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Abstract
There is now considerable evidence for the involvement of K+ channels in nitric oxide (NO)
induced relaxation of smooth muscles including the myometrium. In order to assess whether
apamin-sensitive K+ channels play a role in NO – induced relaxation of the human uterus, we have
studied the effect of specific blockers of these channels on the relaxation of myometrium from nonpregnant women. In vitro isometric contractions were recorded in uterine tissues from nonpregnant premenopausal women who had undergone hysterectomy. Apamin (10 nM) and
scyllatoxin (10 nM) did not alter spontaneous myometrial contractions. However, 15-min
pretreatment of the myometrium strips with apamin completely inhibited relaxation caused by
diethylamine-nitric oxide (DEA/NO). The pretreatment with scyllatoxin significantly reduced
(about 2.6 times) maximum relaxation of the strips induced by DEA/NO (p < 0.05). These results
strongly suggest that, beside Ca2+ and voltage dependent charybdotoxin-sensitive (CTX-sensitive)
K+ channels, apamin-sensitive K+ channels are also present in the human non-pregnant
myometrium. These channels offer an additional target in the development of new tocolytic agents.

Background
Nitric oxide has been shown to be a potent inhibitor of
spontaneous contractile activity of the myometrium from
non-pregnant women. It has recently been shown that
contrary to the finding in some smooth muscle, in the myometrium from non-pregnant women, there was no causal relationship between the relaxation induced by NO
donors and the elevated production of cGMP [1,2]. A
number of recent studies on both vascular and uterine
smooth muscle have provided evidence for the involvement of potassium (K+) channels in relaxation induced by
nitric oxide (NO) donors [3–8].

In smooth muscle, K+ channels play an important role in
regulation of cell membrane excitability and contractile
activity of the tissue [3–8]. K+ channels consist of a diverse
group of proteins with disparate structural features and
controlling mechanisms. Calcium (Ca2+)-dependent K+
channels have been found in many smooth muscles including myometrium from different species [4,9–12].
Ca2+-activated K+ channels up to now identified in human myometrium represent the type of large-conductance
and voltage-dependent channels (BK) blocked by charybdotoxin (CTX) and iberiotoxin [11,13]. However, other
classes of Ca2+-activated K+ channels may exist in smooth
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muscle cells including K+ channels with intermediate (IK)
and small unitary conductance (SK) [14,15].
Ca2+-activated K+ channels with small conductance found
in different visceral smooth muscles [4,16,17] have so far
not been identified in human myometrium. These channels, so called apamin-sensitive K+ channels are specifically blocked by a bee venom toxin, apamin [18,19] and
scyllatoxin (leiurotoxin I), a toxin from the venom of the
scorpion Leiurus quinquestriatus Hebraeus [20,21]. Calcium-dependent apamin-sensitive SK channels and CTXsensitive BK channels can apparently co-exist in the same
cell [18,22]. Recently, it has been demonstrated that the
intermediate conductance K+ channels, sensitive to both
apamin and charybdotoxin exist in mouse intestinal
smooth muscles and rat renal arterioles [14,15].
Although, inhibition of smooth muscle contraction by K+
channels openers is a well-recognized mechanism, information on the expression and characteristics of various
channels is needed to develop tissue and channel type
specific K+ channel openers. In order to assess whether
apamin-sensitive K+ channels play any role in NO induced relaxation, we have in this study examined the effect of specific blockers of these channels on the relaxation
of myometrium from non-pregnant women.

Methods
Human uterine tissues were collected from 14 non-pregnant premenopausal women (age, 41–50 years; median,
46 years) who had undergone hysterectomy because of either dysfunctional bleeding, benign uterine tumors or cervical malignancy. All women were recruited from patients
of the Department of Gynecology, Medical Academy of
Bialystok, Poland. The women were informed about the
nature and procedure of the study and gave their written
consent. The local ethics committee approved the study.
Myometrial samples were excised transversally from the
fundus of uterus, placed in an ice-cold physiological salt
solution and immediately transferred to the laboratory
where processed as previously described [23]. Briefly, 4–8
strips, 6–7 mm in length and 2 × 2 mm of cross section
area were obtained under a dissecting microscope. The
strips were then mounted in an organ bath containing 20
ml of physiological salt solution (PSS) at 37°C, pH 7.4
and bubbled with carbogen (95% O2 + 5% CO2). Strips
were left for the equilibration period of 1–2 hours. During
that period the passive tension was adjusted to 3 mN.
Activity of myometrium was recorded under isometric
conditions by means of force transducers with digital output. The spontaneous contractile activity was treated as a
control. After the recording of spontaneous activity the response of myometrium to nitric oxide and K+ channel
blockers was recorded. Quantification of the responses
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was done by calculation of area under the curve (AUC),
amplitude and frequency of contractions. The area was
measured from the basal tension over a 10-min period after each stimulus. The effects were evaluated by comparing experimental responses with the controls (set as
100%).
Diethylamine-nitric oxide (DEA/NO), which has been
shown previously to inhibit spontaneous activity in human [2,24] or rat [12] myometrium, in a concentrationdependent manner, was used as NO donor. Three or four
strips from the same uterus were studied in parallel. One
of them was always treated as a control and regularly
washed with PSS. DEA/NO was given cumulatively directly into the organ bath in log increments within the concentrations range 10 nM to 100 µM. The effect of DEA/NO
was observed in the absence and after 15 minutes preincubation with 100 nM CTX, 10 nM apamin or 10 nM scyllatoxin. The contact time for each concentration was 10
min. Only one concentration-response curve was obtained for each strip.
Chemicals
DEA/NO, a generous gift of dr Larry K. Keefer from Laboratory of Comparative Carcinogenesis, National Cancer
Institute, Frederick, Maryland, USA, was dissolved in a 10
mM NaOH, and kept cold until dilution with cold pH 7.4
buffer immediately before addition to a bathing medium
[25]. The concentration of NaOH in the organ bath never
exceeded 0.001% v/v and had no influence on the experimental responses. Apamin and scyllatoxin, purchased
from Sigma Chemical Company, were dissolved in distilled water. All substances were added directly to the organ bath containing physiological salt solution composed
of (mM): NaCl 136.9; KCl 2.68; MgCl2 1.05; NaH2PO4
1.33; CaCl2 1.80; NaHCO3 25.0; glucose 5.55.
Statistical analysis
All data were analyzed statistically with PRISM 3.0
(GraphPad Software Inc., San Diego, Calif.). The data
were analyzed with ANOVA, Friedman test or Wilcoxon
matched pairs signed rank test, where appropriate. The
statistical significance was considered when probability
value was P < 0.05.

Throughout the paper the results are expressed as mean ±
S.E.M. and n denotes the number of tissues obtained from
different patients. In the case when the same protocol was
run on two strips from the same uterus, the data were
averaged.

Results
All experiments were performed on myometrial strips exhibiting regular, spontaneous contractile activity after
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Figure 1
Original recordings showing typical effects of DEA/NO on spontaneous contractile activity of the myometrium from non-pregnant women: (A) spontaneous activity and the response to depolarization caused by the solution containing high concentration
of K+ (80 mM); (B) the effect of a cumulative administration of DEA/NO; (C) the effect of DEA/NO on tissue pretreated with
10 nM apamin; (D) the effect of DEA/NO on tissue pretreated with 10 nM scyllatoxin
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Figure 2
Concentration – response relationships of DEA/NO-induced relaxation before and after pretreatment with blockers of Ca2+sensitive K+ channels: (A) DEA/NO alone (n = 10), DEA/NO after preincubation with 10 nM scyllatoxin (n = 5), or 10 nM
apamin (n = 10); (B) DEA/NO in the absence and presence of 100 nM CTX (n = 10). Each point represents the mean ± SEM
and * indicates effects significantly different from those observed in absence of the blockers (ANOVA). The spontaneous contractile activity was treated as a control.

equilibration (Fig. 1A). The mean frequency of
contractions was 3.95 ± 0.3 per 10 min and its mean amplitude was 6,06 ± 0.46 mN (n = 24).
Cumulative administration of DEA/NO (10 nM – 100
µM) caused an inhibition of the spontaneous activity in a
concentration – dependent manner (Fig. 2). The mean
AUC calculated for the highest concentration of DEA/NO
was (51.95 ± 4.68)% of control. The effect was seen as a
decrease of amplitude of contractions and a gradual reduction of its frequency (Fig. 1B). Both effects were statistically significant (Friedman test). Removing of DEA/NO
from the bathing medium by washing with the PSS (two
times in 15 min interval) caused gradual return of the contractile activity (Fig. 3). Charybdotoxin (100 nM), a blocker of Ca2+-sensitive potassium channels with large
conductance caused no change of amplitude, and frequency of the spontaneous contractions (Wilcoxon

matched pairs rank test) (Fig. 4). However, 15 min pretreatment of the strips with 100 nM CTX completely inhibited the DEA/NO induced decrease of AUC and amplitude of contractions (n = 10) (Fig. 2B and 5). In the
presence of CTX, a small but nevertheless statistically significant decrease of the frequency was observed for the
highest concentration of DEA/NO (100 µM).
In experiments performed on tissues taken from 10 women, we studied the effect of apamin, a blocker of Ca2+-dependent K+ channels with small conductance on DEA/NO
– induced relaxation of the myometrium. Apamin at a
concentration of 10 nM did not alter spontaneous myometrial contractions. In presence of apamin, the mean values of amplitude and frequency of contractions did not
differ significantly from those observed before the blocker
administration (Wilcoxon matched pairs rank test) (Fig.
4). However, pretreatment of myometrium strips with 10
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Figure 3
Original recording showing effects of DEA/NO on spontaneous contractions of the myometrium from non-pregnant women
followed by reappearing of the contractile activity after wash-out with the PSS solution.

nM apamin for 15 minutes resulted in complete inhibition of relaxation caused by a cumulative administration
of DEA/NO. In the presence of apamin, the mean AUC
value at the highest DEA/NO concentration in the bath
medium was (97.13 ± 2.73)%. This value did not differ
significantly from that calculated for the spontaneous
contractions (p > 0.05) (Fig. 1C, 2A and 5).

Discussion and conclusions

To test this effect we used scyllatoxin, a polypeptide isolated from scorpion venom, that blocks the apamin-sensitive
K+ channels in other tissues [20,21]. In a separate group of
five experiments, scyllatoxin (10 nM), like apamin, did
not alter spontaneous myometrial activity (Fig. 4). However, pretreatment of tissue with 10 nM scyllatoxin considerably reduced the DEA/NO-induced relaxation of the
strips (Fig. 2A and 5). In the presence of 10 nM scyllatoxin, the mean AUC value at 100 µDEA/NO in the bath medium was (81.63 ± 2.54)%. Thus, in presence of 10 nM
scyllatoxin, the maximum of DEA/NO-induced relaxation
of the myometrium strips was about 2.6 times smaller
than that recorded in the absence of the blocker. The difference was statistically significant (P < 0.05). However,
the reduction of the DEA/NO-induced relaxing effect by
scyllatoxin was, lower than that observed after pretreatment with apamin After pretreatment with 10 nM scyllatoxin the AUC value calculated for 100 µM DEA/NO
(81.63 ± 2.54%) significantly differed from that calculated in presence of 10 nM apamin (97.13 ± 2.73%).

Relaxation of many smooth muscles by NO donors involves activation of K+ current resulting in hyperpolarisation of cell membrane. K+ channels may be activated by
pathways involving direct action by NO and/or cGMPmediated mechanisms [26,27]. In majority of smooth
muscles, the relaxing effect of NO is related to opening of
large-conductance Ca2+ and voltage dependent K+ channels blocked by charybdotoxin and iberiotoxin (BK).
Present data show that, in the myometrium from nonpregnant women, the relaxation of spontaneous contractions induced by DEA/NO is inhibited by charybdotoxin.
The same effect has been observed before [1]. Thorough
analysis revealed, however, that although CTX completely
inhibited the DEA/NO-induced decrease of amplitude it
was less efficient in preventing the lowering of frequency.
Using contraction as the only indicator of the DEA/NO influence on the myometrium activity, we can only speculate about a mechanism of the observed effect. The
concentration of CTX used in the experiments inhibits
about 80% of potassium current through BK channels

The present data show that DEA/NO causes concentration-dependent decrease of AUC, amplitude and frequency of the myometrium from non-pregnant women. The
blockers of both SK and BK channels reduce the DEA/NOinduced inhibition of spontaneous activity of the
myometrium.
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Figure 4
Effects of Ca2+-sensitive K+ channel blockers on amplitude and frequency of spontaneous contractions. Each bar represents
the mean ± SEM of 10 (apamin), 5 (scyllatoxin), and 10 (CTX) experiments.
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DEA/NO-induced changes of amplitude and frequency of contractions observed in the absence and after incubation with Ca2+sensitive K+ channel blockers. Each bar represents the mean ± SEM of 10 (apamin), 5 (scyllatoxin), and 10 (CTX) experiments
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[32]. That means that a fraction of this channels could remain unblocked, accessible to NO donated by DEA/NO.
The fact that only the frequency of contractions is sensitive
to activation of this fraction may indicate that, in presence
of 100 nM CTX, other types of K+ channels play predominant role in controlling the amplitude of contractions. It
also implies that NO donated by DEA/NO inhibits the
spontaneous contractile activity reducing excitability of
the myometrium cells by taking their membrane potential
away from the threshold for action potential generation.
Our data indicate that also apamin and scyllatoxin, blockers of small conductance K+ channels can counteract DEA/
NO-induced relaxation. Apamin is a blocker of Ca2+ sensitive K+ channels with small conductance [28]. In
different smooth muscles the maximum effective concentrations of apamin are within the range 1 nM to 1 µM
[14,29,30]. The lack of NO-induced inhibition of contractile activity that we observed in the presence of 10 nM
apamin suggests the existence of apamin-sensitive K+
channels in cell membrane of the myometrium from nonpregnant women. On the other hand, in some smooth
muscle preparations from animals intermediate conductance K+ channels exist that are sensitive to both CTX and
apamin [14,15]. The similar effects of CTX and apamin on
the relaxation caused by DEA/NO suggest that the same
channel may be a target for both blockers. Such a conclusion, however, is inconsistent with data obtained in presence of scyllatoxin, a blocker of Ca2+-activated K+
channels with small conductance [21] that has no effect
on intermediate or large conductance, Ca2+-activated K+
channels [31]. The decrease of NO-induced inhibition in
presence of scyllatoxin shown here supports the suggestion that Ca2+-activated K+ channels with small conductance exist in the myometrium from non-pregnant
women. The difference between effects of equimolar concentrations of apamin and scyllatoxin is in agreement
with the fact that the scyllatoxin affinity to the SK channels is 10 – 20 lower than that of apamin [30,32].
Our findings, however, are not in agreement with the data
reported by others. Perez et al. [11] using cell membranes
from myometrium from non-pregnant women that were
incorporated into lipid bilayer have founded no apaminsensitive K+ currents in this preparation. The lack of sensitivity to apamin was also observed in a beta-subunit of
maxi KCa channel from human myometrium expressed in
Xenopus laevis oocytes [33]. The discrepancy between our
findings and the electrophysiological observations
[11,33] may be explained by assuming that exposure to
NO or metabolic activation is required to activate the
apamin-sensitive K+ channels. It has been observed that
the transfer of ionic channels to the artificial environment
resulted in an inactivation of these channels [34,35].
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The data of the present study strongly suggest that, the
apamin-sensitive K+ channels exist in the myometrium
from non-pregnant women. On the basis of our data we
cannot, however, preclude that in myometrium from
non-pregnant women exist channels sensitive to both
CTX and apamin similar to those reported in some
smooth muscles [14,15]. Further studies are necessary to
verify this hypothesis.
We have previously shown that K+ATP channel openers are
potent inhibitors of contractile responses of the myometrium of non-pregnant women induced by vasopressin, an agent implicated in the pathophysiology of
dysmenorrhoea [6]. Specific openers of apamin sensitive
K+ channels, if developed, should have strong potential in
the treatment of dysmenorrhoea.

References
1.
2.

3.

4.
5.
6.

7.
8.
9.

10.
11.
12.

13.

14.
15.

Bradley KK, Buxton IL, Barber JE, McGaw T and Bradley ME Nitric
oxide relaxes human myometrium by a cGMP-independent
mechanism. Am J Physiol 1998, 275:C1668-C1673
Modzelewska B, Sipowicz M, Saavedra JE, Keefer LK and Kostrzewska
A Involvement of K+ ATP channels in nitric oxide-induced inhibition of spontaneous contractile activity of the nonpregnant human myometrium. Biochem Biophys Res Commun 1998,
253:653-657
Anwer K, Oberti C, Perez G, Perez Reyes N, McDougall J, Monga M,
Sanborn B, Stefani E and Toro L Calcium-activated K+ channels
as modulators of human myometrial contractile activity. Am
J Physiol 1993, 265:C976-C985
Brayden JE Potassium channels in vascular smooth muscle. Clin
Exp Pharmacol Physiol 1996, 23:1069-1076
Hollingsworth M, Amedee T, Edwards D, Mironneau J and Savineau
JP The relaxant action of BRL 34915 in rat uterus. Br J
Pharmacol 1987, 91:803-813
Kostrzewska A, Laudañski T and Batra S Inhibition of contractile
responses of human myometrium and intramyometrial arteries by potassium channel openers. Acta Obstet Gynecol Scand
1996, 75:886-891
Lindeman KS, Fernandes LB, Croxton TL and Hirshman CA Role of
Potassium Channels in Hypoxic Relaxation of Porcine Bronchi in Vitro. Am J Physiol 1994, 266:L232-L237
Loutzenhiser RD and Parker MJ Hypoxia Inhibits Myogenic Reactivity of Renal Afferent Arterioles by Activating ATP-Sensitive K+ Channels. Circ Res 1994, 74:861-869
Kirber MT, Ordway RW, Clapp LH, Walsh JV Jr and Singer JJ Both
membrane stretch and fatty acids directly activate large
conductance Ca2+-activated K channels in vascular smooth
muscle cells. FEBS Lett 1992, 297:24-28
Kotlikoff MI and Kamm KE Molecular mechanisms of betaadrenergic relaxation of airway smooth muscle. Annu Rev
Physiol 1996, 58:115-141
Perez G, Toro L, Erlukar S and Stefani E Characterization of largeconductance, calcium-activated potassium channels from
human myometrium. Am J Obstet Gynecol 1993, 168:652-660
Okawa T, Vedernikov Y, Saade G, Longo M, Olson G, Chwalisz K and
Garfield R Roles of potassium channels and nitric oxide in
modulation of uterine contractions in rat pregnancy. Am J Obstet Gynecol 1999, 181:649-655
Khan R, Smith S, Morrison J and Ashford M Ca2+ dependence and
pharmacology of large-conductance K+ channels in nonlabor
and labor human uterine myocytes. Am J Physiol 1997,
273:C1721-C1731
Gebremedhin D, Kaldunski M, Jacobs ER, Harder DR and Roman RJ
Coexistence of two types of Ca2+-activated K+ channels in
rat renal arterioles. Am J Physiol 1996, 270:F69-F81
Vogalis F, Zhang Y and Goyal RK An intermediate conductance
K+ channel in the cell membrane of mouse intestinal smooth
muscle. Biochim Biophys Acta 1998, 1371:309-316

Page 7 of 8
(page number not for citation purposes)

Reproductive Biology and Endocrinology 2003, 1

16.
17.

18.
19.
20.

21.
22.

23.

24.

25.
26.

27.
28.
29.

30.
31.

32.

33.

34.
35.

Fujii K, Foster CD, Brading AF and Parekh AB Potassium channel
blockers and the effects of cromakalim on the smooth muscle of the guinea-pig bladder. Br J Pharmacol 1990, 99:779-785
Suzuki K, Ito KM, Minayoshi Y, Suzuki H, Asano M and Ito K Modification by Charybdotoxin and Apamin of Spontaneous Electrical and Mechanical Activity of the Circular Smooth Muscle
of the Guinea-Pig Stomach. Br J Pharmacol 1993, 109:661-666
Romey G, Hughes M, Schmid-Antomarchi H and Lazdunski M
Apamin: a specific toxin to study a class of Ca2+ – dependent
K+ channels. J Physiol (Paris) 1984, 79:256-264
Lefebvre RA and Barthó L Mechanism of nitric oxide-induced
contraction in the rat isolated small intestine. Br J Pharmacol
1997, 120:975-981
Auguste P, Hugues M, Grave B, Gesquiere JC, Maes P, Tartar A,
Romey G, Schweitz H and Lazdunski M Leiurotoxin I (scyllatoxin),
a peptide ligand for Ca2+-activated K+ channels. Chemical
synthesis, radiolabeling, and receptor characterization. J Biol
Chem 1990, 265:4753-4759
Legros C, Bougis PE, France M and Eauclaire M Molecular biology
of scorpion toxins active on potassium channels. Perspect Drug
Discov Design 1999, 15(16):1-14
Van Renterghem C and Lazdunski M A small-conductance
charybdotoxin-sensitive, apamin-resistant Ca2+-activated K+
channel in aortic smooth muscle cells (A7r5 line and primary
culture). Pflugers Arch 1992, 420:417-423
Kostrzewska A, Laudañski T and Batra S Potent inhibition by
tamoxifen of spontaneous and agonist-induced contractions
of the human myometrium and intramyometrial arteries.
Am J Obstet Gynecol 1997, 176:381-386
Buhimschi I, Yallampalli C, Dong Y-L and Garfield RE Involvement
of a nitric oxide-cyclic guanosine monophosphate pathway in
control of human uterine contractility during pregnancy. AM
J Obstet Gynecol 1995, 172:1577-1584
Keefer LK "NONOates " (1-substituted diazen-1-ium-1,2-diolates) as nitric oxide donors: convenient nitric oxide dosage
forma. Methods Enzymol 1996, 268:281-293
Carrier GO, Fuchs LC, Winecoff AP, Giulumian AD and White RE
Nitrovasodilators relax mesenteric microvessels by cGMPinduced stimulation of Ca-activated K channels. Am J Physiol
1997, 273:H76-84
Koh SD, Dick GM and Sanders KM Small-conductance Ca2+-dependent K+ channels activated by ATP in murine colonic
smooth muscle. Am J Physiol 1997, 273:C2010-2021
Lazdunski M Apamin, a neurotoxin specific for one class of
Ca2+-dependent K+ channels. Cell Calcium 1983, 4:421-428
Mule F, Angelo SD and Serio R Tonic inhibitory action by nitric
oxide on spontaneous mechanical activity in rat proximal colon: involvement of cyclic GMP and apamin-sensitive K+
channels. Brit J Pharmacol 1999, 127:514-20
Murphy EM and Brayden JE Apamin-sensitive K+ channels mediate an endothelium-dependent hyperpolarization in rabbit
mesenteric arteries. J Physiol 1995, 723-734
Grant TL and Zuzack JS Effects of K+ channel blockers and cromakalim (BRL 34915) on the mechanical activity of guinea
pig detrusor smooth muscle. J Pharmacol ExpTher 1991,
259:1158-1164
Chicchi GG, Gimenez Gallego G, Ber E, Garcia ML, R Winquist and
Cascieri MA Purification and characterization of a unique,
potent inhibitor of apamin binding from Leiurus quinquestriatus hebraeus venom. J Biol Chem 1988, 263:10192-10197
Wallner M, Meera P, Ottolia M, Kaczorowski GJ, Latorre R, Garcia
ML, Stefani E and Toro L Characterization of and modulation by
a beta-subunit of a human maxi KCa channel cloned from
myometrium. Receptors Channels 1995, 3:185-199
Van Renterghem C and Lazdunski M Identification of the Ca2+
current activated by vasoconstrictors in vascular smooth
muscle cells. Pflugers Arch 1994, 429:1-6
Zhou X, Schlossmann J, Hofmann F, Ruth P and Korth M Regulation
of stably expressed and native BK channels from human myometrium by cGMP- and cAMP-dependent protein kinase.
Pflugers Arch Eur J Physiol 1998, 436:725-734

http://www.RBEj.com/content/1/1/8

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 8 of 8
(page number not for citation purposes)

