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Membrane Potentials and

Electrical potentials exist across the membranes of virtu-
ally all cells of the body. Some cells, such as nerve and

muscle cells, generate rapidly changing electrochemical
impulses at their membranes, and these impulses are used
to transmit signals along the nerve or muscle membranes.
In other types of cells, such as glandular cells, macro-
phages, and ciliated cells, local changes in membrane

potentials also activate many of the cells functions. This
chapter reviews the basic mechanisms whereby mem-

brane potentials are generated at rest and during action
by nerve and muscle cells. See Video 5-1.

BASIC PHYSICS OF MEMBRANE
POTENTIALS

Membrane Potentials Caused by lon
Concentration Differences Across a
Selectively Permeable Membrane

In Figare 5-1A4, the potassium concentration is great
inside a nerve fiber membrane but very low outside the
membrane. Let us assume that the membrane in this case
is permeable to the potassium fons but not to any other
ions. Because of the large potassium concentration gradi-
ent from the inside toward the outside, there is a strong
tendency for potassium ions to diffuse outward through
the membrane. As they do so, they carry positive electri-
cal charges to the outside, thus creating electropositivity
outside the membrane and electronegativity inside the
membrane because of negative anions that remain behind
and do not diffuse cutward with the potassium. Within
about 1 millisecond, the potential difference between the
inside and outside, called the diffusion potential, becomes
great enough to block further net potassium diffusion to
the exterior, despite the high potassium ion concentra-
tion gradient. In the normal mammalian nerve hber, the
podential difference i about 9 mullivolls, with negativity
inside the fiber membrane.

Figure 5-1B shows the same phenomenon as in Fig-
ure 5-14, but this time with a high concentration of
sodium ions outside the membrane and a low concentra-
tion of sodium ions imsde. These ions are also positively
charged. This time, the membrane is highly permeable to
the sodium ions but is impermeable to all other ions. Dif-
fusion of the positively charged sodium ions to the inside

Action Potentials

creates a membrane potential of opposite polarity to that
in Figare 5-14, with negativity outside and positivity
inside. Again, the membrane potential rises high enough
within milliseconds to block further net diffusion of
sodium ions to the inside; however, this time, in the mam-
malian nerve fiber, the podential is about 6 1 millivolts posi-
tive inside the fiber

Thus, in both parts of Figare 5-1, we see that a con-
centration difference of ions across a selectively perme-
able membrane can, under appropriate conditions, create
a membrane potential. Later in this chapter, we show
that many of the rapid changes in membrane potentials
observed during nerve and muscle impulse transmission
result from such rapidly changing diffusion potentials.

The Nernst Equation Desdaribes the Relationship of
Diffusion Potential to the lon Concentration Difference

Across 3 Membrane. The diffusion potential across a
membrane that exactly opposes the net diffusion of a par-
ticular ion through the membrane is called the Nernst po-
tential for that ion, a term that was introduced in Chapter
4. The magnitude of the Nernst potential is determined
by the ratir of the concentrations of that specific ion on
the two sides of the membrane. The greater this ratio, the
greater the tendency for the ion to diffuse in one direction
and therefore the greater the Nernst potential required to
prevent additional net diffusion. The following equation,
called the Nernst equation, can be used to caloulate the
Mernst potential for any univalent ion at the normal body
temperature of 98.6°F (37C):

Concentration inside
Concentration outside

EMF (millivolts) = :l:% xlog

where EMF is the electromotive force and z is the electri-
cal charge of the ion {eg., +1 for K*).

When using this formula, it is usually assumed that
the potential in the extracellular fluid outside the mem-
brane remains at zero potential, and the Nernst potential
is the potential inside the membrane. Also, the sign of the
potential is positive (+) if the ion diffusing from inside to
outside is a negative ion, and it is negative (-) if the ion is
positive. Thus, when the concentration of positive potas-
sium ions on the inside is 10 times that on the outside, the

log of 10 is 1, so the Nernst potential caleulates to be —61
millivolts inside the membrane.
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Figure 5-1 A, Establishment of a diffusion potential across a nerwe
fiber membrane, caused by diffusion of potassium lons from Inside
the cell 1o outside the call through a membrane that 1s selectivaly pes
meable only 1o podassium. B, Establishment of a diffusion potentlal
whan tha nerve flbar membrane Is permeable only 10 sodium lons.

Mote that the internal membrane potential & negative when potas
shurn lons diffuse and posttive when sodium lons. diffuse because of

opposite concendration gradients of these two lons.

The Goldman Eguation Is Used to Calculate the Dif-
fusion Potential When the Membrane Is Permeable
to Several Different lons. When a membrane is per-
meable to several different ions, the diffusion potential
that develops depends on three factors: (1) the polarity
of the electrical charge of each ion; (2) the permeability
of the membrane (P) to each ion; and (3) the concentra-
tion {C) of the respective ions on the inside (i) and out-
side (o) of the membrane. Thus, the following formula,
called the Goldman equation or the Goldman-Hodgkin-
Katz equation, gives the calculated membrane potential
on the inside of the membrane when two univalent pos-
itive ions, sodium {Ma') and potassium (K*), and one
univalent negative ion, chloride (Cl-), are involved:

P+ C P+ C_P
EMF{miIIimITs}:—EIxIngc"" e+ CFe +CaF

CuiPu +C P, +C P,

Several key points become evident from the Goldman
equation. First, sodium, potassium, and chloride ions are
the most important ions involved in the development of
membrane potentials in nerve and muscle hbers, as well
as in the neuronal cells. The concentration gradient of
each of these ions across the membrane helps determine
the voltage of the membrane potential.

Second, the quantitative importance of each of the ions
in determining the voltage s proportional to the membrane
permeability for that particular ion. If the membrane has
zero permeability to sodium and chloride ions, the mem-
brane potential becomes entirely dominated by the concen-
tration gradient of polassium ions alone, and the resulting
potential will be equal to the Mernst potential for potassium.
The same holds true for each of the other two ions if the
membrane should become selectively permeable for either
one of them alone.

Third, a positive ion concentration gradient from inside
the membrane to the ouiside causes electronegativity
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Table 5-1 Resting Membrane Potential in Different
Cell Types

Cell Type Resting Potential (mV)
Neurons -60 to -70

Skeletal musde -85 to -95

smiooth muscle -50 to 60

Cardiac musde -80 to -90

Hailr (codhlea) -15 to -40

Astrocyte -80 to -90

Erythrocyte -8to-12
Photoreceptor —40 (dark) to -70 (lght)

inside the membrane. The reason for this phenomenon
is that excess positive ions diffuse to the outside when
their concentration is higher inside than outside the
membrane. This diffusion carries positive charges to the
outside but leaves the nondiffusible negative anions on
the inside, thus creating electronegativity on the inside.
The opposite effect occurs when there is a gradient for
a negative ion. That is, a chloride ion gradient from the
outside to the inside causes negativity inside the cell
because excess negatively charged chloride ions diffuse
to the inside while leaving the nondiffusible positive ions
on the outside.

Fourth, as explained later, the permeability of the
sodium and potassium channels underpoes rapid
changes during transmission of a nerve impulse,
whereas the permeability of the chloride channels does
not change greatly during this process. Therefore, rapid
changes in sodium and potassium permeability are pri-
marily responsible for signal transmission in neurons,
which is the subject of most of the remainder of this
chapter.

Resting Membrane Potential of Different Call Types. In
some colls, such as the cardise pacemaker colls discussed
in Chapder 10, the membrane polential is conlinooasly
changing, and the cells are never “resting” In many olher
cedls, even excilable cells, there i3 gquicscenl period in which
a resling membrane polentisl can be measured. Table 5-1
shows Uhe approximele resting membrane polentials of some
different Lypes of codls. The membrane potential is obvioasly
very dynamic in excitable cells such as neurons, in which
action polentials ocour. However, oven in nonexcilable cells,
Lhe membrane potential (vollage) also changes in response
Lo various slimuli, which aller activilies for the variooas ion
Lranspaorters, #on channas, and membrane permeability for
sofium, polassium, calcium, and chloride ons. The resting
membrane polential is, therefore, only a brief ransient state
for many celks.

Electrochemscal Driving Force. When muolliple wons
conlribule o the membrane polential, the eguilibriom
poltential for any of the conlribuling ions will differ from
Lhe membrane polential, and there will be an electrocheri-
cal driving farce (Vo for each jon thatl Lends Lo cause net
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Figure 52 Mexsurement of the membrane potenttal of the nerve
fiber using a microalectode.

movement of e jon across Lhe membrane. This driving
foree is equal W the dilference belween the membrane po-
Lential (V) and the equilibrium polential of the jon (V)
Thus, Vg= Vo, - Vo

‘The arithmetic sign of Vi (posilive or negative) and Lthe
valence of the ion {calion or anion) can be used W predict
the direction of ion llow scross the membrane, inlo or ool
of the cell. bor cations such as Ma+ and K+, a positive ¥V,
predicts ion movemenl oul of the cell down ils eleclro-
chemical gradiend, and a negalive Vg predicls jon maove-
menl inko the oedl. For anions, such as C1-, a positive Yy,
predicts on movemenl inlo the cell, and a negative V g pre-
dicts ion movement oal of Lhe coll. When ¥V, = V. there
is no nel movement of the on inko or oul of the csdl. Also,
the direction of ion (ux through the membrane reverses as
V. becomes grealer Lhan or less than V. ; hence, the equi-
librium polential (V) is also called the reversal polential.

Measuring the Membrane Potential

The method for measuring the membrane potential is
simple in theory but often difficult in practice because of
the small size of most of the cells and hbers. Figure 5-2
shows a small micropipette flled with an electrolyte solu-
tion. The micropipette is impaled through the cell mem-
brane to the interior of the Aiber. Another electrode, called
the indifferent electrode, is then placed in the extracellu-
lar fluid, and the potential difference between the inside
and outside of the iiber is measured using an appropriate
voltmeter. This voltmeter is a highly sophisticated elec-
tronic apparatus that is capable of measuring small vaolt-
ages despite extremely high resistance to electrical flow
through the tip of the micropipette, which has a lumen
diameter usually less than 1 micrometer and a resistance
of more than 1 million ohms. For recording rapid changes
in the membrane potential during transmission of nerve
impulses, the microelectrode is connected to an oscillo-

scope, as explained later in the chapter.
The lower part of Figure 5-3 shows the electrical

potential that is measured at each point in or near the

nerve iber membrane, beginning at the left side of the
higure and passing to the right. As long as the electrode is
outside the neuronal membrane, the recorded potential
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Figure 5-3 Distribution of poshtvely and negatiwely charged lons in
the extracediular fluld surmounding a nerve fiber and In the fluld Insde

the fibes. Mote the aignment of negative charges along the Inside

surface of the membrane and positve charges along the outside
surface. The lower panel displays the abrupd changes In membrane

potential that ooour at the membeanes. on the two sides of the flber.

is zero, which is the potential of the extracellular fluid.
Then, as the recording electrode passes through the volt-
age change area at the cell membrane (called the electrical
dipole layer), the potential decreases abruptly to —70 mil-
livolts. Moving across the center of the fiber, the potential
remains at a steady —70-millivolt level but reverses back
to wero the instant it passes through the membrane on the
opposite side of the fiber.

To create a negative potential inside the membrane,
only enough positive ions to develop the electrical
dipole layer at the membrane itself must be trans-
ported outward. The remaining ions inside the nerve
fiber can be both positive and negative, as shown in
the upper panel of Figure 5-3. Therefore, transfer of

an incredibly small number of ions through the mem-
brane can establish the normal resting potential of -70

millivolts inside the nerve fiber, which means that only
about 1/3,000,000 to 1/100,000,000 of the total posi-
tive charges inside the fiber must be transferred. Also,
an equally small number of positive ions moving from
outside to inside the fiber can reverse the potential
from -70 millivolts to as much as +35 millivolts within
as little as 1/10,000 of a second. Rapid shifting of ions in
this manner causes the nerve signals discussed in sub-
sequent sections of this chapter.

RESTING MEMBRANE POTENTIAL OF
NEURONS

‘The resting membrane potential of large nerve hbers when
they are not transmitting nerve signals is about —70 mil-
livolts. That is, the potential inside the fiber is 70 millivolts
more negative than the potential in the extracellular fluid
on the outside of the fiber. In the next few paragraphs, the

transport properties of the resting nerve membrane for

65




