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effect of f-adrenoceptor and A;-adenosine receptor stimulation

Francesco Porciatti, *Brigitte Pelzmann, Elisabetta Cerbai, *Peter Schaffer, Roberto Pino, *Eva

Bernhart, *Bernd Koidl & 'Alessandro Mugelli

Department of Pharmacology, University of Firenze, Italy and *Institute of Medical Physics and Biophysics, University of Graz,

Austria

1 We used single human atrial myocytes to study I; occurrence, properties and pharmacological
modulation. Cells were obtained by chunk enzymatic digestion from samples of right atrial appendages
of patients undergoing corrective cardiac surgery.

2 Patch-clamped cells in the whole-cell configuration were superfused with a modified Tyrode solution
to reduce contamination by interfering currents and to amplify I. The average cell membrane
capacitance was 85.06+2.41 pF (n=>531). Data were consistent with the geometrical dimensions of the
cells (length 94.24+1.89 pum, width 17.9+0.42 um, n=126).

3 When hyperpolarizing to —120 mV from a holding potential of —40 mV, 252 of 306 tested cells
(82%) expressed a hyperpolarization-activated inward current (I; density =3.7740.25 pA pF~"); the
current was considered to be present in a given cell if its density at —120 mV was larger than 0.5 pA
pF~ .

4 Current activation was sigmoidal and fitted a Boltzmann model; the average activation curve (n=25)
showed a maximum current amplitude of 205.97+419.94 pA, corresponding to 3.8740.63 pA pF~!,
voltage of half-maximal activation (V,,) at —86.68+2.19 mV and a slope of —11.39+0.69 mV. The
reversal potential of I measured by tail-current analysis was —13.07+1.92 mV (n=6). The addition of
CsCl (5 mM) fully and reversibly blocked the current.

5 In the presence of the f-adrenoceptor agonist isoprenaline (Iso, 1 uM), V;, was significantly shifted
toward less negative potentials by 6.06+1.96 mV (n=16, P=0.0039). The selective A;-adenosine
receptor agonist cyclopentyladenosine (CPA, 1 um) caused a statistically significant shift of V;, toward
more negative potentials with respect to the control curve, both in the absence (—7.37+1.83 mV,
P=0.0005, n=11) and in the presence of 1 uM Iso (—4.97+1.78, P=0.031, n=06).

6 These results demonstrate that a current with the properties of I; described in cardiac primary and
secondary pacemakers occurs in the majority of human atrial cells. While the pathophysiological
relevance of Iy in human atrial tissue remains to be defined, our data clearly show that it is modulated

through stimulation of f-adrenoceptors and A;-adenosine receptors.
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Introduction

The hyperpolarization-activated inward current /; is thought to
play a role in pacemaking in both primary and secondary
pacemakers (Di Francesco, 1981a, b; 1991). This current is
both barium-insensitive and caesium-sensitive; in the sinus
node, it is modulated by f-adrenoceptor stimulation, acetyl-
choline and adenosine (Di Francesco & Tromba, 1988; Di
Francesco, 1995; Zaza et al., 1996). The existence of I; in the
human myocardium (atrial trabeculae) was demonstrated for
the first time by Carmeliet (1984). A current with the charac-
teristics of Iy was described in human isolated atrial myocytes
(Heidbiichel et al., 1987; Thuringer et al., 1992). Thuringer et
al. showed that I; varied greatly in amplitude from cell to cell
and that the activation voltage in most cells was approximately
—65 mV. It has been speculated that /; could play a role in
causing ectopic atrial automaticity (Carmeliet, 1984; Thuringer
et al., 1992).

The presence of I; in other cardiac non-pacemaking cells
(i.e. ventricular myocytes) has recently been demonstrated (Yu
et al., 1993; 1995; Cerbai et al., 1994b; 1996). Some of us also
recently demonstrated that /; amplitude in rat ventricular
myocytes is related to the severity of cardiac hypertrophy
(Cerbai et al., 1996), becoming even larger in failing hearts

! Author for correspondence at: Department of Pharmacology, Viale
GB Morgagni 65, 50134 Firenze, Italy.

(Cerbai et al., 1995). Furthermore, I; is consistently present in
myocytes isolated from human failing hearts (Cerbai et al.,
1997), where its amplitude is modulated by fS-adrenoceptor
stimulation. These data suggest that I; may represent an im-
portant arrhythmogenic factor in heart failure (Cerbai er al.,
1997).

Normally polarized human atrial specimens may exhibit a
diastolic depolarization phase (Bush et al., 1971; Escande et
al., 1986; Singer, 1990), which has been implicated in initiating
atrial arrhythmias (Bush et al., 1971). Consequently, we
thought that it would be important to have more information
on the characteristics of /; in human atrial myocytes, on its
incidence, i.e. what percentage of myocytes show I, and on its
modulation in order to gain insight into its possible functional
role.

Methods

Cell isolation and storage

Small samples from human right atrial appendages were used
to isolate single myocytes. The specimens, obtained from tissue
that it routinely excised from the heart of patients undergoing
coronary bypass surgery during the preparation of extra-cor-
poreal circulation, were brought to the laboratory in cold
‘transport saline’ (see Solutions). The tissue was cut into small
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blocks (1 mm?®) which were then disaggregated in a tissue dis-
sociation vessel (Jacobson et al., 1990; Pelzmann et al., 1995).
The dissociation procedure started with a pre-digestion step
(lasting about 7 min) in the ‘isolation solution’ containing
0.25% trypsin (Sigma, Deisenhofen, Germany). After this step
was completed, the solution was replaced by an isolation so-
lution containing 300 iu ml~' collagenase (Sigma, type Ia).
The solution in the isolation vessel was replaced with fresh
collagenase solution every 15 min and the progress of disso-
ciation was followed at each step by microscopic examination
of the collected medium. Starting from the fourth change, the
collagenase concentration was reduced to 150 iu ml~'. After
isolation, the cells were carefully exposed to normal (1 mMm)
calcium ion concentrations ([Ca®>*]) by washing them a few
times with isolation solution in which the [Ca®"] was raised
stepwise (50, 100, 200, 500 um). Approximately 50 to 100 in-
tact myocytes per preparation were normally obtained by this
method. The isolated cells were either kept at room tempera-
ture and used within the day, or alternatively stored for 3—
20 h in a tissue culture incubator at 37°C in cell culture med-
ium M199 (Sigma) containing penicillin (50 iu mI~') and
streptomycin (50 mg ml~").

Patients

Tissue specimens were obtained from 70 patients of either sex
(age: 63.4+11.7 years, mean+s.d.) undergoing cardiac sur-
gery; 90% of the interventions were revascularizations. All
patients were under treatment with various combinations of
drugs, including Ca-antagonists, acetylsalicylic acid and ni-
trate compounds. Cells from four patients who had been pre-
viously treated with f-adrenoceptor blockers were not used for
experiments in which drug effects were tested.

All patients gave their informed consent for use of their
tissue samples. The use of human tissue was also approved by
the local ethical committees.

Electrophysiological recordings

The patch-clamp technique (whole cell recording) was used to
measure electrophysiological properties of the human isolated
atrial myocytes. Cells were placed in an experimental bath on
the platform of an inverted microscope (Zeiss Axiovert 135,
Germany; Nikon Diaphot TMD, Japan). Experiments were
performed with a patch amplifier (Axopatch-1B, Axon In-
struments, CA, U.S.A.; List EPC-7, List, Darmstadt, Ger-
many) interfaced to a personal computer (based on Intel
80486 processor) by means of a general purpose DAC/ADC
interface (Labmaster Tekmar, Scientific Solutions). Data were
viewed on-line on an analogic oscilloscope and on a com-
puter screen. Experimental control, data acquisition and
preliminary analysis were performed by means of the inte-
grated software package pClamp (Axon Instruments, CA,
U.S.A.). Cells were superfused with normal Tyrode solution
(NT, see Solutions) or with a modified Tyrode solution (TIF)
during measurements of the hyperpolarization-activated in-
ward current (/). Temperature was maintained in the range
of 36—37°C. Patch-clamp pipettes were prepared from glass
capillary tubes (Garner Glass Co., CA, U.S.A.) by means of
a two-stage vertical puller (Hans Otchoski, Homburg, Ger-
many) and fire-polished just before use. Pipettes had a re-
sistance of 1.5—2.5 MQ when filled with the internal solution
(see Solutions).

For most of the experiments with drug application, the
patch-clamped cell was superfused by means of a temperature-
controlled micro-superfusor which allowed rapid changes to
the solution bathing the cell; this enabled us to minimize cur-
rent run-down and to reduce exposure of the other cells present
in the experimental chamber to drugs. However, the relatively
short duration of the cell under the recording conditions did
not allow for a complete dose-dependent determination of the
drug effect. Preliminary experiments were performed to de-
termine those concentrations that gave maximal effects.

Isoprenaline was dissolved in distilled water to get a stock
solution with a final concentration of 10 mM. The stock so-
lution, which contained ascorbic acid (I mg ml~') as an anti-
oxidant, was then diluted with Tyrode solution to get the final
isoprenaline concentration.

Cyclopentyladenosine (CPA), a selective Aj-adenosine re-
ceptor agonist (Moos et al., 1985), was dissolved in 50%
ethanol to prepare a stock solution of 1 mM, which was then
diluted with Tyrode solution to the final concentration.

Solutions

The composition of the solutions employed was as follows (in
mM): transport saline: NaCl 27, KCl 20, MgCl, 1.5, (+)-glu-
cose 274, HEPES 5, adjusted to pH 7.0 with NaOH. Isolation
solution: NaCl 120, KCI 10, KH,PO, 1.2, MgCl, 1.2, (+)-
glucose 10, HEPES-NaOH 10 (pH 7.0) and taurine 20. Normal
Tyrode solution (NT): NaCl 140, KCl1 5.4, CaCl, 1, MgCl, 1.2,
HEPES-NaOH (pH 7.35) 5 and glucose, 10. Modified Tyrode
solution for hyperpolarization-activated inward current mea-
surements (TIF): NaCl 140, KCI 25, CaCl, 1, MgCl, 1.2,
HEPES-NaOH (pH 7.35) 5, glucose 10, BaCl, 1, MnCl, 2 and
4-aminopyridine 0.5; this solution allowed for the reduction of
interference from other currents, i.e., L-type calcium current
({ca,L), inward rectifier-like current (I ) and transient outward
potassium current (/). Internal solution (used to fill the patch
micro-pipettes): KCI 110, ATP/K* 4.3, MgCl, 2, CaCl, 1,
EGTA 11, HEPES/K ™ 10, adjusted to pH 7.4 with KOH (free
[Ca®"]< 1078 m).

Data analysis and statistics

Data analysis and fitting were performed by using the pro-
gramme Origin 2.94 (MicroCal Software Inc., MA, U.S.A.)
running on an Intel 80486 microprocessor-based personal
computer. For fitting functions, non-linear models of conver-
gence to solutions were used.

To evaluate steady-state values of the hyperpolarization-
activated current, data were fitted to an exponential decay. The
difference between the extrapolated value and that of the
current at the end of the hyperpolarization step was usually
small (in the order of a few pA). Current amplitudes were
measured as the difference between the value at the steady state
and that at the beginning of the test pulse. A Boltzmann model
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Figure 1 Frequency histogram of cell membrane capacitance (Cy,, in
pF) as measured with the patch-clamp technique in single myocytes
isolated from the human right atrium. Mean +s.e.mean of membrane
capacitance was 85.06+2.41 (n=>531).



F. Porciatti et al

Characterization of I in human atrial myocytes 965

based on the partition theorem according to the general
equation:

1

y= 1+ elv-vip)/k

was fitted to the activation data, where V (mV) is the test
membrane potential, V,, (mV) is the fitted potential for half-
maximal activation and k (mV) is related to the slope of the
activation curve.

Cell membrane capacitance (C,,) was measured by applying
a pulse of small amplitude (AV =35 mV) starting from a hold-
ing potential of —40 mV, i.e. close to the linear region of the
current-potential relationship of the cell. The current transient
following this clamp protocol was fitted with a mono-expo-
nential model to compute series resistance (R,) and then C,, by
use of the two equations given below:

AV
Re =
S Ipeak
and
.
Cm = %5
Rs

where o, is the maximum level of current (relative to the
holding current) following the depolarization and t is the time
constant of the exponential current decay. The membrane
capacitance values obtained were used to compute ionic cur-
rent densities (I density in pA pF~!).

To evaluate the reversal potential of I, a previously de-
scribed protocol was used (Cerbai et al., 1994b). Briefly, tail
currents were recorded by test steps to membrane potentials
ranging from —80 mV to +20 mV, preceded by a condition-
ing potential step to —120 mV which activated more than
90% of the current. To compensate for the presence of inter-
fering currents, the tails were corrected by subtracting currents
obtained from an experimental protocol in which the condi-
tioning step was of smaller amplitude (normally —60 mV) and
not sufficient to activate I;. Tail amplitudes were then plotted
versus the test membrane potential to obtain the instantaneous
current-voltage relationship.

Given the relatively small number of observations and the
nature of the measured data that are likely to be non-normally
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Figure 2 A typical recording of the current measured at —100 mV
in normal Tyrode solution (open symbol) and in a solution modified
to ease isolation of /; from other interfering currents (solid symbol).

distributed, non-parametric statistics (Wilcoxon) on paired
data (one- or two-tail, according to the need) were used. All
results presented as mean+s.e.mean, real probability levels
and the wusual starred notation (*P<0.05; **P<0.01;
*¥*xP<0.001).

Results

I, characterization

Cells isolated from the atrial right appendage of human hearts
had an average membrane capacitance (Cy,) of 85.06 +2.41 pF
(n=531). The distribution histogram was monomodal, skewed
to the right (see Figure 1), with median 66.2 (pF). These data
are consistent with the geometrical dimensions of the cells
(length 94.24+1.89 pum, width 17.9+0.42 uym, n=126).
Following clamp steps to hyperpolarized membrane po-
tential, a time-dependent inward current (/;) was recorded in
most of the tested cells. The current was considered to be
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Figure 3 Determination of the activation curve for Ir. (a) A
representative example of the current traces obtained by hyperpolar-
izing the cell to a test potential between —50 mV and —140 mV in
steps of —10 mV. (b) Result of fitting of a Boltzmann model to the
experimental data obtained from currents in (a). Each point is the
extrapolated steady state current value computed by means of an
exponential model.
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Figure 4 Representative recordings showing the effects of Cs™
(5 mm) containing solution compared to control solution. Caesium
ions blocked the inward relaxation of the current recorded following
a membrane potential step to —120 mV.
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Figure 5 Effect of superfusion with the p-adrenoceptor agonist
isoprenaline 1 uM (Iso) on the I current compared to control. (a)
Traces recorded from a single isolated human atrial myocyte
hyperpolarized to —90 mV from a holding potential of —40 mV.
(b) Activation curves of the It in control solution and in the presence
of iso-prenaline.

present in a given cell if its density (see Methods for a defini-
tion) was larger than 0.5 pA pF~!' when measured at
—120 mV. Using this criterion 252 out of 306 tested cells
(82%) expressed the hyperpolarization-activated inward cur-
rent (I; density=3.7740.25 pA pF~'; median=2.75 pA
pF").

Figure 2 shows a typical example of the I; recorded from a
human atrial myocyte bathed in normal Tyrode solution (NT,
K™ 5.4 mMm). The current trace shows a clear exponential in-
ward relaxation following a potential step to —100 mV from a
holding potential of —40 mV. When the bathing solution
surrounding the cell was changed to the modified Tyrode so-
lution containing a high (25 mM) potassium ion concentration
(TIF), the inward current amplitude at the same membrane
potential was clearly increased. All the following measure-
ments were performed in TIF solution to allow for a better
separation of /; from other interfering currents.

Activation of the hyperpolarization-activated inward cur-
rent (Ip) is voltage-dependent. This is clearly shown in Figure 3.
In Figure 3a, a typical example of the current traces elicited by
hyperpolarizing the cell membrane to various test potentials
from a holding potential of —40 mV is presented. Relaxation
was exponential, with faster kinetics at more hyperpolarized
membrane potentials. In Figure 3b, the steady-state net current
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Figure 6 Effect of the superfusion with the A;-adenosine receptor
agonist cyclopentyladenosine 1 um (CPA) on the Iy current compared
to control. (a) Traces recorded following a membrane potential step
to —90 mV from a holding potential of —40 mV. (b) Activation
curves of the I; in control solution and in the presence of CPA.
Traces and experimental data points recorded after washout of CPA
are also shown (Wash).
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values are shown versus the test membrane potential. The
points were fitted by a Boltzmann model (see Methods). Only
cells in which a complete activation curve could be determined
and which gave good estimates of all the equation parameters
were used for the analysis. With this criterion, an average ac-
tivation curve was obtained with: [, 205.97+19.94 pA, V,,,
—86.684+2.19 mV, k —11.3940.69 mV (n=25). The maxi-
mum current density, obtained from the activation curve
parameters normalized to cell dimension expressed by the cell
membrane capacitance, was 3.87+0.63 pA pF~! (n=25).

The reversal potential (E,.,) of I; current was measured by
using tail current analysis (data not shown). When the tail
current amplitudes were plotted versus the test membrane
potentials, an instantaneous current-potential relationship was
obtained which could be fitted with a linear model. The above
analysis gave a value for E., of —13.07+1.92 mV (n=6).

I; current was efficiently and reversibly blocked by caesium
ions added to the bathing solution. Figure 4 shows a typical
recording of this effect. As can be clearly seen, the time de-
pendent inward current was completely abolished by super-
fusing the cell with TIF-solution containing caesium ions
(Cs™) at a concentration of 5 mM. The blocking action of Cs*
was consistently observed in all of the cells tested; the block
was considered to be effective if no time-dependent inward
current was left. The block by Cs™ was removed by washout
(data not shown) but the signal to noise ratio of the current
was often worse than in control conditions. As shown in the
figure, Cs™ inconsistently blocked a time-independent inward
current; this could be due to the effect on a residual potassium
current not completely blocked by barium, due to the high
variability of /i, in human atrial myocytes (Van Wagoner et
al., 1997).

Pharmacological modulation of 1,

Figure 5a shows a representative recording of the effect of the
p-adrenoceptor agonist isoprenaline (Iso) at a concentration of
1 uM on I; measured at —90 mV. It is apparent that in the
presence of Iso, current amplitude is increased. Iso shifted in a
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Figure 7 Summary of the changes caused by isoprenaline (Iso) and
cyclopentyladenosine (CPA) on the half maximal activation potential
(Vy2) of the activation curve of Ir. Each point represents a cell;
abscissae and ordinates are the V,,, values in control and after drug,
respectively. The line crossing the graph (slope= 1) represents the H,
hypothesis (no effect). Points falling above the H, line represent
activation curves shifted to less polarized potentials; those below the
H, line refer to activation curves shifted to more polarized potentials.

statistically significant (P=0.0039, **) manner the half acti-
vation potential (AV,,,) of the activation curve toward a less
negative potential (Figure 5b). The average shift was
6.06+1.96 mV (n=16). I,,., and slope were not modified.

In Figure 6 an example of the action of the A,-adenosine
receptor agonist cyclopentyladenosine (CPA) on [; is shown.
Figure 6a shows that the current amplitude measured at
—90 mV was decreased when the cell was superfused with
CPA at a concentration of 1 uM. The effect of CPA was re-
versed by washout. The activation curve of I is shifted toward
more negative potentials without any effect on the steepness of
the current to potential relationship. Statistical analysis proved
that CPA caused a statistically significant shift of the half
maximal activation potential toward more negative potentials
(Figure 6b). The average shift was —7.37+1.83 mV,
P=0.0005 *** (n=11).

Figure 7 presents the individual changes of the half acti-
vation potential (V) of I caused by Iso and CPA. Each cell is
represented by a point the abscissa and ordinate of which are
the V), values in control and after drug, respectively. The line
(slope=1) crossing the graph represents the H, hypothesis (no
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Figure 8 Effect of cyclopentyladenosine (CPA) on Iy in the presence
of isoprenaline (Iso). The positive shift of V,, of the activation curve
of Iy caused by Iso was reversed by CPA addition. (a) I; traces
recorded at —90 mV from a holding potential of —40 mV super-
imposed. (b) Summary of the results obtained in 6 cells by use of the
same format as shown in Figure 7.
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effect). Negative (CPA) and positive (Iso) V,,-shifts are re-
presented by points lying below and above the H, line, re-
spectively.

Figure 8a shows an example of the action that CPA ex-
erts in the presence of Iso. Current traces recorded on hy-
perpolarization to —90 mV from a holding potential of
—40 mV are superimposed. Adding CPA (1 uM) to the su-
perfusing solution reversed the positive shift of V,, on the
activation curve of I caused by Iso (1 um). The analysis
showed that this effect was statistically significant; superfu-
sion with Iso caused a positive shift (AV,, 5.03+2.81 (mV),
P=0.016%, n=6) which was antagonized by the negative
shift caused by CPA (AV,, —4.97+1.78, P=0.031*%, n=56).
In Figure 8b, the same format as shown in Figure 7 is used
to summarize these data.

Discussion

The present results demonstrate that a current having the
electrophysiological characteristics of the pacemaker current /¢
is present in more than 80% of atrial myocytes isolated from
atrial appendages of patients undergoing cardiac surgery. All
the patients were on sinus rhythm at the time of surgery, which
was generally performed for ventricular revascularization. We
considered I; to be present when its density was larger than
0.5 pA pF~! after a hyperpolarizing step to — 120 mV. Half-
activation voltage was approximately —86 mV, which does
not support a functional role for this current under physiolo-
gical conditions in human atrial myocytes. In fact, the maxi-
mum diastolic potential in human atrial myocytes has been
shown to be generally below this value (i.e., —70/—75 mV)
(Bush et al., 1971; Gelband et al., 1972; Ten Eick & Singer,
1979; Escande et al., 1985; Singer, 1990; Wang et al., 1993)
implying that the current undergoes little, if any, activation.
However, the presence of I; in such a high percentage of atrial
myocytes deserves further investigation. It is possible that a
shift of the activation voltage toward more negative values
could represent a mechanism for avoiding pacemaking of atrial
cells, as suggested for ventricular myocytes by Yu et al. (1993;
1995). Similar to the observed effects of hypertrophy or failure
on other ionic currents (Beuckelmann et al., 1993; Nuss &
Houser, 1993; Cerbai et al., 1994a,b; 1996; 1997), the proper-
ties of I; could be modulated by disease, in such a way that it
may play a role in pathological conditions. However, regard-
less of the physiopathological significance of the presence of I;
in human atrial myocytes, the most important and original
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