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ABSTRACT Voltage-clamped atrial trabeculae from bullfrog
hearts were exposed to membrane-permeant photolyzable o-ni-
trobenzyl esters of cAMP and cGMP. UV flashes produced intra-
cellular concentration jumps of cAMP or cGMP. With the cAMP
derivative, flashes resulted in an increased slow inward current
(Is;), producing a broadened action potential. The ISi reached a
maximum 10-30 sec after the flash and decreased over the next
60-300 sec. The first increases were observable within 150 msec;
this value is an upper limit imposed by the instrumentation. Re-
sponses to flashes lasted longer at higher drug concentrations and
in the presence of the phosphodiesterase inhibitor papaverine; ef-
fects of flashes developed and decreased faster at higher tem-
perature. Although the amplitude of the 'Si was increased, its
waveform and voltage sensitivity were not affected. Intracellular
concentration jumps of cAMP failed to affect the muscarinic K+
conductance. There were no observable effects of cGMP concen-
tration jumps. The data confirm (i) that cAMP regulates the Ii and
(ii) that the 5- to 10-sec delay between application of .8-agonists
and the onset of positive inotropic effects, observed in previous
studies, has been correctly ascribed to events prior to the inter-
action between cAMP and protein kdnase.

Cyclic nucleotides are thought to play a pivotal role in the reg-
ulation of the strength and frequency of the heartbeat by auto-
nomic neurotransmitters. Electrophysiological investigations
show that such inotropic and chronotropic effects arise partly
through changes in the slow inward current (Isi), which is car-
ried mainly by calcium ions (1-5). The amplitude of the Isi is
enhanced, and the plateau of the action potential is conse-
quently lengthened, by many treatments that increase intra-
cellular cAMP, such as /3-adrenergic stimulation (1, 3, 6), direct
intracellular application of cAMP itself (5, 7-11), phosphodi-
esterase inhibition (12), exposure to membrane-permeant an-
alogues ofcAMP (13), and GTPase inhibition (14). On the other
hand, this slow inward current is inhibited by muscarinic stim-
ulation (4, 15, 16), which also inhibits adenylate cyclase (17, 18).
Presumably the cAMP-mediated effects depend, directly or in-
directly, on the phosphorylation of intracellular protein(s). This
concept is supported by the recent observation that the Isi is
increased or decreased by intracellular injection of the catalytic
or regulatory subunit, respectively, of cAMP-dependent pro-
tein kinase (19).
Which molecular steps limit the rate of onset of the in-

creased Li and other positive inotropic effects? In experiments
with rapid application of ,B-agonists, there is a delay of 5-10 sec
before detectable physiological effects (20, 21). This delay ap-
proximates the time required for activation of adenylate cyclase

in response to a sudden addition of agonist (22, 23). Therefore,
one expects that the positive inotropic effects would appear much
more quickly in an experiment in which the intracellular cAMP
concentration itself is jumped directly.
We have therefore developed a method for producing con-

centration jumps of cyclic nucleotides within cells under phys-
iological investigation. Our procedure exploits the properties of
o-nitrobenzyl cAMP (Fig. 1) and its cGMP analog. These mol-
ecules are members of a group of phosphotriesters that enter
cells (24-26). The o-nitrobenzyl esters can then be photolyzed
to produce the cyclic nucleotides themselves, presumably within
a few msec (27-30). We find that the Is4 is indeed increased by
photochemically generated concentration jumps of intracellular
cAMP and that the latency of this action (< 150 msec) is no more
than 3% of the latency for ,B-adrenergic stimulation.

There are additional questions about the detailed kinetics
and mechanism of these actions. It is not known whether cer-
tain other neurotransmitter effects, such as the muscarinic po-
tassium current, are mediated by changes in intracellular levels
of cAMP (11). Furthermore, it is not yet clear whether cGMP
affects physiological properties of the heart (31). We find no
effect of cAMP concentration jumps on the muscarinic K+ con-
ductance and, as yet, have not found observable changes in
voltage-clamp currents after cGMP concentration jumps.

MATERIALS AND METHODS
The electrophysiological and optical apparatus has been de-
scribed in detail (32). In brief, atrial trabeculae from bullfrogs
(Rana catesbeiana) were investigated with the double sucrose-
gap voltage clamp (33, 34) while exposed to light from a xenon
flash tube (30). The current under investigation in the present
study, I4i, was large enough to obviate the need to correct for
the nonspecific light-flash relaxations noted previously (32). The
fast sodium current was eliminated with tetrodotoxin, allowing
for good records of the Isi. Signals were led to an oscilloscope
and a pen recorder and, in some experiments, to analog-to-dig-
ital converters for numerical analysis. Temperature was 23°C
except where noted.
The flash tube discharged a capacitor bank (1,800 uF) charged

to 400 V. The flash lasted about 2 msec. Wavelengths <300 nm
were excluded with a filter (WG295, Schott Optical Glass, Dur-
yea, PA).

The o-nitrobenzyl esters of cAMP and cGMP were synthe-
sized and purified as described (24-26). The o-nitrobenzyl es-
ters were first dissolved in dimethyl sulfoxide and then diluted
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FIG. 1. Photochemical strategy used in the experiments. A fiber
containing o-nitrobenzyl cAMP (I) is exposed to UV flashes. The pho-
tolysis yields o-nitrosobenzaldehyde, a proton, and cAMP itself

into Ringer solution so that the final dimethyl sulfoxide con-
centration was <1%, a concentration that by itself did not affect
voltage-clamp currents.

Thermal or light-induced hydrolysis of the triesters was mea-
sured by HPLC on a reversed-phase column. We confirmed
that thermal hydrolysis proceeds at a rate of <5%/day at 220C
(24). A 25-t1. drop of Ringer solution containing 60 uM o-ni-
trobenzyl ester was placed at the usual position of the cell. The
drops were exposed to flashes and then analyzed by HPLC.
Each flash hydrolyzed 2.5% of the o-nitrobenzyl cAMP or 1.2%
of the o-nitrobenzyl cGMP to produce the corresponding cyclic
nucleotide; photolysis proceeded with the same efficiency for
the axial and equatorial isomers.

RESULTS
When o-nitrobenzyl cAMP (0-40 FM) was perfused through
the experimental chamber for 5-10 min, there was no change
in the waveform of an unclamped action potential and there was
no effect or a small increase (<5%) in the peak amplitude of the
ISi. A single flash then produced a broadened action potential
(Fig. 2A) and an increase in ISi over the next 30-40 sec (Fig. 2B).
This increase was most pronounced in preparations treated with
acetylcholine or propranolol to decrease the initial size of Isi; in
such cases, the increase reached a factor of 3. Over the next few
min, Isi then decreased to the value before the flash (Fig. 3).
In 10-20% of the preparations tested, there was a small "ir-
reversible" effect so that the amplitude of Isi never returned to
its value before the flash. Similar lack of reversibility is also
often observed with 83-adrenergic stimulation.

Several observations support the conclusion that the flash-
induced changes in the I~i result from a photochemically gen-
erated jump of intracellular cAMP. (i) The effect had an action
spectrum appropriate to o-nitrobenzyl photolysis (29): it was
abolished by filters that eliminated UV radiation and was still
present, although smaller, when a filter (Schott, UG11) that had
a transmission peak at 320 nm was used. (ii) There were no flash
effects in the absence of added drug or after a 15- to 30-min
washout period, except for the small "nonspecific" relaxations
previously described (32). (iii) Isi was not affected by flashes in
the presence of 100 AtM o-nitrobenzyl acetate or of several re-
lated compounds that produce the same intracellular pH jump
and aldehyde photoproducts as o-nitrobenzyl cAMP but not the
cyclic nucleotide itself (30). (iv) Neither resting potential, rest-
ing conductance, nor Isi were affected by flashes in the pres-
ence of o-nitrobenzyl cGMP. Because the photolysis by-prod-
uct of the reaction, o-nitrosobenzaldehyde, is identical for the

B
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FIG. 2. (A) Action potentials stimulated by externally applied cur-
rent pulses, at intervals of 4 sec, in an atrial trabeculum in the sucrose-
gap apparatus. The Ringer solution contained 30pM o-nitrobenzyl cAMP.
The stimulation was started 1 min before the episodes shown, so that
there were no further changes due to facilitation. The action potential
is briefest in the first trace; a flash was delivered to the fiberjust before
the second trace, which shows a longer action potential. The broadening
continues for the next six traces. Similar results were obtained with
three other preparations. (B) Waveforms of Ii in voltage-clamped bull-
frog atrium. The Ringer solution contained 40 AM o-nitrobenzyl cAMP,
1 ,uM tetrodotoxin to suppress fast Na' currents, 20 mM Cs' to main-
tain the inward rectifier in a linear high-resistance state, and 1 ,uM
carbachol/0.1 1.&M propranolol to decrease the initial amplitude of I.i.
The fiber was held hyperpolarized by 10mV with respect to the normal
resting potential and then stepped to a depolarization of 72 mV at in-
tervals of 4 sec. As in A, this stimulation was started 1 min before the
episodes shown, so that the preparation was in a steady state of facil-
itation. Passive currents have not been subtracted. In the first two ep-
isodes of the trial, the currents are smallest, and they superimpose un-
til a flash, delivered just after the peak of current, produces a small
voltage-clamp artifact. The next episode, 4 sec later, reveals a largerI.i,
and this trend continues for seven episodes until the amplitude levels
off. These records are typical of results obtained with 30 preparations.

two nucleotides, this result also rules out any effects of the ni-
troso compound (28). (v) There was no effect on Isi when pre-
viously photolyzed solutions of o-nitrobenzyl cAMP were per-
fused through the experimental chamber.

Duration and Amplitude of the Flash Effects. The effects
of flashes on Isi may be summarized by (i) time to maximum
increase, (ii) percent maximum increase, and (iii) half-decay time.
As the concentration of o-nitrobenzyl cAMP was increased (within
the range 4-40 PiM), each of these parameters increased: the
flash-induced increases were larger and lasted longer (Fig. 3),
possibly because phosphodiesterase or phosphatase activity was
saturated at higher cAMP concentrations. In three preparations
treated with 10 gM papaverine to block phosphodiesterase, the
time to maximum effect was increased by an average of 43%
and the half-time of decay was increased by an average of 36%,
although the papaverine treatment itself increased the 1si. The
effects developed and decreased more rapidly at higher tem-
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FIG. 3. Time-course of increase in theId in a fiber exposed to-30 AM
(o), 10 ^M (e), and 4pM (o) o-nitrobenzyl cAMP. The depolarizing pulse
was 80 mV, and the flash occurred at time zero. Similar results were
obtained with four other preparations.

peratures: in three preparations warmed from 250C to 35TC,
the time to peak and the half-decay time were decreased by
fitctors of 1.8 and 1.7, respectively; on cooling from 25TC to 16TC,
these parameters were increased by factors of 2.3 and 3.3.

Latency of the Response to cAMP Jumps. In five experi-
ments in which the flow through the experimental chamber was'
switched to a solution containing a f-adrenergic agonist, the ISi
began to increase after a delay of ""6 sec (Fig. 4A). On the other
hand, in 10 experiments in which flashes were delivered to a
preparation exposed to o-nitrobenzyl cAMP, the increase ex-
trapolated back to the time of the flash, with an uncertainty of
""150 msec (Fig. 4B). In three exceptionally stable.prepara-
tions, increases of2% to 3% were directly observed within 150
msec after the flash (Fig. 5). The first electrophysiological ef-
fects of cAMP concentration jumps might occur much -earlier
than 150 msec; the value given is limited by interference from
the "nonspecific light-flash relaxations" described earlier (32).
Waveform and Voltage Sensitivity of the Ii. The experiment

of Fig. 2B suggests that cAMP concentration jumps, like (3-ad-
renergic stimulation, produce no marked change in the time
course of the Is. while increasing its amplitude (3). This impres-
sion was confirmed in five other preparations with step depo-
larizations at 8- or 10-mV increments between the resting po-
tential and a depolarization of + 120 mV (Fig. 6). When scaled
to the same peak amplitude, the waveforms of Isi superimposed
well before and after the flash. Furthermore, there was only
a small change in the voltage sensitivity of Isi: after three or four
flashes, the amplitude was increased by an average factor of
2.24 but the peak of the current-voltage curve was shifted by
an average of only 5.8 mV to more negative potentials. This
small shift could arise because increased intracellular Ca2` ac-
cumulation enhances inactivation of Isi (35-37); it might also
arise because of systematic errors in the sucrose-gap voltage-
clamp circuit.

Other Observations with o-Nitrobenzyl cAMP. In fibers ex-
posed to Ca2`-, Mg2+-free Ringer solution containing 1 mM
EGTA, the Isi is increased severalfold in amplitude and dura-
tion, probably because the channels become more permeable
to Na+ (38). When such fibers were exposed to o-nitrobenzyl
cAMP, flashes produced a further augmentation of Isi. Like-
wise, the flash-induced increase in Isi still occurred when Li+
was substituted for Na+ in the Ringer solution. Thus, the cAMP
concentration jumps seem to be affecting the Isi channels them-
selves, regardless of the specific permeant ion.

At o-nitrobenzyl cAMP concentrations 2100 tum, there were
large (2-fold) increases in Isi even without flashes, as described
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FIG. 4. Comparison of initial increase in the Ii after a concentra-
tionjump of extracellular isoprenaline (A) or intracellular cAMP (B).
(A) At zero time, the solution flowing through the chamber was sud-
denly switched to one containing isoprenaline (3 pM). Data have been
corrected for the dead time of the perfusion apparatus (measured with
depolarizations due to high-KCl Ringer solution; resolution, ±300 msec).
(B) Another fiber from the same heart. The preparation was equili-
brated for 5 min with o-nitrobenzyl cAMP (30 ,uM) and a flash was de-
livered at zero time. Depolarizing pulses were 60 mV in A and 75 mV
in B.

previously (26), and flashes produced little or no further in-
creases. In three preparations in which Isi was maximally in-
creased with isoprenaline (10 AM), there was no further effect
of o-nitrobenzyl cAMP, with or without flashes. There were
small increases in delayed rectifier currents (Ix) as a result of the
cAMP concentration jumps but we have not studied this effect
systematically. The flash-induced increases in Isi were accom-
panied by increases in twitch tension. There was no effect of
o-nitrobenzyl cAMP, either before or after flashes, on the in-
creased potassium conductance induced by carbachol.

Experiments with o-Nitrobenzyl cGMP. The experiments of
Figs. 1-6 were also conducted with o-nitrobenzyl cGMP at con-
centrations up to 500 AuM. The compound was also tested in the
presence of o-nitrobenzyl cAMP at various concentrations and
in the presence of 1 AM isoprenaline. Action potentials, Isi, and
the background conductance were measured. The cGMP de-
rivative itself had no effects in any of these experiments, either
before or after flashes were delivered to the preparation.

Neurobiology: Nargeot et al.
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fI-sh after the lag phase in previous studies: all these effects develop
I over a period of 10-30 sec (20, 40-42). Rather low levels of

phosphorylation evidently produce detectable increases in Ii:
phosphorylation would proceed to the extent of at most a few
percent within 150 msec after the flash (40-42), when the first
increases in I~i were detected (Fig. 5).

In our experiments, the linear increase in Ihi extrapolates to
the time of the flash with a delay of <150 msec. This suggests
that a single rate-limiting step is involved in this increase. This

f lash step might be the binding of cAMP to the kinase, the disso-
IIII ciation of the regulatory and catalytic subunits, possible trans-

location of the catalytic subunit to its site of action (39), the
phosphorylation, or a subsequent event. Our experiments do
not allow for a decision among these possibilities.

It has been suggested that cAMP increases the I~i by stim-
(,(('f1Hulating direct phosphorylation of a Ca2" channel (3, 43, 44). It

fl1 ~ lI l is also possible that Isi is modulated by local changes in cyto-
plasmic ion concentration via a less direct mechanism. Phos-

lII I I I ~~~~phorylation ofthe sarcoplasmic reticulum, for example, can lead-2-I 0 1 2 3 to increased Ca2+ pumping activity (45, 46) and this might ac-sec count for the cAMP-induced modulation of Isi (34-36). One might

(A) Rapid response to flashes in an especially stable prep- predict that these mechanisms would result in different re-
osed to 30 ,uM o-nitrobenzyl cAMP. The lower trace shows sponse latencies between the concentration jump of cAMP and
>-clamp currents associated with a depolarizing step of 80 the change in Isis However, in both cases, these delays are ex-
sec. The upper trace, displayed with an offset and at higher pected to be less than the 150-msec limit of our present tech-
scale except during the peak ofIg (as well as the larger peak nique; therefore, we cannot resolve this issue in our experi-
current on repolarization). The flash occurred at zero time ments. Improved time resolution and other techniques will be
es a small artifact on the low-gain trace. ----, Amplitude of
'e the flash. Ig increases after the flash; the increase is no- required to descnbe the complete chain of events between ac-
n for the step that occurs 150 msec after the flash. (B) Con- tivation of protein kinase and increased s
nent on another fiber in the absence of the photolabile drug. Although muscarinic agonists decrease both cAMP in intact

cells and adenylate cyclase activity in homogenates from car-
DISCUSSION diac muscle (17, 18), it has been reported that the acetylcho-

of the observed effects, along with the previous ob- line-induced K+ conductance is not affected by manipulations
summarized in the Introduction (1-19), leave little of the intracellular cAMP concentration (11). In the present ex-

t cAMP can serve as an intracellular second messen- periments, cAMP concentration jumps also failed to affect the
adulation of the Isi. In eukaryotes, all known cAMP muscarinic K+ conductance. This observation argues against an
mediated through cAMP-dependent protein kinase. involvement of cAMP in the muscarinic response.

s confirm earlier conclusions that the "lag phase" after One uncertainty associated with the light-flash technique is
uction of a (3adrenergic agonist arises from a step(s) the actual amplitude of the intracellular concentration jumps.
the interaction between cAMP and protein kinase. At an o-nitrobenzyl cAMP concentration of 10 1LM, each flash
p might be the activation of adenylate cyclase (22, 23) produces a jump of 250 nM cAMP in the external solution. This
fusion of cAMP to a special compartment (39). The value roughly equals the intracellular concentration estimated
of I~i after the flash agrees well with the time course to produce half-maximal activation of protein kinase (47). We do
itive inotropic effect and of protein phosphorylation not know, however, to what extent o-nitrobenzyl cAMP ac-

cumulates within the cell; because the o-nitrobenzyl esters have
A B high lipid solubility, the accumulation could be substantial and

locally variable and therefore play a role in determining the ki-
netics of the response.

>7 -.2 ,It is not yet known why o-nitrobenzyl cGMP is photolyzed
to produce cGMP with only half the efficiency of the corre-
sponding cAMP derivative; preliminary studies suggest that there
is a competing intramolecular reaction for this derivative that

l l l does not lead to cGMP release. Despite the uncertainties, in
0 50 100 150 0 50 100 150 some of our experiments, the cGMP concentration jump

Time, msec amounted to 4 A&M in the external solution-i.e., 10-100 times
the Km for activation of cGMP-activated protein kinase in sev-

Records of Ig associated with step depolarizations at inter- eraltissues (48) and 40 times the minimum cAMP concentration
!c. The holding potential was 5 mV more negative than the that producedobservable effects. Our negative results with o-
ential and the depolarizing step was incremented by 8 mV nitrobenzyl cOMP confirm previous observations with this
sode; traces from alternate episodes are shown. Trials were compound (26) and suggest -that cGMP does not play a role in
before (A) and 30 sec after (B) a flash in the presence of 40 modulating Isi or the background conductance in frog atrium
3enzyl cAMP; the Ringer solution also contained 20 mM Cs', (see An ref. .3 1
bachol, and 0.6 p&M propanolol as in the experiment of Fig. The present technique may be generally useful for studies on
e currents have been eliminated by subtraction of Appro- the regulation of cellularproperties by intracellular cyclic nu-led responses to hyperpolarizing voltagejumps.The first 5
the jump have been deleted because the capacitative tran- leotides. Flash effects are observable at o-nitrobenzyl cAMP
ntssaturated the recording apparatus. concentrations as low as 4 uM; the unphotolyzed drug itself
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produces cAMP-like effects at about 100 ,uM, like many other
cyclic nucleotide analogues (49). Thus, one has an available con-
centration range of 25-fold. With simple improvements in the
optical apparatus,¶I the procedure could probably be applied to
any nonpigmented cell in a nearly transparent preparation.
However, the technique is likely to be marginally effective for
opaque tissues. For instance, to produce afterdischarges in bag
cells of isolated intact Aplysia abdominal ganglia exposed to o-
nitrobenzyl cAMP, 3-10 times more UV irradiation is required
than in the present experiments (unpublished data). Perhaps
the most important improvement would be development of o-
nitrobenzyl cyclic nucleotide derivatives that undergo photol-
ysis atlongerwavelengths, allowingforlarge concentrationjumps
of cyclic nucleotides without danger of damage to cells. Pre-
liminary investigations have been reported with such deriva-
tives (29, 30, 50, 51).

IWith the apparatus used in the present experiments, 2.5% of the o-
nitrobenzyl cAMP molecules were photolyzed per flash. This could be
improved by a fctor of 1.5 if a WG280 filter, passing wavelengths down
to 280 nm, was substituted for the WG295 filter. An additional factor
of 2 could be gained with a 50-mm secondary focusing lens rather than
the 75-mm lens used at present (microelectrode impalements would
be cumbersome). It would be technically possible to produce higher
conversions by using (i) larger storage capacitors to produce brighter
flashes or (ii) a laser (28).
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