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Review

Diversity of Potassium Channels
in Human Umbilical Artery Smooth
Muscle Cells: A Review of Their Roles in
Human Umbilical Artery Contraction

Pedro Martı́n, PhD1, Alejandro Rebolledo, PhD1,
Ana Rocio Roldán Palomo, BSC1, Melisa Moncada, BSC1,
Luciano Piccinini, BSC1, and Verónica Milesi, PhD1

Abstract
Through their control of cell membrane potential, potassium (Kþ) channels are among the best known regulators of vascular tone.
This article discusses the expression and function of Kþ channels in human umbilical artery smooth muscle cells (HUASMCs).
We review the bibliographic reports and also present single-channel data recorded in freshly isolated cells. Electrophysiological
properties of big conductance, voltage- and Ca2þ-sensitive Kþ channel and voltage-dependent Kþ channels are clearly established
in this vessel, where they are involved in contractile state regulation. Their role in the maintenance of membrane potential is an
important control mechanism in the determination of the vessel diameter. Additionally, small conductance Ca2þ-sensitive Kþ chan-
nels, 2-pore domains Kþ channels and inward rectifier Kþ channels also appear to be present in HUASMCs, while intermediate con-
ductance Ca2þ-sensitive Kþ channels and ATP-sensitive Kþ channels could not be identified. In both cases, additional investigation is
necessary to reach conclusive evidence of their expression and/or functional role in HUASMCs. Finally, we discuss the role of Kþ

channels in pregnancy-related pathologies like gestational diabetes and preeclampsia.

Keywords
human umbilical artery, Kþ channels, patch-clamp

Introduction

The blood vessels of the umbilical cord are necessary for the

communication between the growing fetus and the placenta,

so a thorough knowledge of the mechanisms and structures

responsible for their contractile state is fundamental for the

study of the physiology and the pathophysiology of fetal–pla-

cental blood flow. Two umbilical arteries deliver blood with

low O2 pressure from the fetus to the placenta, while the umbi-

lical vein returns nutrient-rich blood with a higher O2 pressure

to the fetal circulatory system. Umbilical vessels are unique in

that they are not innervated by the autonomic nervous sys-

tem,1,2 so the contraction and relaxation of their vascular

smooth muscle layer depends on blood-borne vasoactive sub-

stances or on locally produced factors, secreted either by the

endothelial cells or by the cells in the Wharton jelly.

Among the most important regulators of vascular tone are

potassium (Kþ) channels, because through their role in cell

membrane potential (Vm) regulation, they can determine the

activity of voltage-operated calcium (Ca2þ) channels and

hence the degree of vessel contraction.3,4 In brief, closure of

Kþ channels induces membrane depolarization, activation of

voltage-operated Ca2þ channels, and extracellular Ca2þ influx,

which can be accompanied by Ca2þ release from intracellular

Ca2þ stores (sarcoplasmic reticulum and mitochondria). This

increases cytosolic free Ca2þ concentration producing smooth

muscle contraction, which leads to vasoconstriction. On the

other hand, opening of Kþ channels causes hyperpolarization

and hence, closure of Ca2þ channels. The Ca2þ removing

mechanisms then reduce the cytosolic free Ca2þ concentration:

plasma membrane Ca2þ-ATPase and the forward mode of Naþ/

Ca2þ exchanger transport Ca2þ out of the cell, while sarcoplas-

mic reticulum and mitochondrial Ca2þ-ATPases pump Ca2þ

back into those intracellular Ca2þ reservoirs. This reduction

in cytosolic Ca2þ causes smooth muscle cell relaxation, pro-

ducing vasodilation. Figure 1 summarizes the link between

Kþ channel activity, membrane potential, and smooth muscle
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contractile state which, in turn, determines the blood vessel

diameter.

We studied the electrophysiological properties of different

types of ion channels in human umbilical artery (HUA) smooth

muscle cells (HUASMCs) and found that they present several

different types of Kþ channels, which are clearly observed in

patch-clamp single-channel recordings.5,6 However, in the liter-

ature, in contrast to human placental vessels,7-9 there are no

review articles addressing the different types of Kþ channels

functionally expressed in HUA. The present review summarizes

our current knowledge on Kþ channels in these vessels.

We first present a brief summary of the structure, classifica-

tion, and role of Kþ channels in vascular smooth muscle cells.

Afterward, we show electrophysiological evidence of the variety

of Kþ channels found in freshly dispersed HUASMCs recorded

in the single-channel configuration of the patch-clamp tech-

nique. Finally, based on this information, we discuss the evi-

dence found in the literature pointing to the presence and the

characteristics of the different types of Kþ channels in these

cells, comparing it with our single-channel data and biblio-

graphic reports from other fetoplancental vessels. We shall eval-

uate direct or indirect evidence obtained either in isolated cells

or in intact tissue through the use of different experimental tech-

niques, such as electrophysiology, isometric force measurement,

and specific messenger RNA (mRNA) or protein detection.

Potassium Channels in Vascular
Smooth Muscle

Potassium channels are widely expressed cell membrane struc-

tures that allow the selective flux of Kþ ions between the intra-

cellular and extracellular compartments. They are mainly

involved in cell membrane potential regulation and electrical

cell excitability and also in other important cellular functions

like proliferation and differentiation.3,4,10 A typical Kþ channel

is formed by a homo- or heterotetrameric protein of a subunits,

which includes a conserved region constituting a permeation

pathway for Kþ fluxes, namely, the channel pore. There are

many different a subunits, and they present variable numbers

of transmembrane domains (TMDs). One of the existing classi-

fications of Kþ channels is based on the number of TMDs of

their a subunits:

(1) The 6 TMDs (S1-S6) with 1-pore domain formed by

the S4-S5 protein region. This is the most numerous

group and can be divided into 3 different families. The

first family is the classic voltage-dependent Kþ chan-

nels (KV), comprising several subfamilies. The second

family includes Ca2þ-sensitive but voltage-insensitive

channels of small (SKCa) and intermediate (IKCa) con-

ductance values. The third family corresponds to the

Slo Kþ channels (Slo1 to 3), of which the most com-

mon and most studied member is the big conductance,

voltage- and Ca2þ-sensitive Kþ channel (BKCa), also

known as KCa1.1, Slo1, or maxi-Kþ channel. It must

be noted that the Slo channels have an additional trans-

membrane segment (S0), so they would really be 7

TMD channels.

(2) The 4 TMDs with 2-pore domains, which have been

named K2P channels. This is a newly described family

characterized by channels with 2 a subunits of 4 TMDs

with 2 pore-forming loops in each of them formed by the

S1-S2 (P1 domain) and S3-S4 (P2 domain) segments.

(3) The 2 TMDs with 1-pore domain, being the most

frequently observed members of this family, the

typical inward rectifier Kþ channels (KIR) and the

ATP-sensitive Kþ channels (KATP).

INTRACELLULAR EVENTS CELL EVENT VESSEL EVENTS
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Figure 1. Summary of the link between Kþ channel activity, membrane potential, and smooth muscle contractile state which, in turn, determines a
blood vessel diameter.
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Table 1 summarizes this classification and provides addi-

tional electrophysiological data as well as the most common

pharmacological tools used to characterize each type of Kþ

channel discussed in this article.

Many of these Kþ channels have been described in vascular

smooth muscle cells.3,4 Of those, the presence and functions of

BKCa and KV channels3,4 have been clearly demonstrated in

many vascular beds. Physiological studies of vascular function

have shown that these channels are mainly involved in vessel

diameter regulation and consequently in the regulation of blood

pressure. This is achieved by different mechanisms, like myo-

genic response, or vasodilatation induced by endothelial fac-

tors, as the most important. The presence and functions of

members of other Kþ channel families were also demonstrated

in smooth muscle cells of different blood vessels: the classic

KIR and KATP, and several K2P channels (TALK2, TASK1 and

2, TRAAK, and TREK1 and 2).3,4,11,12 On the other hand, the

SKCa and IKCa channels are weakly expressed in vascular

smooth muscle cells but are generally expressed in endothelial

cells.13

Diversity of Kþ Channels in Freshly
Dissociated HUASMCs: The
Electrophysiological Properties

With the patch-clamp technique,14 it is possible to record the

current flowing through a single or multiple ionic channels in

biological membranes. In contrast to other techniques used to

study ion channels such as Western blot, immunochemistry,

and reverse transcriptase–polymerase chain reaction (RT-

PCR), which only show the expression of the protein or its

mRNA transcription, patch-clamping has the advantage of

directly measuring protein activity (as the transmembrane ion

current) in their native membrane lipid environment. More-

over, it allows a precise control of the conditions that could

affect the channel activity, like membrane potential and the

composition of the solution bathing both sides of the plasma

membrane (depending on the patch-clamp configuration). In

the whole-cell configuration, the measured current is the prod-

uct of ions flowing through all the channels present in the cell

membrane. These types of recordings are known as macro-

scopic or whole-cell currents. In the other configurations,

cell-attached (CA), inside-out (IO), and outside-out (OO), only

a few single channels are recorded, which is seen as discrete

jumps in the current value when they open and as zero current

when they are closed. In the CA configuration, the cell remains

practically intact, so it is regarded as more physiological, while

in the IO and OO configurations the membrane is isolated from

the cell, but this allows a complete control of both intracellular

and extracellular conditions.

Figure 2A shows a typical CA recording obtained in freshly

isolated HUASMCs. By measuring channel activity at different

membrane potentials, one can obtain 2 basic characteristics

of the channel: the voltage dependence of the open probability

and the unitary conductance value. The open probability is the

fraction of time that the ionic channel stays in the open state

(allowing ion flux) and represents a measure of channel activ-

ity. The unitary conductance, also named slope conductance, is

an elementary empirical parameter of each ionic channel that

reflects the ease with which the ion flows through the channel

pore. This value can be obtained from the slope of the (gener-

ally) linear relationship between single-channel current ampli-

tude and the value of transmembrane potential, which is known

as a current–voltage (IV) curve. In Figure 2A, the single-

channel openings present different current amplitude values,

suggesting the presence of different ionic conductances. Figure

2B depicts the distribution histogram of the slope conductance

values obtained from 73 HUASMCs. It can be seen that these

cells express a wide range of conductance values, ranging from

10 to 293 pS. The histogram was well fitted by a 6-component

Gaussian function, indicating the presence of at least 6 different

subgroups of ion channels. The mean conductance values of the

different channels in these subgroups and its dispersion, as well

as their frequency of apparition, can be seen in the box chart of

Figure 2C.

After applying to the extracellular side of the membrane

patch 5 mmol/L 4-aminopyridine (4-AP), a blocker of KV chan-

nels, the recorded conductance values showed a similar distribu-

tion, where 6 groups of ion channels could be identified, but the

frequency of apparition of several types of channels was signif-

icantly reduced (see Figure 3). The comparison of these 2 situa-

tions suggests that those channels that almost disappeared after

4-AP treatment are probably members of the KV family.

Based on these results, we can propose that HUASMCs

present several functional Kþ channels that could be involved

in the regulation of their contractile state as well as in other cel-

lular functions. In particular, those channels that are open at a

membrane potential value of about�50 mV5 could be involved

in resting Vm maintenance, while those that are voltage depen-

dent and begin to activate at more depolarized potential values

would be involved in a feedback mechanism opposing depolar-

ization as has been clearly established in different vascular

smooth muscle cells.3 So, this technique contributes to the

knowledge of ion channel expression showing functional evi-

dence of such proteins and their putative participation in

HUASMC physiology.

In the following sections, we review the different reports

found in the literature where the function of Kþ channels was

directly or indirectly demonstrated in human umbilical vessels,

comparing this information to what is known about these chan-

nels in placental vessels.

Published Reports About Kþ Channels
in Human Umbilical Arteries

Big Conductance, Voltage- and Ca2þ-Sensitive
Kþ Channels

Several reports implicate these channels in the control of HUA

contractile state. For instance, the Kþ channels blocker tetraethyl

ammonium (TEA; 5 mmol/L) induced vascular contraction on

434 Reproductive Sciences 21(4)
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nonstimulated HUA rings, whereas the BKCa channels activator

phloretin (50 mmol/L) produced relaxation, suggesting the par-

ticipation of these channels in the regulation of HUA basal tone.5

Moreover, the relaxation of precontracted HUA rings induced by

nitric oxide (NO),15 testosterone,16 and levosimendan17 was

inhibited by low TEA concentrations, so BKCa channels may

also be involved in the relaxation induced by endogenous and

exogenous substances. Supporting the findings reported by Lov-

ren et al,15 we demonstrated that BKCa channels are activated by

NO at the single-channel level through a mechanism that most

probably involves protein kinase G (PKG) activation.18

Some of the inferences about the functional role of BKCa

channels in HUA could be controversial, since they derive from

results obtained with TEA, which is not a selective BKCa channel

blocker. However, electrophysiological data obtained from

freshly dispersed HUASMCs support the above-mentioned

suggestions inferred from intact tissue. The whole-cell cur-

rents evoked by depolarizing voltage steps showed no apparent

inactivation during the 500 ms of the step and had a reversal

potential close to �50 mV.5 This current was reduced by

1 mmol/L TEA (*71% inhibition) and 2 BKCa-specific block-

ers: *65% inhibition by 200 nmol/L iberiotoxin5 and *85%
inhibition by 500 nmol/L paxilline6 (both measured at

þ60 mV), showing that more than half of the total current is

carried by BKCa channels. Similar results were also observed

in HUA-derived cultured smooth muscle cells,19 where BKCa

channels together with KV channels are the main contributors

to macroscopic Kþ current.

Figure 2. Diversity of Kþ channels in dispersed human umbilical artery (HUA) smooth muscle cells. A, Typical cell-attached single-channel
recording in the stationary state (recordings of 30-60 seconds) using symmetrical Kþ concentrations (assuming an intracellular concentration
Kþ of 140 mmol/L). The arrows indicate the ionic channel conductance values obtained from the slope of the respective current–voltage (IV)
curves. B, Distribution of all single-channel conductances observed in HUA smooth muscle cells constructed from records similar to those
shown in (A). The resulting histogram was well fitted by a 6-component Gaussian curve (indicated by the solid line; the dotted lines define each
of these 6 groups). C, Box diagrams showing the properties of the 6 groups of conductances obtained in (B). For each of the groups are shown
the mean conductance value (solid dot inside the box), the median (line inside the box), and the range of conductance values between the 25 and
75 percentiles (box) and between the 5 and 95 percentiles (capped lines). The bars show the relative frequency of appearance of the compo-
nents of each group. D, Typical cell-attached single-channel recordings obtained as described in (A), showing BKCa channel activity and probable
subconductance levels (indicated by arrows) for this channel. Bath solution (in mmol/L): 140 potassium chloride (KCl); 0.5 magnesium chloride
(MgCl2); 10 HEPES; 6 glucose; 1 ethylene glycol tetraacetic acid, pH adjusted to 7.4 with potassium hydroxide (KOH). Pipette solution (in mmol/
L): 140 KCl; 0.5 MgCl2; 10 HEPES; 6 glucose; 1 calcium chloride; pH adjusted to 7.4 with KOH.
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Our laboratory had extensively characterized BKCa proper-

ties at the single-channel level,5,6 and they are in accordance

with those observed in the whole-cell configuration as well

as in intact tissue.

Among the ionic conductances presented in the previous

section, the one in group 1 displays the classical properties of

the BKCa channel: high conductance value (241.0 + 6.8 pS)

and insensitivity to 4-AP. The BKCa identity of this channel

was confirmed by the use of the selective blocker paxilline.6

The BKCa channel found in HUASMCs presents all the typical

biophysical properties displayed in other tissues, such as a high

selectivity to Kþ and an increase in its open probability (Po)

due to membrane depolarization and intracellular Ca2þ concen-

tration increase.5,6

Additionally, there is a 4-AP-insensitive conductance pres-

ent in group 2, which always appears immediately before or

after a BKCa channel opening. This suggests that it is actually

a subconductance level of this channel (Figure 2D), as it has

been reported before.20

The functions of BKCa channels in this vessel may be altered

in physiopathological situations. For instance, Radenkovic

et al have reported that in HUA coming from neonates whose

mothers presented pregnancy-induced hypertension, the BKCa

channels seem to have a different role in bradykinin-developed

force than the HUA from normal pregnancies, because 0.5

mmol/L TEA increased bradykinin contractions in the former

case, while it did not affect HUA from normotensive

pregnancies.21

In placental vessels, BKCa channel expression has also been

demonstrated by electrophysiological techniques22 and by RT-

PCR and Western blotting.8 Similar to what occurs in HUA,

these channels seem to be involved in NO-induced vascular

relaxation23 and attenuate agonist-induced contractions in pla-

cental vessels.8

Voltage-Dependent Kþ Channels

It seems that KV channels are not involved in determining basal

contractile tone in HUA, since the KV blocker 4-AP (5 mmol/

L) had no effect on in vitro resting tone of these arterial rings.5

However, the relaxations of precontracted HUA rings induced

by NO,15 testosterone,16 or levosimendan17 are partially inhib-

ited by 4-AP. These results are indicative that KV channels,

together with BKCa channels, as already discussed, are involved

in the vasorelaxation mechanism of these substances.

Electrophysiological results obtained in enzymatically dis-

persed single HUASMCs show that 5 mmol/L 4-AP blocked

part of a noninactivating whole-cell Kþ current elicited by a

depolarizing voltage step protocol.5 These results suggest the

presence of members of the KV family sensitive to this blocker

and that do not show inactivation. Similar results were reported

in primary cultured smooth muscle cells obtained from HUA.19

Our single-channel data give more information about the

properties of 4-AP-sensitive ionic conductances. In the 2 groups

of conductances whose frequency of apparition in the station-

ary state is reduced by 4-AP, there are 2 channels that are acti-

vated by membrane depolarization, presenting conductance

values of 76.3 + 1.2 pS (included in group 4) and 45.7 +
2.6 pS (included in group 5), respectively. The behavior of

these 2 noninactivating, 4-AP-sensitive conductances suggests

that they may be members of one of the several KV subfamilies:

KV1 (except KV1.4 that presents inactivation), KV2, or KV3

subfamilies of voltage-dependent channels. The use of more

specific blockers is needed for the final identification of the dif-

ferent types of KV channels, although this would be further

complicated in native cells by the existence of heteromultimers

formed by combination of different kinds of subunits.10

Not all KV channels are blocked by 4-AP (see Table 1), so

the voltage-dependent, 4-AP-insensitive Kþ channels in

groups 3 and 6 may also be members of the KV family, but,

up to now, there is no enough information to link them to spe-

cific Kþ channels.

In the placental vasculature, several subtypes of KV channels

are expressed, namely, different members of the KV1, KV2, KV7,

and KV9 families. The KV3 may also be present, but evidence is

still incomplete (see Wareing et al9 for a complete review).

Furthermore, the presence of functional 4-AP-sensitive KV ion

channels was demonstrated in isolated smooth cells of peripheral

Figure 3. 4-AP sensitivity of ion channel conductances in human
umbilical artery (HUA) smooth muscle cells. Frequency of appear-
ance of the different single-channel conductances recorded in the
inside-out configuration in control conditions (n ¼ 65 cells) and with
5 mmol/L 4-AP (n ¼ 100 cells) added to the pipette solution. The
symbol * indicates statistically significant difference from control
(chi-square test). Bath solution (in mmol/L): 140 potassium chloride
(KCl); 0.5 magnesium chloride (MgCl2); 10 HEPES; 6 glucose; 1 ethy-
lene glycol tetraacetic acid, pH adjusted to 7.4 with potassium hydro-
xide (KOH). Pipette solution (in mmol/L): 140 KCl; 0.5 MgCl2; 10
HEPES; 6 glucose; 1 calcium chloride; pH adjusted to 7.4 with KOH.
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fetoplacental arteries by the patch-clamp technique.7 In this vas-

cular bed, in particular, 4-AP-sensitive KV channels contribute to

basal vessel tone,8 modulate agonist-induced responses,8 and

partly mediate tissue response to hypoxia.7

Small Conductance Ca2þ-Sensitive Kþ Channels and
Intermediate Conductance Ca2þ-Sensitive Kþ Channels

Small conductance Ca2þ-sensitive Kþ channels seem to be

present and functional in HUA, although up to now the evi-

dence is not conclusive as to their vessel layer localization

(smooth muscle cell or endothelium). Radenkovic et al showed

that apamin (2 mmol/L), a selective blocker of SKCa channels,

augments the maximal contractile responses to bradykinin in

HUA rings, so SKCa channels seem to be present and functional

in this vessel.24 Lovren and Triggle have shown that SKCa are

not activated during NO-induced relaxation of HUASMCs.15

On the other hand, SKCa channels do not contribute to

whole-cell Kþ currents in freshly dispersed HUASMCs, since

100 nmol/L apamin had no effect.5 A similar result was

obtained in cultured cells derived from HUASMCs, because,

in this case, a higher apamin concentration (10 mM) also had

no effect on Kþ currents recorded at þ60 mV.19 However,

since SKCa are not voltage-sensitive channels, they can only

contribute to voltage-evocated Kþ currents if they are basally

active. If not, as it seems to be in our conditions, they could still

play a role in modifying bradykinin-induced HUA contrac-

tions. Alternatively, the SKCa channels reported to be involved

in modulating bradykinin responses may be situated not in the

smooth muscle but in the endothelial layer as it is observed in

other vessels.13

Regarding the role of IKCa channels in HUA, we could not

find any report in the literature. In our experience, clotrimazole

(400 nmol/L-1 mmol/L), an inhibitor of IKCa channels, does not

affect Kþ whole-cell currents in HUASMCs (V. Milesi, unpub-

lished results). In the single-channel recordings mentioned ear-

lier, we did not find any small or intermediate conductances

activated by an increase in intracellular Ca2þ concentration.

This suggests that SKCa and IKCa are not present in

HUASMCs. So, the results related to SKCa from arterial rings

discussed earlier may in fact reflect the role of these channels

in the endothelial layer. Analysis involving the search for

mRNA or protein expression in both types of cells is needed for

a definitive answer. To our knowledge, neither SKCa nor IKCa

channels were investigated in placental vessels.

Inward Rectifier Kþ Channels and ATP-Sensitive
Kþ Channels

A blocker of KIR channels (500 mmol/L Ba2þ) induced the con-

traction of nonstimulated HUA rings, suggesting that these

channels participate in the maintenance of basal contractile

state in this artery (V. Milesi, unpublished results). On the other

hand, Ba2þ (3 mmol/L) had no effect on top of bradykinin con-

tractions of HUA rings coming from normal pregnancies, indi-

cating that these channels are not involved in this mechanism.24

However, this agent increased bradykinin-induced force in

those rings coming from gestational diabetes mellitus pregnan-

cies, showing that the relative importance of the different Kþ

channels may change in pathological states.24

Channels present in groups 5 and 6 of the ionic conductance

discussed earlier, generally displaying activity at negative

membrane potentials (eg, �40 mV), could represent inward

rectifier Kþ channels. However, their characteristics are also

compatible with K2P channels, as mentioned in the following

section, so a definite characterization using specific blockers

is required to confirm their identity.

No evidence of the participation of KATP channels in con-

traction/relaxation of intact HUA rings could be found in the

literature. The KATP blocker glibenclamide (1 mmol/L) had

no effect in HUA rings when applied on top of bradykinin-24

or serotonin-induced contractions.21 Moreover, glibenclamide

(10 mmol/L) did not modify NO- or levosimendan-induced

relaxations, ruling out the participation of KATP in such con-

tractile and relaxing mechanisms.15,17

The KATP channels have also been looked for in primary

cultured HUASMCs. It has been reported that KATP channels

do not contribute to total Kþ currents (measured at þ60 mV)

because glibenclamide had no effect on them.19 In contrast, a

recent report also about cultured HUASMCs by Bai et al sug-

gests the presence of KATP protein (by Western blot).25 The

authors then ascribe to KATP channels a whole-cell current

measured under ionic and voltage conditions (symmetrical

Kþ concentrations and 0 mV) where there actually is no driving

force to carry any Kþ current,25 so this last results must be

approached carefully.

None of the single-channel conductances discussed earlier

could be definitely ascribed to a KATP channel. Those present-

ing low conductance values (around 20 pS), which would be

compatible with KATP, also showed strong inward rectifica-

tions, which is a typical property of a KIR channel, but not of

KATP channels, because these last ones present only intermedi-

ate inward rectification (see Table 1).

Unlike what we reviewed for HUA, KATP channels seem to

be present and functional in placental vessels. In this vascular

bed, the presence of KIR6.1, the pore-forming subunit of vascu-

lar KATP channels, has been demonstrated by molecular biolo-

gical techniques (RT-PCR and Western blot).8,26 Moreover,

functional experiments showed that pinacidil and cromakalim,

the 2 drugs that increase KATP activity, relaxed precontracted

chorionic plate arteries and veins. Furthermore, pinacidil also

decreased their basal tone, suggesting functional roles for KATP

channels in these vessels.8,27 There is no evidence in the liter-

ature about the presence of classical KIR channels in placental

vessels.

Two-Pore Domain Kþ Channels

Although K2P channels are beginning to be described in differ-

ent vessels, there is still no definitive evidence of their presence

in HUA, mainly because there are no specific blockers for these

channels, which makes their study difficult. However, we have
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preliminary data showing that mRNA for TRAAK and mRNA

for TREK1 are detectable in HUASMCs. One of the channels

belonging to group 2 of single-channel conductance in

HUASMCs has some characteristics compatible with a TREK

member of the K2P channels (voltage independence, high con-

ductance value, and 4-AP insensitivity), although no final iden-

tification can be made at present. There are also several

voltage-independent channels in groups 5 and 6 showing het-

erogeneous characteristics regarding open probability and con-

ductance values, which may represent channels of the K2P

family, but further and more specific characterization is needed

in order to ascertain the presence and the functional role of

these channels in HUA intact tissue.

Similar to what we found in HUA, the presence of K2P

channels in placental vessels is suspected but proofs are pre-

liminary. Wareing et al reported detection of TASK1 mRNA

in chorionic plate arteries and presented results involving pos-

sible block of these channels with anandamide, but they also

remarked that more investigations are required due to the non-

specificity of this compound.8

Implication of Kþ Channels in Pregnancy-Related
Pathologies

It is well known that alterations in expression and/or function

and modulation of BKCa and KV channels are involved in several

pathologies that present vessel dysfunction. Among the preva-

lent and most investigated ones are hypertension, diabetes, and

atherosclerosis.28,29 Focusing on pregnancy-associated patholo-

gies, Kþ channels have been implicated in preeclampsia, gesta-

tional diabetes, and fetal growth restriction. The majority of

these reports are focused on placenta,30 fetoplacental vessels,26

and maternal uterine vessels,31 the knowledge of umbilical cord

vessels being more scarce, regardless of the fact that their mor-

phometric characteristics as well as blood flow parameters have

been demonstrated to be altered in these pathologies.32,33 In par-

ticular, it has been reported that the role of KIR and BKCa chan-

nels may be altered in HUA coming from gestational diabetes

mellitus and pregnancy-induced hypertension, respectively.21

More investigation on human umbilical cord vessels is needed

to complete the knowledge in this important field of human

health, taking into account that in the past years there are many

reports that indicate that the fetal environment could determine

the presentation of adult cardiovascular diseases.34

Conclusions

To the best of our knowledge, this is the first report compiling

the existing information about Kþ channels expressed in

HUASMCs. Figure 4 presents a graphical summary showing

those types of Kþ channels for which there is any type of evi-

dence about their expression and function in this tissue. In brief,

Figure 4. Summary of current knowledge regarding Kþ channel expression and function in human umbilical artery smooth muscle cells. Chan-
nels are depicted in different colors depending on the weight of the evidence pointing to their presence and function; black means there is fairly
conclusive evidence obtained from different types of experimental techniques, while white (with a question mark) denotes that there is sugges-
tive evidence present (only one type of experimental technique used) but definitive confirmation is needed. In the case of SKCa, a possible loca-
tion in the endothelial cells is also suggested. The numbers 1 through 3 denote possible functions for these channels in these cells. NO,nitric
oxide; KV, voltage-dependent Kþ channels (different subfamilies); BKCa, big conductance, voltage- and Ca2þ-sensitive Kþ channel; SKCa, small
conductance Ca2þ-sensitive Kþ channels; K2P, 2-pore domains Kþ channels; KIR, inward rectifier Kþ channels. Intermediate conductance Ca2þ-
sensitive Kþ channels (IKCa), and ATP-sensitive Kþ channels (KATP) are not include because the evidence about their presence in HUA is either
weak (KATP) or altogether not present in the literature (IKCa).
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the functional presence of BKCa and KV channel subtypes has

been clearly demonstrated in this vessel. They are involved in

the regulation of its contractile state, since the role of Kþ chan-

nels in determining membrane potential is an important cell con-

trol point to finally establish vessel diameter. Moreover, our

single-channel data give additional supporting evidence for this

information. Regarding the expression and function of other Kþ

channels, SKCa, K2P, and KIR channels appear to be present in

HUASMCs, while IKCa and KATP channels could not be identi-

fied in this vessel, neither at the single-channel level nor by using

pharmacological tools in intact tissue. Furthermore, there are no

reports in the literature about the presence of 4-AP-insensitive

KV channels in HUA, but our preliminary single-channel data

suggest their existence. Hence, more investigation is necessary

to reach conclusive evidence of the expression and/or functional

role of several types of Kþ channels in HUA, making this an

interesting open research field in human vascular physiology.

Finally, the expression and functions of these channels

could be altered in pregnancy-related pathologies, so they

could be relevant for the understanding of the etiology of these

diseases as well as to design new pharmacological treatments

aimed at modifying the activity of Kþ channels.
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