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SUMMARY
Recently we demonstrated that the effects of f32-adrenoceptor
(AR) stimulation to augment Ca2� current (Ica), cytosolic Ca2�
(Ca’) transients, and contractility in rat ventricular myocytes are
largely dissociated from its effect to increase cellular cAMP
levels. This result suggested that �2ARs might be coupled to
signaling pathways other than the Gsa-mediated activation of
adenylyl cyclase. Here we show that pertussis toxin (PTX) pre-
treatment specifically potentiates the responses of rat heart cells
to f32AR but not fl1AR stimulation. After PTX pretreatment, 1) the
dose-response curve for the effects of the �32AR agonist zinterol
on contraction amplitude is shifted leftward and upward (EC�
changed from about 1 .0 ,�M to 70 nM), 2) in indo-1 -loaded cells,
the maximal effects of zinterol (1 0� M) on Ca� transient and
contraction amplitudes are additionally increased 1 .7- and 2.0-
fold, respectively, over those in control cells, and 3) the increase
in l� amplitude induced by the same zinterol concentration is

potentiated by 2.5-fold. Similar effects of PTX are observed
when /32ARs are stimulated by isoproterenol in the presence of
a selective fl1AR blocker, CGP 2071 2A. All effects of fl2AR
agonists in both PTX-treated and control cells are abolished by
a selective �2AR blocker, ICI 1 1 8,551 . In contrast, neither the
base-line ICa, C� transient, and contraction in the absence of
flAR stimulation nor the f.�1AR-mediated augmentations of these
parameters are significantly altered by PTX treatment. These
results demonstrate, for the first time, that the G9-coupled fl2AR
can simultaneously activate a pathway that leads to functional
inhibition in cardiac cells via a PTX-sensitive G protein. The
activation of more than one G protein during fl2AR stimulation,
leading to functionally opposite effects, may provide a mecha-
nism to protect the heart from Ca2� overload and arrhythmias
during the response to stress.

The interaction of cell surface receptors with G proteins
plays a critical role in cellular signal transduction. It has been

well established that both /3k- and /32AR subtypes increase the

activity of adenylyl cyclase via an interaction with G8, raising
the cellular cAMP concentration and the level of cAMP-
dependent protein phosphorylation (1-4). However, whereas

I31AR stimulation and �32AR stimulation increase total cellular
cAMP levels to similar extents in rat ventricular myocytes, the
effects of fl2AR stimulation on ‘Ca, Ca1 transients, and contrac-
tion are largely dissociated from its effect to increase cAMP
content (5). In addition, activation of the two flAR subtypes

elicits qualitatively different cell responses at the levels of ionic

channels, myofilaments, and SR (6). Specifically, j31AR but not

fl2AR stimulation induces spontaneous Ca2” release, markedly
accelerates the kinetics of Ca1 transients and contraction, and

markedly increases phospholamban phosphorylation (5). These

findings suggest that, compared with f31AR stimulation, the

fl2AR-activated G8 pathway is significantly modified, counter-
acted, or paralleled by additional transduction mechanisms.

It has been recently shown that G8-coupled receptors can

interact with G,/G0 as well. This is most clearly exemplified by
the observation that glucagon activates cardiac L-type ‘Ca not

only by G8-mediated activation of adenylyl cyclase but also

by inhibition of the membrane-associated, cGMP-inhibited,

cAMP-phosphodiestenase (phosphodiesterase III) via activa-

tion of a PTX-sensitive G protein (7, 8). It has also been

reported that an isoform of the prostaglandin E receptor sub-

type EP3C is coupled to two different G proteins, G0 and G. (9).

Furthermore, in S49 lymphoma cells, in which G. is absent,

I3ARS are coupled to a PTX-sensitive G protein and its acti-
vation inhibits the activity ofadenylyl cyclase (10). In C6 glioma

cells, the effect of L3AR stimulation on adenylyl cyclase activity
is potentiated by PTX pretreatment (11). The results of these

studies suggest that the effects of /.�AR stimulation to activate

adenylyl cyclase are at least partially antagonized by activation

of a PTX-sensitive G protein. However, these studies do not
distinguish which flAR subtype interacts with PTX-sensitive

G proteins. Additionally, it has not yet been determined

whether tonic activation of PTX-sensitive G proteins is in-

volved in attenuation of the effect of I3AR stimulation on
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adenylyl cyclase. In the present study, we evaluate whether

/32AR couples to other G proteins in addition to Ga and, if so,

whether this is physiologically or pathophysiologically relevant.

We find that PTX treatment significantly enhances the 132AR-

stimulated increases in ‘Ca, Ca1 transients, and contraction

amplitudes, whereas neither the effects of fl1AR stimulation

nor the base-line ‘Ca, Ca transients, and contraction in the

absence of L�AR stimulation are affected by PTX pretreatment.

These results indicate that, under physiological conditions,

substantial coupling occurs between 132AR and a PTX-sensitive

G protein, exerting negative feedback on the cellular responses

to f.�2AR stimulation. Thus, distinct /3AR subtype actions reside,

at least in part, in different receptor-G protein interactions.

Materials and Methods

Simultaneous measurements of cell length and Ca1 transients.
Single ventricular cardiac myocytes were isolated from 2-4-month-old

rat hearts by a standard enzymatic technique (12). In some experi-

ments, myocytes were loaded with the fluorescent Ca2� probe indo-1/

acetoxymethyl ester at room temperature, as described previously (12).

After the indo-1 loading, cells were placed on the stage of a modified

inverted microscope (Zeiss model IM-35) and perfused with HEPES

buffer solution consisting of 1.0 mM CaCl2, 137 mM NaC1, 5.0 mM KC1,

15 mM dextrose, 1.3 mM MgSO4, 1.2 mM NaH2PO4, and 20 mM HEPES,

pH 7.4, at 23’. The excitation wavelength was selected with a 350-nm

interference filter. The ratio of emission intensity at 410 nm to that at
490 nm was computed off-line and the resulting waveform was used as

an index of the Ca1 transient (13).
Each cell was simultaneously illuminated with red (650-750-nm)

light through the normal bright-field path ofthe microscope. Cell length
was monitored from the bright-field image of the cell by an optical

edge-tracking method using a photodiode array (Reticon model 1024

SAQ) with a 5-msec time resolution (12).

Electrophysiological measurements. L-type ‘Ca was measured

via the whole-cell patch-clamp technique (14). To selectively examine

L-type ‘Ca in whole-cell current records, cells were voltage-clamped at

-40 mV to inactivate the sodium channel current and T-type calcium

current. The superfusion solution was the same as that used for cell

length and Ca1 transient measurements, except that KC1 was replaced
by CsC1. Low-resistance (3-5 M�l) microelectrodes were filled with a
solution containing 120 mM CsCl, 20 mM HEPES, 5 mM MgCl2, 10

mM NaC1, 10 mM EGTA, and 3 mM Mg-ATP; the pH was adjusted to

7.2 with CsOH. All of the experiments were performed with a discon-

tinuous switch-clamp technique with an Axoclamp II amplifier (Axon
Instruments) controlled by a specifically designed hardware/software

system. The system was also used to acquire (at 2 kHz) and store ‘Ca.

Data analysis was performed on a VAX 3400 computer. ‘Ca was meas-

ured as the difference between peak inward current and the current at
the end of the 200-msec pulse. Because in some cells Ic,, kinetics could
not always be fit by a single-exponential function, the current macti-
vation rate was indexed as 63% of the decay time.

Drugs. ISO, NE, adenosine, and PTX were obtained from Sigma,
CGP was kindly supplied by Ciba-Geigy (Basel, Switzerland), IC! was
kindly supplied by Imperial Chemical Industry (Macelesfield, UK), and
zinterol was kindly supplied by Bristol-Myers (Evansville, IN).

Statistics. Data are reported as mean ± standard error. The effect

of PTX treatment on Ca1 transient, contraction, and I�. characteristics

was tested via paired t test or Student’s t test when appropriate. Fisher’s

exact test was performed to determine the significance of the likelihood

for spontaneous Ca2� oscillation to occur. A p value of <0.05 was

considered to be statistically significant.
Experimental protocols. Cells were incubated with PTX (0.75

zg/ml) at 37’ for at least 3 hr. PTX-treated cells were compared with

myocytes that had been kept at 37’ in the absence of PTX for an equal
time. Successful inactivation of inhibitory G proteins (G1/G0) in PTX-

treated cells was routinely verified by a loss of the ability of adenosine

to reverse the positive inotropic effect of f31AR stimulation, because
adenosine is generally thought to negatively modulate (.I(AR stimulation

by activating a PTX-sensitive G protein pathway. Fig. 1 shows the
representative effects of PTX treatment to abolish the antagonistic

effects of 106 M adenosine on /IAR stimulation. Traces ofCa1 transients
and contraction before and after exposure to NE and adenosine, re-
corded in a control cell and a PTX-treated cell, are shown in Fig. 1,
which clearly illustrates that, in the absence of PTX treatment, the

effects of NE (10� M) on Ca, transient and contraction amplitudes
were completely inhibited by adenosine. In contrast, after PTX treat-
ment the effects of NE were not affected by adenosine. Similar results

were obtained when cells were stimulated by the fl2AR agonist zinterol

rather than NE. In addition, the antagonistic effects of acetyicholine
(106 M) on (3AR stimulation in rat ventricular myocytes were also

blocked by the same PTX pretreatment.

Dose-response curves for I3AR agonists were obtained in control cells

and PTX-treated cells. A given individual myocyte was exposed to only
one drug concentration. All measurements were obtained under steady

CONTROL CELL

A. � NE107 M . ADENOSINE1O6M

b.

E C.
� a.

4i1}:��L: �

gI�:::� �

B PTX-TREATED CELL
. NE 10 � � M . ADENOSINE io� 6 M

. b. ‘s_c.

I

-‘I- E

a 1.12�I(� �

� 2�a�

Fig. 1. Representative effects of adenosine (106 M) on the NE (10� M)-

induced increases in Ca, transient and contraction amplitudes. A, Antag-
onistic effects of adenosine in a myocyte not treated with PTX. Contin-
uous tracing at the top, chart recording of the cell contraction. An upward
deflection indicates cell shortening. Traces beneath the continuous trac-
ing, obtained at times indicated in the top tracing, showing the
simultaneously recorded C� transient and contraction (plotted down-
ward) before NE (a), after exposure to NE (b), and after adenosine
addition (C). B, Typical result obtained in a PTX-treated cell. The expen-
mental conditions are the same as in A. Note that the effects of NE on
Ca� transient and contraction amplitudes are not affected by adenosine.
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Results

state conditions after 10-mm exposure to a designated agent at room

temperature (23a).

Effect of PTX treatment on $AR subtype-stimulated
increases in cardiac contractility. Potential modulatory

effects of PTX-sensitive G proteins on cellular responses to

I3AR subtype stimulations were initially assessed by measure-
ments of cell contraction in non-indo-1-loaded cells. ISO (a

nonselective I3AR agonist) plus a highly selective fl1AR or f32AR

blocker was used to activate fl2ARs or fl1ARs, respectively. Fig.
2A illustrates that in PTX-treated cells the effect of ISO on

contraction amplitude in the presence of the �31AR-selective
blocker CGP, i.e., ISO acting in the /32 mode (6), was completely
reversed by the �32AR-selective antagonist IC!. The averaged

data, presented in Fig. 2B, show that the increase in contraction
amplitude induced by ISO plus CGP was about 2.5-fold greater

in PTX-treated cells than in control cells. However, when ISO

was acting in the f.� mode, i.e., in the presence of ICI, its effect

to increase contraction amplitude was not significantly altered

after PTX treatment (Fig. 2B). These results indicate that
PTX treatment potentiates the response to I3AR stimulation
and that this effect appears to be confined to the �92AR subtype.
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Fig. 2. Effect of fl2AR stimulation by ISO (1 0_6 M) plus CGP (3 x 1O� M)

to increase contraction amplitude. A, Representative result obtained in a
PTX-treated cell. Top, continuous chart recording of cell contraction.
Note that the effect of ISO plus CGP is blocked by the subsequent
addition of the fl2AR blocker ICI (1 0� M). Bottom, contraction tracings
obtained at the time points indicated, showing control (a), results ob-
tamed after addition of ISO with CGP (b), and the antagonistic effect of
Id (c). Note that the spontaneous contractile waves (arrow) that occur
during fl2AR stimulation are also inhibited by ICI. B, Average effect of
ISO (10_6 M) in the presence of CGP (3 x i0� M) or ICI (10� M) on
contraction amplitude in non-PTX-treated cells (N) and in PTX-treated
cells (0). Note that the effect of ISO acting in the I.�2 mode (ISO plus
CGP), but not in the I3� mode (ISO plus ICI), is significantly enhanced by
PTX treatment. � p < 0.001 versus non-PTX-treated cells (n = 1 0 for
both groups).
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In addition, in more than half of the PTX-treated cells (eight

of 15 cells) spontaneous contractile waves, i.e., a manifestation

of spontaneous SR Ca2� release, occurred concomitantly with

the positive inotropic effect of f32AR stimulation (Fig. 2A),

whereas these were only occasionally (one of 1 1 cells) observed

in the control cells (p < 0.01, PTX-treated cells versus control

cells).

Sensitization by PTX treatment of cellular responses
to $2AR stimulation. The potentiating effect of PTX was
manifested not only as an increase in the maximum response

but also as an increase in the sensitivity of cardiac myocytes to

respond to fl2AR stimulation. Fig. 3A illustrates that the dose-

response curve for the effects of the selective fl2AR agonist

zinterol on contraction amplitude was shifted markedly left-

ward and upward. The maximal increase in contraction ampli-

tude after zinterol was enhanced from 201 ± 23.0% of control

in non-PTX-treated cells to 307 ± 29.8% of control in treated

cells. The EC50 was markedly decreased by PTX pretreatment,

from about 1.0 �cM to 70 nM. In contrast, the dose-response

curve for the f31AR agonist NE to increase contraction was not
significantly altered by PTX treatment (Fig. 3B). These results
further confirm the observation that only the effects of fl2AR
stimulation, and not the effects of fl1AR stimulation, are sig-

________ nificantly potentiated by PTX treatment.
usc � Effect of PTX treatment on I3AR subtype-induced in-

� H creases in Ca1 transients. In additional studies, myocytes

were loaded with the fluorescent Ca2� probe indo-1 and changes

in contraction and Ca1 transients were simultaneously recorded.

In the absence of �AR stimulation, PTX had no significant

effects on the cell contraction or Ca1 transient (Table 1). Fig. 4

illustrates the effect of PTX treatment on the Ca, transient

and contraction responses to the f32AR agonist zinterol. Fig. 4,

A and B, shows representative examples of the effects of

zinterol (1O� M) on the Ca1 transients and contraction in a

PTX-treated cell and a control cell, respectively. The effects of

zinterol to increase the Ca1 transient and contraction ampli-
tudes were enhanced by PTX. On average, PTX treatment

enhanced the zinterol-induced increase in Ca transient ampli-
tude by about 1.7-fold (Fig. 4C). This effect was associated with

an increase in the contraction amplitude (Fig. 4D). Also, note

that zinterol markedly accelerated the kinetics of the Ca1 tran-

sient and contraction in the PTX-treated cells, as shown in the

normalized and superimposed tracings in Fig. 4, A and B. On

average, the effect of zinterol to reduce the t,, of the Ca

transient was markedly increased (99.1 ± 2.6% of control, n =
9, versus 85.7 ± 4.6% of control, n = 15, for control cells and

PTX-treated cells, respectively; p < 0.05 for PTX-treated cells

versus control cells). Concomitantly, the effect of zinterol to

reduce the t,� of contraction was also enhanced from 91.3 ±

1.4% of control in control cells to 82.8 ± 2.6% of control in

PTX-treated cells (p < 0.01 versus control cells). Additionally,

spontaneous Ca1 oscillations and contractile waves were fre-

quently observed in PTX-treated cells (five of 12 cells) but not
in control cells (none of 12 cells) during exposure to zinterol

(p < 0.01 for PTX-treated cells versus control cells). These

results with zinterol as the �32AR agonist are in accord with

those obtained with ISO plus a fl1AR blocker described above.

In contrast to the marked effects of PTX to potentiate the

cell responses to fl2AR stimulation, the effects of f31AR stimu-

lation induced by NE on contraction and Ca1 transients were

not significantly affected by PTX treatment (Fig. 4, C and D).
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Fig. 3. Average dose-response curves for effects of the 132AR agonist
zinterol (ZINT) and the �31AR agonist NE on contraction amplitude in the
presence or absence of PTX pretreatment. A, The dose-response curve
for the effect of zinterol was shifted markedly leftward, by approximately
1 order of magnitude, after PTX pretreatment. B, In contrast, the dose-
response curve of the effect of NE was not altered by PTX pretreatment.
Myocytes were exposed to only one concentration of agonist, and each
point represents the mean ± standard error of seven to 10 cells. Results
are expressed as percentage of the control value. Control values of
contraction amplitude for zinterol experiments are 6.89 ± 0.31 and 6.86
± 0.24% of the resting cell length for control cells (n = 62) and PTX-
treated cells (n = 58), respectively. Control values of contraction ampli-
tude for NE experiments are 6.93 ± 0.33 and 6.28 ± 0.26% of the
resting cell length for control cells (n = 50) and PTX-treated cells (n =
50), respectively.
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Because the potentiating effects of NE on Ca1 transient and
contraction amplitude reached a maximum at iO� M, the failure

of PTX to potentiate the responses to NE could be masked by

a saturation effect. This was not the case, however, because the
effects of lower concentrations of NE (10_8 M) on contraction

amplitude were also not significantly affected by PTX treat-
ment (Fig. 3B). As has been already demonstrated, NE likely
induces its positive inotropic effects almost exclusively via

I31AR stimulation in rat cardiac myocytes (neither the a1AR

TABLE 1

Base-line contraction, Ca� transient, and ICA parameters in PTX-

treated and untreated cells
Values are mean ± standard error.

Con�a� IRA’ tmc.
am�ude

blocker prazosin nor the 132AR blocker ICI affects the responses
of the Ca1 transients or contraction to NE) (6, 15). We conclude

that the potentiating effect of PTX is confined to �2AR stim-

ulation.

Modulation of ‘Ca by i92AR stimulation in PTX-treated
cells. It is well known that I3AR stimulation augments Ca2�
influx via L-type sarcolemmal Ca2� channels (16), which trig-

gers SR Ca2� release during excitation-contraction coupling in
cardiac myocytes (17, 18). To further investigate the cellular

mechanism for the potentiation of f32AR stimulation by PTX

treatment, we examined the ‘Ca response to flAR subtype ago-

nists. Fig. 5A shows the typical effect of zinterol at iO� M on

‘Ca in a cell not treated with PTX. The ‘Ca amplitude was
increased about 2-fold. In a PTX-treated cell, the effect of
zinterol on ‘Ca was further potentiated to about 3.5-fold (Fig.

5B), whereas the base-line ‘Ca was comparable to that in control

cells (see also Table 1). Fig. 5, C and D, shows representative

current-voltage relationships for responses of ‘Ca to zinterol in

a non-PTX-treated cell and a PTX-treated cell. Note that

nifedipine (2 �tM), a specific L-type Ca2� channel blocker,

inhibited the recorded current. The effect of the f.�2AR agonist
zinterol to enhance peak ‘Ca was markedly voltage dependent,

i.e., the effect of zinterol was greater at more negative test

potentials than at positive ones (in both PTX-treated and

untreated cells). This result is similar to those obtained with

the nonselective I3AR agonist ISO (19) and is probably ac-

counted for by a voltage dependence of Ca2� channel phos-

phorylation. The average effect of zinterol on IC,� amplitude at
a test potential of 0 mV was enhanced 2.8-fold after PTX

treatment (Fig. SE). In contrast, ‘Ca responsiveness to NE in

non-PTX-treated cells was not significantly different from that

in PTX-treated cells (Fig. SE).
In addition to increasing the ‘Ca amplitude, zinterol prolonged

the ‘Ca inactivation time in non-PTX-treated cells (from 16.9

± 1.3 msec to 25.0 ± 1.8 msec, p < 0.01, n = 6), in agreement

with our previous observation (6). However, in PTX-treated

cells the ‘Ca decay time was not significantly altered by zinterol

(18.3 ± 2.0 msec and 19.4 ± 1.4 msec, n = 6, before and after

superfusion with zinterol, respectively).

Discussion

Previous studies have shown that (32ARs, like $1ARs, are

coupled to G� and that their activation leads to an increase in
cell cAMP content (1-5). The present results demonstrate, for
the first time, that the $2AR in rat cardiac myocytes is simul-

taneously coupled to a PTX-sensitive G protein and to G8.
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Fig. 4. Effects of �2AR or �31AR stimulation on C� transients and contraction in non-PTX-treated and PTX-treated cells. A, Left traces, simultaneously
recorded Ca, transient and contraction signals, in the presence (ZINT) and absence (C) of zinterol (10� M), in a non-PTX-treated cell. Right traces,
Ca� transient and contraction normalized to their peaks. B, Signals measured in a PTX-treated cell. C, Bar graph showing the average effects of
zinterol and NE to increase contraction amplitude in non-PTX-treated cells (n = 15 for zinterol and n = 20 for NE) and PTX-treated cells (n = 9 for
zinterol and n = 10 for NE). Data are presented as percentage of control. *, p < 0.001 versus non-PTX-treated cells. D, Effects of zinterol and NE
on Ca� transient amplitude in the absence and presence of PTX treatment. Data were obtained in the same cells as in C and are presented as
percentage of control. �, p < 0.001 versus non-PTX-treated cells.
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After PTX treatment, Ca1 transient and contraction responses

to fl2AR stimulation were markedly enhanced, as manifested

by greater maximum responses and increased sensitivity to the

fl2AR agonist zinterol. These can be accounted for, at least in

part, by an increased ‘Ca response to �32AR stimulation in PTX-

treated cells versus control cells. The potentiating effects of

PTX were robustly and consistently observed during �32AR
stimulation elicited either by the selective fl2AR agonist zinterol
(Figs. 3-5) or by ISO acting in the f32 agonist mode (Fig. 2).

Because the effects ofboth zinterol and ISO plus fl1AR blockade

in the PTX-treated cells are antagonized by the �32AR-selective

blocker ICI, the potentiated actions after PTX pretreatment
were still mediated by $2AR activation. These results suggest
that a PTX-sensitive G protein is activated during f32AR stim-

ulation of normal rat ventricular myocytes, which produces

negative feedback on the fl2AR effects to augment ‘Ca, Ca1, and

contraction responses.
To exclude the possible involvement of a tonically activated

PTX-sensitive G protein in our experimental preparation, we

examined the response of the f.�1AR to PTX treatment. In

contrast to its effect on the �32AR response, PTX treatment

failed to potentiate the effects of f31AR stimulation induced by

NE (Figs. 3 and 4) or by ISO plus a fl2AR blocker (Fig. 2B).

The distinctly different effects of PTX pretreatment on fl1AR

PTX-TREATED CELL

Ui
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NW

OW

crx�
og
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and fl2AR actions strongly support the idea that activation of

the PTX-sensitive G protein described above is a consequence

of �2AR stimulation rather than basal activation of the G

protein. Additional support is provided by the observation that

the ‘Ca, Ca transients, and contraction in the absence of I3AR

stimulation are not affected by PTX treatment (Table 1). This

result also argues that the effects of tonic PTX-sensitive G

protein activation on contractility and Ca2� homeostasis in rat
ventricular cardiac cells, under the present conditions, are

negligible. Furthermore, the potentiating effect of PTX on

fl2AR stimulation is not unique to rat cardiac myocytes, because
similar results have been observed in canine ventricular myo-

cytes.’ Taken together, the results of the present study indicate
that �2AR stimulation can lead to the activation of a PTX-

sensitive G protein, in parallel with the activation of Ga. Most

of the known G proteins have been detected in myocardial

tissues (20). The PTX-sensitive G protein family includes three

G subtypes, G1, G2, and G,3 (21). This family also includes at

least two G0 subtypes, G0A and G0B (22). The present study

cannot discriminate which specific PTX-sensitive G protein is
activated by $2AR stimulation.

Cell surface membrane receptors were first thought to be
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2 c� Hohl, R.-P. Xiao, R. Altschuld, and E. G. Lakatta, personal communica-

tion.

selective for individual G proteins. However, it is now apparent

that a signal can be routed from one receptor to multiple G

proteins. Specifically, several other Ga-coupled cellular recep-
tors have the ability to couple to additional G proteins. For

example, stimulation of EP3C oppositely regulates the activities
of G0 and G8, causing inhibition of G0 and activation of G. (9).

This pattern of simultaneously coupled G proteins likely pro-

duces a functionally synergistic effect. In contrast, the results

reported here suggest a unique mode of receptor-G protein
interaction, i.e., the simultaneous activation of more than a
single G protein routing to functionally opposite pathways.

Removal of the inhibitory pathway by PTX pretreatment, as

demonstrated above, results in significantly potentiated stim-
ulatory pathway performance. This surprising finding not only
reveals a new level of complexity in receptor-G protein inter-

actions but also provides new insight for understanding the

distinct I3AR subtype actions in cardiac myocytes (5, 6).

Although /31AR and f�2AR are closely related G protein-

coupled receptors that contain seven transmembrane domains,

they are genetically distinct (23-26). The sequences of human

/31AR and fl2AR have only 71 and 54% amino acid identity in

the transmembrane domains and in overall sequence, respec-
tively (24). Studies on chimeric or mutated G protein-coupled

receptors (including the major subtypes of ARS) have demon-
strated that the cytoplasmic loop that connects transmembrane

domains V and VI of those receptors is an important determi-

nant for G protein coupling (3, 27-30). Thus, the differences

between fl1AR and �32AR in G protein coupling demonstrated
by the present results could be related to some critical differ-

ences in the sequences of these I3AR subtypes in the cytoplasmic

loop. However, additional studies are required to determine the
molecular and structural bases that mediate the coupling of
different G proteins to f32ARs versus �31ARs.

Unlike fl1AR stimulation, �2AR stimulation does not abbre-

viate the duration of the Ca1 transients and contraction, nor
does it induce spontaneous Ca2� oscillations and contractile
waves (5, 6). These are probably due to the inability of �32AR
stimulation to cause significant phosphorylation of phospho-

lamban (5), resulting in an acceleration of Ca2’ sequestration

and accumulation by the SR. Moreover, the dose-response

relation for cAMP levels after fl2AR stimulation is shifted to

the left of the dose-response relations for the Ca1 transients

and contraction (6). The present results illustrate that, after
removal of the PTX-sensitive G protein inhibitory pathway,

fl2AR stimulation not only is more potent in its effects to

increase ‘Ca, Ca1 transient, and contraction amplitudes but also

accelerates the Ca1 and contraction kinetics and increases the
occurrence of Ca2� and contractile waves. Thus, the effects of

I92AR stimulation after PTX treatment appear to be qualita-
tively similar to those of fl1AR stimulation. It is possible that
the dissociation of the cAMP- and fl2AR-mediated effects ob-

served in the absence of PTX (5) might also be attributable to

the PTX-sensitive mechanism(s). Indeed, recent studies sug-

gest that the GIG0 that couple adenosine or muscarinic recep-
tors to cAMP also couple to cAMP-independent pathway(s),
such as stimulation of protein phosphatases, resulting in an

antagonism of the f.�AR-induced positive inotropic effects (31,
32). However, the PTX-sensitive pathway demonstrated in the
present results does not necessarily inhibit cAMP production

after fl2AR stimulation, because f32AR-stimulated cAMP ele-

vation is similar to that induced by �31AR stimulation in the

absence of PTX pretreatment (5). Furthermore, the results of
a recent study show that the dose-response curves for the fl2AR

agonist zinterol to increase total or particulate (membrane-

bound) cellular cAMP production are not significantly affected

by PTX pretreatment.2 This suggests that the fl2AR-coupled

PTX-sensitive G protein has no effect on adenylyl cyclase or

cellular cAMP metabolism. This result is in contrast to the
results obtained in 549 lymphoma cells and C6 glioma cells (10,

11). We tentatively postulate that the effect of the fl2AR-
coupled, PTX-sensitive, G protein might be mediated by some
cAMP-independent mechanisms, such as activation of protein
phosphatases. An understanding of the exact mechanisms re-
quires further study.

The present results show that, in the presence of PTX,

activation of the $2AR increases the likelihood of the SR-

generated spontaneous Ca2� oscillations and contractions. This

observation is not trivial, because spontaneous oscillations in

Ca1 can activate depolarizing membrane currents, which may
lead to a disturbance of the electrical behavior of the heart and

lead to arrhythmia (33-36). Thus, in the absence of PTX, the
interplay of the two functionally opposite G protein pathways

after fl2AR stimulation may be beneficial, because it provides
inotropic support without promoting SR Ca2� overload and

spontaneous SR Ca2� release. The cellular logic for the multi-
plicity of f3ARs may partly reside in the different arrhythmi-

genic properties of /3AR subtypes. It is well established that, in

human heart failure, the efficacy of I3AR stimulation to increase
cardiac contractility is significantly reduced (37-39). However,
the responses to the stimulation of the two I3AR subtypes in
heart failure are not symmetrically reduced. In failing hearts,

the fl1AR-stimulated positive inotropic effect is markedly di-

minished, which may be due, in part, to down-regulation of

/31AR density (40-43). In contrast, fl2AR density is relatively
increased during heart failure (43-45). It has also been reported

that the PTX-sensitive G protein G is increased by about 35-

40%, whereas the G.,, level and activity remain constant, re-

sulting in a decrease in the ratio of Ga/Gi in human heart failure

(39, 43, 46). More recent studies have shown that similar

changes can occur in nonfailing aged hearts (47) (see Ref. 48

for review). In light of the present findings, the up-regulation
of fl2ARs and G1 might reflect important adaptive changes
associated with heart failure and aging of the heart.

References

1. Dohlman, H. G., M. G. Caron, and R. J. Lefkowitz. Model systems for the
study of seven-transmembrane-segment receptors. Annu. Rev. Biochem.
60:653-688 (1991).

2. Strader, C. D., I. S. Sigal, and R. A. F. Dixon. Structural basis of $-adrenergic
receptor function. FASEB J. 3:1825-1832 (1989).

3. O’Dowd, B. F., M. Hnatowich, J. W. Regan, W. M. Leader, M. C. Caron, and
R. J. Lefkowitz. Site-directed mutagenesis of the cytoplasmic domains of the
human �32-adrenergic receptor. J. Biol. Chem. 263:15985-15992 (1988).

4. Frielle, T., K. W. Daniel, M. G. Caron, and R. J. Lefkowitz. Structural basis
of �-athenergic receptor subtype specificity studied with chimeric �l1/�2-

adrenergic receptors. Proc. Nati. Acad. Sci. USA 85:9494-9498 (1988).
5. Xiao, R.-P., C. Hohl, R. Altschuld, L. Jones, B. Livingston, B. Ziman, B.

Tantini, and E. G. Lakatta. �l2-Athenergic receptor-stimulated increase in

cAMP in rat heart cells is not coupled to changes in Ca2� dynamics, contrac-
tility, or phospholamban phosphorylation. J. Biol. Chem. 269:19151-19156
(1994).

6. Xiao, R.-P., and E. G. Lakatta. fl,-Adrenoceptor stimulation and $2-adreno-

ceptor stimulation differ in their effects on contraction, cytosolic Ca2’, and
Ca2� current in single rat ventricular cells. Circ. Res. 73:286-300 (1993).

7. Mery, P-F., V. Brechier, C. Pavoine, F. Pecker, and R. Fischmeister. Gluca-

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


G Proteins and �92AR Stimulation 329

gon stimulates the cardiac Ca2� current by activation of adenylyl cyclase and

inhibition of phosphodiesterase. Nature (Land.) 345:158-161 (1990).

8. Brechler, V., C. Pavoine, R. Hanf, E. Garbarz, R. Fischmeister, and F. Pecker.
Inhibition by glucagon of the cGMP-inhibited low-K,,, cAMP phosphodies-
terase in heart is mediated by a pertussis toxin-sensitive G-protein. J. Biol.
Chem. 267:15496-15501 (1992).

9. Negishi, M., T. Namba, V. Sugimoto, A. Irie, T. Katada, S. Narumiya, and

A. Ichikawa. Opposite coupling of prostaglandin E receptor EP3� with G. and
Ga: stimulation of G. and inhibition of Ga. J. Biol. Chem. 268:26067-26070
(1993).

10. Abramson, S., M. W. Martin, A. R. Hughes, T. K. Harden, K. A. Neve, D. A.

Barrett, and P. B. Molinoff. Interaction of (3-adrenergic receptors with the

inhibitory guanine nucleotide-binding protein of adenylate cyclase in mem-

branes prepared from cyc S49 lymphoma cells. Biochem. Pharmacol.

37:4289-4297 (1988).
11. Katada, T., T. Amano, and M. Ui. Modulation by islet-activating protein of

adenylate cyclase activity in C8 glioma cells. J. Biol. Chem. 257:3739-3746

(1982).

12. Spurgeon, H. A., M. D. Stern, G. Baartz, S. Raffaeli, R. G. Hansford, A. Tab,
E. G. Lakatta, and M. C. Capogrossi. Simultaneous measurements of Ca2�,
contraction, and potential in cardiac myocytes. Am. J. PhysioL 258:H574-
H586 (1990).

13. Grynkiewicz, G., M. Poenie, and R. Y. Tsien. A new generation of Ca2�

indicators with greatly improved fluorescence properties. J. Biol. Chem.
260:3440-3450 (1986).

14. Hamill, 0., A. Marty, E. Neher, and B. Sakmann. Improved patch-clamp

techniques for high-resolution current recording from cells and cell-free
membrane patches. Pfl#{252}gers Arch. 391:85-100 (1981).

15. Xiao, R.-P., H. A. Spurgeon, F. O’Connor, and E. G. Lakatta. Age-associated

changes in �-adrenergic modulation on rat cardiac excitation-contraction
coupling. J. Clin. Invest. 94:2051-2059 (1994).

16. Tsien, R. W., B. P. Bean, P. Hess, J. B. Lansman, B. Nilius, and M. C.

Nowycky. Mechanisms ofcalcium channel modulation by �i-adrenergic agents
and dihydropyridine calcium agonists. J. Mo!. CelL Cardiol. 18:691-710
(1986).

17. Wier, W. G. Cytoplasmic [Ca2] in mammalian ventricle: dynamic control by
cellular processes. Annu. Rev. Physiol. 52:467-485 (1990).

18. Fabiato, A. Time and calcium dependence of activation and inactivation of

calcium-induced release of calcium from the sarcoplasmic reticulum of a

skinned canine cardiac Purkinje cell. J. Gen. Physiol. 85:247-289 (1985).

19. Bean, B. P., M. C. Nowycky, and R. W. Tsein. f3-Adrenergic modulation of
calcium channels in frog ventricular heart cells. Nature (Land.) 307:371-375

(1984).
20. Eschenhagen, T. G proteins and the heart. Cell. Biol. mt. 17:723-749 (1993).

21. Gilman, A. G. G proteins: transducers of receptor generated signal. Annu.

Rev. Biochem. 56:615-649 (1987).
22. Strathmann, M., T. M. Wilkie, and M. I. Simon. Alternative splicing produces

transcripts encoding two forms of the a subunit of GTP-binding protein Ga.

Proc. Nati. Acad. Sci. USA 87:6477-6481 (1990).

23. Machida, C. A., J. R. Bunzow, R. P. Searles, H. Van Tol, B. Tester, K. A.

Neve, P. Teal, V. Nipper, and 0. Civelli. Molecular cloning and expression

of the rat �l1-adrenergic receptor gene. J. Biol. Chem. 265:12960-12965
(1990).

24. Kobilka, B. K., R. A. F. Dixon, T. Frielle, H. G. Dohlman, M. A. Bolanowski,

I. S. Sigal, T. L. Yang-Feng, U. Francke, M. G. Caron, and R. J. Lefkowitz.
cDNA for the human �i2-adrenergic receptor: a protein with multiple mem-
brane-spanning domains and encoded by a gene whose chromosomab location

is shared with that of the receptor for platelet-derived growth factor. Proc.
Nati Acad. Sci. USA 84:46-50 (1987).

25. Emorine, L. J., S. Marullo, C. Delavier-Klutchko, S. V. Kaveri, 0. Durieu-

Trautmann, and A. D. Strosberg. Structure of the gene for human �32-

adrenergic receptor: expression and promoter characterization. Proc. NatI.

Acad. Sci. USA 84:6995-6999 (1987).
26. Dixon, R. A. F., B. K. Kobilka, D. J. Strader, J. L. Benovic, H. G. Dohlman,

T. Frielle, M. A. Bolanowski, C. D. Bennett, E. Rands, R. E. Diehl, R. A.

Mumford, E. E. Slater, I. S. Sigal, M. G. Caron, R. J. Lefkowitz, and C. D.
Strader. Cloning of the gene and cDNA for mammalian �-adrenergic receptor

and homology with rhodopsin. Nature (Load.) 321:75-79 (1986).
27. Kobilka, B. K., T. S. Kobilka, K. Danile, J. W. Regan, M. G. Caron, and R.

J. Lefkowitz. Chimeric a2-j�2-adrenergic receptors: delineation of domains
involved in effector coupling and ligand binding specificity. Science (Wash-

ington D. C.) 240:1310-1316 (1988).
28. Cheung, A. H., R. A. Dixon, W. S. Hill, I. S. Sigal, and C. D. Strader.

Separation of the structural requirements for agonist-promoted activation

and sequestration of the fl-adrenergic receptor. Mol. Pharmacol. 37:775-779

(1990).

29. Wong, S. K., E. M. Parker, and E. M. Ross. Chimeric muscarinic cholin-

ergic:fl-adrenergic receptors that activate G. in response to muscarinic ago-

nists. J. B1OI. Chem. 265:6219-6224 (1990).
30. Strader, C. D., R. A. F. Dixon, A. H. Cheung, M. R. Candebore, A. D. Blake,

and I. S. Sigal. Mutations that uncouple the �3-adrenergic receptor from G.
and increase agonist affinity. J. BiOI. Chem. 262:16439-16443 (1987).

31. Gupta, R. C., J. Neumann, P. Durant, and A. M. Watanabe. A1-Adenosine

receptor-mediated inhibition of isoproterenob-stimubated protein phosphoryl.
ation in ventricular myocytes: evidence against a cAMP-dependent effect.
Circ. Res. 72:65-74 (1993).

32. Scholz, H., C. Kohl, J. Neumann, W. Schmitz, C. Seeband, and B. Stein.

Inotropic actions of adenosine derivatives in the mammalian heart. Drug
Dev. Res. 28:277-282 (1993).

33. January, C. T., and H. A. Fozzard. Delayed afterdepobarization in heart

muscle: mechanisms and relevance. Pharmacol. Rev. 40:219-227 (1988).
34. January, C. T., J. M. Riddle, and J. J. Salata. A model for early afterdepolar-

ization: induction with the Ca2� channel agonist Bay K 8644. Circ. Res.

62:563-571 (1988).
35. Capogrossi, M. C., A. A. Kort, H. A. Spurgeon, and E. G. Lakatta. Single

adult rabbit and rat cardiac myocytes retain the Ca2�- and species-dependent
systolic and diastolic contractile properties of the intact muscle. J. Gen.
PhysioL 88:589-613 (1986).

36. Lakatta, E. G. Functional implications of spontaneous sarcoplasmic reticulum

Ca2� release in the heart. Cardiovasc. Res. 26:193-214 (1992).
37. Brown, L. A., and S. E. Harding. The effect of pertussis toxin on �l-adreno-

ceptor responses in isolated cardiac myocytes from noradrenaline.treated
guinea-pigs and patients with cardiac failure. Br. J. PharmacoL 106:115-
122 (1992).

38. Harding, S. E., S. M. Jones, P. O’Gara, G. Vescovo, and P. A. Poole.Wilson.

Reduced fl-agonist sensitivity in single atrial cells from failing human hearts.
Am. J. Physiol. 259:H1009-H1014 (1990).

39. Marzo, K. P., M. J. Frey, J. R. Wilson, B. T. Liang, D. R. Manning, V.

Lanoce, and P. B. Molinoff. fl-Adrenergic receptor-G protein-adenylyl cyclase
complex in experimental canine congestive heart failure produced by rapid
ventricular pacing. Circ. Res. 69:1546-1556 (1991).

40. Baumann, G., G. Riess, W. D. Erhardt, S. B. Felix, L. Ludwig, G. BlUmel,
and H. Bl#{246}mer.Impaired beta-adrenergic stimulation in the uninvolved
ventricle post-acute myocardial infarction: reversible defect due to excessive
circulating catechobamine-induced decline in number and affinity of beta-
receptors. Am. Heart J. 101:569-581 (1981).

41. Bristow, M. R., R. Ginsburg, W. Minobe, R. S. Cubicciotti, W. S. Sageman,

K. Lurie, M. E. Billingham, D. C. Harrison, and E. B. Stinson. Decreased
catecholamine sensitivity and beta-adrenergic receptor density in failing

human hearts. N. EngI. J. Med. 307:205-211 (1982).
42. Calderone, A., M. Bouvier, K. Li, C. Juneau, J. De Champlain, and J..L.

Rouleau. Dysfunction of the beta- and alpha-adrenergic systems in a model
of congestive heart failure: the pacing-overdrive dog. Circ. Res. 69:332-343
(1991).

43. Kiuchi, K., R. P. Shannon, K. Komamura, D. J. Cohen, C. Bianchi, C. J.

Homcy, S. F. Vatner, and D. E. Vatner. Myocardiab �-adrenergic receptor
function during the development of pacing-induced heart failure. J. Clin.
Invest. 91:907-914 (1993).

44. Bristow, M. R., R. Ginsburg, V. Umans, M. Fowler, W. Minobe, R. Rasmus-

sen, P. Zera, R. Menlove, P. Shah, S. Jamieson, and E. B. Stinson. �- And
/�2-adrenergic-receptor subpopulations in nonfailing and failing human yen-
tricular myocardium: coupling of both receptor subtypes to muscle contrac-
tion and selective �,-receptor down-regulation in heart failure. Circ. Res.

59:297-309 (1986).
45. Bristow, M. R., R. E. Hershberger, J. D. Port, W. Minobe, and R. Rasmussen.

1�1_ And �i2-adrenergic receptor-mediated adenylate cyclase stimulation in
nonfailing and failing human ventricular myocardium. MoL PharmacoL
35:295-303 (1989).

46. Feldman, A. M., A. E. Cates, W. B. Veazey, R. E. Hershberger, M. R. Bristow,

K. L. Baughman, W. A. Baumgartner, and C. van Dop. Increase in the 40,000-
mob wt pertussis toxin substrate (G.protein) in the failing human heart. J.
Clin. Invest. 82:189-197 (1988).

47. BOhm, M., H. Dorner, P. Htun, H. Lensche, D. Platt, and E. Erdmann.
Effects of exercise on myocardiab adenybate cyclase and G�. expression in

senescence. Am. J. PhysioL 264:H805-H814 (1993).
48. Xiao, R..P., and E. G. Lakatta. Deterioration of /�l-adrenergic modulation of

cardiovascular function with aging. Ann. N. Y. Acad. Sci. 673:293-310
(1992).

Send reprint requests to: Edward G. Lakatta, Laboratory of Cardioyascular
Science, Gerontology Research Center, 4940 Eastern Ave., Baltimore, MD 21224.

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/



