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Introduction

Adrenergic activation of cardiac muscle is one bé tmost important
adaptation mechanisms in the mammalian heart. Tledé®ets are mostly
modulated by adrenergic receptors and their signal transdugathways.

Besides the well-known positive tropic changesumlmer of ion currents are
amplified during adrenergic stimulation, includingtype C&" current (&),
slow delayed rectifier Kcurrent (ks) and rapid delayed rectifiefkcurrent (k).
Little is known about the kinetics of ISO-induceeh@ification of k, and kg,
however, the relative timing of activation of cadiC4" and K currents may
be especially important when discussing the meshanof the known
proarrhythmic effect of adrenergic activation.

In spite of the huge amounts of data obtained enctrdiac effects off-
adrenoceptor-mediated activation at an ion curtemel, there are marked
interspecies differences between the effects of dé8@ction potential duration
including prolongation in pig, rat and guinea pigeparations, as well as
shortening of action potentials in human, cat, tadofod dog preparations.

Thus, the question arises as to whether theseeliites in ISO effects are a
consequence of different kinetic properties ofdneerlying current systems or
they are related to variations in action potemhalphology.

In our experiments we examined the effecp-@drenergic stimulation on the
calcium and the late potassium currents. The velatontribution of |, in the
compensation of the ISO-induced augmentationcphas not been explored,
and little was known about the kinetic propertiéaegmentation ofid and ks
by ISO. Therefore, we examined and compared thadiof activation of |k, Is
and Lk, During our experiments we examined the kinetigpprties of these
currents, besides the change in their amplitudes.

The effects of ISO on AP configuration of canin@tvieular cardiomyocytes

were studied in whole cell configuration of the gtatlamp technique



(conventional voltage clamp or action potentialtagé clamp), while action
potentials were recorded using sharp microelectiode

The role of AP morphology were examined on epi-g-vand endocardial
cellsTo study the role of AP morphology in ISO antithe midmyocardial APs
were altered by blocking the.!

The changes of plateau potentials, and the duraticthe action potentials
were examined. The frequency-dependent properiEx®action were studied.
Thep adrenergic receptor subtype involved in ISO actvas identified as well.

The significance of using canine heart cells in @xperimentis supported by
the fact that the properties of ventricular ionreats in the human heart strongly

resemble those found in canine myocardium
Aims

Our aims were
to study the effects of beta-adrenergic stimulation
- on ventricular action potential morphology anddetermine
its frequency dependency;
- on transmural action potential heterogeneity;
to study the role of ionic currents in beta-adrgierresponse of
ventricular cells;
to explore the kinetics of ion current changes murbeta-adrenergic
response and,;
to identify the beta adrenergic receptor subtypeslved in the observed

ion current and action potential changes.



Materials and methods

Isolation of single canine ventricular myocytes

Adult beagle dogs of either sex were anaesthetitesl,hearts were quickly
removed and placed in Tyrode solution. Single my@sywere obtained by
enzymatic dispersion using the segment perfusionnigue. Briefly, a wedge-
shaped section of the ventricular wall suppliedthy left anterior descending
coronary artery was dissected, cannulated and getfwith oxygenized Tyrode
solution. Perfusion was maintained until the renh@fdlood from the coronary
system and then switched to a nominally'@eee Joklik solution for 5 min.
This was followed by an approximately 25 min peidaswith Joklik solution
supplemented with 1 mg/mL collagenase and 0.2% BS8#Ataining 50 mM
C&”. Full transmural sections of the middle portiontioé left ventricular wall
were cut into small pieces and the cell suspensiaa washed with Joklik
solution. These tissue chunks contained predominamidmyocardial
myocytes. In some experiments, cells were obtaiggecifically from the
subepicardial or subendocardial layers of the heartarefully slicing the left
ventricular free wall. Finally, the aconcentration was gradually restored to

2.5 mM. The cells were stored in Minimum Essertiiatjle’s Medium until use.

Recording of action potentials

All electrophysiological measurements were perfatrae37°C. The rod-shaped
viable cells showing clear striation were sediménite a Plexiglass chamber
allowing continuous superfusion with oxygenated obg solution.
Transmembrane potentials were recorded using 3 MHiKE sharp glass
microelectrodes having tip resistance between 2D4hM)Q. The cells were

paced through the recording electrode at a steadg tength of 1 s using 1 ms



wide rectangular current pulses with an amplitude-112 times that of the

diastolic threshold.

Conventional voltage clamp

The cells were superfused with oxygenated Tyrodatisa at 37°C. Suction
pipettes, made of borosilicate glass, had tip t@stes of 2 M after being
filled with pipette solution. Membrane currents e@ecorded using the whole-
cell configuration of the patch clamp techniquetefAfestablishment of a high
(1-10 @?) resistance seal by gentle suction, the cell man#beneath the tip
of the electrode was disrupted by further suctiobyapplying 1.5 V electrical
pulses for 1 ms. Selective blockers and voltagéopods were applied to ensure
the selectivity of the studied ionic currents.

The k. and ks currents were characterized as a tail current itundgl
determined as the difference between the peak tuared the pedestal value
observed following repolarization to the holdinggrial. k., current amplitudes
were determined as differences between peak andstadvalues. All ionic

currents were normalized to cell capacitance.

Action potential voltage clamp

After establishing whole-cell configuration, actipotentials were recorded in
current clamp mode from the myocytes superfusel Witrode solution. The
cells were continuously paced through the recordehgctrode at a steady
stimulation frequency of 1 Hz so as a 1-2 ms gdwdxn the stimulus artefact
and the upstroke of the action potential could ocdien subsequent action
potentials were recorded from each cell, which vasralysed online. Averaging
10 recorded action potentials, was delivered to dhme cell at an identical
frequency as the command voltage after the amplifaed been switched to

voltage clamp mode. The current trace obtained mutitese conditions was a



horizontal line positioned at the zero level exciEptthe very short segment
corresponding to the action potential upstroke. ptuadile of the ISO-activated
current was determined by subtracting the pre-dmuye from the post-drug
one. This procedure resulted in a downward deflador an inward d,) and an

upward deflection for an outwardg{land k) current, corresponding to the

known fingerprints of these currents.

Statistics
Results are expressed as mean +SEM values. Stistignificance of

differences was evaluated using one-way ANOVA fo#d by Bonferroni’s
test, or by Student’'s T-test, according to theisttal question. Differences

were considered significant when P was less tha O.



Results

Effects of ISO on action potential configuration

ISO induced two characteristic modifications of ttenine ventricular action
potential: the plateau potential, measured at hiale of action potential
duration, was shifted significantly towards moresigee membrane potential
values; and the duration of action potentials dessd significantly, that is,
action potentials shortened. These changes weralerdvi within the
concentration range 10-100 nM, and were largelgnsble upon washout of
ISO. Since 10 nM ISO displayed reproducible andkedreffects on action
potential characteristics without increasing th@dence of afterdepolarizations,
this concentration was used to monitor ISO effecthe presence of various ion
channel blockers. Blockade of; Iby pretreatment with 1 mM E 4031 before
application of 1ISO failed to modify the effect o® hM ISO. In contrast, after
inhibition of Ixs with 10 mM HMR 1556, the action potential duratimaluced
by 10 nM ISO was increased, while the plateau dl@evavas preserved. None
of these actions were elicited in the absence wétfanally active L-type Ca
channels as indicated by the lack of effect of Efect in the presence of 5 mM
nisoldipine. Since the marked interspecies diffeesnin the ISO action may, at
least partially, be related to differences in attmotential configuration, the
possible involvement of action potential morpholagynodifying the effects of
ISO was further studied by comparing the ISO-inducieanges in myocytes of
various origins. The effect of 10 nM ISO was alsalged in myocytes digested
from either the subepicardial or subendocardia¢igyf the middle portion of
the left ventricle. The shortening effect of ISOsaatally absent in endocardial
cells, while little differences were observed betwethe epicardial and

midmyocardial cells in this regard. Similar resufte. the lack of shortening)



were obtained when ISO was applied to myocytes dhgtnally had a spike-
and-dome action potential morphology, but theinsfant outward K current
(Ix) was suppressed by 1 mM 4-aminopyridine. It isongnt to note that ISO
failed to cause action potential shortening unties¢ conditions at any of the
pacing cycle lengths applied. These results cledginonstrate that the shape of
the cardiac action potential has a critical infloemon the 1SO-induced changes
In action potential duration, that is, the shomgncan develop only in cells
having a spike-and-dome action potential configaraand require both:} and
Iks to be functionally active.

Since the profile of an ion current may be quitdedent then studied under
conventional voltage clamp and action potentiatage clamp conditions, the
ISO-activated currents were studied using actictert@l voltage clamp. This
technique enables us to record true current psofi@wing during an actual
cardiac action potential. Applying of ISO inducec@mposite current during
action potential voltage clamp measurements. Thtalinnward component
(downward deflection) is probably mediated ky, Iwhile the slow rise of
outward current (upward deflection) appears to $soaated withk and k, —
as suggested by the current—voltage relationshihe1SO-induced composite
current. Enhancement of these currents increasaduglly when the 1SO
concentration was increased from 1 nM to 1 mM, #ral effect of ISO was
largely reversible. To develop maximal effects, H®0 ISO was used in further
action potential clamp experiments. Similar to tesults obtained with ISO on
action potentials, the ISOinduced composite cunpeofiles were largely similar
in the absence or presence of 1 mM E 4031. Thisates that 4, although
known to be enhanced by ISO, failed to significardgbntribute to the 1SO-
induced current profile. When the ISO was appliéidrgretreatment with 10
mM HMR 1556, a potentxd blocker, the slowly activating outward current
component was almost fully abolished, which allowsdo monitor the profile
of the ISO-induced inward current. 5 mM nisoldipifaded to block the 1SO-



induced inward current completely, therefore 5 mMCIN was combined with
10 mM nisoldipine to suppress inward currents diffety. ISO failed to
enhance s under these conditions (i.e. when the plateathefaiction potential

was depressed due to suppression of inward cuyrents

Frequency-dependent properties of the ISO-induced current

The effect of ISO on action potential configuratiand the underlying ion
currents is strongly frequency-dependent in gupigatherefore, we studied the
effects of pacing rate on the ISO-induced changexiion potential duration in
canine myocytes. Increasing the cycle length ohwation resulted in an
augmentation of the 1SO-induced action potentiabrgming. When the
shortening effect of 100 nM ISO was plotted agaih& baseline (pre-1SO)
value of action potential duration at each pacigglec length, the shortening
effect of ISO appeared to be proportional to theebae action potential
duration. The magnitude of the 1SO-induced inwand autward currents was
also rate- dependent under action potential voltagep conditions. Although
both components, ie. the peak inward as well ask pmatward current
amplitudes, increased significantly on increasing pacing cycle length from
0.5 to 1 and 3 s, this increase was more pronounctdate case of inward

currents.

Effects of ISO under conventional voltage clamp conditions

Conventional voltage clamp measurements were peefdrto determine the
magnitude and concentration-dependence of the m80ced changes. Effects
of cumulative increasing concentrations of ISO qg Ik, and k, were

determined. Superfusion of each ISO concentratstet for 2—3 min, while
washout lasted for 5-10 min. These incubation amdhaeut periods were
sufficient to develop steady-state effects and nsateof effect of each

concentration of ISO. The amplitudes g, llx, and L, increased gradually with
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increasing ISO concentrations. By fitting theseaultsso the Hill equation, EC50
values of 145 + 1.1, 13.7 £ 2.5 and 15.3 + 3.5 nidre estimated with
concomitant Hill coefficients close to unity. TheillHplots allowed us to
determine maximal ISO effects as well. These wstienated to be 420 + 4, 133
+ 1 and 340 + 13% of the respective baseline vablgined for lg, Ik, and ks,
respectively.

Finally, the pharmacological suppressibility of leosphorylated channels was
compared to that of the normal, non-phosphorylatddnnels. In these
experiments, 3 mM forskolin was used to mimic sythpac activation. The
inhibitory effects of HMR 1556, E 4031 and nisoldp did not differ
significantly between normal and phosphorylatechcless.

Time-dependent effects of ISO on action potential morphology

The effect of 10 nM ISO on action potential confafion strongly depended on
the transmural position of the cell. Myocytes ofbepicardial and mid-
myocardial origin responded to ISO with a markedrsning of action potential
(both action potential duration ARP and APLR, decreased, but ARP
increased). In subendocardial cells, 1ISO failedettuce AP and APDR,, but
the increase in APf could be detected. At the same time, the plateaengal
was shifted significantly towards positive membraagentials by 1SO in all of
the three cell types. The elevation of plateau sigsificant within 0.5 min after
starting the 1SO superfusion, while the concomitahbrtening of action
potentials required 1.5 and 2 min to reach thelle¥esignificance in case of
APDgy and APR,, respectively. These effects of ISO were readilersible by
a 5-min washout period with ISO-free Tyrode solatio
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Time-dependent effects of ISO on the major ion currents

The shape as well as characteristic parameteteeofdantricular action potential
Is strictly dependent of the timing and amplitudeuaderlying ion currents.
Since ISO is known to enhancg &nd ks strongly, and alsqa¢l moderately, the
time course of development of the ISO effect ors¢heurrents were examined
under conventional voltage clamp conditions. I wmith the changes in action
potential configuration evoked by ISO, the ISO-ioéd enhancement oflwas
significant statistically within 0.5 min of expogyrwhile in the case ofd and

lr, this required at least 1-minute period of time.

Contribution of 1- and z-adrenergic receptors

Explanation for the observed asymmetry in the ratethe 1SO-induced
activation of C&" and K currents may be based on the finding that cariac
adrenergic signaling was shown to specifically state a population of cardiac
calcium channels by local production of cAMP, wlasfé-adrenergic signaling
stimulates calcium channels throughout the cellavimore general increase in
cAMP, similarly to neuronal tissues. The questibnist arises: can the two
characteristic ISO-induced modifications of actotential morphology (i.e.,
the shortening of APD due to stimulation @f + I, and the upward shift of the
plateau due to enhancement @f)lbe selectively associated to different
subpopulations of adrenoceptors (of course, togetiith the coupled specific
signal transduction pathways)? This point was ewrahiin the experiments
where the contribution d¥;- andp,-adrenergic receptors were separated using
their specific blockers before applying 1SO. Selectblockade of theB,-
adrenoceptors was achieved by pretreatment withNb0CI 118,551, whilef;-
adrenoceptors were selectively blocked by using 88D CGP-20712A. No
change in action potential morphology was obsenfest pretreatment with ICI
118,551 or CGP-20712A . Blockade of fheadrenoceptors converted the 1SO-

12



induced shortening of APD to lengthening and redutee 1SO-induced
elevation of the plateau potential. In contradbjbition of thep,-adrenoceptors
augmented the ISO-induced shortening of APD, withaay effect on the
plateau shift. Since ISO failed to alter any par@mef the action potential after
simultaneous blockade of both receptor types, tleeiwed effects of ISO was
mediated exclusively vig3;-adrenoceptors in the presence of ICI 118,551 and
exclusively via B,-adrenoceptors in the presence of CGP-20712A. Time-
dependent effects of ISO were studied also underrapotential voltage clamp
conditions, when the application of ISO inducedaposite current: the initial
inward component (downward deflection) is likely drsged by ¢, while the
slow rise of outward current (upward deflection)tie sum of Js and ..
Enhancement of both the inward and outward curcembponents increased
progressively with time, and the effect of ISO wasgely reversible. The
latency of the 1ISO-induced enhancement was sigmiflg shorter for the inward
than for the outward current, and the initial refethe current amplitude was
also steeper in the former case. Blockadf,eddrenoceptors by 300 nM CGP-
20712A prevented the 1SO-induced enhancement afardt currents. In this
case, ISO enhanced onhgllt must be noted, however, that the amplitudk-of
induced by ISO was smaller after CGP-20712A préateat. Although ISO
failed to activate outward currents in the presesicEGP-20712A, the latency
measured for the inward current was similar inghesence or absence of CGP-
20712A. The timing of changes of action potentiatgmeters on the effect of
ISO was also intimately influenced by selectpse or B,-adrenergic blockade.
APDg, was lengthened by ISO in the presence of CGP-2071Re latency of
this lengthening was similar to the latency obtdifer the plateau shift either
with or without CGP-20712A. Importantly, the latgrfor the plateau shift was
not altered by CGP-20712A treatment. The oppositeem of changes could be
observed after pretreatment with ICI 118,551, whtre latency for APD
shortening did not change, but the latency forptlageau shift doubled.

13



Role of the phosphodiesterase barrier

The ISO-induced elevation of the plateau poterdmteloped faster than the
concomitant shortening of the action potential.sTHifference, however, was
significantly smaller if the 1ISO exposure was pearfed after pretreatment with
10 uM of IBMX, the known non-selective phosphodiesterdsocker. IBMX
had no effect on the latency period of the platehift, but accelerated the
development of action potential shortening. Thessults suggest that tHe
adrenergic signal transduction pathways governimgavailability of C&" and
K* channels are likely separated by at least onepplvoesterase barrier.
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Discussion

The results of our study indicate that in caninatveular myocardium, the
action potential shortening effect of isoprotere@0O) requires spike-and-
dome action potential morphology and an upward shithe plateau potential.
The shortening is mediated by the ISO-induced attw of ks, but is not
related to k., and it shows reverse rate-dependent proper€3.dctivatesd,

I, and ks with identical EC50 valuesThe 1SO-induced changes in canine
ventricular action potential morphology are alsesdciated in time. The ISO-
induced upward shift in the plateau (with the conttant increase incl)
developed earlier than the shortening of actionemizdl duration (APD9O,
caused by the enhancement @f &nd |k,). Furthermore, it has also been
demonstrated that activation of tifie- and p,-adrenergic receptors causes
different patterns of action potential configuratiohanges, accompanied with
characteristic differences in their timing.

Responses to ISO strongly vary between cardiac apagpns and
experimental conditions. For instance, action pode(AP) duration was found
to be shortened by ISO in rabbits, dogs, cats angans, but prolonged in pigs,
rats and guinea pigs. This is absolutely in linghvihe interpretation of our
results, that a spike and dome action potentialigoration, which is a common
characteristic of canine, feline and human epieh@ind midmyocardial cells, is
a prerequisite of the ISO induced shortening. lditaeh, an upward shift of the
plateau potential has been observed in all mammalraparations exposed to
ISO. The increase incd with the concomitant positive shift in the plateau
potential was also evident in the present experisnparformed in epicardial or
midmyocardial myocytes, while it was less pronouh@dthough still present, in
canine endocardial cells. More importantly, thisvapd shift of the plateau

seems to be a prerequisite of action potentialteshimg since action potential
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duration was not modified by ISO in the presencenigbldipine, when the
plateau shift was abolished. In the presence aldigne, one might expect an
augmentation of the shortening effect in the abseat an enhancedc:d
However, this was not the case but, importantlg,dlevation of the plateau was
concomitantly abolished. Thus, the 1SO-induced t&mang of action potential
duration required the elevation of plateau, a likelonsequence of the
simultaneousd, enhancement. This positive shift in the plateatemoal might
stimulate/accelerate the activation of an outwatdrent, which, at least
theoretically, could be a mixture ofsland k, since both currents can be
enhanced by ISO. Since inhibition ofsIbefore the application of ISO
effectively prevented the shortening, whilg blockade failed to do so, it was
concluded that activation ofd alone was the underlying mechanism for this
effect of 1SO. This, however, is somewhat surpgsibecause the peak
amplitude of ks during normal repolarization of canine ventricutayocytes
was estimated to be not more than 10 pA, while dhdt, was mainly 10 times
higher, around 80-90 pA. Considering thatwas augmented by ISO to 420%
of its control amplitude, whilexl was enhanced only to 133% of its baseline
value, the 1SO-induced components of the two cisrehould be comparable in
size. If we take into account the finding that I3&led to shorten action
potentials in the presence of nisoldipine, wherhl@s and k, could be freely
stimulated by I1SO, it is clear that some additicalration beyond the direct
effect of 1ISO on {5 and |k, is also needed to induce shortening. This crucial
change is likely to be the elevation of plateavepbél due to enhancement of
lca Ik IS almost fully activated at normal plateau patdnttherefore, its
contribution to terminal repolarization is lesslusinced by the plateau voltage
compared toy, the activation of which is sharply increased bgipve voltage
shifts beyond this level. As a consequence, tragivel contribution ofds will be
dominant under conditions where the plateau is gdlyk elevated. This

conclusion accords with those of Varro et al. arddérs et al., who suggested
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that the contribution of (i to canine ventricular repolarization is almost
negligible at rest but is an important factor fallng sympathetic stimulation.
Our results showed that 1SO shortens action patisntdonly in myocytes
displaying a spike and dome action potential camfgjon. Thus, no shortening
was observed in endocardial cells or in myocytestreated with 1 mM 4-
aminopyridine. This phenomenon can be attributedS0-induced indirect
changes in kinetics. In epicardial cells, the strongly pasgtivoltage of the
late dome probably results in a larges amplitude than in the case of an
endocardial cell, which shows less positive membrpatential values at this
time. This might explain why cardiac action potalgtican be lengthened by ISO
In guinea pigs, but not in canine, feline, or hunmgcardial tissues. The
asymmetrical 1SO effect (shortening of epicardiat bot endocardial action
potential duration) may increase the transmuralpatson through the
ventricular wall during sympathetic stimulation, iath may contribute to
increased arrhythmia propensity under these camditiFurthermore, since the
ISO-induced shortening was increased with lengtigerof the pacing cycle
length, the increased dispersion will be furthegragated when the 1SO
challenge occurs during bradycardia, thus incrgasihe risk of the ‘alarm-
induced’ sudden cardiac death. It must be mentiohedever, that the reverse
rate-dependent nature of the ISO effect is probaloty related to the known
rate-dependent properties of the underlying ionresus, since in our
experiments, the augmentation @f evoked by increasing the cycle lengths
from 0.5 to 3 s was much greater than thatkgf The explanation for this is
based on the general behaviour of cardiac tissmeish produce reverse rate-
dependent alterations in action potential duratioresponse to prolongation of
baseline action potential duration. To explain rterked variability of the ISO-
induced changes in various mammalian species, stwaviously claimed that
sympathetic stimulation modulates cardiac ion aiseusing different (i.e.

involving more than one) signal transduction patysvan this is true, however,
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the EGq values should be different, whereas we observiel8@ activated d,,

I, and ks with practically identical E€; values and Hill coefficients; only
differences in the magnitude of activation werenfwuThis suggests that one
single mechanism (probably the cAMP/PKA pathwaydiags the effects of
sympathetic stimulation oncd Ik, and ks uniformly in canine ventricular
cardiomyocytes. The involvement of stimulation gf but not k,, in the ISO-
induced shortening of the canine, and probably mymeentricular action
potentials has important clinical implications. €4a3 anti-arrhythmics, drugs
known to block typically {;, may carry the risk of enhanced incidence of early
afterdepolarizations resulting often in torsade mentes type arrhythmias,
clearly as a consequence of the compromised repatian reserve.
Sympathetic activity is also known to increase timeidence of early
afterdepolarizations, thus a combination of Khannel blockade with
sympathetic stimulation was shown to be extremealygegrous. Application of
Ixs blockers as a new generation of class 3 anti-tirhigs has been proposed
due to their favourable rate-dependent propertesrapolation of our canine
results to humans supports the conclusion thaethgents may be even more
dangerous in cases of an inherited or acquired fufrlong QT syndrome than
the ‘classic’ class 3 drugs, since these patigettad with an blocker will
lack the ultimate mechanism of repolarization faflog a strong sympathetic
activation. This is true in spite of the fact thatis thought to be an insignificant
repolarizing current under baseline conditions. SEheonsiderations must be
kept in mind when developing new anti-arrhythmieatg or strategies.

Activation of thep;- andp,-adrenergic receptors causes different patterns of
action potential configuration changes, accompanigdh characteristic
differences in their timing. Activation of;-adrenoceptors (irp,-blockade)
evoked both plateau shift and ARBhortening, changes considered as markers
of enhancement of Gaand K currents, respectively. In contrast, isolated

activation ofp,-adrenoceptors (ifi;-blockade) resulted in the prolongation of
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APDy, (instead of shortening) combined with a less pumged plateau shift.
These changes are congruent with the enhanceméntvwathout stimulation of
K* currents. More importantly, changes inducedpbyadrenoceptor activation
developed slowly when comparing to changes intdidig selective,-receptor
activation. Finally, all these temporal differeneasre abolished by inhibition of
either; or B, receptors and were significantly reduced aftepsnsion of the
phosphodiesterase barrier with IBMX. One possiplanation for the faster
response of Cathan K currents to 1SO might be a lower &@or the former.
This possibility, however, has to be excluded, sitihe EG, values obtained for
the 1SO-induced enhancement of, Ik, and k, were practically equal
(15.3£3.5, 14.5+1.1 and 13.7£2.5 nM, respectivatyranine ventricular cells.
These results suggest that the differences obseridter in temporal
manifestation of the 1SO effect on various paramsetd the action potential as
well as in the rate of enhancement of Gand K currents cannot be related to
differences in I1SO binding. Thus, alternative erpldon of the present
observations requires the involvement of two (astepartially independent)
parallel adrenergic signal transduction pathwaysamine ventricular myocytes.
In adult humans and other larger mammdsadrenoceptors represent the
dominant receptor population. Activation of thesxeaptors, located in the
highest density in the surface membrane, resultgeimeral effects involving
activation of a variety of ion currents (includimgpth C&" and K currents),
which are accompanied by a massive increase irsaiytocAMP concentration.
On the other hang,-adrenoceptors (but not tife subtype) have been shown to
be localized in the caveolar membrane. A full defeadrenoceptors, with the
corresponding G proteins, adenylate cyclase, plumbpsterase, protein kinase
A, and C&" channels, has been demonstrated in these raftsul&tion of
caveolar p,-adrenoceptors resulted in a local increase of cAl&ing to
activation of .. The role of cardiafz;-adrenoceptors can fully be ignored since

the simultaneous blockade [&f andf3, pathway eliminated all effects of 1ISO in
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our experiments. Our results are in line with thewof dual signalization by
ISO in canine ventricular myocardium. Accordinglige majority of the 1SO-
induced C& current and the total amount of the 1SO-activaked current
(including both s and k;) are enhanced through the apparently slofer
pathway. When stimulated, the rapidly activatinyemdar f, pathway adds
more k. to the system without the augmentation of ¢Urrents. This may
explain the temporal differences observed in theeligment of the ISO-
induced plateau shift and APD shortening and &t donversion of AP§
shortening to lengthening followin@y-blockade. Congruently with our results,
selectivep;-blockade eliminated the strong APD-shortening ctffef 1SO in
rabbit ventricle and the 1SO-induced enhancemernioin canine ventricular
myocytes. Indeed, the adrenergic regulation ofiaar@&™ and K channels is
considered typically “different” or “independentth line with the concept of
dual adrenergic control o/ (together with the purp;-reletad regulation of K
currents), the time lag between the developmenplateau shift and AP§Q
shortening disappeared when either flie or p-receptor subpopulation was
blocked. The significant reduction of this diffecenin the presence of IBMX
indicates that the local cAMP gradients, built updapreserved by the
phosphodiesterase barrier, may also be responddiethe asymmetry.
Acceleration of the turn-on of the 1SO-induced ABRbrtening by IBMX can
be interpreted as a consequence of a cAMP load tfmmcaveolar to the
extracaveolar compartment, which is normally limiteby the local
phosphodiesterase barrier, although the directctefdé IBMX in this latter
compartment cannot be ruled out either.

The faster activation ot} comparing toys or Ik, is useful when the heart must
respond immediately to the demand of increasedractility. However, it may
carry serious proarrhythmic risk as well, since teday in the concomitant
activation of K currents increases the propensity of early affeideizations,

which are known to be associated with adrenergtvatmon. Indeed, recent
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computer simulations revealed that the mismatctimimg of the 1SO-induced
changes in 4, and ks may result in an increased incidence of early
afterdepolarizations. In line with these predictipthe majority of sudden death
cases (caused by torsades de pointes type veatrittbtillation) occur when
bradycardia is combined with strong adrenergic &is (e.g., sound of the
alarm clock in the morning). Based on the presestilts, the application of
selectivef, blockers are expected to diminish the time lagvben turning on
the C&* and K currents and thus might decrease the risk ofdsf®larizations.
This should also be considered by the clinician iwhketting the individuaf-

blocker combination for the patient.
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Summary

Background and purpose

Little is known about the role of action potentiorphology in thef-
adrenergic receptor activationduced changes in ion currents. Therefore, the
effects of the non-selectiieadrenergic receptor agonisbproterenol (ISO) on
action potential configuration, L-type €acurrent (c5), slow componentl{s)
and fast component) of the delayed rectifier Kcurrent were studied and
compared in a frequency-dependent manner, alorgtiagttiming of activation
of each current

Experimental approach

Whole cell configuration of the patch-clamp teclug@gn either conventional
voltage clamp or action potential voltage clamp e®dere used to monitas,)
Iks, @and k,, while action potentials were recorded using simaiqgroelectrodes at
37°C.

Results

In epicardial and midmyocardial cells ISO causecersible shortening of
action potentials accompanied by elevation of tladepu.These effects were
associated with multifold enhancement gf and ks and moderate stimulation
of lx,. ISO-induced action potential shortening was abserindocardial cells.
I, blockade failed to modify the ISO effect, while iant potentials were
lengthened by ISO in the presence IQf blocker. Both action potential
shortening and elevation of the plateau were pitedeby pretreatment with,
blocker. Bothlc, andlks currents increased with increasing the cycle lenfjte
ISO-induced plateau shift ang,lincrease developed earlier than the shortening
of APD and stimulation ofcl and k,. Blockade off; adrenoceptors converted
the 1SO-induced shortening of APD to lengthenirggrdased the latency of the
plateau shift. In contrast, blockade @% receptors augmented the APD-
shortening effect and increased the latency ofeplatshift. All effects of ISO
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were prevented by simultaneous blockade of bothptec types. Inhibition of
phosphodiesterases decreased the differences edsarthe turn on of the 1ISO
induced plateau shift and APD shortening.

Conclusion

The effect of ISO in canine ventricular cells degercritically on action
potential configuration, and the 1SO-induced adtoraof I«s — but notl, — may
be responsible for the shortening of action poasntiSO-induced activation of
lca is turned on faster than the stimulation gf and k, in canine ventricular

cells due to the involvement of different adrenergpathways and
compartmentalization.
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