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Ovariectomy (OVX) promotes sarcoplasmic reticulum (SR) Ca2+ overload in ventricular myocytes. We hypoth-
esized that the cyclic adenosine monophosphate (cAMP)/protein kinase A (PKA) pathway contributes to this
Ca2+ dysregulation. Myocytes were isolated from adult female C57BL/6 mice following either OVX or sham sur-
gery (surgery at≈1 mos). Contractions, Ca2+ concentrations (fura-2) and ionic currents were measured simul-
taneously (37 °C, 2Hz) in voltage-clampedmyocytes. Intracellular cAMP levelswere determinedwith an enzyme
immunoassay; phosphodiesterase (PDE) and adenylyl cyclase (AC) isoformexpressionwas examinedwith qPCR.
Ca2+ currents were similar in myocytes from sham and OVX mice but Ca2+ transients, excitation-contraction
(EC)-coupling gain, SR content and contractions were larger in OVX than sham cells. To determine if the
cAMP/PKA pathway mediated OVX-induced alterations in EC-coupling, cardiomyocytes were incubated with
the PKA inhibitor H-89 (2 μM), which abolished baseline differences. While basal intracellular cAMP did not dif-
fer, levels were higher in OVX than sham in the presence of a non-selective PDE inhibitor (300 μM IBMX), or an
AC activator (10 μM forskolin). This suggests the production of cAMP by AC and its breakdown by PDE were en-
hanced by OVX. Consistent with this, mRNA levels for both AC5 and PDE4Awere higher in OVX in comparison to
sham. Differences in Ca2+ homeostasis and contractionswere abolishedwhen sham andOVX cellswere dialyzed
with patch pipettes containing the same concentration of 8-bromoadenosine-cAMP (50 μM). Interestingly, selec-
tive inhibition of PDE4 increased Ca2+ current only in OVX cells. Together, these findings suggest that estrogen
suppresses SR Ca2+ release and that this is regulated, at least in part, by the cAMP/PKA pathway. These changes
in the cAMP/PKA pathway may promote Ca2+ dysregulation and cardiovascular disease when ovarian estrogen
levels fall. These results advance our understanding of female-specific cardiomyocyte mechanisms that may af-
fect responses to therapeutic interventions in older women.
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1. Introduction

The risk of cardiovascular disease is lower in pre-menopausal
women in comparison to age-matched men, but this advantage disap-
pears as early as five years post-menopause [6,14,16]. Menopause is
characterised by a decrease in the production of ovarian hormones, so
it has been hypothesized that female sex steroid hormones regulate car-
diac physiology and pathophysiology [28,49]. Over 50 observational
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studies have found that hormone replacement therapy in post-meno-
pausalwomen causes a reduction in cardiovascular events [17]. Howev-
er, cardioprotective effects of estrogen remain controversial, as two
randomized controlled clinical trials have reported no cardiovascular
benefits [20,31,33]. A recent prospective trial reported an improvement
in several blood markers for cardiovascular disease in women receiving
hormone replacement therapy within three years of menopause, al-
though the long-term effects remain unclear [15,27]. These inconclusive
results highlight the importance of understanding how female sex ste-
roid hormones affect cardiovascular function.

Cardiomyocytes possess receptors for all three major sex steroid
hormones (estrogen, progesterone and testosterone), therefore sex
hormones may affect myocardial function by acting on individual
myocytes [11,29]. A number of studies have examined isolated ventric-
ular myocytes from sham-operated and ovariectomized (OVX) mice to
investigate the effects of ovarian hormonewithdrawal on Ca2+ homeo-
stasis and excitation-contraction (EC) coupling. OVX causes a marked
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increase in sarcoplasmic reticulum (SR) Ca2+ content, augments SR
Ca2+ release and promotes Ca2+ overload in ventricular myocytes
[10,12,25,30]. Overall, these findings suggest that estrogen modifies
Ca2+ handling in individual myocytes. As myocardial Ca2+ overload is
involved in the pathogenesis of many cardiovascular diseases [5], it is
important to investigate the mechanisms underlying how ovarian hor-
mones may alter Ca2+ handling in cardiomyocytes.

Myocardial Ca2+ homeostasis is regulated by the cyclic AMP
(cAMP)/protein kinase A (PKA) pathway, even in the absence of β-ad-
renergic stimulation [5,35]. In addition, there are important male-fe-
male differences in the cAMP/PKA pathway. Our group has previously
shown that intracellular cAMP levels are lower in ventricular myocytes
from females when compared to males, which is due to higher phos-
phodiesterase (PDE) 4B expression in females [36]. Further, inhibition
of PKAwas found to abolish male-female differences in SR Ca2+ release
and contractions seen in cardiomyocytes. Thus, estrogen may alter SR
Ca2+ release by modifying one or more components of the cAMP/PKA
pathway, such as cAMPproduction by adenylyl cyclase (AC) or degrada-
tion by PDE, to affect downstream phosphorylation of key components
of EC-coupling. There are various isoforms of both AC and PDE in the
heart, primarily AC5 and AC6, and PDE3 and PDE4 [8,18]. Further,
cAMP signaling within cardiomyocytes has been shown to be compart-
mentalized by different PDE isoforms [1,2], but only male models have
been examined so whether sex steroid hormones affect cAMP signaling
has not been explored. Although information is limited, OVX has been
shown to increase PKA expression and activity in myocytes from OVX
rats [23,25]. Whether OVX affects other components of the cAMP/PKA
pathway, such as cAMP production or degradation, and how this may
impact EC-coupling and Ca2+-induced Ca2+ release from the SR, has
not been investigated.

The objectives of this study were: 1) to determine whether OVX af-
fects cAMP/PKA-mediated cellular mechanisms that regulate SR Ca2+

release and EC-coupling, and 2) to determine how OVX modifies the
cAMP/PKA pathway, including effects on cAMP production by AC and
breakdown by PDE. In these studies, contractions, Ca2+ transients and
Ca2+ currents were simultaneously recorded in ventricular myocytes
from shamand OVX femalemice. The cAMP/PKA pathwaywas pharma-
cologically activated or inhibited to identify the EC-coupling mecha-
nisms involved. Cyclic AMP was measured with an enzyme
immunoassay, while qPCR was used to assess AC and PDE expression.
Results indicate that OVX increases both the production and breakdown
of cAMP, which suggests that ovarian hormones may attenuate cAMP/
PKA-dependent mechanisms involved in cardiac EC-coupling.

2. Materials and methods

2.1. Animals and body composition

Experiments conformed to the Canadian Council on Animal Care
Guide to the Care and Use of Experimental Animals (CCAC, Ottawa,
ON: Vol. 1, 2nd ed., 1993; Vol. 2, 1984) and were approved by the
Dalhousie University Committee on Laboratory Animals. Animals were
purchased from Charles River Laboratories (St. Constant, QC). OVX
micewere subjected to a bilateral removal of the ovaries through a dor-
sal midline skin incision at approximately 1month of age and sham-op-
erated controlswere subjected to a similar surgery, but the ovarieswere
left intact as in our previous study [12]. Micewere aged to approximate-
ly 8 months of age prior to experiments; OVXwas confirmed by uterine
atrophy. This time frame was selected to examine effects of long-term
ovarian hormonewithdrawal and to allow comparisonswith our earlier
work [12].

2.2. Isolation of ventricular myocytes

Ventricular myocytes were isolated as previously described [36]. In
brief, hearts were cannulated in situ through the aorta, excised, and
perfused retrogradely at 2.2 ml/min for 10 min with nominally Ca2+-
free solution (mM): 105 NaCl, 5 KCl, 25 HEPES, 0.33 NaH2PO4, 1 MgCl2,
20 glucose, 3 Na-pyruvate, 1 lactic acid (100% O2; pH 7.4; 37 °C). The
heartwas then perfusedwith the same solution plus 50 μMCa2+, collage-
nase (8 mg/30 ml, Worthington Type I, 250 U/mg), dispase II
(3.5 mg/30 ml, Roche) and trypsin (0.5 mg/30 ml) for 8–9 min. The ven-
tricles were minced in high K+ buffer (mM): 50 L-glutamic acid, 30 KCl,
30 KH2PO4, 20 taurine, 10 HEPES, 10 glucose, 3 MgSO4 and 0.5 EGTA
(pH 7.4; room temp). Tissue was gently agitated and the supernatant
was filtered with a 225 μm polyethylene filter (Spectra/Mesh).
2.3. Electrophysiology

Myocytes were placed in a custom-made glass-bottomed chamber
mounted on the stage of an inverted microscope (Nikon Eclipse,
TE200, Nikon Canada, Mississauga, ON) and incubated with the Ca2+-
sensitive fluorescent dye fura-2 acetoxymethyl (AM) ester (5 μM;
Invitrogen, Burlington, ON) for 20min in the dark in the high K+ buffer
described in Section 2.2. Cells were superfused at 3 ml/min with HEPES
buffer (mM): 145 NaCl, 10 glucose, 10 HEPES, 4 KCl, 1 CaCl2, 1 MgCl2,
4,4-aminopyridine to inhibit transient outwardK+ current, and 0.3 lido-
caine to inhibit Na+ current (pH 7.4; 37 °C). Na+ current was also
inactivated by giving the cell a pre-pulse to−40mVprior to test pulses.
Quiescent rod-shaped myocytes with clear striations were selected for
experiments. For high-resistance voltage-clamp experiments, mem-
brane potentials and currents were recorded by impaling cells withmi-
croelectrodes (18–30MΩ) filled with filtered 2.7M KCl. In patch-clamp
experiments, myocytes were voltage-clamped with fire-polished patch
pipettes (1–3 MΩ) filled with (mM): 70 KCl, 70 potassium aspartate,
4 Mg-ATP, 1 MgCl2, 2.5 KH2PO4, 0.12 CaCl2, 0.5 EGTA, and 10 HEPES
(pH 7.2). In some cases, the patch pipette solution also contained 50
μM8-Bromo-cAMP (8-Br-cAMP). An Axoclamp 2B amplifier (Molecular
Devices, Sunnyvale, CA; 5–6 Hz)was used for discontinuous single elec-
trode voltage-clamp and ClampEx v8.2 software (Molecular Devices)
was used to generate protocols. Five 50 ms conditioning pulses
from−80 to 0 mV (2 Hz) were delivered to cells, followed by repo-
larization to −40 mV for 450 ms. As previously described, Ca2+

currents, Ca2+ transients and contractions were recorded simulta-
neously during 250 ms test pulses from −40 to 0 mV [36]. Ca2+

current was measured as the difference between peak current and
the end of the test pulse and was normalized to cell capacitance,
which was determined by integrating capacitive transients. Frac-
tional shortening (%) was calculated by normalizing contraction
(diastolic cell length – peak contraction) to diastolic length.

Fura-2 was alternately excited with 340 and 380 nm light and fluo-
rescence emission was measured at 510 nm (5 ms sampling interval)
with a DeltaRam fluorescence system and Felix v1.4 software (PTI) to
measure intracellular Ca2+ concentrations. Background fluorescence
recordingsmade at eachwavelengthwere subtracted from their respec-
tive experimental recordings. The resulting background-subtracted
ratio of emissions was used to convert ratios to intracellular Ca2+ con-
centrations with an in vitro calibration curve, as previously described
[44]. Briefly, the calibration curve was generated using methods
adapted from Grynkiewicz et al. [13] where serial additions of a Ca2+-
containing, EGTA-buffered solution were made to a Ca2+-free EGTA-
buffered solution to generate a range of different Ca2+ concentrations.
Fluorescence ratios for the different Ca2+ concentrationswere recorded
and a calibration curvewas generated. Fluorescence datawere analyzed
with Felix (PTI) and Clampfit software. Diastolic Ca2+ was measured
at−80mV, and Ca2+ transient amplitudes were determined as the dif-
ference between peak systolic Ca2+ and the Ca2+ concentration prior to
the test pulse, at−40mV. The gain of EC-couplingwas calculated as the
absolute value of the Ca2+ transient (nM) per unit of normalized Ca2+

current (pA/pF). Responses were not averaged or filtered prior to
analysis.
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As previously described, SR Ca2+ content was measured in voltage-
clamped cells. Following a series of conditioning pulses, cells were held
at−60mV and 10mM caffeinewas rapidly applied for 1 s. The caffeine
solution contained (mM): 10 caffeine, 140 LiCl, 4 KCl, 10 glucose, 5
HEPES, 4 MgCl2, 4,4-aminopyridine, and 0.3 lidocaine. Caffeine solution
was nominally Ca2+- andNa+-free to inhibit extrusion of Ca2+ from the
cytosol by Na+-Ca2+ exchange. SR Ca2+ stores were measured as the
peak caffeine-induced Ca2+ transient. Fractional release, which repre-
sents the amount of Ca2+ released on each beat as a fraction of the
amount available for release in the SR, was calculated by dividing
Ca2+ transient by caffeine transient amplitude and expressing this
value as a percent. Responses were not averaged or filtered prior to
analysis.

For experiments with the PKA inhibitor H-89 (2 μM), a minimum
30 min drug exposure preceded recordings, as previously reported
[51]. For forskolin (10 μM), rolipram (10 μM) and IBMX (300 μM), re-
cordings were made following a minimum 10 min drug exposure [19,
35]. No further effects were seen with longer incubation times. DMSO
solvent controls (0.02 to 0.06%) had no effect on Ca2+ currents, Ca2+

transients or contractions. All drug treatments were performed on dif-
ferent cells than those used for recording basal responses.

2.4. cAMP enzyme immunoassay

Intracellular cAMP levels were determined as previously reported
[36]. Briefly, aliquots of isolated myocytes were centrifuged (~70 min,
18 g), resuspended in HEPES buffer, and incubated for 1 h at room tem-
perature in 96-well plates (~1000 cells/well). Cells were treated with
DMSO solvent control (0.1%), forskolin (1 or 10 μM), or IBMX (300
μM) for 10 min prior to cell membrane rupture (0.25%
dodecyltrimethylammonium bromide; 10 min). Cell lysates were
stored at −20 °C. Intracellular cAMP levels were determined in acety-
lated cell lysates using an Amersham™ cAMP Biotrak™ Enzyme immu-
noassay System (GE Healthcare Life Sciences, Baie d'Urfe, QC). A plate
reader (450 nm, ELx800, BioTek Instruments, Winooski, VT) measured
sample absorbances, which were compared to a cAMP standard curve
(2 to 128 fmol cAMP; r2=0.99). cAMP concentrationswere normalized
to the amount of protein in each sample, determined with a detergent-
compatible Lowry assay kit (BioRad, Mississauga, ON).

2.5. Quantitative PCR

The heart was excised from the mouse and the apex was used for
analysis by quantitative PCR. The tissue was snap frozen in liquid nitro-
gen and stored at−80 °C until being further processed for quantitative
gene expression analysis. Primerswere designed formouse AC isoforms
4, 5, 6, and 9, PDE isoforms 3A, 3B, 4A, 4B, and 4D and GAPDH, which
was used as a reference gene (Refer to Supplemental Table 1 for all
primer sequences). Primers were synthesized (Sigma-Aldrich and
Table 1
Physical and cellular characteristics of sham and OVX female C57BL/6 mice.

Parameter Sham OVX P-value

Age (mos)a 8.5 ± 0.2 8.6 ± 0.2 P = 0.72
Dry uterine weight (mg)a 17 ± 0.5 2.9 ± 0.2 P b 0.001⁎

Body weight (g)a 32.7 ± 1.0 37.1 ± 1.0 P = 0.004⁎

Heart weight (mg) 264 ± 7 267 ± 9 P = 0.83
Heart to body weight (mg/g) 8.3 ± 0.5 7.5 ± 0.3 P = 0.20
Heart weight to tibia length (mg/mm) 14.4 ± 0.4 14.1 ± 0.5 P = 0.69
Cell length (μm) 125 ± 2 122 ± 3 P = 0.40
Cell width (μm)b 31 ± 2 28 ± 1 P = 0.18
Cell area (μm2)b 3810 ± 257 3600 ± 168 P = 0.49
Capacitance (pF) 227 ± 8 217 ± 5 P = 0.31

n = 9 sham and 9 OVX hearts; 43 sham and 52 OVX cells, unless indicated otherwise.
a n = 36 sham and 33 OVX mice.
b n = 15 sham and 17 OVX cells.
⁎ Denotes significant for P b 0.05.
Invitrogen) and reconstituted in nuclease free water at a concentration
of 100 nM and stored at −20 °C. All primer sets underwent validation
tests to determine optimal annealing temperatures as well as confirma-
tion of an ideal amplification efficiency (between 90 and 110% copy ef-
ficiency per cycle)

RNAwas extracted in PureZOL™ RNA isolation reagent according to
kit instructions (Aurum Total RNA Fatty and Fibrous Tissue Kit, Bio-
Rad). Tissue was eluted in 40 μl of elution buffer from the spin column.
RNA concentrations were determined using a Qubit fluorometer
(Invitrogen) and first strand synthesis reactions were performed using
the iScript cDNA synthesis kit (BioRad) per kit instructions. The
Experion™ Automated Electrophoresis System (Bio-Rad) was used to
assess RNA quality by observing the 28S and 18S rRNA subunits prior
to first strand synthesis. Sample purity was assessed using the
Nanodrop lite system (Thermo Scientific). Lack of genomic DNA con-
tamination was verified by reverse transcription (RT)-PCR using a no
RT control.

RT-qPCR using BRYT green dye (Promega) was used to assess gene
expression. Following RNA extraction, cDNA was synthesized and 10 μl
reactions were performed with 5.6 μl of BRYT green dye, 4 μl cDNA tem-
plate (at the appropriate dilution), and 0.4 μl of primers. Primers were
used at a concentration of 10 nM. Reactions were carried out using the
CFX384 Touch™ Real-Time PCR Detection System (Bio-Rad). Amplifica-
tion conditions were as follows: 95 °C for 2min to activate Taq polymer-
ase, followed by 39 cycles of denaturation at 95 °C for 15 s, annealing at
60 °C for AC, or 53–61 °C for PDE for 30 s, and extension at 72 °C for 30 s.
Melt curve analysiswas performed from 65 to 95 °C in 0.5 °C increments.
Single amplicons with appropriate melting temperatures and sizes were
detected. Datawere analyzedusing the 2−△△C

Tmethodbywhich the ex-
pression values are relative to an internal control and normalized to
GAPDH. mRNA levels for all tissue samples were expressed in the form
of 2−CT × 100 versus GAPDH.

2.6. Statistical analyses

Sigmaplot (v11.0, Systat Software Inc.) was used for all statistical
analyses. Differences between means ± S.E.M. were tested with Stu-
dents t-test or two-way analysis of variance (ANOVA). All drug treat-
ment data were analyzed with two-way ANOVA, using animal OVX
status and drug condition as the two independent factors. Post hoc
pairwise comparisons were done using the Holm-Sidakmethod. All fig-
ures were constructed with Sigmaplot.

2.7. Chemicals

All chemicals, unless otherwise stated, were purchased from Sigma-
Aldrich (Oakville, ON) or BDH Inc. (Toronto, ON). Fura-2 AM was pre-
pared in anhydrous DMSO and stored at −20 °C. H-89 and rolipram
were dissolved in DMSO and stored at−20 °C. Forskolin was dissolved
in DMSO and stored at room temperature. IBMXwas dissolved in DMSO
with mild heating and stored at−20 °C.

3. Results

3.1. OVX does not alter heartweight ormyocyte size in female C57BL/6mice

Physical characteristics of the sham and OVX animals are summa-
rized in Table 1, as well as characteristics of the hearts and ventricular
myocytes from these mice. Uterine dry weights were significantly
lower in OVXmice than shammice of the same age, indicative of uterine
atrophy. OVX mice were heavier than sham controls. Mean heart
weights did not differ between the two groups, evenwhen heart weight
was normalized to either body weight or tibia length. Ventricular
myocytes from the two groups were similar in length, width and
cross-sectional area; cell capacitance, a measure of total membrane
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area, was also similar in the two groups (Table 1). These observations
suggest that OVX does not cause cardiac hypertrophy in female mice.

3.2. OVXmyocytes have larger contractions, Ca2+ transients and higher EC
coupling gain

To determine how ovarian hormones affect basal cardiac contractile
function, ventricular myocytes from sham and OVXmice were voltage-
clamped and contractions, Ca2+ transients, and Ca2+ currents were si-
multaneouslymeasured during a test step to 0mV. Fig. 1A shows repre-
sentative contractions, Ca2+ transients and Ca2+ currents in sham and
OVX myocytes. Mean data show that contractions, expressed as frac-
tional shortening, were larger in OVX myocytes in comparison to
sham (Fig. 1B). Underlying Ca2+ transients were also larger in OVX
than in sham cells (Fig. 1C). To determine if differences in Ca2+ tran-
sients were due to differences in Ca2+-induced Ca2+ release from the
SR, Ca2+ current was also compared and was similar in myocytes
from sham and OVX mice (Fig. 1D). The amplification of Ca2+-induced
Ca2+ release from the SR, called the gain of EC-coupling, was then quan-
tified as the ratio of Ca2+ transient to peak Ca2+ current. Gain was
higher in OVX than in sham cells (Fig. 1E). By contrast, diastolic Ca2+

concentrations were not affected by OVX (Fig. 1F). These results
Fig. 1. Contractions, Ca2+ transients and the gain of EC coupling are larger in myocytes
from OVX than sham female mice. The voltage clamp protocol used is shown in the top
panel. A. Examples of contractions (top), Ca2+ transients (middle) and Ca2+ currents
(bottom) from myocytes from a sham and OVX mouse. B. Mean fractional shortening
was larger in OVX myocytes than sham. C. Ca2+ transients were also larger in OVX in
comparison to sham. D. OVX and sham myocytes had similar Ca2+ currents. E. As such,
the gain of EC coupling was higher in OVX than in sham cells. F. Diastolic Ca2+ did not
differ between sham and OVX. (For contractions, n = 15 sham, 18 OVX cells. For other
parameters, n = 27 sham, 38 OVX cells; 13 sham and 18 OVX mice. * denotes P b 0.05,
by t-test).
demonstrate that myocytes from OVX mice have larger contractions
and Ca2+ transients, as well as increased EC-coupling gain when com-
pared to sham controls.

As PKA activity may increase following OVX [23], this could increase
PKA-dependent phosphorylation of EC coupling components and aug-
ment SR Ca2+ release. To determinewhether the changes in EC coupling
mechanisms in OVX were attenuated by PKA inhibition, voltage-clamp
experiments were performed in the absence and presence of the PKA
inhibitor H-89 (2 μM). Fig. 2A shows example recordings of contrac-
tions, Ca2+ transients and Ca2+ currents from sham and OVXmyocytes
in the presence of 2 μMH-89. Inhibition of PKAwith H-89 did not affect
contractions in sham cells, but reduced fractional shortening in OVX
cells and removed the difference between sham and OVX, as demon-
strated by the dotted lines indicating basal values (Fig. 2B). H-89 also re-
duced Ca2+ transients in both sham and OVX myocytes and removed
the difference present under basal conditions (Fig. 2C). This effect of
PKA inhibition on Ca2+ transients was not due to changes in Ca2+ cur-
rent, as peak Ca2+ currentwas not affected byH-89 in either group (Fig.
2D). Importantly, the basal difference in EC coupling gain was eliminat-
ed by PKA inhibition, as H-89 reduced gain in OVX, but not in sham cells
(Fig. 2E). Diastolic Ca2+ was not affected by H-89 and remained similar
Fig. 2. Inhibition of PKA abolishes differences in contraction, Ca2+ transients and gain
between sham and OVX myocytes. The top panel shows the voltage clamp protocol. A.
Representative contractions (top), Ca2+ transients (middle) and Ca2+ currents (bottom)
from sham and OVX myocytes in the presence of 2 μM H-89. B. H-89 decreased fractional
shortening in OVX myocytes and abolished the basal difference. C. Ca2+ transients were
smaller in both sham and OVX cells in the presence of H-89, and the basal difference was
no longer present. D. H-89 did not affect Ca2+ current in sham or OVX mice. E. EC
coupling gain was decreased by H-89 in OVX myocytes only, and the basal difference
between sham and OVX was removed. F. Diastolic Ca2+ was unaffected by PKA
inhibition. (For contractions, n = 3 sham, 5 OVX cells. For other parameters, n = 10
sham, 19 OVX cells; 5 sham, 7 OVX mice. * denotes P b 0.05 versus sham by 2-way
ANOVA; † denotes P b 0.05 in comparison to same-group basal; dotted lines represent
basal values).
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in sham and OVX cells (Fig. 2F). These results demonstrate that inhibi-
tion of PKA abolished the increase in contractions, Ca2+ transients and
EC-coupling gain characteristic of OVX myocytes.

These findings suggest that the cAMP/PKA pathway is involved in
the increase in SR Ca2+ release observed following withdrawal of ovar-
ian hormones.We hypothesized that exposing sham andOVXmyocytes
to the same concentration of intracellular cAMP would abolish differ-
ences in EC-coupling between the two groups. This was investigated
by patch-clamping cells with pipettes filled with the cell-permeant,
PDE-resistant cAMP analog 8-Br-cAMP. Fig. 3A depicts contractions,
Ca2+ transients and Ca2+ currents recorded from myocytes dialyzed
with 50 μM 8-Br-cAMP. Dialysis with 8-Br-cAMP increased fractional
shortening in shammyocytes, but had no effect on fractional shortening
in cells from OVX animals (Fig. 3B). Thus, the difference present under
basal conditions (dotted lines) was abolished. Similarly, dialysis with
8-Br-cAMP increased peak Ca2+ transients only in sham cells (Fig. 3C)
and eliminated the difference observed under basal conditions (dotted
lines). Dialysis of cells with 8-Br-cAMP increased Ca2+ current to a sim-
ilar extent in both sham and OVX myocytes (Fig. 3D). As a result, 8-Br-
Fig. 3. Exposingmyocytes from sham andOVX femalemice to the same intracellular cAMP
removes differences in contraction, Ca2+ transient and gain. The voltage clamp protocol
used for patch clamp experiments is shown in the top panel. A. Examples of
contractions (top), Ca2+ transients (middle) and Ca2+ currents (bottom) recorded in
sham and OVX myocytes dialyzed with 50 μM 8-Br-cAMP. B. Fractional shortening was
increased in sham upon dialysis with cAMP, and the basal difference was abolished. C.
Dialysis of sham and OVX cells with cAMP increased Ca2+ transients in sham cells only
and abolished the basal difference. D. Ca2+ current was increased in sham and OVX cells
and remained similar between the two groups. E. Dialysis with 8-Br-cAMP decreased
gain in myocytes from sham and OVX mice, and the difference present under basal
conditions was removed. F. 8-Br-cAMP decreased diastolic Ca2+ levels in both sham and
OVX. (For contractions, n = 11 sham, 14 OVX cells. For other parameters, n = 14 sham,
15 OVX cells; 8 sham, 8 OVX mice. * denotes P b 0.05 versus sham by 2-way ANOVA; †
denotes P b 0.05 versus same-group basal; dotted lines represent basal values).
cAMP reduced gain in sham and OVX cells and eliminated the basal dif-
ference in gain between the two groups (Fig. 3E). Diastolic Ca2+ levels
declined equally in both groups in the presence of 8-Br-cAMP
(Fig. 3F). These results indicate that exposing sham and OVX myocytes
to the same concentration of intracellular cAMP eliminates differences
in contractions, Ca2+ transients, and EC-coupling gain seen under
basal conditions.

3.3. OVX myocytes have higher SR Ca2+ stores, but this difference is
abolished by H-89 or 8-Br-cAMP

Differences in Ca2+ transients and EC-coupling gain between sham
and OVXmyocytes could be due to changes in SR Ca2+ stores following
ovarian hormone withdrawal. This was examined by measuring caf-
feine transients in voltage-clamped myocytes. Fig. 4A shows represen-
tative caffeine transients recorded in sham and OVX cells under basal
conditions. SR Ca2+ stores were higher in OVX cells in comparison to
sham controls (Fig. 4B). On the other hand, fractional release of SR
Ca2+ (ratio of Ca2+ transient to caffeine transient) did not differ
Fig. 4. SR Ca2+ stores are increased in OVX myocytes in comparison to sham, and either
inhibition of PKA or dialysis with 8-Br-cAMP abolished this difference. The voltage
clamp protocol used in shown in the top panel, and indicates the rapid application of
10 mM caffeine (1 s). A. Example caffeine transients recorded from a sham and an OVX
myocyte. B. SR Ca2+ stores, determined by caffeine transients, were higher in cells from
OVX mice in comparison to sham under basal conditions. Inhibition of PKA with H-89
(2 μM) reduced SR Ca2+ stores in OVX myocytes only, and abolished the basal
difference. Similarly, dialysis of myocytes with 8-Br-cAMP (50 μM) decreased caffeine
transients in OVX cells and removed the difference present under basal conditions. C.
Fractional SR Ca2+ release was similar between sham and OVX under all experimental
conditions. (For basal conditions, n = 15 sham, 25 OVX cells from 7 sham, 12 OVX mice.
For H-89, n = 11 sham, 17 OVX cells from 5 sham, 6 OVX mice. For 8-Br-cAMP, n = 6
sham, 7 OVX cells from 5 sham, 5 OVX mice. * denotes P b 0.05 in comparison to sham
by 2-way ANOVA; † denotes P b 0.05 in comparison to same-group basal; dotted lines
represent basal values).



56 R.J. Parks et al. / Journal of Molecular and Cellular Cardiology 111 (2017) 51–60
between the two groups under basal conditions (Fig. 4C). This indicates
that Ca2+ transients and caffeine transients increased in parallel in OVX
myocytes. To determinewhether OVXmodified SR Ca2+ content via the
cAMP/PKApathway, caffeine transientswere alsomeasured in the pres-
ence of 2 μMH-89. SR Ca2+ storeswere reduced byH-89 in OVX, but not
sham cells, and the basal difference was eliminated (Fig. 4B). Similarly,
SR Ca2+ content was no longer different between sham and OVX
when cells were dialysed with the same concentration of 8-Br-cAMP
(Fig. 4B). Fractional release also was similar in sham and OVX when
cells were exposed to H-89 or 8-Br-cAMP (Fig. 4C). These results indi-
cate that elevated SR Ca2+ content contributes to larger Ca2+ transients
in OVX cells. This difference is regulated by the cAMP/PKA pathway, as
differences between groups were abolished by PKA inhibition or when
cAMP levels were clamped to the same concentration in sham and
OVX cells.
3.4. OVX myocytes exhibit increased production and breakdown of cAMP
and increased AC5 expression

We investigated whether basal differences in SR Ca2+ release be-
tween sham and OVX myocytes were due to higher levels of cAMP in
OVX myocytes. Interestingly, Fig. 5A shows no difference in basal
cAMP levels in unstimulated ventricular myocytes from sham and
OVXmice. To determinewhether the production of cAMPwas increased
in OVX in comparison to sham, cAMP levels weremeasured in the pres-
ence of the AC activator forskolin. Activation of AC (1 μM forskolin) in-
creased intracellular cAMP in OVX myocytes only and resulted in
Fig. 5. Intracellular cAMPdoes not differ between shamandOVX in control conditions, but
OVX may have increased production of cAMP by AC. A. In unstimulated ventricular
myocytes, cAMP levels were similar between sham and OVX. Upon activation of AC with
forskolin (1 and 10 μM), cAMP levels increased more in OVX than in sham cells.
Intracellular cAMP also became higher in OVX in the presence of the non-selective PDE
inhibitor IBMX. (n = 3 sham, 3 OVX hearts in triplicate). B. Quantitative mRNA
expression of AC4, AC6, and AC9 relative to GAPDH was similar in ventricles from sham
and OVX female mice, while OVX ventricles had higher levels of AC5 than sham. (n = 5
sham, 5 OVX hearts. * denotes P b 0.05 in comparison to sham by 2-way ANOVA; †
denotes P b 0.05 in comparison to same-group basal).
higher levels than in sham cells (Fig. 5A). This difference was even
greater with 10 μM forskolin. To determine if AC activity was increased
following OVX, cAMP levels were measured in the presence of the non-
selective PDE inhibitor IBMX (300 μM).While IBMX had no effect on in-
tracellular cAMP levels in sham myocytes, it caused a significant in-
crease in cAMP in OVX cells (Fig. 5A). These results demonstrate that
myocytes from OVX hearts had a greater response to direct AC activa-
tion, and higher cAMP production when all PDE isoforms were
inhibited, in comparison to sham controls. To determine whether in-
creased cAMP production in OVX cells was due to increased AC expres-
sion, we performed quantitative PCR experiments to compare the
expression of various cardiac AC isoforms in ventricles from sham and
OVX mice. Results showed that OVX increased the mRNA expression
of AC5 in the ventricles when compared to sham controls, while AC4,
AC6 and AC9 isoforms were unaffected (Fig. 5B). These data demon-
strate that AC5 expression is increased byOVX. Increased AC activity fol-
lowing withdrawal of ovarian hormones could contribute to larger
contractions and Ca2+ transients.
3.5. PDE4A expression is increased in OVX, but rolipram only affects Ca2+

current in OVX myocytes

To determine if the breakdown of cAMPwas affected by OVX, quan-
titative PCR experiments were performed to examine the expression of
various cardiac PDE isoforms. Interestingly, mRNA expression of PDE4A
was increased in OVX ventricles in comparison to sham, while expres-
sion of PDE 3A, 3B, 4B and 4D did not differ (Fig. 6). To investigate the
impact of this difference in PDE4A expression on EC coupling mecha-
nisms, voltage-clamp experiments were performed in the presence of
the selective PDE4 inhibitor rolipram (10 μM). Ca2+ transients, Ca2+

currents and contractions were measured simultaneously in sham and
OVX myocytes during a test step to 0 mV in the presence of rolipram
as shown in the examples in Fig. 7A. Fig. 7B shows that rolipram had
no effect on contractions in either sham or OVX myocytes (the dotted
lines indicate basal values) and contractions remained larger in OVX
cells than sham. Similarly, rolipram had no effect on peak Ca2+ tran-
sients in either group, and Ca2+ transients remained larger in OVX
cells (Fig. 7C). Rolipram did increase Ca2+ current in OVX cells, so that
Ca2+ currents were significantly larger in OVX than in sham controls
(Fig. 7D). Importantly, rolipram abolished the increase in EC-coupling
gain seen under basal conditions in OVX cells (Fig. 7E), likely because
rolipram increased Ca2+ current in OVX but not sham cells. Interesting-
ly, PDE4 inhibition also abolished the difference in SR Ca2+ content
caused by OVX (Fig. 7F). Rolipram had no effect on diastolic Ca2+ levels
(Fig. 7G). These results demonstrate that withdrawal of ovarian hor-
mones increases expression of PDE4A, which may contribute to alter-
ations in the gain of EC coupling.
Fig. 6.Ventricles fromOVXmice have higher PDE4A expression levels. QuantitativemRNA
expression of PDE3A, PDE3B, PDE4B and PDE4D relative to GAPDH was similar in
ventricles from sham and OVX female mice. OVX ventricles showed higher levels of
PDE4A mRNA in comparison to sham. (n = 3 sham, 3 OVX hearts in triplicate. * denotes
P b 0.05 in comparison to sham by 2-way ANOVA).



Fig. 7. Inhibition of PDE4 in sham and OVX myocytes does not affect contraction, Ca2+

transient or EC coupling gain, but increases Ca2+ current in OVX cells only. The voltage
clamp protocol used is depicted in the top panel. A. Representative contractions (top),
Ca2+ transients (middle) and Ca2+ currents (bottom) obtained from a sham and an
OVX myocyte in the presence of the selective PDE4 inhibitor rolipram (10 μM). B.
Inhibition of PDE4 did not affect contractions in sham or OVX myocytes. C. Similarly,
Ca2+ transients were unchanged in the presence of rolipram. D. PDE4 inhibition
increased Ca2+ current in OVX cells only, resulting in larger current in comparison to
sham myocytes. E. EC coupling gain in sham and OVX was unaffected by rolipram. F. SR
Ca2+ stores are no longer different between sham and OVX in the presence of rolipram.
G. Diastolic Ca2+ levels were similar in sham and OVX cells in the absence or presence
of rolipram. (For contractions, n = 7 sham, 15 OVX cells. For other parameters, n = 12
sham, 23 OVX cells; 8 sham, 7 OVX mice. * denotes P b 0.05 in comparison to sham by
2-way ANOVA; † denotes P b 0.05 in comparison to same-group basal; dotted lines
represent basal values).
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4. Discussion

This study aimed to determine whether female sex steroid hor-
mones modify EC-coupling mechanisms via the cAMP/PKA pathway.
Results show that under basal conditions, removal of ovarian hormones
by OVX caused larger contractions and Ca2+ transients in isolated ven-
tricular myocytes in comparison to sham-operated controls, although
Ca2+ current was unchanged. In addition, EC-coupling gain and SR
Ca2+ stores were higher in OVX myocytes. To investigate contributions
of the cAMP/PKA pathway to these differences in EC-coupling mecha-
nisms, either a PKA inhibitor was used or sham and OVX cells were ex-
posed to the same concentration of intracellular cAMP. In both
experimental settings, differences in contractions, Ca2+ transients,
gain and SR Ca2+ stores were abolished. While intracellular cAMP did
not differ in unstimulated sham and OVX ventricular myocytes, OVX
myocytes responded to either AC activation or PDE inhibition with a
greater increase in cAMP. The expression of both AC5 and PDE4A were
higher in OVX ventricles than sham, while other isoforms were present
at similar levels. When PDE4was selectively inhibited, contractions and
Ca2+ transients remained larger in OVXmyocytes, and in fact, Ca2+ cur-
rent became larger in comparison to sham controls. The increase in gain
and SR Ca2+ content was eliminated with inhibition of PDE4. Overall,
these findings suggest that removal of ovarian hormones disrupts SR
Ca2+ release, in part through dysregulation of cAMP/PKA-dependent
mechanisms. This could be linked to both increased production of
cAMP as well as enhanced breakdown following removal of ovarian
hormones.

This is the first study to simultaneously measure and characterize
various EC coupling components in an OVX animal model; recordings
of Ca2+ transient, Ca2+ current and contraction were made in isolated
cardiomyocytes. We show for the first time that both contractions and
Ca2+ transients were increased by almost 2-fold in OVX than sham
myocytes, even though L-type Ca2+ current was not different. Further,
we have concluded that the increase in EC coupling gain following
OVX results in a dramatic increase in cardiac contraction. Previous stud-
ies have investigated some of these components of Ca2+ handling indi-
vidually and provided evidence for larger Ca2+ transients and higher SR
Ca2+ stores in OVX cells, with no difference in L-type Ca2+ current [10,
12,25,30]. This may differ between species however, as Ca2+ current is
increased following OVX in the rat model [23]. Still, whether these
changes in Ca2+ homeostasis affect cardiac contractile function in OVX
cells has remained controversial [7,10,40,50]. The results of the present
study clearly demonstrate that there is a marked increase in myocyte
contraction alongwith an increase in SR Ca2+ handling and EC-coupling
gain in female mice following removal of ovarian hormones.

Little is known aboutmechanisms involved in Ca2+ dysregulation in
OVX, although there is evidence that OVX enhances Ca2+ flux across
RyR in purified SR vesicles and that this is reversed by PKA inhibition
[25]. A keyfinding fromour study is that PKA inhibition abolished differ-
ences in EC-coupling mechanisms that occur as a result of ovarian hor-
mone withdrawal. Specifically, inhibition of PKA with H-89 abolished
differences in SR Ca2+ release between sham and OVX by greatly de-
creasing peak Ca2+ transients in OVX myocytes. The present study fur-
ther identified a role for PKA in maintaining basal EC-coupling gain and
contraction in OVXmyocytes. In the presence of H-89, these parameters
were no longer larger in OVX than sham myocytes. PKA inhibition re-
duced gain in OVX cells only, which could be partially due to effects
on SR Ca2+ stores. We identified a novel role for PKA in maintaining
basal SR Ca2+ content in OVX myocytes, which we have previously re-
ported is not observed in femalemyocytes [35]. These observations sug-
gest that phosphorylation of key EC-coupling targets by PKA contributes
to larger Ca2+ transients, gain and contractions in female myocytes fol-
lowingOVX. Previous studies have shown an increase in PKAexpression
and activity in OVX, which is reversed with estrogen treatment [23,25].
Together with the results of the present study, these data suggest that
estrogen may suppress the cAMP/PKA pathway and thereby reduce SR
Ca2+ release and attenuate EC-coupling gain.

Our results also show that dialysis of sham and OVX myocytes
with the same concentration of 8-Br-cAMP abolished differences in
EC-coupling between the two groups. Since the PDE-resistant 8-Br-
cAMP analog was used, potential differences in the breakdown of
cAMP by PDE between treatment groups were eliminated and phos-
phorylation of EC-coupling targets by PKA would be expected to be
similar. Our results also found that 8-Br-cAMP abrogated the in-
crease in SR Ca2+ stores caused by OVX. Under our experimental
conditions, we found no significant effect of additional cAMP on SR
Ca2+ content under basal conditions. Interestingly, previous studies
have reported similar results in paced cells following β-adrenergic
stimulation [43,46], although an increase in SR content has also
been observed [21,32] so this is controversial. Together our findings
suggest that activating PKA to a similar extent in sham and OVX
myocytes abolishes differences in SR Ca2+ release and contractile
function that occur following ovarian hormone withdrawal.



Fig. 8. Summary of effects of ovarian hormone withdrawal on EC coupling and
contributions of the cAMP/PKA pathway, shown in an OVX ventricular myocyte relative
to a sham-operated female control. OVX caused larger contractions and Ca2+ transients,
which was not due to a difference in Ca2+ current. Diastolic Ca2+ was unchanged, but
SR Ca2+ stores were higher in OVX than sham, which could contribute to increased SR
Ca2+ release. Although unstimulated cAMP levels were similar between OVX and sham,
the production of cAMP by AC and the breakdown by PDE were enhanced following
OVX. These results strongly suggest alterations in the cAMP/PKA pathway contribute to
the increase in contractile function and SR Ca2+ release in OVX myocytes, and that
increased PDE4A in OVX may be localized to L-type Ca2+ channels.
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Our study found similar basal levels of intracellular cAMP in
myocytes from sham and OVX mice, consistent with earlier observa-
tions in an OVX ratmodel [23]. This findingwas somewhat unexpected,
given that inhibition of PKA abolished differences in EC-coupling in-
duced by OVX. A likely possibility is that removal of ovarian hormones
does not affect total cellular cAMP levels, but instead alters the compart-
mentalization of specific cAMP pools. We found that stimulation of AC
with forskolin (1–10 μM) caused a marked increase in cAMP produc-
tion, which was much greater in OVX than sham myocytes. However,
Kamet al. [23] reported nodifference in cAMP levelswhenACwas stim-
ulated with forskolin (0.1–100 μM) in ventricular myocytes from sham
andOVX rats. These differences in resultsmay reflect the use of rats ver-
sus mice or other experimental differences between our study and the
earlierwork in rats [23]; additional studieswould be of interest. Further,
we showed that cAMP levels were higher in OVX cells after treatment
with the non-selective PDE inhibitor IBMX (300 μM). Thus, when
cAMP cannot be broken down, levels are higher in OVX myocytes,
which suggests that cAMP synthesis may be elevated by OVX. Consis-
tent with this, we showed that OVX caused amarked increase in the ex-
pression of AC5 in the ventricles. As AC5 and AC6 are the two major AC
isoforms present in cardiomyocytes [8,18], an increase in AC5 expres-
sion could account for higher levels of cAMP in OVX cells. This may
also result in increased cAMP levels in AC5-specific compartments, as
AC5 has been previously reported to localize within t-tubules, whereas
AC6 resides outside the t-tubules [47]. Further work is needed to exam-
ine cAMP compartmentalization regulated by AC isoforms, and how this
may be altered by sex steroid hormones. The AC5 gene is predicted to
have two estrogen response elements, and AC6 is predicted to have
one [41]. Whether these response elements are accessible to transcrip-
tion factors and alter transcription of AC genes in response to estrogen is
of interest for future studies. Together, our findings suggest that cAMP
production by AC5 may be increased by ovarian hormone withdrawal
and further, that ovarian hormones may attenuate the production of
cAMP by loweringmRNAexpression of AC5. Thismay be a protective ef-
fect of female sex hormones, as disruption of AC5 is protective against
cardiac stress in cardiomyocytes [34].

A novel finding from our study is that removal of ovarian hormones
in femalemice results in an increase in the expression of cardiac PDE4A.
Thiswould be expected to increase the breakdown of cAMP inOVX ven-
tricles in comparison to sham. Previous studies in male rodents have
identified critical roles for unique PDE isoforms in regulating functional
compartments of cAMPwithin ventricular myocytes [1,2]. For example,
studies in males have found that PDE4B localizes to L-type Ca2+ chan-
nels [26] while both PDE3A and PDE4D have been shown to compart-
mentalize with RyR2 and SERCA2a [1–3,24]. However, PDE4A, among
other cardiac isoforms, has not yet been shown to localize to any specific
component of EC-coupling in male myocytes. Whether the localization
of PDE isoforms previously reported inmale cells also applies to females
is not known. In fact, we have found sex differences in PDE4B expres-
sion, where its expression is higher in ventricles from female mice in
comparison to males [36]. Although the PDE4A gene does not have an
estrogen response element in its promoter, there are several cAMP re-
sponse element-binding protein sites [41]. Therefore, changes in cAMP
production in the OVX heart, such as those reported in the present
study, could increase PDE4A expression via the cAMP response ele-
ment-binding protein [42].

Our present results demonstrate that PDE4 inhibition with rolipram
had no effect on contractions or Ca2+ transients in sham or OVX
myocytes. On the other hand, inhibition of PDE4 increased Ca2+ current
in OVX myocytes only, which resulted in larger Ca2+ currents in com-
parison to sham. To our knowledge, this is the first report of an increase
in Ca2+ current upon inhibition of PDE4, without co-inhibition of other
PDE isoforms. Others have reported no effect of PDE4 inhibition on Ca2+

current, although the sex of the animals used in this studywas not spec-
ified [22]. Nonetheless, this increase in Ca2+ current could be exclusive
to OVX models and could involve a change in compartmentalization of
cAMP. In addition, OVX also increases AC5, which would be expected
to increase cAMP production and could increase peak Ca2+ current
even in the presence of higher levels of PDE4. One report suggests that
the effect of AC5 on Ca2+ current is masked by PDE under basal condi-
tions [47]; our results suggest that PDE4 inhibition has a greater effect
following OVX, possibly due to an increase in the expression of AC5.
Our findings suggest that the increase in PDE4A expression in OVX
hearts is localized to L-type Ca2+ channels, as depicted in Fig. 8. This
would promote the breakdown of cAMP in a compartment near L-
type Ca2+ channels in OVX myocytes and thereby attenuate PKA-de-
pendent phosphorylation of Ca2+ channels. It is possible that this is a
protective adaptation to reduce cAMP/PKA-stimulated Ca2+ entry.
PDE4 inhibition increases SR Ca2+ content in sham cells, potentially
by increasing cAMP levels and increasing SR Ca2+ uptake by SERCA.
By contrast, PDE4 inhibition has no effect on SR content in OVX cells.
This suggests that PDE4 may no longer be involved in the regulation
of SERCA activity following ovarian hormone removal. Additional stud-
ies are necessary to determine the localization of PDE4A and other PDE
isoforms in female myocytes and to evaluate the effects on EC-coupling
mechanisms. It would also be of interest to explore whether removal of
ovarian hormones affects compartmentalization of cAMP.

There are some limitations to the work presented in this study. One
potential limitation to our study is that total cellular cAMP levels were
measured in unstimulated myocytes while the functional studies (e.g.
voltage-clamp experiments) examined paced myocytes. The measure-
ment of total cAMP within cardiomyocytes does not consider differ-
ences that may exist in subcellular localization of cAMP pools, which
is especially important as we have identified sex hormone-mediated
differences in the expression of PDE and AC isoforms. It is also possible
that cAMP levels observed in these unstimulatedmyocytes are not iden-
tical to those in cells being paced. In fact, Na+ entry that occurs upon de-
polarization ofmyocytes has been shown to trigger cAMPproduction [8,
9], which is consistent with this idea. In addition, OVX hearts have
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higher NCX activity, which may remove more Ca2+ from the cytosol
than in sham [25]. This could, in turn, enhance Na+ entry in OVX cells
and further increase AC activation in comparison to sham. Future
studies should examine cAMP levels in paced cells from sham and
OVX animals. An additional possible limitation is that sources of es-
trogen and other sex steroid hormones other than the ovaries were
not considered. While the ovaries are the major source of estrogen,
tissues including adipose tissue, vascular tissue and bone express
aromatase, an enzyme that can convert testosterone to 17ß-estradiol
[45]. In addition, as aromatase is expressed in various tissues includ-
ing the adult rodent heart, it is possible that androgens could be con-
verted to estrogens locally, in the myocardium [4]. It is also possible
that cAMP may activate pathways other than the PKA pathway to af-
fect EC-coupling mechanisms. For example, ePAC (exchange protein
directly activated by cAMP) or NOS (nitric oxide synthase) [37] are
known to be activated by cAMP and may also differ between OVX
and sham cardiomyocytes. Finally, we investigated PDE and AC iso-
forms as well as cAMP production in sham and OVX females, but
have not done a male-female comparison. These are important
areas for further investigation.

Clinical observations have identified an increase in the risk of cardio-
vascular disease in post-menopausal women [6,14,16], which could be
due to the loss of ovarian hormones. We have clearly shown that ovar-
ian hormone withdrawal directly affects intracellular Ca2+ regulation
and cardiac contractile function. We have also shown that this is medi-
ated, at least in part, by effects on SR Ca2+ release that aremodulated by
the cAMP/PKA pathway following ovarian hormone withdrawal. Our
results highlight a critical role for estrogen in attenuating SR Ca2+ re-
lease and reducing the gain of EC-coupling and suggest that this effect
of estrogen may be mediated by the cAMP/PKA pathway. Our results
specifically indicate that estrogen may inhibit both the production and
breakdown of cAMP. Compartmentalization of these effects via localiza-
tion of PDE isoforms could have selective effects on Ca2+ currents and/
or Ca2+ transients. Changes in the production and breakdown of cardiac
cAMP following the loss of ovarian hormones could heighten responses
to stimulation of the cAMP/PKA pathway via the sympathetic nervous
system,which could increase SR Ca2+ release in situations of higher car-
diac demand. Elevated SR Ca2+ release and higher SR Ca2+ content
would increase the risk for Ca2+ overload in cardiomyocytes, which is
known to contribute to cardiovascular disease [48]. Indeed, the loss of
ovarian hormones may increase the risk of developing diseases such
as Takotsubo cardiomyopathy and arrhythmias in older women [38,
39] by enhancing cAMP/PKA-dependent SR Ca2+ release. Overall, this
study contributes important translational knowledge towards under-
standing how ovarian hormones regulate specific subcellular cardio-
myocyte mechanisms, and how changes in hormone levels may
promote pathological conditions in older women.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.yjmcc.2017.07.118.
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