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Ion channels exist in all cells and are enormously varied in structure, function and

regulation. Some progress has been made in understanding the role that ion channels

play in the control of blood pressure, but the discipline is still in its infancy. Ion

channels provide many different targets for intervention in disorders of blood pressure

and exciting advances have been made in this ®eld. It is possible that new drugs, as well

as antisense nucleotide technology or gene therapy directed towards ion channels, may

form a new class of treatments for high and low blood pressure in the future.
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Introduction

Ion channels are found in all living cells and their normal

function is vital for life. Ion channels are actively involved

in determining the movement of ions into and out of cells,

and so are crucial for the electrical activity of nerves,

muscles and sensory organs and are central to homeostasis.

The study of ion channels has advanced rapidly as the

structure and function of many channels has been

described, and the term `channelopathy' has recently

been coined to group the diseases caused by ion channel

abnormalities. Ion channels are targets for the action of

many drugs used to treat not only known channelopathies,

but also multifactorial conditions such as hypertension. As

ion channels come under close scrutiny as potential targets

for new drugs, knowledge of this ®eld will become

increasingly important in Clinical Pharmacology. In part 1

of this article the structure and function of ion channels in

general are reviewed. In part 2 evidence that ion channels

are, or might be, involved in the pathogenesis of

hypertension is considered and the place of drugs which

alter ion channel activity in the treatment of high blood

pressure is discussed. Reviews of other `channelopathies'

can be found elsewhere [1±3].

Part 1 ± Structure and function of ion channels

Lipid membranes separate individual cells from each

other and from extracellular ¯uid, and partition

organelles within cells. These membranes are barriers

to the indiscriminate movement of water and water-

soluble substances such as ions, and allow cells (or

organelles) to determine their internal environment. Ions

diffuse only slowly across lipid membranes themselves;

more rapid movement is achieved with the aid of

transport proteins, which sit in and cross these

membranes and either form ion channels or act as ion

carriers. Ion channel proteins are assembled in the cell

membrane to form pores with `watery centres' that allow

electrically charged, water-soluble ions to cross the

hydrophobic lipid bilayer. Ions move through these

channels passively by diffusion down electrical and

chemical ionic gradients. The group of transport proteins

that act as ion carriers are also known as `co' or `counter

transporters', or `ion exchangers'. These proteins all

transport ions by binding to the ions on one side of the

membrane, then `carrying' the ions by undergoing a

conformational change which moves the ions to the

other side of the membrane. Movement of ions by

carrier proteins is either active, where carrier proteins

(also known as pumps) use energy in the form of ATP

to move ions against an energy gradient, or passive,

where ions diffuse down existing energy gradients in

combination with carrier proteins. This review focuses

on ion channels, in particular those expressed in the

cell surface membrane which, mediate communication

between the cell and its external environment. Ion
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transport proteins which act as ion carriers, such as

the sodium-lithium counter-transporter, are outside the

scope of this review.

Structure of ion channels

Ion channels vary widely in structure but as a class have some

features in common. Channels are usually assembled within

the membrane from several subunits, which may be

different proteins or multiple copies of a single protein.

Each protein subunit is folded into a complex tertiary

structure that causes it to cross the cell membrane at least

twice. The regions of the subunits embedded in the

membrane together form the ion-conducting pore. Other

regions of the subunits are situated either in the cytoplasm or

outside the cell and are important for the normal function

and regulation of channels. Cytoplasmic (intracellular)

regions of protein subunits are involved in the regulation of

channel activity. For example epithelial sodium channels

are inactivated by channel removal from the cell membrane,

a process mediated by cytoplasmic carboxyl termini of the b
and c subunits [4]. By contrast voltage-gated cation

channels may be inactivated when a cytoplasmic region

of the channel protein plugs the inner mouth of the channel

pore, preventing movement of ions through the channel

[5]. Extracellular regions of channel subunits appear to bind

external messengers and drugs and determine the identity of

ions that can enter the channel from outside the cell. For

example the extracellular loop of the epithelial sodium

channel appears to be involved in binding of amiloride, a

drug which blocks this sodium channel [6], while an

extracellular loop of voltage-gated cation channels deter-

mines which particular cation (Na+, K+ or Ca++) that

channel will actually transport [7].

Normal function of ion channels (Figure 1)

Ion channels permit the diffusion of ions across cell

membranes. The nature and direction of ion movement

across the cell membrane is determined by the ion

selectivity of the open channels and the electrical and

chemical energy gradients across the cell membrane. The

magnitude of the ¯ux of ions across the membrane is

determined by the numbers of channels in the membrane,

whether or not the channels are open (determined by

`gating'), the fraction of time the channels are open (open

probability) and ease of diffusion or ¯ow of ions through

the channels (conductance). Coordination of the activity

of the many different channel types present in membranes

of individual cells is essential if normal cell function is to be

maintained.

Selectivity of ion channels

Ion channels are classi®ed by the type of ion that can pass

through the channel pore. Cation channels permit

diffusion of positively charged ions and anion channels

negatively charged ions. Channel types may also be

selective for each of the major cations (sodium, potassium

and calcium) and for the major anion (chloride). Under

physiological conditions ions tend to move in only one

direction through individual channel types, either into or

Figure 1 Factors which determine ion transport through ion channels in cell membranes. Movement of ions across the cell membrane is

determined by: A ± the electrical and concentration gradients for ions across the membrane, B ± properties of ion channels in the cell

membrane (channel selectivity, conductance, number and open probability) and C ± factors which gate the ion channels, i.e. determine

whether the channels are open or closed.
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out of the cell. As ions are charged, this direction of

diffusion is determined both by the concentration gradient

for that ion and the electrical potential across the cell

membrane.

Driving forces for ion transport across the cell membrane

In the body ions generally diffuse down a chemical (or

concentration) gradient from regions of high concentra-

tion to regions of low concentration. Hence movement of

an ion across the cell membrane is determined by the

relative concentrations of that ion inside and outside the

cell. For example the extracellular concentration of Na+ is

140 mmol lx1 whereas the intracellular concentration of

Na+ is 10 mmol lx1. Therefore if Na+ channels are open

in the cell membrane, Na+ will diffuse into the cell.

Conversely K+ concentrations are lower in extracellular

¯uid (4 mmol lx1) than in intracellular ¯uid

(140 mmol lx1) so when potassium channels are open

potassium will diffuse out of the cell. As they are

electrically charged, ions also move in an electrical ®eld

with cations moving away from positive charge towards

negative charge, and anions moving from negative to

positive charge. The potential across the membrane may

reinforce or sometimes oppose the movement of ions

down their concentration gradient.

As the ions move, there is a tendency for the

concentration gradient to be reduced and so the chemical

driving forces promoting diffusion lessen and the electrical

forces opposing diffusion increase. Movement ceases when

electrical and chemical forces become exactly balanced,

preventing further movement of that ion in either

direction. The electrical force across the membrane at

this point is known as the Nernst potential. The Nernst

potential can be predicted for individual ions. Where only

Na+ can diffuse across the cell membrane a typical value

for membrane potential is + 70 mV. Where only K+,

Ca++ or Cl± can diffuse, the membrane potential is

typically x98 mV,+150 mV or x30 mV, respectively

(positive and negative signs denote the intracellular

potential relative to a ground reference electrode).

All cells have a membrane potential at rest which is a

product of the concentration gradient for ions across the

cell membrane and the ion channels open in that cell

membrane. In many cells the predominant channel type

open at rest is the potassium channel, and the membrane

potential is close to the Nernst potential for potassium

(x70 to x100 mV).

Number of ion channels

Ion channel expression in the cell membrane is dynamic

with channels or channel subunits moving into and out

of the cell membrane [8]. For example epithelial sodium

channels appear to be inserted into the cell membrane

by exocytosis from membrane vesicles and removed

from the cell membrane by targeted endocytosis [8].

The turn-over of epithelial sodium channels in the cell

membrane appears to be rapid with a short half life of

1±3.6 h [9, 10]. Insertion or removal of channel proteins

or protein subunits from the cell membrane is one

mechanism used to regulate ion channel function. For

example, aldosterone controls sodium absorption across

rat distal colon by regulating the expression of sodium

channel subunits in epithelial cell membranes [11].

When the rat is sodium replete and aldosterone levels

are low, there is no sodium absorption through

epithelial sodium channels and only one sodium channel

subunit, the a subunit, can be found in colonic

epithelial cells. If the rat becomes sodium depleted

and aldosterone levels increase, b and c sodium channel

subunit production increases and these are assembled

with the a subunit to form active epithelial sodium

channels, stimulating sodium absorption [11].

Gating of channels and open probability

Ion channels may be open or closed and switching

between these states is called `gating'. Channels are gated

by electrical or chemical factors which cause small changes

in the shape of the channel protein and open or close the

channel pore. Voltage-gated channels are gated by changes

in the cell membrane potential, while ligand-gated

channels, such as nicotinic channels, are gated by

molecules (in this case acetylcholine) which bind directly

to the channel. Calcium-activated channels, cyclic

nucleotide-gated channels and G protein-gated channels

are all gated by interaction with their speci®c intracellular

molecules.

The gating of channels forms one of the most

important mechanisms for controlling channel function.

Channel gating determines the proportion of the time

the channel spends in the open state (open probability of

the channel). The gating behaviour of the channel can

in turn be ®ne tuned for further regulation of channel

activity. For example, in addition to its effects on

channel numbers, aldosterone also appears to enhance

sodium absorption through epithelial sodium channels

by increasing the open probability of channels already in

the cell membrane [12]. How aldosterone does this is

not clear, it has been suggested that it acts either by

methylation of channel proteins, by alteration of

intracellular pH or through a change in intracellular

calcium concentration [13].

Ion channels and blood pressure
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Conductance of channels

Single channel conductance describes the ease of move-

ment of ions through an individual channel and is

designated c. Conductance is the opposite of resistance

and can be de®ned by Ohms law as the ratio of i, the

current through that channel to V, the potential difference

(voltage) across the membrane c=i/V. Membrane

conductance (G) for all the channels of one type in the

cell membrane is a product of the number of channels of

that type (N), the open probability of the channels (Po) and

the single channel conductance, G=N.Po.c. Some drugs

act to change ion transport across cell membranes by

altering ion channel conductance. For example sodium

cromoglycate and frusemide block chloride secretion

through chloride channels in airway epithelia by reducing

conductance of the chloride channels [14]. Chloride

channels may play a role in determining airway calibre,

and blockade of airway chloride channels by sodium

cromoglycate and frusemide may be one mechanism by

which these drugs prevent osmotically by induced

bronchoconstriction [14].

Coordination of channel activity

The surface membrane of every cell contains many

different channel types that vary depending on the type

of cell. Some coordination of the activity of these

channels (as well as of other ion transporters) is

important for normal cell function, particularly where

cell function is to transport ions across polarized cells, or

to generate electrical signals in nonpolarized cells

(Figure 2).

Polarized cells Epithelial cells lining viscera have

different ion transporters in their luminal (apical)

membrane from those in the interstitial (basolateral)

membrane. This may be achieved by targeted transport

Figure 2 Ion channel activity and the normal function of polarized and nonpolarized cells. Coordination of the activity of ion channels

and other transporters is essential for normal cell function of both A ± polarized and B ± nonpolarized cells. A ± In the collecting duct

of the renal tubule, sodium is absorbed across epithelial cells by coordinated activity of apical Na+ channels and basolateral Na+-K+-

ATPase pumps. The Na+-K+-ATPase pumps in the basolateral membrane of tubular cells use energy to pump Na+ out of the cell into

the interstitium in exchange for K+. This sets up a concentration gradient for Na+ across the cell from lumen to interstitium. Na+ is

then absorbed from the lumen down this concentration gradient through Na+ channels in the apical membrane of the cells. K+ is

recycled out of the cell by apical and basolateral potassium channels. B ± Coordinated activity of potassium and calcium channels is

important for the control of tone in arteriolar smooth muscle. (a) Potassium ef¯ux through potassium channels hyperpolarizes the cell

membrane and triggers closure of voltage-gated calcium channels and a fall in intracellular calcium concentration. (b) Closure of

potassium channels reduces potassium ef¯ux, depolarizes the cell membrane and triggers opening of voltage-gated calcium channels with

a rise in intracellular calcium. Intracellular calcium determines vascular tone by promoting actin±myosin interaction and smooth muscle

contraction.
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of ion channels to each speci®c cell membrane by

microtubules in the cytoplasm [15]. The polarized

distribution of ion transport proteins generates move-

ment of ions across the cell. For example sodium

absorption across the collecting duct in the renal tubule

is achieved by the coordinated activity of apical Na+

channels and basolateral Na+-K+-ATPase pumps

(Figure 2). The Na+-K+-ATPase pumps in the

basolateral membrane of tubular cells use energy to

pump sodium out of the cell into the interstitium in

exchange for potassium. This sets up a concentration

gradient for sodium across the cell from lumen to

interstitium. Sodium then diffuses from the lumen down

this concentration gradient through epithelial sodium

channels in the apical membrane of epithelial cells.

Absorption of sodium is controlled by factors which

alter activity of either apical sodium channels or Na+-

K+-ATPase pumps. For example aldosterone increases

sodium absorption by stimulating activity of both these

sodium transporters.

Non-polarized cells In nonpolarized cells ion channels

direct transport of ions into or out of the cell rather than

across the cell. Coordination of ion transport activity

allows the generation or transduction of electrical signals in

nerve and muscle and the regulation of intracellular

calcium in muscle cells which controls muscle contraction

and smooth muscle tone.

Measurement of ion channel activity

Activity of ion channels can be studied in vitro using patch

clamp electrophysiology (Figure 3). In this technique a

micropipette with tip diameter of 1±2mm is brought up

against the cell membrane to be studied. Gentle suction is

applied which forms a high resistance seal between the

pipette and the membrane and isolates the `patch' of

membrane within the tip. This is known as an on-cell or

cell-attached patch. Usually the patch is then pulled off the

cell (forming an isolated inside-out patch) or the patch is

ruptured to record from the whole cell. The pipette itself

acts as an electrode as it is ®lled with an electrically

conducting solution. A second, reference electrode is

placed in the ¯uid bathing the cell or patch. Electrical

properties of the patch or single cell can thus be measured

and the effects of changes in chemical or electrical energy

gradients as well as of channel agonists and antagonists can

be studied.

B

Cell-attached mode

A

Recorder

Reference
electrode

Cell
membrane

Electrode

Pipette

Recorder Recorder

C

Reference
electrode

Reference
electrode

Inside-out mode Whole cell mode

Figure 3 Patch clamp technique for the measurement of ion channel activity. A ± Cell-attached mode. The micropipette used for patch-

clamping is brought up to the cell membrane and gentle suction applied so that a `patch' of membrane is isolated in the tip of the

pipette by a high resistance seal. Using this technique the properties of single channels or groups of channels in the patch can be de®ned

when intracellular contents are left intact. The effect of extracellular agents on channel activity can be studied by adding the agents to

the pipette solution. B ± Inside-out mode. Once the seal between pipette and membrane patch is established the patch is `torn' away from

the rest of the cell and the intracellular surface of the membrane is exposed. This makes it possible to control the intracellular

environment arti®cially and to study channel activity after exposure of the cytoplasmic membrane surface to channel agonists and

antagonists. C ± Whole cell mode. A cell-attached patch is established, then extra suction is applied to suck out the patch of membrane,

leaving the pipette in contact with the intracellular contents. Using this mode current and conductance, which are the sum of the

properties of all the channels in the membrane, are measured. Properties of different channel types can be determined by examining the

effect of extracellular or intracellular channel agonists and antagonists on membrane current and conductance.

Ion channels and blood pressure
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Where cell-attached or inside-out patches are studied

then properties (number, open probability, conductance,

gating) of single channels or groups of channels in the

patch can be de®ned. Where whole cell patch clamping is

used, current and conductance across the cell membrane

are measured which are the sum of the properties of all the

channels in the membrane. Properties of different channel

types can be determined by examining the effect of speci®c

channel agonists and antagonists on membrane current and

conductance, but individual channel properties cannot

generally be studied using the whole cell technique.

The combination of molecular biology with patch

clamp techniques has been used to study the genes

encoding ion channels. Many ion channels have been

identi®ed and characterized following their expression

in vitro in cells such as the Xenopus oocyte.

Part 2. Ion channels and the control of blood
pressure

Many genetic, pathophysiological and pharmacological

studies provide evidence that ion channel function is an

important determinant of blood pressure levels. This

section describes ion channel abnormalities which cause

both high and low blood pressure and discusses how drugs

that affect ion channels are used, or are being developed,

for therapy (Table 1).

Ion channels and volume control

The epithelial sodium channel Epithelial sodium channels

(ENaC) are present in the luminal (apical) membranes of

epithelial cells in the distal nephron (distal tubule and

collecting duct) and distal colon. Sodium entry through

epithelial sodium channels is the rate limiting step for

sodium absorption across these epithelia. Regulation of

sodium channel function at these sites allows ®ne tuning of

sodium balance in the body and is critical for blood

pressure regulation. Evidence for the importance of the

epithelial sodium channel in the control of blood pressure

comes not least from the fact that both high and low blood

pressure can be caused by epithelial sodium channel

abnormalities.

Epithelial sodium channels are composed of a, b and c
subunits [16, 17]. The three subunits share similar primary

sequences and are each inserted into the cell membrane in

the same way. Each subunit starts with the amino terminus

inside the cell, then crosses the membrane and forms a

large extracellular loop, before crossing back through the

cell membrane and ending with the carboxyl terminus

inside the cytoplasm. The transmembrane domains form

the sodium-conducting pore and the intracellular termini

interact with intracellular molecules such as cytoskeletal

proteins, G proteins and protein kinase C.

Liddle's syndrome Liddle's syndrome is a rare inherited

form of hypertension caused by mutations of the epithelial

sodium channel which increase sodium reabsorption in the

renal distal tubule [18]. Patients with Liddle's syndrome

develop high blood pressure, often in their teenage years.

This hypertension is associated with hypokalaemic

alkalosis, as potassium and hydrogen excretion in the

renal distal tubule are linked to sodium channel activity,

and with suppression of the renin-aldosterone axis

secondary to sodium retention [19]. Mutations which

cause Liddle's syndrome affect the cytoplasmic tail of

either the b or c subunits of the epithelial sodium channel

and invariably remove or alter a short amino acid sequence

called the PY motif, so called as it consists of several

proline (P) residues followed by a tyrosine residue (Y) [20,

21]. The PY motif is important for the removal of apical

sodium channels from the cell membrane back into the

cell. Disruption of the PY motif appears to impair this

sodium channel endocytosis, so increasing the number of

sodium channels in the cell membrane [22, 23]. Liddle's

mutations may also increase the open probability of

affected channels [23]. Increased numbers of functioning

channels and increased open probability of epithelial

sodium channels in the apical cell membrane permit

continued and essentially uncontrolled sodium absorption

which accounts for the sodium retention and hypertension

of Liddle's syndrome.

Evidence for the importance of renal sodium absorption

in Liddle's syndrome comes from a patient with Liddle's

syndrome who developed end-stage renal failure and

required a renal transplant [24]. Following the transplant of

a kidney with `normal' epithelial sodium channels the

Liddle's patient had only mild high blood pressure with

resolution of the hypokalaemia and alkalosis and normal

activity of the renin-angiotensin-aldosterone axis. How-

ever increased renal sodium channel activity has not been

demonstrated directly in Liddle's patients as sodium

channels in the renal tubule are inaccessible to direct

clinical measurement. Increased sodium absorption

through sodium channels which have structural [25, 26]

and functional [27, 28] similarities to renal sodium

channels has been demonstrated in both lymphocytes

[29] and the nasal epithelium [30] of patients with Liddle's

syndrome.

Hypertension in Liddle's syndrome can be controlled by

a low salt diet in combination with either amiloride or

triamterene, drugs which block the epithelial sodium

channels and prevent the excessive renal sodium reabsorp-

tion.

Pseudohypoaldosteronism Pseudohypoaldosteronism type 1

(PHA 1) is a rare inherited condition in which patients

have low blood pressure. In several affected families

mutations that inactivate epithelial sodium channels have

E. H. Baker

190 f 2000 Blackwell Science Ltd Br J Clin Pharmacol, 49, 185±198



Table 1 Ion channels and the control of blood pressure

Ion channel

Location where channel

in¯uences blood pressure

Effect of increased channel

activity on blood pressure

Drugs which open

ion channel

Effect of decreased channel activity

on blood pressure

Drugs which block

ion channel

Epithelial sodium channel Renal collecting duct Increases blood pressure Decreases blood pressure Amiloride, triamterene

(Liddle's syndrome,

T594M mutation?)

(Pseudohypoaldosteronism)

Renal outer medullary

potassium channel (ROM K)

Kidney (loop of Henle) Low/normal blood pressure

(Bartter's syndrome)

Glibenclamide

Cystic ®brosis transmembrane

regulator (CFTR)

?Renal tubules

??Sweat ducts

Some evidence for low

blood pressure (Cystic ®brosis)

Cation channel Vascular endothelial cells ?Lowers blood pressure LP-805

Voltage-gated calcium channel Vascular smooth muscle cells Lowers blood pressure Nifedipine

Amlodipine

Diltiazem

Verapamil

ATP-sensitive potassium channel Vascular smooth muscle cells Lowers blood pressure Nicorandil

Cromokalim

Pinacidil

Increases blood pressure Glibenclamide
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0
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been identi®ed. Mutations of all three sodium channel

subunits have been implicated in the development of PHA

1 [31, 32]. As a result of some of these mutations, patients

have gross truncation of the affected sodium channel

subunit which may interfere with the assembly, or normal

structure, of sodium channels. In other patients, mutations

cause changes in speci®c amino acids near the ®rst

transmembrane domain of the b or c subunit. These

changes result in a partial loss of channel function, perhaps

by altering single channel conductance or open prob-

ability. In these families absent or reduced activity of

mutated epithelial sodium channels results in failure of

sodium reabsorption in the distal nephron with salt

wasting. Not only does blood pressure fall but also plasma

renin activity and aldosterone concentrations are raised in

response to the sodium de®ciency, and hyperkalaemia and

acidosis occur as potassium and hydrogen excretion are

coupled to sodium reabsorption in the distal renal tubule.

Sodium channel polymorphisms and blood pressure variation
The observation that both high and low blood

pressure could be caused by abnormalities of the

epithelial sodium channel led to the speculation that

variations in sodium channel activity could contribute

to the `normal' distribution of blood pressure levels

seen in the general population. Mutation detection and

association studies have been performed to investigate

the role of epithelial sodium channel abnormalities in

the development of high blood pressure. In most

ethnic groups there is no evidence that sodium

channel polymorphisms contribute to the development

of hypertension. Sodium channel polymorphisms caus-

ing single amino acid substitutions in the C-terminus

or exon 8 of the b subunit occur in 1% of white

French adults, but none of these substitutions affect

sodium channel activity when tested in the Xenopus

oocyte expression system [33]. In Scandanavian subjects

there is no association between hypertension and a

marker for b and c subunits [34].

However people of African origin with high blood

pressure have low plasma renin activity and salt-sensitive

hypertension, similar to the picture seen in patients with

Liddle's syndrome, which suggest that sodium retention

and volume-expansion may underlie the high blood

pressure. There is some evidence that sodium channel

polymorphisms may contribute to the development of

high blood pressure in African and Caribbean people. The

T594M mutation of the b subunit C terminus has been

shown to be associated with high blood pressure in a case-

control study of black Londoners [35]. However this

B

Normal ROM K
channel activity

2K+

Na+

Cl–

Epithelial cells of
thick ascending

limb of the loop of
Henle

A

Interstitium

Loss of ROM K
channel activity

3Na+Na+

K+

2K+

Lumen Interstitium Lumen

2Cl–

K+

3Na+

Na+
ROM K
channel

Mutant
ROM K
channel

Glibenclamide?

Figure 4 The Renal Outer Medullary K channel (ROM K) and blood pressure. A ± Na+ and Cl± are reabsorbed in the thick

ascending loop of Henle by the actions of an apical Na-K-2 Cl cotransporter, thus their absorption at this site is dependent on adequate

supplies of luminal K+. The activity of apical ROMK channels is essential for Na+ and Cl± reabsorption as ROMK channels increase

luminal K+ concentrations by recycling K+ from the tubular cells to the lumen. K+ secretion through ROMK channels also creates a

lumen-positive potential difference which drives sodium absorption via paracellular routes. B ± Where potassium secretion through

ROMK channels is reduced or blocked by channel mutations (Bartter's syndrome) or drugs (e.g. Glibenclamide), luminal K+

concentrations fall which impairs Na-K-2 Cl cotransporter activity and paracellular Na+ absorption. Up to 30% of ®ltered NaCl is

normally reabsorbed in the thick ascending limb of the loop of Henle and failure of this process results in salt-wasting, volume

contraction and stimulation of the renin-angiotensin-aldosterone axis.
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association was not seen in African Americans [36]. In

patients with the T594M mutation there is disruption of a

putative protein kinase C binding site. Protein kinase C

mediates inhibition of sodium channel activity which

reduces sodium absorption through sodium channels [37].

The T594M mutation therefore could increase sodium

channel activity by interfering with mechanisms which

reduce channel activity. Patch clamp studies in lympho-

cytes from individuals with the T594M mutation show

that protein kinase C inhibition of sodium channel activity

is indeed reduced in heterozygotes and abolished in

homozygotes [38]. Physiological studies in people with the

T594M mutation are currently ongoing. Further studies

are required to determine whether sodium channel

blocking drugs such as amiloride or triamterene have a

role in the treatment of hypertension in people with the

T594M mutation.

The ROMK potassium channel

A renal outer medullary potassium channel (ROMK) is

found in the apical membrane of epithelial cells in the

thick ascending limb (TAL) of the loop of Henle. The

channel facilitates the reabsorption of up to 30% of ®ltered

NaCl and as such is important in volume regulation

(Figure 4) [39]. The role of ROMK channels is to recycle

K+ from the tubular cells to the lumen. Na+ and Cl± are

primarily absorbed across the thick ascending loop of

Henle by a sodium(potassium)chloride cotransporter and

so can only be absorbed in the presence of K+ [39].

Sodium absorption via paracellular routes is also driven by

the lumen-positive potential difference created by K+

excretion through the ROMK channel [40].

Mutations of ROMK channels have been identi®ed as

the underlying cause in some patients with Bartter's

syndrome. Bartter's syndrome comprises an inherited

group of renal tubular disorders in which low or normal

blood pressure is associated with hypokalaemic alkalosis

and diverse other clinical features [41]. ROMK mutations

reduce potassium secretion through ROMK channels by

interfering with phosphorylation, proteolytic processing

or protein traf®cking of the channel [42]. Failure of

potassium secretion through ROMK channels reduces

sodium absorption in the TAL, increases sodium delivery

to the distal renal tubule and results in salt-wasting, volume

contraction and stimulation of the renin-angiotensin-

aldosterone axis (Figure 4) [43]. Increased distal sodium

delivery interferes greatly with homeostasis of other

cations. Sodium reabsorption through epithelial sodium

channels is stimulated to compensate for sodium loss and

this is coupled to increased potassium and hydrogen ion

excretion causing hypokalaemic alkalosis. Distal calcium

and magnesium reabsorption are also impaired and the

resultant hypercalciuria often causes nephrocalcinosis.

Bartter's syndrome, in people homozygous for inacti-

vating ROMK mutations, thus presents with a plethora of

clinical problems, generally in the neonatal period. In

particular at this age salt wasting causes severe dehydration,

although subsequent compensatory mechanisms may

correct blood pressure to normal levels. It is possible

that people heterozygous for ROMK mutations are

protected against the development of high blood pressure

by relative sodium depletion.

Drugs which block ROMK channels could potentially

reduce blood pressure. The sulphonylurea glibenclamide

has been shown to block ROMK channels [44]. In

micropuncture studies of rat renal tubules, glibenclamide

infusion increased delivery of sodium to the early distal

tubule and caused natriuresis with diuresis but without

altered potassium excretion [45]. These effects are

consistent with blockade of ROMK channels in the

loop of Henle. Glibenclamide is also natriuretic in

humans [46] but despite this effect it has not been shown

to lower blood pressure in vivo [47]. Glibenclamide

probably lacks antihypertensive actions in patients

because it also blocks potassium channels in vascular

smooth muscle which would be predicted to raise blood

pressure (see below). Potassium channel blocking agents

with actions on renal but not vascular potassium channels

might have a future role in the treatment of high blood

pressure.

The CFTR chloride channel

The cystic ®brosis transmembrane regulator (CFTR) is an

epithelial chloride channel which also acts as a regulator of

the function of other ion channels. Mutations which

inactivate the CFTR chloride channel cause cystic ®brosis,

a lethal autosomal recessive condition characterized by

lung and pancreatic disease. The role of CFTR in

determining blood pressure is speculative. Indirect

evidence for a role for CFTR in blood pressure regulation

comes from a study which found signi®cantly lower blood

pressure in a group of young adults with cystic ®brosis than

in age-and sex-matched controls [48]. In most tissues

which express CFTR, including airway epithelia, the

function of CFTR is to secrete chloride ions. However

CFTR is important for chloride reabsorption in the sweat

ducts [49] and probably in the proximal renal tubules [50].

Loss of CFTR activity could therefore lead to chloride

(and hence sodium and water) loss in sweat and urine with

volume depletion. It is possible therefore that hetero-

zygotes with CFTR mutation could be protected against

the development of hypertension by this mechanism,

although there are no published studies which address this

question.

Ion channels and blood pressure
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Ion channels and vascular tone

Blood pressure is determined by cardiac output and

peripheral arteriolar resistance. Peripheral resistance in

turn is determined mainly by vascular tone generated by

the contraction of vascular smooth muscle. Ion channels

have many crucial roles in the regulation of vascular tone.

In vascular endothelial cells ion channel activity is

important for controlling the release of vasoactive

mediators which in turn modulate vascular smooth

muscle tone. In smooth muscle cells the coordinated

action of ion channels is one of the mechanisms which

control intracellular calcium and hence the degree of

contraction of the cell. Vascular ion channels are important

targets for drugs to treat pathological states of high or low

blood pressure.

Endothelial ion channels

Physiology The endothelium is integral to the regulation

of vascular tone. Its predominant in¯uence is to cause

relaxation of vascular smooth muscle by the production of

vasodilator mediators, including nitric oxide and prosta-

cyclin, but it also produces vasoconstrictor substances such

as endothelin. The mechanisms which regulate the

production and release of these mediators are not fully

understood. However they appear to be calcium-depen-

dent and determined by intracellular calcium which in turn

is in¯uenced by orchestrated ion channel activity in the cell

membrane [51]. Vasoactive substances, such as bradykinin

or histamine, and mechanical stresses which in¯uence

vascular tone, act at least in part through an effect on ion

channel function. They act directly to stimulate opening of

calcium and cation channels in the cell membrane, which

increases calcium entry into the cell. The stimuli also act

indirectly to activate K+ channels in the cell membrane

and so increase K+ ef¯ux. This change causes hyperpolar-

ization of the cell membrane and hence increases the

driving force for Ca2+ entry into the cell. Increased

intracellular calcium increases production and release of

vasodilator mediators which reduce vascular tone.

Endothelial ion channels and blood pressure Normal function

of endothelial ion channels thus appears to be important in

the control of vascular tone and dysfunction of these ion

channels could contribute to alterations in blood pressure.

However the detailed role of endothelial ion channels in

blood pressure regulation is complex and not fully

understood. As yet no speci®c abnormalities of endothelial

ion channel structure or function have been identi®ed as a

cause of blood pressure abnormalities. However hyperten-

sion has been shown to induce secondary changes in

endothelial ion channel function in rat models of

hypertension [52]. The altered haemodynamic forces of

hypertension stimulate increased density of stretch-

activated potassium channels and pressure-activated

calcium channels in endothelial cell membranes. Upre-

gulation of stretch-activated potassium channels would

lead to hyperpolarization of the cell membrane and an

increased driving force for calcium entry into the cell

through the increased numbers of pressure-activated

calcium channels [52]. The response to mechanical stresses

thus would be increased production of vasodilator

mediators and this in turn may represent an important

adaptive mechanism for vessel wall protection in hyper-

tension.

Agents which alter endothelial ion channel activity

could potentially be developed for use as drugs to raise or

lower blood pressure. The experimental antihypertensive

drug LP-805 activates calcium in¯ux into endothelial cells

via a cation channel. It may be that it lowers blood pressure

by increasing the calcium available to stimulate release of

vasodilator mediators such as nitric oxide [53].

Ion channels in vascular smooth muscle

Physiology Hyperpolarization of the cell membrane has

opposite effects on intracellular calcium levels in

endothelial and smooth muscle cells. In endothelial

cells hyperpolarization of the cell membrane results in

increased calcium in¯ux and a rise in intracellular

calcium levels. In vascular smooth muscle cells however,

hyperpolarization of the cell membrane actually inhibits

calcium entry into the cell and causes a fall in

intracellular calcium. Hyperpolarization has different

effects in these two cell types because calcium entry

pathways in endothelial and smooth muscle cell

membranes are gated differently. Calcium enters

endothelial cells through receptor-mediated, leak and

stretch-activated pathways [54], hence hyperpolarization

promotes calcium entry and causes an increase in

intracellular calcium by creating a favourable electrical

gradient for calcium in¯ux through these pathways. In

vascular smooth muscle cells however, calcium entry is

primarily through L-type (long-lasting), voltage-gated

calcium channels [55]. Hyperpolarization of smooth

muscle cell membranes results in closure of these

voltage-gated calcium channels and hence a fall in

intracellular calcium concentrations.

The membrane potential of vascular smooth muscle cells

thus is an important determinant of intracellular calcium

which in turn controls the degree of contraction of smooth

muscle cells, vascular tone and blood pressure. Activity of

ion channels, particularly potassium channels, controls the

membrane potential [56]. When potassium channels are

open, the electrochemical gradient for potassium drives

potassium out of the cell and the cell membrane potential

becomes more negative. This hyperpolarization of the cell
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membrane triggers closure of voltage-gated calcium

channels, a fall in intracellular calcium and hence

vasodilation. Closure of potassium channels reduces

potassium ef¯ux from the cell and results in depolarization

of the cell membrane, calcium channel opening, an

increase in intracellular calcium and vasoconstriction.

Smooth muscle in resistance vessels exists in a state of

partial contraction maintained by an intracellular calcium

level which appears to be achieved by coordination of ion

channel activity [57]. A variety of potassium channel types

gated by calcium, voltage or ATP, maintain the cell

membrane potential at a level close to that at which

calcium channels are activated. Calcium channel activation

triggers membrane depolarization and calcium entry that is

limited by the opening of calcium-sensitive and other

potassium channels which hyperpolarize the cell mem-

brane and close the calcium channels once more. The

degree of smooth muscle contraction which is maintained

by these mechanisms is probably important in the long

term regulation of arterial blood pressure. More detailed

reviews of the structure, function and regulation of ion

channels in vascular smooth muscle can be found

elsewhere [56, 58].

Vascular smooth muscle ion channels and blood pressure

Hypertension In theory increased calcium channel activ-

ity, or reduced potassium channel activity, should cause an

increase in blood pressure by increasing vascular tone.

Increased L-type Ca++ current density (whole cell

current normalized to cell surface area) has been

demonstrated in smooth muscle cells from large arteries

from the spontaneously hypertensive rat and may

contribute to the development of high blood pressure in

these animals [59]. However potassium channel activity

appears to be increased rather than decreased in animal

models of hypertension. Calcium-activated potassium

current density is increased in aortas from hypertensive

rats compared with controls [60] and single-channel

Ca++ activated K+ current is increased in arterial smooth

muscle cells from rats with genetic or renal hypertension

[61]. ATP-sensitive potassium channels in vascular smooth

muscle cells from spontaneously hypertensive rats have

impaired sensitivity to the opening actions of levocroma-

kalim, which might imply that opening of these channels is

already increased in hypertension62. It is possible that this

increased activity of vascular K+ channels may be a
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Figure 5 Pharmacological agents which modify blood pressure through actions on vascular smooth muscle cell membrane ion channels.

A ± Drugs which lower blood pressure. Potassium channel openers (e.g. pinacidil) open ATP-sensitive K+ channels and increase diffusion of

K+ out of the cell. K+ ef¯ux hyperpolarizes the cell membrane which triggers closure of voltage-gated calcium channels and a fall in

intracellular Ca++ concentration. Ca++ channel blockers (e.g. Nifedipine, diltiazem, verapamil) block voltage-gated Ca++ channels

directly, thus also reducing intracellular Ca++. A fall in intracellular Ca++ reduces the interaction between actin and myosin, lowers

arteriolar smooth muscle tone and hence causes a fall in blood pressure. B ± Drugs which raise blood pressure. Drugs which block ATP-

sensitive K+ channels (e.g. glibenclamide) reduce K+ ef¯ux from the cell which results in depolarization of the cell membrane and

triggers opening of voltage-gated Ca++ channels. Ca++ in¯ux through these channels increases intracellular Ca++ which in turn

promotes actin±myosin interactions and an increase in arteriolar tone. K+ channel blocking agents may have a role in the treatment of

hypotension in septic or haemorrhagic shock.
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compensatory mechanism which opposes the increase in

vascular tone in hypertension. Indeed these changes in

potassium channel function revert to normal if the

hypertension is reversed with treatment [62, 63]

Drug treatment for hypertension

Calcium channel blocking drugs and potassium channel

opening drugs can, by acting directly or indirectly, close

voltage-gated calcium channels, reduce calcium ¯ux into

smooth muscle cells and hence relax vascular smooth

muscle (Figure 5).
Ca++- channel blockers The blood pressure-lowering

effect of drugs which block L-type calcium channels (e.g.

nifedipine, verapamil) has been recognized for over

30 years. More recently other types of voltage-gated

calcium channel have been identi®ed, which are also

potential targets in the treatment of hypertension. T-type

(transient) calcium channels have been identi®ed in

vascular smooth muscle cells [64] and differ from L-type

calcium channels as they are gated at more negative

membrane potentials and, once open, stay open for a

shorter period of time. T-type calcium channels appear to

play a role in the control of blood pressure [65] and are

also involved in the promotion of growth and prolifera-

tion of vascular smooth muscle cells [66]. Mibefradil is the

®rst of a new class of calcium channel blocking drugs

which blocks both T and L-type Ca++ channels but has

selectivity for the T-type channel [67]. Mibefradil lowers

blood pressure [68] and has an antiproliferative effect on

vascular smooth muscle in vitro and in animal studies [66].

It has recently been withdrawn from the market because

of its propensity to interact with other drugs [69].

However newer, less troublesome T-type Ca2+ channel

blockers could have potential both in the treatment of

hypertension and in the prevention or reversal of

hypertension-induced cardiovascular remodelling that

may contribute to the morbidity and mortality of

hypertension [70].

Potassium channel openers A large number of molecules

open potassium channels. These can be classi®ed according

to their actions into 1) agents which open ATP-sensitive

K+ channels, e.g. cromokalim, pinacidil, 2) agents which

activate guanylate cyclase in addition to opening ATP-

sensitive K+ channels, e.g. nicorandil, 3) agents which

open calcium-dependent K+ channels, e.g. dehydro-

saponin 1 [71]. Drugs which open ATP-sensitive K+

channels act as arteriolar vasodilators, increasing forearm

blood ¯ow [72, 73] and lowering blood pressure [74].

Pinacidil is available in several countries for the treatment

of high blood pressure and, while it does lower blood

pressure, its use as monotherapy is frequently associated

with side-effects such as peripheral oedema, tachycardia,

palpitations and headache [75, 76]. Nicorandil acts as both

an arteriolar and venous dilator, probably as a consequence

of its dual mode of action, and increases coronary blood

¯ow [77]. Its principle use is in the prevention and

treatment of angina. Potassium channel openers are not

currently licensed for the treatment of hypertension in the

United Kingdom.

Hypotension Work done in animal models suggests that

potassium channels play a role in the development of the

pathologically low blood pressure of shock. Glibencla-

mide, which blocks ATP-sensitive K+ channels, caused an

increase in blood pressure in experimental endotoxin-

induced shock [78, 79] and in haemorrhagic shock [80,

81]. It thus appears that ATP-sensitive K+ channels are

activated in `shock' and cause vasodilation and hypoten-

sion probably by hyperpolarization of vascular smooth

muscle cell membranes (Figure 5). Glibenclamide also

reduces the mortality rate in animals with haemorrhagic

shock, suggesting that drugs which block K+ channels

may have an important therapeutic role in the manage-

ment of shock [80].
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encouragement and his perceptive comments during the preparation

of the manuscript and Sahantha De Silva for background research.
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