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Rapid P-Adrenergic Modulation of Cardiac Calcium 
Channel Currents by a Past G Protein Pathway 

P-Adrenergic agonists activate the G protein, G,, which stimulates cardiac calcium 
currents by both cytoplasmic, indirect and membrane-delimited, direct pathways. To 
test whether P-adrenergic agonists might use both pathways in the heart, isoproterenol 
was rapidly applied to cardiac myocytes, resulting in a biphasic increase in cardiac 
calcium channel currents that had time constants of 150 milliseconds and 36 seconds. 
P-Adrenergic antagonists of a G protein inhibitor blocked both the fast and slow 
responses, whereas the adenylyl cyclase activator forskolin produced only the slow 
response. The presence of a fast pathway in the heart can explain what the slow 
pathway cannot account for: the ability of cardiac sympathetic nerves to change heart 
rate within a single beat. 

S TIMULATION OF CARDIAC SYMPA- 
thetic nerves releases norepinephrine, 
which increases the rate and force of 

the heartbeat through activation of P-adre- 
nergic receptors. P - ~ d r e n e r ~ i c  agonists such 
as isoproterenol (ISO) imitate these effects 
and increase ca2+ currents through a cyto- 
plasmic, adenosine 3',5'-monophosphate 
(CAMP) pathway (1) having latencies of 2 
to 20 s and half-times of 10 to 100 s (2). The 
G protein G, (3) is a branch in this signaling 
pathway and increases Ca2+ currents by 
both membrane-delimited, direct and cyto- 
plasmic, indirect pathways (4, 5). By analo- 
gy with direct muscarinic activation of atrial 
K+ channels, the direct G, pathway could 
produce responses to I S 0  at-least ten times 
faster than those observed (see Fig. 1C). 
However, in previous experiments, the con- 
centration of-ISO was n i t  changed quickly 
enough to see a fast response. To test for the 
presence of a fast response, we recorded 

whole-cell Ca2+ channel currents from sin- 
gle cardiac myocytes (6) and applied rapid 
jumps of I S 0  with the concentration clamp 
method (7). 

With this method, the response time was 
10 ms (Fig. 1, A and B) and the changes in 
membrane currents observed at longer times 
reflect the traversal times of the pathwavs of 
interest. As a first step, we applied the 
muscarinic agonist carbachol (20 FM), 
which produced a K+ current (Fig. 1C) 
with a delay of 35 * 7 ms and a subsequent 
activation time constant (7) of 650 k 130 
ms (n = 4), similar to values reported else- 
where (8). For Ca2+ currents, the situation 
is different because Gs-unlike the G pro- 
tein Gk, which is obligatory for opening of 
atrial muscarinic K+ channels-is only a 
modulator (5). To produce ca2+ channel 
currents, depolarizing voltage-clamp steps 
were required, and to increase the amplitude 
of the currents ~ a ' +  was used as the charge 

carrier (IBa) (Fig. 1B). There is an addition- 
al com~lication in that after the whole-cell 
recording configuration has been estab- 
lished, the high threshold, dihydropyridine 
(DHP)-sensitive Ca2+ channel currents that 
we were studying initially increased in am- 
plitude and then exhibited rundown (Fig. 
1D) (9). Concentration steps of I S 0  were 
applied after the rundown had begun its 
slower phase. 

In 20 experiments, I S 0  (0.1 nM to 10 
kA4) was applied 50 to 300 ms before the 
depolarizing test pulse (Fig. 2, A and B). In 
all cases, the first pulse after I S 0  treatment 
exhibited an increase in peak current ampli- 
tude and a slowing of inactivation (Fig. 2A). 
At concentrations above 10 nM the ampli- 
tude of the peak current in subsequent 
pulses continued to increase (Fig. 2 ~ ~ j  but 
the subsequent rate of increase was much 
slower, giving a biphasic appearance to the 
plot of the peak current versus time (Fig. 
2B). Beginning with the second pulse after 
I S 0  (10 s later) the current waveform be- 
came similar to control so that the increased 
currents were simply scaled enlargements of 
the control waveform (Fig. 2B, insets 1 and 
2). The peak current-voltage curve recorded 
in the steady state (at 60 s) was also un- 
changed from control. In each experiment, 
step changes of control solutions had no 
effects on current amplitude or waveform. 
In seven additional experiments with I S 0  at 
2 FM, we fitted the slow increase with a 
single exponential function after a delay. 
The time constant was 36 t 4 s, similar to 
other rates of increase of Ca2+ channel 
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currents in single cells (10). Increases in 
CAMP and phosphorylase a are somewhat 
faster, and the increase in phosphorylase 
kinase has a similar time course (1 1). 

The magnitude of the slow increase was 
concentration dependent; it was apparent 
with I S 0  at 10 nM and was maximal at 2 
pM I S 0  with a value 4.9 * 1.5 times con- 
trol (n = 17). The magnitude of the fast 
increase in current was also concentration 
dependent and reached a maximum of 
1.4 r 0.3 times control with I S 0  between 
0.1 and 2 pM (n = 23). At concentrations 
less than 1 nM, only the fast increase was 
observed (Fig. 3A). The relative amplitude 
of the fast response (F) to the total response 
(F + S) at various concentrations of I S 0  is 
shown in Fig. 3B. With the second pulse 
after ISO, the current waveform was a scaled 
enlargement of the control as was the peak 
current-voltage curve measured 50 to 100 s 
later. 

In another series of experiments, we ap- 
plied I S 0  prior to the beginning of the 
voltage-clamp pulse at a time that corre- 
sponded to the measured system response 
time (Fig. 3C). A clear increase in IB, 
occurred (Fig. 3C2), and the time course of 
the increase was estimated after subtraction 
of the current produced by the preceding 
voltage step in the absence of I S 0  (Fig. 
3C1). The difference in current was fit with 

an exponential function having a T of 162 
ms (Fig. 3C3). We fitted seven experiments 
of this type and pooled the data to obtain a 
fast T of 150 ? 35 ms. In five other experi- 
ments, we applied I S 0  during the slowly 
decaying IBa, between 50 to 500 ms after 
the onset of a 1-s voltage step and produced 
an increase having a similar time course. The 
fast increases were preceded by delays that 
also were concentration-dependent; with 
I S 0  at 1 nM the delay was 95 * 32 ms 
(n = 8) and with I S 0  at 0.1 to 2 pM it was 
28.6 r 7 ms (n = 6). 

The next potential branch point in the 
membrane signal transduction pathway after 
G, is adenylyl cyclase (AC). To test whether 
AC is such a branch point we applied satu- 
rating concentration steps of forskolin 
(FOR)(10 pM),  since FOR activates AC 
directly (12) and increases Ca2+ channel 
currents as a result (13). The effects of FOR 
were compared to the effects of saturating 
steps of I S 0  (2 pM). The I S 0  was applied 
first and, after washing 5 to 8 min to 
produce recovery, FOR was applied. In 
contrast to the biphasic response produced 
by ISO, FOR produced only a slow increase 
(Fig. 2, C and D);  a rapid increase was never 
observed (n = 16). The slow increase began 
between 5 and 10 s after the concentration 
jump and the current waveforms were scaled 
enlargements of the controls (Fig. 2C3). 

Flg. 1. Concentration clamp method for produc- A 
ing step changes in agonist concentrations. (A) 
Determination of the system response time. A 
single cardiac myocyte (M) attached to a patch 
pipette, was inserted through a hole into the host 
tube (7) filled with control Tyrode solution. At a 7 7 
holding potential of -40 mV, the current, which 
flowed mainly through voltage dependent in- 

O  1 L//---+J-- 
25 PA 

wardly rectifying K+ channels, changed after 50 ms 
jumps of extracellular K+ concentration from 5.4 
to 30 mM and back to 5.4 mM (arrowheads), and I 
reached new levels of half-times of 3.5 +. 0.5 ms 
(n = 10). A switching artifact as the solenoid 
valve opened is seen in the baseline; the artifact 
due to the valve closing 50 ms later (system dead 
time) was obscured by the inward current. The 
interval between the onset of the current change 
and the new current level is defined as the system 0 
response time and was 10 ms. (B) Step addition I- 
of 1 mM Cd2+ blocked Ca2+ channel currents 200 ms 

(23). The currents carried by Ba2+ were produced 
by depolarizing clamp pulses of 1-s duration to 0 
mV from a holding potential of -50 mV at 0.1 
HZ.  he control current and the current after : 
application of Cd2+ at the arrow were superim- 2 
posed. The GI2+ block began after 10 ms (the $ 
system response time), was complete 20 ms later, 
and was associated with no detectable outward 
leak current. Only cells that had this response to o B O O  1 2 0 0  

Cd2+ at the end of each experiment were ana- Time (s) 

lyzed, and delays were corrected for the measured 
response time. (C) Outward current flowing through inwardly rectifying atrial muscarinic K +  channels 
was produced by step addition of 20 pM carbachol (Carb) in Tyrode solution. The rise in current had a 
delay of 30 ms after correction for the system response time and half-time of 350 rns. (D) Time course of 
peak IBa produced by 300-rns pulses to 0 from -50 mV applied at 0.05 Hz. The measurements were 
begun immediately after puncturing the membrane of an atrial rnyocyte. Run-up of Iga occurred first 
and rundown had fast and slow phases. IBa of ventricular myocytes had the same time course. 

When the agents were applied in the reverse 
order, FOR still produced only the slow 
response and I S 0  produced both fast and 
slow responses (n = 6). In 13 experiments, 
FOR (10 pM) increased the current 
3.5 2 1.5 times control with a T of 56 ? 18 
s. FOR is known to act more slowly than 
I S 0  (13). In four experiments we bypassed 
both G, and AC and increased CAMP levels 
with the phosphodiesterase inhibitor %so- 
butyl-l-methyl-xanthine (IBMX), which in- 
creases ca2+ channel currents (14). The 
response to IBMX at 50 pM resembled the 
response to FOR and showed only the slow 
phase; the maximum effect was 2.3 r 0.3 
times control, while the delay and T were 
larger at 25 ? 12 and 150 * 60 s, respec- 
tively (Fig. 3D). Thus, although neither 
FOR nor IBMX mimic the slow I S 0  re- 
sponse exactly, neither produces anything 
resembling the fast I S 0  response. 

On the basis of these results, we assumed 
that G, was the branch linking the P-adre- 
nergic receptor to both AC and ca2+ chan- 
nels, and we tested the G protein inhibitor 
guanine 5'-0-(2-thiodiphosphate) (GDPPS) 
on both phases of the I S 0  response (3). The 
myocytes were loaded with GDPPS (840 
pM) in the patch pipette. In ten cells, 
currents were recorded for 10 to 15 min by 
applying constant voltage-clamp pulses; 
during this time control currents were re- 
duced by 20 to 30%, a result which was not 
markedly different from that in guanosine 
triphosphate (GTP)-loaded cells. After ap- 
plication of ISO, the fast increase no longer 
occurred and the slow rise was greatly re- 
duced. Thus, after 2 to 3 min, 2 pM I S 0  
increased current amplitude to only 
1.8 * 0.5 times of the control value (n = 
5). By contrast, FOR effects were not affect- 
ed by GDPPS. At 10 pM FOR, the current 
increased to 4.0 2 2 times control (n = 4) 
in the presence of GDPPS, and the time 
course was not significantly changed. 

The I S 0  effects were examined in six cells 
by applying the P-adrenergic receptor antag- 
onist propranolol (PRO) at 50 pM (1). The 
increased currents produced by I S 0  were 
reduced to control levels after application of 
PRO. Preincubation with PRO in five cells 
also completely inhibited both phases of the 
I S 0  response. These results show that both 
components of the I S 0  response were medi- 
ated by p-adrenergic receptors. We tested 
whether a possible involvement of both PI- 
and p2-adrenergic receptors might explain 
the biphasic response by using the selective 
antagonists betaxolol (a PI  antagonist) and 
ICI 118,551 (a preferentially f12 antago- 
nist). Betaxolol at 0.1 pM blocked 90% of 
the slow response and all of the fast response 
produced by 0.1 pM I S 0  (n = 5); whereas 
ICI 118,551 at this concentration had no 
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effect on either component (n = 4). There- to Ca2+ channels by a direct pathway (4) t o  
b re ,  we conclude that the PI-adrenergic produce the fast response and by an indirect 
receptor, the predominant P-adrenergic re- pathway via A C  and the CAMP cascade (I, 
ceptor in guinea pig heart (15), mediates 10, 13, 14) to  produce the slow response. 
both the fast and the slow response. Thus, the fast response of  cardiac c a 2 +  

Our results lead us t o  propose this hy- channels t o  I S 0  occurs at nearly the same 
pothesis: G, couples p-adrenergic receptors rate as the response of  K' channels in atrial 
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Fig. 2. (A) Ca2+ channel currents in an atrial myocyte after a concentration step of ISO. IBa)s were 
produced by 300-ms voltage-clamp pulses from -50 to 0 mV at 0.1 Hz. Concentration steps of control 
solution (Con) or I S 0  (2 pJM) were applied at arrowheads. Current traces show superimposed IB;s 
before and after a step change in control solution (Al), and IBa)s immediately before and during the next 
voltage clamp step after a step change in the concentration of IS0  (A2). IS0  increased IBa in response to 
the next pulse. (A3) shows IBa 60 s after ISO. (8) The time course of the peak ha for the entire 
experiment of which the records in (A) were a part. The first data point was taken 2 min after disrupting 
the cell membrane. After the jump in IS0  concentration (arrowhead), a rapid increase in peak current 
occurred; this was followed by a slower increase in peak IBa The solid line was fitted with the model in 
(18). (Inset) (Bl) currents produced during control (A) and steady state, 60 s after IS0 (A). (Bz) The 
control current was scaled to compare the waveforms. (C) The time course of peak IBa after a step 
application of FOR (arrowhead). Pulses were applied to 0 mV from -50 mV at 0.1 Hz. (Cl) 
Superimposed currents before and immediately after step application of FOR (10 pM). There was no 
difference in current amplitude from control. (C2) Superimposed currents before (A) and 2 min after 
application of FOR (A). (C3) The control current was scaled to compare waveforms. (D) Peak IBa 
amplitude during FOR (a) and IBMX (0) plotted as in (B). The drugs were applied at the arrowheads. 
The first points were taken 4 min after disrupting the cell membrane. The solid lines are fitted to single 
exponential functions with time constants of 80 and 98 s for FOR and IBMX, respectively. 
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Fig. 3. Time course of the fast IS0  response and a comparison of its relative amplitude to that of the 
slow IS0 response. (A) The time course of peak I,, after a jump of IS0 (1 nM, arrowhead). 
Concentrations of IS0 of 1 nM or less produced only the fast increase. (B) The relative amplitude of 
the fast response to the total response [FI(F+S)] at increasing concentrations of ISO. Data points are 
mean of four to six experiments for each I S 0  concentration. (C) (C,) Control and (C&) the effects of a 
step change in IS0  concentration to 2 pM applied simultaneously (at arrowhead) with the voltage 
clamp step. (C3) The current after subtraction (trace 2 minus trace 1). The solid line in (C3) is a least- 
squares fit to a single exponential function having a 7 of 162 ms. Current calibration is for C, and Cz, 
and time calibration is for C,,  C&, and C3. Current traces were produced by 1-s depolarizing pulses to 0 
mV from a holding potential of -50 mV at 0.1 Hz. 

cells to  rapid application o f  acetylcholine (5, 
8) (Fig. 1C); both currents are probably 
mediated by direct G protein-ion channel 
signaling pathways. The whole-cell cur- 
rents, except for the immediate response, are 
scaled versions of  the control currents, and 
the microscopic kinetics show an increase in 
the opening probability for both the indirect 
(1 6) and direct G, effects (4). Therefore, the 
change in the current waveform during the 
immediate increase probably reflects the rate 
at which G, is acting o n  the channels via the 
direct pathway t o  produce a shift in the 
voltage dependence of  activation (4, 16, 17). 
A change in inactivation seems less likely 
because the activation T of the fast response 
was unchanged when I S 0  was applied at 50 
to 500 ms after the onset of  the voltage step 
(where inactivation was present) rather than 
at the beginning (where inactivation was 
absent). The 40% increase in amplitude 
produced by I S 0  is less than the increase 
produced by preactivated G, o r  the G pro- 
tein subunit a,, applied directly t o  Ca2' 
channels (4). Therefore, the direct p-adre- 
nergic receptor-G,-Ca2+ channel signaling 
pathway may not be stoichiometrically cou- 
pled or  other factors in situ may inhibit the 
pathway. 

T o  test h r t h e r  the idea of  a dual pathway 
and a biphasic response we developed a 
minimum five-state model calculated as a 
Markov process with discrete states in con- 
tinuous Gme (18). 

State 5 is the agonist-occupied receptor, 
state 4 is the activated G,wGTP, state 3 is 
the activated AC, state 2 is CAMP, and state 
1 is the open c a 2 +  channel modulated by 
both the direct pathway between states 4 
and 1 and the indirect G, pathway between 
states 3, 2, and 1. The lumped treatment is 
justified by the example o f  state 1 where the 
transitions from closed t o  open occur at  
1500 s-' (1, 16), rates so much faster than 
those under consideration that their exclu- 
sion does not affect the outcome. Likewise. 
the rate-limiting step for the indirect path- 
way is assumed t o  be the production of 
CAMP and its buildup in the cell since 
activation o f  caged CAMP produces in- 
creases in cardiac c a 2 +  currents within 150  
ms (18). The rate constant for the formation 
of  G,a.GTP was about three times faster 
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than values for reconstituted systems (3) and 
the rate constant for Gsa activation of caZf 
channels was assumed to be difision-limit- 
ed. The model constrained in this way satis- 
factorily mimics the biphasic I S 0  response 
(Fig. 2B, solid line). Although three of the 
four splice variants of Gsa activate AC and 
Ca2+ channels equally effectively, one alter- 
native to the model is that different splice 
variants of G,a (19) mediate each compo- 
nent, since there is evidence that the long 
form of Gsa acts more quickly on AC than 
the short form (19). Another alternative is 

\ ! 

that an especially fast cytoplasmic pathway is 
present in addition to the slower pathway. 

The fast response of caZf channels to P- 
adrenergic stimulation may be important to 
pacemaking sino-atrial cells. Reflex modula- 
tion of heart rate by cardiac sympathetic 
nerves occurs within 1.5 s (20), which is far 
too quick to be controlled by the slow I S 0  
response but is well within the range of the 
fast I S 0  response. Although other currents 
contribute to the pacemaker current (21), 
we predict that they too are neurally modu- 
lated by a fast pathway. It remains to be 
determined whether other receptors such as 
the cardiac HZ histamine receptors, which 
are coupled to CaZf channels by a G,-CAMP 

(22), are also linked to these chan- 
nels by a fast pathway. 
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