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Role of an A-Type K+ Conductance in the Back-Propagation of Action
Potentials in the Dendrites of Hippocampal Pyramidal Neurons
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Abstract. Action potentials elicited in the axon actively back-propagate into the dendritic tree. During this
process their amplitudes can be modulated by internal and external factors. We used a compartmental model
of a hippocampal CA1 pyramidal neuron to illustrate how this modulation could depend on (1) the properties of an
A-type K+ conductance that is expressed at high density in hippocampal dendrites and (2) the relative timing of
synaptic activation. The simulations suggest that the time relationship between pre- and postsynaptic activity could
help regulate the amplitude of back-propagating action potentials, especially in the distal portion of the dendritic
tree.
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Introduction

The generation of an action potential (AP) and its
propagation through the neuron play a fundamen-
tal role in determining how external inputs are pro-
cessed by the dendritic tree (Jefferys, 1975; Zador
et al., 1990). For example, the temporal overlap of
pre- and postsynaptic events results in a local ampli-
fication of the amplitude of a back-propagating AP
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and local Ca2+ influx (Magee and Johnston, 1997;
Schiller et al., 1998; Koester and Sakmann, 1998)
with possible consequences for the induction of short-
or long-term modifications of synaptic strength. The
coincidence of an AP with a synaptic input has
been shown experimentally (Debanne et al., 1998;
Magee and Johnston, 1997; Markram et al., 1997;
Bi and Poo, 1998) to be an important step in esta-
blishing an associative interaction between two inputs
provided one input triggers an AP in the postsy-
naptic neuron. A transient, A-type K+ conductance,
which is expressed at a high density in hippocampal
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dendrites, has been suggested to participate in this
process (Hoffman et al., 1997). Briefly, excitatory
synaptic input could inactivate this K+ conductance,
leading to an enhancement in the amplitude of back-
propagating APs and related Ca2+ influx in the lo-
cal vicinity of the synapse. This process could help
establish an associative coupling between a strong
(suprathreshold) and a weak (subthreshold) synaptic
input. To understand how this mechanism could be
effectively used as a Hebbian learning rule, the rele-
vant mechanisms and their interplay in the modulation
of the back-propagation of an AP must be investigated.
We will show here, using a compartmental model of
a hippocampal CA1 pyramidal neuron, how the am-
plitude of a back-propagating AP could be modulated
by internal factors, such as the local properties of the
voltage-gated channels, as well as by external factors,
such as the timing of synaptic activation.

Methods

Computational Details

We performed our simulations with the program
NEURON (version 4.0.1) (Hines and Carnevale, 1997)
on a DEC Alphaserver 4100 5/400 workstation, us-
ing a 10µs time step. A reconstructed hippocampal
CA1 pyramidal cell (Fig. 1A, courtesy of D. Turner)
was modeled with NEURON using a total of 202 com-
partments for the axon, soma, and dendrites. Where
necessary, each compartment was further subdivided
in smaller segments not longer than 0.1λ. An intra-
cellular resistivity ofRa=150Ä cm (Ra=50Ä cm
in the axon), a membrane time constant ofτm=28 ms
(Rm=28 kÄ cm2, andCm=1 µF/cm2), and a mem-
brane resting potential ofVrest= −65 mV were used.
To account for spines and smaller dendritic branches
that were not explicitly modeled,Cm was increased and
Rm decreased (Holmes, 1986) by a factor of 2 in the
apical dendrites. An input resistance ofRN ' 129 MÄ
resulted from our model.

Channel Kinetics

We have chosen to limit the set of voltage-dependent
conductances to those strictly needed to shape an AP
and to model the set of experimental data that we used
as a starting point (Hoffman et al., 1997). For this rea-
son, only a Na+ (gNa) and two K+ (gKDR andgKA ) con-
ductances were inserted in the axon, the soma, and all

the basal or apical compartments with a diameter bigger
than 0.5µm and up to 500µm from the soma. The re-
maining compartments were considered passive. The
voltage-dependence of the steady-state activation and
inactivation curves and their time constants are shown
in Fig. 2. The expressions for the kinetics are reported
in the APPENDIX, and the NEURON model files are
available from one of the authors (MM). Excitatory
synaptic conductances were inserted in active compart-
ments of the main apical dendritic shaft at 200, 250,
and 400µm from the soma and modeled as simple
α-functions, using the built-in NEURON point process
AlphaSynapse()with time constants and reversal po-
tential ofτesyn= 3 ms andeerev= 0.

gNa Conductance

Our model for this conductance is consistent with sev-
eral experimental constraints showing that

• The soma must be able to actively generate a full
amplitude AP when Na+ channels in the axon are
pharmacologically blocked (Colbert and Johnston,
1996);
• The Na+ channel density and kinetic properties

should be similar in the soma and apical dendrites
(Magee and Johnston, 1995);
• A full-amplitude AP should be actively generated in

the dendrites when most of the K+ conductances are
pharmacologically blocked (Hoffman et al., 1997);
• The site of AP initiation is in the axon, where

the membrane potential threshold for orthodromic
spikes appears to be lower than in the soma, as sug-
gested by simultaneous somatic and axonal record-
ings from neocortical neurons (Stuart and Sakmann,
1994) and cerebellar Purkinje cells (Stuart and
Häusser, 1992), as well as simultaneous recordings
from the soma and the initial segment of subicular
pyramidal neurons (Colbert and Johnston, 1996).

The latter experimental evidence suggested that the
properties of the Na+ channels in the axon must be
different, in density or in the activation properties,
from those in the soma and in the dendrites. Differ-
ent values have been proposed (Mainen et al., 1995;
Rapp et al., 1996). We found that with our model,
a two-fold increase in the peak conductance in the
axon was sufficient to be consistent with the exper-
imental findings. The same peak conductance den-
sity (ḡNa=32 mS/cm2) was used for the soma and all
the active compartments. For the activation curve we
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Figure 1. A: Control simulation in which a 0.15 nA current step was delivered at the soma. Membrane potential is shown at the soma and
at two dendritic locations. The diagram on the left shows a schematic representation of the active compartments and the locations used for
synaptic input at 200, 250, and 400µm from the soma (black symbols). B: Distribution of the peak membrane depolarization, as a function
of the distance from soma, in response to a single AP elicited by a short somatic current pulse (1 nA, 1.2 ms) using different values for the
peakgKA conductance (in mS/cm2) at the soma. C: Effects of pairing synaptic stimulation with back-propagating action potentials. Membrane
potential (lower traces) and the gating variable forgKA inactivation (upper traces) are shown at the site of synaptic stimulation. A train of action
potentials was elicited at 25 Hz by short current pulses at the soma (1 nA, 1.2 ms) with (light lines) or without (heavy lines) a 100 Hz synaptic
stimulation (̄gesyn= 4 nS) delivered at 250µm from the soma, where indicated in the schematic diagram at the bottom.
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Figure 2. Voltage-dependence of the steady-state and time constants for the activation and inactivation curves of the conductances used in the
model.

used the parameters derived from patch clamp record-
ings of Na+ channels in hippocampal CA1 pyrami-
dal neurons (Magee and Johnston, 1995). However,
we had to modify the parameters for the inactivation
kinetic. In fact, using the values derived from the
voltage-clamp experiments, under a somatic current

injection (current-clamp) the channel undergoes a
significant inactivation. This is in contrast to the ex-
periments showing that a full-amplitude AP is gener-
ated in the soma even from a depolarized membrane
potential (∼15 mV from rest, Colbert and Johnston,
1996). We found that a+12 mV shift in theV1/2 of
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inactivation (from−62 to−50) and a decrease in the
shape factor (from 6.9 to 4) gave a reasonable agree-
ment with both voltage- and current-clamp experi-
ments. An additional gate variable (Migliore, 1996)
was included to account for the slow inactivation of
dendritic Na+ channels experimentally observed in
hippocampal CA1 pyramidal neurons (Colbert et al.,
1997; Jung et al., 1997). This slow inactivation has been
experimentally shown to be small at the soma and rather
high in dendritic patches at∼200µm, and the maxi-
mum effect was shown to be dependent on protein ki-
nase C activation (Colbert and Johnston, 1998; Mickus
et al., 1999). Thus, a nonuniform distribution could be
expected for this property throughout the neuron, ac-
cording to (perhaps) the local phosphorylation activity.
We have chosen to limit to half-maximum its activation
in the apical dendrites (i.e.,bi =0.5, see the Appendix)
and to 20% of maximum (bi =0.8) in the soma. No
slow inactivation was included in the basal dendrites.

gKA Conductance

The distribution and the kinetic properties that we used
for our model of this conductance were consistent
with the experimental findings in CA1 hippocampal
neurons (Hoffman et al., 1997). In those experiments
application of 4-aminopyridine (4-AP) into the bath
resulted in the AP back-propagating into the dendrites
essentially without attenuation, suggesting that an AP
is usually clipped by a strong A-type K+ conductance
that reduces the AP amplitude to∼30 mV at∼250µm
from the soma. The same experiments suggested a lin-
ear increase in thegKA channel density with distance
from the soma and different voltage ranges of activation
between channels located in the soma and distal den-
drites. We used two A-type K+ conductances,gKA(prox)

for the soma, basal dendrites, and apical dendrites less
than 100µm from the soma, andgKA(dist) for the api-
cal dendrites more than 100µm from the soma. In
agreement with experimental findings on soma- and
dendrite-attached patches (Hoffman et al., 1997), the
activation curve ofgKA(dist) was shifted by−12 mV,
with respect togKA(prox), and the time constant of in-
activation τl was increased linearly with voltage. A
ḡKA = 48 mS/cm2 was used as peak value at the soma,
linearly increasing with(d/100), whered was the dis-
tance from soma (inµm).

gKDR Conductance

We based our model for this noninactivating K+ con-
ductance on the experimental findings in hippocampal

CA1 pyramidal neurons (Hoffman et al., 1997). Its
distribution followsgNa, and a uniform peak density
of ḡKDR =10 mS/cm2 was used for all the involved
compartments. It had a major role in setting the in-
terspike interval under a constant current injection and
in shaping the late repolarization phase of an AP.

Results

In Fig. 1A we illustrate the model neuron, a schematic
diagram showing the active compartments and the lo-
cations we used for synaptic input (black symbols) and
a control simulation (0.15 nA somatic current injec-
tion for 100 ms). The amplitude of the AP was reduced
with distance from the soma by the repolarizing ac-
tion of thegKA conductance. The specific properties
of the membrane, such as the channel density or phos-
phorylation activity, will help determine AP amplitude
(Hoffman and Johnston, 1998). This is illustrated in
Fig. 1B, where we show the distribution of the peak
value of the membrane potential, reached during a sin-
gle back-propagating AP, as a function of the distance
from soma using different values ofḡKA .

How is the amplitude of an AP modified if a synaptic
input is active at a given location at the time when a
back-propagated AP arrives? Experiments (Magee and
Johnston, 1997; Hoffman et al., 1997) have shown that
an increase in the amplitude of the AP in the dendrites
occurs when the AP is paired with synaptic activation
in the distal dendrite. This supralinear increase in AP
amplitude was suggested to occur because of inactiva-
tion of thegKA conductance by the synaptic input. In
a simulation, Fig. 1C, a series of APs were elicited at
25 Hz with short current pulses at the soma. In the ab-
sence of any synaptic input, the amplitudes of the APs
observed at 250µm from the soma (Fig. 1C, heavy
lines) were∼30 mV and the inactivation variable for
thegKA conductancel relaxed to its steady-state value
at the resting potential after each somatic stimulation.
When a local synaptic input (4 nS, 100 Hz) was paired
with the back-propagating APs (Fig. 1C, light lines),
the depolarization induced by the synaptic activity in-
activated thegKA conductance, reducing the repolariz-
ing current and, thus, increasing the amplitude of the
AP and reproducing the experimental observations.

Effects of Pairing an AP with a Synaptic
Input at Different Time Intervals

A necessary condition for Hebbian synaptic plas-
ticity is that the signals involved in the associative
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Figure 3. AP amplitude after pairing a synaptic input (delivered att = tsyn) with an AP (elicited at the soma att = tAP) using different time
delays,tAP − tsyn, and different values of̄gsyn. A: Synaptic input at 200µm from soma; the inset shows the membrane potential at the site
of synaptic stimulation fortAP − tsyn = 5 ms andḡsyn = {2,5,8} nS. B: Synaptic input at 400µm from soma; the inset shows the membrane
potential at the site of synaptic stimulation fortAP − tsyn= 3.5 ms andḡsyn= {2,4,6} nS. In both panels, open symbols indicate the region of
supralinear amplification, and closed symbols sublinear summation. Linear summation occurs between the two sets of symbols.

interaction occur within a given window of time
(Bekkers and Stevens, 1990; Gustafsson et al., 1989).
This coincidence mechanism has been experimentally
found at different levels of integration, from synaptic
populations targeting large receptive dendritic fields
(Barrionuevo and Brown, 1983; Kelso and Brown,
1986; Levy and Steward, 1983) to more localized
synaptic sites (Debanne et al., 1998; Magee and
Johnston, 1997; Markram et al., 1997; Bi and Poo,
1998). Because of its unique kinetic characteristics
and its distribution on the neural membrane, the KA

current could play a role in setting these timing con-
straints. We addressed this issue using a subthreshold
synaptic input paired with a back-propagating AP. A
synaptic input was delivered at either of two differ-
ent compartments (200 or 400µm from the soma) and
paired with an AP elicited at the soma with different
time delays. The results, summarized in Fig. 3, showed
that for the more proximal synaptic input (Fig. 3A,
200µm), the effect of pairing was a small supralin-
ear superposition when the AP was elicited 2 to 8 ms
after the synaptic activation (Fig. 3, open symbols)

and sublinear outside this range (closed symbols). A
much stronger amplification was obtained for more dis-
tal inputs (Fig. 3B, 400µm) for sufficiently strong
inputs activated 2 to 8 ms before the AP. It could
be expected that if this time window depends on the
kinetic characteristics of the KA current, then it might
be modulated by the local phosphorylation activity. As
an example, we illustrate in Fig. 4 how a change in the
inactivation time constant altered the interaction be-
tween an AP and a synaptic input (ḡsyn= 4 nS) in the
distal dendrite. In Fig. 4A, the time constant ofgKA(dist)

inactivationτl was increased or decreased by a factor of
1.5. This resulted in a significant change in the charac-
teristics of the time window. In particular, an increase
of τl resulted in essentially no amplification of the AP,
whereas a decrease caused a supralinear amplification
and a larger time window. The membrane potential at
400µm is shown in Fig. 4B for the paired activation of
a synaptic input and an AP with a 3.5 ms time delay in
all three cases. As shown in Fig. 5A and B, however,
the same changes in theτl resulted in relatively small
changes in the peak amplitude, as well as in the overall



A-Type K+ Conductance in the Back-Propagation of Action Potentials 11

Figure 4. Effect of inactivation rate (τl ) on pairing AP with synaptic input in distal dendrites. A: AP amplitude at 400µm from soma, after
pairing a synaptic input (̄gesyn = 4 nS) with an AP elicited with different time delays and using different values forτl , the time constant of
inactivation forgKA (dist). Open and closed symbols indicate supralinear and sublinear amplification, respectively. B: Membrane potential at the
site of synaptic stimulation at 400µm during a paired activation with an AP elicited at the soma with a 3.5 ms time delay and using different
values ofτl . The black symbol on schematic diagram indicates the location of synaptic stimulation.

shape, of an AP paired with synaptic input at a more
proximal (200µm) location.

In recent experiments the voltage dependence of the
gKA(dist) activation curve was shown to be shifted in a
depolarized direction by local protein kinase activity
leading to an increased AP amplitude (Hoffman and
Johnston, 1998). We tested the effects of a+5 mV shift
in thegKA(dist) activation curve on the peak amplitude of
a back-propagating AP alone (Fig. 6A) or paired with
a synaptic input on a distal dendrite (400µm, Fig. 6B
and C). The reduction in the effects of theḡKA(dist)

resulted in a more efficient back-propagation of an AP
(Fig. 6A, open symbols), in significant changes in the
time window for pairing (Fig. 6B, dotted line), and little
sensitivity to additional changes in the inactivation time
constant (τl , Fig. 6C).

Discussion

In this article we have shown how an active den-
dritic conductance—in particular, a transient K+

conductance—could modulate the local interaction be-
tween a back-propagating AP and a synaptic input. Ex-
periments (Debanne et al., 1998; Magee and Johnston,
1997; Markram et al., 1997; Bi and Poo, 1998) have
shown that the pairing of a back-propagating AP with
a subthreshold synaptic stimulation can result in either
LTP or long-term depression (LTD) of excitatory post-
synaptic potentials (EPSPs) depending on the timing.
Thus, the back-propagating AP appears to act as a retro-
grade signal that when paired with synaptic input leads
to Hebbian modifications of synaptic strength. The ex-
perimental suggestion (Hoffman et al., 1997) that the
fast inactivation of a 4-AP dependent K+ conductance
could be a factor in this process is supported by our
model, and the findings contribute toward an emerging
picture of local associations between back-propagating
APs and synaptic input. The optimal coupling was ob-
tained when the AP was elicited 2 to 5 ms after the
synaptic stimulation at both 200 and 400µm from
the soma (Fig. 3). It was in the more distal site, how-
ever, that thegKA conductance was shown to strongly
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Figure 5. Effect ofτl on pairing AP with synaptic input in proximal dendrites. A: AP amplitude at 200µm from soma after pairing a synaptic
input (ḡsyn= 5 nS) with an AP elicited with different time delays and using different values forτl , the time constant of inactivation forgKA (dist).
Open and closed symbols indicate the region of supralinear and sublinear amplification, respectively. B: Membrane potential at the site of
synaptic stimulation at 200µm during a paired activation with an AP elicited at the soma with a 5 ms time delay and using different values ofτl .
The black symbol on schematic diagram indicates the location of synaptic stimulation.

modulate the amount of supralinear amplification of a
back-propagating AP. In fact, although both pre- and
postsynaptic activity are necessary for Hebbian modi-
fications, the model suggests that the importance of the
relative timing for determining LTP or LTD could arise
by way of the consequent sub- or supralinear amplifi-
cation of a back-propagating AP and the resulting Ca2+

influx through NMDA receptors or voltage-gated Ca2+

channels.
Changes in the activation properties of thegKA con-

ductance, which have been experimentally shown to
depend on the local phosphorylation activity (Hoffman
and Johnston, 1998, 1999), can modulate APs back-
propagating into the dendritic tree. In particular, the
model predicts that a small rightward shift in the ac-
tivation curve could increase the amplitude of a distal
dendritic AP (Fig. 6), whereas a change in the time con-
stant of inactivation (cf. Drain et al., 1994; Covarrubias
et al., 1994) could alter the time window for a supra-
linear interaction with a synaptic input (Figs. 3B
and 4B).

A number of different and independent dendritic
mechanisms appear to have evolved in such a way as
to internally limit the back-propagation of single APs
and trains of APs. These include thegKA conductance
(Hoffman et al., 1997), the slow inactivation of Na+

channels (Colbert et al., 1997; Jung et al., 1997; Mickus
et al., 1999; Migliore and Culotta, 1998; Spruston et al.,
1995), and the hyperpolarization-activated (h) chan-
nels (Magee, 1998, 1999). The strong depolarization
induced by the amplification of back-propagating APs
may be an important step for turning on the subcel-
lular mechanisms for new protein synthesis required
for long-term change of synaptic strength (Tongiorgi
et al., 1997). The inactivation ofgKA with the subse-
quent increase in AP amplitude would be particularly
prominent in the distal portion of the dendritic tree.
The effects predicted by our model should be added to
the other known roles ofgKA which is countering the
effects of NMDA amplification of subthreshold synap-
tic input in CA1 pyramidal neurons (Cash and Yuste,
1998, 1999) and, more generally, to the amplification
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Figure 6. Effects of a+5 mV shift in thegKA (dist) activation curve. A: Dendritic AP amplitude versus distance from soma in control conditions
(closed symbols) and with a+5 mV shift in thegKA (dist) activation curve (open symbols). A single AP was elicited with a short somatic current
pulse (1 nA, 1.2 ms). B: AP amplitude in a compartment at 400µm from soma, where a synaptic stimulation (ḡsyn= 4 nS) was paired with a
somatic AP in control conditions (solid line) and with a+5 mV shift in thegKA (dist) activation curve (dotted line). C: AP amplitude at 400µm
from soma showing the effects of changes in thegKA (dist) inactivation time constant and a+5 mV shift in the activation curve. In panels B
and C, open and closed symbols indicate the region of supralinear and sublinear amplification, respectively.
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and linearization roles of active conductances in the
distal portion of the dendritic tree (Bernander et al.,
1994). In different brain regions, such as the visual
cortex (Rockland and Virga, 1989) and hippocampus
(Johnston and Amaral, 1998), this area of pyramidal
neurons receives direct or indirect feedback projec-
tions. The elucidation of the membrane characteristics
that could modulate such local signals may thus shed
light on the operating principles of several brain cir-
cuits. In this article, we have shown how thegKA may
play a key role in these processes.

Appendix

In the following expressions for the ionic currents,v is
in mV, ionic currents are inµA/cm2, andτx (the time
constant of a gating variablex) is in ms. A temperature
of 35◦C was assumed for all simulations.

INa = 32 ·m3 · h · i · (v − 55)

m∞ = αm/(αm + βm); τm = 0.5/(αm + βm)

αm = 0.4(v + 30)/(1− exp(−(v + 30)/7.2))

βm = 0.124(v + 30)/(exp((v + 30)/7.2)− 1)

h∞ = 1/(1+ exp((v + 50)/4))

τh = 0.5/(αh + βh)

αh = 0.03(v + 45)/(1− exp(−(v + 45)/1.5))

βh = 0.01(v + 45)/(exp((v + 45)/1.5)− 1)

i∞ = (1+ bi exp((v + 58)/2))/

(1+ exp((v + 58)/2))

τi = 3 · 104βi /(1+ αi )

αi = exp(0.45(v + 60))

βi = exp(0.09(v + 60))

bi =0.5 in the apical dendrites,bi =0.8 in the soma,
andbi =1 elsewhere;

If τm<0.02, thenτm=0.02 ms;
If τh<0.5, thenτh=0.5 ms;
If τi <10, thenτi =10 ms.

IKDR = 10 · n · (v + 90)

n∞ = 1/(1+ αn); τn = 50βn/(1+ αn)

αn = exp(−0.11(v − 13))

βn = exp(−0.08(v − 13))

If τn < 2, thenτn = 2 ms.

IKA(prox) = ḡKA p
· n · l · (v + 90)

ḡKA p
=


48 · (1+ d/100) for d ≤ 100µm

from soma

0 for d > 100µm
from soma

n∞ = 1/(1+ αn); τn = 4βn/(1+ αn)

αn = exp(−0.038(1.5+ 1/(1+ exp(v + 40)/5))

· (v − 11))

βn = exp(−0.038(0.825+1/

(1+exp(v+40)/5)) · (v − 11))

l∞ = 1/(1+ αl ); τl = 0.26 · (v + 50)

αl = exp(0.11(v + 56))

If τn<0.1, thenτn=0.1 ms;
If τl <2, thenτl =2 ms.

IKA(dist) = ḡKAd
· n · l · (v + 90)

ḡKAd
=


0 for d ≤ 100µm

from soma

48 · (1+ d/100) for d > 100µ
from soma

n∞ = 1/(1+ αn); τn = 2 βn/(1+ αn)

αn = exp(−0.038(1.8+ 1/(1+ exp(v + 40)/5))

· (v + 1))

βn = exp(−0.038(0.7+ 1/(1+ exp(v + 40)/5))

· (v + 1))

l∞ = 1/(1+ αl ); τl = 0.26 · (v + 50)

αl = exp(0.11(v + 56))

If τn < 0.1, thenτn = 0.1 ms;
If τl < 2, thenτl = 2 ms.
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