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Objective: Amlodipine (Aml) has R- and S-isomers with different pharmacological effects. However, no
data are available on the influence of (S)-Aml and (R)-Aml on L-type calcium channel current (Ica.1) or
cytosolic calcium (Ca?*). This study is to investigate effects on Ic,. and cytosolic Cat. Methods: lca_L,
peak currents, |-V curves, steady state activation curves, steady state inactivation curves and recovery
curves from inactivation with (S)-Aml and (R)-Aml were recorded by whole-cell patch clamp configura-
tion. Cytosolic Ca®* of smooth muscle cells was assayed by Fura-2/AM. Results: At the concentrations
of 0.1, 0.5, 1, 5, and 10 umol/L, 1.5 + 0.2%, 25.4 + 5.3%, 65.2 + 7.3%, 78.4 + 8.1%, and 94.2 + 5.0%
of lca_L were blocked by (S)-Aml. |-V curves were shifted upward. Half-activation voltages were
—16.01 +1.65mV, —-17.61 + 1.60mV, —20.17 + 1.46 mV, —21.87 +1.69 mV and —24.09 + 1.87 mV
(P < 0.05). Half-inactivation voltages were —27.16 £ 4.48 mV, —28.69 + 4.52 mV, —31.19 + 4.17 mV,
—32.63+4.34mV and —-35.16 £4.46mV (P < 0.05). Recovery time were prolonged gradually
(P < 0.05). 10.3 4 1.2%, 35.2 4 3.5%, 60.1 & 5.0%, 78.9 + 6.1%, and 91.2 4 7.6% of cytosolic Ca®*
were reduced at different concentrations (P < 0.05). However, (R)-Aml at different concentrations had
no effect on lca_L and cytosolic Ca?t (P > 0.05). Conclusion: Only (S)-Aml has calcium channel block-

ade activity, while (R)-Aml has none of the pharmacologic actions associated with CCBs.

1. Introduction

Dihydropyridine calcium channel blockers (CCBs) have
been proven to be clinically useful in the treatment of hy-
pertension, angina, and certain cardiac arrhythmias (Zan-
chetti et al. 2006; Sever et al. 2006; Formica et al. 2006).
However, all dihydropyridines except nifedipine have a
chiral centre, and the pharmacological actions of their iso-
mers are usually different, and even completely opposite
(Bojarski 2002; Patil and Kothekar 2006). Amlodipine
(Aml) is a dihydropyridine CCB and has two isomers,
(8)-Aml and (R)-Aml, but it is often commercially avail-
able as a racemic mixture. Many clinical trials have shown
that the racemic mixture has the pharmacological activity
associated with CCBs (Zanchetti etal. 2006; Formica
et al. 2006; Pathak et al. 2004). However, to our knowl-
edge, there has been no report of cell electrophysiological
studies on (S)-Aml and (R)-Aml, or studies on cytosolic
calcium (Ca®*) changes.

To investigate the effects of the different isomers of Aml
on L-type calcium channel current (Ic,_1) of rat ventricu-
lar myocytes and cytosolic Ca*>" changes of aortic smooth
muscle cells (SMCs), we studied Ic,_p and its channel
kinetics by whole-cell patch clamp configuration, and cy-
tosolic Ca>* changes of SMCs by the fluorescent probe
Fura-2/AM. The results may provide experimental evi-
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dence for rational applications of different enantiomers of
Aml for patients in clinical practice.

2. Investigations and results

2.1. Effects of (S)-Aml and (R)-Aml on I¢,; and chan-
nel kinetic parameters

2.1.1. Effects of (S)-Aml on Ic,; and channel kinetic
parameters

(1) Effects on I¢, and peak currents: The stable baseline peak
current was —910.5 (£ 201.7) pA, and current density was
—6.07 (£1.34) pA/pF (n = 12). When (S)-Aml was applied at
0.1 wmol/L, 0.5 umol/L, 1 umol/L, 5 wmol/L, and 10 umol/L,
Icapof 1.5 £0.2%,25.4 + 5.3%,65.2 + 7.3%, 78.4 + 8.1%,
and 94.2 +5.0% were blocked, respectively (P < 0.05,
n = 10). Figure 1 shows current traces elicited by depolariza-
tion from —40 mV HP to 0 mV test potential at the different
(8)-Aml concentrations. ICsq of Ic,_1, calculated by curve fit
with concentrations and current blockade percentages, was
0.62 £ 0.12 wmol/L (Fig. 2).

(2) Effects on I-V curves of Ic,_1: When (§)-Aml was
used at concentrations of 0.1 wmol/L, 0.5 pmol/L, 1 umol/L,
5 wmol/L, and 10 wmol/L, Ic,-1, and current densities were
decreased gradually with the increase of (S)-Aml concen-
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Fig. 1:

Ica-1 blocked by S-Aml at different concentra-
tions (A, B, C, D, and E are S-Aml at 0, 0.1,
1, 10, and 50 pmol/L, respectively)
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Fig. 2: ICs¢ of I¢,-1. blocked by S-amlodipine at different concentrations

trations. The I-V curves were shifted upward; however,
there was no significant change of morphology, peak cur-
rent activation potential, threshold potential, or reverse po-
tential (Fig. 3).

(3) Effects on steady-state activation curves of I, p:
When 0.1 umol/L, 0.5 umol/L, 1 wmol/L, 5 umol/L, and
10 pmol/L. (S)-Aml were applied, half-activation voltages
were —16.01 £1.65mV, -17.61 £1.60mV, -20.17 +
1.46 mV, -21.87 £1.69 mV, —-24.09 + 1.87 mV, respec-
tively, and slope factors were 5.43 + 1.42mV, 5.62 +
201l mV, 593+221mV, 6.03£232mV, 622+
2.43 mV, respectively (P < 0.05, n=12). With the in-
crease of (S)-Aml concentrations, steady-state activation
curves were shifted to the left.

(4) Effects on steady-state inactivation curves of Ic,_y: With
(S)-Aml concentrations of 0.1 umol/L, 0.5 umol/L, 1 umol/
L, 5 wmol/L, and 10 umol/L, half-inactivation voltages were
-27.16 £ 4.48 mV, -28.69 = 4.52 mV, —31.19 £ 4.17 mV,
-32.63 £4.34mV, -35.16 =+ 4.46 mV, respectively, and

slope factors were —3.53 £ 1.45mV, —3.50 &+ 1.49 mV,
—338+£1.61lmV, —-3.17+148mV, —-3.01+ 1.4l mV
(P < 0.05, n=10). Ic,—r steady-state inactivation curves
were shifted to the left with the increase of (§)-Aml concen-
trations.

(5) Effects on Ig,—| recovery curves from inactivation:
normal time constant obtained by a single-exponential
function fit was 202.3 + 18.7 ms. With (S)-Aml at concen-
trations of 0.1 umol/L, 0.5 umol/L, 1 wmol/L, 5 umol/L,
and 10 umol/L, time constants were 210.1 £ 19.5 ms,
2252 +£21.3 ms, 241.7 £2 0.3 ms, 252.3 + 24.2 ms, and
282.6 £ 23.2 ms, respectively (P < 0.05, n = 10).

2.1.2. Effects of (R)-Aml on I¢c, 1 and kinetic parameters

After normal Ic,_1, peak currents, steady-state activation
currents, steady-state inactivation currents, and recovery
currents from inactivation were recorded; (R)-Aml at
0.1 umol/L, 0.5 wmol/L, 1 umol/L, 5 umol/L, and 10 pmol/L
was applied, peak currents were —912.4 +210.5 pA,
—901.3 £ 202.7 pA, —905.7 £ 206.4 pA, —-9104 £
205.8 pA, —911.7 £ 208.2 pA, and current densities were
—6.08 & 1.40 pA/pF, —6.00 & 1.35 pA/pF, —6.04 £+ 1.38
pA/pF, —6.07 = 1.37 pA/pE, —6.08 £ 1.39 pA/pF, res-
pectively (P > 0.05, n=10). The I-V curves were no
change at different concentrations. Half-activation voltages
were —14.30+ 1.11 mV, —14.01 &+ 1.30 mV, —13.95 +
1.17mV, —-14.08 +1.22mV, —-14.11 £1.20mV; and
slope factors were 5.20+2.14mV, 5.22 +2.00 mV,
517 £2.01mV, 5.19£2.02mV, 529 +223mV, res-
pectively (P > 0.05, n=38). Half-inactivation voltages
were —24.4 + 4.3 mV, —24.0 £ 4.0mV, —23.9 £4.0 mV,
—24.7 +4.5mV, —24.5 + 4.1 mV; and slope factors were
—3.55+1.02mV, —-3.60+ 1.10mV, —3.51 £+ 1.04 mV,
—3.61 £ 1.07 mV, —3.47 £ 1.11 mV, respectively (P > 0.05,
n = 10). Time constants of recovery curves from inactiva-
tion were 202.1 +18.6ms, 201.4 4+ 19.2ms, 200.9 +
17.9 ms, 203.5 + 18.8 ms, and 205.2 4+ 19.7 ms, respec-
tively (P > 0.05, n = 8).

Test potentials (mY )

Fig. 3:
I-V curves of Ig, 1. blocked by S-amlodipine
at different concentrations
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2.2. Effects of (S)-Aml and (R)-Aml on SMC cytosolic
Ca?*t concentrations

2.2.1. Effects of (S)-Aml on SMC cytosolic Ca** concen-
trations

(8$)-Aml at 0.1 pmol/L, 0.5 pmol/L, 1 pmol/L 5 pmol/L,
and 10 umol/L was applied after normal SMC cytosolic
Ca?>" was assayed in solution II with 1.8 mmol/L. CaCl,
and 40 mmol/L K Cl, 10.3 £ 1.2%, 35.2 +3.5%, 60.1 +
5.0%, 78.9 + 6.1%, and 91.2 4 7.6% cytosolic Ca>* were
reduced, respectively (P < 0.05, n=10). (S)-Aml inhib-
ited SMC cytosolic Ca’* in a concentration-dependent
manner (Fig. 4), and ICsp was 0.72 4 0.10 pumol/L.

2.2.2. Effects of (R)-Aml on SMC cytosolic Ca** concen-
trations

(R)-Aml at 0.1 wmol/L, 0.5 pmol/L, 1 pmol/L, 5 umol/L,
and 10 umol/L. was used after normal cytosolic Ca>* was
assayed in solution II with 1.8 mmol/L CaCl, and
40 mmol/L. KCI. However, (R)-Aml caused no concentra-
tion-dependent inhibition of cytosolic Ca?*, and there was
no effect on cytosolic Ca?* at the above concentrations,
showing no change of SMC fluorescent signal intensities
or ratios.

3. Discussion

Ca?" channels are found in all excitable cells and are es-
sential for electrical excitability, excitation-contraction
coupling, excitation-secretion coupling, and other cellular
functions. The development of drugs that block Ca?*
channels has provided a valuable route for studying chan-
nel function, and there is rapidly increasing clinical use of
CCBs in combating hypertension, angina, and arrhyth-
mias. Recently, there has been particular interest in the
family of dihydropyridine drugs related to Aml (Dahlof
et al. 2005; Pathak 2004; Duguay and Deblois 2007; Ume-
moto et al. 2006).

Aml is a dihydropyride CCB and is widely used for the
treatment of cardiovascular diseases (Murdoch ans Heel
1991; Kelly and Malley 1992; Payeras et al. 2007). The
high oral bioavailability and long half-life of Aml are
unique for this class of drugs and allow safe once-a-day
treatment with low doses (Meredith and Elliott 1992).
Like most other CCBs of this class, Aml is used therapeu-
tically as a racemate. Many studies have demonstrated that
the R- and S-isomers do not have the same biological ac-
tivity. Only (S)-Aml possesses vasodilatory properties
(Pathak etal. 2004; Arrowsmith etal. 1986; Goldmann
etal. 1992; Park et al. 2006). However, the underlying me-
chanism is not well understood, and there has been no
report of electrophysiological studies on (S)-Aml and
(R)-Aml, or studies on cytosolic Ca>* changes.

We studied Ic,_ 1 and channel kinetic parameters at differ-
ent concentrations of (§)-Aml and (R)-Aml. The results
showed that (S)-Aml inhibited Ic,_; in a concentration-de-
pendent manner, which illustrated that (S)-Aml had the
pharmacologic activity associated with CCBs. Ic,_1 peak
currents were decreased gradually and I-V curves were
shifted upward with the increase of (S)-Aml concentra-
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Fig. 4:

Changes of cytosolic Ca?* with S-amlodipine
at different concentrations (S-amlodipine at 0,
0.1, 0,5, 5, and 10 umol/L respectively from
left to right)

tions; however, there was no significant change in I-V
curve morphology, peak current activation potential,
reverse potential or threshold potential. These changes
appeared only in Ic,_p and peak current amplitude, but
threshold potential and reverse potential were not changed,
demonstrating that (S)-Aml had effects on only the cal-
cium channel, and not on other channels.

The steady-state activation curve can demonstrate the acti-
vation threshold potential of certain ionic channels. In the
present study, we found that steady-state activation curves
were shifted to the left, and half-activation voltages were
decreased with the increase of (§)-Aml concentrations,
which showed that more negative potential was needed to
obtain the same current ratio when the calcium channel
was blocked by (S)-Aml. On the other hand, the steady-
state inactivation curve can show that a certain rest poten-
tial is needed when a channel opens. With the increase of
(S)-Aml concentrations, steady-state inactivation curves
were shifted to the left and half-activation voltages were
decreased, which also showed that more negative potential
was needed to obtain the same current ratio when the cal-
cium channel was blocked by (S)-Aml. With the increase
of (S§)-Aml concentrations, time constants of Ic,_; recov-
ery curves from inactivation were prolonged gradually,
meaning more time was needed to obtain the same current
ratio when the calcium channel was blocked by (S)-Aml.
However, when (R)-Aml was used in different concentra-
tions, it had no effect on I¢, 1, peak currents, -V curves,
steady-state activation curves, steady-state inactivation
curves, or recovery curves from inactivation, which
showed that (R)-Aml had none of the pharmacological ac-
tions associated with CCBs, and cannot block calcium
channels.

The present study was undertaken to investigate the influ-
ences of (S)-Aml and (R)-Aml on intracellular Ca** by
using the fluorescent probe Fura-2/AM (Guo et al. 2004).
After normal cytosolic Ca’>" concentrations were assayed
with the fluorescent probe Fura-2/AM, (S)-Aml and (R)-
Aml at concentrations of 0.1 wmol/L, 0.5 umol/L, 1 umol/L,
5 uwmol/L, and 10 umol/L were utilized. As far as (S)-Aml
was concerned, fluorescent signal densities and ratios
were decreased gradually when it was used at increased
concentrations, which showed that (S)-Aml could reduce
SMC cytosolic Ca’>* in a concentration-dependent manner.
It can be concluded that (S)-Aml blocks voltage-dependent
L-type calcium channels, and prevents extracellular Ca’*
from entering SMCs. However, there was no significant
change in fluorescent signal intensities or fluorescent sig-
nal ratios of SMCs when (R)-Aml was applied at above
concentrations, which demonstrated that there was no
change of SMC cytosolic Ca?*, i.e. (R)-Aml cannot block
L-type calcium channels.

Cell contraction is usually initiated by a transient rise in
cytoplasmic Ca’*, but Ca’>" may come from the extracel-
lular space via L-type calcium channels or release from
the sarcoplasmic reticulum (Hussain and Orchard 1997).
To exclude the latter, we found that fluorescent signal in-
tensities and fluorescent signal ratios were not increased
when only KCl was used in different concentrations with-
out Ca%t in the extracellular solution; however, fluorescent
signal intensities and fluorescent signal ratios were in-
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creased when KCI was applied with 1.8 mmol/L Ca?* in
the extracellular solution, which demonstrated that the
cytosolic Ca®>* increase caused by KCI depolarization was
mainly due to Ca>* inflow from the extracellular solution,
and not from calcium release from SMC sarcoplasmic reti-
culum.

In summary, using the patch clamp technique and fluores-
cent assay, the present findings have clearly shown that
only (S)-Aml has calcium channel blockade activity, while
(R)-Aml has none of the pharmacologic actions associated
with CCBs.

4. Experimental

4.1. Major experimental instruments

The instruments used were: Axopatch 700B patch clamp amplifier (Axon
Instruments, USA), D/A and A/D converter (DigiData 1322, Axon Instru-
ments, USA), Pclamp9.0 pulse software (Axon Instruments, USA), MP-
285 motorized micromanipulator (Sutter Instruments, USA), IX71 inverted
microscope (Olympus, Japan), SA-OLY/2 and DH-35 culture dish heater
(Warner Instruments, USA), P-97 micropipette puller (Sutter Instruments,
USA). LAMBDA DG-4 (Sutter Instruments, USA), CCD CoolSNAP ES
(Photometrics, USA), and MetaFluor (Molecular Devices, USA).

4.2. Cell isolation

Healthy Spraque-Dawley rats, of either sex, age 8—12 weeks and weighing
approximately 200 g, were provided by the Experimental Animal Center of
Soochow University (Suzhou, China). Animals were anesthetized with pen-
tobarbital sodium intraperitoneally (i.p.), the heart was removed and retro-
grade perfusion through the aorta was performed as described (Tytgat
1994). Isolated cells were kept at room temperature and used within 24 h;
only relaxed, striated, and rod-shaped cells were used. The investigation
conformed to the Guide for the Care and Use of Laboratory Animals pub-
lished by the PRC National Department of Health.

4.3. Reagents, solutions and drugs

The reagents, solutions and drugs used were: hyaluronidase (Sigma, USA),
papain (Biosharp, Korea), dithiothreitol (Biosharp, Korea), rat smooth
a-actin monoclonal antibody (DakoCytomation, Denmark), Trypan blue
(Sigma, USA), streptavidin-biotin complex immunohistochemistry kit
(Boshide, China), and DAB color reagent kit (Boshide, China). Solution I
(in mmol/L) was NaCl 127, KCI1 5.9, MgCl, 1.2, CaCl, 2.4, glucose 12,
Hepes 10, pH 7.4 adjusted with NaOH. Solution II was solution I without
CaCl,, Enzyme I (in mg/mL) was papain 1.75, dithiothreitol 1.75, bovine
serum albumin (BSA) 2.5, dissolved in solution II. Enzyme II (in mg/mL)
was collagenase I 2.5, hyaluronidase 2.5, BSA 2.5, dissolved in solution
II. Icy-r internal solution (in mmol/L) was CsCl 120, CaCl, 1, MgCl, 5,
Hepes 10, EGTA 11, glucose 11, Na,ATP 5, pH 7.3 adjusted with CsOH.
Ica-1 external solution was Tyrode’s solution (Yazawa et al. 1990). (S)-Aml
and (R)-Aml, with chemical purity 99.5% and optical purity 99.0%, kindly
provided by the Tianfeng Pharmacy Company (Jilin, China), were dis-
solved in absolute alcohol to make 0.5 mmol/L and 5 mmol/L stock solu-
tions, prepared daily and protected from light. Portions of these stock solu-
tions were added to the Tyrode’s solution to obtain the desired final
concentrations.

4.4. Ic,_1 recording and channel kinetic parameters

‘Whole-cell voltage clamp currents were recorded following the method of
Hamill etal. (1981). In brief, recordings were made using an Axopatch
700B patch clamp amplifier. Voltage clamp pulses were generated via an
IBM-compatible computer connected to Digidata 1322. Data acquisition
and analyses were performed using pCLAMP software. To obtain Ic,-p,
150ms depolarizing pulses in the range —40 mV to +60 mV were applied
to the ventricular myocytes every 500 ms in +10 mV increments from
—40 mV holding potential (HP). I¢,_1. peak currents were recorded by vol-
tage clamp, with 150 ms depolarizing pulse, 0 mV command voltage, and
—40 mV HP (see the inset in Fig. 1). I-V curves of I¢,_ 1. were plotted as
current densities and each test potential (see the inset in Fig. 3). In each
experiment, to obtain steady-state activation curves, 150 ms depolarizing
pulses in the range —40 mV to +10 mV were delivered to the cells every
500 ms in +10 mV increments from —40 mV HP. Steady-state inactivation
curves were obtained by applying 1 s pre-pulses within the range —60 mV
to 20 mV before a test pulse of 0 mV for 150 ms, then back to —60 mV
for 2 s. Calcium channel recovery currents from inactivation were recorded
with a 150 ms, 0 mV depolarizing pulse, repeated at intervals of 40 ms,
80 ms, 160 ms, 640 ms, and 1280 ms. Time constants of recovery curves
from inactivation were calculated by a single-exponential function fit with
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current ratios (second/first) and time-intervals. In order to reduce the “run-
down” phenomenon of I¢, 1, all recordings of I, 1 and channel kinetic
parameters were performed within 5-20 min after rupture of cell mem-
brane.

4.5. Isolation and identification of rat aortic SMCs

Rats were injected with heparin 5U - g~' before pentobarbital sodium
50 mg/kg i.p. (Guo et al. 2004). Arteries of the chest and abdomen were
isolated, and placed immediately into solution I at 35-37 °C. Extraneous
fat and connective tissue were trimmed from the arteries, and endothelial
cells of the theca interna were removed with clean cotton buds. After
washing three times with solution I at 35-37 °C, isolated arteries were cut
into ~1 mm? pieces with scissors and placed into enzyme I for digestion at
35-37 °C for 30 & 5 min. The supernatant was discarded after centrifuga-
tion at 1000 rpm and room temperature for 15 min. The pellet was placed
into enzyme II and stirred at 35-37 °C for 15 &+ 3 min. The supernatant
was discarded again after centrifugation at 1000 rpm and room tempera-
ture for 15 min. The pellet was washed three times with solution II, tritu-
rated about 20 times with a broken-off Pasteur pipette, and then filtered
through 200 um pore size nylon mesh. Cell morphology was observed
with an inverted microscope. Trypan blue was applied to test the activity
of isolated cells; only those not dyed blue were living cells. Immunohisto-
chemistry was used to identify a-actin of SMCs.

4.6. Assay of SMC cytosolic Ca’*

Following enzyme treatment of SMC preparations, the surface of the bath-
ing solution is frequently covered with debris which readily affects the
experiments. The water surface can be cleaned by wiping with lens paper
after cells were allowed to sediment for 3—5 min, and then Fura-2/AM was
added to a final concentration of 5 pumol/L with gentle agitation to ensure
diffusion of Fura-2/AM throughout the solution. The sample was incubated
in the dark for 60 + 15 min at room temperature. Then solution I was
used to perfuse the sample at least three times to eliminate any Fura-2/AM
left in solution. The Fura-2-loaded SMCs were excited alternately with
ultraviolet light of 340 nm and 380 nm wavelengths, and the concentration
of cytosolic Ca?>* was assayed in one or two SMCs selected under the
inverted microscope. Changes of fluorescent signal intensities reflect
changes of cytosolic Ca’*" concentrations, which can be calculated as
(Grynkiewicz et al. 1985; Zsembery et al. 2003; Girard et al. 2002):

[Cazﬂi = B*Kd* (R — Ruin) /(Rmax — R) (1)

where [Ca?*]; is the concentration of free cytosolic Ca>*, B is a proportion-
ality factor associated with selected wavelengths, and Kj is the dissociation
constant of Fura-2 and Ca®*, which is 224 nmol/L. R is the fluorescent
signal intensity ratio under different experimental conditions, Ry, is the
maximal fluorescent signal intensity ratio when 1% (v/v) Triton X-100 is
used. Ry is the minimal fluorescent signal intensity ratio when 10 mmol/L
edetic acid is applied. Normal concentrations of cytosolic Ca’>* were as-
sayed in solution II with 1.8 mmol/L CaCl, and 40 mmol/L KCl.

4.7. Statistical analysis

Continuous variables were expressed as mean =+ deviation (X =+ s). SPSS11.5
(SPSS Inc, Chicago, Illinois, USA) was used for statistical analysis. Com-
parisons among groups were performed by analysis of variance (ANOVA)
and least-significant difference contrast. Control and drug data for indivi-
dual groups were compared by Paired t-test. P < 0.05 was considered sig-
nificant. OriginPro7.5 software (OriginLab, USA) was utilized to calculate
the half-inhibited concentration (ICs).
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