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Increased PKA activity and its influence on isoprenaline-stimulated
L-type Ca®*" channels in the heart from ovariectomized rats
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"Department of Physiology, Faculty of Medicine, the University of Hong Kong, Pokfulam, Hong Kong SAR, China

1 We previously showed that oestrogen confers cardioprotection by downregulating the cardiac f;-
adrenoceptor (f;-AR). The present study examined the effect of oestrogen on the post f;-AR
signalling cascade, with particular emphasis on the activity of protein kinase A (PKA) and its
influence on the L-type Ca*" channel.

2 Three groups of adult female Sprague—Dawley rats were used: sham-operated controls, bilaterally
ovariectomized (Ovx) rats, and Ovx rats with oestrogen replacement (Ovx + E,), which restored the
oestrogen concentration to normal.

3 The electrically induced intracellular Ca®* transient (E[Ca2*];), **Ca®* -uptake through cardiac L-
type Ca®>* channels (Ca®>" channels), heart rate and force of contraction in response to S-AR
stimulation with 10 nM isoprenaline (Iso) in hearts from Ovx rats were significantly greater than those
of control and Ovx + E, rats. The basal and Iso-induced PKA activities were also higher in hearts
from Ovx rats. KT5720, a selective PKA inhibitor, completely inhibited its potentiating effect on basal
Ca?* channel activity in the Ovx rat heart. On the other hand, expression of G proteins (G, and
G,i1_3), basal and forskolin-stimulated cAMP accumulation, and responsiveness of PKA to cAMP,
were not altered by Ovx.

4 Interestingly, the PKA inhibitor at the same concentration significantly reduced the increases in
PKA activity and Ca®* channel activity upon B-AR stimulation in all three groups of rats and the
inhibitions were significantly greater in the Ovx rat than in the other two groups of rats.

5 This study provides the first evidence that, in addition to downregulation of f#;-AR shown previously,
suppression of PKA activity, which is partly responsible for the suppressed Ca>* channel activity, also
determines the E[Ca®*]; and cardiac contractility following f-AR stimulation in the female rat.
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Introduction

In 1980, Ciric and Susic observed that isoprenaline (Iso), a
p-adrenoceptor ($-AR) agonist, affects heart rate to different
extents in female rats in different phases of the estrous cycle,
and in ovariectomized rats with and without oestrogen
replacement. These observations suggest that oestrogen
regulates the cardiovascular system through modulation of
p-AR in the heart. It was also found that oestrogen deficiency
produced by ovariectomy (Ovx) causes upregulation of f5;-AR,
an effect restored to the normal level by oestrogen replacement
(Thawornkaiwong et al., 2003). This result suggests that
oestrogen suppresses the expression of cardiac f;-AR.
Recently, we extended this finding by demonstrating that
incubation of ventricular myocytes from Ovx rats with 107" M
17p-estradiol for 24 h, which suppressed the enhanced expres-
sion of f;-AR, was accompanied by cardioprotection against
Iso-induced ischaemic insult, whereas incubation of ventricular
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myocytes with 17f-estradiol for 12h neither suppressed the
expression of ff;-AR nor conferred cardioprotection against
ischaemic insult and B-AR stimulation. These observations
were taken to indicate that the cardioprotective effect of
oestrogen is due, at least partly, to downregulating §;-AR in
the rat heart (Kam et al., 2004). Studies in other laboratories
have shown increased activity and overexpression of the
cardiac L-type Ca’" channel (Ca?" channel) in oestrogen
receptor o (ERoa)-knockout mice (Johnson et al., 1997). In
addition, altered Ca®" sensitivity of cardiac myofilaments in
ovariectomized rats has been observed (Wattanapermpool,
1998). However, the influence of oestrogen on events down-
stream from the cardiac f;-AR signalling mechanism leading
to changes in Ca?" channel activity is not yet understood.
The sympathetic nervous system is one of the most
important extrinsic mechanisms regulating cardiac function,
mainly through activation of -AR. There are three f-AR
subtypes, namely f3;-, f>- and f3-ARs. The roles of ff;- and f3,-
ARs are reasonably well defined; both are involved in
contractile functions and apoptosis via different signalling
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mechanisms (see Xiao et al., 2004). f;-AR is found in human
and murine heart and its role is not well understood other than
a negative inotropic action (see Conrath & Opthof, 2003).
Stimulation of the f,-AR subtype increases developed
contraction (inotropy) and accelerates relaxation (lusitropy)
by activating the GTP-binding protein (G,)/adenylyl cyclase
(AC)/cAMP/protein kinase A (PKA) pathway (Bers, 2002).
PKA phosphorylates several key regulatory proteins in
excitation—contraction (E-C) coupling; its inotropic effect is
mainly mediated through phosphorylation of the Ca**
channels and thus increases the peak L-type Ca®*t current
(Io). This causes more Ca’?* release during excitation
(Beuckelmann & Wier, 1988; Nabauer et al., 1989; Sperelakis
& Wahler, 1998), which in turn increases the developed
contraction. Recently, it has also been shown that stimulation
of f,-AR also increases cAMP and PKA, leading to increased
I, via Ca®>* channels (Yatani et al., 1999). On the other hand,
it has also been suggested that f-AR stimulation may increase
the I, via a PKA-independent activation of Ca>* channels
(Yatani & Brown, 1989; Yatani et al., 1999).

In a preliminary study, we determined the effect of
oestrogen on the expression/activity of the intermediates in
the G,,/AC/cAMP/PKA pathway and found that the expres-
sion of G, and G,; and cAMP accumulation were the same in
the hearts from control, Ovx, and Ovx + E, rats. On the other
hand, the basal PKA activity was increased in hearts from Ovx
rats. We therefore hypothesized that oestrogen might suppress
PKA activity, thus decreasing Ca®* channel activity and
thereby reduce the cardiac response to f-AR stimulation.

To test this hypothesis, we first determined the effect of f3-
AR stimulation with Iso on PKA activity. Secondly, we
determined the effect of PKA blockade on basal and Iso-
stimulated Ca®™ channel activity in the hearts from sham-
operated control, Ovx, and Ovx + E, rats. The main finding
was that Iso-induced PKA activity and Ca®* channel activity
were significantly higher in the hearts from Ovx rats. This was
accompanied by significantly greater increases in the electri-
cally induced intracellular Ca®* transient (E[Ca®*];), and
cardiac contractility in hearts from Ovx rats over those
from control and Ovx+E, rats. So, besides suppressing
p1-AR expression as observed in our previous study
(Kam et al., 2004), oestrogen also suppressed PKA activity,
thus decreasing Ca>* channel activity in response to f-AR
stimulation in the heart.

Methods
Experimental animals

Female Sprague-Dawley rats weighing 190-210g were pur-
chased from Charles River Breeding Laboratories (Wilming-
ton, MA, U.S.A.) and randomly divided into two groups. One
group underwent sham operation and served as normal
control. The other group underwent bilateral Ovx (Kam
et al.,2004). A dorsal midline skin incision was made caudal to
the posterior border of the ribs. Using blunt dissection, the
muscles of the posterior abdominal wall were separated and
the abdominal cavity opened. The periovarian fat was gently
grasped with forceps to lift and exteriorize the ovary, which
was then removed. The uterine horn was returned into the
abdomen, and the process was repeated on the other side. At 1

week after Ovx, a subgroup of the rats (Ovx+E,) was
subcutaneously implanted with a 60-day release pellet
containing 1.5mg of 17f-estradiol (Innovative Research of
America, Toledo, OH, U.S.A.). These pellets maintain
oestrogen concentration within the physiological range. All
surgical procedures were performed under anaesthesia with
sodium pentobarbital (60mgkg™", i.p.; Abbott Laboratory,
Chicago, U.S.A.).

The protocol was approved by the Committee on the Use
of Experimental Animals for Teaching and Research, The
University of Hong Kong.

Cardiac membrane preparation

Cardiac membrane was prepared from the left ventricle as
previously described (Yu et al., 2001) with some modification.
The rats were anaesthetized with sodium pentobarbitone
(60mgkg™ ip.) and given heparin (2001U, i.v.) before
decapitation by guillotine. The heart was excised rapidly and
mounted on the Langendorff apparatus. The heart was
perfused with saline (0.9% NaCl) for Smin to wash out all
the blood. The isolated left ventricle was minced into small
pieces in homogenization buffer containing 20 mM Tris-HCI,
pH 7.5, SmM MgCl,, ImM EGTA, 1mM DTT, and 0.4mMm
PMSF. The minced left ventricle was homogenized with
Polytron PT 35 homogenizer for 30s. The rest of the isolating
procedure was the same as described by Yu er al. (2001).
The final pellet was dispersed with a Polytron in 400 ul of
the membrane buffer. The resuspended pellets were stored at
—80°C until use. The protein content was determined as
described previously (Lowry et al., 1951).

Western blotting analysis

In all, 60 ug of membrane protein from the left ventricle was
diluted in loading buffer (130mMm Tris-HCI, pH 8.0, 20%
(vv™!) glycerol, 5% (wv~') sodium dodecyl sulphate (SDS),
0.02% bromophenol blue, 2% DTT) and denatured for 5min
at 95°C. Samples were separated by 12% polyacrylamide gel
electrophoresis in the presence of SDS and then electrophor-
etically transferred onto polyvinylidene difluoride membrane
at 100V for 1.5h. The membrane was then incubated with
anti-G,,, anti-G,; , and anti-G,;; (each at 1:1000) overnight at
4°C. After three 10-min washes in TBST (Tris-buffered saline,
pH 7.4, 0.1% Tween-20) solution, HRP-linked anti-rabbit IgG
at a dilution ratio of 1:1000 was used as secondary antibody
and incubated for 1 h at room temperature, followed by three
10-min washes in TBST solution. Protein bands were detected
using an enhanced chemiluminescence detection system and
visualized by autoradiography. Densitometric analysis was
conducted using the Syngene CCDBIO acquisition system and
its analysis software (Hitachi Genetics System, Alameda, CA,
US.A).

Isolated perfused heart preparation

Rats were anaesthetized with sodium pentobarbitone
(60mgkg™' i.p.) and given heparin (200IU, i.v.) before
decapitation by guillotine. The heart was removed imme-
diately, mounted on a Langendorff apparatus and
perfused retrogradely with Krebs—Henseleit solution (in mM:
NaCl 118, KCI 4.7, CaCl, 1.25, KH,PO, 1.2, MgSO,
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1.2, NaHCO; 25, and glucose 11) equilibrated with 95%
0,+5% CO, at a constant pressure of 80cm H,O and
temperature of 37°C.

A balloon inserted through the left atrium into the left
ventricle was inflated by injecting 0.1 to 0.2ml of saline to
adjust the end-diastolic pressure to 6-10mmHg. Cardiac
parameters were monitored continuously by a PowerLab/
4SD analog-to-digital converter (AD Instruments, Castle Hill,
Australia).

Isolation of ventricular myocytes

Ventricular myocytes were isolated from the hearts of control,
Ovx, and Ovx+E, rats, using the collagenase perfusion
method described previously (Wu et al., 1999). After isolation,
they were allowed to stabilize for at least 30min before
experiments.

Measurement of [Ca’™ ],

A spectrofluorometric method with Fura-2/AM as the Ca>*
indicator was used to load cells and measure [Ca’*]; as
previously described (Wu et al., 1999). The myocytes selected
for the study were rod shaped and quiescent with clear
striations. They exhibited asynchronous contraction in re-
sponse to 0.2 Hz electrical field stimulation with 15 ms pulse at
60 V through two platinum wires in the bathing chamber. The
myocytes were superfused with a Krebs—bicarbonate buffer
containing (in mM) 118 NaCl, 5 KCl, 1.2 MgSO,, 1.2 KH,PO,,
1.25 CaCl,, 25 NaHCOs;, and 11 glucose and a gas phase of
95% 0,-5% CO,, pH 7.4 throughout the study. After 15 min
of stabilization in the bathing chamber, a single ventricular
myocyte was selected. The changes in E[Ca®*]; was recorded
for 10min, which constituted the basal [Ca®>*]; transient in
response to electrical stimulation. Afterwards, the perfu-
sate was changed to various Krebs—bicarbonate buffer
containing different concentrations of Iso and the recording
was continued for another 5-10min to ensure that equili-
brium with Iso had been reached. Fluorescence signals
obtained at excitation wavelengths of 340nm (Fi4) and
380nm (F3g) were recorded and stored in a computer for
subsequent processing and analysis. The Fsy/Fsg ratio
represented cytosolic [Ca®*]; in the ventricular myocyte. The
E[Ca®"];, which represents the influx of Ca’" via Ca®"
channels and the release of Ca’" from the sarcoplasmic
reticulum triggered by the Ca®* influx, is directly correlated
with cardiac contraction in the experimental conditions of the
present study (Yu et al., 1999).

Measurement of “Ca’* uptake

Freshly isolated cells (2 x 10°ml~!) were equilibrated for
5-10min at room temperature (22°C) in MEM solution,
where the concentration of Ca®* was gradually increased to
0.1 mM. In all, 100200 ul aliquots were placed in plastic tubes
containing 1-2ml of solution A (in mM): NaCl 140, KCl 5,
MgCl, 1, CaCl, 0.1 (**CaCl, 2 uCiml~") and HEPES-Tris 20
(pH 7.4; 22°C). The cell suspension (2x 10*ml~!) was
incubated for 2-20min at room temperature. A specific
inhibitor of L-type Ca?* channels, nitrendipine (10 uM), a
highly selective f;-AR antagonist, bisoprolol (1 uM) (McGavin
& Keating, 2002), and a selective inhibitor of PKA, KT5720

2 uM) (Kase et al., 1987; Haikala et al., 1997; Kiehn et al.,
1998) were added to the cell suspension along with Iso. The
incubation mixture was rapidly filtered through Whatman
GF/C filters and washed three times with 4ml of washing
solution containing (in mM): NaCl 140, HEPES-Tris 10 (pH
7.4), and EGTA 0.05. After washing, the GF/C filters were
added to 10ml of scintillation cocktail and left for 40 min
(Universal LSC cocktail for aqueous samples, Sigma, St Louis,
U.S.A.). The radioactivity was then measured in a scintillation
counter (LS 6500, Beckman).

Iso increased the #*Ca’* uptake in a concentration-
dependent manner and 1uM of the drug exerted a maximal
effect (Figure 1a). Both basal and 1 uM Iso-stimulated *Ca**
uptake in solution A were linear from 2 to 10 min (Figure 1b).
Since the linear part of the curve reflects the rate of **Ca®*
uptake, we chose the 5min point to evaluate the rate of **Ca**
uptake. In all subsequent experiments, the basal Ca>* channel
activity was defined as the difference between the basal rates of
Ca?* uptake in the presence and absence of 10uM
nitrendipine, a specific blocker of **Ca’** uptake through
Ca’* channels (Lubic er al, 1994). Iso-stimulated Ca®*
channel activity was defined as the difference between the
rates of *Ca®* uptake in the presence of 1uM Iso with/
without 10 uM nitrendipine. A similar experimental protocol
was used for determining Ca>* channels activity and Iso-
stimulated Ca®* channel activity in myocytes from sham, Ovx,
and Ovx + E, rats.
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Figure 1 Effects of Iso on **Ca’* uptake in ventricular myocytes
from control rats. (a) Concentration-related effects. (b) Time-
dependent changes. Values are mean+s.e.m. of four independent
experiments. * P <0.05 vs control. **P <0.01 vs control.
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cAMP assay

cAMP content was determined as described previously (Bian
et al., 2000). Briefly, 3 x 10° isolated myocytes were placed in
wells to which different concentrations of forskolin were added
and incubated for 10 min at 37°C. At the end of the treatment,
cAMP was extracted and stored at —20°C for subsequent
assay. Protein content was determined by Lowry’s method
(Lowry et al., 1951), and the intracellular cAMP content was
measured with an assay kit (TRK 432; Amersham Interna-
tional, U.K.) according to the manufacturer’s recommended
protocol.

PKA activity

PKA activity was measured with a commercially available
assay kit from Calbiochem®, using the manufacturer’s
recommended protocol. Briefly, left ventricular myocytes were
sonicated in ice-cold extraction buffer and centrifuged at
14,000 x g for Smin. PKA activity was measured by the
incorporation of **P from 7**P-ATP into Kemptide, the
specific synthetic substrate for PKA. PKA sample (5 ul) was
added to the reaction buffer and incubated at 30°C for 10 min
and the reaction was stopped with 8 M guanidine hydrochlor-
ide. The mixture was transferred to a centrifugal ultrafiltration
unit and washed three times with the buffer. The sample
reservoir of the unit was then transferred to a scintillation vial
with 10 ml of scintillation cocktail (Universal LSC cocktail for
aqueous samples, Sigma). The radioactivity in the sample
reservoir was measured in a scintillation counter (LS 6500,
Beckman).

To study the effects of Iso on PKA activity, myocytes were
incubated with 100 nM of Iso in the presence/absence of 1 uM
bisoprolol for 10min in serum-free DMEM with 0.5mM 3-
isobutyl-L-methylxanthine (IBMX) followed by sonication in
ice-cold extraction buffer and centrifugation as described
above. PKA activity was measured without exogenously added
cAMP, using the manufacturer’s recommended protocol.

To study the effect of cAMP on PKA activity, SuM of
cAMP was added to the cellular extracts. The PKA activity
was then measured according to the manufacturer’s recom-
mended protocol. The cAMP-induced increase in PKA activity
was defined as the difference between the PKA activities in the
presence and absence of 5 uM exogenously added cAMP.

Serum oestrogen level
Blood samples were collected from the rats after decapitation

and serum E, levels were measured using the solid-phase '*I
radioimmunoassay technique (Diagnostic Research Labora-

Table 1 General feature of experimental animals

tory, U.S.A.) according to the manufacturer’s instructions. In
addition to serum oestrogen level, the body weight/heart
weight ratio was calculated as an idex of oestrogen depletion
after Ovx.

Drugs and chemicals

Forskolin, type-1 collagenase, nitrendipine, anti-G,,, anti-
G,1», and anti-G,; antibodies were from Sigma-Aldrich, St
Louis U.S.A. Bisoprolol was from Tocris Cookson Ltd,
Bristol, UK. *Ca’* (74MBq, 24mCiml™") was from
Amersham Pharmacia, Buckinghamshire, U.K. KT5720 was
from Calbiochem, Darmstadt, Germany. HRP-conjugated
anti-rabbit secondary antibody was from Santa Cruz Ltd,
CA, US.A. The ECL detection kit was from Amersham
Pharmacia. All drugs were dissolved in de-ionized H,O or
Krebs solution except forskolin, which was dissolved in
DMSO. The final concentration of DMSO was <0.01%,
which itself had no effect on the heart.

Statistical analysis

Data were expressed as mean +s.e.m. Two-way ANOVA with
post hoc test was used to determine differences among multiple
groups. The nonparametric Kruskal-Wallis test was used to
analyse drug effects. Computer-assisted nonlinear regression
analysis for sigmoidal dose-responses was used to determine
ECsy (GraphPad Prism 3). A difference of P<0.05 was
considered statistically significant.

Results
General features of experimental animals

At 6 weeks after Ovx, the rats had significantly reduced serum
oestrogen levels accompanied by a significant increase in body
weight. These changes were reversed in oestrogen-treated
animals, with the exception of the heart/body weight ratio,
which was significantly reduced in Ovx rats, but was not
restored by oestrogen replacement (Table 1).

Buasal PKA and Ca®* channel activity, cAMP
accumulation, and expression of G-proteins in the heart

from control, Ovx, and Ovx + E, rats

Basal PKA activity was significantly greater in myocytes from
Ovx rats than in those from controls (1.474+0.28 vs
0.84+0.26pmol P; (mg protein)”' min~'), and the increase
was reversed by oestrogen replacement (Figure 2a). The PKA

Body weight (g)

Female (8) 263+8.4
Ovx (8) 336+8.6"
Estrogen replacement (9) 265+13.5

Heart weight (g)

0.94+0.03
1.004+0.03

0.82£0.04

% Heart/body weight Serum oestrogen (pgml™')

0.36+£0.002 66+12.3
0.29+0.012" 17+4.17
0.31+£0.01" 80+4.2

Each value represents the mean +s.e.m. The figures in parentheses indicate numbers of animals.

*P<0.05 vs sham group.
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Figure 2 Enzymatic activity of PKA in ventricular myocytes from
control, Ovx, and Ovx + E, rats. (a) PKA activity. The activity of
PKA was measured with/without added cAMP (5 um) (b) cAMP-
induced activity. The cAMP-induced PKA activity was defined as
the difference in PKA activity with and without 5 uM cAMP. Values
are expressed as mean +s.e.m. of triplicate measurements from three
hearts in each group. *P <0.05 vs control group.

activity was markedly increased by challenge with 5 uM cAMP,
in agreement with the previous observation (Pearson & Kemp,
1991). Interestingly, the cAMP-induced increase in PKA activity
was the same among the three groups (Figure 2b), so the
treatment did not change the responsiveness of PKA to cAMP.

The basal Ca>* channel activity was significantly higher in
myocytes from Ovx rats than that of controls (0.11+0.0031 vs
0.069+0.0026 nmol (10°cells)™' min~') and the effect was
reversed by oestrogen replacement (Figure 3b). Blockade of
PKA with a selective inhibitor, KT5720 at 2 uM, a concentra-
tion shown in our lab to exert the maximal inhibitory effect,
completely abolished the increase in basal Ca>* channel
activity in myocytes from Ovx rats without affecting the
activity in myocytes from the other two groups. This indicates
that a higher basal activity of PKA in myocytes from Ovx rats
is responsible for the increased basal Ca?* channel activity.

There was no difference in the basal cAMP accumulation
among all three groups (Figure 4a). Nor was there any
difference in their response to forskolin over the range from
1077 to10~*M (Figure 4b). So, the greater basal PKA activity
in the hearts of Ovx rats was not due to a higher basal cellular
cAMP concentration.

Figure 5a shows the sum of 45 and 52 kDa peptides detected
by antibody to G,,. Bands migrating at 40 and 41 kDa detected
by antibodies to G,;;_» and G,;; are shown in Figure 5b and c,
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Figure 3 Ca’" channel activity in ventricular myocytes of control,
Ovx, and Ovx + E, rats — effect of PKA blockade. (a) **Ca®* uptake
by ventricular myocytes from control rats. Basal Ca>* channel
activity was defined as the difference between basal **Ca’* uptake in
the absence and presence of 10 uM nitrendipine, a selective L-type
Ca®* channel blocker. A similar experimental protocol was used for
determining Ca’" channel activity in myocytes from the other
groups of rats. (b) Basal Ca?* channel activity. (c) Effects of
KT5720 (2 uM), a selective inhibitor of PKA, on basal Ca’* channel
activity (activity in myocytes from control rats expressed as 100%).
Values are mean +s.e.m. of four independent experiments. * P <0.05
vs control and Ovx + E, groups.

respectively. The amounts of G,,, G,;1_», and G,;; proteins did
not significantly differ among the three groups, so the higher
basal PKA activity in the heart of Ovx rats was not due to
changes in expression of G-proteins.

Effect of B-AR stimulation with Iso on PKA and Ca®™"
channel activity, E[Ca’™ ], and contractile functions
in the hearts from control, Ovx, and Ovx + E; rats

To test the hypothesis that the female sex hormone suppresses
cardiac responses to f-AR stimulation with Iso by suppressing
PKA, we first determined the PKA activity following -AR
stimulation in all three groups of rats. Iso significantly

British Journal of Pharmacology vol 144 (7)
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Figure 4 Basal and forskolin-induced cAMP content in ventricular
myocytes of control, Ovx, and Ovx+E, rats. (a) Basal cAMP
content and (b) concentration-related effect of forskolin. Cells were
challenged with 100 nM to 0.1 mM forskolin for 10 min and cAMP
was extracted and measured. All measurements were made in the
absence of phosphodiesterase inhibitor. Values represent mean+
s.e.m. of triplicate determinations from 3 hearts in each group.
*P<0.05 vs corresponding value in the control group.

increased the PKA activity in all groups and the increase was
significantly greater in the hearts of Ovx than in those of sham
and Ovx+E, rats (Figure 6a). In the presence of 1uM
bisoprolol, a specific ;-AR antagonist, the PKA activity
was reduced by 80%, confirming a receptor-mediated action
(Figure 6b). This increased PKA activity may be responsible
for the greater cardiac response to -AR stimulation in Ovx
rats. The Iso-stimulated PKA activity in Ovx rats was
1.17 pmol P; (mg protein)™' min™' higher than in the control
rats (Figure 6¢), a much greater increase than that in basal
PKA activity (0.67 pmol P; (mg protein~') min~—') shown in
Figure 2a, so the significantly higher Iso-stimulated PKA
activity in Ovx rats cannot be accounted for by the greater
basal PKA activity.

Iso-stimulated Ca®* channel activity was concentration-
dependent and antagonized by 1 uM bisoprolol (Figure 7b).
This antagonist shifted the ECsy for Iso from 42.5nM to
2.1 uM, indicating a f8;-AR-mediated effect on **Ca®* uptake
through Ca®* channels. The Iso-stimulated Ca®* channel
activity in the heart of Ovx rats was much greater than those of
the other two groups (Figure 7c). In addition, the increment
was 0.22nmol (10°cells)™' min~! over that of the control, a
value much greater than the difference (0.041 nmol (10 cells) ™"
min~") in basal Ca®* channel activity between Ovx and control
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Figure 5 Western blotting analysis of G, and G, _; in the
membrane fraction of left ventricles. (a) G,, protein, (b) G,
protein, and (c) G,; protein. Upper panels show representative
Western blots for the respective proteins. Each lane represents the
sample from one heart. Lower panels show quantified data. Values
represent mean +s.e.m. of six independent experiments.

rats (Figure 3b), showing that -AR stimulation elicits an
increase in Ca®* channel activity that cannot be accounted for
by greater basal activity.

To determine whether the differences in the effects of f-AR
activation on Ca®* channel activity were PKA-dependent, we
measured the effect of KT5720, which significantly reduced the
Iso-stimulated **Ca’* influx via Ca’" channels (Figure 8a).
The degree of inhibition was significantly greater in myocytes
from Ovx rats than in those from the other two groups,
indicating a greater influence of PKA on Ca’* channels
(Figure 8b).

Iso (1 nM—10 uM) concentration dependently increased the
E[Ca’"]; in cardiac myocytes from all groups of rats
(Figure 9b). The maximum responses of myocytes from
control, Ovx, and Ovx+E were 196426, 225431, and
187+ 36%, respectively. The corresponding ECs, values were
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Figure 6 Effect of Iso on enzymatic activity of PKA in ventricular
myocytes from control, Ovx, and Ovx + E rats. (a) Iso-stimulated
PKA activity, (b) Iso-stimulated PKA activity in the presence of
bisoprolol (1 uM), and (c) Iso-stimulated PKA activity. The Iso-
stimulated PKA activity is defined as the difference in PKA activity
with/without Iso preincubation in the absence/presence of bisopro-
lol, respectively. Values are expressed as mean+s.e.m. of triplicate
measurements from three hearts in each group. *P<0.05 vs
corresponding values without Iso. #P<0.05 vs corresponding values
with Iso.

24840.09, 514+0.16, and 267 +0.05nM. Over a concentration
range from 10nM to 1uM Iso, the percentage increase in
E[Ca’T]; was significantly higher in myocytes from Ovx rats
than those from the other two groups and there was no
significant difference between those from control and Ovx + E,
rats. So, f-AR stimulation in Ovx rats causes a significantly
higher Ca®* release during E-C coupling, which may in turn
increase contraction.

As in the case of E[Ca®"];, which is directly correlated to
contraction (Yu et al., 1999), 10nM of Iso significantly
increased heart rate, LVDP, and +dp/df,., in all three groups
and the increase over baseline was significantly greater in Ovx
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Figure 7 Effects of Iso on Ca?* channel activity in ventricular
myocytes from control, Ovx, and Ovx + E, rats. (a) Effects of Iso on
“Ca®* uptake in ventricular myocytes from control rats. The
activity of the Iso-stimulated L-type Ca>* channel was defined as
the difference between Iso-stimulated *°*Ca®™ uptake in the absence
and presence of 10 uM nitrendipine. A similar experimental protocol
was used for determining Ca®>* channel activity in myocytes from
the other groups of rats. (b) Concentration-related effect of Iso on
4Ca’* uptake in the presence and absence of 1uM bisoprolol, a
selective f-AR antagonist. (c) Effects of Iso on Ca®* channel
activity in ventricular myocytes from control, Ovx, and Ovx+E,
rats. Values are mean+s.e.m. of four independent experiments.
*P<0.05 vs control and Ovx + E, groups.

than those in sham and Ovx+ E, rats (Table 2), indicating
significant higher excitation and contraction, and faster
relaxation in the hearts from Ovx rats.

Discussion

There is compelling evidence for oestrogen-mediated modula-
tion of G-protein coupled receptors (GPCR) in the reproduc-
tive system (Roberts et al., 1977; Maggi et al., 1988; Pinto et al.,
1997). A previous study from our laboratory showed that 17f-
estradiol confers cardioprotection by inhibiting f;-AR expres-
sion and the accumulation of cAMP after f;-AR activation
(Kam et al, 2004). In the present study, we further
demonstrated that f-AR stimulation with Iso led to signifi-
cantly greater increases in PKA activity, **Ca’" uptake
through Ca®>* channels E[Ca®"];, heart rate and contractility
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Figure 8 Iso-stimulated L-type Ca®" channel activity in ventricular
myocytes from control, Ovx, and Ovx+ E, rats — effect of PKA
blockade with KT5720. (a) Effects of Iso on Ca>* channel activity in
the absence (left) and presence (right) of KT5720 (2uM) in
ventricular myocytes from control, Ovx, and Ovx + E, rats. The
value in the myocytes from control rats was expressed as 100%. (b)
Inhibition of Iso-stimulated Ca®?" channel activity by KT5720
(defined as the difference in the presence and absence of KT5720).
Values are mean +s.e.m. of four independent experiments. *P <0.05
vs control and Ovx + E, groups.

in the hearts of Ovx rats than in those from controls, and these
responses were restored to normal by oestrogen replacement.

The most important finding of the present study was that
the basal PKA activity was much higher in the hearts of Ovx
rats than in controls, an effect reversed by oestrogen
replacement. The increased basal PKA activity is responsible
for a greater Ca®>* channel activity since blockade with its
selective inhibitor, KT5720, completely abolished the effect.
The higher PKA activity is not due to altered expression of G-
proteins, or cAMP accumulation, or responsiveness of PKA to
cAMP, as we found no change in the expression of G-proteins,
or cAMP accumulation, or cAMP-induced PKA activity in the
hearts from sham, Ovx, and Ovx + E, rats. Following -AR
stimulation with Iso, PKA activity increased to a significantly
greater extent in the hearts from Ovx rats than in the hearts of
the other two groups of rats, and was accompanied by a
significantly greater increase in Ca®" channel activity,
indicating a causal relationship. This greater increase in PKA
activity cannot be accounted for by higher basal activity.
Rather it is due to an increased influence from the f,-AR,
which is upregulated in the heart of Ovx rats, as reflected by a
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Figure 9 Concentration-related effects of Iso on E[Ca’*]; in
ventricular myocytes from control, Ovx, and Ovx+E, rats. (a)
Representative traces showing the effect of 100nM Iso and (b)
concentration-response curve. Y-axis represents percentage of
maximal effect. The effect of 10 uM Iso stimulation on E[Ca’®*]; in
sham rats was taken as 100. Values are mean+s.e.m. N = 15-24 cells
from three different rats in each group. *P<0.05 vs corresponding
value in the control group.

greater cCAMP accumulation in response to $-AR stimulation
(Kam et al., 2004). So the oestrogenic environment down-
regulates the f,-AR and suppresses PKA activity. The
suppressed PKA activity in turn reduces Ca>* channel activity
and associated cardiac functions.

In cardiomyocytes, Ca’* flux through the Ca?* channel
triggers Ca’>* release from sarcoplasmic reticulum, leading to
contraction, which is modified by sympathetic stimulation.
The Ca’?™ influx is potentiated by PKA-catalysed phosphor-
ylation of the a;c and f,, subunits (Gao et al., 1997; Kapiloff,
2002). Since the basal PKA activity in the hearts of Ovx rats
was significantly higher than in the other two groups, the basal
conductance of Ca®>* channels would be expected to be higher.
Indeed, our experiments demonstrated a 64% elevation. This
increment was a function of PKA activity, since KT5720, at a
concentration known to maximally inhibit it, restored the
channel activity to normal in myocytes from Ovx rats.
Previous studies reported that both the expression and activity
of Ca®* channels are significantly increased in ERo knockout
mice (Johnson et al., 1997), and that oestrogen replacement
suppresses both the expression and activity of cardiac Ca*™"
channels in the Ovx rabbit (Patterson ef al., 1998). We recently
also observed that the number of L-type Ca®* channels in left
ventricular myocytes from Ovx rats was much higher than in
those from control and Ovx+E, rats (Kam & Wong,
unpublished data). Based on these observations, we believe
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Table 2 Cardiac variables in control, Ovx, and
Ovx +E, groups

Variables Baseline  Isoprenaline Fold-increase
(107°m)
LVDP (mmHg)
Con 12149 162+ 11 1.3+£0.7
Ovx 181+12%  452423% 2.5+0.6%
Ovx +E, 116+8 164+12 1.4+0.4
LVEDP (mmHg)
Con 10+1.4 11+1.6 1.1+0.2
Ovx 11+2.1 10.6+1.8 0.9+0.1
Ovx +E, 10+1.8  123+19 1.2+0.3
+dp/dt,,.. (mmHg/s)
Con 2137472 4274483 2402
Ovx 2991+ 65* 8973 +96* 34+0.3*%
Ovx +E, 2230+71 4727475 2.1+0.3
7dp/dtmu.\‘ (mmHg/S)
Con 1659+47 3318476 240.2
Ovx 2654+36* 8492+101*  3.24+0.3*
Ovx +E, 1780438 4094165 23104
HR (beats/min)
Con 221417 354+12 1.2+0.5
Ovx 230+15 377+ 18%* 1.64+0.6*
Ovx +E, 232412 362+ 14 1.2+0.5

Values are expressed as mean+s.e.m. (n=238 in each group).
+dp/dtax. the velocity of contraction; —dp/dt.y, the velocity
of relaxation, LVDP, left ventricular developed pressure;
LVEDP, left ventricular end diastolic pressure; HR, heart
rate.

*P<0.05 vs Con.

that both higher levels of PKA and increased density of L-type
Ca’* channels are responsible for the enhanced basal Ca**
channel activity in the hearts of Ovx rats.

In contrast to basal Ca*>* transport, blockade of PKA with
KT5720, at a concentration that completely abolished the
effect of PKA on L-type Ca®>* channel activity, was unable to
reduce the channel activity in Iso-treated myocytes from Ovx
rats to that of myocytes from control and Ovx + E, rats. This
result would not be expected if f-AR and Ca’* channel
coupling occurred only through a PKA-dependent mechanism.
There is evidence to support a mechanism independent of
PKA. A recent study on CHW fibroblasts stably transfected
with cardiac L-type Ca®* channel o, and f8, subunits along
with either f8;- or f,-AR revealed PKA-independent prefer-
ential coupling of the 8,-AR to Ca®* channels (Yatani et al.,
1999). B,-AR may directly increase the Ca>™ channel activity
in myocytes from Ovx rats without involving PKA. Further-
more, evidence supports a direct interaction of G, and Ca>*
channels with -AR stimulation (Yatani & Brown, 1989).

We also found that both the basal and forskolin-stimulated
cAMP accumulation was the same in all the experimental
groups, so the oestrogen does not affect the accumulation of
cAMP or its response to activation of AC. Since no
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