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Table 12.2. The molar conductance at infinite dilution Λ0,i for different ions. (Using
data from [596])

ion Λ0,i (1/ohm-m-M)

H+ 34.9
OH− 19.8
Na+ 5.0
Cl− 7.6

Table 12.3. Ionic concentrations in blood and cell cytoplasm of unbound ions.
(Using data from [597])

ion blood
concentration

cytoplasm
concentration

ratio

Na+ 145 mM 12mM 12:1
K+ 4 mM 140mM 1:35
H+ 40 nM 100 nM 1:2.5
Mg2+ 1.5 mM 0.8 mM 1.9:1
Ca2+ 1.8 mM 100 nM 18:1
Cl− 115 mM 4mM 29:1
HCO−

3 25 mM 10mM 2.5:1

Table 12.4. Low frequency resistivity of some body tissues, in ohm-m (Ω-m). (Using
data from [567, 573, 586])

tissue resistivity

cerebrospinal fluid 0.650
blood plasma 0.7
whole blood 1.6 (Hct = 45%)
skeletal muscle
– longitudinal 1.25–3.45
– transverse 6.75–18.0
liver 7
lung
– inspired 17.0
– expired 8.0
neural tissue (as in brain)
– gray matter 2.8
– white matter 6.8
fat 20
bone >40
skin
– wet 105

– dry 107
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Fig. 12.6. Cross-section of the thorax, with the electrical resistivity of six types of
tissues. (From [586]. Used with permission)

12.3 Nerve Conduction

Figure 12.7 shows the structure of nerve cells or neurons with a nucleus,
dendrites that receive information across synapses, an axon, and the axon
terminals and synapses for signal transmission to other neurons. There are

Fig. 12.7. Structure of a neuron. (From [592])
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720 12 Electrical and Magnetic Properties

Fig. 12.6. Cross-section of the thorax, with the electrical resistivity of six types of
tissues. (From [586]. Used with permission)

12.3 Nerve Conduction

Figure 12.7 shows the structure of nerve cells or neurons with a nucleus,
dendrites that receive information across synapses, an axon, and the axon
terminals and synapses for signal transmission to other neurons. There are

Fig. 12.7. Structure of a neuron. (From [592])

Neurônios são células especializadas, eletricamente 
excitáveis, que processam e transmitem informação via 

sinais elétricos e químicos  
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12.3 Nerve Conduction 721

Fig. 12.8. The successive wrapping of Schwann cells about the axon of a neuron to
form the myelin sheath of a myelinated nerve. (From [592])

many such neuron axons in a nerve. Unmyelinated axons have no sheath
surrounding them. Myelinated axons have myelin sheaths in some regions,
which are separated by nodes of Ranvier (ron-vee-ay’). These sheaths are
formed by Schwann cells that are wrapped around the axon (Fig. 12.8),
with successive wrapped cells separated at a node of Ranvier (Fig. 12.7).
We will concentrate on how an electrical impulse travels along such
axons.

Approximately 2/3 of the axon fibers in the body are unmyelinated. They
have radii of 0.05–0.6 µm and a conduction speed of u (in m/s) ≈ 1.8

√
a,

where a is the radius of the axon (in µm). Myelinated fibers have outer radii
of 0.5–10 µm and a conduction speed of u (in m/s) ≈ 12(a + b) ≈ 17a, where
b is the myelin sheath thickness (in µm) (and a + b is the total axon radius).
The spacing between the nodes of Ranvier is ≈280a.

Neurons whose axons travel from sensing areas to the spinal cord are called
afferent neurons or input or sensory neurons. (They are “affected” by condi-
tions that are sensed.) Neurons whose axons leave the ventral surface of the
brain stem and the spinal cord to convey signals away from the central ner-
vous system are efferent neurons or motor neurons, and these neurons exercise
motor control. (They “effect” a change.) There are approximately 10 million
afferent neurons, 100 billion neurons in the brain with 100 trillion synapses,
and a half a million efferent neurons, so there are roughly 20 sensory neurons
for every motor neuron and several thousand central processing neurons for
every input or output neuron for processing. Bundles of these neuron axons
are called nerves outside of the brain and tracts inside the brain. Details about
the nervous system are given in [588].

There are approximately 1 − 2 × 106 optical nerves from the 1 − 2 × 108

rods and cones in our eyes, 20,000 nerves from the 30,000 hair cells in our
ears, 2,000 nerves from the 107 smell cells in our noses, 2,000 nerves from the
108 taste sensing cells in our tongues, 10,000 nerves from the 500,000 touch-
sensitive cells throughout our body, and many (but an uncertain number of)
nerves from the 3 × 106 pain cells throughout our body.

• Axônios sem myelin não tem proteção em torno deles
• Essas proteções são formadas por células de Schwann 
que enrolam os axônios
• Aproximadamente 2/3 das fibras de axônios no corpo 
não possuem Myelin

R[µm] = 0.05� 0.6µm , v = 1.8
p
R[µm]m/s
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Fig. 12.8. The successive wrapping of Schwann cells about the axon of a neuron to
form the myelin sheath of a myelinated nerve. (From [592])

many such neuron axons in a nerve. Unmyelinated axons have no sheath
surrounding them. Myelinated axons have myelin sheaths in some regions,
which are separated by nodes of Ranvier (ron-vee-ay’). These sheaths are
formed by Schwann cells that are wrapped around the axon (Fig. 12.8),
with successive wrapped cells separated at a node of Ranvier (Fig. 12.7).
We will concentrate on how an electrical impulse travels along such
axons.

Approximately 2/3 of the axon fibers in the body are unmyelinated. They
have radii of 0.05–0.6 µm and a conduction speed of u (in m/s) ≈ 1.8

√
a,

where a is the radius of the axon (in µm). Myelinated fibers have outer radii
of 0.5–10 µm and a conduction speed of u (in m/s) ≈ 12(a + b) ≈ 17a, where
b is the myelin sheath thickness (in µm) (and a + b is the total axon radius).
The spacing between the nodes of Ranvier is ≈280a.

Neurons whose axons travel from sensing areas to the spinal cord are called
afferent neurons or input or sensory neurons. (They are “affected” by condi-
tions that are sensed.) Neurons whose axons leave the ventral surface of the
brain stem and the spinal cord to convey signals away from the central ner-
vous system are efferent neurons or motor neurons, and these neurons exercise
motor control. (They “effect” a change.) There are approximately 10 million
afferent neurons, 100 billion neurons in the brain with 100 trillion synapses,
and a half a million efferent neurons, so there are roughly 20 sensory neurons
for every motor neuron and several thousand central processing neurons for
every input or output neuron for processing. Bundles of these neuron axons
are called nerves outside of the brain and tracts inside the brain. Details about
the nervous system are given in [588].

There are approximately 1 − 2 × 106 optical nerves from the 1 − 2 × 108

rods and cones in our eyes, 20,000 nerves from the 30,000 hair cells in our
ears, 2,000 nerves from the 107 smell cells in our noses, 2,000 nerves from the
108 taste sensing cells in our tongues, 10,000 nerves from the 500,000 touch-
sensitive cells throughout our body, and many (but an uncertain number of)
nerves from the 3 × 106 pain cells throughout our body.

• Axônios com Myelin são mais grossos devido essa 
proteção, de raio b
R[µm] = 0.5� 10µm , v = 12(R+ b)[µm] ⇡ 17(R[µm])m/s

R[µm] = 0.05� 0.6µm , v = 1.8
p
R[µm]m/s Sem Myelin
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• Myelin é um dielétrico (isolante) 
• Começa a ser produzido na decima quarta semana fetal
• O processo de Myelinação é intenso na infância e 
continua até a adolescência
• Myelin é típico nos animais vertebrados
• Myelin é branco e a gordura ajuda a isolar eletricamente 
os axônios dos átomos e moléculas carregadas.
• Myelin faz parte do desenvolvimento infantil, conduzindo 
uma evolução rápida das crianças
• A função principal é aumentar a velocidade de 
propagação dos impulsos nervosos.
• Myelin funcina como um duto onde fibras periféricas de 
axônio pode se regenerar.
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Onda continua

Onda propaga em saltos
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Saltatory conduction:

Além de aumentar a velocidade do impulso 
nervoso, a bainha de mielina ajuda a reduzir o 
gasto de energia na zona de despolarização e, 
consequentemente, a quantidade de íons de 

sódio / potássio, que necessitam de ser 
bombeados para trazer a concentração de 

volta ao normal, é diminuída.
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Transmission 
electron 
micrograph of a 
myelinated axon, 
generated at the 
Electron 
Microscopy 
Facility at Trinity 
College, Hartford, 
CT
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• Neurônios aferentes (ou sensoriais): sinais nos axonios 
seguem das zonas sensitivas para a espinha dorsal. Eles são 
afetados pelas condições externas - 10 milhões deles.
• Neurônios eferentes (ou motores): sinais nos axônios 
seguem do cérebro para as zonas motoras - 0.5 milhões. 
• 100 bilhões de neunônios no cérebro com 100 trilhoes 
de sinápses.

12.3 Nerve Conduction 721

Fig. 12.8. The successive wrapping of Schwann cells about the axon of a neuron to
form the myelin sheath of a myelinated nerve. (From [592])

many such neuron axons in a nerve. Unmyelinated axons have no sheath
surrounding them. Myelinated axons have myelin sheaths in some regions,
which are separated by nodes of Ranvier (ron-vee-ay’). These sheaths are
formed by Schwann cells that are wrapped around the axon (Fig. 12.8),
with successive wrapped cells separated at a node of Ranvier (Fig. 12.7).
We will concentrate on how an electrical impulse travels along such
axons.

Approximately 2/3 of the axon fibers in the body are unmyelinated. They
have radii of 0.05–0.6 µm and a conduction speed of u (in m/s) ≈ 1.8

√
a,

where a is the radius of the axon (in µm). Myelinated fibers have outer radii
of 0.5–10 µm and a conduction speed of u (in m/s) ≈ 12(a + b) ≈ 17a, where
b is the myelin sheath thickness (in µm) (and a + b is the total axon radius).
The spacing between the nodes of Ranvier is ≈280a.

Neurons whose axons travel from sensing areas to the spinal cord are called
afferent neurons or input or sensory neurons. (They are “affected” by condi-
tions that are sensed.) Neurons whose axons leave the ventral surface of the
brain stem and the spinal cord to convey signals away from the central ner-
vous system are efferent neurons or motor neurons, and these neurons exercise
motor control. (They “effect” a change.) There are approximately 10 million
afferent neurons, 100 billion neurons in the brain with 100 trillion synapses,
and a half a million efferent neurons, so there are roughly 20 sensory neurons
for every motor neuron and several thousand central processing neurons for
every input or output neuron for processing. Bundles of these neuron axons
are called nerves outside of the brain and tracts inside the brain. Details about
the nervous system are given in [588].

There are approximately 1 − 2 × 106 optical nerves from the 1 − 2 × 108

rods and cones in our eyes, 20,000 nerves from the 30,000 hair cells in our
ears, 2,000 nerves from the 107 smell cells in our noses, 2,000 nerves from the
108 taste sensing cells in our tongues, 10,000 nerves from the 500,000 touch-
sensitive cells throughout our body, and many (but an uncertain number of)
nerves from the 3 × 106 pain cells throughout our body.
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Fig. 12.9. Ion concentrations (in mmol/L) in a typical mammalian axon nerve
cell (ni) and in the extracellular fluid surrounding it (no), and their ratios (ni/no).
(Based on [581])

12.3.1 Cell Membranes and Ion Distributions

The cell membrane divides the intracellular and extracellular regions, in neu-
rons and other cells. There are Na+, K +, Cl −, negatively-charged proteins,
and other charged species both in the neurons (intracellular) and in the ex-
tracellular medium. The concentrations of these ions are such that there is
charge neutrality (i.e., an equal number of positive and negative charges) in
both the intracellular and extracellular fluids. However, there are negative
charges on the inside of the cell membrane and positive charges on the out-
side of this membrane that produce a resting potential of −70 mV (Fig. 12.9).
This means that the intracellular medium is at −70 mV, when the extracellu-
lar potential is arbitrarily defined to be 0 V, as is the custom. Only potential
differences are significant, so we are not limiting the analysis by fixing the
extracellular potential. This resting potential is the usual potential difference
when there is no unusual neural activity. This is known as the polarized state.
(The propagation of an electrical signal would constitute this type of unusual
activity.)

While there is charge neutrality both inside and outside the membrane, the
concentrations of each ion are not equal inside and outside the cell, as we will
see. The differences in ion concentrations inside and outside the cell membrane
are due to a dynamic balance. When there are changes in the permeability of
the cell membrane to different charged species, there are transient net charge
imbalances that change the potential across the cell membrane. An increase
in the membrane potential from −70 mV, such as to the −60 mV seen in
Fig. 12.10, is known as depolarization, while a decrease from −70 mV to say
−80 mV is called hyperpolarization. Depolarization is due to the net flow of
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Fig. 12.10. The membrane resting potential of −70 mV (inside the membrane rel-
ative to the always fixed 0 mV outside) – the polarized state, along with potential
disturbances showing depolarization (voltage increases from the resting potential
value), repolarization (returns to the resting potential), and hyperpolarization (de-
creases from the resting potential)

positive charges into the cell or negative charges to regions outside the cell.
Hyperpolarization is due to the net flow of negative charges into the cell or
positive charges to outside the cell. Such changes in ion permeability are often
termed as changes in the ion channel.

Figure 12.9 also shows the concentrations of some of the important charged
species inside and outside the cell under resting (i.e., polarized) conditions.
We see that there are many more Na+ outside (145 mmol/L) than inside
(15 mmol/L) the cell, but many more K+ inside (150 mmol/L) than out-
side (5 mmol/L). Including miscellaneous positive ions outside the cell, there
are 165 mmol/L of positive ions both inside and outside the cell. Similarly,
there are many more Cl− outside (125 mmol/L) than inside (9 mmol/L) the
cell, but many more miscellaneous negative ions (including proteins) inside
(156 mmol/L) than outside (30 mmol/L). There are also 165 mmol/L of neg-
ative ions both inside and outside the cell.

There are several driving forces that determine the ionic concentra-
tions, in general, and these intracellular and extracellular concentrations, in
particular:

1. There is the natural tendency for concentrations to be uniform every-
where, so when there are concentration gradients across the cell membrane
there are flows of these species from the regions of higher concentration
to regions of lower concentrations, to equalize the intracellular and extra-
cellular concentrations. This is described by Fick’s First Law of Diffusion
(7.51), Jdiff = −Ddiff dn/dx, where Jdiff is the flux of ions in the x direc-
tion (the number of ions flowing across a unit area in a unit time), Ddiff

is the diffusion constant, n is the local concentration of ions, and dn/dx
is the local concentration gradient.
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Fig. 12.11. Mechanisms for ion flow across a polarized cell membrane that deter-
mine the resting membrane potential

Fig. 12.12. The direction of motion for charged and neutral molecules due to (a)
diffusion (at a given instant) and (b) an electric field

Fig. 12.13. An initial band of charged and neutral molecules (in (a)) changes very
differently by the uniform thermal spreading in diffusion (in (b)) and the separation
caused by an electric field (in (c))
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In charge neutral regions the first term on the right-hand side sums to zero,
leaving

∇2V =
e2

ε0εkBT

(
∑

i

Z2
i ni,0

)
V (12.43)

or

∇2V = κ2V, (12.44)

where κ is the Debye–Huckel parameter given by

κ2 =
e2

ε0εkBT

∑

i

Z2
i ni,0 (12.45)

This is solved in three-dimensions (see Problem 12.8 and Appendix C) to
obtain the potential

V (r) =
Ze

4πε0εr
exp(−κr). (12.46)

This means the charge is shielded beyond the Debye–Huckel length given by
the radius 1/κ.

12.3.2 Types of Cell Membrane Excitations

There are two qualitatively different types of axon excitations: graded poten-
tials and action potentials.

Graded potentials (Fig. 12.14) are minor perturbations in the membrane
potential due to the binding of neurotransmitters, the stimulation of sensory

Fig. 12.14. The (subthreshold) graded potentials and (above threshold) action
potentials
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Neurônios
• Potencial graded: são pequenas perturbações no potencial 
da membrana devido a adesão de neurotransmissores, 
estímulo sensorial - depolarização ou hiperpolarização.
• Potencial de ação: grande depolarização de 
aproximadamente 15 a 20 mV, levando a membrana acima 
de um limiar aproximadamente -55mV.
• Nesse limiar, a membrana abre permitindo a entrada de 
Na+ durante 1 a 5 ms
• Com o potencial alto, estimula a saida de K+ da célula  

730 12 Electrical and Magnetic Properties
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Avalanche de 
eventos
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Os períodos refratários relativos tornam possível codificar a 
informação através da conversão da intensidade de um estímulo para 
a frequência dos potenciais de ação.  Um suprathreshold de gradded 
potential pode produzir um número maior de potenciais de ação 

dentro de um determinado período de tempo que estímulos 
menores.
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Fig. 12.15. The depolarization and repolarization of cardiac muscle, along with the
flows of Na+, Ca2+, and K+ ions. The inward flux of Na+ and Ca2+ increases the
potential and the outward flux of K+ decreases it. (Based on [585])

radius is a = 5×10−6 m, and so the resistivity inside the axon per unit length
along the axon is

ri =
ρi

πa2
=

0.5 ohm-m
π(5 × 10−6 m)2

= 6.4 × 109 ohm/m = 6.4 × 103 ohm/µm.

(12.47)

The resistivity of the membrane is ρm = 1.6 × 107 ohm-m, the membrane
thickness is b = 6 × 10−9 m, and the cross-sectional area of the membrane
normal to the axon axis is A = 2πab. Therefore, the membrane resistivity per
unit length along the axon is

rm =
ρm

2πab
=

1.6 × 107 ohm-m
2π(5 × 10−6 m)(6 × 10−9 m)

(12.48)

= 8 × 1019 ohm/m = 8 × 1013 ohm/µm, (12.49)

This resistivity is so high that for a given voltage drop along the axon,
the current flow along the membrane is negligible compared to that in the
fluid.
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Fig. 12.16. The flow of ions across the membrane during action potential propa-
gation (a) at a given time and (b) at a later time

Fig. 12.17. Distributed circuit model of an axon, with resistance inside the axon
ri, membrane resistance rm and capacitance cm, and resistance outside the axon ro,
each per unit length
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Table 12.5. Typical parameters for unmyelinated and myelinated nerves. (From
[570, 571, 581])

unmyelinated myelinated

axon inner radius (m) a 5 × 10−6 5 × 10−6

membrane/myelin thickness (m) b 6 × 10−9 2 × 10−6

axoplasm resistivity (ohm-m) ρi 1.1 1.1
membrane dielectric constant (s/ohm-m) κε0 6.20 × 10−11 6.20 × 10−11

membrane/myelin resistivity (ohm-m) ρm 107 107

resistance per unit length of fluida r 6.37 × 109 6.37 × 109

(ohm/m)
conductivity/length axon membrane gm 1.25 × 104 3 × 10−7

(mho/m)
capacitance/length axon (F/m) cm 3 × 10−7 8 × 10−10

aFluid both inside and outside the axon.

The transverse resistance across the membrane is (ρmb)Atransverse, so the
conductance per unit area is

gm =
1

ρmb
, (12.50)

where conductance is the reciprocal of the resistance.
Because the axon radius a of an unmyelinated axon is much greater than

the membrane thickness b, the cylindrical membrane can be unrolled along its
length (much as in Fig. 8.23) and modeled very successfully as a plane parallel
capacitor, with plate separation b and area A = aL, where L is the length of
the axon unit. The material in the axon membrane has dielectric constant κ =
7, so with ε0 = 8.85×10−12 s/ohm-m, we see that κε0 = 6.20×10−11 s/ohm-m.
From (12.13), the capacitance per unit length of an unmyelinated axon is

Cparallel plates,per length = Cparallel plates/L = κε0a/b (12.51)

= (6.20 × 10−11s/ohm-m)(5 × 10−6m)/6 × 10−9m
(12.52)

= 3 × 10−7 F/m (12.53)

and that per unit area is

cparallel plates = Cparallel plates/La = κε0/b (12.54)

= (6.20 × 10−11s/ohm-m)/6 × 10−9 m (12.55)
= 0.01 F/m2. (12.56)

Using (12.12), q = CV and the charge density on the membrane walls is
σ = q/A = (C/A)/V . For a −70 mV voltage drop, we see that σ = (C/A)/V =
(0.01 F/m2)(70 mV) = 7 × 10−4 C/m2. Because an elementary charge is
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Fig. 12.15. The depolarization and repolarization of cardiac muscle, along with the
flows of Na+, Ca2+, and K+ ions. The inward flux of Na+ and Ca2+ increases the
potential and the outward flux of K+ decreases it. (Based on [585])

radius is a = 5×10−6 m, and so the resistivity inside the axon per unit length
along the axon is

ri =
ρi

πa2
=

0.5 ohm-m
π(5 × 10−6 m)2

= 6.4 × 109 ohm/m = 6.4 × 103 ohm/µm.

(12.47)

The resistivity of the membrane is ρm = 1.6 × 107 ohm-m, the membrane
thickness is b = 6 × 10−9 m, and the cross-sectional area of the membrane
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This resistivity is so high that for a given voltage drop along the axon,
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fluid.
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(12.47)

The resistivity of the membrane is ρm = 1.6 × 107 ohm-m, the membrane
thickness is b = 6 × 10−9 m, and the cross-sectional area of the membrane
normal to the axon axis is A = 2πab. Therefore, the membrane resistivity per
unit length along the axon is

rm =
ρm

2πab
=

1.6 × 107 ohm-m
2π(5 × 10−6 m)(6 × 10−9 m)

(12.48)

= 8 × 1019 ohm/m = 8 × 1013 ohm/µm, (12.49)

This resistivity is so high that for a given voltage drop along the axon,
the current flow along the membrane is negligible compared to that in the
fluid.

Resistência dentro do axonio sem myelin por unidade de 
comprimento:

Para a membrana:
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Table 12.5. Typical parameters for unmyelinated and myelinated nerves. (From
[570, 571, 581])

unmyelinated myelinated

axon inner radius (m) a 5 × 10−6 5 × 10−6

membrane/myelin thickness (m) b 6 × 10−9 2 × 10−6

axoplasm resistivity (ohm-m) ρi 1.1 1.1
membrane dielectric constant (s/ohm-m) κε0 6.20 × 10−11 6.20 × 10−11

membrane/myelin resistivity (ohm-m) ρm 107 107

resistance per unit length of fluida r 6.37 × 109 6.37 × 109

(ohm/m)
conductivity/length axon membrane gm 1.25 × 104 3 × 10−7

(mho/m)
capacitance/length axon (F/m) cm 3 × 10−7 8 × 10−10

aFluid both inside and outside the axon.

The transverse resistance across the membrane is (ρmb)Atransverse, so the
conductance per unit area is

gm =
1

ρmb
, (12.50)

where conductance is the reciprocal of the resistance.
Because the axon radius a of an unmyelinated axon is much greater than

the membrane thickness b, the cylindrical membrane can be unrolled along its
length (much as in Fig. 8.23) and modeled very successfully as a plane parallel
capacitor, with plate separation b and area A = aL, where L is the length of
the axon unit. The material in the axon membrane has dielectric constant κ =
7, so with ε0 = 8.85×10−12 s/ohm-m, we see that κε0 = 6.20×10−11 s/ohm-m.
From (12.13), the capacitance per unit length of an unmyelinated axon is

Cparallel plates,per length = Cparallel plates/L = κε0a/b (12.51)

= (6.20 × 10−11s/ohm-m)(5 × 10−6m)/6 × 10−9m
(12.52)

= 3 × 10−7 F/m (12.53)

and that per unit area is

cparallel plates = Cparallel plates/La = κε0/b (12.54)

= (6.20 × 10−11s/ohm-m)/6 × 10−9 m (12.55)
= 0.01 F/m2. (12.56)

Using (12.12), q = CV and the charge density on the membrane walls is
σ = q/A = (C/A)/V . For a −70 mV voltage drop, we see that σ = (C/A)/V =
(0.01 F/m2)(70 mV) = 7 × 10−4 C/m2. Because an elementary charge is

Capacitância na membrana do axonio sem myelin por 
unidade de area:
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Fig. 12.16. The flow of ions across the membrane during action potential propa-
gation (a) at a given time and (b) at a later time

Fig. 12.17. Distributed circuit model of an axon, with resistance inside the axon
ri, membrane resistance rm and capacitance cm, and resistance outside the axon ro,
each per unit length
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Table 12.5. Typical parameters for unmyelinated and myelinated nerves. (From
[570, 571, 581])

unmyelinated myelinated

axon inner radius (m) a 5 × 10−6 5 × 10−6

membrane/myelin thickness (m) b 6 × 10−9 2 × 10−6

axoplasm resistivity (ohm-m) ρi 1.1 1.1
membrane dielectric constant (s/ohm-m) κε0 6.20 × 10−11 6.20 × 10−11

membrane/myelin resistivity (ohm-m) ρm 107 107

resistance per unit length of fluida r 6.37 × 109 6.37 × 109

(ohm/m)
conductivity/length axon membrane gm 1.25 × 104 3 × 10−7

(mho/m)
capacitance/length axon (F/m) cm 3 × 10−7 8 × 10−10

aFluid both inside and outside the axon.

The transverse resistance across the membrane is (ρmb)Atransverse, so the
conductance per unit area is

gm =
1

ρmb
, (12.50)

where conductance is the reciprocal of the resistance.
Because the axon radius a of an unmyelinated axon is much greater than

the membrane thickness b, the cylindrical membrane can be unrolled along its
length (much as in Fig. 8.23) and modeled very successfully as a plane parallel
capacitor, with plate separation b and area A = aL, where L is the length of
the axon unit. The material in the axon membrane has dielectric constant κ =
7, so with ε0 = 8.85×10−12 s/ohm-m, we see that κε0 = 6.20×10−11 s/ohm-m.
From (12.13), the capacitance per unit length of an unmyelinated axon is

Cparallel plates,per length = Cparallel plates/L = κε0a/b (12.51)

= (6.20 × 10−11s/ohm-m)(5 × 10−6m)/6 × 10−9m
(12.52)

= 3 × 10−7 F/m (12.53)

and that per unit area is

cparallel plates = Cparallel plates/La = κε0/b (12.54)

= (6.20 × 10−11s/ohm-m)/6 × 10−9 m (12.55)
= 0.01 F/m2. (12.56)

Using (12.12), q = CV and the charge density on the membrane walls is
σ = q/A = (C/A)/V . For a −70 mV voltage drop, we see that σ = (C/A)/V =
(0.01 F/m2)(70 mV) = 7 × 10−4 C/m2. Because an elementary charge is
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Fig. 12.22. Measuring the conduction speed along the lower arm and hand of (a)
a motor nerve and (b) a sensory nerve, along with associated EMG signals. The
conduction speed of the motor nerve in (a) is 62.5 m/s, and the conduction speed of
the sensory nerve in (b) is 58.1 m/s (see Problem 12.18). (Based on [568])

Special Case: Only Resistance, No Capacitance, Infinitely Long Cable. If
membrane capacitance is neglected in the model (cm = 0 and so τ = 0),
then (12.72) becomes

λ2 ∂2V (x)
∂x2

− V (x) = −Vi (12.79)

and V does not depend on time. If at, say, x = 0, the voltage is held at
V = Vi + V0, the solution is

V (x) = Vi + V0 exp(−x/λ) for x > 0 (12.80)
= Vi + V0 exp(+x/λ) for x < 0, (12.81)

which can be proved by substitution. This means the subthreshold disturbance
decays over a characteristic distance λ, as seen in Fig. 12.23.

Special Case: Only Resistance, No Capacitance, Cable of Finite Length. If
the cable is semi-infinite or of finite length, the solution to (12.79) needs to
be modified [589]. Such solutions are shown in Fig. 12.24 and are examined
further in Problem 12.24 (for Vi = 0). Of particular importance for a cable
of finite length is exactly how the axon is terminated at either end, i.e., the
boundary conditions. Usually these boundary conditions are specified by giv-
ing the voltage V or the current flow (which is proportional to dV/dx) at the
end of the axon cable.

Special Case: Only Resistance, No Capacitance, Infinitely Long Cable. If in-
stead the axoplasm resistance is set equal to zero (such as by placing a wire
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Fig. 12.25. In one mechanism for hair cell response, the hair bundle moves to-
ward the kinocilium (hair with the bead) opening channels that are permeable to
Na+ (which is depolarization), as shown in (b). Resting activity is seen in (a) and
hyperpolarization in (c). (From [593])

channels themselves. The response of hair to forces was discussed in Chap. 10
(text and Problem 10.55).

These hair cells are important in the ear, contributing both to the gen-
eration of auditory signals in the cochlea that travel to the brain to enable
hearing and in the vestibular system in the ear that helps us maintain a sense

Fig. 12.26. Membrane potential vs. hair displacement (in position and angle).
Positive displacements are toward the kinocilium. (Based on [574, 583])
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Fig. 12.27. The sense of balance is seen by examining the pair of horizontal semicir-
cular canals, by looking at the head from above. When you turn your head clockwise
there is counterclockwise motion of the cochlear fluid that depolarizes the hair cells
in the semicircular canal in the right ear and hyperpolarizes them in the left ear.
(Based on [574])

of balance. Each ear has three semicircular canals that are approximately or-
thogonal to each other, which provide us with a sense of balance through a
sensing of the motion of fluid in them. Figure 12.27 shows how hair cells sense
one such motion, that of turning your head to the right. This is clockwise
looking from the top, as in the figure. The fluid in the two depicted horizontal
semicircular canals lags behind this motion (Newton’s First Law), and so it
moves counterclockwise relative to the hair cells. This causes a depolarization
of the hair cells in the right ear and a hyperpolarization of the hair cells in the
left ear. These semicircular canals contain hair cells that are bathed in a fluid,
the endolymph, which has high concentrations of K+ and low concentrations
of Na+ and Ca2+. Consequently, when the hair cells are stimulated, K+ enters
the cell through the channels during this depolarization. The hair cells in the
cochlea are also bathed by this endolymph fluid in the scala media so the con-
trol of K+ ion channels by the hair bundles is also important in hearing trans-
duction (where transduction is the conversion of one kind of signal or stimulus
into another by a cell, which in this case is the conversion of sound into an
electrical signal). (The perilymph fluid in the scala vestibuli and the scala
tympani is high in Na+ and low in K+, as are blood and cerebrospinal fluid.)

The importance of hair cells in the sense of touch (for hairy skin) was
discussed in Chap. 2. The sense of touch by Merkel receptors, Meissner cor-
puscles, Ruffini cylinders, and Pacinian corpuscles in both hair-free and hairy
skin arises from changes in the ion channels caused by applied pressure.

Taste bud sensors are found in clusters called taste buds on the tongue
and other places in the oral cavity. There are several mechanisms that activate
sensors of taste for sweet, sour, bitter, salty, and “umani,” all involving the
control of membrane ion channels. (Umani is the Japanese word for delicious.
In this context it describes the taste of monosodium glutamate and other
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