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The brain is highly structured at many scales



Electrical signaling in neurons is 
determined by 2 neuronal properties

Passive membrane properties

Active membrane properties



Passive membrane properties
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voltage, across the membrane called the membrane 
potential (Vm), defined as

Vm = Vin − Vout ,

where Vin is the potential on the inside of the cell and 
Vout the potential on the outside.

The membrane potential of a cell at rest is called 
the resting membrane potential (Vr). Since by convention 
the potential outside the cell is defined as zero, the rest-
ing potential is equal to Vin. Its usual range is −60 mV to 
−70 mV. All electrical signaling involves brief changes 
in the resting membrane potential that are caused by 
electrical currents across the cell membrane.

The electric current is carried by ions, both posi-
tive (cations) and negative (anions). The direction 
of current is conventionally defined as the direction 
of net movement of positive charge. Thus, in an ionic 
solution cations move in the direction of the electric 
current and anions move in the opposite direction. 
In the nerve cell at rest there is no net charge move-
ment across the membrane. When there is a net flow 
of cations or anions into or out of the cell, the charge 
separation across the resting membrane is disturbed, 
altering the electrical potential of the membrane. 
A reduction or reversal of charge separation, lead-
ing to a less negative membrane potential, is called 
depolarization. An increase in charge separation, lead-
ing to a more negative membrane potential, is called 
 hyperpolarization.

Changes in membrane potential that do not lead to 
the opening of gated ion channels are passive responses 
of the membrane and are called electrotonic potentials. 
Hyperpolarizing responses are almost always passive, 
as are small depolarizations. However, when depolari-
zation approaches a critical level, or threshold, the cell 
responds actively with the opening of voltage-gated 
ion channels, which produces an all-or-none action 
potential (Box 6–1).

The Resting Membrane Potential Is 
Determined by Nongated and Gated Ion 
Channels

The resting membrane potential is the result of the 
passive flux of individual ion species through several 
classes of resting channels. Understanding how this 
passive ionic flux gives rise to the resting potential 
 enables us to understand how the gating of different 
types of ion channels generates the action potential, as 
well as the receptor and synaptic potentials.

we shall examine the detailed mechanisms by which 
voltage-gated Na+, K+, and Ca2+ channels generate 
the action potential, the electrical signal conveyed 
along the axon. Synaptic and receptor potentials are  
considered in Chapters 8 to 11 in the contexts of synaptic  
signaling between neurons and sensory reception.

The Resting Membrane Potential Results 
from the Separation of Charge Across the 
Cell Membrane

The neuron’s cell membrane has thin clouds of positive 
and negative ions spread over its inner and outer sur-
faces. At rest the extracellular surface of the membrane 
has an excess of positive charge and the cytoplasmic 
surface an excess of negative charge (Figure 6–1). This 
separation of charge is maintained because the lipid 
bilayer of the membrane is a barrier to the diffusion 
of ions, as explained in Chapter 5. The charge separa-
tion gives rise to a difference of electrical potential, or  
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Figure 6–1 The cell membrane potential results from the 
separation of net positive and net negative charges on 
either side of the membrane. The excess of positive ions 
outside the membrane and negative ions inside the membrane 
represents a small fraction of the total number of ions inside 
and outside the cell at rest.

• Resistance

• Capacitance

• Membrane potential (resting)



Passive membrane properties have profound 
impact on neuronal signal processing

NATURE REVIEWS | NEUROSCIENCE VOLUME 1 | DECEMBER 2000 | 1 8 3

R E V I EW S

obtained evidence that the amplitude of the QUANTAL

CURRENT at the soma was independent of the location of
the synapse along the dendrite11. Nevertheless, previous
work in his own laboratory had shown that evoked
EPSP amplitude seemed to decrease with distance from
the soma because the amplitude of EPSPs evoked by
stimulation of single CA3 neurons decreased as the time
to reach the peak amplitude increased12. To reconcile the
data, Redman and colleagues proposed that the QUANTAL

CONTENT of evoked Schaffer collateral EPSP decreased
with distance from the soma11. Subsequent work has
shown that the quantal EPSP amplitude of single senso-
ry Ia fibres in spinal motor neurons is location indepen-
dent13,14. More recently, a study using localized release of
CAGED GLUTAMATE has shown that the amplitude of the
evoked current measured at the soma is independent of
the site of glutamate application along the apical den-
drite of hippocampal CA1 pyramidal neurons15. Similar
results have also been reported for pyramidal cells of
layer V of the neocortex16.

The ability to record synaptic activity from several lo-
cations on the same neuron simultaneously has provid-
ed the opportunity to test directly many long-standing
ideas about the dendritic processing of synaptic infor-
mation (FIG. 2). Using dual whole-cell patch-clamp
recordings in combination with localized MINIMAL STIMU-

LATION TECHNIQUES, it has been found that the amplitude
of unitary EPSP at the soma of CA1 pyramidal cells is

A series of recent experiments has tested the validity
of those theoretical predictions. As I discuss in the fol-
lowing section, most of the evidence obtained so far
indicates that, contrary to the theory, synaptic integra-
tion is largely independent of input location.

Location dependence of synaptic integration
The location dependence of synaptic input has been
examined in various cell types, especially in hippo-
campal CA1 and neocortical pyramidal cells, as well as
in spinal motor neurons. In contrast to Rall’s predic-
tions, there is now considerable evidence to indicate
that, within a single class of inputs, most components
of synaptic integration may show minimal depen-
dence on the location of the synapse. This evidence 
is now examined with an emphasis on data from
Schaffer collateral synapses on hippocampal CA1
pyramidal neurons.

Unitary EPSP amplitude. In the first examination of the
location dependence of synaptic input to CA1 neurons,
Andersen et al.10 concluded that proximal and distal
Schaffer collateral synapses could elicit similar patterns
of action potential firing and found that the shape of the
EPSP was relatively independent of synapse location.
Subsequently, Redman and colleagues reached a similar
conclusion through a statistical analysis of excitatory
postsynaptic current (EPSC) fluctuations. This group

Localized output Temporal summation

Amplitude and kinetics
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Figure 1 | The filtering effects of dendrites should be accompanied by location-dependent synaptic integration.
a | A CA1 pyramidal neuron with synaptic input distributed across the dendritic arbor. b | Dendritic filtering causes distal inputs to be
smaller and slower at the soma. The temporal summation is greater for slower distal events than for the proximal input. c | When
compared with proximal inputs, the smaller, slower distal inputs should produce a very different action potential output pattern for
the same pattern of input. All traces represent somatic membrane potential in response to electrical stimulation (b) or excitatory
postsynaptic current (EPSC)-shaped current injections (c) in the presence of 50 µm ZD7288, a blocker of transient outward current,
carried by dendritic hyperpolarization-activated potassium channels (I

h
).

QUANTAL CURRENT
The current elicited by the
transmitter released from a
single synaptic vesicle.

QUANTAL CONTENT
The  number of quanta released
per action potential .

CAGED GLUTAMATE
An inactive derivative of
glutamate that can be
transformed into the active
transmitter, usually by photolysis
of the precursor. It provides an
efficient means for the spatially
restricted application of
glutamate.

MINIMAL STIMULATION
TECHNIQUES
Methods to elicit transmitter
release from a few (ideally one)
synaptic contacts.
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voltage, across the membrane called the membrane 
potential (Vm), defined as

Vm = Vin − Vout ,

where Vin is the potential on the inside of the cell and 
Vout the potential on the outside.

The membrane potential of a cell at rest is called 
the resting membrane potential (Vr). Since by convention 
the potential outside the cell is defined as zero, the rest-
ing potential is equal to Vin. Its usual range is −60 mV to 
−70 mV. All electrical signaling involves brief changes 
in the resting membrane potential that are caused by 
electrical currents across the cell membrane.

The electric current is carried by ions, both posi-
tive (cations) and negative (anions). The direction 
of current is conventionally defined as the direction 
of net movement of positive charge. Thus, in an ionic 
solution cations move in the direction of the electric 
current and anions move in the opposite direction. 
In the nerve cell at rest there is no net charge move-
ment across the membrane. When there is a net flow 
of cations or anions into or out of the cell, the charge 
separation across the resting membrane is disturbed, 
altering the electrical potential of the membrane. 
A reduction or reversal of charge separation, lead-
ing to a less negative membrane potential, is called 
depolarization. An increase in charge separation, lead-
ing to a more negative membrane potential, is called 
 hyperpolarization.

Changes in membrane potential that do not lead to 
the opening of gated ion channels are passive responses 
of the membrane and are called electrotonic potentials. 
Hyperpolarizing responses are almost always passive, 
as are small depolarizations. However, when depolari-
zation approaches a critical level, or threshold, the cell 
responds actively with the opening of voltage-gated 
ion channels, which produces an all-or-none action 
potential (Box 6–1).

The Resting Membrane Potential Is 
Determined by Nongated and Gated Ion 
Channels

The resting membrane potential is the result of the 
passive flux of individual ion species through several 
classes of resting channels. Understanding how this 
passive ionic flux gives rise to the resting potential 
 enables us to understand how the gating of different 
types of ion channels generates the action potential, as 
well as the receptor and synaptic potentials.

we shall examine the detailed mechanisms by which 
voltage-gated Na+, K+, and Ca2+ channels generate 
the action potential, the electrical signal conveyed 
along the axon. Synaptic and receptor potentials are  
considered in Chapters 8 to 11 in the contexts of synaptic  
signaling between neurons and sensory reception.

The Resting Membrane Potential Results 
from the Separation of Charge Across the 
Cell Membrane

The neuron’s cell membrane has thin clouds of positive 
and negative ions spread over its inner and outer sur-
faces. At rest the extracellular surface of the membrane 
has an excess of positive charge and the cytoplasmic 
surface an excess of negative charge (Figure 6–1). This 
separation of charge is maintained because the lipid 
bilayer of the membrane is a barrier to the diffusion 
of ions, as explained in Chapter 5. The charge separa-
tion gives rise to a difference of electrical potential, or  
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Figure 6–1 The cell membrane potential results from the 
separation of net positive and net negative charges on 
either side of the membrane. The excess of positive ions 
outside the membrane and negative ions inside the membrane 
represents a small fraction of the total number of ions inside 
and outside the cell at rest.

• Resistance

• Capacitance

• Resting membrane potential



Two driving forces: chemical and electrical



 Dissipation of ionic gradients is prevented by

ionic pumps (e.g. Na+-K+ pump)



How is Vm_resting determined?





For single ion (K+):
K_out = K_in

Equilibrium potential (EK) = Vm_resting

When permeating to multiple ions:

K_out = K_in EK

Na_out = Na_in ENa

Ca_out = Ca_in ECa

Cl_out = Cl_in ECl

Vm_resting}+ =

How is Vm_resting determined?

Resting membrane potential is not equilibrium, but an 
active steady state, balancing different species of ions.
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neuron and then propagated to the axon initial segment, 
the site of action potential generation. During signaling, 
when a stimulus generates action potentials or local 
(synaptic or sensory generator) potentials in a neuron, 
the membrane potential changes frequently.

What determines the rate of change in potential 
with time or distance? What determines whether a 
stimulus will or will not produce an action potential? 
Here we consider the neuron’s passive electrical prop-
erties and geometry and how these relatively constant 
properties affect the cell’s electrical signaling. In the 
next five chapters we shall consider the properties of 
the gated channels and how the active ionic currents 
they control change the membrane potential.

Neurons have three passive electrical properties 
that are important for electrical signaling. We have 
already considered the resting membrane conductance 
or resistance (gr = 1/Rr) and the membrane capacitance, 
Cm. A third important property that determines signal 
propagation along dendrites or axons is their intra-
cellular axial resistance (ra). Although, as mentioned 
above, the resistivity of cytoplasm is much lower than 
that of the membrane, the axial resistance along the 
entire length of an extended thin neuronal process can 

The equivalent circuit can be made more realistic 
by incorporating the active ion fluxes driven by the 
Na+-K+ pump, which extrudes three Na+ ions from the 
cell for every two K+ ions it pumps in. This electrogenic 
ATP-dependent pump, which keeps the ionic batteries 
charged, can be added to the equivalent circuit in the 
form of a current generator (Figure 6–11).

The use of the equivalent circuit to analyze 
 neuronal properties quantitatively is illustrated in 
Box 6–2. There we see how the equivalent circuit can 
be used to calculate the resting potential, Vm. We also 
see how the equivalent circuit can be simplified by 
combining all of the resting Na+, K+, and Cl− channels 
into a single resting current pathway, with a conduct-
ance gr and a battery Er, which is equal to the resting 
potential.

The Passive Electrical Properties of the Neuron 
Affect Electrical Signaling

Once an electrical signal is generated in part of a neuron, 
for example in response to a synaptic input on a branch 
of a dendrite, it is integrated with the other inputs to the 
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Figure 6–9 The populations 
of Na+, K+, and Cl− ion chan-
nels can each be represented 
by a battery in series with a 
 conductor. The directions of 
the battery poles reflect the 
electromotive force generated 
by each ionic flux, inside nega-
tive for K+ and Cl− and positive 
for Na+.

gK = NK × γK
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=
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Figure 6–8 All the resting K+ channels in a 
nerve cell membrane can be lumped into 
a single equivalent circuit comprised of a 
battery in series with a conductor. 
The K+ conductance of the membrane at rest 
is gK = NK × γK, where NK is the number of pas-
sive K+ channels and γK is the conductance of a 
single K+ channel.
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Membrane Capacitance Slows the Time Course of 
Electrical Signals

The steady-state change in a neuron’s voltage in response 
to subthreshold current resembles the behavior of a sim-
ple resistor, but the initial time course of the change does 
not. A true resistor responds to a step change in current 
with a similar step change in voltage, but the neuron’s 
membrane potential rises and decays more slowly than 
the step change in current (Figure 6–15). This property 
of the membrane is caused by its capacitance.

To understand how the capacitance slows down 
the voltage response, recall that the voltage across a 
capacitor is proportional to the charge stored on the 
capacitor. To alter the voltage, charge (Q) must be 
added to or removed from the capacitor (C):

∆V = ∆Q/C.

To change the charge across the capacitor (the neu-
ron’s lipid bilayer), current must flow across the capac-
itor (Ic). Since current is the flow of charge per unit time 
(Ic = ∆Q/∆t), the change in voltage across a capacitor is 
a function of the magnitude of the current and the time 
that the current flows:

∆V = Ic ⋅ ∆t/C.

Thus the magnitude of the change in voltage across 
a capacitor in response to a current pulse depends on 
the duration of the current, because time is required to 
deposit and remove charge across the capacitor.

If the membrane had only resistive properties, 
a step pulse of outward current would change the 
membrane potential instantaneously. Conversely, if 
the membrane had only capacitive properties, the  
membrane potential would change linearly with time in  
response to the same step of current. Because the mem-
brane has both capacitive and resistive properties in 
parallel, the actual change in membrane potential com-
bines features of the two pure responses. The  initial 
slope of the relation between Vm and time reflects a 
purely capacitive element, whereas the final slope  
and amplitude reflect a purely resistive element  
(Figure 6–15, upper plot).

In the simple case of the spherical cell body of a 
neuron, the time course of the potential change is 
described by the following equation:

∆Vm (t) = ImRm(1 − e–t/τ),

where e is the base of the system of natural logarithms 
and has a value of approximately 2.72, and τ is the 
membrane time constant, given by the product of the 

be considerable. Because these three elements provide 
the return pathway to complete the electrical circuit 
when active ionic currents flow into or out of the cell, 
they determine the time course of the change in syn-
aptic potential generated by the synaptic current. They 
also determine whether a synaptic potential generated 
in a dendrite will depolarize the trigger zone on the 
axon initial segment enough to fire an action potential. 
Finally, the passive properties influence the speed at 
which an action potential is conducted.
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Figure 6–10 An equivalent circuit of the neuronal mem-
brane. The elements of the circuit include pathways represent-
ing the Na+, K+, and Cl− ion channels and short-circuit pathways 
provided by the cytoplasm and extracellular fluid. The lipid 
bilayer and the conducting solutions on its intracellular and 
extracellular surfaces endow the membrane with electrical 
capacitance (Cm).

g Na

ENa

g K

EK

g Cl

ECl

+ + + +

– – – –

IK
I′K I′Na

INa
Cm

Na+– K+ pump

Extracellular side

Cytoplasmic side

+

–

–

+

–

+

Figure 6–11 An equivalent circuit of passive and active 
current in a neuron. Under steady-state conditions the passive 
Na+ and K+ currents are balanced by active Na+ and K+ fluxes 
(I ′Na and I ′K) driven by the Na+-K+ pump. The active Na+ flux (I ′Na) 
is 50% greater than the active K+ flux (I ′K), and therefore INa is 
50% greater than IK, because the Na+-K+ pump transports three 
Na+ ions out for every two K+ ions it transports into the cell.

The equivalent circuit
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Box 6–2 Using the Equivalent Circuit Model to Calculate Resting Membrane Potential

An equivalent circuit model of the resting membrane 
can be used to calculate the resting potential. To simplify 
the calculation we shall initially ignore Cl− channels and 
begin with just two types of resting channels, K+ and 
Na+, as illustrated in Figure 6–12. Moreover, we ignore 
the electrogenic influence of the Na+-K+ pump because 
it is small.

Because we consider only steady-state conditions, 
where the membrane potential, Vm , is not changing, 
we can also ignore membrane capacitance. (Membrane 
capacitance and its delaying effect on changes in Vm are 
discussed below.)

Because there are more resting channels for K+ than 
for Na+, the membrane conductance for K+ is much 
greater than that for Na+. In the equivalent circuit in 
Figure 6–12,  gK (10 × 10−6 S) is 20 times higher than 
gNa (0.5 × 10−6 S). Given these values and the values of 
EK and ENa , Vm is calculated as follows.

Under the above conditions where the membrane 
potential is constant, there is no net current across the 
membrane. Therefore INa is equal and opposite to IK:

−INa = IK

or

 INa + IK = 0. (6–1)

We can easily calculate INa and IK in two steps. First, 
we add up the separate potential differences across the 
Na+ and K+ branches of the circuit. Going from the inside 
to the outside across the Na+ branch, the total potential 
difference is the sum of the potential differences across 
ENa and across gNa:∗

Vm = ENa + INa/gNa.

Similarly, for the K+ conductance branch

Vm = EK + IK/gK.

Next, we rearrange and solve for I:

 INa = gNa × (Vm − ENa) (6–2a)

Figure 6–12 In this simple electrical equivalent circuit 
the resting membrane potential depends on the resting 
K+ and Na+ channels only.

gNa = 0.5 × 10–6 S

ENa = +55 mV

IKINaVm

Vin
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Vout

gK = 10 × 10–6 S

EK = –75 mV+
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–

+

Extracellular side

Cytoplasmic side

 IK = gK × (Vm − EK). (6–2b)

As these equations illustrate, the ionic current 
through each conductance branch is equal to the conduct-
ance of that branch multiplied by the net electrical driving 
force. For example, with the K+ current the conductance 
is proportional to the number of open K+ channels, and 
the driving force is equal to the difference between 
Vm and EK. If Vm is more positive than EK (−75 mV), 
the driving force is positive and the current is outward; 
if Vm is more negative than EK, the driving force is nega-
tive and the current is inward.

Similar equations are used in a variety of contexts 
in this book to relate the magnitude of a particular ionic 
current to its membrane conductance and driving force.

As we saw in Equation 6–1, INa + IK = 0. If we now 
substitute Equations 6–2a and 6–2b for INa and IK in 
Equation 6–1, multiply through, and rearrange, we 
obtain the following expression:

Vm × (gNa + gK) = (ENa × gNa) + (EK × gK).

Solving for Vm we obtain an equation for the resting 
membrane potential that is expressed in terms of mem-
brane conductances and batteries:

 V
E g E g

g g
( ) ( )

m
Na Na K K

Na K
= × + ×

+
 (6–3)

From this equation, using the values in our equiva-
lent circuit (Figure 6–12), we calculate Vm = −69 mV.

Equation 6–3 states that Vm approaches the value 
of the ionic battery that has the greater conductance. 
This principle can be illustrated by considering what 
happens during the action potential. At the peak of the 

∗Because we have defined Vm as Vin − Vout, the following con-
vention must be used for these equations. Outward current  
(in this case IK) is positive and inward current is negative. 
 Batteries whose positive pole is directed toward the inside of the 
membrane (eg, ENa) are given positive values in the equations. 
The reverse is true for batteries whose negative pole is directed 
toward the inside, such as the K+ battery.
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As these equations illustrate, the ionic current 
through each conductance branch is equal to the conduct-
ance of that branch multiplied by the net electrical driving 
force. For example, with the K+ current the conductance 
is proportional to the number of open K+ channels, and 
the driving force is equal to the difference between 
Vm and EK. If Vm is more positive than EK (−75 mV), 
the driving force is positive and the current is outward; 
if Vm is more negative than EK, the driving force is nega-
tive and the current is inward.

Similar equations are used in a variety of contexts 
in this book to relate the magnitude of a particular ionic 
current to its membrane conductance and driving force.

As we saw in Equation 6–1, INa + IK = 0. If we now 
substitute Equations 6–2a and 6–2b for INa and IK in 
Equation 6–1, multiply through, and rearrange, we 
obtain the following expression:

Vm × (gNa + gK) = (ENa × gNa) + (EK × gK).

Solving for Vm we obtain an equation for the resting 
membrane potential that is expressed in terms of mem-
brane conductances and batteries:
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From this equation, using the values in our equiva-
lent circuit (Figure 6–12), we calculate Vm = −69 mV.

Equation 6–3 states that Vm approaches the value 
of the ionic battery that has the greater conductance. 
This principle can be illustrated by considering what 
happens during the action potential. At the peak of the 

∗Because we have defined Vm as Vin − Vout, the following con-
vention must be used for these equations. Outward current  
(in this case IK) is positive and inward current is negative. 
 Batteries whose positive pole is directed toward the inside of the 
membrane (eg, ENa) are given positive values in the equations. 
The reverse is true for batteries whose negative pole is directed 
toward the inside, such as the K+ battery.
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action potential gK is essentially unchanged from its 
resting value, but gNa increases as much as 500-fold. This 
increase in gNa is caused by the opening of voltage-gated 
Na+ channels. In the equivalent circuit in Figure 6–12, a 
500-fold increase would change gNa from 0.5 × 10−6 S to 
250 × 10−6 S.

If we substitute this new value of gNa into Equation 
6–3 and solve for Vm , we obtain +50 mV. Vm is closer to 
ENa than to EK at the peak of the action potential because 
gNa is now 25-fold greater than gK , so that the Na+ bat-
tery becomes much more important than the K+ battery 
in determining Vm.

The real resting membrane has open channels for 
Cl− as well as for Na+ and K+. One can derive a more 
general equation for Vm , following the steps outlined 
above, from an equivalent circuit that includes a con-
ductance pathway for Cl− with its associated Nernst bat-
tery  (Figure 6–13):

 V
E g E g E g

g g g
( ) ( ) + ( )

.m
Na Na K K Cl Cl

Na K Cl
= × + × ×

+ +  (6–4)

This equation is similar to the Goldman equation in 
that the contribution to Vm of each ionic battery is weighted 
in proportion to the conductance of the membrane for that 
particular ion. In the limit, if the conductance for one ion is 
much greater than that for the other ions, Vm approaches 
the value of that ion’s Nernst potential.

The contribution of Cl− ions to the resting potential 
can now be determined by comparing Vm calculated for 
the Na+ and K+ circuits only (Figure 6–12) and for all 
three ions (Figure 6–13). For most nerve cells the value 
of gCl ranges from one-fourth to one-half of gK . In the 
simplified example in Figure 6–13 Cl− ions flow pas-
sively across the membrane, so that ECl is equal to the 
value of Vm , which is determined by Na+ and K+.

Because ECl = Vm (−69 mV in this case), there is no 
current through the Cl− channels. As a result when we 
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Figure 6–13  This electrical 
equivalent circuit includes the 
Cl− pathway. There is no current 
through the Cl− channels because 
Vm is at ECl.

Figure 6–14 The Na+, K+, and Cl− resting channels can 
be represented together by a single conductance and 
battery. The total resting membrane conductance (gr ) and 
the electromotive force or battery (Er ) give the resting 
potential determined by Equation 6–4.
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include gCl and ECl in the circuit (Figure 6–13), the calcu-
lated value of Vm does not differ from that when the Cl− 
conductance is absent (Figure 6–12). However, in most 
neurons Cl− is actively transported out of the cell so that 
ECl is more negative than the resting potential. Adding 
the Cl− pathway to the calculation would shift Vm to a 
slightly more negative value.

The equivalent circuit can be further simplified by 
lumping the conductance of all the resting channels that 
contribute to the resting potential into a single conduct-
ance, gr , and replacing the battery for each conductance 
channel with a single battery whose value, Er , is given by 
Equation 6–4 (Figure 6–14). Here the subscript r stands 
for the resting channel pathway. Because the resting 
channels provide a pathway for the steady leakage of 
ions across the membrane, they are sometimes referred 
to as leakage channels (see Chapter 7). This consolidation 
of resting pathways will prove useful when we consider 
the effects on membrane voltage of current through volt-
age-gated and ligand-gated channels in later chapters.

Using Equivalent Circuit Model to Calculate Resting 
Membrane Potential
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general equation for Vm , following the steps outlined 
above, from an equivalent circuit that includes a con-
ductance pathway for Cl− with its associated Nernst bat-
tery  (Figure 6–13):
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This equation is similar to the Goldman equation in 
that the contribution to Vm of each ionic battery is weighted 
in proportion to the conductance of the membrane for that 
particular ion. In the limit, if the conductance for one ion is 
much greater than that for the other ions, Vm approaches 
the value of that ion’s Nernst potential.

The contribution of Cl− ions to the resting potential 
can now be determined by comparing Vm calculated for 
the Na+ and K+ circuits only (Figure 6–12) and for all 
three ions (Figure 6–13). For most nerve cells the value 
of gCl ranges from one-fourth to one-half of gK . In the 
simplified example in Figure 6–13 Cl− ions flow pas-
sively across the membrane, so that ECl is equal to the 
value of Vm , which is determined by Na+ and K+.

Because ECl = Vm (−69 mV in this case), there is no 
current through the Cl− channels. As a result when we 
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Figure 6–13  This electrical 
equivalent circuit includes the 
Cl− pathway. There is no current 
through the Cl− channels because 
Vm is at ECl.

Figure 6–14 The Na+, K+, and Cl− resting channels can 
be represented together by a single conductance and 
battery. The total resting membrane conductance (gr ) and 
the electromotive force or battery (Er ) give the resting 
potential determined by Equation 6–4.

gr = gCI + gNa +gK = 13 × 10–6 S

gK EK + gCI ECI + gNa ENaEr = gCI + gNa + gK 
= –69 mV

–

+

Extracellular side
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include gCl and ECl in the circuit (Figure 6–13), the calcu-
lated value of Vm does not differ from that when the Cl− 
conductance is absent (Figure 6–12). However, in most 
neurons Cl− is actively transported out of the cell so that 
ECl is more negative than the resting potential. Adding 
the Cl− pathway to the calculation would shift Vm to a 
slightly more negative value.

The equivalent circuit can be further simplified by 
lumping the conductance of all the resting channels that 
contribute to the resting potential into a single conduct-
ance, gr , and replacing the battery for each conductance 
channel with a single battery whose value, Er , is given by 
Equation 6–4 (Figure 6–14). Here the subscript r stands 
for the resting channel pathway. Because the resting 
channels provide a pathway for the steady leakage of 
ions across the membrane, they are sometimes referred 
to as leakage channels (see Chapter 7). This consolidation 
of resting pathways will prove useful when we consider 
the effects on membrane voltage of current through volt-
age-gated and ligand-gated channels in later chapters.
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age response to an input. Cable theory showed, and experiments
bore out, that dendrites are electrically distributed rather than isopo-
tential elements and that postsynaptic potentials, generated in the
dendrites, undergo large voltage attenuation and significant tem-
poral delay (on the order of the membrane’s passive time constant)
as they spread to the spike initiation zone.

What does add an important nonlinearity to neurons, and con-
sequently could enrich their computational capabilities, is that
synapses are not constant depolarizing or hyperpolarizing current
sources. Rather, synaptic inputs transiently change the postsynap-
tic membrane conductance (for example, opening membrane ionic
channels) in series with a battery (the synaptic reversal potential,
whose value is determined by differential distribution of ions across
the membrane and channel selectivity). Thus, a synaptic input briefly
changes the electrical properties of the postsynaptic membrane. In
particular, the postsynaptic potential (PSP) tends to saturate with
stronger and stronger input. In passive dendrites, the PSP of two
synapses is (typically) less than the linear sum of their separate
responses. These saturation effects are more prominent for adjacent

synapses than for synapses located farther away7. As a consequence,
local nonlinear operations can be performed independently in many
dendritic subunits8 before the outputs of these local operations are
summed up (and compared against the threshold) at the axon.

This sublinear effect is particularly strong for shunting or ‘silent’
inhibition, in which the synaptic reversal potential is close to the
cell’s resting potential. Without any other input, activation of
shunting inhibition causes an increase in the local conductance
without a change in the postsynaptic membrane potential.
Depending on its amplitude, shunting inhibition can greatly reduce
the amplitude of excitatory input. It acts to veto excitation, akin
to an AND-NOT logical operation (that is, the output is high if
excitation is present but inhibition is not; Fig. 1e). A neuron
endowed with many such local synaptic circuits could, in principle,
extract the motion, orientation or depth of a visual stimulus9.
Although shunting inhibitory conductance changes were long
thought to be too small to matter, modern intracellular recording
techniques10 confirm their large magnitude in cortical cells. Intra-
cellular evidence also implicates shunting inhibition in comput-
ing the direction of a moving stimulus in retinal ganglion cells11, as
proposed on theoretical grounds8.

A good example of how synaptic nonlinearity can combine
with dendritic morphology to perform a specific computation is
the first stage in the auditory pathway at which inputs from the
two ears project to the same neuron12. In the chicken, brainstem
neurons with bipolar dendrites act as coincidence detectors, firing
strongly if the sounds arrive at the two ears with some exact tem-
poral delay, and much more weakly otherwise13. Excitatory synap-
tic inputs from the two ears are segregated, each ear mapping onto
a single dendrite. Modeling shows that when input arrives from
only one ear, strong synaptic saturation in the thin dendrite tar-
geted by that ear can greatly reduce the synaptic current reaching
the axon, so that the firing response is weak. In contrast, when
inputs arrive simultaneously from the two ears, sufficient charge
is delivered to the soma from the two dendrites acting semi-inde-
pendently (thereby summing more linearly) that the neuron fires
robustly. Modeling has confirmed that sensitivity to very small
delays between the inputs, on the order of 20 µs, is greatly enhanced
by this setup compared to a point neuron with no dendrites14.

Active dendritic trees and nonlinear computations
It is abundantly clear that dendrites and their spines are covered
by a plethora of excitable channel types, typically at a density of
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Fig. 1. Simple neuronal models. Electrical circuit idioms are often used to
model neurons. In (a–d), the entire neuron is reduced to a single spatial
compartment. The summed synaptic input is described by a net current
I(t). (a) An integrate-and-fire unit. If the voltage V exceeds a fixed thresh-
old, an unit pulse is generated, and all charge on the capacitance is
removed by resetting V to zero (solid arrow). The output of this and the
leaky integrate-and-fire model (b; in which charge leaks away with a time
constant given by the product of the capacitance C and the resistance R) is
a series of asynchronous spikes. (c) In a rate neuron, these discrete pulses
are replaced by a continuous output rate. The monotonically increasing
relationship between V and the output rate f = g(V) can be thought of as
the discharge function of a population of spiking cells. (d) In most neural
networks, interactions within neurons are linear. The necessary nonlin-
earity is provided by the sigmoidal g(V) function. Here, the output of neu-
ron 1 is unidirectionally connected to neuron 2 with synaptic weight w21.
(e) Nonlinear, saturating interactions can be mediated in a passive den-
dritic tree by synapses that increase the postsynaptic conductance. The
interaction between excitation (circles) and inhibition of the shunting type
(elongated boxes) is of the AND-NOT type and is specific in space and in
time. For instance, the inhibitory synapse i7 vetos excitation e3 or e6 but
has only a negligible effect on e1. Modified from ref. 8.

a

b

c

d

e

© 2000 Nature America Inc. • http://neurosci.nature.com

©
 2

00
0 

N
at

ur
e 

A
m

er
ic

a 
In

c.
 •

 h
tt

p:
//n

eu
ro

sc
i.n

at
ur

e.
co

m

Using Equivalent Circuit to Model Neuronal Signal 
Processing

1172 nature neuroscience supplement •  volume 3  •  november 2000

age response to an input. Cable theory showed, and experiments
bore out, that dendrites are electrically distributed rather than isopo-
tential elements and that postsynaptic potentials, generated in the
dendrites, undergo large voltage attenuation and significant tem-
poral delay (on the order of the membrane’s passive time constant)
as they spread to the spike initiation zone.

What does add an important nonlinearity to neurons, and con-
sequently could enrich their computational capabilities, is that
synapses are not constant depolarizing or hyperpolarizing current
sources. Rather, synaptic inputs transiently change the postsynap-
tic membrane conductance (for example, opening membrane ionic
channels) in series with a battery (the synaptic reversal potential,
whose value is determined by differential distribution of ions across
the membrane and channel selectivity). Thus, a synaptic input briefly
changes the electrical properties of the postsynaptic membrane. In
particular, the postsynaptic potential (PSP) tends to saturate with
stronger and stronger input. In passive dendrites, the PSP of two
synapses is (typically) less than the linear sum of their separate
responses. These saturation effects are more prominent for adjacent

synapses than for synapses located farther away7. As a consequence,
local nonlinear operations can be performed independently in many
dendritic subunits8 before the outputs of these local operations are
summed up (and compared against the threshold) at the axon.

This sublinear effect is particularly strong for shunting or ‘silent’
inhibition, in which the synaptic reversal potential is close to the
cell’s resting potential. Without any other input, activation of
shunting inhibition causes an increase in the local conductance
without a change in the postsynaptic membrane potential.
Depending on its amplitude, shunting inhibition can greatly reduce
the amplitude of excitatory input. It acts to veto excitation, akin
to an AND-NOT logical operation (that is, the output is high if
excitation is present but inhibition is not; Fig. 1e). A neuron
endowed with many such local synaptic circuits could, in principle,
extract the motion, orientation or depth of a visual stimulus9.
Although shunting inhibitory conductance changes were long
thought to be too small to matter, modern intracellular recording
techniques10 confirm their large magnitude in cortical cells. Intra-
cellular evidence also implicates shunting inhibition in comput-
ing the direction of a moving stimulus in retinal ganglion cells11, as
proposed on theoretical grounds8.

A good example of how synaptic nonlinearity can combine
with dendritic morphology to perform a specific computation is
the first stage in the auditory pathway at which inputs from the
two ears project to the same neuron12. In the chicken, brainstem
neurons with bipolar dendrites act as coincidence detectors, firing
strongly if the sounds arrive at the two ears with some exact tem-
poral delay, and much more weakly otherwise13. Excitatory synap-
tic inputs from the two ears are segregated, each ear mapping onto
a single dendrite. Modeling shows that when input arrives from
only one ear, strong synaptic saturation in the thin dendrite tar-
geted by that ear can greatly reduce the synaptic current reaching
the axon, so that the firing response is weak. In contrast, when
inputs arrive simultaneously from the two ears, sufficient charge
is delivered to the soma from the two dendrites acting semi-inde-
pendently (thereby summing more linearly) that the neuron fires
robustly. Modeling has confirmed that sensitivity to very small
delays between the inputs, on the order of 20 µs, is greatly enhanced
by this setup compared to a point neuron with no dendrites14.

Active dendritic trees and nonlinear computations
It is abundantly clear that dendrites and their spines are covered
by a plethora of excitable channel types, typically at a density of

review

I(t)
V

C

I(t)
V

C R

I(t)
V

f

g

V

f=g(V)

C R

I(t)
V1

V2

f1=g(V1)

C R

fi

W1i W12

I(t)
f2=g(V2)

i6
i5

i7

i1 i3

i2

i4

e6

e5

e1

e2

e4

e3

C R

fi

W2i W21

Fig. 1. Simple neuronal models. Electrical circuit idioms are often used to
model neurons. In (a–d), the entire neuron is reduced to a single spatial
compartment. The summed synaptic input is described by a net current
I(t). (a) An integrate-and-fire unit. If the voltage V exceeds a fixed thresh-
old, an unit pulse is generated, and all charge on the capacitance is
removed by resetting V to zero (solid arrow). The output of this and the
leaky integrate-and-fire model (b; in which charge leaks away with a time
constant given by the product of the capacitance C and the resistance R) is
a series of asynchronous spikes. (c) In a rate neuron, these discrete pulses
are replaced by a continuous output rate. The monotonically increasing
relationship between V and the output rate f = g(V) can be thought of as
the discharge function of a population of spiking cells. (d) In most neural
networks, interactions within neurons are linear. The necessary nonlin-
earity is provided by the sigmoidal g(V) function. Here, the output of neu-
ron 1 is unidirectionally connected to neuron 2 with synaptic weight w21.
(e) Nonlinear, saturating interactions can be mediated in a passive den-
dritic tree by synapses that increase the postsynaptic conductance. The
interaction between excitation (circles) and inhibition of the shunting type
(elongated boxes) is of the AND-NOT type and is specific in space and in
time. For instance, the inhibitory synapse i7 vetos excitation e3 or e6 but
has only a negligible effect on e1. Modified from ref. 8.

a

b

c

d

e

© 2000 Nature America Inc. • http://neurosci.nature.com

©
 2

00
0 

N
at

ur
e 

A
m

er
ic

a 
In

c.
 •

 h
tt

p:
//n

eu
ro

sc
i.n

at
ur

e.
co

m

Christof Koch and Idan Segev, Nature Neurosci, 2000

Integrate-and-fire unit 

Leaky integrate-and-fire model 

Rate neuron

A model neural network

A model dendritic tree

Local AND-NOT

 computation



What determines the changes in 
Vm over time and distance?



Passive membrane properties

• Resting membrane potential

• Capacitance: C_m

• Resistance: R_m, R_a

Capacitance time course of electrical signals 

In the nervous system, timing is everything!
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Membrane Capacitance Slows the Time Course of 
Electrical Signals

The steady-state change in a neuron’s voltage in response 
to subthreshold current resembles the behavior of a sim-
ple resistor, but the initial time course of the change does 
not. A true resistor responds to a step change in current 
with a similar step change in voltage, but the neuron’s 
membrane potential rises and decays more slowly than 
the step change in current (Figure 6–15). This property 
of the membrane is caused by its capacitance.

To understand how the capacitance slows down 
the voltage response, recall that the voltage across a 
capacitor is proportional to the charge stored on the 
capacitor. To alter the voltage, charge (Q) must be 
added to or removed from the capacitor (C):

∆V = ∆Q/C.

To change the charge across the capacitor (the neu-
ron’s lipid bilayer), current must flow across the capac-
itor (Ic). Since current is the flow of charge per unit time 
(Ic = ∆Q/∆t), the change in voltage across a capacitor is 
a function of the magnitude of the current and the time 
that the current flows:

∆V = Ic ⋅ ∆t/C.

Thus the magnitude of the change in voltage across 
a capacitor in response to a current pulse depends on 
the duration of the current, because time is required to 
deposit and remove charge across the capacitor.

If the membrane had only resistive properties, 
a step pulse of outward current would change the 
membrane potential instantaneously. Conversely, if 
the membrane had only capacitive properties, the  
membrane potential would change linearly with time in  
response to the same step of current. Because the mem-
brane has both capacitive and resistive properties in 
parallel, the actual change in membrane potential com-
bines features of the two pure responses. The  initial 
slope of the relation between Vm and time reflects a 
purely capacitive element, whereas the final slope  
and amplitude reflect a purely resistive element  
(Figure 6–15, upper plot).

In the simple case of the spherical cell body of a 
neuron, the time course of the potential change is 
described by the following equation:

∆Vm (t) = ImRm(1 − e–t/τ),

where e is the base of the system of natural logarithms 
and has a value of approximately 2.72, and τ is the 
membrane time constant, given by the product of the 

be considerable. Because these three elements provide 
the return pathway to complete the electrical circuit 
when active ionic currents flow into or out of the cell, 
they determine the time course of the change in syn-
aptic potential generated by the synaptic current. They 
also determine whether a synaptic potential generated 
in a dendrite will depolarize the trigger zone on the 
axon initial segment enough to fire an action potential. 
Finally, the passive properties influence the speed at 
which an action potential is conducted.
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Figure 6–10 An equivalent circuit of the neuronal mem-
brane. The elements of the circuit include pathways represent-
ing the Na+, K+, and Cl− ion channels and short-circuit pathways 
provided by the cytoplasm and extracellular fluid. The lipid 
bilayer and the conducting solutions on its intracellular and 
extracellular surfaces endow the membrane with electrical 
capacitance (Cm).
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Figure 6–11 An equivalent circuit of passive and active 
current in a neuron. Under steady-state conditions the passive 
Na+ and K+ currents are balanced by active Na+ and K+ fluxes 
(I ′Na and I ′K) driven by the Na+-K+ pump. The active Na+ flux (I ′Na) 
is 50% greater than the active K+ flux (I ′K), and therefore INa is 
50% greater than IK, because the Na+-K+ pump transports three 
Na+ ions out for every two K+ ions it transports into the cell.
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neuron, the time course of the potential change is 
described by the following equation:

∆Vm (t) = ImRm(1 − e–t/τ),

where e is the base of the system of natural logarithms 
and has a value of approximately 2.72, and τ is the 
membrane time constant, given by the product of the 

be considerable. Because these three elements provide 
the return pathway to complete the electrical circuit 
when active ionic currents flow into or out of the cell, 
they determine the time course of the change in syn-
aptic potential generated by the synaptic current. They 
also determine whether a synaptic potential generated 
in a dendrite will depolarize the trigger zone on the 
axon initial segment enough to fire an action potential. 
Finally, the passive properties influence the speed at 
which an action potential is conducted.
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Figure 6–10 An equivalent circuit of the neuronal mem-
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(I ′Na and I ′K) driven by the Na+-K+ pump. The active Na+ flux (I ′Na) 
is 50% greater than the active K+ flux (I ′K), and therefore INa is 
50% greater than IK, because the Na+-K+ pump transports three 
Na+ ions out for every two K+ ions it transports into the cell.

𝜏 = RmCm



The rate of change in the membrane potential

is slowed by the membrane capacitance

 (1 − 1/e) ~ 63%

I_c, capacitive current
I_i, ionic current



Passive spread of depolarization: Electronic 
potentials, V_m change decreases with distance

Length constant: 



Passive spread of depolarization is the basis for 
signal propagation along neuronal processes

But the signal attenuates! 



Passive spread of depolarization is the basis for 
signal propagation along neuronal processes

Regularly distributed nodes boost the amplitude of the action potential 
periodically, preventing it from decaying with distance.
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obtained evidence that the amplitude of the QUANTAL

CURRENT at the soma was independent of the location of
the synapse along the dendrite11. Nevertheless, previous
work in his own laboratory had shown that evoked
EPSP amplitude seemed to decrease with distance from
the soma because the amplitude of EPSPs evoked by
stimulation of single CA3 neurons decreased as the time
to reach the peak amplitude increased12. To reconcile the
data, Redman and colleagues proposed that the QUANTAL

CONTENT of evoked Schaffer collateral EPSP decreased
with distance from the soma11. Subsequent work has
shown that the quantal EPSP amplitude of single senso-
ry Ia fibres in spinal motor neurons is location indepen-
dent13,14. More recently, a study using localized release of
CAGED GLUTAMATE has shown that the amplitude of the
evoked current measured at the soma is independent of
the site of glutamate application along the apical den-
drite of hippocampal CA1 pyramidal neurons15. Similar
results have also been reported for pyramidal cells of
layer V of the neocortex16.

The ability to record synaptic activity from several lo-
cations on the same neuron simultaneously has provid-
ed the opportunity to test directly many long-standing
ideas about the dendritic processing of synaptic infor-
mation (FIG. 2). Using dual whole-cell patch-clamp
recordings in combination with localized MINIMAL STIMU-

LATION TECHNIQUES, it has been found that the amplitude
of unitary EPSP at the soma of CA1 pyramidal cells is

A series of recent experiments has tested the validity
of those theoretical predictions. As I discuss in the fol-
lowing section, most of the evidence obtained so far
indicates that, contrary to the theory, synaptic integra-
tion is largely independent of input location.

Location dependence of synaptic integration
The location dependence of synaptic input has been
examined in various cell types, especially in hippo-
campal CA1 and neocortical pyramidal cells, as well as
in spinal motor neurons. In contrast to Rall’s predic-
tions, there is now considerable evidence to indicate
that, within a single class of inputs, most components
of synaptic integration may show minimal depen-
dence on the location of the synapse. This evidence 
is now examined with an emphasis on data from
Schaffer collateral synapses on hippocampal CA1
pyramidal neurons.

Unitary EPSP amplitude. In the first examination of the
location dependence of synaptic input to CA1 neurons,
Andersen et al.10 concluded that proximal and distal
Schaffer collateral synapses could elicit similar patterns
of action potential firing and found that the shape of the
EPSP was relatively independent of synapse location.
Subsequently, Redman and colleagues reached a similar
conclusion through a statistical analysis of excitatory
postsynaptic current (EPSC) fluctuations. This group
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Figure 1 | The filtering effects of dendrites should be accompanied by location-dependent synaptic integration.
a | A CA1 pyramidal neuron with synaptic input distributed across the dendritic arbor. b | Dendritic filtering causes distal inputs to be
smaller and slower at the soma. The temporal summation is greater for slower distal events than for the proximal input. c | When
compared with proximal inputs, the smaller, slower distal inputs should produce a very different action potential output pattern for
the same pattern of input. All traces represent somatic membrane potential in response to electrical stimulation (b) or excitatory
postsynaptic current (EPSC)-shaped current injections (c) in the presence of 50 µm ZD7288, a blocker of transient outward current,
carried by dendritic hyperpolarization-activated potassium channels (I
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synapses can effectively occur. Therefore, the increased
dendritic filtering experienced by distal synaptic inputs
should have two distinct effects on their integration
properties: it should produce EPSPs of smaller ampli-
tude but, at the same time, longer periods of temporal
integration at the soma3–8 (FIG. 1).

Rall’s theoretical analysis predicted that synapses
could be functionally distinguished on the basis of den-
dritic location and that the impact of individual synapses
would decrease with distance from the soma. For Rall,
the slower, distal EPSP would only cause a subthreshold
change in somatic membrane potential, whereas activity
from a few of the larger, more transient, proximal
synapses would produce sharp, spike-triggering depolar-
izations3. In modern terms, the neuron would operate in
a TEMPORAL-INTEGRATION MODE for the distal inputs and in a
COINCIDENCE-DETECTION MODE for the proximal inputs9. The
cable properties of dendrites have therefore been thought
to exert a shaping force on the EPSP that, if not coun-
tered, could have a important impact on the temporal
pattern of action potential output produced by any given
spatio-temporal pattern of synaptic input.

synaptic current into Gm and Cm produces a change in
the local membrane potential that depends on the neu-
ronal geometry and on these three cable parameters.
The axial resistance causes a continuous voltage drop
between the site of input and the soma. As a result, the
driving force for current flow across Gm decreases pro-
gressively with distance from the cell body.
Furthermore, the temporary storage of synaptic charge
in Cm slows the kinetic properties of the resulting
change in membrane potential (BOX 1).

Because ri increases as a function of length and Cm
increases as a function of membrane area in any given
dendrite, distal synapses will experience more ampli-
tude and kinetic filtering than proximal synapses. As a
result, distal EPSPs should have smaller amplitudes than
proximal synaptic events. In contrast, the increased fil-
tering experienced by distal inputs should have a differ-
ent effect on the summation of several EPSPs. Dendritic
filtering should prolong the time window over which
activity at the slower, distal inputs could overlap with
voltage changes caused by other synapses, thereby
extending the period over which summation of distal

Box 1 | Theoretical dependence of synaptic input on location

Cell bodies and neuronal processes are commonly modelled
as electrical circuits,models that take into account the
geometry of the structure being analysed and that make
strong predictions about the dependence of current flow on
shape.The top panel of the figure shows the equivalent circuit
for dendritic cables (Aa) and somatic spheres (Ab) where Gm
and Cm are the resting conductance and capacitance of a unit
of membrane and ri is the axial resistance of the intracellular
side of a unit of cable.A synapse is represented as a synaptic
conductance (Gsyn) in series with the synaptic battery (Erevsyn).
In the case of a dendrite, synaptic current will flow through
the membrane into the parallel Gm and Cm as well as into the
next compartment through ri. In contrast, the spherical soma
does not have extra pathways for current flow and all synaptic
current will flow into the somatic Gm and Cm.Similarly,
geometry also affects input resistance such that it is inversely
proportional to compartment area (Ac).As a result, the local
amplitude of an excitatory postsynaptic potential (EPSP)
generated by the same synaptic conductance will be larger in
the small-diameter,high-resistance dendrite than in the
spherical soma.At the same time, the availability of pathways
for current flow other than Gm and Cm causes synaptic current
to flow away from the synaptic compartment (Ad), speeding
up the decay of the dendritic EPSP in relation to the soma.

How does this effect of geometry affect synaptic current at
different points of the dendritic arbour, such as those
schematized in Ba? If the synaptic current (Bb; solid line) is
recorded locally in either compartments 6 (left) or 2 (right),
it will be identical in both sites. In contrast, the current
leaving the synaptic compartment (loss current;dashed line)
will not. This observation results from the fact that the
proximal region of the dendrite becomes isopotential with
the soma much faster than the distal region, reducing the
driving force for current flow away from the input site.
Because the loss of current is more prolonged in the distal
regions, the distal EPSPs are more transient than the
proximal ones (Bc) (see REF. 4).
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synapses can effectively occur. Therefore, the increased
dendritic filtering experienced by distal synaptic inputs
should have two distinct effects on their integration
properties: it should produce EPSPs of smaller ampli-
tude but, at the same time, longer periods of temporal
integration at the soma3–8 (FIG. 1).

Rall’s theoretical analysis predicted that synapses
could be functionally distinguished on the basis of den-
dritic location and that the impact of individual synapses
would decrease with distance from the soma. For Rall,
the slower, distal EPSP would only cause a subthreshold
change in somatic membrane potential, whereas activity
from a few of the larger, more transient, proximal
synapses would produce sharp, spike-triggering depolar-
izations3. In modern terms, the neuron would operate in
a TEMPORAL-INTEGRATION MODE for the distal inputs and in a
COINCIDENCE-DETECTION MODE for the proximal inputs9. The
cable properties of dendrites have therefore been thought
to exert a shaping force on the EPSP that, if not coun-
tered, could have a important impact on the temporal
pattern of action potential output produced by any given
spatio-temporal pattern of synaptic input.

synaptic current into Gm and Cm produces a change in
the local membrane potential that depends on the neu-
ronal geometry and on these three cable parameters.
The axial resistance causes a continuous voltage drop
between the site of input and the soma. As a result, the
driving force for current flow across Gm decreases pro-
gressively with distance from the cell body.
Furthermore, the temporary storage of synaptic charge
in Cm slows the kinetic properties of the resulting
change in membrane potential (BOX 1).

Because ri increases as a function of length and Cm
increases as a function of membrane area in any given
dendrite, distal synapses will experience more ampli-
tude and kinetic filtering than proximal synapses. As a
result, distal EPSPs should have smaller amplitudes than
proximal synaptic events. In contrast, the increased fil-
tering experienced by distal inputs should have a differ-
ent effect on the summation of several EPSPs. Dendritic
filtering should prolong the time window over which
activity at the slower, distal inputs could overlap with
voltage changes caused by other synapses, thereby
extending the period over which summation of distal

Box 1 | Theoretical dependence of synaptic input on location

Cell bodies and neuronal processes are commonly modelled
as electrical circuits,models that take into account the
geometry of the structure being analysed and that make
strong predictions about the dependence of current flow on
shape.The top panel of the figure shows the equivalent circuit
for dendritic cables (Aa) and somatic spheres (Ab) where Gm
and Cm are the resting conductance and capacitance of a unit
of membrane and ri is the axial resistance of the intracellular
side of a unit of cable.A synapse is represented as a synaptic
conductance (Gsyn) in series with the synaptic battery (Erevsyn).
In the case of a dendrite, synaptic current will flow through
the membrane into the parallel Gm and Cm as well as into the
next compartment through ri. In contrast, the spherical soma
does not have extra pathways for current flow and all synaptic
current will flow into the somatic Gm and Cm.Similarly,
geometry also affects input resistance such that it is inversely
proportional to compartment area (Ac).As a result, the local
amplitude of an excitatory postsynaptic potential (EPSP)
generated by the same synaptic conductance will be larger in
the small-diameter,high-resistance dendrite than in the
spherical soma.At the same time, the availability of pathways
for current flow other than Gm and Cm causes synaptic current
to flow away from the synaptic compartment (Ad), speeding
up the decay of the dendritic EPSP in relation to the soma.

How does this effect of geometry affect synaptic current at
different points of the dendritic arbour, such as those
schematized in Ba? If the synaptic current (Bb; solid line) is
recorded locally in either compartments 6 (left) or 2 (right),
it will be identical in both sites. In contrast, the current
leaving the synaptic compartment (loss current;dashed line)
will not. This observation results from the fact that the
proximal region of the dendrite becomes isopotential with
the soma much faster than the distal region, reducing the
driving force for current flow away from the input site.
Because the loss of current is more prolonged in the distal
regions, the distal EPSPs are more transient than the
proximal ones (Bc) (see REF. 4).
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obtained evidence that the amplitude of the QUANTAL

CURRENT at the soma was independent of the location of
the synapse along the dendrite11. Nevertheless, previous
work in his own laboratory had shown that evoked
EPSP amplitude seemed to decrease with distance from
the soma because the amplitude of EPSPs evoked by
stimulation of single CA3 neurons decreased as the time
to reach the peak amplitude increased12. To reconcile the
data, Redman and colleagues proposed that the QUANTAL

CONTENT of evoked Schaffer collateral EPSP decreased
with distance from the soma11. Subsequent work has
shown that the quantal EPSP amplitude of single senso-
ry Ia fibres in spinal motor neurons is location indepen-
dent13,14. More recently, a study using localized release of
CAGED GLUTAMATE has shown that the amplitude of the
evoked current measured at the soma is independent of
the site of glutamate application along the apical den-
drite of hippocampal CA1 pyramidal neurons15. Similar
results have also been reported for pyramidal cells of
layer V of the neocortex16.

The ability to record synaptic activity from several lo-
cations on the same neuron simultaneously has provid-
ed the opportunity to test directly many long-standing
ideas about the dendritic processing of synaptic infor-
mation (FIG. 2). Using dual whole-cell patch-clamp
recordings in combination with localized MINIMAL STIMU-

LATION TECHNIQUES, it has been found that the amplitude
of unitary EPSP at the soma of CA1 pyramidal cells is

A series of recent experiments has tested the validity
of those theoretical predictions. As I discuss in the fol-
lowing section, most of the evidence obtained so far
indicates that, contrary to the theory, synaptic integra-
tion is largely independent of input location.

Location dependence of synaptic integration
The location dependence of synaptic input has been
examined in various cell types, especially in hippo-
campal CA1 and neocortical pyramidal cells, as well as
in spinal motor neurons. In contrast to Rall’s predic-
tions, there is now considerable evidence to indicate
that, within a single class of inputs, most components
of synaptic integration may show minimal depen-
dence on the location of the synapse. This evidence 
is now examined with an emphasis on data from
Schaffer collateral synapses on hippocampal CA1
pyramidal neurons.

Unitary EPSP amplitude. In the first examination of the
location dependence of synaptic input to CA1 neurons,
Andersen et al.10 concluded that proximal and distal
Schaffer collateral synapses could elicit similar patterns
of action potential firing and found that the shape of the
EPSP was relatively independent of synapse location.
Subsequently, Redman and colleagues reached a similar
conclusion through a statistical analysis of excitatory
postsynaptic current (EPSC) fluctuations. This group
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Figure 1 | The filtering effects of dendrites should be accompanied by location-dependent synaptic integration.
a | A CA1 pyramidal neuron with synaptic input distributed across the dendritic arbor. b | Dendritic filtering causes distal inputs to be
smaller and slower at the soma. The temporal summation is greater for slower distal events than for the proximal input. c | When
compared with proximal inputs, the smaller, slower distal inputs should produce a very different action potential output pattern for
the same pattern of input. All traces represent somatic membrane potential in response to electrical stimulation (b) or excitatory
postsynaptic current (EPSC)-shaped current injections (c) in the presence of 50 µm ZD7288, a blocker of transient outward current,
carried by dendritic hyperpolarization-activated potassium channels (I
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Figure 7–2 The negative feedback mechanism of the 
voltage clamp. Membrane potential (Vm) is measured 
by one amplifier connected to an intracellular electrode 
and an extracellular electrode in the bath. The membrane 
potential signal is displayed on an oscilloscope and is also 
fed into the negative terminal of the voltage-clamp feed-
back amplifier. The command potential, which is selected 
by the experimenter and can be of any desired amplitude 
and waveform, is fed into the positive terminal of the 
feedback amplifier. The feedback amplifier then subtracts 
the membrane potential from the command potential and 
amplifies any difference between these two signals. The 
voltage output of the amplifier is connected to the internal 

current electrode, a thin wire that runs the length of the 
axon core. The negative feedback ensures that the voltage 
output of the amplifier drives a current across the resist-
ance of the current electrode that alters the membrane 
voltage to minimize any difference between Vm and the 
command potential. To accurately measure the current-
voltage relationship of the cell membrane, the membrane 
potential must be uniform along the entire surface of the 
axon. This is made possible by the highly conductive inter-
nal current electrode, which short-circuits the axoplasmic 
resistance, reducing axial resistance to zero (see Chapter 
6). This low-resistance pathway eliminates all variations in 
electrical potential along the axon core.

technique, Hodgkin and Huxley provided the first 
complete description of the ionic mechanisms under-
lying the action potential.

One advantage of the voltage clamp is that it read-
ily allows the ionic and capacitive components of mem-
brane current to be analyzed separately. As described in 
Chapter 6, the membrane potential Vm is proportional to 
the charge Qm on the membrane capacitance Cm. When 
Vm is not changing, Qm is constant, and no capacitive 
current (∆Qm/∆t) flows. Capacitive current flows only  
when Vm is changing. Therefore when the membrane 
potential changes in response to a very rapid step of 
command potential, capacitive current flows only at 

the beginning and end of the step. Because the capaci-
tive current is essentially instantaneous, the ionic cur-
rents that subsequently flow through the voltage-gated 
channels can be analyzed separately.

Measurements of these ionic currents can be used to 
calculate the voltage and time dependence of changes in 
membrane conductance caused by the opening and clos-
ing of Na+ and K+ channels. This information provides 
insights into the properties of these two types of channels.

A typical voltage-clamp experiment starts with 
the membrane potential clamped at its resting value. 
When a 10 mV depolarizing step is applied, a very 
brief outward current instantaneously discharges the 

Voltage Clamp
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 membrane capacitance by the amount required for a 
10 mV depolarization. This capacitive current (Ic) is 
followed by a smaller outward current that persists 
for the duration of the voltage step. This steady ionic 
current flows through the nongated resting ion chan-
nels of the membrane, which we refer to here as leakage 
channels (see Box 6–2). The current through these chan-
nels is called the leakage current, Il. The total conduct-
ance of this population of channels is called the leakage 
conductance (gl). At the end of the step a brief inward 
capacitive current repolarizes the membrane to its ini-
tial voltage and the total membrane current returns to 
zero (Figure 7–3A).

If a large depolarizing step is commanded, the 
current record is more complicated. The capacitive 
and leakage currents both increase in amplitude. In 
addition, shortly after the end of the capacitive cur-
rent and the start of the leakage current, an inward 
(negative) current develops; it reaches a peak within 
a few milliseconds, declines, and gives way to an out-
ward current. This outward current reaches a plateau 
that is maintained for the duration of the voltage step  
(Figure 7–3B).

A simple interpretation of these results is that the 
depolarizing voltage step sequentially turns on two 
types of voltage-gated channels that select for two 
distinct ions. One type of channel conducts ions that 
generate an inward current, while the other conducts 
ions that generate an outward current. Because these 
two oppositely directed currents partially overlap in 
time, the most difficult task in analyzing voltage-clamp 
experiments is to determine their separate time courses.

Hodgkin and Huxley achieved this separation by 
changing ions in the bathing solution. By replacing 
Na+ with a larger, impermeant cation (choline · H+), 
they eliminated the inward Na+ current. Later, the task 
of separating inward and outward currents was made 
easier by the discovery of drugs or toxins that selec-
tively block the different classes of voltage-gated chan-
nels (Figure 7–4). Tetrodotoxin, a poison from a certain 
Pacific puffer fish, blocks the voltage-gated Na+ chan-
nel with a very high potency in the nanomolar range 
of concentration. (Ingestion of only a few milligrams 
of tetrodotoxin from improperly prepared puffer fish, 
consumed as the Japanese sushi delicacy fugu, can be 
fatal.) The cation tetraethylammonium specifically 
blocks the squid axon voltage-gated K+ channel.

When tetraethylammonium is applied to the axon 
to block the K+ channels, the total membrane current 
(Im) consists of Ic, Il, and INa. The leakage conductance, 
gl, is constant; it does not vary with Vm or with time. 
Therefore the leakage current Il can be readily calcu-
lated and subtracted from Im, leaving INa and Ic. Because 

Figure 7–3 A voltage-clamp experiment demonstrates the 
sequential activation of two types of voltage-gated channels.
A. A small depolarization (10 mV) elicits capacitive and leakage 
currents (Ic and Il, respectively), the components of the total 
membrane current (Im).
B. A larger depolarization (60 mV) results in larger capacitive 
and leakage currents, plus a time-dependent inward ionic cur-
rent followed by a time-dependent outward ionic current.
Top: Total (net) current in response to the depolarization. 
 Middle: Individual Na+ and K+ currents. Depolarizing the cell in 
the presence of tetrodotoxin (TTX), which blocks the Na+ current, 
or in the presence of tetraethylammonium (TEA), which blocks 
the K+ current, reveals the pure K+ and Na+ currents (IK and INa, 
respectively) after subtracting Ic and Il. Bottom: Voltage step.
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 membrane capacitance by the amount required for a 
10 mV depolarization. This capacitive current (Ic) is 
followed by a smaller outward current that persists 
for the duration of the voltage step. This steady ionic 
current flows through the nongated resting ion chan-
nels of the membrane, which we refer to here as leakage 
channels (see Box 6–2). The current through these chan-
nels is called the leakage current, Il. The total conduct-
ance of this population of channels is called the leakage 
conductance (gl). At the end of the step a brief inward 
capacitive current repolarizes the membrane to its ini-
tial voltage and the total membrane current returns to 
zero (Figure 7–3A).

If a large depolarizing step is commanded, the 
current record is more complicated. The capacitive 
and leakage currents both increase in amplitude. In 
addition, shortly after the end of the capacitive cur-
rent and the start of the leakage current, an inward 
(negative) current develops; it reaches a peak within 
a few milliseconds, declines, and gives way to an out-
ward current. This outward current reaches a plateau 
that is maintained for the duration of the voltage step  
(Figure 7–3B).

A simple interpretation of these results is that the 
depolarizing voltage step sequentially turns on two 
types of voltage-gated channels that select for two 
distinct ions. One type of channel conducts ions that 
generate an inward current, while the other conducts 
ions that generate an outward current. Because these 
two oppositely directed currents partially overlap in 
time, the most difficult task in analyzing voltage-clamp 
experiments is to determine their separate time courses.

Hodgkin and Huxley achieved this separation by 
changing ions in the bathing solution. By replacing 
Na+ with a larger, impermeant cation (choline · H+), 
they eliminated the inward Na+ current. Later, the task 
of separating inward and outward currents was made 
easier by the discovery of drugs or toxins that selec-
tively block the different classes of voltage-gated chan-
nels (Figure 7–4). Tetrodotoxin, a poison from a certain 
Pacific puffer fish, blocks the voltage-gated Na+ chan-
nel with a very high potency in the nanomolar range 
of concentration. (Ingestion of only a few milligrams 
of tetrodotoxin from improperly prepared puffer fish, 
consumed as the Japanese sushi delicacy fugu, can be 
fatal.) The cation tetraethylammonium specifically 
blocks the squid axon voltage-gated K+ channel.

When tetraethylammonium is applied to the axon 
to block the K+ channels, the total membrane current 
(Im) consists of Ic, Il, and INa. The leakage conductance, 
gl, is constant; it does not vary with Vm or with time. 
Therefore the leakage current Il can be readily calcu-
lated and subtracted from Im, leaving INa and Ic. Because 

Figure 7–3 A voltage-clamp experiment demonstrates the 
sequential activation of two types of voltage-gated channels.
A. A small depolarization (10 mV) elicits capacitive and leakage 
currents (Ic and Il, respectively), the components of the total 
membrane current (Im).
B. A larger depolarization (60 mV) results in larger capacitive 
and leakage currents, plus a time-dependent inward ionic cur-
rent followed by a time-dependent outward ionic current.
Top: Total (net) current in response to the depolarization. 
 Middle: Individual Na+ and K+ currents. Depolarizing the cell in 
the presence of tetrodotoxin (TTX), which blocks the Na+ current, 
or in the presence of tetraethylammonium (TEA), which blocks 
the K+ current, reveals the pure K+ and Na+ currents (IK and INa, 
respectively) after subtracting Ic and Il. Bottom: Voltage step.
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 membrane capacitance by the amount required for a 
10 mV depolarization. This capacitive current (Ic) is 
followed by a smaller outward current that persists 
for the duration of the voltage step. This steady ionic 
current flows through the nongated resting ion chan-
nels of the membrane, which we refer to here as leakage 
channels (see Box 6–2). The current through these chan-
nels is called the leakage current, Il. The total conduct-
ance of this population of channels is called the leakage 
conductance (gl). At the end of the step a brief inward 
capacitive current repolarizes the membrane to its ini-
tial voltage and the total membrane current returns to 
zero (Figure 7–3A).

If a large depolarizing step is commanded, the 
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and leakage currents both increase in amplitude. In 
addition, shortly after the end of the capacitive cur-
rent and the start of the leakage current, an inward 
(negative) current develops; it reaches a peak within 
a few milliseconds, declines, and gives way to an out-
ward current. This outward current reaches a plateau 
that is maintained for the duration of the voltage step  
(Figure 7–3B).

A simple interpretation of these results is that the 
depolarizing voltage step sequentially turns on two 
types of voltage-gated channels that select for two 
distinct ions. One type of channel conducts ions that 
generate an inward current, while the other conducts 
ions that generate an outward current. Because these 
two oppositely directed currents partially overlap in 
time, the most difficult task in analyzing voltage-clamp 
experiments is to determine their separate time courses.

Hodgkin and Huxley achieved this separation by 
changing ions in the bathing solution. By replacing 
Na+ with a larger, impermeant cation (choline · H+), 
they eliminated the inward Na+ current. Later, the task 
of separating inward and outward currents was made 
easier by the discovery of drugs or toxins that selec-
tively block the different classes of voltage-gated chan-
nels (Figure 7–4). Tetrodotoxin, a poison from a certain 
Pacific puffer fish, blocks the voltage-gated Na+ chan-
nel with a very high potency in the nanomolar range 
of concentration. (Ingestion of only a few milligrams 
of tetrodotoxin from improperly prepared puffer fish, 
consumed as the Japanese sushi delicacy fugu, can be 
fatal.) The cation tetraethylammonium specifically 
blocks the squid axon voltage-gated K+ channel.

When tetraethylammonium is applied to the axon 
to block the K+ channels, the total membrane current 
(Im) consists of Ic, Il, and INa. The leakage conductance, 
gl, is constant; it does not vary with Vm or with time. 
Therefore the leakage current Il can be readily calcu-
lated and subtracted from Im, leaving INa and Ic. Because 
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sequential activation of two types of voltage-gated channels.
A. A small depolarization (10 mV) elicits capacitive and leakage 
currents (Ic and Il, respectively), the components of the total 
membrane current (Im).
B. A larger depolarization (60 mV) results in larger capacitive 
and leakage currents, plus a time-dependent inward ionic cur-
rent followed by a time-dependent outward ionic current.
Top: Total (net) current in response to the depolarization. 
 Middle: Individual Na+ and K+ currents. Depolarizing the cell in 
the presence of tetrodotoxin (TTX), which blocks the Na+ current, 
or in the presence of tetraethylammonium (TEA), which blocks 
the K+ current, reveals the pure K+ and Na+ currents (IK and INa, 
respectively) after subtracting Ic and Il. Bottom: Voltage step.
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and membrane potential complicates the study of the 
voltage-gated K+ channels.

The voltage clamp interrupts the interaction 
between the membrane potential and the opening and 
closing of voltage-gated ion channels. It does so by 
adding or withdrawing a current from the axon that is 
equal to the current flowing through the voltage-gated 
membrane channels. In this way the voltage clamp 
prevents the membrane potential from changing. The 
amount of current that must be generated by the volt-
age clamp to keep the membrane potential constant 
provides a direct measure of the current flowing across 
the membrane (Box 7–1). Using the voltage-clamp 

Na+ channels to open and consequently induces more 
inward Na+ current:

Depolarization

Inward INa
Open Na+

channels

This positive feedback cycle, which eventually 
drives the membrane potential to the peak of the action 
potential, makes it impossible to achieve a stable mem-
brane potential. A similar coupling between current 

Box 7–1 Voltage-Clamp Technique

The voltage-clamp technique was developed by  
Kenneth Cole in 1949 to stabilize the membrane poten-
tial of neurons for experimental purposes. It was used 
by Alan Hodgkin and Andrew Huxley in the early 1950s 
in a series of experiments that revealed the ionic mecha-
nisms underlying the action potential.

The voltage clamp permits the experimenter to 
“clamp” the membrane potential at predetermined 
levels, preventing changes in membrane current from 
influencing the membrane potential. By controlling 
the membrane potential one can measure the effect of 
changes in membrane potential on the membrane’s con-
ductance of individual ion species.

The voltage clamp consists of one intracellular and 
extracellular pair of electrodes used to measure the 
membrane potential and one intracellular and extracel-
lular pair of electrodes used to pass current across the 
membrane (Figure 7–2). Through the use of a negative 
feedback amplifier, the voltage clamp is able to pass the 
correct amount of current across the cell membrane to 
rapidly step the membrane to a constant predetermined 
potential.

Depolarization opens voltage-gated Na+ and K+ 
channels, initiating movement of Na+ and K+ across the 
membrane. This change in membrane current ordinarily 
would change the membrane potential, but the voltage 
clamp maintains the membrane potential at a predeter-
mined (commanded) level.

When Na+ channels open in response to a moder-
ate depolarizing voltage step, an inward ionic current 
develops because Na+ ions are driven through these 
channels by their electrochemical driving force. This 
Na+ influx would normally depolarize the membrane by 
increasing the positive charge on the inside of the mem-
brane and reducing the positive charge on the outside.

The voltage clamp intervenes in this process by simul-
taneously withdrawing positive charges from the cell and 
depositing them in the external solution. By generating 
a current that is equal and opposite to the ionic current 
through the membrane, the voltage-clamp circuit automat-
ically prevents the ionic current from changing the mem-
brane potential from the commanded value. As a result, the 
net amount of charge separated by the membrane does not 
change and therefore no significant change in Vm can occur.

The voltage clamp is a negative feedback system.  
A negative feedback system is one in which the value of 
the output of the system (Vm in this case) is fed back as the 
input to a system and compared to a reference value (the 
command signal). Any difference between the command 
signal and the output signal activates a “controller” (the 
feedback amplifier in this case) that automatically reduces 
the difference. Thus the actual membrane potential auto-
matically and precisely follows the command potential.

For example, assume that an inward Na+ current 
through the voltage-gated Na+ channels ordinarily causes 
the membrane potential to become more positive than the 
command potential. The input to the feedback amplifier is 
equal to (Vcommand – Vm). The amplifier generates an output 
voltage equal to this error signal multiplied by the gain of the 
amplifier. Thus, both the input and the resulting output volt-
age at the feedback amplifier will be negative.

This negative output voltage will make the inter-
nal current electrode negative, withdrawing net positive 
charge from the cell through the voltage-clamp circuit. 
As the current flows around the circuit, an equal amount 
of net positive charge will be deposited into the external 
solution through the other current electrode.

A refinement of the voltage clamp, the patch-clamp 
technique, allows the functional properties of single ion 
channels to be analyzed (see Box 5–1).

Action potential is an regenerative event!
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outward K+ current. However, we now know that there 
are many types of voltage-gated Na+ and K+ channels 
encoded by families of related genes that are expressed 
in different nerve and muscle cells.

The biophysical properties of the various Na+ and 
K+ channels can differ both quantitatively and quali-
tatively from the channels characterized by Hodgkin 
and Huxley. Other gene families encode voltage-gated 
channels that select for Ca2+ ions or have mixed per-
meability to Na+ and K+. Moreover, the distribution of 
these channels can vary between different types of neu-
rons, and can even vary as a function of locale within 
a single neuron. These differences in the pattern of ion 
channel expression have important consequences for 
membrane excitability, as we shall now explore.

The Nervous System Expresses a Rich Variety of 
Voltage-Gated Ion Channels

Voltage-gated Na+ and K+ channels similar to those 
described by Hodgkin and Huxley have been found 
in almost every type of neuron examined. In addition, 
most neurons contain voltage-gated Ca2+ channels 
that open in response to membrane depolarization. 
A strong electrochemical gradient drives Ca2+ into the 
cell, so these channels give rise to an inward ICa that 
helps depolarize the cell.

Some neurons and muscle cells have voltage-
gated Cl– channels that contribute to membrane repo-
larization. Many neurons have cation channels that 
are slowly activated by hyperpolarization (instead of 
the usual depolarization). These hyperpolarization- 
activated cation (or HCN) channels are permeable to 
both K+ and Na+ and have a reversal potential around 
−40 to −30 mV. As a result, they give rise to an inward 
depolarizing current, referred to as Ih, when the mem-
brane repolarizes to negative resting potentials or 
becomes hyperpolarized during synaptic inhibition.

Each basic type of ion channel has many variants. 
For example, several types of voltage-activated K+ chan-
nels differ in their kinetics of activation, voltage-activa-
tion range, and sensitivity to various ligands. Four of 
these variants are particularly important in the nervous 
system. (1) The slowly activating K+ channel described 
by Hodgkin and Huxley is called the delayed recti-
fier. (2) The calcium-activated K+ channel is activated by 
an increase in intracellular Ca2+ when nearby voltage-
gated Ca2+ channels open in response to depolariza-
tion. One subclass of calcium-activated K+ channels is 
voltage-dependent. However, in the absence of Ca2+ the 
channel requires very large, nonphysiological depolari-
zation to open. The binding of Ca2+ to a site on the cyto-
plasmic surface of the channel shifts its voltage-gating 

currents, IK and Il, by increasing the electrochemical 
driving forces acting on K+ and Cl–. In addition, the 
depolarization augments gK by gradually opening 
more voltage-gated K+ channels (Figure 7–7). As the 
outward IK and Il increase with depolarization they 
repolarize the membrane and resist the depolarizing 
action of the Na+ influx. However, because of the high 
voltage sensitivity and more rapid kinetics of activa-
tion of the Na+ channels, the depolarization eventu-
ally reaches a point where the increase in inward INa 
exceeds the increase in outward IK and Il. At this point 
there is a net inward ionic current. This produces a fur-
ther depolarization, opening even more Na+ channels, 
so that the depolarization becomes regenerative, driv-
ing the membrane potential all the way to the peak of 
the action potential. The specific value of Vm at which 
the net ionic current (INa + IK + Il) just changes from out-
ward to inward, depositing a net positive charge on the 
inside of the membrane capacitance, is the threshold.

Variations in the Properties of Voltage-Gated  
Ion Channels Expand the Signaling 
Capabilities of Neurons

The basic mechanism of electrical excitability identified 
by Hodgkin and Huxley in the squid giant axon appears 
to be universal in all excitable cells: Voltage-gated chan-
nels conduct an inward Na+ current followed by an 
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Figure 7–10 The sequential opening of voltage-gated Na+ 
and K+ channels generates the action potential. One of 
Hodgkin and Huxley’s great achievements was to dissect the 
change in conductance during an action potential into separate 
components attributable to the opening of Na+ and K+ channels. 
The shape of the action potential and the underlying conduct-
ance changes can be calculated from the properties of the 
voltage-gated Na+ and K+ channels. (Adapted, with permission, 
from Hodgkin and Huxley 1952.)

Action potential is an all-or-none event!

Threshold: the Vm at which (INa + IK + Il) just changes 
from outward to inward, depositing a net positive 
charge on the inside of the membrane capacitance.




 Excitability Properties Vary between subregions within 
single neurons and between different neuronal types

Spike encoding: the process by which receptor potentials or synaptic 
potentials are converted into a temporal pattern of action potentials. 

Difference in VGCCs leads to different spike encoding in different cell types

Differences in K+ channel expression are a key factor in determining the 
distinctive excitability properties of different classes of neurons. 
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Figure 7–11 The response of a neuron to synaptic input is 
determined by its complement of v oltage-gated ion chan-
nels. The waveform of the ionic current traces in the figure is 
drawn to reflect the activation and inactivation of the underly-
ing conductances during the slow subthreshold changes in 
membrane potential. In reality, the currents will also show rapid 
changes during any triggered action potentials because of large, 
rapid changes in driving force.
A. Injection of a depolarizing current pulse (Istim) into a neuron 
in the nucleus tractus solitarius normally triggers an immediate 
train of action potentials (1). If the cell is first held at a hyperpo-
larized membrane potential, the spike train is delayed (2 ). The 
delay is caused by A-type K+ channels, which are activated by 
depolarizing synaptic input. The opening of these channels gen-
erates a transient outward K+ current, IK,A, that briefly drives Vm 
away from threshold. These channels typically are inactivated 
at the resting potential (–55 mV), but steady hyperpolarization 
removes the inactivation. (Reproduced, with permission, from 
Dekin and Getting 1987.)
B. A small depolarizing current pulse injected into a thalamic 
neuron at rest generates a subthreshold depolarization (1). If 
the membrane potential is held at a hyperpolarized level, the 
same current pulse triggers a burst of action potentials (2 ). The 
effectiveness of the current pulse is enhanced because the 
hyperpolarization causes a type of voltage-gated Ca2+ channel to 
recover from inactivation. Depolarizing inward current through 
the Ca2+ channels (ICa) generates a plateau potential of about 
20 mV that triggers a burst of action potentials. The dashed 
line indicates the level of the normal resting potential.  
(Reproduced, with permission, from Llinás and Jahnsen 1982.)
 The data in parts A and B demonstrate that steady hyper-
polarization, such as might be produced by inhibitory synaptic 
input to a neuron, can profoundly affect the spike train pattern 
of a neuron. This effect varies greatly among cell types and 

depends on the presence or absence of particular types of 
voltage-gated Ca2+ and K+ channels.
C. The firing properties of sympathetic neurons in autonomic 
ganglia are regulated by a neurotransmitter. (1) A prolonged 
depolarizing current normally results in a single action potential. 
The depolarization turns on a slowly activated K+ current, the M 
current (IK,M). The slow activation kinetics of the M-type chan-
nels allow the cell to fire one action potential before the efflux 
of K+ through the M-type channels becomes sufficient to shift 
the membrane to more negative voltages and prevent the cell 
from firing more action potentials (a process termed accommo-
dation). (2 ) Synaptic release of the neurotransmitter acetyl-
choline (ACh) onto this neuron activates a second-messenger 
pathway that closes the M-type channels, allowing the cell to 
fire many action potentials in response to the same stimulus. 
(See also Figure 11–11.) (Reproduced, with permission, from 
Jones and Adams 1987.)
D. In the absence of synaptic input, thalamocortical relay 
neurons can fire spontaneously in brief bursts of action 
potentials. These bursts are produced by current through two 
types of voltage-gated ion channels. The gradual depolarization 
that leads to a burst is driven by inward current through HCN 
channels (Ih), which have the unusual property of opening in 
response to hyperpolarizing voltage steps. The firing burst is 
triggered by an inward Ca2+ current through voltage-gated Ca2+ 
channels that are activated at relatively low levels of depolari-
zation. This Ca2+ influx generates sufficient depolarization to 
reach threshold and drive a brief burst of Na+-dependent action 
potentials. The strong depolarization during the burst causes 
the HCN channels to close and inactivates the Ca2+ channels, 
allowing hyperpolarization to develop between bursts of firing. 
This hyperpolarization then opens the HCN channels, initiating 
the next cycle in the rhythm. (Reproduced, with permission, 
from McCormick and Huguenard 1992.)



Patch-clamp can be use to record single 
channel currents!

Principles of Neural Science, 5th ed.



Different configurations of patch-clamp recording



Whole-cell Patch Clamp Recording



Nobel Prize awarded for the 
invention of Patch-clamp technique



Active membrane properties influence on 
information processing within single neurons
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As a result of the electrical properties of the dendritic tree, these 
dendritic spikes often propagate poorly and usually do not actively 
spread to the soma and axon. Despite this, dendritic spikes can have 
a substantial effect on the somatic membrane potential and AP gen-
eration, enhancing the capacity of distal dendritic inputs to influence 
both the timing and probability of neuronal output.

Local dendritic spikes are generated by different mechanisms and 
mediated by a variety of channel types (Fig. 2 ). Dendritic spikes with 
relatively narrow widths (<5 ms) are usually mediated primarily 
by Nav channels, and are therefore referred to as dendritic sodium 
spikes8,55–57. As with all dendritic spikes, dendritic sodium spikes 
can occur in the absence of axonal action potentials and are there-
fore distinct from backpropagating APs (bAPs). A second type of 
dendritic spike, which is broader (>10 ms) and usually evoked by 
more prolonged dendritic depolarization, is mediated primarily by 
Cav channels and are called dendritic calcium spikes. These events, 
which were first described in cerebellar Purkinje neurons by Llinás 
and colleagues17,58 and were later also observed in hippocampal 
and neocortical pyramidal neurons18,19,59–62, are often mediated by  
L-type calcium channels63. A third type of dendritic spike is mediated 
primarily by NMDA receptor channels and is referred to as an NMDA 
spike64. These events can be even longer in duration and tend to be 
initiated in small-diameter dendritic branches such as basal and tuft 
dendrites of pyramidal neurons34,35.

All three types of dendritic spikes, sodium, calcium and NMDA spikes, 
exhibit functional compartmentalization; that is, they are often spatially 
restricted to the compartment in which they are generated (Fig. 2 ).  
Dendritic sodium spikes tend to be initiated most readily in small- 
diameter dendrites, where input impedance is relatively high56,65, although 
they can also be evoked in the main apical dendrites of cortical and 
hippocampal pyramidal neurons8,55. Because dendrites are only weakly 
excitable66, dendritic sodium spikes tend to fail as they propagate from 
small, high input-impedance dendrites into larger dendrites with a lower 
input impedance65. Nevertheless, dendritic sodium spikes can deliver a 
substantial amount of charge to the soma, thereby influencing AP output 
in the axon8,55–57. Dendritic calcium spikes are larger and broader, and 
thus deliver even more charge to the soma and axon. As a result, dendritic 
calcium spikes are often associated with high-frequency AP burst fir-
ing17,19,61,67–69. A number of studies have suggested that dendritic Kv chan-
nels are important for restricting the generation and spread of dendritic  
calcium spikes43,47,61,70. Unlike dendritic sodium and calcium spikes, 
dendritic NMDA spikes cannot propagate beyond the region of  
glutamate release where they are generated, as NMDA receptor acti-
vation requires both glutamate and depolarization71. Nevertheless, the 
extra charge entry associated with NMDA spike generation can exert a 
substantial effect on AP initiation in the axon72. As a result of the longer 
duration of both dendritic calcium and NMDA spikes, these events can 
lead to ‘plateau potentials’ at the soma, which have recently been impli-
cated in sensory tuning73, synaptic plasticity74 and feature selectivity75.

Because all three types of dendritic spikes are functionally compart-
mentalized to some extent, they cannot be viewed in the same manner  
as axonal APs, which can propagate over long distances without decre-
ment. As noted above, dendritic spikes can increase the probability  

of AP firing in the axon, but they do not assure it. bAPs and den-
dritic spikes can also interact. Pairing weak synaptic stimulation with 
bAPs can lower the threshold for the generation of dendritic cal-
cium spikes76, leading to AP burst firing. Conversely, propagation of 
bAPs into the dendritic tree can reduce the probability of subsequent  
dendritic sodium spike generation55,77.

Dendritic computation
The passive and active properties of dendrites allow them to perform 
basic logical operations such as AND, OR and AND-NOT, enabling 
dendrites to perform complex computations on their inputs. For 
example, AND operations can occur when sufficient synchronized 
synaptic input occurs on a single dendritic branch to generate a den-
dritic spike44,56,78. This form of computation acts as a simple coinci-
dence detector. Other examples include the capacity of proximal input 
to enhance the propagation of distal dendritic spikes to the soma and 
thereby their effect on AP output79,80, which has recently been sug-
gested to underlie feature selectivity75. The coincidence of bAPs with 
distal dendritic input has also been shown to enhance AP output by 
promoting dendritic spike generation80. Another example of an AND 
operation is where AP generation only occurs if dendritic spikes are 
generated in more than one of many dendritic branches81. Synaptic 
integration in dendrites may also give rise to OR operations in which 
different sets of presynaptic inputs, perhaps localized onto specific 
dendrites, are alone sufficient to generate AP firing. Neurons can also 
use inhibition to implement AND-NOT operations, where on-path 
inhibition can veto more distal excitatory input11. More distal (off-
path) inhibition can also be effective in excitable dendrites by reduc-
ing dendritic spikes82. Although each one of these logical operations 
is relatively simple, dendrites allow them to be combined in different 
ways, resulting in the potential for a single neuron to perform more 
complex operations on its inputs.

Dendritic integration in the intact brain
Studying dendritic integration in vitro offers many advantages,  
including ease of access, allowing direct recordings from dendrites 
under visual control as well as high signal to noise during fluorescence 
imaging. These technical advantages come at a cost, however, with one 
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Figure 2 Location dependence of dendritic spike generation. Examples are 
shown of dendritic sodium (blue), calcium (red) and NMDA (green) spikes 
evoked by synaptic stimulation during simultaneous recordings from the 
soma (black), apical (blue, red) and basal (green) dendrites of a layer 5 
pyramidal neuron8,34,62. Dotted lines indicate the effect of blocking NMDA 
receptors. Colored boxes and circles superimposed onto the morphology of 
a cortical layer 5 pyramidal neuron indicate the dendritic regions in which 
these different spikes are usually generated8,34,35,43,62,148.
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precisely timed action potentials at the expense of synapses that
receive spikes with a lot of temporal slop. In other words, given
asymmetric Hebbian synaptic plasticity, a neuronal representa-
tion favoring coincident spikes (that is, temporal coding) can
emerge in a natural manner.

Coincidence detection in active dendrites
A vigorous, ongoing debate surrounds the question of the tempo-
ral resolution at which information is represented by individual
action potentials. Although it is clear that particular modules, such
as auditory localization or pulse generation in electric fish, involve
highly specialized circuits dedicated to preserving temporal infor-
mation in the submicrosecond domain, it is far less clear to what
extent, say, spiking cells in cortex can represent information with
millisecond or better resolution. Biophysically plausible propos-
als for coincidence detection39,40 exploit fast sodium action poten-
tial generation in spines and distal basal dendrites to achieve
submillisecond resolution but remain untested experimentally.

A convincing experimental example31 of dendritic coincidence
detection at the 10-ms level (Fig. 3) occurs in layer-V pyramidal
neurons; when a somatic-triggered action potential coincides with
an excitatory input delivered to the apical dendrite, a powerful cal-
cium action potential may be triggered locally in the apical den-
drite. This long-lasting (10 ms or longer) calcium action potential
evokes, in turn, a burst of sodium spikes generated at the axon
(Fig. 3). The backpropagating sodium action potential serves as a
‘binding’ mechanism for a specific input combination in the den-
dritic tree.

Suppose a visual input triggers an action potential in a pyra-
midal cell in primary visual cortex. The fast sodium spike propa-
gates both to its postsynaptic target cell and into the apical tree. If,
at the same time, feedback input from extrastriate cortex depolar-
izes the distal apical tree, this might be sufficient to trigger a burst

of sodium spikes. In other words, a top-down signal would act in
a modulatory manner to increase the saliency of a bottom-up sig-
nal by turning it from a single spike into a burst23,41,42.

Multiplying in single neurons
Multiplication is both the simplest and one of the most widespread
of all nonlinear operations in the nervous system. Along with the
closely related operations of ‘squaring’ and ‘correlation’, multipli-
cation lies at the heart of models for the optomotor response of
insects and motion perception in primates. For instance, electro-
physiological evidence from the monkey suggests that the discharge
rate of neurons throughout visual cortex is up- or downmodulat-
ed by many factors, such as whether or not the animal is attend-
ing, the exact position of the eye in the orbit and so on. This
modulation often takes the form of a multiplicative gain term that
affects the strength of the cell’s response, but not its tuning43.

A number of different biophysical mechanisms could, in 
theory, implement a multiplicative algebra9. The one that seems
most accessible to direct experimental investigation is responsible
for mediating an escape response in the locust’s visual system (Box
1). Another mechanism for achieving multiplicative interactions
is synaptic clustering in dendrites endowed with NMDA, sodium
and/or calcium channels44,45. If the sole goal is to maximize the
somatic PSP amplitude, then excitatory inputs into a passive tree
should be spread out as much as possible to minimize synaptic sat-
uration. This is not the case in dendritic trees containing signifi-
cant voltage-dependent inward currents. Because of amplification,
it pays to cluster synapses together on neighboring dendritic patch-
es so that they can cooperate in activating the local excitable den-
dritic channels, thereby elevating the firing probability of the
neuron. Formally, such a neuron approximates a low-order poly-
nomial interaction in its synaptic input (of course, because of sat-
uration, this is only true up to a point: placing all synapses at one
location in the tree limits the maximal synaptic current delivered to
the spike-initiating zone). That is, the firing rate of the neuron can
be approximated by a sum of products over a subset of the synap-
tic inputs, turning the neuron endowed with such a mechanism
into a more powerful computational engine than a passive neu-
ron. Clustering is very robust to the details of the exact kinetic
scheme, channel densities and dendritic morphology. Almost any
boosting mechanism will do, as long as it is sufficiently local.

Synaptic clustering requires a learning rule that encourages
simultaneously active synapses to cluster in adjacent dendritic
regions, whereas uncorrelated synapses should have no privileged

review

2.4

2.0

1.6

1.2

–20 –10 0 10 20
∆t (ms)

 
Ca

2+
 A

P 
th

re
sh

ol
d 

(n
A)

Fig. 3. Dendritic and axonal action potentials in a cortical pyramidal
cell. Calcium-mediated action potentials in the dendrites give rise to a
burst of fast, sodium-mediated axonal spikes. (a) Reconstructed pyrami-
dal neuron with sites of electrode recordings (black, at soma; blue, 400
µm from soma; red, 770 µm from soma). Scale bar, 200 µm. (b) Current
injection (Istim) via the distal electrode on its own causes a subthreshold
depolarization at the input (red trace, Vm) and the soma. (c) Somatic
current injection gives rise to a local action potential (black trace),
which propagates with decreased amplitude into the dendrite (blue and
red traces). (d) Combining (b) and (c) injections—separated by 5 ms—
evoked a burst of 3 sodium action potentials following the onset of a
broad calcium spike in the distal dendrite (red). (e) Distal dendritic cal-
cium spikes can be initiated by a stronger current input alone via the dis-
tal electrode. (f) The lowest current threshold needed to elicit a calcium
spike (which then generates a burst of sodium spikes at the axon) is
when the dendritic current injection follows initiation of the backpropa-
gating action potential at the soma by 5 ms. Dashed line, threshold for
calcium spike without backpropagating action potential. Each point is
the average of eight neurons. Reprinted with permission from ref. 31.
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In vivo patch clamp recording



Automatic in vivo whole-cell patching by robots

Kodandaramaiah et al, Nature Methods, 2012



In vivo patch clamp recording: 
Shadow patching technique

Kitamura, et al, Nature Methods, 2007



Dendritic recording and imaging in vivo

Helmchen, Nature Neurosci, 1999
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Xu et al.,  Nature 2012
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Imaging dendritic Ca2+ signals in behaving animals



Electrical signaling within a neuron

Passive membrane properties

Active membrane properties

• Resistance

• Capacitance

• Membrane potential (resting)

• Voltage gated ion channels and NMDA 
receptor


• Action potentials

• Integrative properties


