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1 The non-steroidal anti-in¯ammatory drug nimesulide is a selective inhibitor of cyclooxygenase-2
which relaxes spontaneously contracting human myometrium in vivo and is potentially a useful
tocolytic drug. Part of the relaxant action of nimesulide may be via block of myometrial Ca2+

channels. Here, we describe the Ca2+ channel blocking properties of nimesulide in freshly dispersed
human term-pregnant myometrial smooth muscle cells (HMSMCs).

2 Both L- and T-components of the whole cell Ca2+ channel current were inhibited by 100 mM
nimesulide (38+3 and 35+1% block, respectively). At physiological pH inside and outside the cell
(pHo/pHi=7.4/7.2), this block did not depend on the holding or test potential, although a degree of
use-dependence was observed during high frequency stimulation at a higher concentration of drug
(300 mM).

3 At pHo/pHi=6.8, under which condition the concentration of the non-ionized form of the drug
is increased 3 fold compared to pH 7.4, nimesulide blocked the L-type current more potently
(58+3% inhibition at 100 mM, P50.01) compared to physiological pH. Nimesulide caused a 7 mV
leftward shift in the availability curve of the current at pH 6.8, suggesting that the a�nity of the
drug for the inactivated channel is approximately 4 fold higher than its a�nity for the closed
channel. We speculate that acidi®cation and depolarization of the myometrium during the intense
and prolonged contractions of labour might increase the potency of nimesulide as a Ca2+ channel
antagonist, promoting its action as a tocolytic agent.
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Abbreviations: ANOVA, analysis of variance; COX, cyclooxygenase; DMSO, dimethylsulphoxide; EGTA, ethylene glycol-bis(b-
aminoethyl ether) N,N,N',N'-tetraacetic acid; HMSMCs, human myometrial smooth muscle cells; HP, holding
potential; I-V, current voltage relationship; NIM, nimesulide; pHo/pHi, pH outside and inside the cell; PSS,
physiological salt solution; TEA-Cl, tetraethylammonium chloride

Introduction

Nimesulide (N-(4-nitro-2-phenoxyphenyl)-methane-sulphoni-
lamide, NIM), is a non-steroidal anti-in¯ammatory drug
which inhibits prostaglandin synthesis by cyclooxygenase

(COX) with a 30 ± 100 fold selectivity for the inducible isoform
of enzyme, COX-2 (Taniguchi et al., 1995; Miralpeix et al.,
1997). COX-2 is the predominant isoform in foeto-placental

membranes and myometrium (Slater et al., 1995; 1997),
whereas the constitutive isoform, COX-1, is expressed in
foetal tissues. Nimesulide is therefore a potentially useful

tocolytic agent (Sawdy, 1997), enabling the targeting of foeto-
placental and uterine COX and avoiding the harmful foetal
side e�ects that preclude the use of non-selective COX-
inhibitors such as indomethacin (Norton et al., 1993).

At concentrations close to those expected to exist in the
maternal reproductive organs during acute tocolysis therapy
(Davis & Brogden, 1994), it was recently shown that nimesulide

inhibited in vitro spontaneous contractions of myometrial strips
taken from pregnant women at term, and that it also
signi®cantly inhibited the voltage-gated Ca2+ current in

isolated human myometrial smooth muscle cells (HMSMCs)
(Sawdy et al., 1998) at a holding potential close the resting
membrane potential in human myometrium (750 mV), as
reported by Inoue et al. (1990). However, current amplitude

was less a�ected by the drug than was contraction.

The myometrium demonstrates complex electrical activity,
characterized by action potentials arising from periodic slow
waves (Kawarabayashi et al., 1986). In addition, HMSMCs

have been reported to exhibit both T- and L-type Ca2+ currents
(Inoue et al., 1990; Young et al., 1993). Since Ca2+ channel
blockade by most drugs appears to be state-dependent (Lee &

Tsien, 1983; Sanguietti & Kass, 1984), it seemed possible that
the e�ect of nimesulide might be in¯uenced by the conditions
used to characterize channel block. Moreover, the e�ect of

most Ca2+ antagonists is pH-dependent. Although the pH of
the myometrium seems never to have been measured during
labour, reports indicating that plasma lactate levels rise
progressively during labour and sharply at delivery, and indeed

measurably during individual contractions (Marx & Greene,
1964), suggest strongly that a fall in myometrial pH occurs
during parturition. In the present study, therefore, we have

investigated the state- and pH-dependency of nimesulide's
e�ect on both T- and L-type calcium currents in isolated human
myometrial smooth muscle cells from pregnant women at term.

Methods

Cell isolation

Myometrial biopsies were taken from the middle of the upper

edge of the lower segment incision in women undergoing
routine elective caesarean section at term (following informed*Author for correspondence; E-mail: p.aaronson@umds.sc.uk
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consent) and placed immediately into cold physiological salt
solution (PSS). Small pieces of myometrium (2 ± 3 mm3) were
incubated for 45 min at 378C in low-Ca2+ PSS containing

collagenase (mixture of Sigma types I and XI, total
2.5 mg ml71). Cells were dispersed by transferring the digested
tissue pieces to fresh low-Ca2+ PSS and triturating through a
wide bore glass pipette. Cells were stored in low-Ca2+ PSS at

48C.

Solutions and chemicals

The conventional whole-cell patch clamp technique was used
to record calcium channel currents. Current amplitudes were

magni®ed by using 10 mM Ba2+ as the charge carrier. Low-
Ca2+ PSS contained (in mM): NaCl 130, KCl 5, MgCl2 1.2,
CaCl2 0.015, HEPES 10, and glucose 10, pH 7.4 with NaOH.

The pipette solution contained (in mM): CsCl 135, MgCl2 2.5,
MgATP 5, HEPES 10, and ethylene glycol-bis(b-aminoethyl
ether) N,N,N',N'-tetraacetic acid (EGTA) 10 (adjusted to pH
7.2 or 6.8 with CsOH). The bath solution contained (in mM):

NaCl 120, tetraethylammonium chloride (TEA-Cl) 4, CsCl 1,
MgCl2 1.2, BaCl2 10 (or in some experiments CaCl2 1.5),
HEPES 10 and glucose 10 (adjusted to pH 7.4 or 6.8 with

NaOH). In Na+-free PSS, NaCl was replaced by TEA-Cl.
Nimesulide was prepared from a 100 mM stock solution in

dimethylsulphoxide (DMSO). Final DMSO concentrations
were too low to a�ect currents, as described previously (Sawdy
et al., 1998).

Statistics

Statistical comparisons between two sample means were made

using Student's paired or unpaired t-test, where appropriate
and between three sample means using analysis of variance
(ANOVA). Di�erences were considered signi®cant when

P50.05. Curve ®tting was by non-linear regression using
SigmaPlot 4.0.

Results

Characteristics of Ca2+ channel currents in HMSMCs

The voltage-dependence of activation and inactivation of the
Ca2+ current using 10 mM Ba as charge carrier (IBa) was

investigated. Figure 1 shows the current/voltage relationships
(I ±V) of IBa, from holding potentials (HP) of 780 and
750 mV (Figure 1A). The current activated at a relatively

negative potential (760 mV) from holding potential
780 mV, and demonstrated an initial rapid component of
decay which was not apparent when the holding potential

was 750 mV, in which case the apparent threshold of

Figure 1 Ca2+ channel currents in HMSMCs. (A) Current-voltage
relationships of currents elicited by 300 ms depolarizations to
between 760 and +60 mV in a representative cell, from a holding
potential (HP) of either 780 or 750 mV, and the di�erence
(subtracting currents at HP 750 mV from currents at HP
780 mV). (B) Peak amplitude of currents from HP 780, 750 mV
and the di�erence, normalized to the +10 mV pulse from HP
750 mV (mean and s.e.mean in the same 6 cells). (C) Example of T-
type Ca2+ current, isolated by stepping to 720 mV from HP
780 mV. The current is not inhibited by replacing external Na+

with TEA-Cl, but is blocked by 1 mM mibefradil, revealing a small L-
type component.

Figure 2 Availability of IBa in HMSMCs. (A) Currents in a
representative cell elicited by 300 ms depolarization to +20 or
720 mV following 5 s preconditioning pulses between 7100 and
+20 mV. (B) Points are the mean and s.e.mean of peak current at
720 mV (n=6), peak current at +20 mV (n=9) and currents at the
end of the 300 ms +20 mV depolarization (n=9). Data are
normalized to the current elicited following the 7100 mV pre-
conditioning pulse and ®tted to single or double component
Boltzmann distributions.
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activation was around 740 mV. When the currents elicited
from HP 750 mV were subtracted from the currents evoked
from HP 780 mV, a rapidly inactivating current with

negative threshold of activation was observed. This
rapidly-inactivating component of current reached a max-
imal amplitude at 720 mV, while the slowly-inactivating
current evoked from HP 750 mV reached its peak at +10

or +20 mV (Figure 1B). The rapidly- and slowly-inactivat-
ing components of the current are suggestive of T-type and
L-type currents respectively. The terms T-component and L-

component are hereafter used to describe the two current
components. The identity of T current was also con®rmed
by its resistance to Na+-removal and its inhibition by the T-

selective Ca2+ antagonist, mibefradil (Mishra & Herms-
meyer, 1994) (e�ective inhibition with 0.1 ± 1 mM, n=3)
(Figure 1C).

Figure 2A shows the availability of IBa at a +20 mV test
potential, observed using a range of 5 s conditioning potentials
from 7100 and +20 mV. The current, measured at its peak
(shown in Figure 2B, open squares), demonstrated a biphasic

inactivation curve which was ®tted with a double component
Boltzmann function:

y �A=�1� �exp��Vm ÿ VHalf1�=K1�
� B=�1� exp��Vm ÿ VHalf2�=K2�� � C

�1�

where y is the normalized current at any potential, Vm is the
membrane potential, VHalf1 and VHalf2 are the half-inactivation
potentials, K1 and K2 are the slope factors of the low (A) and

high threshold (B) inactivating fractions of the current,
respectively; and C is the fraction of current not inactivated.
VHalf1 was 768.4+4 mV and VHalf2 was 719.4+2 mV. The

fraction of A was 36.8+6.8% and the fraction of B
56.5+7.3% in nine cells.

The T-component should be most obvious at the peak of

the current, and also at more negative test potentials, where it
is prominent and the L-component is only slightly activated.
Conversely, the L-component should predominate at more

positive test potentials, and at the end of the pulse (300 ms),
since the T-component will have almost completely inacti-
vated. The availability of end-of-pulse current at a test
potential of +20 mV (L-component, ®lled squares) was

therefore compared with that of the peak current at a test
potential of 720 mV (T-component, ®lled circles), elicited
following 5 s conditioning potentials, using a single compo-

nent Boltzmann function:

y � �1ÿA�=�1� exp��Vm ÿ VHalf�=K� �A� �2�
The end of pulse currents at the +20 mV test pulse had a high
voltage-range of inactivation (VHalf=716.4+7.6 mV, n=8;
Figure 2B, solid squares). By contrast, the peak currents at the
720 mV test pulse had a low threshold of inactivation

(VHalf=765.3+1.8 mV, n=6; Figure 2B, solid circles). These
values were not signi®cantly di�erent than those derived from
the two-component ®tting of the overall current peak.

Taken together, the results of Figures 1 and 2 indicate that
HMSMCs exhibit two distinct components of Ca2+ channel
current; a T-type component with negative ranges of activation

and inactivation and a rapid decay, and an L-type component
with more positive ranges of activation and inactivation, and
slower inactivation kinetics.

Voltage-dependence of current blockade by nimesulide

In these experiments a concentration of nimesulide (100 mM)

that causes 40 ± 50% inhibition of Ca2+ current was used

(Sawdy et al., 1998). Figure 3 illustrates the e�ects of 100 mM
nimesulide on the current-voltage curves in six cells resulting
when HP was either 780 (Figure 3A and C) or 750 mV

(Figure 3B and D). Currents were measured at both peak
(Figure 3A and B) and end of pulse (Figure 3C and D)
(300 ms). Regardless of the holding potential, both peak and
end-of-pulse current amplitudes (i.e. both T- and L-

components) were diminished by nimesulide over the whole
range of potentials (Figure 3). Apparent thresholds of
activation and potentials of maximum current amplitude at

either holding potential, however, were una�ected by
nimesulide. A complete dose response for the L-component
at +10 mV is presented in Figure 9.

The e�ect of nimesulide on the availability of the T- and
L-components was assessed using the protocol described for
Figure 2. We did not use speci®c inhibitors to isolate the L-

or T-components of the current in these experiments because
of the pronounced voltage-dependence of block demon-
strated by dihydropyridines (Sanguinetti & Kass, 1984 and
others), wherein the resultant leftward shift in the

availability would in¯uence the interpretation of the
remaining current as T-type and would interfere with
potential nimesulide-mediated changes in current availability.

For the availability of T-component, peak current at
720 mV was measured, and for the L-component, the
current was measured at the end of a test pulse to +20 mV.

100 mM nimesulide produced no signi®cant change in VHalf

Figure 3 In¯uence of 100 mM nimesulide on current/voltage
relationships in HMSMCs. (A, B) Peak current from holding
potentials (HP) of 780 mV (A) and 750 mV (B) in PSS and
100 mM nimesulide (NIM), with data normalized to the current at
+10 mV from HP 750 mV. (C, D) End of pulse current from HP
780 mV (C) and 750 mV (D) in PSS and 100 mM nimesulide
(NIM), with data normalized to the current at +10 mV from HP
750 mV. All data points are mean and s.e.mean of normalized
currents from the same six cells.
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for either L-component (716.5+1.7 mV, n=8) or T-
component (766.6+1.7 mV, n=6), indicating that no shift
occurred in the potential-dependency of availability for

either type of current (Figure 4).
In order to examine possible e�ects of more prolonged

conditioning potentials on the response to nimesulide, the
e�ect of 100 mM drug on currents elicited by pulses to +10 mV

were compared when membrane potential was held for several
minutes at 740 and 750 mV. Using measurements of the
current integral as an overall estimate of current amplitude,

there was no signi®cant di�erence in percent inhibition (resting
block) at the two holding potentials (see Figure 5).

E�ect of nimesulide on current kinetics

Figure 3 illustrates that nimesulide apparently caused a greater

inhibition of L-type current at the end of the pulse than at the
peak of the current, suggesting that it may have enhanced the
apparent rate of inactivation. Currents elicited by depolariza-
tions to +10 mV from HP 750 mV, in the presence and

absence of nimesulide, were therefore ®tted with a single
component exponential function:

y � ��1ÿ B��exp�ÿt=tau� � B� �3�
where y is current amplitude, t is time, tau is the time constant
(ms), and B is a constant representing non-inactivating current.

Because Ba2+ changes current kinetics, these experiments were
also repeated with 1.5 mM Ca2+ as the charge carrier. tau was
signi®cantly reduced by 100 mM nimesulide (NIM) with both
10 mM Ba2+ (PSS, 211+29 ms vs NIM, 105+8 ms, P50.01,

paired test, a 41+6% change, n=12) and 1.5 mM Ca2+ (PSS,
116+23 ms vs NIM, 69+6 ms, P50.05, paired test, a
31+6% change, n=9) as charge carrier. The kinetics of T-

type currents were una�ected by nimesulide (PSS, 37+4 ms vs
NIM 33+3 ms, n=7).

Use-dependency and recovery from inactivation of L-type
current

The increased decay rate of the current in nimesulide
suggested that the drug might have been causing a degree
of use-dependent block. This possibility was examined using
the following protocol and was adopted: following a control

burst of short (50 ms), high frequency (4 Hz) steps to

+10 mV from a 750 mV holding potential, 300 mM
nimesulide was applied during a 3 min resting period at
750 mV. This was immediately followed by an identical

burst of short rapid steps to +10 mV in the continued
presence of nimesulide.

Under control conditions, current amplitude fell progres-
sively during the rapid short depolarizations, but recovered

during the three minute rest (Figure 6A), and then fell in a
similar manner during a second train of pulses. When
nimesulide was added during the rest period, current amplitude

was immediately decreased during the ®rst of the subsequent
train of test pulses (Figure 6B), and then fell further during the
train. Results of a number of experiments of this type are

shown in Figure 6C. Normalization of the data revealed that
the fall in current amplitude during the pulse train applied in
the presence of drug was exaggerated compared to that

observed during the control period (Figure 6D).
These results suggested that the e�ect of nimesulide on the

current was use-dependent, possibly because drug unbinding
from the channel was incomplete during high-frequency

stimulation. In order to investigate this more directly, the
e�ect of nimesulide (300 mM) on recovery of the L-type current
from inactivation was also investigated. Cells were stepped for

500 ms to +10 mV from a holding potential of750 mV in the
presence or absence of drugs, and then a second depolarization
to +10 mV was imposed, with the interval between the two

pulses increased incrementally to determine the time-depe-

Figure 5 Summary of the percent inhibition of L-type (A: integrated
current) and T-type (B: Peak current) components of IBa in
conditions of di�ering pHo/pHi and di�erent holding potentials.
*Inhibition of L-type current was signi®cantly greater at HP
740 mV than at HP 750 mV (P50.01, n=6±12 cells). {Inhibition
of L-type current was signi®cantly greater at pH 6.8/6.8 and pH 6.8/
7.2 than at pH 7.4/7.2 for both HP 750 mV (P50.05 by ANOVA)
and HP 740 mV (P50.001 by ANOVA).

Figure 4 In¯uence of nimesulide on availability of T-type and L-
type Ca2+ currents in HMSMCs. 5 s pre-conditioning pulses to
between 7100 mV and +20 mV followed by 300 ms depolarizations
to either 720 mV (T-type current, n=6, peak current measured) or
to +20 mV (L-type current, n=8, end of pulse current measured) in
the absence (PSS) and presence (NIM) of 100 mM nimesulide.
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nency of recovery. Figure 7 shows that the recovery of these
currents from inactivation was signi®cantly slowed in the
presence of 300 mM nimesulide.

E�ect of lowering pH on block of Ca2+ channel currents
by nimesulide

The modulated receptor hypothesis (see discussion) states that
Na+ and Ca2+ channel antagonists in their ionized forms bind
preferentially to the open state of the channel, and in their

neutral forms interact predominantly with the inactivated and
resting states. Nimesulide is a weak acid with a pKA of 6.5
(Magni, 1991). According to the Henderson-Hassalbach

equation, nimesulide will be 88.8% ionized at pH 7.4 (pH
outside the cell or pHo) and 83.4% ionized at pH 7.2 (pH inside
the cell and pipette or pHi), and will become less ionized as the

pH is decreased. We therefore investigated whether the degree
of resting block by nimesulide and the e�ect of nimesulide on
channel inactivation were altered when both pHo and pHi were
lowered to 6.8 (i.e. pHo/pHi=6.8/6.8) (66.6% ionization; a

trebling of the neutral drug concentration).
In addition, in order to evaluate whether the ionized form of

the drug played any role in channel blockade, the e�ect of

100 mM nimesulide on resting block and steady-state inactiva-
tion was also evaluated in cells where the pHo was 6.8 and pHi

was 7.2 (i.e. pHo/pHi=6.8/7.2). Due to ion trapping, these

conditions result in a similar steady-state intracellular
concentration of neutral drug as with pH 6.8 on both sides
of the membrane, but increase the steady-state intracellular

concentration of ionized drug by 2.5 fold.
Estimates of the degree of resting block of the T- and L-

components of IBa produced by 100 mM nimesulide at the pHo/

pHi of 7.4/7.2, 6.8/6.8 and 6.8/7.2 are described in Figure 5.
The T-component was isolated using 300 ms test depolariza-
tions to 720 mV from HP 790 mV. Using this protocol, and

due to the unusually large T-current in these cells, peak current
was approximately 90% T-type. L-type current was isolated by
applying 300 ms steps to either +10 or +20 mV from HP
750 mV and measuring the integral of the current (At HP

750 mV, T-current is more than 90% inactivated). Percent
inhibition of the L-component but not the T-component of IBa
by 100 mM nimesulide was signi®cantly greater under both sets

of lower pH conditions than at 7.4/7.2 (L-component: P50.05
by ANOVA, n=9±12 cells; T-component: P=NS by
ANOVA, n=6±7 cells).

As shown in Figure 8, inactivation curves when pHo/
pHi=6.8/6.8 for L-component (isolated using a +20 mV test
pulse and measuring current at the end of the pulse) and T-

component (isolated using a720 mV test pulse and measuring
peak current) were both signi®cantly shifted to the left by
100 mM nimesulide, giving a mean shift in the Vhalf of
77.3+1.3 mV for L-component (from 717.7+1.0 mV in

PSS to 722.0+1.5 mV in NIM, n=6, P50.01, paired t-test)
and74.6+0.8 mV for T-component (from763.4+2.1 mV in
PSS to 768.0+2.7 mV in NIM, n=6, P50.01, paired t-test).

Nimesulide also produced a similar hyperpolarizing shift in
the inactivation of both L- and T-components of IBa when pHo/
pHi=6.8/7.2. The mean shift in Vhalf was79.6+2.2 mV for L-

component (from 716.2+2.1 mV in PSS to 725.8+1.1 mV
in nimesulide, n=6, P50.01, paired t-test) and 75.9+0.9 mV
for T-component (from 761.7+3.3 mV in PSS to

767.6+4.1 mV in nimesulide, n=7, P50.01, paired t-test).
To con®rm this apparent voltage-dependence of block at

the lower pHo/pHi (either 6.8/6.8 or 6.8/7.2) the apparent

Figure 6 Use-dependence of IBa current block by nimesulide in HMSMCs. Currents elicited by a 7 min burst of short and rapid
(50 ms, 4 Hz) depolarizations to +10 mV from a holding potential of 750 mV, followed by a 3 min rest period at 750 mV and
then a further 7 min burst of short rapid pulses to +10 mV. Nimesulide was applied at the start of the rest period and was present
throughout the second burst of rapid pulses. (A) Representative control experiment showing traces before (PSS1) and after (PSS2) a
3 min rest period, in the absence of nimesulide. (B) Representative current traces before (PSS) and after (NIM, 300 mM nimesulide)
the 3 min rest period, respectively. Every fourth current trace is shown. (C) E�ect of nimesulide on peak current in four cells (mean
and s.e.mean). (D) Same data as in (C) normalized to the zero time-point, showing per cent inactivation of current.
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inhibition of the L-component of IBa by 100 mM nimesulide was
further estimated using a slightly depolarized HP of 740 mV.
This blockade was signi®cantly greater than from HP

750 mV, both at pHo/pHi=6.8/6.8 and 6.8/7.2 (P50.05) but

not at pHo/pHi=7.4/7.2 (Figure 5). At HP740 mV, there was
a similar signi®cant variation in the degree of inhibition
between the three pH conditions at HP 750 mV (P50.001 by

ANOVA, n=6±9 cells).

Figure 7 In¯uence of nimesulide on IBa recovery from inactivation in HMSMCs. 500 ms depolarization pulses from 750 mV to
+10 mV followed at increasing intervals by a further 50 ms pulse to +10 mV. (A) Representative traces showing currents in the
presence of PSS and 300 mM nimesulide (NIM) in the same cell. (B) Per cent inactivation at each time interval, in the absence (PSS)
and presence of 300 mM nimesulide (NIM), calculated by taking the peak current amplitude at each 50 ms pulse as a percentage of
the corresponding 500 ms pre-pulse (mean and s.e.mean, n=5 cells). *P50.05 by student t-test.

Figure 8 In¯uence of nimesulide on availability of T- and L-components of IBa in HMSMCs when pHo/pHi is 6.8/6.8. 5 s pre-
conditioning pulses to between 7110 and +20 mV followed by 300 ms depolarizations to either 720 mV (T-type, n=6, peak
current measured) or to +20 mV (L-type, n=6, end of pulse current measured) in the absence (PSS) and presence (NIM) of 100 mM
nimesulide.
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A full dose-response for inhibition of L-component by
nimesulide at pHo/pHi=7.4/7.2 is presented in Figure 9
(squares). This mean data was ®tted to a sigmoidal curve and
an EC50 of 155 mM for nimesulide was estimated. Further dose-

responses were constructed using pHo/pHi=6.8/6.8 (circles) or
6.8/7.2 (triangles) from an HP of 740 mV. Sigmoidal curves
were also ®tted to these two sets of mean data and estimates of

EC50 values of 46 and 47 mM, respectively were obtained. The
similar sensitivity of the current to nimesulide under these two
sets of conditions, together with the similar shift in the

availability (see above), suggest that the concentration of
ionized drug inside the cell (which is 2.5 times greater when
pHo/pHi=6.8/7.2 than when it is 6.8/6.8 or 7.4/7.2) does not
in¯uence the degree of inhibition.

As at normal physiological pH (i.e. pHo/pHi=7.4/7.2, see
above), current decay of the L-component was accelerated by
nimesulide when pHo/pHi was 6.8/6.8 (tau: PSS, 142+19 ms vs

100 mM NIM, 75+2 ms, n=9, P50.01 paired t-test) and when
it was 6.8/7.2 (tau: PSS, 161+21 ms vs 100 mM NIM,
90+7 ms, n=9, P50.01 paired t-test). The percentage change

in tau was similar under all three sets of pH conditions (7.4/7.2:
41+6%, 6.8/6.8: 41+6% and 6.8/7.2: 42+3%).

Discussion

L- and T-type Ca2+ currents in HMSMCs

We have provided electrophysiological and pharmacological
evidence for both L-type and T-type Ca2+ currents in freshly

dispersed HMSMCs. The apparent absence of a Na+

current contrasts with several studies in pregnant and non-
pregnant rat myometrium, where co-expression of L-type

Ca2+ current with fast TTX-sensitive Na+ current was
evident, but no T-type current was identi®ed (Ohya &
Sperelakis, 1989; Miyoshi et al., 1991; Inoue & Sperelakis,
1991; Yoshino et al., 1997). mNav2.3 mRNA expression was

also detected in mouse uterus (Knittle et al., 1996). In
human myometrium a Na+ current is clearly present in
cultured pregnant human myometrial cells and a leiomyo-

sarcoma cell line (Young & Herndon Smith, 1991; Kusaka
& Sperelakis, 1996), but has not been reported in freshly
dispersed pregnant myometrial cells (Inoue et al., 1990;

Young et al., 1991; 1993), in which a low threshold T-type
Ca2+ current was observed. We have con®rmed the presence
of a T-type current in our HMSMCs with inhibition by the

selective T-type channel blocker mibefradil, while the lack of
e�ect of Na+ removal on the transient inward current
con®rms the lack of a Na+ current.

Resting block of L- and T-type currents by nimesulide

In a recent study (Sawdy et al., 1998) we reported that

nimesulide, a selective COX-2 inhibitor (Taniguchi et al., 1995;
Miralpeix et al., 1997) and potential tocolytic agent (Sawdy et
al., 1997), relaxes spontaneously contracting human myome-

trium in vitro, and suggested that, at least in part, this occurs
via inhibition of the myometrial calcium current. We have now
further characterized the calcium antagonist properties of

nimesulide.
The block of IBa by 100 mM nimesulide at physiological pH

(pHo=7.4, pHi=7.2) did not appear to demonstrate any
dependency on the holding potential. No shift of the

inactivation curve of either L-type currents or T-type currents
was observed when 5 s conditioning pulses were used, and
block of the current was similar at HP 750 and 740 mV.

Furthermore, nimesulide did not alter the shape of the I ±V
curve at either holding potential (780 or 750 mV), either
when peak current was measured or when current was

measured at the end of the pulse, and there was no discernible
shift in the apparent threshold of activation or potential of
maximum activation.

An interesting aspect of block by nimesulide is its lack of

selectivity for either L-type or T-type currents. The T-type
calcium current is quite pronounced in myometrial smooth
muscle cells, but its relevance to myometrial contractility is

unknown. However, the current may be large enough that
despite the very negative range of inactivation, a small
percentage of channels available at the resting membrane

potential may be enough to contribute to initiating slow wave
depolarization, which then causes the ®ring of action
potentials. It is possible therefore that block of T-type channels

may contribute to nimesulide's inhibitory e�ect on myometrial
contractility.

State-dependent channel block by nimesulide

The observation that considerable block of current was
observed during the ®rst depolarization following a 3 min

incubation with nimesulide (Figure 6C), indicated that the
greatest part of the block developed under these conditions
was via binding of nimesulide to the channel in its closed

(resting) state. However, nimesulide also blocked the L-type
current signi®cantly more when measured at the end of the
300 ms pulse than at the current peak, suggesting that it
might accelerate current decay. This was con®rmed by

Figure 9 E�ect of extracellular (pHo) and intracellular pH (pHi) on
the concentration-dependent inhibition of L-type Ca2+ current by
nimesulide. Points represent the mean and s.e.mean of integrated
current at +10 mV in 9 ± 12 cells at each concentration. Steady state
inhibition at each concentration was reached within 3 min.

Block of calcium currents by nimesulide1476 G.A. Knock & P.I. Aaronson



calculating time constants of current decay in the absence
and presence of nimesulide. This e�ect was similar and
signi®cant either with 10 mM Ba2+ or with 1.5 mM Ca2+ as

charge carrier, and was apparently independent of pH. In
addition to accelerating current decay, nimesulide signi®-
cantly enhanced the decline of the current which developed
during a train of brief high frequency depolarizations, and

also signi®cantly slowed recovery of the current following a
500 ms voltage step. These enhanced current decay and use-
dependent properties suggest that block of IBa by nimesulide

may also be promoted by channel opening (Yeh et al., 1982;
Lee & Tsien, 1983).

The phenylalkylamines, including verapamil and its

derivative D600, and the benzothiazepine diltiazem, are
predominantly frequency- and use-dependent and appear to
bind preferentially to the open state of the channel (Lee &

Tsien, 1983; McDonald et al., 1993). Furthermore, the
degree of use-dependence of a drug may be predicted by the
degree of ionization of the drug at physiological pH. This is
evident with D600 (pKA 8.5, 93% ionized at pH 7.4) and

verapamil (pKA 9.7, 96% ionized at pH 7.3) which are both
wholly use-dependent at physiological pH (Sanguinetti &
Kass, 1984; Uehara & Hume, 1985). Diltiazem is inter-

mediate (pKA 7.7, 67% ionized at pH 7.4) so that lowering
the pH to 6.5 increases the per cent of ionized drug to 95%
and increases the degree of use-dependence (Uehara &

Hume, 1985). On the other hand, the dihydropridines such
as nifedipine (pKA 1.0), nicardipine, nisoldipine and
nitrendipine are wholly neutral and cause large hyperpolar-

izing shifts in the steady-state inactivation, indicative of
preferential binding to the inactivated state of the channel
and demonstrate little or no use-dependence at physiological
pH (Sanguinetti & Kass, 1984; Uehara & Hume, 1985; Bean

et al., 1986; Terada et al., 1987).
Nimesulide di�ers from these antagonists, in that due to its

sulfonilamide group it is a weak acid (Magni, 1991). Thus

lowering the pH from 7.4 to 6.8 decreases the amount of
ionized drug and increases the amount of the neutral form of
the drug from 11.2 to 33.4%. This 3 fold increase in

concentratioan of neutral drug paralleled the increased block
by nimesulide when pHo/pHi was 6.8/6.8 (Figure 5).
Furthermore, if the ionized form of the drug was contributing
to resting block, when pHo/pHi was 6.8/7.2, where the

concentration of ionized drug inside the cell would be
increased 2.5 fold by an ion trapping e�ect, and neutral drug
concentration would be the same as at 6.8/6.8, the potency of

nimesulide would be even greater. Since this was not the case,
we concluded that the neutral form of the drug is
predominantly responsible for block of the resting channel.

In addition, nimesulide caused a 7.3 mV leftward shift of
the inactivation curve of the L-component when the pH was
6.8 both in the bath and pipette solutions. According to Bean

et al. (1984), this shift can be used to calculate the a�nity of
the drug for the inactivated state (KI), as follows:

�Vhalf � kln��1�N=KR�=�1�N=KI�� �5�
Where DVhalf is the shift in the inactivation, k is the slope
factor, and N is the drug concentration. Assuming that only
the neutral form of the drug binds to the resting state of the

channel, the a�nity for the resting state, KR, is estimated from
an approximate EC50 of 155 mM at pH 7.4 of which 11.2% is in
the neutral form and, assuming that changing the pH does not

change the a�nity of the drug for the channel, giving a KR of
18 mM for the neutral form of the drug. With a DVhalf of
77.3 mV at pH 6.8, KI is estimated as 4.7 mM for the neutral
form of the drug.

The possibility that nimesulide binds with a higher a�nity
to the inactivated state of the channel is entirely consistent with
the observation that, at pHo 6.8, when the holding potential

was set at 740 mV there was signi®cantly more block than
when the holding potential was 750 mV. The fact that this
reduction in holding potential did not cause additional block
of the L-component at pHo 7.4 or shift the current availability,

was most likely because the concentration of neutral drug was
very low under this condition.

The absence of a signi®cantly greater hyperpolarizing shift

in current availability when pHo/pHi was 6.8/7.2 compared to
when it was 6.8/6.8, suggests that the ionized form of the drug
does not contribute to inactivated channel blockade.

Taken together these observations are consistent with the
concept that nimesulide blocks the Ca2+ channel in resting,
inactivated and open states. The block of resting and inactivated

channels is largely caused by the neutral form of the drug. The
e�ect of nimesulide on current decay was similar under all three
sets of pH conditions and was not apparently in¯uenced by the
concentrations and relative proportions of neutral and ionized

drug in the bath and in the intracellular medium. However, the
underlying rate of current decay was also accelerated at the
lower pH, making interpretation of these data di�cult.

Nimesulide also caused a small but signi®cant leftward shift
in the availability of the T-component when pHo/pHi was
either 6.8/6.8 or 6.8/7.2. The extent to which this e�ect might

contribute to nimesulide's potency as a myometrial relaxant is
unclear, given our lack of knowledge concerning the role of the
T-current in myometrial contractility.

Channel block, pH, and tocolysis

The increased potency of nimesulide at lower pH is also

potentially of relevance to the use of nimesulide as a
tocolytic agent. Although the pH of the myometrium
appears not to have been measured during labour, there is

substantial circumstantial evidence for a signi®cant myome-
trial acidi®cation at this time. It is thought that during
labour there is progressive ischemia of the myometrium

which is only relieved after delivery. The lactate concentra-
tion in the maternal venous circulation increases to 4 ± 5 mM

during the ®nal stages of labour (Piquard et al., 1991). This
lactate almost certainly originates in the myometrium, since

peaks in blood lactate have been observed to occur in
association with labour contractions (Marx & Greene, 1964).
Precisely how far the intracellular pH falls during labour is

not known; however small transient intracellular acidi®ca-
tions were associated with spontaneous contractions of very
thin strips of rat myometrium even in oxygenated solution

(Taggart & Wray, 1993). An in vivo study of rats showed
that arti®cially induced ischemia reduced pH from 7.3 to 7.0
(Harrison et al., 1994). Acidi®cation of the myometrium

during labour in women should be even more pronounced,
since the muscle is thicker and contractions are much more
prolonged; more prolonged agonist-induced contractions in
rat myometrial strips caused a much greater acidi®cation

than spontaneous contractions (Taggart & Wray, 1994). In
addition, lactic acid is likely to accumulate in the
myometrium, since at delivery there is a reduction in

maternal arterial pH which is attributed to a ¯ooding of
lactic acid into the circulation (Cohen et al., 1970). Both
acidi®cation of the myometrium during the contractions of

labour, and the increased level of Ca2+ channel inactivation
associated with prolonged slow wave depolarizations, are
predicted by our results to greatly enhance the in vivo
potency of nimesulide as a myometrial relaxant. Nimesulide,
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which is otherwise a rather weak Ca2+ antagonist, may
therefore be targeted to myometrial Ca2+ channels during
labour, in addition to its COX-2 inhibitory action in foeto-

placental membranes.

We would like to thank the Tommy's Campaign for supporting this
study.
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