
The existence of electric charge is one of the fundamental features of the uni-
verse. Single charges afe associated with single subatomic particles: they are
unitary and either positive or negative. Charges of the same sign repel each
other and those of apposite sign attract each other. The attractive force
between positive and negative charges means that it requires an appreciable
amount of energy to separate them, and thus energy is released when they are
allowed to come together again. Consequencly we find that the normal state
of matter is to be electrically neutral, with equal numbersof positive and neg-
ative charges.

The reasons far this state of affairs can be fruitfu1ly discussed only by the-
oretical physicists, but theconsequences are evident to all of uso When we boi!
water in an electric kettle, the charges that were separated some cime agoat
considerable energy cost in some dis'tant power station are finally allowed to
come together again, and their flow through the resistance of the kettle's
heating element releases energy that we can use to make a cup of coffee.
Living cells can also utilize the energy available from the attractive force
between electric charges of apposite sign, and this may be evident ulcimately
in the flow of ions through ion channels.

We begin this chapter wici;1 a short refresher course on some aspects of the
physics ~d chemistry of ions. Readers whose physical chemistry is in good
shape may wish to skip the first few sections.

Electricity

Static electricity is the accumulation of excess positive or negative e/ec/ric charge

in some region, produced ultimately by the separation of electrons from their
atoms. Quantities of char~e Q afe measured in coulombs, C. The positive
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Table 2.1. Some e/ectrica/ quantities and tbei, uniti

Symbol far

quantity
Symbolfor
SI unitQuantity Unit

Equivalent
form of SI unit

Q
I
V,E

coulomb
ampere
volt
joule
watt
ohm
siemens
farad

C
A
V
J
W
!l
5
F

As
C S-1
J C-I
CV
J S-1, A V
VA-1
,{},-1,AV-
CV-1

Charge
Current
Potenti al difference

Energy (work)
Power
Resistance
Conductance
Capacitance

R
G
C

It is conventional to write the symbols far quantities in italics and the symbols far units
in roman type. Notice particularly the difference between C, the symbol far the quantity
capacitance, and C, the symbol far the coulomb, the unit of charge. 'The unit of time is the
second, s.

Table 2.2. Some prejixes jor multiples of scientijic uniti

centi
milli
micro
nano

pico
femto
kilo
mega
giga

c

m

11.

n

p

f

k

M

G

charge on a single sodium or potassium ion (the elementary charge, e~ is
1.602 X 10-19 C, so one coulomb corresponds to the charge on 6.24 X 1018
univalent ions. The charge on one mole of univalent ions is given by the
Faraday constant F, which is equal to Avogadro's number N A (the number of
ions, atoms or molecules in a mole, 6.022 X 1023) multiplied by the charge on
each of them. i.e.

F=NAeo
= 6.022 X 1023 X 1.602 X 10-19
= 96500 coulombs mol-1

Tables 2.1 to 2.3 collect together some of the physical quantities, units and
constants used in ion channel work.
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Table 2.3. Some physical constants

SymbolCOnstant Value Units

NA
eo
F
R
k

mol-1
C
C mol-1
J K-l mol-1
J K-l

6.022 >
1.602 >
9.648 :ì
8.314
1.381 >

Avogadro's number
Elementary charge (of proton)
Faraday constant (NA eo>
Gas constant
Boltzmann constant (R/NA)

Values are given to four significant figures. The conventional symbol far the elementary
charge is e, but we use the symbol eo in this book to avoid confusion with the root of natural
logarithms, e.

Current electricity is concerned with the flow of charge from one pIace to
another. The current I is equal to dQ/ dI, the rate of change of charge with
time; it is measured in amperes or amps (A). A current of one coulomb per
second is one ampere. So if the current through a sodium channel is 10-12 A,
or one picoamp (1 pA - see table 2.2), then the nutnber of sodium ions
flowing through it in one second will be 6.24 X 1018 X 10-12, i.e. 6.24 + 106.

Current will only flow from one point to another if there is a potential differ-
ente (V or E) between the two points and a conducting path between them.
In a small torch or flash1ight that is switched off, for example, no current flows
through the filament of the lamp bulb because there is no potential difference
across its ends. And no current flows from the positive pole of the battery to
its negative pole, even though there is a potential difference between them,
because there is no conducting pathway between them in the external circuito
When the torch is switched on, however, current flows from the positive pole
through the filament in the bulb to the negative pole. Potential differences are
measured in volts (V); when one coulomb is moved through a potential dif-
ference of one volt, one joule O) of energy is released.

The energy released (or work done) during current flow from one point to
another is equal to the potential difference between the points multiplied by
the charge ttansferred:

work = VQ (2.1)

The power output (i.e. the rate of energy release) is thus equal to the current
multiplied by the potential difference:

power = W (2.2)

A hand-torch with a 4 V battery, for example, might have a current of 500 mA
flowing through the bulb when it is switched on; the power output, given by
equation 2.2, will then be 2 watts (W). lf the torch is switched on for just

1023
10-19
104

10-23
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10 s then, applying equation 2.1, we find that 20 J of energy afe released as 5 C
of electric charge flow through the light bulb filamento

The current flowing through a conductor with a particular potential differ-
ence across it is determined by its resistance, as was established by Ohm in 1827.

According to Ohm's law; the potential V(in volts) is equal to the current I (in

amps) multiplied by the resistance R. Thus,

V=IR

1= V/Ror

The units of resistance are ohms, signified by the Greek letter omega, o. The
reciproca! of resistance is conductance (G), measured in siemens, S. (Older mea-
sures of conductance used the delightful name rnho, or reciproca! ohm, far
the siemens.) We can rewrite equation 2.3 in terms of conductance as

1= VG (2.4)

In our torch, far example, with a potential difference across the bulb of 4 V
and a current of 500 mA flowing through it, Ohm's law shows that the resis-
tance of the bulb filament must be 8 fl (from equation 2.3) and its conduc-
tance is the reciprocal of this, 125 mS (from equation 2.4).

The resistiviry of a substance is the resistance measured between apposite
faces of a 1 cm cube of it. The conductiviry of a substance is the reciprocal of
its resistivity. Resistivity is commonly measured in fl cm, and conductivity in
S cm-l.

In straightforward cases the current flowing through a conductor is linearly
proportional to the potential across it; here the conductance really is a con-
stant, independent of voltage. But sometimes this is not the case, and the con-
ductance varies with the potential difference. If the conductance changes its
value when the direction of the current passing through it is changed, so that
it conducts more readily in one direction than in the other, then we have an
example of rectiftcation.

Two plates of conducting material separated by an insulator form a capac-
itor. If a potential difference Vis applied across the capacitor, a quantity of
charge Q builds up on the plates. The charge is proportional to the potential
difference, and the constant of proportionality is called the capacitante,
denoted by C Thus,

Q = VC (2.5)

When the voltage across the capacitor is changing, charge builds up on one
plate and flows away from the other, so we can speak of a current I through
the capacitor, given by

/=CdV/dt (2.6)
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Fig. 2.1. Part of the periodic

table of the elements, showing
the main ion-forming elements
of importance in ion channel
studies. Group I and group Il
elements form monovalent and
divalent cations respectively,
and group VII elements form
monovalent anions. The main
natural permeant ions afe
shown in bold type, and some
others that afe useful
experimentally afe shown in
italics.
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where d V / d! is the rate of change of voltagewith rime. Cell membranes are thin
insulators between conducting solutions, so they have a capacitance, and we
shall therefore need to use equation 2.6 in describing some membrane currents.

The capacitance of a capacitor is proportional to the area of the plates of
which it is made. So the capacitance of a patch of cell membrane is propor-
tional to its area. Thus if the capacitance per unit area is Cm and the area of
the membrane is a, then the capacitance C is given by

(2.7)C=aC -'



Electrodiffusion

A quantity of gas introduced into a closed volume rapidly expands to fill the
space available to it. lf we add a drop of concentrated salt solution to a volume
of distilled water then the ions in the drop wi1l move into the surrounding
water so that eventually the ion concentrations afe equal throughout the whole
solution. These phenomena afe examples of diffusion.

Molecules in liquids afe in constant motion due to thermal agitation. At
room temperature typical molecular velocities afe of the arder of 100 m s ~.1.
The average centre-to-centre distance between water molecules is about
2.85 A. SO a water molecule wi1l not travel very far (angstroms) or far very long
(picoseconds) before it hits another one and changes direction. Similarly, ions
or other particles in solution or in suspension in water wi1l be buffeted tram
all directions by the impact of water molecules. For particles that can be seen
through the microscope, the ensuing random movement is called Brownian
motion.
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Fig. 2.5. Diagram to illustrate
diffusion after removal of a
barrier between two
compartments. Salute particles
move around at random, but
the sum of ali their random
walks leads to net movement
tram regions of high
concentration into regions of
low concentration. There are
more molecules moving to the
right in L than there are
m;:;~ to the left in R, so
when t;..~ barrier between
them is removed or perforated
there will be a net movement
tram L to R.

In 1909 Einsteinshowed that diffusion results from the sum of single par-
ticles moving about at random under therma! agitation (see Einstein, 1926).
If we look at a single particle in a solution, we cannot say whether it will move
next to the left or to the right. But, with a large number of particles in a
uniform solution or suspension, the number moving to the left will be approx-
imately equa! to those moving to the right.

Now imagine we have a container with two compartments of equa! size
separated by a removable barrier, as is shown in fig. 2.5. In the right hand com-
partment R is a solution of molecules of a substance at a particular concen-
tration, and in the left hand compartment L is one with twice the
concentration. So there will be twice as many molecules moving to the right
in L as there are molecules moving to the left in R. If we now remove the
barrier between the two compartments, then twice as many molecules will
move from L into R as will move from R into L. There will be net movement,
therefore, from the region of higher concentration to that of lower concen-
trattano This is what is meant by diffusion.

The rate of the net movement from L to R is proportiona! to the area of
the interface through which they are movingand to the concentration gradi-
ent. This statement is called Fick's first law of diffusion. It can be stated math-
ematically as follows:

dn dc-- = DA- (2.8)
dt dx

Here n is the number of molecules so dn/dtis the rate of net transfer across
the interface; A is the area of the interface; c is the concentration and x is dis-
tance so dc/dxis the concentration gradient. The constant of proportionality
D is called the diffusion coefficient; it is usually measured in cm2 s -1.

We can introduce another component into our model by making the mol-
ecules ions and adding an electrical field to the system, making compartment
L positive to compartment R. If the ions afe positively charged they will move
from left to right when the barrier is removed, if they afe negatively charged
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they will move in the opposite direction. These electrophoretic movements
will add to or subtract from the diffusive movements. The total gradient is

called the e/ectrochemical gradient, and the total movement is called electrodiffusion.

lon5 moving through membrane channel5

Let us modify further the model described in the ptevious paragraph. We
introduce pores in the barrier that will allow the solvent and salute ions to pass
through when they afe opened. Then instead of removing the barrier we
simply open the pores in it. When this happens ~ salute ions will stilI cross
from one side to the other under the influence l. the electrochemical gradi-
ent, but the rate at which they do so will be greatly affected by the character-
istics of the pores.

We can apply these ideas to living ceIls. The plasma membrane is the barrier
to ion movement, and ion channels afe the aqueous pores through which the
ions can move. Thedirection in which they move is determined by the electro-
chemical gradient. However the rate at which ions move across the membrane
is determined by a number of factors:

(1)
(2)

the magnitude of the electrochemical gradient,
the nature of the ion and the characteristics of the ion channels (prop-
erties which can be described in terms of permeability and selectivity),
the number of ion channels present per unit area of membrane, and
the proportion of them that are open.

(3)
(4)

The electrochemical gradient

How can we describe the electrochemical gradient in quantitative terms?
Consider a model system with two compartments that contain different con-
centrations of a potassium salt KA; the concentration in compartment 1 is
higher than that in compartment 2 (fig. 2.6). They are separated by a mem-
brane that contains a number of ion channels embedded in it. When the
aqueous pores through the middle of these are open they willlet the potas-
sium ions through but not the anions. The channels, in other words, are selec-
tively permeable to potassium ions, and any current flowingthrough them will
be carried by potassium ionsonly. A voltmeter allows us to measure the poten-
tial difference between the two compartments.

If the channels are closed then there can be no movement of ions across the
membrane, so there is no excess of positive charges aver negative charges in
either of the compartments, and hence there is no potential difference between
them. A new situation arises if the channels suddenlyopen. Potassium ions flow
down their concentration gradient through the channels from compartment 1
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1 2

K+A- K+A-

Fig. 2.6. A concentration celi

produced by electrodiffusion
through channels in a
membrane. The salute is a
potassium salt KA, at higher
concentration in compartment
1 than in 2. The channels are

permeable to potassium ions
but not to A-. Hence

potassium rons move tram 1 to
2 until the potential produced
by their excess positive charges
in 2 is sufficient to stop turther

net movement.into compartment 2. In so doing they carry their positive charge with them, so
there is some depletion of positive charge in compartment 1 and some excess
in compartment 2. This cannot be compensated far by a corresponding move-
ment of negative charge since the ion channels do not allow the A - anions to

pass through. Consequently a potential difference arises between the two com-
partments,with compartment 2 being positive to compartment 1. But this
potential difference itself now affects the movements of the potassium (K+)
ions: the excess positive charge in compartment 2 tends to drive them back
from 2 to 1. The system soon reaches an equilibrium position where the con-
centration gradient tending to push the potassium ions from 1 to 2 is balanced
by the electrical gradient tending to push then in theopposite direction. The
potential difference between the compartments at this point is called the equi-
librium potential far potassium ions, and is represented by EK. A system of this
type is known as a concentration cell.

What is the value of the equilibrium potential? The answer was supplied by
Nernst in 1888, and the equation he produced is common1y known as the
Nernst equation. Por an ion X it is written as follows:

RT [X]E = -In!:::!! (2.9)
x ZF [X]2

Here R is the gas constant (8.314 J K-l mal-l), Tis the absolute temperature
(K), Z is the charge number of the ion (+ 2 far calcium ions, -1 far chloride
ions, far example) and F is the Paraday constant (96500 C mal-l). [X]l and
[Xb are the concentrations (or, strictly, activities) of X in the two compart-
ments. Ex is the potential in volts of compartment 2 measured with respect
to compartment 1. Sometimes the equilibrium potential Ex is called the
Nernst potential of the system.

If we divide theParaday constant F by Avogadro's number, N A' we get the
unit of elementary charge eo' 1.6022 X 10-19 C. If we divide the gas constant
R by N A we get the Boltzmann constant k, 1.3807 X 10-23 J K-t..Thus eo and
k are the molecular equivalents of the mole-related constants F ahdR. Clearly
kT/en is equal to RT/F, so an alternative form of equation 2.9 is
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E =~ln~x zeo [XJ2

Equation 2.9 can be simplified by enumerating the constants to become, at
20°C ,

25 In R
Z [X] 2

or, converting from natura! to base ten logarithms,

58 [X] 1
Ex=-log10- (2.10)

Z [X]2

where E is now given in millivolts. For example, suppose [X]l is ten times
greater than [X]2' then E will be +58 mV if X is K+ and +29 mV if X is
Ca2+. lf X is an anion, Z becomes negative, so that E will be - 58 m V ifX is

Cl- and-29 mV if X is SO~-. lf the temperature is different, the factorof
58 m V changes; it is 56 m V at 10 cC and 61.5 m V at 37 cC, far example.

How many X ions have to cross the membrane to set up the potential? The
answer depends on the capacitance of the membrane. The larger the mem-
brane capacitance, the greater the number of ions that have to move to
produce a particular potential. Suppose OuI membrane has a capacitance Cm
of 1I-LF cm-2 and a potential Vof 100 mV across it. Then the chargeQ on
1 cm2 is givenby

Q = Cm V

where Q is measured in coulombs, Cm in farads and Vin volts. Tbe number
of moles of X moved will be Cm V/ZF. In this case, if X is monovalent

~=10-6~0.1
ZF 96500

= 10-12mol cm-2

This is a very small quantity in chemical terms; how much difference would it
make to the ionic concentrations in the system? Suppose we are dealing with
a spherical cell 20 jJ.m in diameter. The area of the plasma membrane wi11 be
12.6 X 10-6 cm2, so there wi11 be a net inflow of 12.6 X 10-18 moles into a
volume of 4.2 X 10-9 cm3, giving a concentration change of 3 jJ.M. For
sodium or potassium ions, with internai concentrations perhaps 5 mM or 145
mM, respectively, this would have a negligible effect on theinternal concen-
tration of the ion. However, far calcium ions (for which the inflow would be
half since Z = + 2), with an internai concentration less than 0.1 jJ.M, such an

increase would be highly significant. For this reason calcium channels afe
often important components of cellular signalling systems.
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Table 2.6. Ionic concentrations ani Nerost potentials in a squid axon ani a tjpical mammalian

celi

Squid axon Mammalian celi

Blood
(m M)

Axoplasm
(mM)

Ex
(mV)

Plasma
(mM)

Cytoplasm
(mM)

Ex
(mV)lon

Na+
K+
Ca2+
Mg2+
CI-

440
20
10
54

560

50
400

10-4
10
40

+55
-75

+145
+21
-66

145
4
1.8
1.5

115

+67
-95

+131
+8

-90

Ex is calculated far 20 cc far squid axon and 37 cC far the mammalian celi. The cytoplasmic
figures far calcium are far free calcium ions; total calcium is about 0.4 mM in squid and up to
5 mM in mammals. Internai organic anions are not listed. Data simplified after Hodgkin (1958)
and West (1991).

So far we have been looking at equilibrium conditions, as described in equa-
tions 2.9 and 2.10. But what if the potential difference between the two com-
partments is not equal to the equilibrium potential? In that case the potassium
ions wil1 be driven through the open channels down the electrochemical gra-
dient. Suppose, far example thatthe concentration of potassium ions in com-
partment 1 is 10 mM whereas that in 2 is 100 mM,and the potential of 2 is
held at -10m V with respect to 1. The value of EK is - 58 m V; so the poten-

tial across the membrane is 48 m V away from its equilibrium value. Potassium
ions wil1 be driven down the electrochemical gradient from 2 to 1, i.e. from
the negative to the positive side of the membrane. If the potential of 2 is
-100 m V with respect to 1, however, then potassium ions wil1 move in the
reverse direction, from 1 to 2.

lonic gradients in cells

Each living cell is bounded bya plasma membrane, which separates the con-
tents of the cell from the external medium in which itlives. The concentra-
tions of particular ions inside the cell afe almost always different from those
in the external medium. Table 2.6demonstrates this far a squid giantaxon and
a typical mammaliancell.

The cell as a whole mustbe electricaIlyneutral, so that the total numbers of
positive and negative ionic charges must be effectively equal. Consequently
the concentrations of anions and cations must balance in this respect. It is
usual far the intracellular negative charges to be associated largely with a
variety of organic anions to which the plasma membrane is not permeable.

12
140
10-4
0.8
4
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For some ions the concentration in free solution is much less than the total
amount present; the total calcium bound in most celIs is much greater than
the amount of free ionic calcium, far example.

In animai celIs the osmotic concentration of the intracellular contents is
usually similar to that of the extracellular fluido This may not be so far plant
celIs and others with inextensible celI walls.

How do the ionic gradients illustrated in table 2.6 arise? In the case of
sodium ions, the answer is clear: there is an active transport sy'stem that con-
tinually extrudes sodium ions from the celI. This extrusion process, or sodium
pump as it is commonly called, is one of the most important processes in the
animai body. It is carried out by a membrane-bound sodium-potassium
ATPase (see Skou, 1989). Three sodium ions afe extruded and two potassium
ions afe drawn into the celI far each ATP molecule that is broken down.

The potassium ion concentration gradient arises in part from the uptake
associated with the activity of the sodium pump, and partIr by a passive move-
ment of potassium ions through open potassium-selective channels. In many
celIs chloride ions afe largely passively distributed (i.e. they distribute them-
selves in accordance with equation 2.9); in other words the negative mem-
brane potential ensures that the internai chloride concentration is much less
than that outside the celI. Calcium ions afe actively extrudedfrom most celIs
and they afe also sequestered in intracellular compartments such as the endo.
plasmic reticulum and the mitochondria. This leads to very low concentra-
tions of free calcium ions, typically in the region of 0.1 ~M or lesso

Membrane potentials

Most cells possess a membrane potential, a voltage across the plasma membrane
such that the inside is (usua1ly) some tens of millivolts negative to the outside.
In the squid axon it is about - 60 m V in the resting condition, when the axon

is not conducting nerve impulses. Is it possible to explain this potential in
terms of ionic gradients?

We can calculate the Nernst potentials far the various different ions
involved in the squidaxon system, using equation 2.9. The results far the more
important univalent ions, using the concentrations given in table 2.6, are - 75
m V far EK, + 55 m V far ENa and - 66 m Vfor Ec,' This shows that sodium

ions are very far from being in equilibrium, and thus that the membrane is not
likely to be very permeable to sodium ions in its resting state. The Nernst
potential far potassium ions is not too far from the actual membrane poten-
tial, suggesting that there could be a number of open potassium-selective
channels in the resting membrane and that these are important in determin-
ing the resting membrane potential.

In excitable cells (a group that includes nerve, sensory and muscle cells) the
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Fig. 2.7. Reversal potential
and current-voltage relation
for single channel currents. A

shows patch damp records
from sodium-activated

potassium channels in cultured
chick neurons atdifferent

membrane potentials. C is the
current baseline with the
channei dosed, O the open
channel current. 8 shows the

current-voltage relation,
derived from A and similar
records. The reversal potential
(when the current I is zero) is
+ 15 m~ very dose to the

calculated Nernst potential for

potassium ions, + 17 mV. (From
Drvereta/..1989.)

-10
-8

r6
~ ~~:J:~~4 r2

, -2 20 40 60

-4 E(mV)

-6 l (pA)

-8

-10

[~ ~~~:iiJ'U::Jr - - , 5
I I I I I I

-60 -40 -20

/
A./

5 pA[
~
20 ms

membrane potential may change quite rapid1y as a result of the opening of
other channels. The action potentials of neive axons, far example, arise as a
result of the opening of sodium-selective channels triggered by an electrical
stimulus. Sodium ions flow through them into the celI so that the membrane
potential becomes inside-positive and approaches the value far the sodium
equilibrium potential, + 55 m v: Synaptic potentials involve the opening of a
different set of channels as a result of the action of neurotransmitter sub-
stances.

The voltage gradient or electric field across the membrane is enormous. If
thereis a potential difference of 60 m V across a membrane 3 nm thick, far
example, then the voltage gradient is 200 000 V cm -1. Clearly this must have
appreciable consequences far the movement of ions through the channels
and the distributiG£lS-of charges inthe channel proteins.

Current flow through open channels

We can use Ohm's law to deterriline the conductances of ion channels. We
need to know the single channel current and the driving voltage. But just what
is this drivingvoltage? We can answer this questionby considering the exper-
iment shown in fig. 2.7 (Dryer cf al, 1989). The patch clamp records show cur-
rents flowing through a single potassium-selective channel at different
membrane potentials. At - 55 m V the currents afe inward and aver 9 pA in

size. At -25 mV they afe smaller Gust under 5 pA), at -15 mV they afe
smaller still andat + 15 m V they cannot be detected. At +45 m V thev can hec
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seen again but they afe now outward currents, just aver 3 pA. In other words
the single channel currents reduce in size as the membrane potential
approaches + 15 m V; and reverse in direction as it passes beyond this level.
Hence + 15 m V is known as the reversal potenti al of the single channel current,
symbolized by Erev' The driving voltage far use in applying Ohm's law to the
system is then the difference between the actual membrane potential E and
the reversal potential Erev'

It is usual to use the symbols i to denote singie channel current and 'Y to
denote single channel conductance, Then, applying Ohm's law, as in equation
2.4, we get

i = 'Y(E-E (2.11)rev)

In fig. 2.7, far example, we see single channel currents averaging 4.8 pA at a
membrane potential of - 25 m V; and the reversal potential is + 15 m V; giving
a value of 40 m V far (E - Erev). We can rearrange equation 2.11 to give the

single channel conductance:

(2.12)
.

'Y= (E-E~

current (amps)conductance (siemens) = driving voltage (volts)l.e.

4.8 X 10"'71~

40 X 10-3

= 120 pS

so 1=

Why should the reversal potential be at + 15 m V? If the channel is perme-
able only to potassium ions, then the reversal potential should be equal to the
potassium equilibrium potential EK. In the experiment shown in fig. 2.7, the
potassium ion concentration [K]j on the inside surface of the patch was 75
mM and the external concentration [K]o was 150 mM. We use equation 2.9 to
calculate EK, and the answer is + 17 m V; effectively equal to the observed
reversal potential, and incidentally providing good evidence that the channel
real1y is highly selective far potassium ions. For a different potassium ion con-
centration gradient, we would calculate a different value of EK and see a dif-
ferent reversal potential. With [K]j at 120 mM and [K]o at 5 mM (a ratto much
nearer to the natural situation in the body), far example, EK and the reversal
potential would be - 80 m v:

In other channels that afe highly selective and so permeable to only one ion,
the reversal potential is similarly equal to the Nernst potential far that ion..In
an idealized sodium channel, far example, Erev is equa! to ENa. This is not the
case far channels permeable to more than one ion. The nicotinic acetylcholine
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Fig. 2.8. Current-voltage
curves far individuai ATP-
sensitive potassium channels
from frog muscle at different
external potassium ion
concentrations. The curves
were obtained from inside-out
patches with different
potassium ion concentrations
in the paKh'pipette, by
measuring the single channel
current i at different membrane
potentials E or, in the case of
the 2.5 mM [K]o curve, by
measuring the current
continuously while slowly
changing the membrane
potential. [Klj was at 120 mM
throughout. (From Spruce et
al., 1987a.)

receptor channel, far example, is permeable to both sodium and potassium
ions. Here the reversal potential is commonly near -15m V in frog muscle, in
between ENa at about +60 mV and EK near to -100 mV: At the reversal
potential the net outflow of potassium ions precisely balances the net inflow
of sodium ions.

By plotting a graph of i at different values of E, as in fig. 2.7 B, we obtain
the current-voltage relation. The slope of this line is the single channel conduc-
tance 'Y,

i.e. oy=dijdE (2.13)

so now we bave two ways of calculating 'Y. Equation 2.13 gives us the slope con-

ducfance (the gradient of the tangent to the current-voltage curve at a particu-
lar value E), whereas equation 2.12 gives us the chord conductance (the gradient
of the chord connecting i at E to i = O at Erev)' The two are always equal if
the current-voltage relation is a straight line, but this is not so if it is noto The
current-voltage curve shown in fig. 2.7 shows a slight curvature, indicating
that 'Y is not quite independent of the potential across the membrane. For
some channels 'Y may be more markedly affected by membrane potential, as
in inward rectifier potassium channels.

Figure 2.8 shows current-voltage relations far some ATP-sensitive potas-
sium channels at different external potassium ion concentrations (Spruce ef
al., 1987a). Notice how the reversal potential becomes less negative as [K]o is
increased, roughly (but not precisely) in accordance with the Nernst equation
far potassium ions. The discrepancy is evident at the lower values of [K]o' as
is illustrated in fig. 5.1, and is probably due to some permeability of the
channel to sodium ions. lf this is so we would expect a small inward flow of
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sodium ions when the membrane potential is at EK (where there will be no
net flow of potassium ions); this will be balanced by a small outward flow of
potassium ions at Erev' which is a few millivolts less negative than EK.

Another feature that affects the single channel conductance is the concen-
tration of permeant ions in the solutions adjacent to the channels. Dilute solu-
tions afe usually associated with lower conductances, since there afe fewer
ions to carry the current. Thus in fig. 2.8 the slopes of the curves increase as
the extemal potassium ion concentration is increased, ~o that 'Y (calculated at
the reversal potential using equation 2.13) is 14.8 pS with [K]o at 2.5 mM and
42.3 pS with [K]o at 60 mM. In comparing conductances of different chan-
nels, therefore, we need to know what the concentrations of the permeant
ions were.

How many ions pass through an open channel? Consider a channel selec-
rive far sodium ions, with a conductance of 16 pS and a driving force
(E - ENa> of 100 m V; the single channel current i will be given by

i = y(E - ENa)

so here i = 1.6 pA. The number of ions flowing per second will be given by

current in amps X Avogadro's number
Paraday's constant

For our single channel current of 1.6 pA, then, this number is

1.6 X 10-12 X 6 X 1023

96500

= 107 ions S-1

SO if the channel is open far just 1 ms, 10000 ions will pass through it in that
cime.

Conductances in paralIel add together. So (to continue our example) a patch
of membrane containing five open channels each with a conductance of 16
pS will have a conductance of 80 pS with a total current (at a clamped mem-
brane potential100 mV away from the reversal potential) of 8 pA passing
through it. A whole cell with 2000 such channels will show a membrane
current of 3.2 nA when they afe alI open at the same cime. lf far some period
of cime the probability of any individuaI channel being open is on1y 0.2, then
the average whole cell current during that cime will be 640 pA.
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