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1 Experimental and clinical studies suggest that class I and class III antiarrhythmic drugs may be
subject to pharmacological tolerance during long term treatment, leading to loss of therapeutic
e�ectiveness.

2 The aim of this study was to ascertain whether prolonged in vivo treatment with the Class Ia agent
quinidine can modify cardiac (electrical and mechanical) responses to the drug.

3 A group of guinea-pigs (n=7) were treated intraperitoneally (q.d.) for 6 days with 75 mg kg71

quinidine sulphate. Preliminary pharmacokinetic experiments indicated that this dose could attain
plasma concentrations similar to those that are therapeutic in man (2 ± 5 mg l71). A control group (n=7)
received a saline solution for the same period.

4 Twenty-four hours after the last administration hearts were removed and retrogradely perfused at
constant ¯ow (stimulation frequency: 2.5 Hz). The following parameters were measured: maximal
derivative of intraventricular pressure (dP/dtmax); coronary perfusion pressure (Cp); PR, QRS and JT
intervals, on surface ECG. The e�ects of quinidine on these parameters were measured at di�erent
concentrations (2, 4, 8, 12, 16, 20 mM) and compared in the two experimental groups.

5 In the control group quinidine decreased in a dose-dependent manner dP/dt and increased PR and
QRS intervals. JT interval was increased at the lowest concentrations and decreased at the highest
(biphasic e�ect). Cp did not change signi®cantly.

6 In the pretreated group quinidine qualitatively produced the same e�ects on dP/dt and ECG intervals
as in control group. Also the magnitude of these e�ects was not signi®cantly di�erent between the two
groups. In contrast with ®ndings in control experiments, Cp was signi®cantly decreased by increasing
quinidine concentration. Mean baseline Cp was higher in pretreated than in the control group (though
not signi®cantly, P=0.072) and quinidine addition abolished this di�erence. Thus, it is suggested that
quinidine withdrawal induced a rebound increase in coronary tone, due to the unmasking of
vasoconstrictor homeostatic mechanisms elicited by the in vivo vasodilating e�ect of the drug.

7 In conclusion, our data do not support the possibility that tolerance ensues during long term
quinidine treatment, at least as far as electrophysiological and contractility e�ects are concerned. Further
experimental work is needed to explain the appearance of a coronary vasodilating e�ect in pretreated
hearts.
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Introduction

In recent years several studies (Du� et al., 1985; Kennedy et
al., 1989; Capucci et al., 1990; Le Coz et al., 1992; Boriani et
al., 1993) have suggested that the e�cacy or the electrocar-
diographic e�ects of antiarrhythmic drugs may decrease un-
der chronic treatment. Capucci et al. (1990) showed that the
minimal e�ective concentration of propafenone and its active
metabolite, 5-OH-propafenone, were substantially higher
during chronic treatment when compared to acute treatment.
Another study by the same group (Boriani et al., 1993) cor-
related plasma concentrations of ¯ecainide with QRS changes
after single and long-term administration and found that the
slope of the linear correlation was steeper at the ®rst dose
than after multiple dosing. Interestingly, a class III drug,
sotalol, has also been found (Le Coz et al., 1992) to produce
a QTc prolongation during repeated oral administration,
which was, on average 4.1% less than the value predicted
from single administration. In the study by Kennedy et al.
(1989), the long-term antiarrhythmic e�cacy of moricizine
was irreversibly lost in 14% of patients, despite persistence of
plasma levels within the therapeutic range and therapeutic
e�ectiveness was restored by increasing the drug dose. The
same observation was made by Du� et al. (1985), who found

that 2 of 17 patients did not respond to chronic quinidine,
although plasma concentrations were equal to those which
had been e�ective during the acute intravenous test. In all
these therapeutic studies it is unclear whether loss or decrease
in therapeutic e�ectiveness was due to spontaneous variabil-
ity of cardiac arrhythmias or to a true pharmacological tol-
erance. Indeed, other clinical investigations (McCollam et al.,
1989; Salerno et al., 1990) did not ®nd any decline in the
therapeutic e�cacy of class I antiarrhythmic drugs during
long term treatment. A molecular basis for the tolerance
hypothesis has recently been provided by an experimental
study in rats (Taouis et al., 1991), which showed the devel-
opment of up-regulation of cardiac sodium channels (dose-
dependent and reversible upon drug withdrawal) over a 6-day
treatment with the Na channel blocker, mexiletine. At present
it is unknown whether these molecular changes are speci®-
cally related to this drug or are secondary to Na channel
blockade per se. Furthermore, possible functional conse-
quences of the cardiac e�ects of class I drugs have not yet
been investigated. In order to verify the tolerance hypothesis
at a pharmacodynamic level too, we studied the in¯uence of
prolonged quinidine administration to guinea-pigs on the in
vitro quinidine e�ects on the isolated perfused heart. Quini-
dine was chosen as the prototype of class Ia agents with
mixed Na channel- and K channel-blocking activities, be-
cause it permits the investigation of possible onset of toler-
ance on a wider spectrum of electrophysiological parameters.
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Methods

Pharmacokinetic study

A preliminary pharmacokinetic study was carried out in
Dunkin-Hartley albino guinea-pigs to determine the quinidine
dose necessary to produce pharmacologically active plasma
concentrations. The time course of plasma concentrations was
determined after i.p. administration of two di�erent quinidine
doses: 50 mg kg71 (n=3) and 100 mg kg71 (n=3). The ani-
mals were anaesthetized (urethane 2 g kg71, i.p., + atropine
0.05 mg kg71, i.p., every 20 ± 40 min), the carotid artery was
cannulated and blood was sampled at 5 min, 15 min, 30 min,
1 h, 1.5 h, 2 h, 3 h, 4 h and 6 h after quinidine administration.
Blood was centrifuged and plasma was frozen at 7208C until
the assay was performed. Quinidine was assayed by means of a
speci®c and sensitive h.p.l.c. method with ¯uorimetric detec-
tion (Leroyer et al., 1982). In our laboratory the detection limit
was 10 ng ml71 and the coe�cient of variation at 1 mg l71 was
3.5%.

The following model-independent parameters were calcu-
lated: the peak concentration (Cmax), the 6 h concentration
(C6h), the area under the concentration-time curve (AUC0± 6 h),
the average concentration within the 6 h sampling interval
(=AUC0±6 h/6). A monoexponential equation was used to ®t
the ®nal decay of each curve (C=CO.e

-k,t) and the corre-
sponding ®nal t1/2 was calculated (t1/2=0.693/k). The steady
state minimum plasma concentration (CminSS) expected fol-
lowing multiple drug administrations was extrapolated from
the equation: CminSS=CO.e

-k,t/(17ek,t)), where t is the dosing
interval (Gibaldi & Perrier, 1975), and CO and k are the ex-
perimental parameters of the monoexponential equation.

Pharmacodynamic study

Dunkin-Hartley albino guinea-pigs of either sex (body weight:
250 ± 350 g) were treated q.d. intraperitoneally for 6 days with
either saline solution (control group, n=7) or 75 mg kg71

quinidine sulphate (test group, n=7). At the end of the treat-
ment period, the animals were killed by cervical dislocation
24 h after the last drug administration and the heart was ra-
pidly removed and retrogradely perfused at constant ¯ow rate
(&8 ml g71 tissue min71) with a peristaltic micropump (Gil-
son Minipuls 2 HP2/HF), as previously described (Padrini et
al., 1992). The perfusion medium was a modi®ed Krebs-Hen-
seleit solution (mM: NaCl 118, KCl 4.7, CaCl2 2.5, MgSO4 1.2,
NaHCO3 25, KH2PO4 1.2, glucose 11.1 and Na pyruvate 2)
bubbled with an O2: CO2 gas mixture (95%:5%) and main-
tained at 378C (pH 7.4+0.01). Sinus node was excised and the
hearts were driven at a frequency of 2.5 Hz, through platinum
electrodes placed on the right atrium (stimulus strength = 1.5
times the threshold value; duration = 0.5 ms). A rubber bal-
loon ®lled with water (®lling pressure: 10 cmH2O) and con-
nected to a mechano-electrical transducer (M.A.R.B., P82) was
inserted into the left ventricle to measure changes in intra-
ventricular pressure. Heart contractility was measured as the
maximal positive derivative of the left ventricle pressure (+dP/
dtmax). Surface ECG was recorded by means of two electrodes,
one placed on the crux cordis and the other on the left ventricle
free wall (Yang et al., 1995). The signal was ampli®ed and
monitored with a digital memory oscilloscope (PM 3331,
Philips), connected to a printer. The main ECG intervals
(PR=atrio-ventricular conduction time; QRS=intra-ventri-
cular conduction time; JT=duration of ventricular depolari-
zation) were measured directly on the screen by use of vertical
cursors. Coronary perfusion pressure was monitored with a
water manometer (cmH2O) to assess the change in coronary
vessel resistance. In our experimental conditions all the para-
meters measured remained quite stable for at least 2 h.

After a stabilization period of 30 min, quinidine sulphate
was added in steps to obtain concentrations of 2, 4, 8, 12, 16,
and 20 mM (1 mM &0.4 mg l71). The e�ects of each drug
concentration were measured after an equilibration time of

15 min as fractional change from baseline. Preliminary ex-
periments showed that a 15 min exposure to the drug was
su�cient to reach a steady change for all the parameters
measured.

Data are presented as mean+s.d. The concentration-e�ect
curves obtained in control and quinidine pretreated hearts
were compared by means of two way-ANOVA followed, if
necessary, by Student's multiple t test with the Bonferroni
correction.

Results

Pharmacokinetic study

The time courses of quinidine plasma levels in each experiment
are illustrated in Figure 1a and the mean (+s.d.) values of
Cmax, C6h and average concentration (AUC0±6h/6) after
50 mg kg71 and 100 mg kg71 are shown in Table 1. While
50 mg kg71 generally achieved concentrations which are sub-
therapeutic in man (range: 2 ± 5 mg l71 &5 ± 13 mM), in some
cases 100 mg kg71 gave rise to supratherapeutic peak con-
centrations (close to 10 mg l71). Thus, the intermediate dosage
of 75 mg kg71 daily was used for chronic treatment.
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Figure 1 (a) Time courses of quinidine plasma levels after
administration of 50 mg kg71 (open circles) and 100 mg kg71 (solid
circles); the dashed lines denote the therapeutic range in man (2 ±
5 mg l71). (b) Time course of mean quinidine plasma levels
normalized for a dose of 75 mg kg71 (n=6); vertical lines show s.d.
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The mean (+s.d.) plasma level pro®le, normalized for the
dose of 75 mg kg71, is illustrated in Figure 1b. Since secondary
peaks occurred 1.5 h after drug administration, the exponen-
tial regression analysis was applied to data from the 2nd hour
onwards (namely, in the log-linear phase of concentration
decay). Y-axis intercept (CO) and t1/2 of the normalized decay
curves were 2.39+1.05 mg l71 and 10.2+3.5 h, respectively.
Because of the relatively slow decay of plasma concentrations
compared to the short sampling time (6 h), the t1/2 value cal-
culated must be considered with caution. Provided that the t1/2
value is correct, quinidine plasma concentration expected 24 h
after the last 75 mg kg71 dose (Cmin,SS

) is 0.58 mg l71 (see
Methods).

Pharmacodynamic study

The baseline values of the ECG intervals (PR, QRS, JT),
ventricular contractility (+dP/dtmax) and coronary pressure
parameters measured did not signi®cantly di�er between the
control and the treated group (Table 2). However, in the case
of QRS duration and coronary pressure the mean values were
greater in the treated group and the di�erences approached the
signi®cance level (P40.10).

The concentration-e�ect curves for each parameter mea-
sured as shown in Figures 2 ± 6. Quinidine induced a marked
dose-dependent decrease in ventricular contractility (Figure 2):
the highest concentration tested (50 mM) depressed +dP/dtmax
to about 20% of its basal value without reaching the plateau of
the e�ect. As expected, both atrio-ventricular conduction time
(PR interval, Figure 3) and intraventricular conduction time
(QRS interval, Figure 4) were prolonged by the drug. How-
ever, while the maximum e�ect on atrio-ventricular conduction
was always attained without the occurrence of blocks, in 12
out of 14 experiments quinidine concentrations equal to or
greater than 16 mM gave rise to intraventricular conduction
disturbances, leading to sharp changes in QRS complex shape.
In the presence of an altered pattern of ventricular activation,
QRS measurement does not re¯ect the degree of Na channel
blockade. For this reason QRS curves in Figure 4 are shown
up to 12 mM.

Quinidine e�ect on ventricular depolarization (JT interval)
was biphasic, with a prolongation at the lowest concentrations
(up to 4 mM) and shortening at the highest (Figure 5).

At any concentration, drug e�ects on ECG and contractility
were not signi®cantly less in the pretreated compared to the
control group. Thus, no sign of tolerance was present. Indeed,
at most quinidine concentrations QRS, PR and JT changes
were slightly greater in the pretreated group (Figures 2 ± 4).

Surprisingly, the e�ect of quinidine on the coronary bed was
di�erent in the two experimental groups. Coronary perfusion

pressure was signi®cantly decreased by quinidine in the pre-
treated group but not in controls (Figure 6). In spite of this,
analysis of variance did not reveal any signi®cant di�erence
between the two curves. In control experiments, coronary
perfusion pressure underwent non signi®cant changes from the
baseline, with a slight increase occurring at the lowest con-
centrations and a slight decrease at the highest. In contrast, in
the pretreated group the coronary response to quinidine was a
uniform, signi®cant decrease in perfusion pressure (Figure 6a).
If absolute (instead of fractional) changes are considered
(Figure 6b), it appears that baseline pressure was higher in the
pretreated group than in controls (80.8+7.8 vs
68.3+13.1 cmH2O, P=0.072) and that quinidine dose-de-
pendently reduced this di�erence, so that at the highest con-

Table 1 Results of the preliminary pharmacokinetic study

Peak 6 h Average
Dose concentration concentration concentration
(mg kg71) (mg l71) (mg l71) (mg l71)

50 (n=3)
100 (n=3)

2.18+0.94
5.81+3.20

1.00+0.26
1.80+0.79

1.29+0.22
2.83+1.17

Data shown are means+s.d.

Table 2 Baseline values of the parameters measured

Parameters
PR QRS JT +dP/dtmax Coronary pressure
(ms) (ms) (ms) (mmHg s71) (cmH2O)

Controls (n=7)
Treated (n=7)
P value

47.6+6.1
49.1+11.8
0.28

21.8+1.8
25.7+5.0
0.10

179.0+7.6
180.4+13.0

0.82

862.7+385.6
594.8+248.4

0.18

68.3+13.1
80.8+7.8
0.072

Data shown are means+s.d.
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Figure 2 Concentration-response curves for e�ect of quinidine on
contractility (+dP/dtmax). Open triangles: controls (n=7); solid
triangles: quinidine pretreated group (n=7). Vertical lines show s.d.
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Figure 3 Concentration-response curves for e�ect of quinidine on
intraventricular conduction time (PR interval). Open triangles:
controls (n=7); solid triangles: quinidine pretreated group (n=7).
Vertical lines show s.d.
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centration the pressure was the same in the two groups
(60.9+7.1 vs 61.6+6.3 cmH2O).

To sum up, as far as contractility and ECG intervals are
concerned, these data suggest that a 6-day quinidine treatment
does not change heart responsiveness to the drug. Conversely,
coronary bed sensitivity seemed to be altered with long term
treatment, with the emergence of a vasodilating e�ect.

Discussion

In agreement with current knowledge about the pharmacolo-
gical properties of quinidine, the results of our investigation
indicate that this drug a�ects several parameters of heart
function in a dose-dependent manner. In view of the manifold
pharmacological activities of quinidine (Campbell, 1983; Mo-
tulsky et al., 1984; Hondeghem & Matsubara, 1988; Balser et
al., 1991; Hatem et al., 1992; Mariano et al., 1992; Wyse et al.,
1993), it is conceivable that the mechanism of action may di�er
according to the type of e�ect. In this sense, QRS prolongation
is related to the blocking activity of sodium channels (Hon-
deghem & Matsubara, 1988), PR prolongation to the block of
sodium and calcium channels (Hatem et al., 1992) and JT

prologation to the block of a potassium channel (Balser et al.,
1991). The JT shortening observed by us at the highest qui-
nidine concentrations agreed with a similar e�ect, seen by
others, on the action potential duration of guinea-pig ventri-
cular myocytes (Campbell, 1983) and Purkinje ®bres (Wyse et
al., 1993). The underlying mechanism has been ascribed to a
blockade of the small persisting component of the sodium in-
ward current during the action potential plateau. The marked
negative inotropic e�ect of quinidine may, as for all Na
channel blockers, be partly due to an increased Ca2+ out¯ow
through the Na+/Ca2+ exchanger and, partly, to the conco-
mitant Ca2+ entry blocker activity.

Surprisingly, in control experiments quinidine did not pro-
duce a clear vasodilating e�ect on the coronary bed. While in
vivo quinidine decreases blood pressure through both an a-
blocking and a direct myolytic mechanism (Motulsky et al.,
1984; Mariano et al., 1992), in vitro (in the absence of an
adrenergic tone) a-receptor blockade is unlikely to produce
relaxation of vascular smooth muscle. On the other hand, it
has been shown that quinidine is more potent in relaxing rat
aorta than pig coronary arteries (Perez-Viscaino et al., 1994).
Thus, factors such as animal species or vascular district may be
important in determining the magnitude of the vasodilating
e�ect. It is even more di�cult to explain why coronary dila-
tation occurred in the quinidine pretreated group. Since the
baseline coronary pressure tended to be higher in pretreated
animals than in controls and the addition of quinidine abol-
ished the di�erence, it can be hypothesized that chronic, in vivo
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Figure 5 Concentration-response curves for e�ect of quinidine on
ventricular repolarization time (JT interval). Open triangles: controls
(n=7); solid triangles: quinidine pretreated group (n=7). Vertical
lines show s.d.
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Figure 6 Concentration-response curves for e�ect of quinidine on
coronary perfusion pressure. Open triangles: controls (n=7); solid
triangles: quinidine pretreated group (n=7). (a) Fractional changes
from baseline. (b) Absolute pressure values; asterisks indicate
signi®cant changes (P50.05) from baseline. Vertical lines show s.d.
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Figure 4 Concentration-response curves for e�ect of quinidine on
atrioventricular conduction time (QRS interval). Open triangles:
controls (n=7); solid triangles: quinidine pretreated group (n=7).
Data corresponding to quinidine concentrations higher than 12 mM
are not shown due to intraventricular conduction disturbances (see
Results). Vertical lines show s.d.
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quinidine treatment may really have induced a coronary dila-
tation but that a homeostatic adaptation could also ensue,
which was able to overcome the vasodilating e�ect. If so, when
the drug was withdrawn, a rebound increase in coronary tone
occurred, which was fully antagonized by the in vitro re-ex-
posure to the drug. More work is needed to con®rm and ex-
plain these ®ndings. In contrast with the vascular e�ects, the
electrophysiological and inotropic e�ects of quinidine on
myocardial tissue were not signi®cantly di�erent in the pre-
treated group than in controls. These ®ndings substantially
agree with the persistence of therapeutic e�cacy during long-
term treatment observed in some clinical studies with class 1a
and 1c drugs (McCollam et al., 1989; Salerno et al., 1990), but
di�er from those previously obtained by other authors (Du� et
al., 1985; Kennedy et al., 1989; Capucci et al., 1990; Le Coz et
al., 1992; Boriani et al., 1993). It could be argued that either
the duration of quinidine pretreatment or the steady state
plasma concentrations attained were not adequate for toler-
ance to develop. However, Taouis et al. (1991) found that
following 6 days of administration of mexiletine in rats
(50 mg kg71 daily, s.c.) the Na channel number gradually rose
during the ®rst 3 days of treatment and remained steady over
the next period, suggesting that channel up-regulation requires
just a few days. The same authors observed that such changes
occurred despite the very low mexiletine levels detected in
plasma (50.1 mg l71) and they concluded that sodium chan-
nel regulation in rats is exquisitely sensitive to the drug. In this
regard it should also be recalled that Na channel blockade
induced by class 1 antiarrhythmic drugs is frequency-depen-
dent and that small rodents physiologically have a very high
sinus rate (&300 beats min71). Therefore, it is presumed that
substantially lower plasma concentrations are needed in rats
and guinea-pigs compared to man to obtain the same degree of
Na channel blockade. On the contrary, the depolarization ef-

fects of quinidine, due to K channel blockade and character-
ized by a reverse use-dependence (Balser et al., 1991), should
be less marked in guinea-pigs than in man.

In our experiments quinidine plasma levels measured (or
extrapolated) were within (or close to) the therapeutic range in
man, so that we can reasonably assume that in vivo drug
treatment was `e�ective', at least as far the interaction with Na
channel is concerned. Why, then, did not tolerance to QRS and
contractility e�ects of quinidine ensue, as expected from the
study with mexiletine? First, since the animal species used in
the two studies was di�erent, a speci®c species-sensitivity may
be involved. Second, although both drugs act at the level of Na
channel (as local anaesthetics or class 1 agents), substantial
di�erences exist in the interaction with their substrate as far as
both the channel state and the kinetics of interaction are
concerned: in fact, quinidine binding occurs during the active
state of the Na channel (phase 0 of the action potential)
(Hondeghem & Matsubara, 1988), whereas mexiletine inter-
acts with the channel during phase 2 (inactivated state) (Ko-
dama et al., 1987) and both association and dissociation time
constants are much shorter for mexiletine than for quinidine.
At present, no data are available about the in¯uence of the
above factors on the attitude to the various class 1 agents to
induce up-regulation of Na channels, but the possibility that
the intimate mechanism of the drug-receptor interaction could
play a role in the process cannot be ruled out and also, con-
sequently, certain agents may require longer periods of treat-
ment to elicit clear tolerance phenomena.
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Consiglio Nazionale delle Ricerche (CNR, FATMA project).
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