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Gilles Bru-Mercier, Edith Deroubaix, Delphine
Rousseau, Alain Coulombe, and Jean-François
Renaud. Depressed transient outward potassium current
density in catecholamine-depleted rat ventricular myocytes.
Am J Physiol Heart Circ Physiol 282: H1237–H1247, 2002.
First published November 23, 2001; 10.1152/ajpheart.00180.
2001.—The effect of catecholamine depletion (induced by
prior treatment with reserpine) was studied in Wistar rat
ventricular myocytes using whole cell voltage-clamp meth-
ods. Two calcium-independent outward currents, the tran-
sient outward potassium current (Ito) and the sustained
outward potassium current (Isus), were measured. Reserpine
treatment decreased tissue norepinephrine content by 97%.
Action potential duration in the isolated perfused heart was
significantly increased in reserpine-treated hearts. In iso-
lated ventricular myocytes, Ito density was decreased by 49%
in reserpine-treated rats. This treatment had no effect on
Isus. The Ito steady-state inactivation-voltage relationship
and recovery from inactivation remained unchanged,
whereas the conductance-voltage activation curve for reser-
pine-treated rats was significantly shifted (6.7 mV) toward
negative potentials. The incubation of myocytes with 10 �M
norepinephrine for 7–10 h restored Ito, an effect that was
abolished by the presence of actinomycin D. Norepinephrine
(0.5 �M) had no effect on Ito. However, in the presence of both
0.5 �M norepinephrine and neuropeptide Y (0.1 �M), Ito

density was restored to its control value. These results sug-
gest that the sympathetic nervous system is involved in Ito

regulation. Sympathetic norepinephrine depletion decreased
the number of functional channels via an effect on the �-ad-
renergic cascade and norepinephrine is able to restore ex-
pression of Ito channels.

heart; denervation; adrenergic system; neuropeptide Y

TRANSIENT OUTWARD POTASSIUM CURRENT (Ito) and sus-
tained outward potassium current (Isus) play an impor-
tant role in the regulation of action potential plateau
amplitude and duration. Downregulation of these re-
polarizing currents increases the duration of the action
potential (26) and may be involved in the genesis of
arrhythmia by increasing the heterogeneity of action

potential duration. Ito amplitude is regulated by �1-
agonists in rat ventricular myocytes (2, 4) and by
�-adrenergic agonists in canine Purkinje fibers (27).
Both effects inducing a decrease in Ito are modulated
by phosphorylation. A marked decrease in Ito density
has been reported in various cardiac diseases including
subacute myocardial infarction (22), myocardial hyper-
trophy (3, 5), hypertrophic cardiomyopathy (25), X-
linked muscular dystrophy (32), diabetes (16), and the
acute phase of Chagas’ disease (31).

The mechanisms underlying the reduction of Ito are
not fully understood. Some lines of evidence suggest
that the expression of Ito is modulated by a trophic
effect of the sympathetic nervous system. Three differ-
ent models associating a decrease in Ito with a decrease
in sympathetic innervation have been studied. In Cha-
gas’ disease, the sympathetic nerve terminals are de-
stroyed (23). This destruction occurs at the same time
as a marked decrease in Ito density during the acute
phase of the disease (14, 31). In this model, a 24-h
application of norepinephrine restored Ito to normal
values via adrenergic stimulation of protein kinase C
(PKC). Another model, inbred German shepherd dogs
with inherited ventricular arrhythmia and a predispo-
sition to sudden death, also showed a significant de-
crease in left ventricular Ito density (12) in association
with defects in sympathetic innervation (7). The third
model concerns newborn rats treated with nerve
growth factor, which accelerates cardiac sympathetic
innervation, or with antibody directed against nerve
growth factor, which delays cardiac sympathetic inner-
vation. It has been suggested that the development of
sympathetic innervation in this model depends
strongly on the current density of Ito during postnatal
development of the rat heart (21).

The aim of this study was to investigate the effect of
long-term catecholamine depletion on Ito by determin-
ing Ito in a model involving the “chemically dener-
vated” rat heart. Chemical denervation was induced by
reserpine treatment, which is known to decrease the
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amount of norepinephrine released into tissues by
sympathetic nerve terminals (20, 38). We found that
the depletion of endogenous norepinephrine by reser-
pine markedly decreased Ito density, whereas Isus was
unaffected. In these experimental conditions, the de-
creased in Ito was reversed by the application of high
�-adrenergic agonist concentrations alone or by low
concentration of �-adrenergic agonist only if neuropep-
tide Y (NPY) was also present.

METHODS

Experimental animals. Animals were cared for and used in
accordance with institutional guidelines. Two groups of ani-
mals were used: the control group (15 untreated rats � 6
vehicle-treated rats) and the reserpine-treated group (24
rats). Male Wistar rats (200–350 g) were injected with reser-
pine every day for 6 days. A seventh injection was performed
2 h before the rats were killed. Reserpine (20 mg) was
dissolved in 0.5 ml glacial acetic acid and 1 ml propylene
glycol brought to 20 ml with distilled water such that, to
obtain the desired final concentration, it was necessary to
administer 1 ml of reserpine solution per kilogram to each
animal. Fresh reserpine solution was prepared daily. Control
animals were either untreated or injected with vehicle only.
Because the peak current density of Ito measured at �65 mV
from a holding potential of �80 mV was not significantly
different from untreated and vehicle-treated rats, the data
for these two groups were pooled. As it has been shown by
Rice et al. (38) that the tissue contain only 4% the norepi-
nephrine of controls after 3 days of treatment with reserpine
and 3% after 7 days, we estimated that after 6 days of
treatment with reserpine our animals were in steady-state
conditions. This treatment induced a reduction in heart rate
and in arterial blood pressure (19).

Determination of endogenous norepinephrine content. Nor-
epinephrine was determined in the left ventricle as described
by Eriksson and Persson (9). Norepinephrine was extracted
from tissues at �4°C. Tissues were homogenized in the
following solution (1 ml/100 mg of tissue): 1 mg/ml Na2

EDTA, 0.965 mg/ml H2O, 3.5 ml of 70% HClO4
� per 100 ml,

and 10 �g/ml dihydroxybenzylamine (DHBA) using a glass
polytron probe. DHBA was used as the internal standard.
Tissue homogenates were centrifuged, and the following
chemicals were added to the supernatant: 100 mg alumina, 1
ml Tris buffer (1 M), 50 �l glutathione (0.05 M), and 50 �l
EDTA (0.3 M); pH was adjusted to 8.6 with NaOH. The tubes
were shaken for 20 min and then centrifuged again. The
supernatant was discarded, and the alumina pellet was
washed with deionized water. Catecholamines were eluted
from the alumina pellet by agitation for 2 min in 200 �l
perchloric acid. The mixture was centrifuged for 10 min, and
the catecholamine content of the supernatant was deter-
mined by high-performance liquid chromatography using a
Kontron 405 pump, a WISP model 712 automated sample
injector, and a Lichrospher Merk 18C column (5 �m, 250 � 4
mm). The flow rate was 1 ml/min. An electrochemical detec-
tor (Kontron 405) with a sensitivity of 60 nA/V was used.
Electrochemical detection was performed at the oxidation
potential corresponding to norepinephrine. The amount of
catecholamines was calculated with respect to the internal
standard.

Action potential measurements. Action potential record-
ings were performed on isolated hearts perfused according to
the Langendorff technique with constant pressure (70
cmH2O). The isolated heart was continuously perfused with

normal Tyrode solution maintained at 24.0 � 0.5°C, through
which 95% O2-5% CO2 was bubbled. The Tyrode solution
contained (in mM) 130 NaCl, 5.6 KCl, 0.6 NaH2PO4, 20
NaHCO3, 1.1 MgCl2, 2.15 CaCl2, 2 sodium pyruvate, and 10
glucose. Hearts were electrically driven (2- to 3-ms pulses) at
a frequency of 2.5 Hz, a frequency slightly higher than
normal cardiac rhythm at 24°C. Transmembrane action po-
tentials were recorded from the epicardial surface of the left
ventricle using standard floating microelectrodes (15–30
M�) and a M707 amplifier (WP Instruments). Action poten-
tials were digitized at 20 kHz using Acquis 1 software (Bio-
Logic) on a personal computer (Pentium II, 233 MHz). They
were then analyzed and printed on a Hewlett-Packard La-
serjet III printer (Hewlett-Packard; San Diego, CA). The
following parameters were determined: resting membrane
potential, action potential amplitude, maximum upstroke
velocity of the action potential, and action potential duration
at 0 and �60 mV.

Isolation of ventricular myocytes. Hearts were cannulated
and subjected to retrograde perfusion via the aorta for 5 min
at 37°C with standard Tyrode solution and then for 3 min
with nominally Ca2�-free Tyrode solution. Enzymatic diges-
tion was achieved by recirculating 50 ml Ca2�-free Tyrode
solution containing 2 mg/ml collagenase (type A, Boehringer-
Mannheim), 5 mg/ml BSA, and 0.4 mg/ml hyaluronidase for
9–12 min. The ventricles were separated from the atria, cut
into small pieces, and incubated for 5 min in Kraftbrühe (KB;
high K�) solution with 5 mg/ml BSA at 37°C. Cells were
dispersed by gentle agitation of the tissue pieces, filtered, and
centrifuged. The cells were resuspended in KB solution con-
taining 5 mg/ml BSA and 1 mg/ml protease (type XIV) and
incubated for 15 min at 37°C. The suspension was centri-
fuged; the cells were resuspended in KB solution and kept in
this storage solution at 4°C for at least 1 h before use. A
sample of the isolated cells was incubated in 0.5 mM CaCl2-
Tyrode solution alone with norepinephrine (0.5 or 10 �M), or
with NPY (0.1 �M), or with actinomycin D (1.6 �M) in Tyrode
solution for 7–10 h at 37°C. The remaining cells were used
immediately after the initial incubation in storage solution
for patch-clamp experiments.

Solutions and drugs. The standard Tyrode solution con-
tained (in mM) 135 NaCl, 4 KCl, 2 MgCl2, 1.8 CaCl2, 10
HEPES, 1 NaH2PO4, 2.5 sodium pyruvate, and 20 glucose;
pH was adjusted to 7.4 with NaOH. Ca2�-free Tyrode solu-
tion was identical except that CaCl2 was omitted. The stor-
age solution (KB) contained (in mM) 25 KCl, 3 MgCl2, 10
HEPES, 70 potassium glutamate, 10 KH2PO4, 0.5 EGTA, 20
taurine, and 20 glucose; pH was adjusted to 7.4 with KOH.
For whole cell current recordings, the intracellular pipette
solution contained (in mM) 115 potassium aspartate, 10 KCl,
3 MgCl2, 10 HEPES, 5 EGTA, 5 Mg-ATP, and 10 glucose; pH
was adjusted to 7.2 with KOH. For potassium current record-
ings, the external bath solution contained (in mM) 135 cho-
line chloride, 1.1 MgCl2, 1.8 CaCl2, 0.1 CdCl2, 10 HEPES,
0.01 atropine sulfate, 0.001 ryanodine, and 10 glucose; pH
was adjusted to 7.4 with KOH. In these conditions, both Na�

and Ca2� currents were abolished and the contribution of
putative muscarinic and Ca2�-activated K� currents were
minimal. All chemicals were purchased from Sigma.

Current recordings and statistical analysis. Ventricular
myocytes were placed in petri dishes and superfused with
Tyrode solution containing 0.5 mM CaCl2 and 10�6 M ryan-
odine at room temperature (20–25°C). A flow of solution
(50–100 �l/min) from a series of piped outlets continuously
superfused the cell used to make the recording. Ionic cur-
rents were recorded in the whole cell patch-clamp configura-
tion with a RK300 amplifier (Bio-Logic). Patch pipettes
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(Pyrex 7740, Corning Glass; Corning, NY) were pulled on a
two-stage puller (DMZ-Universal Puller, Zeitz Instruments).
The pipettes were fire polished and had resistances of 2–3
M� when filled with pipette solution. A sequence of 10
depolarizing pulses, each of 10-mV amplitude and 10-ms
duration, was applied to the cell membrane from �80 mV at
a frequency of 10 Hz. The capacitive current produced by
these pulses was averaged, and cell membrane capacity was
calculated as the ratio of the numerical integration of the
averaged current transient (total charge) to the magnitude of
the depolarizing pulse. Neither cell membrane capacitive
current nor leakage current was compensated. Cell currents
were digitized at 20 kHz and analyzed after a numerical
subtraction of the capacitive current using Acquis1 software
(Bio-Logic).

Ito and Isus were elicited by depolarizing pulses of 1-s
duration from a holding potential of �80 mV in 15-mV
increments between �40 and �65 mV at a frequency of 0.1
Hz. Ito was measured as the difference between peak current
and steady-state current at the end of the test pulse. Isus was
measured as the difference between steady-state current and
the zero current level of the cell. Because maximum experi-
mental values did not reflect maximum chord conductance,
we determined chord conductance using a computer-calcu-
lated fit to a Boltzmann relation according to the equation

G � Gmax/{1�exp	 � 
Vm � V0.5)/k]} (1)

where Gmax is the maximum chord conductance, G is the
chord conductance calculated at the membrane potential
(Vm), V0.5 is the potential at which the conductance is one-
half maximally activated, and k is the slope factor, inversely
proportional to the steepness of the activation curve. To
determine the voltage dependence of Ito inactivation, the
membrane was held at various potentials in the range �110
to �17.5 mV (increment: 7.5 mV) for 2 s before applying a 1-s
test pulse at a fixed voltage of �25 mV. A theoretical Boltz-
mann function was fitted to the data using the nonlinear
least-squares gradient-expansion algorithm of Marquardt.
To investigate the recovery from inactivation of Ito, the cur-
rent was activated and inactivated by a 750-ms pulse at �60
mV from a holding potential of �80 mV. This pulse was
followed at various intervals (4 ms–5 s) by another identical
pulse during which Ito was measured. This double-pulse
protocol was applied every 10 s.

Pooled data are presented as means � SE of n determina-
tions (number of tested cells). The statistical significance of
differences between groups was determined using Dunnett’s
test after one-way ANOVA, with P � 0.05 considered signif-
icant.

RESULTS

Endogenous norepinephrine content of left ventricles.
Table 1 shows the mean norepinephrine content of left

ventricles from the various groups of animals used in
this study. Norepinephrine content was not signifi-
cantly higher in vehicle-treated groups than in the
control group, whereas reserpine treatment reduced
the norepinephrine content of the left ventricle by 97%.

Ventricular action potentials of the perfused heart.
We first studied the effect of reserpine treatment on
the action potentials of the isolated perfused rat heart.
Figure 1A shows the superimposition of the mean left
epicardial ventricular action potential in vehicle-
treated (control) and reserpine-treated rats. The dura-
tion of the action potential was significantly longer in
the reserpine-treated rat heart than in the control rat
heart. There was no statistically significant difference
in membrane resting potential between the reserpine-
treated and control groups, whereas maximum action
potential amplitude and maximum upstroke velocity of
the action potential were significantly lower in the
reserpine group. The action potential durations at 0
and �60 mV were significantly longer in reserpine-
treated rats than in untreated rats (Table 2). The
increase in action potential duration observed in reser-
pine-treated rats may result from a decrease in out-
ward currents, an increase in inward currents, or both.
We investigated the effect of 4 mM 4-aminopyridine
(4-AP), an inhibitor of Ito, on action potentials in con-
trol and in reserpine-treated animals (Fig. 1, B and C).
4-AP caused a marked prolongation of action potential
in both groups of animals. Action potential duration
with 4-AP did not differ significantly between control
and reserpine-treated cells [action potential durations
at 0 and �60 mV were, respectively, 37.7 � 1.2 and
107.4 � 5.1 ms in controls (n � 7) and 39.7 � 1.4 and
112.8 � 3.1 ms in reserpine-treated rats (n � 8)]. In

Table 1. NE content of the left ventricle for the
various groups of animals

Treatment

Control
(n � 4)

Vehicle
(n � 5)

Reserpine
(n � 5)

NE, ng/g 681�57 825�45 (NS) 22�6*
% Control 100 120.7 3.2

Values are means � SE; n � no. of animals. NE, mean norepi-
nephrine content; NS, not significant. *Significantly different from
control, P � 0.001.

Fig. 1. Action potentials of the left ventricular isolated perfused
heart. A: comparison of mean left ventricular action potentials re-
corded for vehicle-treated rats (control) and reserpine-treated rats
(reserpine). Three animals were used in each group; 55 cells from
control animals and 45 cells from reserpine-treated animals were
averaged. B and C: examples of the effect of a 2-min perfusion of
4-aminopyridine (4-AP; 4 mM) on a control action potential from a
vehicle-treated rat (B) and on an action potential from a reserpine-
treated rat (C).
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this study, we focused on the role of Ito, which plays a
critical role in action potential repolarization.

Transient and sustained outward currents. Figure
2A shows representative families of current traces ob-
tained with ventricular myocytes from control and re-
serpine-treated rats. To facilitate comparisons, we
choose myocytes with nearly equal membrane capaci-
tance values. Depolarization from a holding potential
of �80 mV to membrane potentials more positive than
�10 mV elicited rapidly activating transient outward
currents that increased in amplitude with increasing
depolarization. The peak current was reached within
10 ms for high levels of depolarization and the time to
peak decreased with increasing membrane depolariza-
tion. The transient outward current decayed quite rap-
idly over the first 100 ms and then more slowly, indi-
cating that two kinetic components contribute to the
time-dependent fraction of Ito. At the end of the 1-s

voltage step, a large sustained component of outward
current (Isus) remained.

Ito was markedly decreased by reserpine treatment.
Current density-voltage relationships, determined as
indicated in METHODS, are shown in Fig. 2B. In both
groups, Ito activation began at around �20 mV and
increased with depolarization. In cells from reserpine-
treated rats, Ito at �65 mV was 51% of that of control
cells (9.4 � 0.6 pA/pF in reserpine-treated animals vs.
18.3 � 1.3 pA/pF in controls). Ito inactivation was best
fitted by the sum of two exponential components and a
noninactivating component. Inactivation time con-
stants, determined at �65 mV, for the fast and slow
components were, respectively, 48 � 2 and 296 � 22 ms
(n � 34) for controls and 48 � 2 and 380 � 35 ms for
reserpine-treated rats (n � 37). Despite a slight ten-
dency of the slow inactivation time constant to in-
crease, no significant differences in fast and slow time
constants were observed. The fast component of Ito
accounted for 64% of the current. Densities of the fast
and slow components of Ito (measured at the peak of Ito,
at �65 mV) were, respectively, 13.9 � 1.1 and 4.2 � 0.5
pA/pF in control animals. In reserpine-treated rats,
they were 6.9 � 0.5 and 2.2 � 0.2 pA/pF (P � 0.001). So
catecholamine depletion induced decreases of similar
order in the two components of Ito (50.4% for the fast
component and 52.4% for the slow component).

In some experiments, right and left ventricular cells
were separated at the end of the dissociation proce-
dure. Ito density measurements (at �65 mV) were
27.0 � 3.2 pA/pF (n � 11) for the right ventricle and
16.1 � 2.4 pA/pF (n � 15) for the left ventricle in
control rat hearts, consistent with those described by
Wickenden et al. (40). After reserpine treatment, the
mean densities for Ito were 13.1 � 1.7 pA/pF (n � 10)
for the right ventricle and 7.8 � 1.8 pA/pF (n � 14) for
the left ventricle. So in both ventricles catecholamine
depletion induced similar decreases (51.3% in the left
ventricle and 51.5% in the right ventricle) in Ito ampli-
tude and, therefore, experiments were performed with
cells from both ventricles indifferently.

The possibility that reserpine treatment altered Isus
was investigated. Isus was measured at the end of 1-s
depolarizing pulses, when Ito was mostly inactivated.
Isus was slightly but significantly lower in cells from
reserpine-treated rats than in cells from control rats
for potentials positive to �30 mV. To study this puta-
tive effect of reserpine treatment in more detail, we
increased the resolution of recording of Isus using a
double-pulse protocol (the first 500-ms pulse was ap-

Table 2. Action potential parameters of the vehicle-treated (control) and reserpine-treated left
ventricular perfused heart

Er, mV APA, mV Vmax, V/s APD0, ms APD�60, ms n

Control �76.8�0.4 99.1�0.8 135.7�3.1 9.2�0.4 65.8�1.8 55
Reserpine �75.6�0.5 (NS) 93.0�0.7* 107.2�3.8* 13.6�0.6* 100.1�3.3* 45

Values are means � SE; n � no. of cells tested. Er, resting membrane potential; APA, action potential amplitude; Vmax, maximum rate of
rise of the action potential; APD0 and APD�60, action potential duration at 0 and �60 mV, respectively. *Significantly different from control,
P � 0.001.

Fig. 2. Effect of reserpine treatment on outward potassium currents.
A: effect of reserpine treatment on families of outward currents. Cell
membrane capacitance was 142 and 151 pF, respectively, for vehicle-
treated (control) and reserpine-treated (reserpine) rat hearts. Ar-
rows, zero current level. B and C: means � SE current density-
voltage (V) relationships for currents recorded in myocytes from
control (n � 34) and reserpine-treated (n � 37) rat hearts with the
protocol shown in the inset. B: peak transient outward potassium
current (Ito); C: sustained outward potassium current (Isus). *P �
0.05, **P � 0.005, and *** P � 0.001, values significantly different
from control.
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plied from �80 to �50 mV and was followed 5 ms later
by a second 500-ms pulse from �40 mV to various test
potentials) to inactivate Ito. With this protocol, we
observed no significant changes in Isus density for any
potentials tested.

We checked that the decrease in Ito density in the
reserpine-treated rats was not due to an effect of re-
serpine in two sets of experiments. In the first set, Ito
was measured during direct application of reserpine to
control myocytes for 5 min. We observed a small, non-
significant increase in Ito (3.9 � 3.9%, n � 5). In
another set of experiments, Ito amplitude was studied
in rats given a single injection of reserpine 2 h before
their death. There was no significant difference in Ito
density between control (18.3 � 1.3 pA/pF, n � 34) and
reserpine-treated animals (20.5 � 2.5 pA/pF, n � 7). So
the lower Ito density observed in reserpine-treated rats
was not due to an acute effect of reserpine.

The decrease in Ito density routinely observed with
cardiac hypertrophy has been consistently associated
with a large increase in cell size, usually detected by
monitoring cell membrane capacitance. To rule out the
possibility that reserpine treatment could also induce
cardiac hypertrophy, we measured cell membrane ca-
pacitance as described in METHODS. It was 164 � 6 pF
(n � 42) in control cells and 132 � 4 pF (n � 41) in cells
from reserpine-treated animals, indicating that cell
size was significantly lower (�18%) in reserpine-
treated rats (P � 0.001). This decrease in cell mem-
brane capacitance was associated with a lower heart
weight (784 � 60 mg in reserpine-treated rats vs.

947 � 123 mg in controls, n � 5, P � 0.05). A decrease
in membrane capacitance has also been reported in
other models of denervation (12, 21, 34).

Voltage-dependent activation, steady-state inactiva-
tion, and recovery from inactivation of Ito in myocytes of
reserpine-treated rats. We used the Gmax values ob-
tained with the procedure described in METHODS to plot
normalized whole cell conductance (G/Gmax) against
the membrane potential for myocytes from both control
and reserpine-treated rats (Fig. 3B). The conductance-
voltage activation curve for reserpine-treated animals
was shifted by 6.7 mV toward negative potentials
(V0.5 � 14.8 � 1.1 mV, n � 33, in control vs. 8.1 � 2.0
mV, n � 30, in reserpine-treated rats) and had a higher
but not significantly different k (12.6 � 0.6 mV in
control vs. 14.0 � 0.8 mV in reserpine-treated ani-
mals). The small but significant (P � 0.005) difference
in V0.5 between reserpine-treated and control rats can-
not account for the decrease of Ito in reserpine-treated
rats; indeed, it would be more likely to produce an
increase in Ito.

To determine the voltage dependence of Ito inactiva-
tion, the membrane was held for 2 s at various mem-
brane potentials between �110 and �17.5 mV. A test
pulse at �25 mV was then applied. Figure 3A shows
current traces obtained with this stimulation protocol.
The steady-state inactivation-voltage relationship
(current/maximal current) was shifted (by 2.2 mV), but
not significantly, toward negative potentials for reser-
pine-treated rats, but k was unaffected (Fig. 3B). V0.5
and k were �39.7 � 2.1 and �4.2 � 0.2 mV, respec-

Fig. 3. Voltage-dependent activation and steady-state inactivation of Ito. A: representative current traces elicited
by the stimulation protocol (shown in the inset) used to determine steady-state inactivation (see text) in a control
myocyte [membrance capacitance (Cm) � 148 pF] and in a myocyte (Cm � 175 pF) from a reserpine-treated rat. B:
steady-state inactivation-voltage relationships of Ito (solid symbols) in control cells (n � 7) and in cells (n � 5) from
reserpine-treated rats The curves were fitted to experimental data according to the following Boltzmann equation:
I/Imax � 1/{1 � exp[�(Vm � V0.5)/k]}, where I is current, Imax is maximal current, Vm is the membrane potential,
V0.5 is the potential at which conductance is one-half maximally activated, and k is the slope factor; V0.5 � �39.7
mV and k � �4.2 mV for control cells vs. V0.5 � �42.4 mV and k � �4.2 mV for cells from reserpine-treated rats.
B: activation-voltage relationships (open symbols) showing normalized chord conductance (G/Gmax) of Ito plotted vs.
the membrane potential for control (n � 33) and reserpine-treated rats (n � 30). The curves were fitted to
experimental data using the procedures described in the text. The values of V0.5 and k were 14.8 � 1.1 and 12.6 �
0.6 mV, respectively, for control myocytes and 8.1 � 2.0 and 14.0 � 0.8 mV, respectively, for myocytes from
reserpine-treated rats. The curves were compared by determining the V0.5 and k for each individual cell and by
comparing the mean V0.5 and k values for each group.
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tively, in control and �42.4 � 1.5 and �4.2 � 0.3 mV,
respectively, in reserpine-treated animals.

Recovery from inactivation was determined with a
double-pulse protocol as described in METHODS. The
control current elicited by the first pulse was highly
reproducible. The peak outward current elicited by the
second pulse was zero for a pulse interval of 4 ms and
increased rapidly with increasing pulse interval (Fig.
4A). The curves (Fig. 4B) show a two-exponential fit to
the data from control and reserpine-treated myocytes.
The fast component accounted for 89.1% of the current
in control and 90.3% in reserpine-treated rats, showing
no variation between the two groups. The time con-
stants of recovery (fast and slow, respectively) for Ito

were 47 � 5 and 2,293 � 335 ms for control cells and
33 � 4 and 2,263 � 264 ms for cells from reserpine-
treated rats. These differences were not significant.

Thus the decrease in Ito density in reserpine-treated
myocytes was not due to differences in the kinetic
parameters of the current. This decrease may result
from a lack of trophic effects of norepinephrine, second-
ary to acute sympathetic denervation, as has been
suggested in dogs infected with the agent of Chagas’
disease (14). It was therefore of interest to test whether
Ito density in reserpine-treated myocytes was restored
to control levels by exposure to adrenergic agonists.

Effects on Ito of application of norepinephrine in
reserpine-treated rats. We investigated whether the
decrease in Ito observed in reserpine-treated rats could
be restored by long-term application of norepinephrine
as described in other animal models where a decrease
in Ito was associated with denervation (13). Myocytes
from control and reserpine-treated animals were main-
tained in 0.5 mM CaCl2-Tyrode solution. Cells were
treated with adrenergic agonist by incubating with
norepinephrine (0.5 or 10 �M) for 7–10 h. The cells
were then washed three times with 0.5 mM CaCl2-
Tyrode solution, and currents were recorded. The ap-
plication of 0.5 �M norepinephrine in control cells had
no effect on Ito density, whereas application of 10 �M
induced a decrease in Ito density (Fig. 5A). Current
density values for Ito at �65 mV were 22.7 � 3.1 pA/pF
(n � 5) for control, 21.8 � 4.8 pA/pF (n � 6) after

Fig. 4. Recovery from inactivation of Ito. A: two identical pulses
(protocol shown in the inset) with various interval durations (in ms:
4, 8, 12, 16, 16, 20, 30, 60, 100, 200, 400, 600, 800, 1,000, 2,000, 3,000,
4,000, and 5,000) were applied every 10 s to determine the time
course of Ito recovery. Superimposed current traces were recorded in
a myocyte from a control animal (top; Cm � 177 pF) and in a myocyte
from a reserpine-treated animal (bottom; Cm � 141 pF). Arrows, zero
current level. B: normalized magnitude of Ito elicited by the second
pulse plotted against the interpulse duration for myocytes from
control (n � 5) and reserpine-treated rats (n � 6). Data were fitted
with the following two-exponential function: 1 � A exp(�t/�1) � B
exp(�t/�2), where t is the interpulse duration, �1 and �2 are the two
time constants of recovery, and A and B are constants.

Fig. 5. Effect on Ito density of long-term ap-
plication of norepinephrine (NE). The effects
of incubation with 0.5 and 10 �M NE on mean
current density-voltage relationships for Ito

(same stimulation protocol as shown in Fig. 2)
are shown. Ito densities were measured in
myocytes from reserpine-treated rats (B) and
from control myocytes (A). Cells were incu-
bated with drug for 7–10 h in 0.5 mM CaCl2-
Tyrode solution.

H1242 ITO AND CATECHOLAMINE DEPLETION

AJP-Heart Circ Physiol • VOL 282 • APRIL 2002 • www.ajpheart.org

 by guest on July 12, 2016
http://ajpheart.physiology.org/

D
ow

nloaded from
 



incubation with 0.5 �M norepinephrine, and 10.0 � 0.8
pA/pF (n � 6) with 10 �M norepinephrine. In contrast,
in cells from reserpine-treated rats, incubation with 10
�M norepinephrine induced an increased in Ito density
such that Ito density was restored to control values.
Norepinephrine (0.5 �M) had no effect on Ito density
(Fig. 5B). Current density values for Ito at �65 mV
were 7.6 � 2.1 pA/pF (n � 7) in myocytes from reser-
pine-treated rats not exposed to the adrenergic agonist,
8.2 � 1.5 pA/pF (n � 10) in myocytes exposed to 0.5 �M
norepinephrine, and 20.8 � 3.5 pA/pF (n � 5) in myo-
cytes exposed to 10 �M norepinephrine. Steady-state
inactivation-voltage relationships were not signifi-
cantly affected by addition of 10 �M norepinephrine.
Values for V0.5 and k were �43.2 � 1.7 and �6.3 � 1.5
mV for control (n � 4) with norepinephrine and
�45.5 � 0.7 and �5.3 � 0.5 mV for reserpine-treated
rats with norepinephrine (n � 4). Our results favor a
decrease in the number of ionic channels generating Ito
in reserpine-treated rats. The restoration of Ito density
by norepinephrine could be due to reexpression of such
channels. To test this point, we measured the effect of
norepinephrine in the presence of actinomycin D (1.6
�M), a well-known inhibitor of transcription. In the
presence of actinomycin D, the restoration of Ito density
by norepinephrine was abolished. Current density val-
ues for Ito at �65 mV were 9.9 � 2.2 pA/pF (n � 9) for
myocytes from reserpine-treated rats not exposed to
norepinephrine, 19.2 � 3.1 pA/pF (n � 5) for myocytes
exposed to norepinephrine, and 9.7 � 4 pA/pF (n � 5)
for myocytes incubated with both norepinephrine and
actinomycin D. In control cells, the presence of actino-
mycin D did not prevent the inhibitory effect of norepi-
nephrine on Ito density, and actinomycin D alone had
no effect. Current density values for Ito at �65 mV
were 10.0 � 0.8 pA/pF (n � 6) for myocytes exposed to
norepinephrine and 11.0 � 2.8 pA/pF (n � 7) for myo-
cytes incubated with both norepinephrine and actino-
mycin D.

Effect of NPY on the restoration of Ito by norepineph-
rine. NPY is a neurotrophic factor involved in sympa-
thetic innervation. It has been reported that chronic
conditioning of noninnervated myocytes with NPY sim-
ulates the effect of sympathetic innervation by induc-
ing an �-inhibitory response to phenylephrine (39) and
that NPY affects the functional expression of the ad-
renergic signaling cascade (37). In our model, micro-
molar concentrations of norepinephrine did not restore
Ito to control values, as reported for other model of
denervation (13, 14). We investigated whether NPY
helped to restore Ito in the presence of a low concentra-
tion of norepinephrine; no effect was observed in con-
trol conditions.

We investigated the effect of a low concentration of
norepinephrine (0.5 �M) in the presence of NPY (0.1
�M). If control cells were incubated in the presence of
NPY alone or in the presence of both NPY and norepi-
nephrine, we observed no significant effect on Ito den-
sity (Fig. 6, A and C). Values of Ito densities at � 65 mV
were 22.7 � 3.1 pA/pF (n � 5) for control cells, 22.3 �
3.9 pA/pF (n � 6) with NPY, and 18.6 � 2.7 pA/pF (n �

6) with NPY and norepinephrine. In cells from reser-
pine-treated animals, NPY alone had no effect on Ito,
whereas incubation with both NPY and a low concen-
tration of norepinephrine restored Ito values to the
control level (Fig. 6, B and D). At �65 mV, Ito densities
were 7.6 � 2.1 pF/pA (n � 7) for cells from reserpine-
treated animals, 9.1 � 1.3 pA/pF (n � 7 ) in the
presence of NPY, and 15.6 � 0.8 pA/pF (n � 7) in the
presence of both NPY and 0.5 �M norepinephrine.
Thus NPY is able to potentiate the effect of norepi-
nephrine in cells from reserpine-treated rats. The
steady-state inactivation-voltage relationship in cells
from reserpine-treated rats incubated with NPY and
norepinephrine did not differ significantly from that of
cells from reserpine-treated rats. V0.5 and k were
�40.9 � 1.4 and �6.2 � 1.4 mV (n � 5). The two time
constants of recovery from inactivation after incuba-
tion with NPY and norepinephrine did not differ sig-
nificantly from those for cells from reserpine-treated
animals: 31.7 � 5.6 ms for the fast component and
2,011 � 214 ms (n � 4) for the slow component. Thus
the kinetic parameters of Ito were not changed by
incubation with both NPY and norepinephrine. Ito was
also restored to control values by incubating cells with
norepinephrine and NPY (13–36), a NPY agonist se-
lective for Y2 receptors (at �65 mV, Ito density was
19.2 � 1.1 pA/pF, n � 8).

In other models of catecholamine depletion, restora-
tion of Ito by norepinephrine occurred either via the
�-adrenergic (14) or �-adrenergic (13, 33) pathway. We
therefore tried to determine whether the restoration of
Ito we observed was mediated by activation of �- or
�-adrenergic receptors in our model. The effects of
norepinephrine and NPY were evaluated after pre-
treatment with 1 �M prazosin, an �1-adrenergic recep-
tor antagonist, or propranolol (1 �M), a �-adrenergic
receptor antagonist. The effects of norepinephrine and
NPY on Ito were blocked in the presence of prazozin (at
�65 mV, Ito density was 10.9 � 2.2 pA/pF, n � 5) but
not in the presence of propranolol (15.0 � 1.3 pA/pF,
n � 5). Thus the restoration of Ito required the �1-
adrenergic pathway in our model.

DISCUSSION

Cardiac catecholamine depletion, induced by reser-
pine treatment in Wistar rats, resulted in a marked
decrease in tissue norepinephrine content. This de-
crease in norepinephrine content was correlated with
1) a lengthening of the duration of the ventricular
action potential plateau in the isolated perfused heart
and 2) a decrease in Ito density by 50%, with no
marked change in kinetic parameters, in isolated ven-
tricular myocytes. Reserpine treatment also reduced
membrane capacity. Long-term application of 10 �M
norepinephrine reversed the observed decrease in Ito
density via an effect on the �-adrenergic cascade. Low
concentrations of norepinephrine (0.5 �M) did not re-
store the Ito amplitude unless NPY was also present.

Chronic depletion of norepinephrine is usually in-
duced either by treatment with chemical substances
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(reserpine, 6-hydroxydopamine, guanethidine, or phe-
nol) or by surgical denervation. We chose to use reser-
pine because 1) this substance has no effect on Ito even
if applied directly to the cell or injected 2 h before the
animal is killed and 2) this model of catecholamine
depletion is the most thoroughly documented in the
literature (20, 38). Reserpine treatment is well known
to decrease tissue norepinephrine content. The 97%
decrease in norepinephrine content observed in this
study is similar to the results reported by Rice et al.
(38) for rat ventricular muscle. Endogenous norepi-
nephrine determinations have not been reported in
other models in which a decrease in sympathetic de-
nervation is correlated with a decrease in Ito except in
newborn rat myocytes, in which a 35% decrease in
norepinephrine content (relative to placebo) has been
observed in rats treated with antibody directed against
nerve growth factor (21).

Action potential duration was 50% longer after
reserpine treatment than in controls, and 4-AP nor-
malized action potential duration. Liu et al. (21) also
described a 26% increase in the ventricular action
potential duration of hearts from newborn rats treated
with antibody against nerve growth factor, and a
lengthening of the activation recovery interval, which
is correlated with action potential duration, has also
recently been reported in phenol-induced denervation
in the rabbit heart (43).

Some studies have reported changes in ionic current
during development of innervation. Changes in cal-
cium current have been described in neonatal rat cells
cultured with or without sympathetic ganglia or neu-
rons. Innervated myocytes show an increase in calcium
current of 50% (29, 35). Similar studies (44) have
reported an increase in sodium current in innervated
neonatal rat ventricular cells. Ito density quadruples
between 1 and 10 days in ventricular cells (18), a
period corresponding to maturation of sympathetic in-
nervation (24). Thus development of innervation in-
creased ionic currents involved in the decay of action
potential. The opposite phenomenon, denervation,
might therefore be expected to result in a decrease in
this currents. No previous data are available concern-
ing inward currents during denervation. However, our
study of reserpine-treated rats show a decrease of
20% in the maximum upstroke velocity of the action
potential with no change in resting potential, suggest-
ing a decrease of sodium current in the denervated rat
hearts.

We observed that Ito was 50% lower in reserpine-
treated rats than in control animals. Decreases in Ito of
20–50% have also been described in other models of
cardiac sympathetic denervation (11, 13, 14, 21, 31).
The fast and slow components of Ito both decreased by
50% in response to reserpine treatment. The values
obtained for these components were consistent with

Fig. 6. Effect of a low concentration of
NE in the presence of neuropeptide Y
(NPY). The effects of incubation of NPY
(A and B) and NPY with 0.5 �M NE (C
and D) in cells from control hearts (A
and C) and in cells from reserpine-
treated rats (B and D) on mean current
density-voltage relationships for Ito

(same stimulation protocol as shown in
Fig. 2) are shown.
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those reported by Wickenden et al. (40) in the rat
ventricular septum. Like the two time constants of Ito
inactivation, they were not significantly affected by
reserpine treatment, a result consistent with that re-
ported in other models of cardiac denervation (12–14).
Positive (12), negative (our study), or no shifts (21) in
the activation-voltage relationship were also reported.
We observed no other significant change in other ki-
netic parameters (inactivation-voltage relationships
and recovery from inactivation). Changes occurred in
some of the other models, but these changes cannot
account for the observed decrease in Ito density. Our
results suggest that the decrease in Ito density in
reserpine-treated rats results from a decrease in the
number of functional ionic channels responsible for
this current.

Long-term exposure of control myocytes to norepi-
nephrine induced a decrease in Ito density, as previ-
ously reported (41), mediated by a PKC-dependent (2)
or -independent pathway (4). In contrast, the applica-
tion of norepinephrine to cells from reserpine-treated
rats increased Ito density. Similar increases have been
reported in other models of cardiac denervation (13, 14,
34). This contradictory effect of norepinephrine be-
tween control cells and cells from reserpine-treated
rats suggested two different pathways for norepineph-
rine action. In cells from reserpine-treated rats, we
demonstrated that the stimulating effect of norepi-
nephrine was abolished by the presence of an inhibitor
of transcription such as actinomycin D. In control cells,
the inhibitory effect of norepinephrine was not pre-
vented by actinomycin D. So it could be suggested that
the stimulatory effect of norepinephrine on Ito occurred
via a reexpression of Ito channels, whereas in control
cells the inhibition of Ito by norepinephrine was due to
its classical effect via phosphorylation process. Such
stimulation of Ito by norepinephrine also needed time
(�6 h) to develop, as reported in Chagasic myocytes
(14); such a duration is more compatible with a process
of channel reexpression. This restoration of Ito density
by norepinephrine is mediated via the �-adrenergic
pathway (13, 34), whereas in Chagasic myocytes this
effect is mediate by �1-adrenoceptor stimulation of
PKC via a pertussis-insensitive signaling cascade (14).
In our model, Ito was restored by means of an �-adren-
ergic pathway because it was inhibited by prasozin.
This difference may be due to the �-adrenoceptor
downregulation described in Chagasic myocytes (13)
and in reserpine-treated rats (6). Such an effect could
result in the overestimation of �-adrenoceptor activity
in these cells.

In our reserpine-treated rat model, a diminution of
Ito was associated with a depletion of myocardial nor-
epinephrine. In myocardial infarction (17, 36) and
heart failure (25), a decrease in Ito was reported,
whereas a stimulation of the sympathetic nervous sys-
tem was also reported. These observations raise the
question as to whether reductions of Ito were linked to
chronic stimulatory effects of catecholamine (29). Until
now, this point received no answer. Comparison of
these models pointed out important differences. In

reserpine-treated rats, heart rate and pressure are
decreased (18) and plasma norepinephrine concentra-
tion did not change significantly (412 � 87 pg/ml in
control vs. 478 � 97 pg/ml in reserpine-treated rats) or
even decreased for longer time treatment (10). In heart
failure, there was an increase in heart rate and pres-
sure and an increase in plasma norepinephrine concen-
tration (8), but there was a decrease in myocardial
norepinephrine content (5). So in reserpine-treated
rats we observed no sign of stimulation of the nervous
sympathetic system. At the present time, we have no
explanation concerning this difference. The main ob-
served similarities between these two models were a
decrease in Ito and a decrease in myocardial norepineph-
rine content. However, further studies will be necessary
to establish a direct link between these two decreases.

In our experiments, only a high concentration of
norepinephrine (10 �M) restored Ito to control values in
reserpine-treated rats, whereas in other models lower
concentrations have been reported to have such an
effect. The low concentration (0.5 �M) of norepineph-
rine restored Ito to control values in the presence of
NPY. The peptide is colocalized and coreleased with
norepinephrine in sympathetic nerve terminals and is
widely distributed in the mammalian heart (1), and in
reserpine-treated rats a 50% decrease in the NPY con-
tent of the heart has been reported concomitantly with
a decreased in norepinephrine content (15). Such a
potentiating effect of NPY has also been reported in
smooth muscle cells and in cardiac cells. In neonatal
cardiac cells, the V0.5 of the activation curve of the
pacemaker current is shifted from �77 to �88 mV if
cells are cocultured with sympathetic nerves. Incuba-
tion with 1 �M norepinephrine alone does not to induce
such a shift of the activation curve, but in the presence
of both norepinephrine and NPY the V0.5 of the activa-
tion curve is shifted (�94 mV). Thus, in this model,
NPY is necessary to induce the shift of the activation
curve (37).

A consensus is emerging that the slow component of
Ito is encoded by the Kv1.4 channel gene, whereas the
fast component is generated principally by the Kv4.2
and/or Kv4.3 genes (for reviews, see Refs. 28 and 30).
In our model, both components of Ito decreased to the
same extent. For the fast component, it is unclear
whether Kv4.2 predominates over Kv4.3. The only ev-
idence for the predominance of Kv4.2 is that the V0.5 of
the inactivation curve determined in our conditions is
similar to that reported for Kv4.2 in mouse L cell lines
(42). Incubation with norepinephrine restored the Ito
amplitude with no effect on the kinetic parameters of
the current, and this effect is abolished by actinomycin
D in cells from reserpine-treated rats. The data sup-
port the idea that incubation with norepinephrine re-
store the expression of �-subunit genes. This is only
speculative and additional studies are required to an-
alyze the changes in Ito gene expression induced by
reserpine treatment at the mRNA and protein levels.

The results of this study are well explained consid-
ering that, in the adult cardiac cell, Ito density is
regulated by norepinephrine released from neurons by
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the �-adrenergic cascade and this cascade is potenti-
ated by NPY. The effect of such regulation of neural
release of norepinephrine on expression of the potas-
sium current may be of importance because it may
provide a common explanation for the marked decrease
in Ito observed in the various cardiac diseases studied.
The role of sympathetic innervation in other cardiac
diseases in which a decrease in Ito density has been
described remains to be determined.
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