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Abstract

2q Ž .Inhibition of the L-type Ca channel current I by diltiazem was characterised in human mesenteric arterial myocytes. ExternalBa
Ž . Ž . Ž .pH and internal pH pH was varied to alter the proportion of drug in charged and neutral forms. Diltiazem 20 mM reduced Io i Ba

amplitude by approximately half at pH 7.2 and 9.2 at holding potential y60 mV. The I decay was increased by diltiazem at pH s9.2o Ba o
Ž .97% uncharged , but not at 7.2. The IC for inhibition of I by diltiazem at holding potential y60 mV was decreased from 51 to 2050 Ba

mM at pH 7.2 and 9.2, respectively. At holding potential of y90 mV, but not y60 mV, tonic block increased and use-dependent blocko

decreased as pH was raised from 6.2 to 9.2. Diltiazem also caused a hyperpolarizing shift in I availability at alkaline pH . The resultso Ba o

suggest that raising pH promotes Ca2q channel blockade by increasing the proportion of uncharged diltiazem. q 1998 Elsevier Science
B.V. All rights reserved.
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1. Introduction

The mechanism of inhibition of cardiovascular L-type
Ca2q channels by the widely used benzothiazepine dilti-
azem remains surprisingly obscure in contrast to that for
dihydropyridines and phenylalkylamines. Although a num-
ber of studies have compared the effect of diltiazem on
L-type Ca2q channels to that of other Ca2q channel

Žantagonists in cardiac myocytes Kanaya et al., 1983; Lee
.and Tsien, 1983; Uehara and Hume, 1985 , snail neurones

Ž . ŽNovales-Li et al., 1990 and smooth muscle cells Terada
.et al., 1987; Kuga et al., 1990 , few reports have been

Ždevoted solely to this drug Tung and Morad, 1983; Kanaya
.and Katzung, 1984; Xiong et al., 1990 . Comparative

studies have shown that diltiazem blocks Ca2q channels in
Ža voltage- and use-dependent manner attributed to a

.state-dependent inhibition with features intermediate be-
tween those described for dihydropyridines and pheny-

Žlalkylamines Lee and Tsien, 1983; Uehara and Hume,
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.1985; Xiong et al., 1990 . However, whether use-depend-
ency is due primarily to an interaction with inactivated or
with open channels has not been resolved.

Diltiazem has a pK of 7.7, and so exists in botha

charged and neutral forms at physiological pH. It has not
been established, however, whether diltiazem primarily
accesses the channel in its charged or neutral forms. This
unresolved question has important implications regarding
the mechanism of Ca2q channel blockade by benzo-
thiazepines. According to the modulated receptor hypothe-
sis, originally proposed in order to explain the mechanisms

Žof block of sodium channel by local anaesthetics Hille,
.1977b , but subsequently also applied to the interaction of

2q Ž .many drugs with the Ca channel e.g., Bean, 1984 , a
Ž .hydrophilic pathway provided by the open channel is

required for the charged drug to reach its receptor. On the
other hand, the neutral molecule is thought to reach the
channel via a hydrophobic pathway within the membrane,
binding with high affinity when inactivation occurs. Ue-

Ž .hara and Hume 1985 found that acidification of the
external solution from 7.4 to 6.4, which will increase the
amount of the charged form of the drug, altered the
blocking effect of diltiazem on Ca2q channels in frog
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atrial myocytes in a manner not entirely consistent with
predictions based on the modulated receptor hypothesis.
Recently, it has been reported that the permanently charged

Ž .benzothiazepine derivative, cis -1,3,4,5-tetrahydro-4-
Ž . Ž . w Ž4-methoxyphenyl - 3-methyl- 6 - trifluoromethyl -1- 2- tri-

. xmethylammonio ethyl -2 H-1-benzazepin-2-one iodide
Ž .SQ32,428 , had no effect on current inactivation and did

not cause use-dependent inhibition of Ca2q channels in
Žsmooth muscle and cardiac cells Hering et al., 1993;

.Seydl et al., 1993 . Diltiazem itself, however, produced a
use-dependent block and shifted the steady-state inactiva-
tion for Ca2q channel current, and also increased the rate

2q Žof Ca channel current decay Uehara and Hume, 1985;
.Xiong et al., 1990; Hering et al., 1993 .

In the present report, we altered pH of external and
internal solutions to vary the relative proportions of charged
and neutral form of diltiazem in order to define the mecha-
nism of blockade of L-type Ca2q channels by the drug in
freshly isolated human mesenteric arterial smooth muscle
cells. Our results establish for the first time that the neutral
form of diltiazem plays the pre-eminent role in channel
blockade. Evidence is also presented that external pH
affects the interaction of diltiazem with the channel.

2. Materials and methods

Experiments were carried out on single smooth muscle
Ž .cells freshly isolated from human mesenteric omental

arteries obtained during surgery at St. Thomas’s Hospital,
as approved by the St. Thomas’s Ethical Committee.
Methods of cell isolation, recording of currents in freshly
isolated cells using the conventional whole cell patch
clamp technique, and data analysis have been described in

Ž .detail elsewhere Smirnov and Aaronson, 1992a . Cells
Ž .were placed in a small chamber 0.1 ml which allowed

turnover of about 95% of the perfusing solution within 10
Ž .s Smirnov and Aaronson, 1996 . All experiments were

performed at room temperature.
L-type Ca2q channel currents were studied in the pres-

ence of 10 mM Ba2q in the external solution in order to
increase the current amplitude and reduce the possible
contribution of Ca2q-induced inactivation of Ca2q chan-

Ž .nels Smirnov and Aaronson, 1992b . The main external
Ž .solution contained mM : 120 NaCl, 1 CsCl, 1.2 MgCl ,2

10 BaCl , 4 tetraethylammonium chloride, 10 glucose, and2

10 HEPES. The composition of the pipette solution was
Ž .mM : 135 CsCl, 2.5 MgCl , 2 adenosine 5-triphosphate2

Ž .disodium salt Na ATP , 10 HEPES, 10 EGTA. The pH2

of the external and pipette solutions was adjusted with
NaOH and CsOH, respectively, to 7.2 for the control
solution, or 6.2 and 8.2 for the external test solutions as
indicated in the text. For pH 9.2, 5 mM HEPES was
replaced with equimolar amount of 2-N-cyclohexy-
laminoethanesulfonic acid in both external and pipette
solutions.

Diltiazem hydrochloride and other chemicals were ob-
Ž .tained from Sigma Poole, Dorset, UK . Values in the text

and figures are presented as means"S.E.M. Student’s
t-test was used to assess the significance of differences
between mean values, with P-0.05 considered to indi-
cate significance, unless otherwise stated.

3. Results

3.1. Effect of pH on the concentration-dependency of Io Ba

block by diltiazem

The concentration-dependency of I block by dilti-Ba

azem was investigated using 100 ms voltage steps to q10
mV at 0.1 Hz, with the addition of increasing concentra-
tions of the drug to the bath. Similar experiments were
performed at two levels of pH , 7.2 and 9.2 at botho

holding potentials of y90 and y60 mV. Fig. 1A illus-
trates, for example, the inhibition of I at holding poten-Ba

tial of y90 and pH 7.2 in one cell.o

Ž .Fig. 1. Concentration-dependency of I blockade by diltiazem. A IBa Ba

peak amplitude measured under control conditions and in the presence of
various concentrations of diltiazem as indicated in mM. Holding potential
of y90 mV, pH 7.2. The cell was stimulated at 0.1 Hz with 100 mso

Ž .depolarizing pulses to q10 mV. B shows the concentration-dependen-
Ž .cies for block of I obtained in 4–5 cells at pH 7.2 circles and 9.2Ba o

Ž . Ž .squares at holding potentials of y90 open symbols and y60 mV
Ž .filled symbols . Solid lines are Langmuir curve fits with apparent IC50

Ž . Ž . Ž . Ž .values of 131.5 ` , 23.1 v , 51.7 I and 20.3 B mM.
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Fig. 1B illustrates that the inhibition of I by diltiazemBa

at holding potential of y90 mV was approximately 2.6
Ž .times more potent at pH 9.2 IC s51 mM than at pHo 50 o

Ž .7.2 IC s131 mM . Conversely, no significant differ-50
Žence was observed when cells were held at y60 mV IC50
.were 20 and 23 mM at pH 9.2 and 7.2, respectively . Ato

both pH , diltiazem was significantly more potent at ao

holding potential of y60 mV.

3.2. pH dependency of the effect of diltiazem on I decayo Ba

In order to evaluate the effect of diltiazem on the
2q 2q Ž .kinetics of Ba currents through Ca channels I ,Ba

500 ms voltage steps were applied from a holding potential
of y60 mV to test potentials between y20 and q40 mV
in the absence and presence of 20 mM diltiazem, both at

Ž .extracellular pH pH 7.2 and 9.2. I showed littleo Ba

inactivation at membrane potentials negative of y10 mV.
At more positive potentials, however, I inactivated moreBa

quickly, and this could be described by single exponential
Ž . Ž .Fig. 2 . The mean time constants t obtained are listed500

in Table 1. Although values of t at pH 9.2 tend to be500 o

somewhat higher than those at pH 7.2, possibly due to ao

surface potential-mediated hyperpolarizing shift of activa-
tion in the more alkaline solution, this difference was not

Žsignificant. A low external concentration of diltiazem 5
.mM did not affect significantly the kinetics of I decay.Ba

At pH 7.2, 20 mM diltiazem tended to accelerate slightlyo

Ž .the rate of I decay Fig. 2A and Table 1 , although thisBa

effect was also not significant.
At pH 9.2, however, the rate of I decay was signifi-o Ba

Ž .cantly increased by 20 mM diltiazem Fig. 2B , resulting
in a decrease of t by 61–74% over the range of the test500

Ž .potentials examined Table 1 .

3.3. Which form of diltiazem interacts with Ca2 q channel?

At pH 7.2, the calculated bath concentrations of theo
Ž .charged and neutral forms of diltiazem pK s7.7 werea

15.2 and 4.8 mM, respectively, while at pH 9.2, the batho

concentrations were 0.6 and 19.4 mM, respectively. The
greater acceleration of I decay at pH 9.2 compared toBa o

7.2 can be seen by comparing Fig. 2A and B. Considering
that in both cases the pH of the pipette solution was set at
7.2 and assuming that only the neutral form of diltiazem
can diffuse through the cell membrane, it can be calculated
that at steady state the internal charged concentration of
diltiazem would be 15.2 mM at pH 7.2 and 61.3 mM ato

pH 9.2. These results suggested that the greater effect ofo

diltiazem at pH 9.2 compared to pH 7.2 might be causedo o

either by an increase in the concentration of the neutral
form of diltiazem on either side of the membrane, or by
the increase in the internal charged diltiazem concentra-
tion. In line with these possibilities, application of 80 mM
diltiazem when both pH and pH were set at 7.2, undero i

Ž . Ž .Fig. 2. Effect of diltiazem on the time-course of I decay at different pH levels. A–D show current recorded at q10 mV in the absence marked C andBa
Ž .the presence of diltiazem mM . Extracellular and intracellular pH levels are indicated at the top of each panel. Holding potential y60 mV. Solid lines are

Ž . Ž . Ž . Ž . Ž .monoexponential fits with the following time constants t : 271 and 236 ms A , 335 and 114 ms B 204 and 134 ms C , and 279, 128 and 71 ms D500

in the absence and in the presence of the indicated concentrations of the drug, respectively. Vertical calibration bars indicate 50 pA. The bottom row shows
the same set of currents, each scaled to the same peak to emphasize changes in the rate of current decay.
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Table 1
Effect of pH and various diltiazem concentrations on the time constant of I decayo Ba

Ž .V mV Control pH s7.2 pH s9.2m o o

5 mM 20 mM 80 mM Control 20 mM
b bŽ . Ž . Ž . Ž . Ž . Ž .0 380"38 16 444"206 5 309"41 7 218"43 6 545"164 7 141"10 6

a c d cŽ . Ž . Ž . Ž . Ž . Ž .10 223"13 16 229"30 5 186"11 9 115"11 6 271"26 7 97"6 6
c cŽ . Ž . Ž . Ž . Ž . Ž .20 183"13 16 170"24 5 164"11 9 86"9 6 206"12 7 75"5 6
c cŽ . Ž . Ž . Ž . Ž . Ž .30 180"11 16 190"28 5 156"12 9 77"7 6 184"8 7 68"4 6

c cŽ . Ž . Ž . Ž . Ž . Ž .40 159"10 16 187"27 5 150"12 8 86"10 5 189"15 7 74"7 5

a Ž .P-0.05 one-tailed t-test .
b Ž .P-0.05 two-tailed t-test .
c Ž .P-0.001 two-tailed t-test .
d Ž .P-0.05 one-tailed t-test in comparison to the control at pH 7.2o

Number of cells studied is indicated in parentheses. pH was 7.2 throughout.i

which condition the external concentration of neutral dilti-
azem would be 19.2 mM, and the internal steady-state
concentration of charged diltiazem would be 60.8 mM,
accelerated I decay to an extent similar to that observedBa

with 20 mM diltiazem at pH 9.2, over a range of testo
Ž .potentials Fig. 2C and Table 1 .

To clarify which of the forms of diltiazem, charged or
neutral, was more important in promoting the decay of I ,Ba

the effect of diltiazem on I kinetics was investigatedBa

when both the external and internal pH levels were ad-
justed to 9.2. In this case diltiazem should be almost

Ž .entirely 97% in its neutral form on both sides of the cell
membrane and, therefore, if the charged form of the drug

was necessary for the block, very little effect on IBa

amplitude and kinetics would be expected. Under these
conditions, the current in the absence of diltiazem decayed

Ž .more slowly t s683"158 ms, ns5 than at pH 7.2500 i
Ž .P-0.001 . The decay rate of I was significantly in-Ba

creased by 50% at 20 mM and by 76% at 80 mM of
Ž .diltiazem with t equal to 342"40 ns5 and 164"25500

Ž . Ž .ms ns4 , respectively Fig. 2D .
These results suggested that the rate of I decay wasBa

markedly accelerated under conditions in which diltiazem
was almost entirely in its neutral form, implying that the
charged form of the drug was not necessary for this effect.
Furthermore, comparison of panels A and D of Fig. 2

Ž .Fig. 3. Summary of tonic and use-dependent inhibition of I by diltiazem 20 mM at various pH . The peak current amplitudes were plotted against theBa o

duration of the experiment. The break on the time scale represents the 2 min gap between application of the drug and first stimulus, values to the left of the
Ž . Žbreak represent current amplitude before drug was added. Cells were stimulated at 0.1 Hz from holding potentials of y90 filled symbols or y60 open

.symbols mV. The open triangles in panel B show current amplitude in the absence of diltiazem. Each point and bars represent mean"S.E.M. for 5–7
cells.



( )S.V. SmirnoÕ, P.I. AaronsonrEuropean Journal of Pharmacology 360 1998 81–90 85

shows that given equal external and internal total concen-
trations of diltiazem, the effect on current decay was larger

Žwhen the drug was predominantly in its neutral form i.e.,
.both pH and pH s9.2 , than when it was predominantlyo i

Ž .in its charged form i.e., both pH and pH s7.2 .o i

3.4. Effect of pH on tonic and use-dependent I block-o Ba

ade by diltiazem

To compare the effect of diltiazem on tonic and use-de-
pendent inhibition of I at various pH , a standard exper-Ba o

imental protocol was used. Approximately 2–3 min after
rupture of the patch membrane, at which time the run-up
of I was completed and its amplitude had stabilised, theBa

cell was clamped at either y60 or y90 mV and stimu-
lated repeatedly by 100 ms voltage steps to q10 mV
applied at 0.1 Hz. At this rate of stimulation, the amplitude

Žof I remained unchanged under control conditions Fig.Ba
.3B, open triangles . Five control stimuli were applied in

order to assess the control current, and then 20 mM
diltiazem was added to the bath for 2 min, during which
time the cell was not stimulated. This concentration of
diltiazem was chosen because it produced approximately
50% inhibition of I at the control holding potentialBa
Ž . Ž .y60 mV and pH 7.2 . Two minutes after the applica-o

tion of drug, stimulation at 0.1 Hz was restarted.
Fig. 3 summarises the results obtained in groups of 5–7

cells at each pH using this protocol with 20 mM diltiazemo

and holding potentials of y90 and y60 mV at pH 6.2,o

7.2, 8.2 and 9.2.
Fig. 3A illustrates that the tonic component of inhibi-

tion of I was small and independent of the holdingBa

potential at pH 6.2 when the bulk of diltiazem waso

charged. However, a progressive use-dependent block,
which was not completed during the period of stimulation,
developed at both holding potentials of y90 and y60
mV. An increase in pH to 7.2 resulted in a dramatico

Žchange in the inhibitory effect of diltiazem on I Fig.Ba
.3B . The use-dependent inhibition of I amplitude wasBa

substantially reduced at the holding potential of y90 mV.
When cells were held at y60 mV the tonic blockade of
I was now significantly larger than that at y90 mV, andBa

a sizeable use-dependent block occurred, which was faster
than that observed at pH 6.2.o

Further elevation of pH to 8.2 and 9.2 resulted in ao

progressive increase in the tonic blockade of I at y90Ba

mV, whereas the tonic blockade observed at y60 mV
Ž .remained virtually unchanged Fig. 3C and D . The use-

dependent block at both holding potentials tended to di-
minish, and was almost absent at pH 9.2 and holdingo

potential of y90 mV.
It is noteworthy that the extent of tonic block at pH 7.2o

and 9.2 was consistent with that implied by the concentra-
tion-dependency of block illustrated in Fig. 1B. In both
cases, inhibition of I observed using a holding potentialBa

of y60 mV was pH -independent, while block obtainedo

with a holding potential of y90 mV was greater at pH o

9.2 than at pH 7.2.o

3.5. Modulation of I inactiÕation by diltiazem and pHBa o

Another important feature of the inhibitory effect of
diltiazem on Ca2q channel currents is its ability to modu-

Žlate the voltage-dependent inactivation also referred to as
.availability of the channel. Fig. 4 shows the effect of

several concentrations of diltiazem on the availability of
I . This was measured by subjecting cells held at y60Ba

mV to a 30 s conditioning potential in the range between
y100 and q40 mV, followed by a test pulse to q10 mV.
This pulse duration allowed us to measure Ca2q channel

Žavailability under virtually steady-state conditions Smir-
.nov and Aaronson, 1992b . The peak current during the

test pulse after each conditioning potential was normalised
with respect to that after a conditioning step to y100 mV
and this was used as a measure of the fraction of Ca2q

channels available for activation at a particular voltage.

Ž .Fig. 4. Effect of three concentrations of diltiazem as indicated on the
steady-state availability for I . Voltage protocol shown in the inset; VBa c

indicates the 30 s conditioning potential applied every min. Interpulse
interval 30 ms. All current amplitudes were normalized to that measured
after the conditioning pulse to y100 mV. Data were fitted with the
Boltzmann equation with a half-inactivation potential, V , and slopeh

Ž . Žfactor k , equal to y21.9 and 8.4 mV Control , y41 and 11.1 mV 5h
. Ž . Ž .mM , y47.9 and 10.4 mV 20 mM , and y62.2 and 8.6 mV 80 mM .
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Ž .Fig. 5. Modulation of the steady state inactivation of I by diltiazem 20 mM at several pH , as indicated. The steady-state availabilities were measuredBa o
Ž .as described in the legend to Fig. 4. Data were fitted with the Boltzmann equation solid lines with V and k equal to y15.5 and 8.5 mV and y34.6 andh h

Ž . Ž . Ž .11.1 mV A , y21.9 and 8.4 mV and y47.9 and 10.4 mV B , y21.6 and 8.6 mV and y52.8 and 8.7 mV C , y27.2 and 9.9 mV and y50.1 and 9.3
Ž .mV D in the absence and presence of diltiazem, respectively.

Data were fitted with the Boltzmann function. The steady
state availability was progressively shifted in a concentra-
tion-dependent manner by diltiazem, with shifts in V ofh

19, 26, and 40 mV, at diltiazem concentrations of 5, 20,
and 80 mM, respectively.

In order to investigate whether pH modified this re-o

sponse, the availability of I in the absence and presenceBa

of 20 mM diltiazem was measured at several pH values,o

as presented in Fig. 5. At pH 6.2, the steady-state avail-o

ability was shifted by 19 mV towards negative membrane
Ž .voltages in the presence of the drug Fig. 5A, Table 2 .

This shift was increased to 26 and 31 mV at pH 7.2 ando

Ž .8.2, respectively Fig. 5B and C, Table 2 . At pH 9.2,o
Ž .however, the shift diminished to 22 mV Fig. 5D, Table 2 .

4. Discussion

Increasing the pH in the range between 6.2 and 9.2,o

which increased progressively the proportion of the neutral
form of diltiazem, resulted in a number of alterations in the
block of I in human mesenteric arterial myocytes by theBa

Ž .drug: 1 the tendency of diltiazem to accelerate the decay
Ž .of I was enhanced, 2 the potency of block was in-Ba

Table 2
Modulation of voltage-dependent characteristics for I by pH and 20 mM diltiazemBa o

pH Inactivation Activationo

Ž .Half-inactivation potential Slope factor DV mV Half-activation potential Slope factorh
Ž . Ž . Ž . Ž . Ž .V mV k mV V –V V mV k mVh h h,D h,C m m

Ž . Ž . Ž . Ž .6.2 Control y15.9"4.7 6 8.6"1 6 q10.4"3 10 6.3"0.6 10
Ž . Ž .Diltiazem y34.7"3.2 5 11.3"2.3 5 18.8 – –
Ž . Ž . Ž . Ž .7.2 Control y21.8"2.5 9 8.4"0.8 9 q2.8"4 26 6.4"0.3 26
Ž . Ž .Diltiazem y47.9"2.8 7 10"1.4 7 26.1 – –
Ž . Ž . Ž . Ž .8.2 Control y22.1"5.3 9 8.3"2.2 9 q2.1"3.3 8 7"0.4 8

Ž . Ž .Diltiazem y52.9"4 7 8.4"0.9 7 30.8 – –
Ž . Ž . Ž . Ž .9.2 Control y27.9"4.2 11 10.4"3 11 y4.6"2.1 8 6.4"0.3 8
Ž . Ž .Diltiazem y50.2"3.7 10 9.1"1.4 10 22.3 – –

Ž . Ž .DV represents the difference between the half-inactivation potential in the presence V and absence V of the drug at the same pH .h h,D h,C o

Number of cells studied is indicated in parentheses.
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Ž .creased, 3 the tonic component of the blockade, particu-
larly at the holding potential of y90 mV, was increased,
Ž .4 the extent of use dependent block, particularly at

Ž .holding potential of y90 mV, was decreased, and 5
there was an increased diltiazem-induced hyperpolarizing
shift in the steady-state inactivation of I , except at pHBa o

9.2.

4.1. Effects of diltiazem on decay of IBa

The rate of decay of I , which presumably reflects theBa
Žblock of open or inactivated states of the channel Lee and

.Tsien, 1983; Bean, 1984 , was accelerated in the presence
of diltiazem. As shown in Fig. 2, the extent of this
acceleration varied with the concentration of diltiazem and
with internal and external pH. By manipulating pH, it was
possible to vary the proportions of the drug in the charged
and neutral forms. This then should also affect the steady-
state intracellular concentrations of both forms. In order to
determine which form of diltiazem was more important in
modulating the decay of I , the ratios of the t in theBa 500

absence and presence of 5–80 mM drug at different exter-
nal and internal pHs were plotted against the log of the
calculated steady state-concentrations of externalrinternal

Ž .neutral diltiazem Fig. 6A , internal charged diltiazem
Ž . Ž .Fig. 6B , and external charged diltiazem Fig. 6C . There
was no visible relationship between the acceleration of
current decay and either external or internal charged dilti-
azem. Conversely, the acceleration of current decay at

various external and internal pH was clearly related to the
concentration of neutral diltiazem. The apparent correla-
tion between the current decay and increasing concentra-
tion of the charged form of diltiazem observed when the
external bulk concentration of the drug was increased at

Ž .constant pH open symbols in Fig. 6B and C is probablyo

related to the increased concentration of the neutral form
which occurred concurrently. These results suggest that
diltiazem reaches its binding site on the L-type channel in
the neutral form via a hydrophobic pathway and thus
modulates I kinetics in human mesenteric arterial my-Ba

ocytes. This conclusion is also supported by radioligand
binding studies in vascular smooth muscle, skeletal and

Ž .cardiac muscle Hering et al., 1993; Seydl et al., 1993
where much more potent binding to L-type Ca2q channels

Ž .of the neutral diltiazem derivative of diltiazem cis -
Ž . Ž1,3,4,5 -tetrahydro- 4- 4-methoxyphenyl -3-3-methyl-6- tri-

. w Ž . xfluoromethyl - 1- 2- dimethylamino ethyl - 2 H-1- benzaze -
Ž .pin-2-one SQ32,910 than its permanently charged ana-

logue SQ32,428 has been demonstrated. In addition, it was
also found that SQ32,428 did not change the current
kinetics, was not frequency-dependent, and did not shift
the steady-state inactivation dependency of the Ca2q cur-

Ž .rent in vascular myocytes Hering et al., 1993 . However,
at present we cannot exclude entirely the possibility that
diltiazem may diffuse to the Ca2q channel binding site in
its neutral form and bind only when the channel becomes
open. Further experimental evidence is required to assess
this possibility.

Fig. 6. Relationship between the calculated amounts of charged and neutral forms of diltiazem and changes in decay rate of I . The ‘normalized t ’ wasBa 500

calculated as the ratio between t measured in the presence of diltiazem and that in the absence of the drug, such that a decreased relative t indicates500 500
Ž . Ž .an acceleration of decay see Table 1 and text for further description . Symbols represent the normalized t at pH and pH equal to 7.2 and 7.2 ` ,500 o i

Ž . Ž .9.2 and 7.2 v , and 9.2 and 9.2 I , respectively, with external diltiazem concentrations of 5, 20 and 80 mM. Straight lines are regression lines fitted
through all points, with regression coefficients shown above each panel.
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4.2. The concentration-dependency of I blockadeBa

The assumption that diltiazem acts on Ca2q channel
currents in human mesenteric arterial smooth muscle cells
in its neutral form could also explain the differences in the
potency of the drug at two holding potentials at pH 7.2o

and 9.2. It has been found that the IC for inhibition was50
Ž .51 mM at pH 9.2 and 131 mM at pH 7.2 Fig. 1 . Thiso o

2.6-fold difference in potency of block was close to that
predicted if the block of the current was due to the neutral
form of diltiazem, since the concentration of the neutral
form should be 3.2-fold higher at pH 9.2 than at pH 7.2.o o

On the assumption that the neutral form was exclusively
responsible for suppressing the current, and correcting for
the effect of pH on the proportions of charged and neutralo

drug, the IC values are brought into closer agreement;50

the IC at pH 7.2 would be 32 mM, while that at pH50 o o

9.2 would be 50 mM. The lack of effect of pH on theo

concentration-dependency at a holding potential of y60
mV is discussed below.

4.3. Effects of pH on tonic block of Io Ba

The tonic block by 20 mM diltiazem at the holding
potential of y90 mV was increased when the external

Ž .solution was alkalinised Fig. 3 , suggesting that the rest-
ing channel is blocked by the neutral form of the drug. The

Ž .calculated IC 38 mM for the tonic inhibition of I by50 Ba

the neutral form of diltiazem at the holding potential of
y90 mV at pH between 6.2 and 9.2 is also in goodo

agreement with the values obtained from the concentra-
tion-dependent inhibition of the current at pH 7.2 and 9.2o
Ž .see above . At the holding potential of y60 mV, the tonic
inhibition of I increased between pH 6.2 and 7.2, asBa o

Ž .was also found in cardiac cells Uehara and Hume, 1985 .
However, that tonic block did not increase further as pH o

Ž .was raised above 7.2 Fig. 3 . This is unexpected, since the
amount of the tonic block should continue to increase with
pH in line with the concentration of the neutral form ofo

diltiazem, as found at y90 mV. It is noteworthy, however,
that this lack of effect of pH between 7.2 and 9.2 on tonico

block at the holding potential of y60 mV was entirely
consistent with our finding that the potency of blockade of
the current was increased by altering pH in this range ato

Žthe holding potential of y90 but not y60 mV see
.above .

4.4. Effects of pH on I aÕailabilityo Ba

We found that at pH 7.2, diltiazem caused a concentra-o

tion-dependent hyperpolarizing shift in the steady state
Ž .inactivation of I Fig. 4 . This effect seems to beBa

unlikely due to the effect of diltiazem on I recovery forBa

the following reasons. Our preliminary data showed that
I recovery from inactivation measured after a 150 msBa

membrane depolarization to q10 mV from the holding

potential of y60 mV could be described by two exponen-
tials with fast and slow time constants equal of 86"11 ms

Ž .and 1564"402 ms ns7 , respectively. Although the
recovery from inactivation was slower in the presence of

Ž20 mM diltiazem measured at pH and pH 7.2 134"26o i

ms and 3629"1060 ms for fast and slow time constants,
.correspondingly, ns7, data not shown , it could not

explain the shift in availability measured using our experi-
mental protocol. Also, in the presence of the drug Ca2q

channels started to inactivate in the voltage range where
Ž .very little channel activation is taking place Fig. 4 , which

additionally supports the idea of interaction of diltiazem
predominantly with the inactivated state of the Ca2q chan-
nel.

The shift in the steady state inactivation by Ca2q

channels antagonists been attributed to a preferential bind-
Žing of blockers to inactivated channels Bean et al., 1983;

.Bean, 1984; Uehara and Hume, 1985 . Recently, Hering et
Ž .al. 1996 have used chimeras of diltiazem-sensitive and

-insensitive Ca2q channel a subunits to demonstrate that
diltiazem interacts with a transmembrane segment IVS6 of
the L-type channel which has an important influence on
the rate of channel inactivation.

In order to evaluate whether diltiazem binds to the
inactivated state also in the neutral form we used the
theoretical approach described previously in detail by Bean
Ž .1984 . The drug binding to the resting and inactivated
state of Ca2q channels could be estimated on the basis of
the drug-induced shift of current availability according to
the equation:

yDV sk ln 1qDrK r 1qDrK , 1Ž . Ž . Ž .h i r

where k is the slope factor for the control steady state
availability, DV is the difference between the midpoint ofh

the inactivation function in the presence and absence of
diltiazem, and K and K are binding constants for thei r

inactivated and resting state of the channel, respectively.
ŽAssuming that K s50 mM for neutral diltiazem seer

.above and obtaining DV for pH s7.2 from Table 2,h o

calculated values of K were 0.14, 0.21 and 0.12 mM fori

the total diltiazem concentrations of 5, 20 and 80 mM,
respectively. These results suggest that diltiazem in its
neutral form binds to the inactivated state for Ca2q chan-
nels 200–400 times more strongly than to the resting state.
This estimated affinity to the inactivated Ca2q channels in
human mesenteric arterial myocytes is approximately 10
times higher than that reported for I in rabbit mesentericBa

Ž .arterial myocytes Xiong et al., 1990 at pH 7.2.o

The higher affinity of diltiazem for the inactivated than
for the resting state of the Ca2q channel could be responsi-
ble for the apparent increase in the potency of the drug at
the holding potential of y60 mV at pH 9.2 in compari-o

Ž .son to that at 7.2 Fig. 1 . In order to assess this, we
calculated the apparent dissociation constant K for drugsapp
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acting on the resting and inactivated channels with differ-
ing affinities K and K , respectively, using the equation:r i

K s1r hrK q 1yh rK , 2Ž . Ž . Ž .app r i

where h is the fraction of channels in the resting state at
Ž .that potential in the absence of drug Bean, 1984 . K r

values of 32 mM at pH s7.2 and 50 mM at pH s9.2o o

for the neutral form of diltiazem were estimated from the
block of the channel at holding potential of y90 mV as
discussed above. Values of h at a holding potential of
y60 mV, obtained from the Boltzmann fit of availabilities
Ž .Fig. 5 , were 0.98 and 0.95 at pH and K values,o i

Ž .calculated using Eq. 1 , were equal to 0.21 and 1.79 mM
for pH 7.2 and 9.2, respectively. The calculated Ko app

were 8 and 21 mM of the neutral form of diltiazem,
implying the total drug concentration of 25 and 22 mM at
pH 7.2 and 9.2, respectively. These values agreed veryo

closely with the observed IC s at a holding potential of50
Žy60 mV 23 and 20 mM at pH 7.2 and 9.2, respectively,o

.Fig. 1 . The results of the inactivation studies could there-
fore be used with the concentration dependency observed
at a holding potential of y90 mV to predict accurately the
concentration dependency found at holding potential of
y60 mV. This internal consistency of the results supports
our suggestion that the neutral form of diltiazem is of
predominant importance in blocking the channel, and pro-
vides indirect confirmation that the apparent affinity of the
drug for the inactivated channel is diminished at high pH .o

However, when the effect of the whole range of pH ono

the diltiazem-mediated shift in I availability was exam-Ba
Ž .ined see Fig. 5 and Table 2 , calculated K values werei

0.08, 0.21, 0.29 and 1.79 mM for pH 6.2, 7.2, 8.2 ando

9.2, respectively. There was therefore a progressive trend
towards a decrease in the calculated potency of drug
binding to inactivated channels as pH increased whicho

may indicate that protons somehow modulate the binding
of diltiazem to the inactivated state of Ca2q channel in
human mesenteric arterial myocytes. A similar suggestion

Ž .was proposed by Uehara and Hume 1985 , who found that
the recovery of the Ca2q channel from block by diltiazem,
which they proposed was largely due to an interaction of
the drug with the inactivated state of the channel, was
slowed when the pH was reduced from 7.4 to 6.4. Ueharao

Ž .and Hume 1985 suggested that the effect of pH on theo

interaction of diltiazem with the Ca2q channel might be
due to the existence of both pH -dependent and -indepen-o

dent binding sites for diltiazem. Conversely, Schwarz et al.
Ž . Ž .1977 and Hille 1977a,b suggested that neutral local
anaesthetic molecules bind to a receptor site associated
with the Naq channel, and may then be protonated by Hq

entering the external mouth of the channel. However, to
resolve these possibilities further experimental work is
required.

To summarise the points discussed above, we propose
that diltiazem binds to the resting and inactivated Ca2q

channel mainly in its neutral form. The contribution of

open channel block by the charged form of the drug is
comparatively small under physiological pH presumablyo

due to its low affinity to a binding site within the Ca2q

Ž .channel Hering et al., 1993; Seydl et al., 1993 . The
effects of pH on block can mainly be explained byo

alterations in the proportions of the charged and neutral
forms of diltiazem. Our results also suggest, however, that
elevations of pH may have the additional effect of some-o

what reducing the affinity of the inactivated channel for
diltiazem.
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