CASQ2 mutations had no structural heart disease by echo-
cardiography (22). While we do not have an explanation for this
discrepancy, the number of clinical cases with CASQ2 muta-
tions is extremely small, and echocardiography was not done in
matched control patients. As a result, a mild ventricular hyper-
trophy could have been missed. On the other hand, the hypertro-
phic response observed in Casq27~ mice may represent a species
difference resulting from the greater reliance of murine cardiac
muscle on SR Ca?* release and storage (~90% per beat) com-
pared with that in larger mammals including humans (~65%)
(6). Although the Casq2~/~ cardiomyocytes had near normal Ca?*
transient amplitudes and SR Ca?* stores (Figure 5), rates of Ca?*
release and cell shortening were modestly (10%-25%) but nev-
ertheless significantly slower (Table 1). These data suggest that
either it takes longer to mobilize the Ca?' from the larger non-
junctional SR network (Figure 6G) to the junctional SR or that
local SR Ca?* release termination is slowed in myocytes lacking
Casq2. This may have contributed to a less efficient EC coupling
process and compensatory cardiac hypertrophy.

Compensatory mechanisms other than the expansion of SR
volume and downregulation of triadin 1 and junctin may have
occurred in Casq27/~ mice and helped maintain SR Ca?* storage.
While we cannot exclude upregulation of other Ca?*-binding
proteins, the Stains-all staining and “°Ca?* overlay experiments
(Figure 2B) demonstrated that no other Ca-binding proteins such
as calreticulin are upregulated to an extent that could compen-
sate for the loss of Casq2. Consistent with this apparent lack of
significant upregulation of other SR Ca?*-buffering proteins, the
observed expansion of SR volume by 50% is predicted to almost
fully compensate for the loss of SR Ca?* buffering by Casq2, based
on estimates that Casq2 binds approximately 50% of the total Ca?*
stored in the SR (47). As a result, the free SR Ca?* concentration
may change very little or not at all in Casq2/~ myocytes. This may
explain why Ca?* transient decay kinetics (largely a function of
SR Ca?* uptake by SERCA2a; ref. 31) remained unchanged, even
though the SERCA2a density in the SR membrane was decreased
by approximately 50% in Casq2~~ myocytes.

In summary, our results indicate that Casq2 is not essential for
cardiac Ca?" storage, which can be maintained an expansion of SR
volume that has not to our knowledge been previously reported.
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Rather, Casq2’s primary function apparently is that of an inhibi-
tory modulator of the RyR2 channel complex during conditions
of high SR Ca?* load and/or B-adrenergic stimulation. As a result,
functional Casq2 is required to prevent premature spontaneous SR
Ca?' releases and thus to maintain an orderly heart rhythm during
adrenergic stimulation such as the fight-or-flight response.

Methods

Generating the Casq2- allele

All studies were approved by the institutional animal care and use com-
mittees at the NIH intramural program, Georgetown University, and Van-
derbilt University and performed in accordance with NIH guidelines. To
generate the Casq2- allele, sequences between -561 and +538 were replaced
with a small insertion of about 80 bp that includes a single loxP element.
(Note that all bases are numbered relative the Casq2 transcription start site
nearest the 5" end, as depicted in Figure 1A). This allele was generated in a
multistep process. For maps and further details, see Supplemental Meth-
ods and Supplemental Figure 1. In step 1, mouse embryonic stem cells (RI
line, 129SV) were transformed with linearized plasmid pKP588. pKP588
includes a 2.1-kb 5" homology flank and a 2.0-kb 3" homology flank to
direct insertion of a 30-bp element carrying a loxP element at-561 bp and
a 2.1 kb NeoR cassette at +538 bp inside intron 1. (The NeoR cassette car-
ried 2 flanking Frt elements as well as single loxP site). pKP588 also carries
a 3.0-kb Diphtheria toxin A gene for negative selection. G418-resistant colo-
nies were isolated and scored for homologous integration by PCR ampli-
fication using 1 primer from outside the flanking sequences included
in plasmid pKP588 and 1 primer internal to the NeoR cassette. Targeted
clones were injected into C57BL/6 blastocysts and chimeric founder mice
crossed with C57BL/6 females to establish the Casq2fexdNeo Jine. In step 2,
Casq2fioxed:Neo heterozygotes were crossed to Rosa26-Flp transgenic females
(strain 003946; The Jackson Laboratory) to remove the NeoR cassette via
Flip recombinase-mediated site-specific recombination. The Casg2floxed
allele thus generated essentially is a wild-type Casq2 allele but with loxP
insertions at -561 bp and at +538 bp. In step 3, mice heterozygous for this
Casq2/xd allele were crossed with Ella-cre transgenic females to remove
Casq2 sequences between the 2 loxP insertions, thus generating the Casq2-
allele lacking the Casq2 promoter, the entire first exon (431 bp encoding
78 amino acids), and 107 bp of intron 1. Finally, these Casq2- animals were
twice backcrossed to CS7BL/6 females to generate Casq2- heterozygotes
lacking the Ella-cre and Rosa26-Flp transgenes. These heterozygotes were
intercrossed to generate all the animals used in this study. Genotyping

assays are described in Supplemental Figure 1.

RNA analysis
RNA was isolated from 6- to 8-week-old mouse hearts using TriPure Iso-
lation Reagent (Roche Applied Science). For quantitation of Casql and
Casq2 expression, the RNA was converted to cDNA using the iScript cDNA
Synthesis Kit (Bio-Rad) and analyzed by real-time PCR using LightCycler Fast-
Start DNA Master SYBR Green I (Roche Applied Science) on the LightCycler
Instrument (software package 5.32; Roche Applied Science). Primers for Casq2
analysis were GCTGGAGGTCCAGGCCTTTGAG and GGCCACGATGTG-
GATCCCATTC, which target a 360-bp region starting in exon 4 and continu-
ing to exon 8. Primers for the skeletal CasqI analysis were GATGCAGCTGT-
GGCCAAGAAAC and CATAGGCTCTTCCATGAAGGCC. RNA levels were
standardized by comparison with expression of -microtubulin using primers
TGGTGCTTGTCTCACTGACC and GTCTCGATCCCAGTAGACGG.

To determine the structure of exon 1, total heart RNA was analyzed
using the FirstChoice RLM-RACE kit (Ambion) using the Casq2-specific
primers GGTTCGTGGTAATAGAGACAGA (inner primer) and CCAGTA-
2518
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CAATCTCCTTCAGCT (outer primer). PCR products were cloned with
the TOPO TA Cloning Kit (Invitrogen) and analyzed by restriction diges-
tion and DNA sequencing.

Histology

Hearts from 10-week-old animals were fixed overnight in 4% parafor-
maldehyde buffered with 0.1 M sodium phosphate, pH 7.4; paraffin embed-
ded; sectioned at 4 um; stained with either H&E or Masson trichrome; and
analyzed by a pathologist blinded to the genotype.

Echocardiography and ECG recordings and analysis

Surface ECG and echocardiography. For the surface ECG recording and echo-
cardiography recordings were done as previously described (48, 49). Brief-
ly, mice were anesthetized with isoflurane vapor titrated to maintain the
lightest anesthesia possible. On average, 1.5% vol/vol isoflurane vapor was
required to maintain adequate anesthesia. Loss of toe pinch reflex and res-
piration rate were used to monitor levels of anesthesia. Average respiration
rate was not different between the 2 groups. Baseline ECG was recorded for
5 minutes, followed by an additional 20 minutes after i.p. administration
of isoproterenol (1.5 mg/kg). The heart rate was measured as the average
over a 30-second interval at baseline when a steady state was reached. All
other ECG parameters (Supplemental Table 1) were measured manually
after signal averaging for 10 seconds using a custom-built National Instru-
ments LabVIEW program. Echocardiography parameters (Supplemental
Table 1) were measured from 3 consecutive beats and averaged.

Telemetry. Mice were anesthetized (pentobarbital, 70 ug/g) before a trans-
mitter (Data Sciences International) was placed into the abdominal cav-
ity with subcutaneous electrodes in a lead 1 configuration. Animals were
allowed to recover for at least 48 hours after surgery before participating
in the treadmill exercise studies. As described previously (50), mice were
placed individually into a special chamber of the motorized rodent tread-
mill (Exer-6M; Columbus Instruments) and exercised until they exhibited
signs of exhaustion. Exhaustion was defined as the mouse spending more
than 50% of the time or more than 15 seconds consecutively on the shock
grid (51). Immediately after the shock grid was turned off, high-quality
ECGs could be recorded. An analysis program (Dataquest A.R.T. version
2.3; Data Sciences International) was used to review the records and count
PVCs, couplets, and runs of arrhythmias during the 10-minute period after
exercise, as described previously (52).

Intracellular Ca?* and myocyte shortening measurements

Myocyte isolation and Ca?* indicator loading. Single ventricular myocytes were
isolated by a modified collagenase/protease method as described previ-
ously (52). Our isolation procedure routinely yields 50%-70% rod-shaped,
quiescent, and Ca?*-tolerant ventricular myocytes. There was no difference
in myocyte yield between the 2 groups of mice. All chemicals, unless oth-
erwise specified, were obtained from Sigma-Aldrich. Ventricular myocytes
were incubated with 2 umol/l fura-2 acetoxymethyl ester (fura-2, AM;
Invitrogen) for 8 minutes at room temperature to load the indicator in
the cytosol. Myocytes were then washed twice for 10 minutes with Tyrode
solution (TS) containing 250 umol/I probenecid to retain the indicator in
the cytosol. A minimum of 30 minutes was allowed for deesterification of
the indicator before the cells were imaged. The composition of TS used for
cell isolation and fura-2 loading was (in mmol/l): 145 NaCl, 5.4 KCl, 1.2
CaCly, 0.3 NaH,POy4, 0.5 MgCly, 5.5 glucose, and S HEPES, pH adjusted to
7.4 with NaOH. After fura-2 loading, all following experiments were con-
ducted in TS containing a higher Ca concentration of 2 mmol/l.

Ca?* fluorescence and myocyte shortening measurements. Fura-2-loaded
healthy rod-shaped isolated ventricular myocytes were loaded in the experi-
mental chamber, field stimulated, and superfused with TS. Intracellular
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Ca?' transients and myocyte shortening were simultaneously measured
using a dual-beam excitation fluorescence photometry setup (IonOptix
Corp.). After 5-10 minutes of steady-state pacing at 1 Hz, four 10-second-
long Ca?* fluorescence and shortening records were obtained for each
myocyte. After that, myocytes were exposed for 4 seconds to TS containing
10 mmol/I caffeine and 20 mmol/l 2,3-butanedione monoxime using a
rapid concentration-clamp system. The amplitude of the caffeine-induced
Ca?* transient was used as an estimate of total SR Ca?* content (30). All
experiments were conducted at room temperature (~23°C). Ca?* transients
and ventricular myocyte shortening were analyzed using specialized data
analysis software (IonWizard; IonOptixCorp.). Excitation wavelengths of
360 and 380 nm were used to monitor the fluorescence signals of Ca?*-
bound and Ca?-free fura-2. After subtracting background and cellular
autofluorescence, [Ca?']; is proportional to the fluorescence ratio at 360 nm
and 380 nm excitation (53). Since fura-2/AM compartmentalizes into
intracellular organelles (54), calculating intracellular Ca?* concentrations
from fura-2 fluorescence ratios can be problematic in intact cells. Thus,
[Ca?']; measurements are reported as fluorescence ratios (Fracio)-

Analysis of spontaneous Ca?* releases and Ca?* oscillations. A spontaneous Ca?*
release was defined as any spontaneous increase of 0.07 ratiometric units
or more from the diastolic Fiaio other than when triggered by field stimula-
tion or caffeine. A Ca?* oscillation was defined as any repetitive Ca?* release
faster than 5 Hz. Cells that displayed a specific event (spontaneous Ca?*
releases or Ca?* oscillation) during the recording period were counted as

positive and then expressed as percentage of total cells analyzed.

Protein analysis

Mouse ventricular homogenates and microsomes enriched in SR vesicles
were prepared as described recently (55). SDS-PAGE and immunoblotting
were conducted with the antibodies described in ref. 55. The anti-calse-
questrin antibody used was raised to the cardiac protein and recognized
both cardiac and skeletal muscle calsequestrins. Results of the Casq2 anal-
ysis were independently confirmed with a monoclonal antibody that recog-
nizes residues 264-272 (downstream of the deletion) of Casq2. Antibody-
binding protein bands were visualized with !25I-protein A, then quantified
with use of a Bio-Rad Personal FX phosphorimager. 4 Ca?" overlay to detect
Ca?"-binding proteins in mouse SR vesicles was performed as described
previously (11). Stains-all staining was done as described in ref. 5. Pure
canine Casq2 was isolated by the phenyl-Sepharose method (3).

Electron microscopy

The hearts were fixed by perfusion through the left ventricle with 3.5%
glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.2; kept at room
temperature for 2 hours; and stored 4°C. Small bundles of cells teased
either from the papillary muscles or from the walls of the left ventricle
were postfixed in 2% OsO4 in 0.1 M sodium cacodylate for 1 hour at room
temperature, stained en bloc with saturated uranyl acetate in 70% EtOH,
and embedded in Epon. Ultrathin sections (50-90 nm) were stained with
saturated uranyl acetate solution in 50% ethanol and Sato lead solution
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(56). Sections were observed using a Philips 410 microscope (FEI Co.).
Images were recorded either on film or using a Hamamatsu C4742-95
digital imaging system (Advanced Microscopy Techniques).

Estimates of relative surface areas and volumes of the total SR were obtained
by the well-established stereology point and intersection counting techniques
(57,58) in digitally recorded images at a magnification of 42,000 from cross-
sections of the cardiomyocytes, as detailed below; data for 1 mouse per group
were obtained from the ventricular walls and for the other 2 from papillary
muscles. Three or occasionally 2 micrographs covering a large portion of the
cell cross-section were obtained for each cell in areas that excluded the nuclei
and adjacent Golgi regions. The images were covered with an orthogonal
array of dots at a spacing of 0.17 wm. The ratio of the numbers of dots falling
over an organelle to the total number of dots covering the image gave the ratio
of the organelle volume to the total volume. The number of dots covering
the cytoplasm was obtained by subtracting mitochondrial from total dots.
This ignored the small contribution of T tubules to the cytoplasmic area of
the cell. In order to estimate surface area densities, the images were covered
with 2 sets of grid lines separated by a distance of 0.24 wm and intersecting
atright angles. The frequency of intersections between the membranes of the
sectioned SR profiles and the grid lines was counted. The ratio of SR surface
area to volume was obtained from the formula C/dP,.s, where C is the number
of intersections, d is the spacing between the grid lines, and P is the number
of grid intersections in the test area.

Statistics

All experiments were done in random sequence with respect to the geno-
type, and measurements were taken by a single observer who was blinded
to the genotype. Differences between groups were assessed using 1-way
ANOVA. If statistically significant differences were found, individual
groups were compared by 2-tailed Student’s £ test or nonparametric tests
as indicated in the text. Results were considered statistically significant
if the P value was less than 0.05. Unless otherwise indicated, results are
expressed as mean + SD.
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