
J. Med. Chem. 1995, 38, 2851-2859 2851 

Syntheses, Calcium Channel Agonist-Antagonist Modulation Activities, and 
Voltage-Clamp Studies of Isopropyl l,4-Dihydro-2,6-dimethyl-3-nitro-
4-pyridinylpyridine-5-carboxylate Racemates and Enantiomers1 

Dean Vo,* Wandikayi C. Matowe,* Manian Ramesh,* Nadeem Iqbal,* Michael W. Wolowyk,*-5 

Susan E. Howlett,x and Edward E. Knaus* * 

Faculty of Pharmacy and Pharmaceutical Sciences, University of Alberta, Edmonton, Alberta, Canada T6G 2N8, and 
Department of Pharmacology, Dalhousie University, Halifax, Nova Scotia, Canada B3H 4H7 

Received March 7, 1995s 

A novel group of racemic isopropyl l,4-dihydro-2,6-dimethyl-3-nitro-4-pyridinylpyridine-5-
carboxylate isomers [(±)-12-14] were prepared using a modified Hantzsch reaction that 
involved the condensation of nitroacetone with isopropyl 3-aminocrotonate and 2-, 3-, or 
4-pyridinecarboxaldehyde. Determination of their in vitro calcium channel-modulating activities 
using guinea pig ileum longitudinal smooth muscle (GPILSM) and guinea pig left atrium (GPLA) 
assays showed that the 2-pyridinyl isomer (±)-12 acted as a dual cardioselective calcium channel 
agonist (GPLA) Ismooth muscle selective calcium channel antagonist (GPILSM). In contrast, 
the 3-pyridinyl [(±)-13] and 4-pyridinyl [(±)-14] isomers acted as calcium channel agonists on 
both GPLA and GPILSM. The agonist effect exhibited by (±)-12 on GPLA was inhibited by 
nifedipine and partially reversed by addition of extracellular Ca2+. In anesthetized rabbits, 
the 4-pyridinyl isomer (±)-14 exhibited a hypertensive effect that was qualitatively similar to 
tha t exhibited by the nonselective agonist Bay K 8644 and the 3-pyridinyl isomer (±)-13, 
whereas the 2-pyridinyl isomer (±)-12 induced a hypotensive effect similar to that of the calcium 
channel antagonist nifedipine. Similar results were obtained in a spontaneously hypertensive 
rat model. In vitro studies showed that the (+)-2-pyridinyl enantiomer (+)-12A exhibited 
agonist activity on both GPILSM and GPLA, but that the (-)-2-pyridinyl enantiomer (-)-12B 
exhibited agonist activity on GPLA and antagonist activity on GPILSM. Whole-cell voltage-
clamp studies using isolated guinea pig ventricular myocytes indicated that (-)-12B inhibited 
the calcium current (7ca), tha t (+)-12A increased slightly 7ca, and that (±)-12 inhibited 7ca but 
the latter inhibition was less than that for (-)-12B. (-)-12B effectively inhibited 7ca at all 
membrane potentials examined ( - 4 0 - 5 0 mV), whereas (+)-12A exhibited a weak agonist effect 
near the peak of the 7 - V curve. The 2-pyridinyl isomers (enantiomers) 12 represent a novel 
type of 1,4-dihydropyridine calcium channel modulator that could provide a potentially new 
approach to drug discovery targeted toward the treatment of congestive heart failure and probes 
to study the structure-function relationships of calcium channels. 

The design of cardioselective 1,4-dihydropyridine 
(DHP) calcium channel agonists (positive inotropes), 
that act at the L-type voltage dependent calcium chan
nel, has provided a significant challenge to medicinal 
chemists.1-4 A number of 1,4-dihydropyridine calcium 
channel agonists such as the nitro compounds Bay K 
8644 (I),5 PN 202-791 [2, (+)-S-enantiomer],6 and 
LY249933 (3, 7?^-diastereomer),7 lactone CGP 28392 
(4),8 5-unsubstituted H 160/51 (5),9'10 amide YC 170 
(6),11'12 dicarboxylic ester 7,13 and benzoylpyrrole FPL 
64176 (8)14,15 have been reported (see Figure 1). Un
fortunately, calcium channel agonists such as Bay K 
8644 also increase calcium entry into vascular smooth 
muscle, causing vasoconstriction, which precludes their 
clinical use in treating congestive heart failure 
(CHF).16-21 

Although extensive efforts have been undertaken to 
understand the molecular basis of action and improve 
the pharmacological profile of calcium channel agonists, 
to the best of our knowledge, no cardioselective calcium 
channel stimulant has been reported to date.22 The 
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future clinical use of calcium channel agonists to treat 
CHF will therefore be dependent upon separating their 
vasoconstricting effects from their cardiostimulant prop
erties.23 The individual enantiomers of racemic 1,4-
dihydropyridine calcium channel agonists 1-7 often 
exert diametrically opposite effects or have vastly dif
fering potencies on the same tissue. For example, Bay 
K 8644 is a racemate consisting of a (-)-S-enantiomer 
that acts as an agonist which is about 10-fold more 
potent as an activator than its (+)-J?-antipode is as an 
antagonist.24'25 Consequently, the racemate acts as a 
calcium channel agonist.5,26 The two enantiomers of PN 
202-791 (2) show a 100-fold difference in activities 
favoring the (-)-i?-antagonist, relative to the (+)-S-
agonist enantiomer.24 The RJi- and S,i?-diastereomers 
of LY249933 (3) exhibit calcium agonist and antagonist 
effects, respectively.7 Our goal was to discover a dual 
cardioselective calcium channel agonist/vascular selec
tive smooth muscle calcium channel antagonist third-
generation DHP drug which would have a suitable 
therapeutic profile for treating CHF patients. In this 
report, the synthesis of racemic and chiral 1,4-dihy-
dro-2,6-dimethyl-3-nitro-4-pyridinylpyridine-5-carboxy-
lates, their in vitro calcium channel-modulating activi
ties on guinea pig smooth muscle and heart, their 
cardiovascular effects on rabbit and spontaneously 
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Figure 1. Some representative calcium channel agonists. 
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hypertensive rat, and their modulation of L-type voltage 
sensitive calcium channels in isolated guinea pig ven
tricular myocytes using the whole-cell voltage-clamp 
technique are described. 

Chemistry 

The racemic isopropyl l,4-dihydro-2,6-dimethyl-3-
nitro-4-pyridinylpyridine-5-carboxylates 12-14 were 
prepared by a modified Hantzsch reaction. Thus, 
condensation of nitroacetone 11 with isopropyl 3-ami-
nocrotonate (10) and either 2-, 3-, or 4-pyridinecarbox-
aldehyde (9) afforded the title compounds in 64-79% 
yields as illustrated in Scheme 1. The symmetrical 3,5-
diisopropyl l,4-dmycbro-2,6-dimethyl-4-pyridinylpyridine-
3,5-dicarboxylate product, resulting from condensation 
of 9 with 10, was present as a minor product (<10%) 
that was readily removed by silica gel column chroma
tography. 

Since the isopropyl l,4-dihydro-2,6-dimethyl-3-nitro-
4-pyridinylpyridine-5-carboxylates 12-14 are racemic, 
and stereospecificity of DHPs has been established 
previously,5'7'24-26 synthesis and testing of the individual 
enantiomers of the most promising 4-(2-pyridinyl) com
pound, 12, was highly desirable. Attempts to effect the 
enantiospecific enzymatic hydrolysis of racemic 12 using 
a-chymotrypsin (type II from bovine pancreas)27 or 
lipase (pseudomonas type XIII, E.C. 3.1.1.3)28 were 
unsuccessful since no hydrolysis occurred, presumably 
due to conjugation of the ester moiety with the enamine 
system. The stereoselective reduction of the parent 
pyridine compound 15, using the chiral reducing agent 
(—)-diisocamphenylchloroborane,29 was unsuccessful since 
no reduction occurred. In addition the diastereomers 
16 could not be separated by silica gel column chroma
tography. Attempts to synthesize the enantiomers of 
12 using chiral auxiliaries such as (S)- or (iJ)-l-amino-
2-(dimethylmethoxymethyl)pyrrolidine using modified 
procedures based on studies reported by Enders et al.30 

or D- and L-valine as reported by Iqbal et al.31 for the 
efficient synthesis of chiral dialkyl 1,4-dihydropyridine-
3,5-dicarboxylates afforded racemic 12 (0% ee). Al
though the two diastereomeric L-menthol esters of 16 
could be separated, no reaction occurred upon attempted 
hydrolysis to the chiral acids (+)-23A or (-)-23B using 
MeaSiI, Me3SiCl, or NaOH. The use of a chiral esteri-
fying group such as L-threonine, which could be readily 
removed by a /^-elimination reaction using a non-
nucleophilic base such as l,8-diazabicyclo[5.4.0]undec-
7-ene (DBU), was found to be a suitable derivative for 
separation of the diastereomeric esters that could be 
converted to the chiral acids [(+)-23A or (-)-23B].32 
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Me 

The reaction of methyl (2S,3i?)-2-amino-3-hydroxybu-
tanoate hydrochloride [(2S,3ii)-18], prepared by esteri-
fication of L-threonine l(2S,3R)-17] with thionyl chloride 
and methanol, withp-toluenesulfonyl chloride afforded 
the 4-tolylsulfamoyl derivative (2S,3i?)-19 in 72% yield 
(see Scheme 2). Reaction of the alcohol (2S,3.R)-19 with 
diketene, using 4-(dimethylamino)pyridine (DMAP) as 
catalyst, gave the acetoacetate ester (LR,2S)-20 in 98% 
yield. Elaboration of (li?,2S)-20 to the /?-aminocrotonate 
derivative (1R,2S)-21 by treatment with ammonia and 
its subsequent modified Hantzsch condensation with 
2-pyridinecarboxaldehyde and nitroacetone afforded a 
mixture of the 1,4-dihydropyridine diastereomers (1R,2S)-
22A (11.8%) and (LR,2S)-22B (10.5%). These two 
diastereomers, which differ in configuration {R or S) at 
the C-4 position of the 1,4-dihydropyridine ring, were 
separated by silica gel column chromatography. Cleav
age of the individual (LR,2S)-22A and (LR,2S)-22B 
esters using DBU in MeOH at 25 0C afforded the 
individual (+)-23A and (-)-23B l,4-dihydro-2,6-di-
methyl-3-mtro-4-(2-pyridinyl)pyridine-5-carboxylateenan-
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tiomers, respectively, both in 50% yield. Reaction of (+)-
23A or (-)-23B with isopropyl bromide in the presence 
of K2CO3 in DMF at 25 0C for 16 h afforded the 
respective (+)-12A or (-)-12B enantiomer of isopropyl 
l,4-dihydro-2,6-dimethyl-3-nitro-4-(2-pyridinyl)pyridine-
5-carboxylate, both in 69% yield. The two enantiomers 
(+)-12A and (-)-12B each exhibited single resonances 
for the dihydropyridine C-2 and C-6 methyl resonances 
upon addition of the 1H NMR chiral shift reagent (+)-
Eu(hfc)3, indicating a very high optical purity (>96% 
ee). The absolute configurations of (+)-12A and (-)-
12B, which have not been determined, would require 
the acquisition of an X-ray crystal structure for one 
enantiomer for assignment of the absolute configuration. 

Results and Discussion 
The design of calcium channel agents that are suit

able for the treatment of CHF will be dependent upon 
the separation and/or elimination of their vasoconstrict-
ing effect from their positive inotropic cardiostimulant 
property.23 The significance of binding with respect to 
the C-3 and C-5 DHP regions has been noted for 
differences in the molecular electrostatic potentials 
between activator and antagonist structures that may 
constitute a mechanism whereby the receptor distin
guishes between activator and antagonist ligands. Ac
cordingly, calcium channel activators were reported to 
exert a strong negative potential in the region adjacent 
to their C-3 nitro substituent, whereas antagonists 
exhibited a positive potential in this region when a C-3 
ester group was present.33 The role of aromatic sub-
stituents in the 4-phenyl ring of 1,4-dihydropyridine 
agonists and antagonists is different.34 These observa
tions prompted us to investigate analogs of Bay K 8644 
(1) where the 4-[2-(trifluoromethyl)phenyl] substituent 
is replaced by C-4 2-pyridinyl, 3-pyridinyl, or 4-pyridinyl 
substituent. It was anticipated that the position of the 
pyridinyl nitrogen and its ability to act as an additional 
electron donor for hydrogen bonding to the calcium 
channel receptor may offer an approach to modulate 
calcium channel binding and/or tissue specificity. 

The in vitro calcium channel-modulating activities of 
the racemic 2-pyridinyl [(±)-12], 3-pyridinyl [(±)-13], 
and 4-pyridinyl [(±)-14] isomers were determined using 
guinea pig ileum longitudinal smooth muscle (GPILSM) 
and guinea pig left atrium (GPLA). The 2-pyridinyl 
isomer (±)-12 acted as a calcium channel antagonist 

Figure 2. Response of guinea pig left atrium to (±)-12 (•, 
6.39 x 10"6 M) followed by the cumulative addition of nife
dipine (T). The inhibition by nifedipine was partially reversed 
by addition of 2.0 mM Ca2+ (open arrow). 

[IC50 = (4.87 ± 2.06) x 10-6 M, n = 3] on GPILSM, 
whereas the 3-pyridinyl [(±)-13; EC50 = 4.8 x 10~5 M, 
n = 2] and 4-pyridinyl [(±)-14; EC50 = 3.5 x 1O-5 M, n 
= 1] isomers acted as calcium channel agonists. The 
2-pyridinyl [EC50 = (9.67 ± 1.27) x IO"6 M, n = 3], 
3-pyridinyl [EC50 = (2.85 ± 0.20) x IO"5 M, n = 3], and 
4-pyridinyl [EC50 = (8.05 ± 2.14) x IO"6 M, n = 3] 
racemates all acted as agonists on GPLA. The EC50 

value for agonist activity is the molar concentration 
eliciting 50% of the maximum contractile response 
produced by the test drug on the tissue (GPILSM or 
GPLA), as determined graphically from dose-response 
curves. The agonist activities for the reference drug (±)-
Bay K 8644 on GPILSM and GPLA were (2.30 ± 0.05) 
x 1O-7 and (7.70 ± 5.90) x 10~7 M (n = 3), respectively. 
The interesting in vitro pharmacological profile of (±)-
12, which included agonist activity on GPLA and 
antagonist activity on GPILSM, at similar concentra
tions, warranted further study. It was found that the 
positive inotropic effect of (±)-12 on GPLA was inhibited 
by nifedipine and that addition of extracellular Ca2+ 

partially reversed this inhibition, which confirms the 
involvement of a L-type calcium channel (see Figure 2). 

The in vivo hypertensive or hypotensive effect of 
racemic Bay K 8644, (±)-12-14, and nifedipine was 
determined in the anesthetized male rabbit to determine 
their acute hemodynamic effects and confirm the ob
served spectrum of pharmacological activities obtained 
in the in vitro studies (see Figure 3). The hypertensive 
effect of the 4-pyridinyl isomer (±)-14 was qualitatively 
similar to that of racemic Bay K 8644 and the 3-pyridi
nyl isomer (±)-13 after /3-blockade with propranolol (1.0 
mg/kg). All three compounds produced transient in
creases in arterial pressure whose intensity and dura
tion of action were dose dependent. At the concentra
tions used, the hypertensive effects lasted up to 8 min. 
In contrast, (±)-12 exhibited a hypotensive effect indica
tive of a peripheral vasodilation action which is in 
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Figure 3. Hypertensive effects of racemic Bay K 8644 (30 
,ug/kg, panel A), (±)-14 (300 fig/kg, panel B), and (±)-13 (300 
/<g/kg, panel C) and antihypertensive effects of (±)-12 (30 mg/ 
kg, panel D) and nifedipine (3 mg/kg, panel E) on rabbit aortic 
blood pressure after the animal was /3-blocked with propranolol 
(1.0 mg/kg). Drugs were administered via a catheter in the 
jugular vein. 

agreement with the effect observed in vitro using 
GPILSM. A single dose of (±)-12 (30 mg/kg, jugular 
vein injection) produced an immediate decrease in blood 
pressure (35 mmHg systolic and 40 mmHg diastolic) 
which recovered rapidly (ca. 30%) within 30 s and then 
gradually recovered to control levels after ca. 6 min. This 
response was qualitatively similar to the effect produced 
by the 1,4-dihydropyridine calcium channel antagonist 
nifedipine. (±)-12 did not produce any changes in heart 
rate or EKG pattern even when the animal was not 
/3-blocked (data not shown). Unfortunately, we were not 
equipped to measure left ventricular pressure develop
ment in this study to ascertain that (±)-12 did increase 
contractility. 

Similar pharmacodynamic responses, to those exhib
ited in anesthetized rabbit, for Bay K 8644 and (±)-12— 
14 were observed in the conscious spontaneously hy
pertensive rat (SHR). Thus, Bay K 8644 was rather 
toxic causing stress and agitation at lower doses and 
mortality in two of three rats within 1 h following a 2—3 
mg/kg ip dose. Due to this toxicity associated with Bay 
K 8644 and the observation that (±)-13 and (±)-14 
exhibited a hypertensive effect like Bay K 8644, further 
experiments with (±)-13 and (±)-14 were not carried 
out. In contrast, (±)-12 was nontoxic, and it exhibited 
a hypotensive effect in the SHR model that was dose 
dependent, thereby confirming the previous calcium 
channel antagonist effect observed (see Figure 4). 

The promising dual cardioselective calcium agonist/ 
smooth muscle selective calcium channel antagonist 
activity of (±)-12 at similar drug concentrations prompted 
us to evaluate the in vitro calcium channel-modulating 
(GPILSM, GPLA) and chronotropic (GPLA) effects of the 
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Figure 4. Effect of Bay K 8644 (A, 3.0 mg/kg ip) and (±)-12 
(•, 30 mg/kg ip) on systolic blood pressure in the spontaneously 
hypertensive rat (SHR). 

individual enantiomers (+)-12A and (-)-12B. (+)-12A 
enantiomer exhibited in vitro agonist activity on both 
GPILSM (EC50 = 5.27 x 10"6 M) and GPLA (EC50 = 
4.58 x 1O-8 M), whereas the (—)-12B enantiomer 
exhibited antagonist activity on GPILSM (IC50 = 2.07 
x 10 - 7 M) and agonist activity on GPLA [EC50 = (4.58 
x 10~8)-(4.46 x 10~9) M range] as shown in Figure 5. 
Thus, (+)-12A exhibits a similar agonist profile to (S)-
(-)-Bay K 8644. The (+)-12A enantiomer was a more 
potent agonist on GPLA at low concentrations since the 
percent increase in contractile force for (4-)-12A [(—)-
12B] were 28 [12], 40 [17], 54 [20], 57 [19], 50 [13], and 
41 [10] at drug concentrations of 2.99 x 10"10, 1.49 x 
10-9, 4.46 x 10-9, 1.63 x 10-8, 4.58 x 10"8, and 1.64 x 
10~7 M, respectively. However, at drug concentrations 
higher than 1.63 x 10"6 M, (+)-12A continued to 
increase the contractile force reaching a maximum of 
480% at 4.52 x 10"5 M, whereas (-)-12B became an 
antagonist decreasing contractility by 34% at 4.52 x 
10~5 M. (+)-12A and (-)-12B both began to exhibit 
negative chronotropic effects on GPLA as the drug 
concentration was increased. It appears that (-)-12B 
has a superior pharmacological profile (GPILSM an-
tagonist/GPLA agonist), since the differential between 
effective agonist and antagonist drug concentrations is 
relatively small. Although, (+)-12A is an agonist on 
GPILSM, it exhibits respectable cardiac agonist activity 
(28-57% increase in contractile force) in the (1.63 x 
10"8)-(2.99 x 10-10) M range at which its smooth 
muscle agonist effect on GPILSM would be expected to 
be neglible (EC50 = 5.27 x 1O-6 M; see panel A of Figure 
5). 

The modulation of L-type sensitive calcium channels 
by (+)-12A, (-)-12B, and (±)-12 in isolated guinea pig 
ventricular myocytes using the whole-cell voltage-clamp 
technique was investigated, and the results are sum
marized in Figure 6. The original traces of calcium 
current (Jca) elicited by depolarizing steps from a 
postconditioning potential (Vpc) of —40 to 0 or —10 mV 
in the presence and absence of 10 ̂ M concentrations of 
(-)-12B, (+)-12A, and (±)-12 are shown in panels A-C 
(left column). Corresponding 7—V curves are shown in 
panels D - F (right column). Control solution contained 
0.001% DMSO as a vehicle control, and all solutions 
contained 200 ^M lidocaine to ensure blockade of Na+ 

current. The effect of (—)-12B on 7ca initiated by a step 
to 0 mV from a Vpc of - 4 0 mV strongly inhibited Tea 
under these conditions (panel A). The effect of (+)-12A 
on the magnitude of/ca initiated by a step to —10 mV 
from a Vpc of —40 mV (panel B) did not result in 
blockade of 7ca since it exerted a weak agonist effect 
under these conditions. The effect of (±)-12 on original 
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Figure 5. In vitro dose-response curves for the agonist effect of (+)-12A on GPILSM (panel A), the antagonist effect of (—)-12B 
on GPILSM (panel B), the agonist (increase in contractile force, D) and chronotropic (•) effects of (+)-12A on GPLA (panel C), 
and the inotropic (contractile force, D) and chronotropic (•) effects of (-)-12B on GPLA (panel D). 

traces of Jc3 (panel C) was an inhibition of 7ca, but this 
effect was less marked than the antagonist effect of (-)-
12B. 

Mean (±SEM) 7-V relations for /c a determined in the 
presence and absence of 10 /*M concentrations of (-)-
12B, (+)-12A, or (±)-12 are shown in panels D - F (right 
column). Voltage steps (200 ms) to membrane poten
tials between - 4 0 and 50 mV were used to determine 
I-V relations in 2.5 mM external Ca2+. Under control 
conditions (0.001% DMSO), the threshold for activation 
of /ca was near - 4 0 mV and 7ca reached a maximum 
between - 1 0 and 0 mV (panels D-F) . (-)-12B ef
fectively inhibited 7ca at all membrane potentials ex
amined (panel D). In contrast, (+)-12A did not inhibit 
/ca since it exhibited a weak agonist effect near the peak 
of the 7—V curve (panel E). (±)-12 partially inhibited 
7ca at most membrane potentials examined (panel F). 
Measurements of macrosopic currents have shown that 
Bay K 8644 is a complicated drug since antagonist and 
agonist activity can be selected by changes in membrane 
potential.35 The enantiomer (—)-12B, which inhibits 7ca, 
exerts an effect similar to (+)-Bay K 8644 whose most 
prominent effect was an inhibition of calcium channel 
current, that was more pronounced when currents were 
measured from depolarized holding potentials.36 (+)-
12A, which exerts a modest agonist effect from -40 mV, 
resembles (—)-Bay K 8644 in this respect. 

In a previous study it was found that the orbital on 
the pyridinyl nitrogen containing the lone electron pair 
could be viewed as a substituent since a 4-pyridinyl 
substituent was bioisosteric (calcium channel antagonist 
activity) with a 4-(nitrophenyl) substituent on a 1,4-
dihydropyridine ring system where 2-, 3-, and 4-(nitro-
phenyl) were bioisosteric to 2-, 3-, and 4-pyridinyl, 
respectively.37 The steric effect that an orbital with an 
electron pair can induce is obviously smaller than that 
of a substituent attached to a phenyl ring. However, 
the pyridinyl nitrogen lone electron pair could act as 

an electron-pair donor involving a hydrogen-bonding 
interaction to the dihydropyridine calcium channel 
receptor. In addition, the pyridinyl nitrogen is a 
determinant of the ring electron density which is higher 
at the C-3 and C-5 positions (6~) than at the C-2, C-4, 
and C-6 postions (<5+) due to inductive and resonance 
effects. The position of the pyridinyl nitrogen atom in 
compounds 12-14 influenced calcium channel modula
tion since the 3-pyridinyl [(±)-13] and 4-pyridinyl [(±)-
14] isomers exhibited agonist activity on both GPILSM 
and GPLA, whereas the 2-pyridinyl isomer [(±)-12] 
exhibited dual cardioselective agonist/smooth muscle 
selective antagonist effects. These differences in cal
cium channel modulation could be due to a number of 
possibilities which include differences in the d rug-
receptor interaction, preferential affinity for or access 
to the resting (R), open (O), or inactivated (I) states of 
the receptor, or tissue differences in the ai-subunit-
binding site of the L-type calcium channel.38 

Summary 

The isomeric isopropyl l,4-dihydro-2,6-dimethyl-3-
nitro-4-pyridinylpyridine-5-carboxylates represent a novel 
class of compounds with different calcium channel 
modulation activities. In particular, the 2-pyridinyl 
isomer (±)-12 exhibits a unique profile in vitro which 
includes a dual cardioselective agonist I smooth muscle 
selective antagonist activity. The (+)-12A enantiomer 
exhibited agonist activity on both cardiac and smooth 
muscle. In contrast, the (—)-12B enantiomer acted as 
a smooth muscle antagonist and cardiac agonist at low 
drug concentrations or as an antagonist at high drug 
concentrations. (—)-12B appears to have a more clini
cally acceptable profile since the difference between 
effective cardioselective agonist and smooth muscle 
selective antagonist drug concentrations is small. Al
though (+)-12A is an agonist on smooth muscle, the 
relatively large difference in drug concentration re-
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Figure 6. Panels A-C show representative original records 
of 7ca recorded in the presence and absence of 10 fiM concen
trations of (-)-12B (panel A), (+)-12A (panel B), or the racemic 
(±)-12 (panel C). Postconditioning potential (Vp0) was -40 mV, 
and /ca was evoked by 200 ms depolarizing steps to either 0 
mV (panels A and C) or - 1 0 mV (panel B). Experiments were 
conducted in 2.5 mM Ca2+ buffer which contained 200 ^M 
lidocaine to inhibit Na+ currents; control buffer also contained 
0.001% DMSO. Line indicates zero current; capacitative 
transients have been blanked for clarity, T0a was inhibited by 
(-)-12B (panel A), slightly enhanced by (+)-12A (panel B), and 
inhibited by (±)-12 (panel C). Panels D - F show mean (±SEM) 
7-Vrelationships for 7ca, measured as peak70a minus current 
at 200 ms, in the presence and absence of 10 ^M concentrations 
of (-)-12B (panel D), (+)-12A (panel E), or (±)-12 (panel F). 

quired for i ts agonist effect on hea r t [ 2 8 - 5 7 % increase 
in contractile force a t t he (1.63 x l< r 8 ) - (2 .99 x 1(T10) 
M range] suggests i ts agonist effect on smooth muscle 
(EC50 = 5.27 x 1O - 6 M) would be minimal a t low drug 
concentrations, result ing in cardioselectivity. The 2-py-
ridinyl isomers (enantiomers) 12 represent a novel type 
of 1,4-dihydropyridine calcium channel modulator which 
could provide a potentially new approach to drug 
discovery ta rgeted toward the t r e a t m e n t of congestive 
hea r t failure. These agents also provide a potential 
probe to s tudy the structure—function relat ionship of 
calcium channels . 

Experimental Section 

Melting points were determined using a Thomas-Hoover 
capilliary apparatus and are uncorrected. 1H NMR spectra 
were recorded on a Broker AM-300 spectrometer. The as
signment of exchangeable protons (NH, OH, NH2) was con
firmed by the addition of D2O. Specific rotations were 
measured on an Optical Activity Ltd. or Perkin-Elmer 241 
polarimeter. Silica gel column chromatography was carried 
out using Merck 7734 (60—200 mesh) silica gel. Microanalyses 
were within ±0.4% of theoretical values for all elements listed, 
unless otherwise stated. Isopropyl 3-aminocrotonate, L-threo-
nine, and tris[3-(heptafluoropropylhydroxymethylene)-(+)-

camphorato]europium(III) [Eu(hfc)3] were purchased from the 
Aldrich Chemical Co. Verapamil and lidocaine were obtained 
from the Sigma Chemical Co. Nitroacetone was prepared 
according to the reported procedure.39 

General Method for the Preparation of (±)-Isopropyl 
l,4-Dihydro-2,6-dimethyl-3-nitro-4-pvridinylpyridine-5-
carboxylates (12-14). Nitroacetone (10.4 g, 0.1 mol) in 
absolute EtOH (5 mL) was added to a solution of the pyridi-
necarboxaldehyde 9 (10.7 g, 0.1 mol) and isopropyl 3-amino
crotonate (10; 14.3 g, 0.1 mol) in dry EtOH (30 mL) with 
stirring during a period of 10 min. The reaction mixture was 
heated at reflux for 12 h, cooled to 25 0C, and poured onto 
crushed ice (1500 g). The resulting gumlike precipitate was 
extracted with CH2CI2 (16 x 50 mL), the combined CH2CI2 
extracts were dried (Na2S04), the solvent was removed in 
vacuo, and the residue obtained was purified by silica gel 
column chromatography. Elution with hexane-EtOAc (1:1, 
v/v) yielded the symmetrical diisopropyl ester (<10%) which 
was discarded. Further elution with hexane-EtOAc (1:9, v/v) 
afforded the respective title product as bright yellow crystals 
after recrystallization from hexane-EtOAc (12, mp 171-172 
0C, 79%; 13, mp 218 0C, 71%; 14, mp 172-173 0C, 64%). Anal. 
(C16H19N3O4) C, H, N. 

Representative spectral data for 13: IR (KBr) 3180 
(NH), 1708 (CO2), 1310,1515 (NO2) cm"1; 1H NMR (CDCl3) 0 
1.08 and 1.24 (2 d, J0HMe = 6.5 Hz1 3H each, CHMe2), 2.35 (s, 
3H, C-6 Me), 2.55 (s, 3H, C-2 Me), 4.95 (m, IH, CTTMe2), 5.35 
(s, IH, H-4), 7.0-7.45 (m, 2H, pyridinyl H-5, NH), 7.80 (d, J 4 6 
= 7.5 Hz, IH, pyridinyl H-4), 8.42 (d, J5,6 = 5.2 Hz, IH, 
pyridinyl H-6), 8.53 (s, IH, pyridinyl H-2). 

Methyl (2S,37?)-2-Amino-3-hydroxybutanoate Hydro
chloride [(2S,3B)-18-HC1]. A solution of thionyl chloride 
(74.9 g, 0.63 mol) in MeOH (100 mL) was cooled to 0 0C, and 
(2S,3TJ)-17 (L-threonine; 25.0 g, 0.21 mol) was added in 
aliquots. The reaction was allowed to proceed at 0 0C for 1 h 
and then at 25 0C for 48 h with stirring. Removal of the 
solvent in vacuo afforded (2S,3TJ)-18 as a viscous oil (35.6 g, 
100%) which was used immediately in the subsequent reaction. 

Methyl (2S,3i?)-2-(4-Tolylsulfamoyl)-3-hydroxybu-
tanoate [(2S,3fl)-19]. A mixture of (2S,37J)-18-HC1 (35.6 g, 
0.21 mol) in EtOAc (300 mL) and K2CO3 (43.0 g, 0.31 mol) in 
water (150 mL) was cooled to 0 0C, and p-toluenesulfonyl 
chloride (39.8 g, 0.21 mol) was added in small aliquots with 
stirring. The reaction was allowed to proceed for 3 h at 5-10 
0C and then at 25 0C for 17 h with stirring. The organic layer 
was separated and washed with water (3 x 40 mL), the organic 
extract was dried (Na2SO4), and the solvent was removed in 
vacuo to give a solid which was recrystallized from EtOAc-
ether to yield (2S,3T?)-19 (43.4 g, 72%): mp 99 0C; [a]23

D = 
-9° (c 3.33, CHCl3 or MeOH); IR (KBr) 1745 (CO2), 3319 (OH), 
3419 (NH) cm"1; 1H NMR (CDCl3) 6 1.25 (d, J0HMe = 7 Hz, 
3H, CHMe), 2.42 (s, 3H, -C6H4-Me), 2.54 (d, J0HOH = 6 Hz, 
IH, OH), 3.52 (s, 3H, CO2Me), 3.83 (dd, J O H O H = 3.6 Hz, J C H NH 

= 8.0 Hz, IH, CH-CH-NH), 4.15 (qdd, J0H1Me = 7.0 Hz, J 0 H O H 
= 6.0 Hz, JCH,CH = 3.0 Hz, IH, H-3), 5.74 (d, JCH.NH = 8.0 Hz, 

IH, CH-NTT), 7.28 (d, J = 8 Hz, 2H, phenyl H-3 and H-5), 7.72 
(d, J = 8 Hz, 2H, phenyl H-2 and H-6). Anal. (Ci2H17NO5S) 
C, H, N. 

(lJJ,2S)-2-(4-Tolylsulfamoyl)-2-(methoxycarbonyl)-l-
methylethyl Acetoacetate [(lR,2S)-20]. A solution of 
freshly distilled diketene (5.85 g, 69 mmol) in dry THF (15 
mL) was added slowly to an ice-cold solution of (2S,37?)-19 (20.0 
g, 69 mmol) and a catalytic amount of 4-(dimethylamino)-
pyridine (0.42 g, 3.48 mmol) in dry THF (150 mL) with stirring. 
The reaction was allowed to proceed at 25 °C for 2 h with 
stirring, and the solvent was removed in vacuo to give a white 
solid. Recrystallization from EtOAc-ether afforded (1T?,2S)-
20 (25.3 g, 98%): mp 99 0C; [a]23

D = +27.6° (c 3.33, CHCl3); 
IR (KBr) 1745 (CO2), 1720 (CO), 3263 (NH) cm"1; 1H NMR 
(CDCl3) 6 1.37 (d, J0HMe = 7 Hz, 3H, CH-Me), 2.22 (s, 3H, 
COMe), 2.43 (s, 3H, -C6H4-Me), 3.42 (s, 2H, COCTT2CO), 3.52 
(s, 3H, CO2Me), 4.0 (dd, JCHCH = 3 Hz, J 0 H N H = 8 Hz, IH, 

CH-CTf-NH), 5.36 (qd, J 0 H Me = 7 Hz, J0 H CH = 3 Hz, IH, 0-CT7-
Me), 5.58 (d, JCHNH = 8 Hz, IH, CH-NTJ), 7.29 (d, J = 8 Hz, 
2H, phenyl H-3 and H-5), 7.73 (d, J = 8 Hz, 2H, phenyl H-2 
and H-6). Anal. (Ci6H2iN07S) C, H, N. 



Racemic 4-(2-, 3-, or 4-Pyridinyl)pyridine Isomers 

(LR,2S)-2-(4-Tolylsulfamoyl)-2-(methoxycarbonyl)-l-
methylethyl /S-Aminocrotonate [(lfi,2S)-21]. Ammonia 
gas was bubbled into a solution of (lR,2S)-20 (7.0 g, 18.8 mmol) 
and p-toluenesulfonic acid (50 mg, 0.29 mmol) in dry toluene 
(100 mL) which was preheated to 130 0C for 20 min. The 
reaction was allowed to proceed, with azeotropic removal of 
water using a Dean—Stark apparatus, until 1H NMR spec
troscopy indicated the absence of (lR,2S)-20 (ca. 3 -4 h). 
Removal of the solvent in vacuo gave a residue which was 
purified by silica gel column chromatography using EtOAc-
hexane (1:1, v/v) as eluent. Combination of the target fractions 
yielded (LR,2S)-21 as a white solid (3.65 g, 52.5%): mp 112 
0C; [Ci]23D = +46.8° (c 1.81, CH2Cl2); IR (KBr) 1743 and 1665 
(CO2), 3310 and 3346 (NH2), 3458 (NH) cm'1; 1H NMR (CDCl3) 
6 1.28 (d, J0HMe = 7.0 Hz, 3H, CH-Me), 1.87 (s, 3H, -C-Me), 
2.40 (s, 3H, -C6H4-Me), 3.46 (s, 3H, CO2Me), 3.95 (dd, JCHCH = 
3.0 Hz, JCHNH = 8.0 Hz, IH, CH-CH-NH), 4.38 (s, IH, CH=C-
NH2), 4.72 (br s, 2H, NH2), 5.27 (qd, J0H,Me = 7.0 Hz, JCH,CH = 
3.0 Hz, IH, OCH-Me), 5.40 (d, JCHNH = 8.0 Hz, IH, CH-
NHSO2), 7.29 (d, J = 8 Hz, 2H, phenyl H-3 and H-5), 7.73 (d, 
J = 8 Hz, 2H, phenyl H-2 and H-6). Anal. (C16H22N2O6S) C, 
H; N: calcd, 7.56; found, 7.08. 

(LR,2S)-l-Methyl-2-(4-tolylsulfamoyl)-2-(methoxycar-
bonyl)ethyl l,4-Dihydro-2,6-dimethyl-3-nitro-4-(2-pyridi-
nyl)pyridine-5-carboxylate Diastereomers [(LR,2S)-22A 
and (1JR,2S)-22B]. A solution of 2-pyridinecarboxaldehyde 
(1.5 g, 14 mmol), (LR,2S)-21 (5.18 g, 14 mmol), and nitroac-
etone (1.74 g, 16 mmol) in EtOH (100 mL) was stirred at 25 
0C for 1 h and then heated at 80 0C for 17 h. Removal of the 
solvent in vacuo gave a foamlike solid that consisted of a 
mixture of a symmetrical diester product along with the two 
desired diastereomers (1_R,2S)-22A and (li?,2S)-22B in a ratio 
of 1:1 (1H NMR spectroscopy). This mixture was separated 
by silica gel column chromatography using EtOAc-hexane (6: 
4, v/v) as eluent. Upon elution, the undesired symmetrical 
diester eluted first and was discarded. Further elution gave 
fractions containing a mixture of the two diastereomers 
(LR,2S)-22A and (LR,2S)-22B followed by fractions containing 
pure (LR,2S)-22B. The fractions containing a mixture of 
(1R,2S)-22A and (LR,2S)-22B were rechromatographed using 
the same procedure. In this way, after three column purifica
tions, similar fractions were combined and the solvent was 
removed in vacuo to afford (LR,2S)-22A (0.9 g, 11.8%) and 
(lfl,2S)-22B (0.8 g, 10.5%) as foamlike products. 

Diastereomer (LR,2S)-22A: [a]23
D = -61.8° (c 2.34, CH2-

Cl2); IR (KBr) 1704 and 1737 (CO2), 1228 and 1466 (NO2) cm"1; 
1H NMR (CDCl3) 6 1.2 (d, JCH,Me = 7 Hz, 3H, CH-Me), 2.24 (s, 
3H, C-6 Me), 2.39 (s, 3H, -C6H4-Me), 2.48 (s, 3H, C-2 Me), 3.32 
(s, 3H, CO2Me), 4.04 (dd, JOH,CH = 3 Hz, JOH,NH = 8 Hz, IH, 
CH-CH-NH), 5.19 (qd, J0HMe = 7 Hz, JCHCH = 3 Hz, IH, O-CH-
Me), 5.44 (s, IH, H-4), 7.22 (d, J3,4 = 8 Hz, IH, pyridinyl H-3), 
7.30 (d, J = 8 Hz, 2H, phenyl H-3 and H-5), 7.38 (dd, J 4 5 = 8 
Hz, J 5 6 = 5 Hz, IH, pyridinyl H-5), 7.56 (d, JCHNH = 8 Hz, 
IH, CH-CH-NH), 7.68 (ddd, J3,4 = 8 Hz, J4]5 = 8 Hz, J 4 6 = 2 
Hz, IH, pyridinyl H-4), 7.80 (d, J = 8 Hz, 2H, phenyl H-2 and 
H-6), 8.08 (br s, IH, dihydropyridyl NH), 8.70 (dd, J 5 6 = 5 
Hz, J 4 6 = 2 Hz, IH, pyridinyl H-6). Anal. (C25H28N4O8S) C, 
H, N. 

Diastereomer (1K,2S)-22B: [a]23
D = -117.2° (c 2.34, CH2-

Cl2); IR (KBr) 1704 and 1737 (CO2), 1228 and 1466 (NO2) cm"1; 
1H NMR (CDCl3) 6 1.25 (d, J0H1Me = 7 Hz, 3H, CH-Me), 2.20 
(s, 3H, C-6 Me), 2.40 (s, 3H, -C6H4-Me), 2.48 (s, 3H, C-2 Me), 
3.40 (s, 3H, CO2Me), 3.82 (dd, JCHNH = 8 Hz, J C H C H = 3 Hz, 
IH, CH-CH-NH), 5.33 (qd, JCH,Me = 7 Hz, JCH.CH = 3 Hz, IH, 
CH-CH-NH), 5.52 (s, IH, H-4), 6.8 (d, JCHNH = 8 Hz, IH, CH-
CH-NH), 7.27 (m, 3H, phenyl H-3 and H-5, pyridinyl H-5), 7.42 
(d, J3,4 = 8 Hz, IH, pyridinyl H-3), 7.67 (d, J = 8 Hz, 2H, 
phenyl H-2 and H-6), 7.79 (ddd, J 3 4 = 8 Hz, J 4 5 = 8 Hz, J 4 6 
= 2 Hz, IH, pyridinyl H-4), 8.10 (br s, IH, dihydropyridyl NH), 
8.64 (dd, J 5 6 = 5 Hz, J 4 6 = 2 Hz, IH, pyridinyl H-6). Anal. 
(C25H28N4O8S) C, H, N. 

l,4-Dihydro-2,6-dimethyl-3-nitro-4-(2-pyridinyl)pyri-
dine-5-carboxylic Acid Enantiomers [(+)-23A and ( - ) -
23B]. A solution of either (LR,2S)-22A or (LR,2S)-22B (0.40 
g, 0.73 mmol) and DBU (0.33 g, 2.2 mmol) in MeOH (20 mL) 
was stirred at 25 0C for 3 h. The solvent was removed in 
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vacuo, and water (10 mL) was added. The water layer was 
washed with ether (3 x 50 mL), acidified to pH 1-2 using 0.5 
N HCl, and extracted with EtOAc (50 mL) which was dis
carded. The aqueous layer (pH 1-2) was adjusted to pH 5-6 
using 0.1 N NaOH and extracted with EtOAc (3 x 50 mL). 
The combined EtOAc extracts were dried (Na2SO4), and the 
solvent was removed in vacuo to give a viscous oil which was 
recrystallized from MeOH to afford (+)-23A (0.10 g, 50%) or 
(-)-23B (0.10 g, 50%), respectively. 

Enantiomer (+)-23A: mp 181 0C; [a]23
D = +24.8° (c 1.8, 

MeOH); IR (KBr) 1228 and 1466 (NO2), 1671 (CO2), 2401-
3509 (CO2H) cm"1; 1H NMR (CDCl3) 6 2.35 (s, 3H, C-6 Me), 
2.56 (s, 3H, C-2 Me), 5.46 (s, IH, H-4), 7.78 (dd, J 4 5 = 8 Hz, 
J5,6 = 5 Hz, IH, pyridinyl H-5), 7.87 (d, J3>4 = 8 Hz, IH, 
pyridinyl H-3), 8.38 (ddd, J 3 4 = 8 Hz, J4 5 = 8 Hz, J 4 6 = 2 Hz, 
IH, pyridinyl H-4), 8.73 (dd, J6,e = 5 Hz, J 4 6 = 2 Hz, IH, 
pyridinyl H-6), 10.34 (br s, IH, NH). Anal. (Ci3Hi3N3O4-

3/ 
4H20) C, N; H: calcd, 5.17; found, 4.76. 

Enantiomer (-)-23B: mp 180 0C; [a]23
D = -24.4° (c 1.66, 

MeOH); IR (KBr) 1228 and 1466 (NO2), 1671 (CO2), 2401-
3509 (CO2H) cm"1; 1H NMR (CDCl3) <5 2.32 (s, 3H, C-6 Me), 
2.54 (s, 3H, C-2 Me), 5.44 (s, IH, H-4), 7.65 (dd, J4,5 = 8 Hz, 
J5,6 = 5 Hz, IH, pyridinyl H-5), 7.84 (d, J3,4 = 8 Hz, IH, 
pyridinyl H-3), 8.34 (ddd, J 3 4 = 8 Hz, J4 5 = 8 Hz, J4]6 = 2 Hz, 
IH, pyridinyl H-4), 8.70 (dd, J 6 6 = 5 Hz, J 4 6 = 2 Hz, IH, 
pyridinyl H-6), 10.21 (br s, IH, NH). Anal. (Ci3Hi3N3O4) C, 
H, N. 

Isopropyll,4-Dihydro-2,6-dimethyl-3-nitro-4-(2-pyridi-
nyl)pyridine-5-carboxylate Enantiomers [(+)-12A and 
(-)-12B], A solution of (+)-23A or (-)-23B (45 mg, 0.163 
mmol), isopropyl bromide (22 mg, 0.179 mmol), and K2CO3 (24 
mg, 0.196 mmol) in DMF (5 mL) was stirred at 25 0C for 16 h. 
Extraction with EtOAc (3 x 50 mL), washing with water (2 x 
20 mL) and then brine (20 mL), drying the organic fraction 
with Na2SO4 (20 g), removal of the solvent in vacuo, and 
recrystallization of the residue obtained afforded the respective 
product (+)-12A (36 mg, 69%) or (-)-12B (36 mg, 69%) as a 
yellow solid. 

Enantiomer (+)-12A: mp 198-199 0C; IR (KBr) 1310 and 
1474 (NO2), 1704 (CO2), 3467 (NH) cm"1; [a]23

D = +282.9° (c 
0.45, CHCl3);

 1H NMR (CDCl3) 6 1.09 (d, J0HMe = 6 Hz, 3H, 
CHMeMe'), 1.23 (d, J0H1Me = 6 Hz, 3H, CHMeMe'), 2.26 (s, 3H, 
C-6 Me), 2.45 (s, 3H, C-2 Me), 4.96 (septet, J0HMe = 6 Hz, IH, 
CHMe2), 5.6 (s, IH, H-4), 7.27 (dd, J4,5 = 8 Hz, J5;6 = 5 Hz, 
IH, pyridinyl H-5), 7.63 (d, J3,4 = 8 Hz, IH, pyridinyl H-3), 
7.72 (ddd, J 4 5 = 8 Hz, J 3 4 = 8 Hz, J 4 6 = 2 Hz, IH, pyridinyl 
H-4), 8.48 (dd, J 5 6 = 5 Hz, J 4 6 = 2 Hz, IH, pyridinyl H-6), 
9.76 (br s, IH, NH). Anal. (Ci6Hi9N3O4) C, H, N. 

Enantiomer (-)-12B: mp 197-198 0C; [a]23
D = -286.0° (c 

0.90, CHCl3); IR (KBr) and 1H NMR spectra for (-)-12B were 
the same as those for (+)-12A. Anal. (Ci6Hi9N3O4) C, H, N. 

The optical purity of (+)-12A and (-)-12B was determined 
by 1H NMR spectrometry. When 10 fiL of a solution (100 mg 
in 1 mL of CDCl3) of the chiral shift reagent (+)-Eu(hfc)3] was 
added to a solution of rac-12 (5 mg in 0.5 mL of CDCl3), the 
1,4-dihydropyridyl C-2 and C-6 methyl resonances at 6 2.45 
and 2.26 were each separated into two resonances which 
appeared at <5 2.47 and 2.49, and 2.28 and 2.30, respectively. 
Addition of (+)-Eu(hfc)3 (40 /xh) to (+)-12A or (-)-12B, as 
described above, resulted in retention of single resonances for 
the C-2 and C-6 methyl resonances (>96% ee). 

In Vitro Calcium Channel Antagonist and Agonist 
Assays. The calcium channel antagonist activities were 
determined as the molar concentration of the test compound 
required to produce 50% inhibition of the muscarinic receptor-
mediated (carbachol, 1.6 x 1O-7 M) Ca2+ dependent contraction 
(tonic response) of guinea pig ileum longitudinal smooth 
muscle (GPILSM) using the procedure reported previously.40 

The IC5O value (±SEM, n = 3) was determined graphically 
from the dose—response curve. 

Calcium channel agonist activity of the test compound on 
GPILSM was calculated as the molar concentration required 
to elicit 50% of the maximal contractile force produced by the 
test compound, as described above. The EC50 value (±SEM, 
n = 3) was determined graphically from the dose—response 
curve. 
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Calcium channel agonist activity (positive inotropic effect) 
was calculated as the percentage increase in contractile force 
of isolated guinea pig left atrium (GPLA) relative to its basal 
contractile force in the absence of test compound. The chro
notropic effect was calculated as the percentage change in the 
rate of isolated guinea pig right atrium (GPRA) upon exposure 
to the test compound, relative to its normal rate that was 
predetermined in the absence of test compound. 

In Vivo Determination of Arterial Blood Pressure in 
a Rabbit Model. Male rabbits (New Zealand albino) weighing 
1.5-3.0 kg were anesthetized with either sodium pentobarbital 
(30 mg/kg iv via a marginal ear vein or 40 mg/kg ip) or Rompun 
cocktail [zylazine (8 mg/kg), ketamine (40 mg/kg), acepro-
mazine (0.5 mg/kg)]. Lidocaine (1% xylocaine; Astra) was 
injected into the neck area, and the trachea was exposed and 
intubated. Supplemental pentobarbital (8-15 mg/kg) was 
injected as required during the course of the experiment. The 
animal was then artificially respirated (Ugo Basile 6025 cat/ 
rabbit ventilator) at a rate of 25-40 breaths/min, with a tidal 
volume of 10 mL/kg. The jugular vein (left or right) was 
cannulated and catheterized (18G quik-cath intravascular 
over-the-needle Teflon catheter with luer plug; Travenol Lab.) 
which was used for subsequent injection of normal saline and 
test drugs. The carotid artery (opposite side to catheterized 
vein) was also cannulated and catheterized for use in measur
ing arterial pulse pressure with a pressure transducer (Gould 
P23 ID) attached to a Grass Model 70 polygraph. Heparin 
(50 units/kg in normal saline) was then infused into the animal 
via the venous line. The animal was allowed to equilibrate 
for up to 1 h, depending on stability of blood pressure and ECG, 
before experiments were initiated. Propranolol (1.0 mg/kg iv) 
was administered to the animal 10 min before the test drug 
was administered. A solution of the test drug in water-DMSO 
(9:1, v/v) was administered via the catheter in the jugular vein. 

In Vivo Determination of Blood Pressure in a Spon
taneously Hypertensive Rat (SHR strain) Model. Con
scious male SHR rats (Charles River Canada Inc.) were 
restrained in cages and warmed on a heated plate to 28-32 
0C. Indirect systolic blood pressure and heart rate of the 
animals were measured using the tail-cuff method,41-43 modi
fied to accommodate a semiautomatic pressure-generating 
system. Pulse and pressure were recorded using a pneumatic 
pressure transducer (Gould P23 ID) attached to a Grass 
polygraph. Control blood pressure measurements were made 
after the animals were warmed sufficiently to produce a 
discernible pulse in the transducer. At least three measure
ments were taken, and the average of these was used as a 
control. A solution of the test drug in water-DMSO (9:1, v/v) 
was then administered by ip injection, and measurements were 
recorded at appropriate time intervals. Animals were re
strained for the duration of the experiment. 

Whole-Cell Voltage-Clamp Studies. 1. Cell isolation: 
Male guinea pigs (350-400 g; Charles River) were injected 
with heparin (3.3 IU/g) 30 min prior to anesthesia with sodium 
pentobarbital (80 mg/kg). The heart was cannulated in situ 
and perfused retrogradely (10-12 mL/min) through the aorta 
with oxygenated (100% O2, 36 0C) Ca2+-free solution of the 
following composition (mM): 120 NaCl, 3.8 KCl, 1.2 KH2PO4, 
1.2 MgSO4, 10 HEPES, 11 glucose, 0.1% fatty acid-free 
albumin (fraction V; Boehringer Mannheim) (pH 7.4 with 
NaOH). The heart was removed from the chest, perfused with 
50 mL of Ca2+-free solution (7-8 min), and then perfused with 
Ca2+-free solution supplemented with 40 mg of collagenase A 
(Boehringer Mannheim), 6 mg of protease XTV (Sigma), and 
0.4% fatty acid free albumin (5-8 min). Finally, the ventricles 
were minced and washed in a high K+ solution of the following 
composition (mM): 80 KOH, 50 glutamic acid, 30 KCl, 30 KH2-
PO4, 20 taurine, 10 HEPES, 10 glucose, 3 MgSO4, 0.5 EGTA 
(pH 7.4 KOH). After a 1—2 h incubation at room temperature, 
myocytes were placed in a Petri dish in an open perfusion 
microincubator (Model PDMI-2; Medical Systems Corp.) on the 
stage of an inverted microscope. The cells were then super-
fused with the HEPES-buffered solution described above, 
supplemented with 2.5 mM Ca2+. 

2. Experimental methods: Intracellular recordings were 
made with 18-25 MQ microelectrodes filled with 2.7 M KCl. 

Experiments were performed at 35 0C with discontinuous 
single-electrode voltage clamp (sample rate 10-16 kHz). 
Voltage-clamp protocols were generated with pClamp software 
(Axon Instruments Inc.). Current and voltage were recorded 
with an Axoclamp-2A amplifier (Axon Instruments Inc.), 
digitized with a Labmaster A/D interface at 125 kHz (TLl-
125; Axon Instruments Inc.), and stored on hard disk for 
subsequent analysis. During voltage clamp, the holding 
potential was - 8 0 mV. Voltage-clamp test steps were pre
ceded by a 200 ms conditioning step to 0 mV from the holding 
potential followed by return to a postconditioning potential 
(Vpc) of -40 mV. The voltage-clamp test protocol to measure 
Ca2+ current (7ca) consisted of a series of 200 ms voltage steps, 
in 10 mV increments, from - 4 0 to 50 mV. All experiments 
were conducted in the presence of 200 ^M lidocaine to block 
Na+ current. The peak amplitude of 7ca was measured as the 
difference between the peak inward current and the net 
current after 200 ms. The validity of this measure of 7ca was 
tested in separate experiments, in which cells were exposed 
to the Ca2+ channel blocker verapamil (2-5 /<M); verapamil 
completely inhibited inward current identified as 7ca in these 
experiments. Current-voltage (7—V) relationships were con
structed by plotting peak amplitude of 7ca as a function of 
membrane potential. Ionic current recordings were analyzed 
with pClamp analysis software. Data are presented as means 
± SEM. The value of n represents the number of myocytes 
sampled; each myocyte was exposed to only one drug. 

3. Drugs: The test drugs were dissolved in distilled DMSO 
at a stock concentration of 10 mM. In preliminary experi
ments, it was determined that this amount of DMSO in the 
test drug solution (e.g., 0.001%) was sufficient to slightly 
inhibit 7ca- Therefore, a solution was used which contained 
0.001% DMSO as the control, and the effect of each test drug 
was compared to this control. The effects of 10 ^M (+)-12A, 
10 ^M (-)-12B and 10 /xM (±)-12 on 7Ca were examined. In 
preliminary experiments it was found that 1 fiM drug concen
trations had virtually no effect on the magnitude of 7ca. Cells 
were first exposed to 0.001% DMSO for 10 min and then to 
one of the three test compounds for 10 min, and finally the 
drugs were washed out for up to 20 min. It was found that 
only the effect of (+)-12A washed out within this time. 
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