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1. Sarco-endoplasmic reticulum Ca’"-ATPase from fast skeletal (SERCA1) or cardiac muscle
(SERCA2a) was expressed in embryonic chicken and neonatal rat cardiac myocytes by
adenovirus vectors, with c-myc tags on both constructs to compare expression and distinguish
exogenous from endogenous SERCA2a in myocytes.

2. Expression of the two isoforms was similar (approximately 3-fold higher than endogenous
SERCA). However, SERCA1 activity was 2-fold greater than SERCAZ2a activity, due to
intrinsic differences in turnover rates. Activation of both exogenous SERCA isoforms by Ca**
was displaced to slightly lower [Ca®], suggesting that the overexpressed isoforms were
independent of phospholamban. In fact, phospholamban and calsequestrin expression were
unchanged.

3. Decay time constants of cytosolic Ca”" transients from cells overexpressing SERCA1 were
reduced by 30-40% and half"widths by 10-15% compared to controls. SERCA2a
overexpression produced much less acceleration of transients in chick than in rat, and less
acceleration than SERCA1 overexpression in either species. There was no significant change
in resting [Ca®], peak amplitudes, or in the amount of Ca’* releasable by caffeine from
overexpression of either SERCA isoform. However, the amplitudes of the transients
increased with SERCA1 overexpression when pacing frequency limited refilling of the
sarcoplasmic reticulum.

4. It is concluded that total SERCA transport velocity has a primary effect on the decay phase
of transients. Transport velocity is affected by SERCA isoform turnover rate, temperature,
and/or SERCA copy number.

Active transport of cytosolic calcium into intracellular stores
by sarco-endoplasmic reticulum Ca’*-ATPase (SERCA) is
important in regulating calcium signalling. In skeletal and
cardiac muscle, SERCA is especially critical, as transport of
Ca®* into the sarcoplasmic reticulum (SR) is required to
terminate transient rises in cytosolic Ca’" that couple
membrane excitation to contractile activation, as well as to
replenish emptied Ca®* stores (Carsten, 1964; Fanburg et al.
1964; Inesi et al. 1964). Consistent with this role, specific
inhibition of SERCA by thapsigargin drastically reduces
cytosolic Ca”* transients, tension development and kinetics
of relaxation in cardiac myocytes, in the absence of changes
in action potential (Kirby et al. 1992). Furthermore, mice
heterozygous for a null mutation in the cardiac isoform of
SERCA have impaired cardiac function (Periasamy et al.
1999). Relevant to these findings is the observation that
SERCA mRNA and protein levels decrease in end-stage
heart failure (Gwathmey et al. 1987; Mercadier et al. 1990;

Takahashi et al. 1992; Hasenfuss et al. 1994), and the
suggestion that defective expression of the ATPase may
play a pathogenic role (Morgan et al. 1990; Hasenfuss et al.
1994, 1997; Schmidt et al. 1998).

To date, there are three known SERCA genes with several
splice variants. SERCA1 is the endogenous isoform of fast-
twitch skeletal muscle, while SERCA2a is found in slow-
twitch skeletal and cardiac muscle (Brandl et al. 1986;
Kaprielian & Fambrough, 1987; Zarain-Herzberg et al. 1990).
SERCA3 is mainly expressed in epithelial and endothelial
cells (Anger et al. 1994), and platelets (Bokkala et al. 1995).
Expression of exogenous SERCAI or SERCAZ2a genes in
cardiac myocytes has been recently achieved by transfecting
cultured cells (Inesi et al. 1997, 1998; Hajjar et al. 1997,
Giordano et al. 1997; Sumbilla et al. 1999), or by developing
transgenic mice (He et al. 1997; Loukianov et al. 1998;
Baker et al. 1998). Although the amounts of exogenous gene
expression varied among studies, it was reported that
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increases in SERCA levels produced accelerated decay
phases in cytosolic calcium transients. Presently, however, it
is not clear whether expression of exogenous SERCA in
cardiac myocytes affects cytosolic Ca®* transients by
increasing the SR calcium load or by accelerating the
velocity of the transients by SR ATPase activity. It is also
uncertain whether the Ca®" transients may be affected in a
different way by expression of exogenous SERCA1 or
SERCA2a, since the two isoforms were shown to have
different Ca®" transport turnover rates (Sumbilla et al.
1999).

We have now carried out a systematic study of SERCA
isoforms expressed in cultured embryonic chicken and
neonatal rat cardiac myocytes. Viral vectors enabled us to
target 100 % of cultured cells with controlled, reproducible
SERCA expression 3- to 4-fold greater than controls, and
higher than previously obtained by other laboratories
(1-2-fold, He et al. 1997; 2-fold, Hajjar et al. 1997; 2-5-fold,
Loukianov et al. 1998; 1-5-fold, Baker et al. 1998). We
studied Ca®" transients using the fluorescent indicators
fluo-4 and fura-2, under conditions of single or repetitive
stimulation. We also measured total Ca’* released by caffeine
from intracellular compartments, and determined the time
course of store refilling during restitution protocols. Finally,
we discuss variables which might account for differences in
the effects of SERCA overexpression observed by ourselves
and others.

METHODS

Adenovirus vectors

Adenovirus vectors were constructed by pJM17 (Graham & Prevec,
1992) or Cre-lox recombination (Hardy et al. 1997). Viruses Ad.Sr1
and Ad.Sr2a expressed chicken SERCA1 (Karin et al. 1989) or
SERCA2a (Campbell et al. 1991), driven by a cytomegalovirus
promoter and containing a c-myc tag (Evan et al. 1985). Plaque
purification and amplification were as described by Strock et al.

(1998) and Sumbilla et al. (1999).

Primary cell culture and infection

Chicken embryonic cardiac myocytes were prepared from 8-day
embryos and cultured in medium 199 with 5% fetal calf serum, at
37°C and 5% CO, (Inesi et al. 1998). For fluorescence studies,
650 cells mm™ were plated on collagen-coated coverslips. To obtain
rat myocytes, 1-day-old rats were decapitated and the hearts were
excised. Harvesting of cardiac tissue was carried out using
protocols approved by the University of Maryland Institutional
Animal Care and Use Committee. Myocytes were dissociated as
described by Simpson et al. (1989) and 250 cells mm™ were plated
on collagen-coated dishes or coverslips. Cells were cultured in 1%
CO, in minimal essential medium with Hanks’ salts, 5% calf
serum, 1'5 mMm vitamin Bj,, and 0-1 mm bromodeoxyuridine.

Myocytes were infected 24 h after plating by treatment with
2—-10 pfu (plaque-forming units) of adenovirus per seeded cell in
serum-free medium for 1 h. Control plates were mock infected, or
infected with empty virus. Afterwards, the infection medium was
diluted x4 with complete medium. Cells were ready for
measurements after 2—3 days.
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Functional assays

Cell lawns were rinsed with phosphate-buffered saline (PBS) and
cells were harvested by scraping in a resuspension medium (10 ml
per 100 mm dish) with 50 mm Mops (pH 7:0), 10 mm NaF, 1 mm
EDTA, 03 m sucrose and protease inhibitors (04 mm Pefabloc SC
(Roche), 0-5mm dithiothreitol, 10 gg ml™ aprotinin, 2 gg ml™
leupeptin, 1 ug ml™ pepstatin A). Suspensions were centrifuged for
5 min at 2000 ¢ and the cell pellets frozen and stored at —70 °C.

Assays of *Ca’" uptake and Ca®"-dependent ATPase activity were
performed in myocyte lysates or purified SR vesicles as described
by Sumbilla et al. (1999). Mitochondrial uptake and ATPase
activity were inhibited by 1 gm ruthenium red and 5 mm NaN, in
the reactions. Control assays in 1 gm thapsigargin were carried out
to test whether measured activity was specifically due to SERCA.

Western blotting and immunofluorescence

Total protein was measured by the BCA assay kit (Pierce) after
sonication of the cell pellets. Proteins were separated in 7-5%
polyacrylamide gels (Laemmli, 1970), transferred onto nitrocellulose
paper, and stained with primary and secondary antibodies. Reactive
bands were visualized by an ECL Western blotting detection kit
(Amersham Pharmacia Biotech) and densitometry was done by a
NucleoVision workstation (Nucleotech) with Gel Expert software.
Primary monoclonal antibodies were: Cal3-5C3 for SERCA1
(Karin et al. 1989), CaS-3H2 for SERCA2a (Kaprielian &
Fambrough, 1987), Myc1-9E10 for the c-myc tag (Evan et al. 1985),
MA3-922 for phospholamban and MA3-913 for calsequestrin
(Affinity Bioreagents).

In situ immunofluorescence staining of SERCA was performed as
previously described (Inesi et al. 1998). Secondary antibodies used
for fluorescence imaging were biotinylated horse anti-mouse IgG
(Vector Labs) followed by incubation with fluorescein—streptavidin
(Amersham), or Texas red-labelled goat anti-mouse IgG (Kirkegaard
& Perry Laboratories). Fluorescence images were taken using a
digital CCD camera (SpectraSource Instruments).

Cytosolic calcium measurements

Cytosolic Ca® was monitored by loading cells with membrane-
permeant forms of fura-2 or fluo-4 (Molecular Probes). Cytoplasmic
loading was favoured by incubating cells at 22 °C with 1 ym dye
and 0:2% Pluronic F-127 (Molecular Probes) in pH 7:4 Ringer
solution containing (ma): 10 Hepes, 135 NaCl, 4+0 KCI, 1-0 MgCl,,
18 CaCl, and 10 glucose. Cells were loaded for 20 min in fura-2 or
5min in fluo-4, then washed with dye-free Ringer solution.
Coverslips were then placed in a circulating bath with Ringer
solution held at 30 £ 1 °C. Cells exhibiting visible store loading of
dye, unresponsiveness, or ectopic beats during 1 Hz pulsing were
excluded from the experiment (< 10 % of cells).

Fluorescence emission from single cells was measured using 380 or
358 nm excitation for fura-2, or 488 nm for fluo-4. Data were
sampled at 10 pts ms™ by an A/D converter (Computer Boards).
Field stimulation of 10 V and 20 ms duration was delivered by
platinum wire electrodes. Background fluorescence at the relevant
wavelengths was collected for every plate and used to correct the
measured signals prior to analysis.

Total releasable Ca®" was estimated by loading cells with fura-2
and sampling emission at 380 and 358 nm excitation every 500 ms
while exchanging the external Ringer solution with medium
containing 10 mu caffeine and 1 g thapsigargin. Li* replaced Na*
to inhibit Na*—Ca®* exchange (Bers, 1987). Cells were stimulated at
1-0 Hz for at least 1 min prior to a change of medium.
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Figure 1. Immunostaining of SERCA in embryonic chicken cardiac myocytes

A and B, cultured embryonic chicken cardiac myocytes stained with monoclonal antibodies specific for
endogenous SERCA2. 4, phase-contrast image. B, fluorescence image of the same field. ¢'and D, fluorescence
images of myocytes stained with antibodies specific for exogenous SERCA1. €] uninfected myocytes. D, cells
infected with Ad.Sr1. E and F, higher-magnification images showing targeting of exogenous SERCA to the
SR. E, uninfected myocytes stained with a monoclonal antibody specific for endogenous SERCA2 and
Texas red-conjugated secondary antibody. F, cells infected with Ad.Srl and stained with a monoclonal
antibody specific for exogenous SERCA1 and fluorescein-conjugated secondary antibody. Scale bar in ¥
corresponds to 60 gm in A-D and to 20 gm in £ and F.
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Dye calibration and processing

Fluo-4 data were converted to fractional fluorescence change by
dividing by the resting cell fluorescence (AF/F;). Fura-2 data were
converted to the ratio B of fluorescence at 380 and 358 nm
excitation and [Ca®"] was calculated by the equation used by Klein

et al. (1988):

dR/dt + kg (R — Rpin)
]Con (R - R)

max

[Ca*"]=

For slow-sampling fluorescence measurements while emptying
intracellular stores, the steady-state approximation of the above
equation was used, where dR/d¢ = 0.

Values for R, at saturating [Ca®*]and R, at 0 Ca®" (Grynkiewicz
et al. 1985) were measured by exposing cells to Ringer solution with
10 p™ ionomycin and 5 mum Ca™ for R, or 0 mm Ca®" and 5 mm
EGTA for R, (Klein et al. 1988). These values depend on cell type
and optical apparatus, and were found to be 0:45 for R, .. and 2-1
for R,;,. Values of the on (k,,) and oft’ (k) rate constants were set
to 2:00x 10° ™' s™" and 30s7, respectively (Klein ef al. 1988;

Sipido & Wier, 1991).

The Ca**-insensitive fraction of the total fura-2 fluorescence signal
(from organellar dye) was estimated by quenching the cytoplasmic
dye with Mn** and monitoring the fluorescence at 358 nm excitation
(Miyata et al. 1991). Cells were bathed in Ringer solution with
0 Ca®" (no EGTA) and 2 mm Mn** and stimulated to allow Mn**
entry via Ca®* channels. Only 5-10% of the total cell fluorescence
remained after this treatment.

Data processing and statistical analysis

Data were processed and analysed with customised software
programmed in IDL (Research Systems). Data are shown as
means + S.E.M. where n>15. The threshold for statistical
significance was set as P<<0+05 following a Student’s unpaired ¢ test.

A
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RESULTS

Exogenous SERCA isoform expression

Within the first 3 days following seeding of embryonic
chicken cardiac myocytes, at least 85% of cells in culture
could be identified as cardiac myocytes by specific staining
of endogenous SERCA2a with a monoclonal antibody
(Fig. 14 and B). Transfer of SERCA ¢DNA by adenovirus
occurs very efliciently, and under appropriate conditions
(see Methods), 100% of cells express exogenous SERCA, as
shown by infecting cells with Ad.Srl and staining with a
SERCA1-specific monoclonal antibody (Fig. 1.D), or with an
antibody to the c-myc tag subcloned into the ¢cDNA (not
shown). No SERCA1 was detected in uninfected cells
(Fig.1C), or in cells infected with Ad.Sr2a or empty virus
(not shown). Exogenous SERCA was appropriately targeted
to intracellular membranes with a pattern similar to that of
endogenous SERCA2a in the SR membranes (Fig.1V
and F). Similar reticular patterns of expression were
obtained in neonatal rat cardiac myocytes.

Expression levels of endogenous and exogenous SERCA
were compared by Western blotting using isoform-specific
antibodies and/or an antibody to the c-myc tag common
to both ¢cDNA constructs. We found that both SERCA1
and SERCA2a could be expressed to maximum levels
corresponding to approximately 3 times the endogenous
SERCA2a level in control myocytes (Fig. 24). However, it
should be noted that with maximal exogenous gene
expression, endogenous SERCA2a expression is reduced by

30—60% (Inesi et al. 1998).

Phospholamban and calsequestrin expression are not
significantly affected by exogenous SERCA expression as
shown by representative Western blots in Fig. 2B and C.

Antibody C-ryc SERCAI1 SERCA2a
i i H
Virus C Srl Sr2a ( Srl i C Srl SrZaI
B Control Ad.Sr1 Ad.Sr2:
) . ) I‘Zd
| 11 11 |

Phospholamban s s s - S_—— —

C Control

Ad.Srl Ad.Sr2a

Calsequestrin P— —— : | — S

Figure 2. Protein expression in embryonic chicken cardiac myocytes

Embryonic chicken cardiac myocytes were infected with Ad.Srl (expressing SERCAI) or Ad.Sr2a
(expressing SERCA2a), and cell lysates were probed with various monoclonal antibodies. 4, right, antibody
to the c-mye tag found only in exogenous SERCA1 and SERCA2a; middle, antibody to SERCA1; left, anti-
body to endogenous and exogenous SERCA2a. Lane headings: C, control; Sr1, Ad.Srl infected; Sr2a,
Ad.Sr2a infected. B, antibody to phospholamban. C, antibody to calsequestrin. For B and C, each lane was

run in duplicate.
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Densitometry results from four experiments indicated that
phospholamban levels under conditions of SERCA1 and
SERCA2a overexpression were, respectively, 1:02 £+ 0-13
and 1-:01 £+ 0-11 times the level of controls (P> 0-8), while
calsequestrin levels were 0:96 4+ 0-07 and 1-01 4 0-08 times
that of controls (P> 03, > 0-9).

ATPase activity

The ability to control exogenous SERCA expression by
manipulating adenovirus titres permitted us to achieve
nearly identical levels of exogenous SERCA1 and SERCA 2a,
as demonstrated by Western blots (Fig. 34, inset) obtained
with the same antibody to c-myc. Nevertheless, the ATPase
(™" uptake rate of the SERCA 2a isoform was approximately
half that of SERCA1 (Fig.3A4). This difference is due to the
lower SERCA2a turnover rate that we have previously
demonstrated in detail (Sumbilla et al. 1999).

Figure 3B displays the Ca®" dependence of relative ATPase
activity in control cells expressing endogenous SERCA2a
only, and cells overexpressing either SERCA1 or SERCA 2a.
The activity is shown as a percentage of the maximum for
each group, as a function of [Ca®]. It is apparent that the
activation curve of cells overexpressing either exogenous
SERCA isoform is slightly displaced towards lower Ca®*
concentrations, as compared with cells expressing only
endogenous SERCA2a. Since the native isoforms have a
similar Ca®" sensitivity (Sumbilla e/ al. 1999), this suggests
that levels of endogenous SERCA2a are sufficient to fully
bind all available phospholamban in the myocytes, and is
consistent with the finding of identical phospholamban
levels under conditions of endogenous or exogenous SERCA
expression (Fig. 2B).

Cytosolic calcium transients

The dye fluo-4 was used to monitor cytosolic Ca®* transients
in cardiac myocytes infected with Ad.Srl1 and Ad.Sr2a
(Fig.44—D). These data were normalized to control for
differences in dye loading among cells. Each trace in Fig. 4
represents data from 15-30 cells from at least four cell
preparations. Transients were aligned according to the time
of application of the stimulus and averaged. Individual cell
transients were characterized by determining (i) the time
constant of a least-squares fit of a single exponential plus
constant to the falling phase, and (ii) the full width at half-
maximum (half-width, w,). Figure 44 (chicken) and B (rat)
show that transients from cells overexpressing SERCA1 had
smaller exponential decay time constants () and narrower
half-widths compared to uninfected myocytes. For example,
in embryonic chicken cells overexpressing SERCA1, 7 and
wy, were decreased by 38% (P < 0-001) and 11% (P < 0:01),
respectively. On the other hand, the effects of exogenous
SERCA2a expression (Iig. 4Cand D)on 7 and w, were more
modest, with reductions of 6% (P> 0:2) and 8% (P> 0-1),
respectively, following SERCA2a overexpression in chicken
myocytes. However, the effect of SERCAZ2a overexpression
on 7 and w,, was significant in rat myocytes (30 and 29 %
reduction, respectively, P<0-001), although smaller in
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magnitude compared with SERCA1 overexpression (43 and
52%, respectively, P<0-001). The parameters of Ca’"
transients measured from chicken and rat cardiac myocytes
are summarized in Table 1. It should be emphasized that,
in spite of the different functional effects, Western blots
demonstrated equal levels of exogenous SERCA1 and
SERCA2a protein expression in both chicken (Fig. 24, left)

and rat (not shown).

Transients were also studied using fura-2 as the Ca’™*
indicator. Displayed in Fig.4E and F are Ca’" transients
from controls and cells overexpressing SERCA1, averaged
from data collected over four experiments. As seen with
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Figure 3. SERCA activity in embryonic chicken
cardiac myocytes

Embryonic chicken cardiac myocytes were infected with
Ad.Sr1 or Ad.Sr2a. 4, rates of *>Ca’* uptake by SERCA
(nmol Ca™ per mg protein) in cell lysates. Inset, Western
blot shows similar expression levels of SERCA1 and
SERCA2a detected by the same anti-c-myc antibody.

B, Ca®"-dependent ATPase activity (%) measured at varying
pCa. @, endogenous activity in control cells; B, activity in
cells overexpressing SERCA1; O, activity in cells
overexpressing SERCA 2a.
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fluo-4, transients from cells overexpressing SERCA1 yielded
smaller decay constants and half-widths than control cells,
showing a 33% reduction (P <0-001) for 7 and a 12%
reduction (P <0-02) for w, in chicken myocytes over-
expressing SERCA1. In rat, there was a 41% reduction
(P <0:001) in 7 and a 54 % reduction in w, (P < 0:001).
Most importantly, these differences were similar to the ones
observed using fluo-4 as the indicator.

The estimates of [Ca®] provided by fura-2 revealed that
peak and resting cytoplasmic Ca’" concentrations were
relatively unchanged as a consequence of gene transfer. The
mean resting [Ca’*] in embryonic chicken myocytes was
101 +45 and 80 + 18 nm (P> 0-5) for controls and cells
overexpressing SERCA1, respectively, while the peak
amplitude of the Ca’" transients was 376 +44 and
374 + 56 nm (P> 0:7). The resting [Ca’"] in neonatal rat
myocytes was 42 + 7 and 24 + 5 nm (P < 0-:02) for controls
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and cells overexpressing SERCA1, respectively, and peak
[Ca®"] was 795 + 96 and 686 + 76 nm (P> 0-3). Thus, in
both chicken and rat cardiac myocytes, there were no
significant differences in cytosolic Ca®" peak concentrations
between controls and cells overexpressing exogenous
SERCA, and modest differences in resting [Ca’"]. It should
be noted that in general, rat myocytes had much larger
transient amplitudes, faster decay rates and smaller half-
widths when compared to chicken myocytes, both under
control conditions and when overexpressing exogenous

SERCA (Table 1).

Relative size of calcium stores

The amplitude and time course of Ca* transients is
dependent on the Ca’* load in the SR. The SERCA ATPases
are the main route for refilling the SR after Ca’* release, so
it was critical to examine the SR Ca’" content before and
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Figure 4. Cytosolic Ca®* transients in embryonic chicken and neonatal rat cardiac myocytes

Embryonic chicken and neonatal rat cardiac myocytes were infected with Ad.Sr1 or Ad.Sr2. Cytosolic Ca*
transients were measured in single cells using fluo-4 (4—-D) or fura-2 (K and F'). Each trace represents the
average of transients from 15—30 cells over 3—5 preparations. Note the different time scales of the displayed
transients from embyronic chicken (left) and neonatal rat (right). Ca®* concentrations in K and F' were
calculated from the fura-2 fluorescence at 380 and 358 nm excitation (see Methods).
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Table 1. Calcium transient parameters

Species  Infection group ~ Time to peak Half-width Decay constant
(ms) (ms) (ms)

Chicken  Control (39) 279 + 21 611 + 34 229+ 12
SERCAT (24) 228 4 23* 544 + 30* 141 + 10*
SERCA2a (24) 284 + 23 562 + 34 216 + 19

Rat Control (28) 93 + 62 219+ 11 129 + 43
SERCA1 (17) 62+ 50% 106 £ 7-2%* 73+ 4:0%
SERCA2a (17) 75+ 61% 155+ 9-7* 90 +4-4*

Cytosolic Ca®* transients in single cells loaded with fluo-4 were measured and all parameters averaged
values shown are means + s.EMm). Numbers in parentheses are the number of cells per group.
p per group

* Significantly different (P < 0-05) from control cells.

after overexpression of the SERCA isoforms. We monitored
cytoplasmic [Ca®*] while exposing the cells to a modified
Ringer solution (see Methods) containing 10 mm caffeine
and 1 um thapsigargin. Cells were paced at 1:0 Hz for at
least 1 min before a delay of about 6s, after which the
medium was rapidly exchanged with the modified Ringer
solution. Recordings of fura-2 fluorescence showed that
upon addition of caffeine, cytosolic [Ca®*] rose quickly and
remained relatively stable at the elevated level (Fig. 5). Data
derived from 19 cells per group, over five separate
experiments, yielded an average rise in cytosolic [Ca’*] to
480 4+ 65 nMm in control cells (Fig.54), and 496 + 76 nm in
chicken myocytes expressing SERCA1 (Fig.5B8; P> 0-8).
Assuming that the concentration of myoplasmic Ca®* buffers
is unchanged by expression of SERCA isoforms (cf. Fig. 2B
and C), under the conditions of these experiments, the
steady-state level of cytosolic Ca’* is proportional to the SR
(™" content. Note that even though SERCA overexpression
accounts for a significant increase in the number of Ca’*
binding sites, the presence of thapsigargin inhibits Ca®*

binding to these sites (Sagara & Inesi, 1991). These
experiments show that the maximal Ca®* load of the SR was
not significantly different in controls and in myocytes
overexpressing SERCA.

Time course of refilling of calcium stores

Expression of exogenous SERCA causes an acceleration of
the removal of Ca’* from the cytosol during and after a
Ca®" transient. However, these observations provide no
information concerning the rate at which Ca®" becomes
available again for release from the SR during a subsequent
stimulation. We used a paired-pulse protocol to estimate the
rate of refilling of the SR Ca** stores, in which a
conditioning pulse was followed after a variable recovery
period by a test pulse of identical amplitude and duration.
Prior to the application of the conditioning pulse, the cells
were paced at 10 Hz for 10s. Figure 64 shows fluo-4
fluorescence transients obtained with this protocol in a
control cell (upper traces) and in a cell overexpressing
SERCA1 (lower traces). Five or six transients are shown
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Figure 5. SR Ca** content in embryonic chicken cardiac myocytes

Embryonic chicken cardiac myocytes loaded with fura-2 were exposed to a modified Ringer solution
containing 10 mm caffeine and 1 um thapsigargin while fluorescence was sampled at 358 and 380 nm
excitation every 500 ms. 4, control cell. B, cell overexpressing SERCAT.
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superimposed, corresponding to different recovery intervals,
with the individual traces aligned at the time of application
of the conditioning stimulus. The control transients recovered
gradually as the recovery interval was increased, seen most
easily as an increase in the peak amplitude of the transients
arising from stimulation by the test pulses. In cells over-
expressing SERCA1, however, the recovery was virtually
complete after 600 ms. Both sets of traces show that the test
transient recorded after 1000 ms was of similar amplitude
to the conditioning transient and, more significantly, that
an additional recovery interval (1200 ms) resulted in no
further increase of the test transient amplitude. The latter
observation is consistent with the finding of Fig. 5 that SR

Ca® content was unchanged by exogenous SERCA
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Figure 6. Time course of refilling of Ca?* stores in
embryonic chicken cardiac myocytes

A, chicken cardiac myocytes loaded with fluo-4 were
stimulated with a two-pulse protocol after pacing at 1-:0 Hz.
The last paced transient and the extrasystolic transient were
recorded while varying the extrasystolic interval. Each
record was normalized to its conditioning transient and
superimposed as a series. Upper series, control myocyte.
Lower series, myocyte overexpressing SERCA1. Time
intervals are indicated above the traces (in ms). B, relative
amplitudes of the Ca®" transients as a function of the
extrasystolic interval. Amplitude was calculated as the
difference between the peak of the transient and the baseline
fluorescence just prior to the stimulus pulse. Points are
means + 8.E.M. @, control cells (n = 20); W, cells
overexpressing SERCA1 (n=16).
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expression. Figure 65 plots the time course of refilling of
the SR Ca®* stores. Results from 20 (control) or 16
(SERCA1-overexpressing) chicken myocytes were averaged.
The points represent the difference between the peak
fluorescence during the test transient minus the baseline
fluorescence just prior to the test stimulation. The quantity
is proportional to the SR Ca’* content if myoplasmic Ca®"
buffers are in the linear range of binding, a condition which
probably holds during the relatively small Ca®* transients in
these chicken myocytes. The data show that releasable Ca®"
recovers at a rate 95% greater in SERCA1-overexpressing
cells than in control cells. In contrast, and in agreement
with the absence of a significant effect of expression of
SERCA2a on Ca®" transients, there was no significant
difference between control myocytes and myocytes
expressing SERCA2a in the rate of refilling of the SR after
a conditioning pulse (not shown).
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Figure 7. Effects of temperature on Ca** uptake and
Ca’* transients

A, cytosolic Ca’* transients recorded at 22 and 30 °C in
control rat cardiac myocytes. B, rates of **Ca®* uptake by
endogenous SERCA2a (nmol Ca® per mg protein) in rat
cardiac myocyte lysates. B, uptake at 22 °C; @, uptake at
30°C.
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Temperature dependence of Ca®** transport and Ca**
transient decay constants

The experiments described above reveal a kinetic relation
between Ca’ transport by SERCA and the decay phase of
Ca®* transients. In order to obtain further evidence for such
a relationship, we performed comparative measurements
of Ca®" transport and Ca’" transients at two different
temperatures, in uninfected rat myocytes expressing only
endogenous SERCA. We found that the velocity of Ca®*
transport and the decay phase of the Ca®* transients were
highly temperature dependent (Fig. 7), with @,, values of
2-3 for Ca®* transport, and 2-4 for the decay time constant
of the Ca®* transients.

DISCUSSION

The transfer of exogenous SERCA genes into cardiac
myocytes can be obtained very efficiently by the use of
recombinant adenovirus vectors (Inesi et al. 1997, 1998;
Hajjar et al. 1997; Giordano et al. 1997). Furthermore, levels
of SERCA expression can be adjusted by manipulating viral
titre, up to a maximum that is 3—4 times higher than that
of endogenous SERCA in uninfected myocytes (Sumbilla et
al. 1999). Here we demonstrate that following transfection
of either SERCAI or SERCAZa genes, nearly identical
expression levels of the two isoforms can be obtained, as
revealed by Western blots. The 3- to 4-fold increase in
SERCA protein expression in our experiments is considerably
higher than previously obtained in transgenic mice (He et al.
1997; Loukianov et al. 1998; Baker et al. 1998), or in
cultured rat myocytes transfected with exogenous SERCA2a
¢DNA using viral vectors (Giordano et al. 1997; Hajjar et al.
1997). Furthermore, we demonstrate that the exogenous
SERCA gene products are properly targeted to the SR, since
in situ immunostaining of endogenous SERCA2a and
exogenous SERCA1 protein showed a similar reticular
pattern with minimal nuclear involvement (Fig. 1).

Under conditions of identical expression levels, we found
that the velocity of Ca’" transport in myocytes expressing
the SERCA2a isoform was approximately half that in
myocytes expressing the SERCA1 isoform (Fig. 3). This
difference is due to the lower turnover of the SERCA2a
isoform (Sumbilla et al. 1999). It is noteworthy that both
exogenous SERCA isoforms appeared to be free of control
by phospholamban, as revealed by the pattern of Ca’*
activation (Fig.3B). This is consistent with the lack of
phospholamban overexpression in parallel with exogenous
SERCA gene expression (Fig.2B), and suggests that
endogenous phospholamban is already saturated by
interaction with endogenous SERCA 2a.

The main effect of overexpression of SERCAT1 in chicken or
rat myocytes was a 1+5- to 1:75-fold increase in the rate of
decline, and a decrease in the half-width of 0:11- to 0-54-fold,
in Ca’" transients elicited by stimulation, compared to
controls (Fig.4, Table 1). Both of these effects are directly
attributable to the increased rate of removal of Ca®* from
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the cytoplasm due to the exogenously expressed SERCA.
However, this increased removal rate was related more to
the expression of a SERCA isoform with a faster turnover
rate than to an overall increase in the copy number of
SERCA pumps. This is evidenced by the observations that
(i) overexpression of SERCA2a had a relatively smaller
effect on the decline and half-width of Ca®* transients in
both chicken and rat than overexpression of SERCA1, and
(ii) elevation of temperature, which increases the turnover
rate of SERCA pumps but not their copy number, increased
the rate of removal of cytosolic Ca** in a manner qualitatively
similar to overexpression of the faster SERCA isoform.

The observed changes in the waveform of Ca* transients
caused by overexpression of SERCA isoforms were not
associated with changes in the amplitude of the Ca™*
transients (Fig. 4 Eand F),or in the SR Ca®* content (Fig. 5).
It should be understood that in the steady state, the
maximal lumenal concentration of free Ca®" is determined
by the dissociation constant of the Ca’" pump in the low
aflinity state (Inesi, 1994), and not by the number of pump
units. In turn, the total Ca® content (bound plus free) is
determined by the volume of the SR lumen and by the
buffering capacity of calsequestrin, the predominant Ca™*
buffer within the SR. We have demonstrated that
calsequestrin expression is unchanged in our experiments
(Fig. 2 B), although we have no evidence for a change in SR
volume. Therefore, in our experiments, the observation that
the amplitudes of Ca®* transients are unchanged by SERCA
overexpression is consistent with the idea that the ‘extra’
pump served only to restore cytosolic Ca®* to the SR more
rapidly, without altering its capacity to store or release Ca’".

The lack of change of the Ca®* transient peak amplitude in
myocytes expressing exogenous SERCA isoforms as observed
by us is in agreement with the results of Yao et al. (1998)
and Giordano et al. (1997). On the other hand, increased
amplitudes have been observed by Baker et al. (1998),
Loukianov et al. (1998) and Hajjar et al. (1997). It is possible
that this difference may be due to varying experimental
conditions. For instance, the results of the recovery
experiments (Fig. 6) demonstrate that the observed amplitude
of Ca® transients is also partially dependent on recovery
interval. Therefore, cells overexpressing SERCA isoforms
might exhibit an increase in the amplitude of Ca®* transients
under conditions producing a kinetic limit in control cells.
Effects of exogenous SERCA overexpression on frequency—
response patterns have also been observed in human cardiac
myocytes (del Monte et al. 1999). It is also possible that in
longer-term overexpression models, such as transgenic mice,
adaptive responses may produce an increase in SR volume
and thereby permit higher Ca®* loads.

An interesting aspect of our results is the lesser effect of
SERCA2a overexpression on the cytosolic Ca®* transients,
as compared with overexpression of SERCA1 (Fig. 4). The
effect of SERCA2a overexpression is very evident in rat
myocytes, but is less clear in chicken myocytes due to the
lower sensitivity of this system to SERCA overexpression.
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It should be pointed out that Giordano et al. (1997) and
Hajjar et al. (1997) have previously reported effects of
SERCA2a overexpression in cultured rat myocytes, and He
et al. (1997) and Baker et al. (1998) have observed faster
cytosolic Ca® transient kinetics in transgenic mice over-
expressing SERCA2a than in wild-type. Thus, some of the
differences between our results and those of others could be
due to species differences, whereas we attribute the lesser
effects of SERCA2a overexpression to the different turnover
rates of the SERCA1 and SERCA 2a isoforms (Sumbilla et al.
1999). In fact, the interdependence of SERCA kinetics and
cytosolic Ca’* decay can be simply demonstrated by varying
the SERCA turnover rate with temperature (Fig.7). It is
clear that the decay phase of the Ca®™ transients is greatly
affected by the velocity of Ca®* transport (i.e. resequestration
into the SR) by SERCA. This velocity, and by extension the
Ca®" transient decay, can be influenced by the SERCA
turnover rate as determined by isoform and/or temperature,
and to a lesser extent by the SERCA copy number. The
apparent Ca’" load in the SR is then dependent on the
velocity of transport and the time allowed for transport
between stimuli.
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