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Cortical Action Potential Backpropagation Explains Spike
Threshold Variability and Rapid-Onset Kinetics
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Neocortical action potential responses in vivo are characterized by considerable threshold variability, and thus timing and rate variabil-
ity, even under seemingly identical conditions. This finding suggests that cortical ensembles are required for accurate sensorimotor
integration and processing. Intracellularly, trial-to-trial variability results not only from variation in synaptic activities, but also in the
transformation of these into patterns of action potentials. Through simultaneous axonal and somatic recordings and computational
simulations, we demonstrate that the initiation of action potentials in the axon initial segment followed by backpropagation of these
spikes throughout the neuron results in a distortion of the relationship between the timing of synaptic and action potential events. In
addition, this backpropagation also results in an unusually high rate of rise of membrane potential at the foot of the action potential. The
distortion of the relationship between the amplitude time course of synaptic inputs and action potential output caused by spike back-
propagation results in the appearance of high spike threshold variability at the level of the soma. At the point of spike initiation, the axon
initial segment, threshold variability is considerably less. Our results indicate that spike generation in cortical neurons is largely as
expected by Hodgkin–Huxley theory and is more precise than previously thought.
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Introduction
The transmission of information within the brain depends criti-
cally on the transformation of synaptic barrages into patterns of
action potentials and, through synaptic transmission, back into
synaptic activity. A critical feature of this underlying property of
information processing is, therefore, the precise basis of the syn-
aptic barrage–action potential transfer function. Intracellular re-
cordings in vitro suggest that cortical neurons can respond with
great temporal precision to the repeated injection of complex
synaptic-barrage-like waveforms, as long as these waveforms
contain higher-frequency components (Mainen and Sejnowski,
1995; Nowak et al., 1997). Intrasomatic in vivo recordings, how-
ever, reveal a noisy relationship between membrane potential and
action potential firing threshold (Azouz and Gray, 1999, 2000;
Anderson et al., 2000; Henze and Buzsaki, 2001). Previous studies
have hypothesized that a significant portion of this noisy rela-
tionship is caused by a rough correlation between the rate of rise
of prespike membrane potential and action potential threshold
(Azouz and Gray, 1999, 2000, 2003; Henze and Buzsaki, 2001)
and a dependence of spike threshold on the recent history of
action potential activity (Henze and Buzsaki, 2001; Shu et al.,
2003). However, these two factors alone explain only a portion

(�40 – 60%) of spike threshold variance. Recently, it was sug-
gested that high spike threshold variance may result from coop-
erative gating of Na� channels in cortical pyramidal cells, result-
ing in a tendency for nearby Na� channels to rapidly open and
close together, endowing action potentials with an usually rapid
(“kinky”) onset and high spike threshold variability (Naundorf et
al., 2006). If true, this interchannel cooperativity would form a
radical new mechanism by which voltage-dependent ionic chan-
nels may function (Gutkin and Ermentrout, 2006), and would
overturn long held assumptions of channel independence that
have been central to models of action potential generation dating
back to the landmark study of Hodgkin and Huxley (1952).

An important caveat in the study of spike threshold variance
and the properties of spike initiation for cortical cells is the fact
that intracellular recordings in vivo are obtained from the cell
body/and or proximal dendrite, although action potentials initi-
ate at a distance, in the axon initial segment (AIS) (Stuart et al.,
1997a; Palmer and Stuart, 2006; Shu et al., 2007b). We com-
mented previously that this arrangement of action potential gen-
eration and propagation may result in apparent high spike
threshold variability, even when the true variability at the site of
spike initiation is relatively low (McCormick et al., 2007). Here,
we fully demonstrate with simultaneous axonal and somatic
patch-clamp recordings together with Hodgkin–Huxley (HH)-
style models that a large portion of somatic spike threshold vari-
ability arises from the active backpropagation of action potentials
from the axon and that actual threshold variance is relatively low,
as predicted by HH theory. This finding has important implica-
tions for our understanding of information processing in cortical
networks.
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Materials and Methods
Experiments were performed on slices of ferret (7–10 weeks old) prefron-
tal and somatosensory cortex maintained in vitro in a submerged-style
recording chamber at 36.5°C. The ACSF contained (in mM) 126 NaCl, 2.5
KCl, 2 MgSO4, 2 CaCl2, 26 NaHCO3, 1.25 NaH2PO4, and 25 dextrose,
315 mOsm, pH 7.4. Recordings were done on an upright infrared-
differential interference contrast microscope (Zeiss Axioskop 2 FS plus).
The membrane potentials in our whole-cell recordings were corrected
for Donnan liquid junction potentials of 10 mV (Neher, 1992; Fricker et
al., 1999).

Whole-cell recordings were achieved from both the soma and the cut
end of the main axon using a Multiclamp 700B amplifier (Molecular
Devices) as described previously (Shu et al., 2006, 2007a,b). Pipettes had
impedances of 5– 6 and 9 –15 M� for somatic and axonal recordings,
respectively, and were filled with an intracellular solution that contained
(in mM) 140 K gluconate, 3 KCl, 2 MgCl2, 2 Na2ATP, 10 HEPES, and 0.2
EGTA, pH 7.2 with KOH (288 mOsm). Alexa Fluor 488 (100 �M) and
biocytin (0.2%) were added to the pipette solution for tracing and label-
ing the recorded pyramidal cells.

Unless otherwise stated, data were collected at 33– 66 kHz in Spike2
(Cambridge Electronic Design) and Matlab (MathWorks). All error bars
were calculated as the SEM and data in the text are reported as mean �
SD. The criterion for spike threshold was set at between 15 and 20 V/s
because this is just above the maximal level of dV/dt obtained by our
noise injection when action potentials were not initiated. Fixing the
threshold at higher or lower levels near this criterion value did not alter
the basic results. A number of experiments were performed with a dy-
namic clamp as described previously (Shu et al., 2003). Noisy mixed
excitatory and inhibitory conductances were constructed according to an
Ornstein-Uhlenbeck (colored noise) model (Destexhe et al., 2001).

Excitatory and inhibitory synaptic noise
A point-conductance model was generated to approximate synaptic
background activity. The total synaptic current, Isyn, was decomposed
into a sum of two independent conductances: Isyn � ge(t)(V � Ee) �
gi(t)(V � Ei), where ge(t) and gi(t) are time-dependent excitatory and
inhibitory conductances, respectively, and Ee � 0 mV and Ei � �75 mV
are their respective reversal potentials. The conductances ge(t) and gi(t)
were described by a one-variable stochastic process similar to the
Ornstein-Uhlenbeck process:

dge�t�

dt
� �

1

�e
	ge�t� � ge0
 � �De�e�t�

dgi�t�

dt
� �

1

�i
	gi�t� � gi0
 � �Di�i�t�

where ge0 (0.0121 �S) and gi0 (0.0573 �S) are average conductances, �e

(2.7 ms) and �i (10.5 ms) are time constants, �1(t) and �2(t) are Gaussian
white-noise controlled, respectively, by zero mean and SD �e (0.006 �S)
and �i (0.012 �S). De and Di are noise diffusion coefficients, which are
given by De � 2�e

2/�e and Di � 2�i
2/�i, respectively.

Methods for computational model of action potential generation
in cortical neurons
We first modeled the initiation and propagation of action potentials in
simple models of axons. These models consisted of a cylindrical tube,
initially 2000 �m in length (see Figs. 2, 5). To examine the effects of
action potential conduction into areas of spatial nonuniformity, such as
into a soma and/or dendrite, we added simple somatic and dendritic
compartments. To demonstrate that the results we obtained with our
simple models are applicable to more realistic model neurons, we used
the models of Mainen and Sejnowski (Mainen et al., 1995; Mainen and
Sejnowski, 1996) and Hoffman et al. (1997), Migliore et al. (1999), and
Poolos et al. (2002). Our models were implemented in NEURON (Hines
and Carnevale, 1997) at a temperature of 37°C. For the simple models,
only Hodgkin–Huxley-style Na � and K � conductances were included,
along with a linear leak current. The following equations describing the
voltage and time dependence of the Na� and K� conductances were from

the studies by Mainen et al. (1995) and Mainen and Sejnowski (1996), which
are based on previous publications (McCormick and Huguenard, 1992): INa

� gNam
3h(V � ENa); Ik � gkn(V � Ek); Il � gl(V � El).

The simplest model is that in Figures 2 and 5, which consists of a
uniform cylindrical axon (2000 �m length, 1 �m diameter, 400 compart-
ments) in which the internal resistance, R2, is 150 � � cm and the specific
membrane capacitance is 0.75 �F/cm 2. The density of gNa is 8000 pS/
�m 2

, whereas the density of gK is 1500 pS/�m 2 and gleak is 0.33 pS/�m 2.
The beginning and ends of the axon are modeled as sealed. These values
of gNa were used to match those of the full neuron model (see Fig. 8),
although they yield peak dV/dt rates that are significantly higher than
those seen in real neurons. Lowering the gNa such that the peak dV/dt
rates were comparable with those of layer 5 pyramidal cells in vitro
yielded results similar to those illustrated here (data not shown).

In Figures 3 and 7, the model axon was reduced in length to 50 – 80
�m. In Figures 3a– d and 7a, the axon was 80 �m long (16 compart-
ments) with the same properties as in Figure 2. In Figures 3e– h and 7b,
the first 30 �m of axon was replaced with a soma that was 20 �m in
diameter (six compartments) that had a density of gNa � 800 pS/�m 2

and gK � 320 pS/�m 2. In Figures 3i–l and 7c, a single dendrite of 3000
�m length and 5 �m diameter (60 compartments) was attached to the
soma. The dendrite contained a low density of gNa (20 pS/�m 2) and gK

(10 pS/�m 2). The dendrite provided a conductance load of 8.4 nS and a
capacitive load of 78 pF to the soma, which are conservative values be-
cause the fully reconstructed dendritic arbor of a layer 5 pyramidal cell
(Fig. 8) added 21.5 nS and 375 pS.

Detailed methods of cortical cell model: higher Na� conductance
in axon initial segment model
Cortical neurons initiate action potentials in their axon initial segments
under a wide variety of conditions. These action potentials then propa-
gate antidromically (backpropagate) through the soma and to variable
degrees into the dendritic arbor (Stuart et al., 1997b; Palmer and Stuart,
2006; Shu et al., 2007b). There are two different hypothesis concerning
spike initiation: one based on a high density of Na � channels in the axon
initial segment (Mainen et al., 1995; Mainen and Sejnowski, 1996;
Komada and Soriano, 2002; Inda et al., 2006) and another based on a
modest density of Na � channels that have a more negative threshold
than those in the soma (Colbert and Johnston, 1996; Colbert and Pan,
2002). The precise density of Na � channels in the axon initial segment is
unknown. Here, we used an empirical approach to approximate the den-
sity of Na � channels for our full neuron model (see below). We mea-
sured the dV/dt of the membrane potential in the axon initial segment in
real neurons and adjusted the concentration of Na � and K � currents in
the axon initial segment of our model to match these empirically deter-
mined values. Using this method, we formed a model that initiates action
potentials at �45 �m from the cell body (as we have observed in real
neurons) (Shu et al., 2007a,b), and which gave rise to dV/dt plots for spike
initiation that were similar to those recorded in real neurons (e.g., a peak
dV/dt of �1200 mV/ms at the axon initial segment was used as a conser-
vative value) (Kole et al., 2007) (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). It should be noted that cutting
and artificially sealing the end of the main axon results in an �15–20%
increase in the peak dV/dt at the end of the cut axon (Kole et al., 2007)
(supplemental Fig. 2, available at www.jneurosci.org as supplemental
material).

Our full computational model is based on the published multicom-
partmental model of the full dendritic and somatic structure of a layer 5
cortical pyramidal cell [Mainen and Sejnowki (1996), their Fig. 1 D]. The
temperature of the modeled cell was 37°C.

Dendrites and soma. The soma and dendrites contain 440 compart-
ments. The somatic surface area is 2748 �m2, its diameter is 25 �m, and
its length is 35 �m. There are 11 primary neurites and 87 branches,
totaling 17,668 �m in length and 78,858 �m 2 in surface area.

Axon. Our model of the axon was based on that of Mainen et al. (1995)
and was modified to match the spike initiation properties of our layer 5
pyramidal cells. The soma connects to the axon hillock, which tapers
from 4.8 to 1.2 �m and has a length of 10 �m. The hillock is followed by
a 40 �m initial segment of 1.2 �m diameter. Following the initial seg-

Yu et al. • Source of Spike Threshold Variance J. Neurosci., July 16, 2008 • 28(29):7260 –7272 • 7261



ment, there is a myelinated axon 500 �m in length, with internode dis-
tances of 100 �m. The diameter of the internode axon is 1.22 �m and the
node diameter 0.91 �m with a length of 1 �m.

Electrical properties. The membrane capacitance (Cm) for the soma,
dendrites, and unmyelinated axon is modeled as 0.75 �F/cm 2, whereas
for the myelinated axon, it is modeled as 0.04 �F/cm 2. The axial resis-
tance for the dendrites and axons is 150 � � cm (Mainen and Sejnowski,
1996). The membrane time constant of the soma, dendrites, hillock, and
initial segment is �28 ms, whereas it is 1.5 ms for the myelinated axon
and 0.5 ms for nodes.

Channel distributions. The transient Na � current is present in all parts
of the modeled cell and its density is moderately high in the initial seg-
ment and hillock (8000 pS/�m 2), but low in the soma (750 pS/�m 2) and
dendrites (100 pS/�m 2). The myelinated model axon has a Na � conduc-
tance of 20 pS/�m 2 for internodal regions and 5000 pS/�m 2 for each
node. The reversal potential of Na � in this model is 60 mV. The fast,
voltage-activated K � current, IKv, is present only in the model hillock,
initial segment (800 pS/�m 2), and soma (80 pS/�m 2). The reversal po-
tential of K � is �90 mV. Background leak current is distributed
throughout the cell. In the soma, dendrites, hillock, initial segments, and
unmyelinated axon, gleak � 0.333 pS/�m 2. In the nodes, gleak � 200
pS/�m 2. The reversal potential of the leak current is �70 mV. The slow
noninactivating potassium current (M current; IKM), high-voltage-
activated Ca 2� current, ICa, and one Ca 2�-dependent K � current, IKCa,

are distributed throughout the soma and dendrites (KM conductance,
0.1; Ca conductance, 0.3; and KCa conductance, 3 pS/�m 2) as per
Mainen and Sejnowski (1996). The reversal potential of Ca is 140 mV.
For the specific rate functions for the different ionic channels, please see
Mainen and Sejnowski (1996).

Spike initiation based on lower threshold for Na� current in the
axon initial segment
In addition to the modified model of Mainen and Sejnowski (1996), we
also verified our results with another full model based on a moderate
density of Na � channels, with a lower threshold for activation, in the
axon initial segment (Migliore et al., 1999; Colbert and Pan, 2002; Poolos
et al., 2002). In this model by Colbert, Migliore, and Johnston, the au-
thors set sodium density in the axon initial segment at only two or three
times larger than that in cell body and dendrites. Action potentials initi-
ate �30 �m from the cell body. Details of the model can be obtained
from the studies by Migliore et al. (1999), Colbert and Pan (2002), and
Poolos et al. (2002) (supplemental text, available at www.jneurosci.org as
supplemental material).

Results
Simultaneous whole-cell recordings were obtained from the
soma and the cut, sealed end of the main axon from layer 5
cortical pyramidal cells (n � 40) in the ferret prefrontal cortex
(Fig. 1), as detailed previously (Shu et al., 2006, 2007a,b). The
distance from the axonal ending and the cell body varies from cell
to cell, ranging from 24 to 430 �m. The axonal recordings are
obtained from the 3–5 �m diameter terminal “blebs” formed in
response to cutting of the axon during the slicing procedure.
These terminal blebs allow for the whole-cell recording of cortical
axons at distances from the cell body that would otherwise not be
possible. Once simultaneous whole-cell recordings from the
soma and axon were formed, action potentials were initiated
through the intrasomatic injection of either depolarizing current
pulses (typically 500 ms) or a mixed excitatory–inhibitory noisy
conductance (using a dynamic-clamp system) (see Materials and
Methods) that caused a 10 –25 mV (peak to peak) deviation in
membrane potential meant to mimic the variance naturally oc-
curring in cortical pyramidal cells in vivo (Paré et al., 1998; Des-
texhe et al., 2003; Rudolph et al., 2005). These currents were
injected into the soma, as opposed to the axon, because of the
normal direction of flow of nearly all synaptic activity, which is
from the dendrites, through the soma, and into the axon.

As reported previously, somatic action potentials in layer 5
pyramidal cells exhibited a rapid rate of rise at their base, giving
rise to the appearance of a “kink” (Fig. 1a), whereas action po-
tentials recorded at 30 –70 �m along the axon from the soma, in
the axon initial segment, exhibited a much smoother trajectory
leading up to action potential generation (Fig. 1d). This smooth-
ness was only observed at the axon initial segment (where spikes
are initiated) (Stuart et al., 1997a; Palmer and Stuart, 2006; Shu et
al., 2007b), because whole-cell recordings further down the axon
again exhibited a rapid rate of rise at the base of the spike (Fig.
1g,l). Examination of dV/dt for somatic action potentials re-
vealed two components on the rising phase of the spike. The first
component is classically known as the AIS spike (Coombs et al.,
1957), whereas the second component originates in the somato-
dendritic portions of the neuron (Fig. 1b; supplemental Fig. 1,
available at www.jneurosci.org as supplemental material). Phase
plots of dV/dt versus membrane potential (V) for somatic spikes
(n � 40), in which the rate of change of the membrane potential
with respect to time (dV/dt) is plotted as a function of V, exhib-
ited two components, revealing a biphasic rate of rise to spike
generation (Fig. 1c; supplemental Figs. 3, 4, available at www.
jneurosci.org as supplemental material). In contrast, examina-
tion of dV/dt and phase plot of dV/dt versus V for spikes in the
axon initial segment revealed a single, monophasic, component
during the rising phase of the spike (Fig. 1e,f) (n � 10). Whole-
cell recordings from distal axons demonstrated two components
in the rising phase in dV/dt and phase plots of dV/dt versus V (Fig.
1h,i) (n � 6), similar to that of somata, but dissimilar to that of
the axon initial segment. The precise origin of the kink in the
action potential in somatic recordings, the smoothness of action
potential initiation in the axon initial segment recordings, and
the biphasic nature of spike initiation at sites away from the axon
initial segment is explored through Hodgkin–Huxley models,
presented below.

Previously, it has been demonstrated that action potentials in
layer 5 pyramidal cells initiate in the axon initial segment, �40
�m from the soma (Stuart et al., 1997a; Palmer and Stuart, 2006;
Shu et al., 2007b). Similarly, we found here that comparing the
latency of spike arrival in the soma versus the axonal recordings
yielded minimal spike latency at �42 �m from the soma, con-
firming the initiation of action potentials at this location (Fig. 1j).
Examination of spike threshold (defined by the membrane
potential at which dV/dt of the spike crossed 15–20 mV/ms)
revealed a steady hyperpolarization with increases in distance
from the soma of 50 – 450 �m (Fig. 1k). The membrane po-
tential at spike initiation was also more negative at the soma
than at the initial portions of the axon (Fig. 1k). Interestingly,
examination of the slope of the dV/dt versus V phase plot at a
criteria level of 15 V/s exhibited a strong decrease from the
soma to the axon initial segment, followed by an increase at
more distal portions of the axon (Fig. 1l ). This measure, which
we term “phase slope,” has been used to measure the “kinki-
ness” of action potentials at their onset (Naundorf et al., 2006;
McCormick et al., 2007). The point of the lowest phase slope
corresponds precisely to the location of action potential initi-
ation (Fig. 1j,l ).

Hodgkin–Huxley models of spike propagation explain rapid
spike initiation
We sought to explain the properties of spike initiation in real
cortical pyramidal cells, as detailed above, through Hodgkin–
Huxley models. For clarity, we started with a simple model of
propagating spikes and then added complexity as appropriate,
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finishing with a model of a large layer 5 pyramidal cell similar to
those recorded with our whole-cell recording techniques. First,
we examined the properties of action potentials as they propagate
along a uniform cylindrical tube or “axon” (Fig. 2).

Our simple model started with a uniform axon (1 �m di-
ameter, 2 mm length) that contained an even distribution of a
traditional Hodgkin–Huxley-style transient Na � current and
a “delayed rectifier” K � current. Action potentials were initi-
ated at one end of the uniform axon (termed X0) through the
injection of a current pulse (100 ms, 0.1 nA), and spikes sub-
sequently propagated (at a rate of 1.1 � 0.6 m/s) to the other
end of the axon (termed Xend) (Fig. 2a). Examination of the
initiation properties of the action potential revealed that at the
point of initiation, X0, the spike rose smoothly and slowly
from baseline (Fig. 2b). This smooth rise at the point of initi-
ation was also found in the phase plot of dV/dt versus V (Fig.
2c). As the action potential propagated down the uniform

axon, the local spike exhibited a greater and greater rate of rise
at the foot of the spike, giving it a kinky appearance (Fig. 2b).
This was also observed in the phase plots of dV/dt versus V
(Fig. 2c, inset). Plotting the slope of the phase plot at the
criterion level (15–20 mV/ms) (see Materials and Methods)
versus distance along the model axon revealed that the slope
was low at the point of initiation, but rose rapidly to a peak at
�300 – 400 �m from the initiation point and depended on the
values of Cm and R2 (supplemental Fig. 5, available at www.
jneurosci.org as supplemental material).

From these results, we hypothesized that the effects of spike
propagation on spike shape arose from the properties of axial
current flow and its interaction with membrane resistance and
capacitance. It can be shown that for a propagating spike in a
uniform axon, the rate of change of membrane potential with
respect to time in a given axonal compartment obeys the follow-
ing relationship:
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Figure 1. Action potential properties vary along somatic–axonal locations in cortical layer 5 pyramidal cells. a– c, Somatic whole-cell recording of a typical action potential showing the amplitude
time course (a), dV/dt (b), and the phase plot of dV/dt versus V (c). Somatic action potentials exhibit a rapid rate of rise at initiation (kink) and two clear components in dV/dt. SD, Somadendritic. The
phase plot is biphasic because of the two components of the action potential, with the AIS component causing the kink. d–f, Action potentials as recorded at the axon initial segment. Note the
smooth onset (d), the single component in dV/dt (e), and the monophasic phase plot of dV/dt versus V (f ). g–i, Appearance of action potentials in the distal axon. Note the reappearance of a rapid
rate of rise at onset (kink) (g), the two components in dV/dt [AIS and distal axon (DA)] (h), and the biphasic nature of spike generation (i). j, Plot of the spike latency at different points along the axon
(soma–axon) with simultaneous somatic and axonal recordings reveal the spike initiation point to be �42 �m from the soma. k, Plot of the membrane potential at spike onset reveals an
exponential decrease along the axon. Note that the voltage at spike threshold in the soma is more negative than in the axon initiation point. l, Slope of the phase plot at spike threshold versus distance
from the soma. Note that the phase slope decreases from the soma to the spike initiation point and then increases as the spike propagates down the axon. Each axonal point in j–l represents results
from a unique neuron.
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dV

dt
�

Iprop � Iion

Cm
,

where Iprop represents the flow of current into the local compart-
ment because of distal action potential generation. In Hodgkin–
Huxley models of propagating spikes in a uniform cylinder, Iprop

can be defined by the following equation:

Iprop �
a

2R2

�2V�t,x�

�x2 ,

or when expressed as a function of time during steady state prop-
agation (Hodgkin and Huxley, 1952):

Iprop �
a

2R2u2

�2V�t,x�

�t2 ,

where a is the radius of the axon, R2 is the specific internal resis-
tance, and u is action potential conduction velocity (supplemen-
tal Fig. 6 and text, available at www.jneurosci.org as supplemental
material). Comparing the amplitude time course of INa, IK, and
Iprop at the point of spike initiation at the beginning of the axon
with the same currents at an axonal compartment 500 �m distant
reveals that the amplitude time course of INa and IK are approxi-

mately the same, whereas that of Iprop is
markedly different (Fig. 2d; supplemental
Fig. 7, available at www.jneurosci.org as
supplemental material). At the point of
spike initiation, Iprop is a negative-going
current during the early stages of spike
generation, because of leak of current to
adjacent compartments (Fig. 2d,e). How-
ever, at more than �50 �m down the
axon, Iprop is a positive current that pre-
cedes the local activation of INa and IK and
thus precedes and leads to the local gener-
ation of the spike (Fig. 2d,e; supplemental
Fig. 7, available at www.jneurosci.org as
supplemental material). Thus, as the ac-
tion potential actively propagates, Iprop is
responsible for the early depolarization of
the membrane potential before local ac-
tion potential generation. Once local pro-
cesses are actively generating the spike,
Iprop becomes a negative current, because
this compartment is generating a larger
current than neighboring ones, and thus
current flows away from the compartment
under consideration. Examining the am-
plitude time course of Iprop at different dis-
tances down the model axon reveals the
development and marked increase in the
positive component of this axial current
with distance from the spike initiation site
(Fig. 2e). The early time course of Iprop,
occurring before the local activation of INa

and IK, causes it to be the major contribu-
tor to the generation of the fast rate of rise
of action potentials at spike onset during
action potential propagation (e.g., the in-
crease in kinkiness) (Fig. 2f; supplemental
Fig. 7, available at www.jneurosci.org as
supplemental material). In addition, be-
cause Iprop is proportional to the rate of

acceleration of the membrane potential with respect to time,

��2V�t, x�

�t2 � ,

Iprop rises rapidly during the early portions of the propagating
action potential, when the rate of positive change in dV/dt is
largest (Fig. 2f). This property of Iprop causes it to generate a more
rapid change in membrane potential for propagating spikes com-
pared with those generated by the slowly rising Na� current at
the site of spike initiation (Fig. 2f). An intuitive way of under-
standing this property is to realize that at the beginning of the
axon, the spike initiates in response to a steady depolarization
that is much less intense than that provided by an action poten-
tial. In contrast, the initiation of the spike further down the axon
occurs in response to the explosive and intense (i.e., large current
flow) discharge of neighboring membrane.

The changes in spike shape with propagation have an addi-
tional consequence on measures of spike threshold. If spike
threshold is taken as the membrane potential at which a criteria
level of dV/dt is surpassed, then spike threshold will appear to
decrease as the spike propagates along the axon (Fig. 2b). This
results from the increased rapidity with which action potentials
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Figure 2. Hodgkin–Huxley model predicts the increase of the rapidity of spike initiation and decrease in voltage at threshold
with spike propagation. a, The axon model consists of a long uniform tube with axial resistance (ra) along which axial current
[Ia(t,x)] flows. The membrane currents consist of IC and Iion, through cm and rion, respectively. Spikes are initiated by applying a
depolarizing constant current pulse to one end of the uniform axon (X0). b, Action potentials as they appear along a model of a
single, uniform axon (1 �m diameter, 2 mm in length, unmyelinated). At the point of spike initiation (X0), the spike onset is
smooth (blue traces in b, c), but as the spike propagates, its onset becomes more and more rapid (Xend) (red traces in b, c). c, This
increase in spike onset rapidity and increase in negativity of voltage at threshold is also seen in the phase plot of dV/dt versus V.
Inset, Expansion of the phase plot at spike onset to illustrate the marked increase in phase slope with propagation of the spike. d,
Plot of the three major currents at the point of spike initiation and a distance of 500 �m. Note that the Na � and K � currents are
approximately the same at both locations, whereas the axial current Iprop exhibits a strong positive current at 500 �m. e,
Amplitude time course of Iprop from the beginning of the axon to a distance of 500 �m. f, Absolute amplitude time course of the
currents responsible for depolarization of the membrane potential leading up to action potential generation in the model axon.
Note that the early Na � current at the first part of the axon rises slowly with time. In comparison, Iprop at a distance of 500 �m
rises very quickly (thus causing the appearance of a kink in the propagated action potential). Note also that the rapid rise of the
membrane potential from Iprop also results in the more rapid activation of INa at a distance of 500 �m, compared with that at the
beginning of the model axon.
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are initiated as they propagate along the axon, because of the axial
flow of current. Greater rapidity of spike initiation lowers the
apparent spike threshold by bringing the spike to the criteria level
of dV/dt at a more negative membrane potential (Fig. 2b). This
result is comparable with that recorded in real axons (Fig. 1k).

The change in shape of the action potential as it propagates
through our simple axon model occurs over a spatial scale of
�200 –300 �m (supplemental Fig. 5, available at www.
jneurosci.org as supplemental material), which would seem to be
too long of a distance to account for the hypothesized change in
action potential shape associated with propagation from the axon
initial segment into the cell body (a distance of 40 – 60 �m) in
cortical pyramidal cells (Stuart et al., 1997a; Palmer and Stuart,
2006; Shu et al., 2007b). However, we hypothesized that the re-
sistive and capacitive properties of the cell body (and attached
dendrites) may cause more rapid changes with distance in spike
shape than those occurring in uniform axonal compartments.

To test this hypothesis, we constructed a uniform axonal
model and then modified portions of this model axon to mimic
the addition of a soma-like compartment and then somatic and
dendritic-like compartments (Fig. 3). In the initial model, a uni-

form cylinder, the action potential was initiated at the end of the
axon with DC injection and allowed to backpropagate to the
other end (Fig. 3a). For comparison to subsequent models, we
refer to the receiving end of the uniform axon as the “somatic”
compartment. As predicted, the action potential in the somatic
compartment of the uniform cylinder exhibited an apparent
lower threshold than at the spike initiation point (Fig. 3c). Re-
moving gNa � from the somatic portion of the cylinder had only a
small effect on the recorded action potential (Fig. 3b), reducing
its peak dV/dt (Fig. 3d).

Next, we changed the geometry of the somatic portion from
the same dimensions as the rest of the axon to a cylinder (20 �m
diameter, 30 �m length) in which the density of gNa was 10% of
that in the axon. Thus, in this model, the backpropagating action
potential from the axon encounters a point of sudden increase in
conductance and capacitive load in which the ability to generate
local Na� currents is reduced, as is the case in real cortical pyra-
midal cells (Komada and Soriano, 2002; Inda et al., 2006; Kole et
al., 2007, 2008; Shu et al., 2007b). Comparison of the phase plot of
dV/dt versus V of the somatic and axonal action potentials (Fig.
3g) reveal that somatic spikes have two components, as in real

Figure 3. Simple model illustrating the effect of somatic and dendritic compartments on the backpropagation of axonally initiated action potentials. a– d, The simplest model consists of an 80
�m uniform axon, which we divide into a 30 �m “somatic” region and a 50 �m axonal region (a). The somatic region had either the same density of gNa as the axon (8000 pS/�m 2) or no gNa. b,
Illustrated are the action potentials in the somatic region (red, somatic gNa �8000 pS/�m 2; green, somatic gNa �0 pS/�m 2) and action potentials at the end of the axon (blue traces), where spikes
are initiated with local current injection. c, d, Also illustrated are the phase plots (dV/dt vs V, of these action potentials in two conditions; d) or two recording locations (c). e– h, Results after the
somatic region is expanded to 30 � 20 �m (see Materials and Methods), and gNa in the soma is either 800 (red traces) or 0 (green traces). Note that when somatic gNa is reduced to 0, the initial
portions of the somatic action potential remain unaltered, indicating that this portion (which gives rise to the kink in rapidly rising spikes) arises from the propagation of the axonal spike into the
somatic region. i–l, Results after the addition of a 3000-�m-long dendritic region. The green traces follow removal of gNa from both the soma and dendrite. m, Addition of somatic and dendritic
regions delays the backpropagation of action potentials from the axon into the soma. n, The addition of the somatic and dendritic regions causes the slope of the phase plot at spike initiation (phase
slope, which is a measure of the spike kink) to increase dramatically as the spike invades the somatic region. inj., Injection of current.
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neurons (Coombs et al., 1957; Colbert and Pan, 2002; Shu et al.,
2007b). In addition, in this simple model the peak dV/dt of the
somatic spike is substantially lower than at the axonal initiation
site. Note also that the spike in the soma has a faster rate of rise at
initiation (Fig. 3g). Reducing gNa in the somatic compartment to
0 blocks the somatically generated action potential, revealing the
propagated axonal spike only (Fig. 3f,h, green trace). Note that
the initial portions of the somatic spike are unchanged, including
the rapid rate of spike rise at initiation. This result indicates
that the rapid rate of rise of the action potential in the model
soma results entirely from the properties of the propagated
axonal spike.

To examine these issues further, we added a single artificial
dendrite to our soma and axon model, thus increasing the con-
ductance and capacitive load on the axonal spike generator. To be
conservative, the model dendrite provided a capacitive and con-
ductance load on the soma that was even less than that of a full

dendritic arbor of a layer 5 pyramidal cell
(see Materials and Methods). In the axon–
soma– dendrite model, somatic spikes ap-
peared more kinky than at the axon initia-
tion site (Fig. 3j,k) and the phase plot of
dV/dt versus V exhibits a clear biphasic rise
(Fig. 3k), as in our recordings from layer 5
pyramidal cells (Figs. 1c, 4b). Removing
gNa from the soma (and dendrite) in this
model again left the initial phases of spike
initiation intact, revealing that this rapid
rate of rise at the foot of the spike results
entirely from the properties of spike prop-
agation from the axon into the soma and
dendrite (Fig. 3l)

Examination of the onset latency of ac-
tion potentials revealed that the addition
of a soma or soma and dendrite resulted in
a significant decrease in velocity (Fig. 3m).
This decrease in velocity results from the
delay from the invasion of the soma by
the axonal spike and local spike initiation.
The delay, and thus the biphasic nature,
results from the decreased Na� channel
density and the increased conductance
and capacitive load of the soma and den-
drite compared with the axon. The addi-
tion of a soma or soma and dendrite had a
significant facilitating effect on the slope of
the phase plot of somatic spikes (Fig. 3n).
It should be noted that even in the uniform
axon, the phase slope increases with prop-
agation, but to an extent that is difficult to
see on this scale (supplemental Fig. 5,
available at www.jneurosci.org as supple-
mental material).

These results indicate that the rapid
rate of rise of action potentials at the soma,
as recorded in real neurons can be ex-
plained by the backpropagation of action
potentials into the conductance and ca-
pacitive load of the soma and dendritic ar-
bor, because of the properties of axial cur-
rent flow. As the action potential
propagates, it provides a strong and rap-
idly increasing, with respect to time, axial

current that rapidly depolarizes the somatic membrane potential
at spike initiation, giving rise to the kink observed with in vivo and
in vitro intracellular recordings. We have explored a wide variety
of different concentrations of Na� and K� conductances, as well
as somatic and dendritic membrane areas (and thus conductance
and capacitive loads) and find that our result are robust to a
broad range or parameters, as long as the spike is initiated in the
axon and backpropagates into the soma/dendrite (data not
shown).

Action potential variability in recorded layer 5
pyramidal cells
Previous investigations have emphasized the marked variability
of action potentials as recorded from the somata of cortical neu-
rons (Azouz and Gray, 1999, 2000; Henze and Buzsaki, 2001).
Here, we sought to examine the contribution of spike propaga-
tion to this variability through simultaneous somatic and axonal
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whole-cell recordings in layer 5 pyramidal
cells in vitro during the initiation of action
potentials with a noisy current injection.
Because the large majority of synaptic po-
tentials arrive at the axon initial segment
by passing through the soma, we chose to
inject the noisy current (or conductance
with a dynamic clamp system) through the
somatic pipette (as opposed to injection of
noise directly into the axon).

The intrasomatic injection of a noisy
conductance resulted in the initiation of
action potentials in the axon initial seg-
ment that then backpropagated into the
soma (Fig. 4). Examination of the dV/dt
versus V phase plots revealed a greater
variability in somatic membrane potential
at action potential threshold than in the
simultaneously recorded axon initial seg-
ment (Fig. 4a– d). Plotting the SD of volt-
age at spike threshold versus the slope of
the dV/dt versus V phase plot at the crite-
rion level for action potential threshold
(15–20 mV/ms) (see Materials and Meth-
ods) revealed two nonoverlapping clusters
of points corresponding to axon initial
segment and somatic recordings (Fig. 4e).
Action potentials at the axon initial seg-
ment are characterized by a low phase
slope at spike onset (10 � 3 ms�1) as well
as low variability in spike threshold voltage
(SD, 1.18 � 0.38 mV), whereas action po-
tentials in the soma exhibit significantly
higher values in both of these measures
(phase slope, 28.8 � 6.4 ms�1; SD thresh-
old, 2.4 � 1.3 mV; p � 0.01) (Fig. 2e).
Interestingly, plotting the variability of the
membrane potential at spike threshold at
different axonal distances from the cell
body revealed a decrease to a minimum of
�50 –150 �m from the soma, followed by
a slow increase up to the furthest recording
points (�430 �m from the soma) (Fig. 4f) (n � 32 axon record-
ings). Examining the simultaneous somatic and axonal record-
ings revealed that the apparent large variability of the somatic
action potential threshold originates from variations in differ-
ences between the somatic and axonal membrane potentials lead-
ing up to spike generation (supplemental Fig. 8, available at
www.jneurosci.org as supplemental material) (see below).

Together, these results indicate that at the point of spike ini-
tiation, the axon initial segment, action potentials develop
smoothly and with relatively low variance in membrane potential
threshold. As these spikes propagate to either the soma or down
the axon, they become (1) more kinky or rapid in their rate of rise
at initiation, (2) exhibit a biphasic process in their rising phase,
and (3) exhibit greater variability in their apparent spike thresh-
old when spikes are initiated by a noisy process.

Hodgkin–Huxley models predict increased spike threshold
variance with spike propagation
The injection of noisy currents or conductances into the soma of
cortical neurons results in a higher degree of spike threshold
variance than found in the simultaneously recorded axon, at or

near the spike initiation zone (Fig. 4). Here, we sought to inves-
tigate the mechanisms of this increased somatic spike threshold
variability with simple models of spike propagation.

First, we modeled a uniform axon in which action potentials
were initiated at point X0 (the beginning of the axon), followed by
propagation to the end, denoted as point Xend (Fig. 5). As before,
the spikes at the point of initiation exhibited a smooth rise at
spike initiation, whereas spikes further down the uniform axon
exhibited a stronger and stronger kink (Fig. 5a– c). Interestingly,
the membrane potential variability at spike initiation was greater
at a midway point (X1) compared with the point of spike initia-
tion (X0) or further down the axon (Xend) (Fig. 5a– g). This is
true, although the level of subthreshold variance decreased
strongly along the model axon with increases in distance from the
noise injection site (Fig. 5d–f, h). Plotting the SD of spike thresh-
old versus distance down the model axon illustrates an increase
up to �300 �m, followed by an exponential decrease with further
increases in distance (Fig. 5g; supplemental Fig. 9, available at
www.jneurosci.org as supplemental material).

We examined this behavior of propagating action potentials
in more detail by comparing the membrane potential deviations
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a– c, Action potentials are illustrated as they appear at X0 (a; blue traces), 400 �m down the axon at X1 (b; red traces), and at the
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X1 (compared with point X0) and a decrease at point Xend back to levels similar to those seen at point X0. g, Plot of the SD of spike
threshold as a function of distance down the axon, demonstrating that spike threshold appears to become more variable up to
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along the axon. Each point represents an increment of 50 �m along the axon.
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at the point of spike initiation to those at the point along the axon
in which the spike threshold variance was greatest during noisy
current injection (Fig. 5h) and by examining the frequency de-
pendence of phase shifts in the membrane response of model
axons to sinusoidal current injections (Fig. 6). As expected from
the filtering properties of a cable, higher frequencies are filtered
greater than lower frequencies (Shu et al., 2006) and there are
significant frequency-dependent phase shifts in the fluctuating
membrane potential as it propagates down the axon (Fig. 6). The
interaction of these frequency-dependent phase shifts, amplitude
filtering, and action potential propagation speed results in a re-
mixing of the membrane potential deviations that occur just be-
fore local spike generation at each point along the axon (Fig. 6).
Thus, comparing the membrane potential just before spike gen-
eration at a midpoint (X1) in the axon to the site of spike initia-
tion (X0) during noisy current injection reveals that the degree of
depolarization at point X1 varies greatly from spike to spike, caus-
ing an apparent high degree of membrane potential variability of
apparent spike threshold (Fig. 5). In other words, some spikes are
initiated at point X0 when point X1 is depolarized (taking into
account action potential propagation delay), thus causing the
spike to appear to have a high threshold. Other spikes are initiated
at point X0 when X1 is less depolarized (or, theoretically, even

hyperpolarized; again taking into account
propagation delays), giving the impression
at point X1 that the spike has a low
threshold.

Because the subthreshold variance is
filtered as it propagates down the axon, it
eventually becomes a marginal influence
on local spike threshold variations (Fig.
5g). Thus, the apparent variability initially
rises with distance from the spike initia-
tion site (resulting from filtering and phase
shifting of the subthreshold variations)
(Fig. 6), but then apparent spike threshold
variability decreases with further increases
in distance, as the local membrane poten-
tial variations become smaller and smaller.
We hypothesized that this spike threshold
variance is related to differences in mem-
brane potential at the site of spike initia-
tion and at the more distal site down the
axon. To examine this hypothesis more
thoroughly, we plotted the variation in
spike threshold at point X1 against the
variation of the difference in membrane
potential (X1 � X0) just before spike gen-
eration at point X1 versus point X0 (de-
noted as prespike Vm difference) (Fig. 5i;
supplemental Fig. 9, available at www.
jneurosci.org as supplemental material).
There is a high correlation between these
two variables (r � 0.99; p � 0.01), indicat-
ing that a high degree of variability be-
tween membrane potentials just before
spike initiation at X1 and X0 is associated
with a high degree of spike threshold vari-
ance at point X1. By varying the axial resis-
tance (R2) and specific membrane capaci-
tance (Cm) we found that increases in
threshold variance with propagation was
dependent on the filtering properties (and

action potential propagation speed) exhibited by the axon. For
example, in conditions in which axial resistance was minimal (R2

� 1), resulting in high action potential conduction velocity, the
variation in spike threshold was also minimal (Fig. 5i). Similarly,
when axial resistance was raised along with specific membrane
capacitance, thereby slowing action potential conduction veloc-
ity as well as altering the filtering properties of the axon, the
variation in apparent spike threshold was increased as well as the
variation in differences of membrane potential before spike gen-
eration at the point of spike initiation (X0) and the midpoint of
the axon (X1) (Fig. 5i). These results indicate that when spikes
propagate away from a noise source, spike threshold variance is
expected to rise to a peak value and then fall with further increases
in distance. Importantly, propagation of action potentials toward
a noise source (as occurs in real neurons undergoing injection of
a noisy conductance in the soma) results in a progressive increase
in spike threshold variance with propagation (supplemental Fig.
10, available at www.jneurosci.org as supplemental material).

Next we compared results across three simple models: (1) a
uniform axon; (2) a uniform axon attached to a cylindrical soma;
and (3) a uniform axon attached to a cylindrical soma and den-
drite (Fig. 7). In all of these models, conductance noise was in-
jected into the soma (the “soma” end in the case of the uniform
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in phase relationship between the spikes and injected sine wave. The phase relationship at the point of origin (the beginning of the
axon) was taken as zero. In this plot, the radius is the distance along the axon. d, Phase shift of subthreshold membrane potential
changes with distance is frequency dependent. These results indicate that as a complex waveform and action potentials propagate
along a process, the timing relationship between the action potentials and the various frequency components of the waveform
will be considerably rearranged (because of frequency-dependent phase shifts), resulting in the appearance of an increase in spike
threshold variance.
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axon) and spikes initiated at the far end of the axonal segment,
resulting in backpropagation of the spike into the soma (and
dendrite in Fig. 7c). As in Figure 3a, we initially distributed gNa

and gK such that there was a uniform density throughout the
cylindrical soma and axon (gNa � 8000 pS/�m 2; gK � 1600 pS/
�m 2). With the addition of a soma or soma and dendrite, we
reduced the density of gNa � and gK � in each of these (soma: gNa,
800 pS/�m 2; gK, 320 pS/�m 2; dendrite: gNa, 20 pS/�m 2; gK, 10
pS/�m 2) (see Materials and Methods). The addition of a soma
and especially a soma and dendrite increased spike latency (Fig.
7d), enhanced the biphasic nature of spike generation (Fig. 7a– c),
increased the rate of rise of the membrane potential at spike
threshold (Fig. 7e), and increased the variation of membrane
potential at spike threshold in the soma (Fig. 7f,g).

Morphologically realistic Hodgkin–Huxley models of
pyramidal cells exhibit rapid somatic spike onset and
variability
We next examined whether a more complete model of a cortical
pyramidal cell would yield action potentials with properties sim-
ilar to those of real pyramidal cells (Fig. 8; supplemental Fig. 13,
available at www.jneurosci.org as supplemental material). For
this purpose, we used a modified version of the model of a layer 5
pyramidal cell constructed by Mainen and Sejnowski (Mainen et
al., 1995; Mainen and Sejnowski, 1996). In this model, we at-
tached a cylindrical axon initial segment (1.2 �m diameter, 50
�m length) to the fully reconstructed soma– dendritic arbor of a

layer 5 pyramidal cell (Fig. 8). The axon initial segment was fol-
lowed by a 500-�m-long segment of myelinated axon. Immuno-
histochemical evidence suggests that the axon initial segment of
cortical pyramidal cells contains a high concentration of Na�

channels (Komada and Soriano, 2002; Inda et al., 2006; Kole et
al., 2008). Although the precise density of Na� channels in the
axon initial segment is not known, these immunohistochemical
studies suggest that it may be as high at the node of Ranvier,
where Na� channel densities are in the range of 20 –30 nS/�m 2

(Black et al., 1990; Waxman and Ritchie, 1993; Waxman, 1995).
Direct patch-clamp recordings from axon initial segments of cor-
tical pyramidal cells have suggested that the density of Na� chan-
nels is between 3 and 50 times that of the soma (Colbert and Pan,
2002; Kole et al., 2008).

We used an empirical approach to determine the proper level
of Na� and K� channel density to use in our model. We adjusted
each until action potentials met the following criteria: (1) they
initiated in the axon initial segment �35–50 �m from the soma;
(2) their peak dV/dt in the soma and axon initial segment was
similar to that recorded from real neurons; and (3) their ampli-
tude and duration was similar to that of real pyramidal cells (Fig.
1) (supplemental Fig. 1, available at www.jneurosci.org as sup-
plemental material). Using this approach, we found that a density
of gNa � of 750 pS/�m 2 in the soma and 8000 pS/�m 2 in the
model axon initial segment gave rise to action potentials similar
to those recorded in real layer 5 pyramidal cells (compare
Figs. 1, 8).
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Figure 7. Addition of somatic and dendritic compartments increases apparent spike threshold variability in the soma. a, Spikes at the two ends of a model axon. Noise is injected into the somatic
(red) region, and spikes are initiated at the opposite end (blue). b, Increasing the diameter of the somatic portion to 20 �m results in a significant delay in the invasion of the somatic compartment
by the backpropagating axonal action potentials. This delay is associated with a biphasic phase plot, an increase in kinkiness of action potential onset, and an increase in apparent spike onset
variability in the somatic region (red traces). c, Addition of a dendritic compartment causes the spikes in the soma to be further delayed, to have a more pronounced biphasic phase plot, and to exhibit
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together.
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Injection of a noisy conductance into the soma of this model
neuron resulted in the initiation of action potentials �35 �m
from the soma, followed by their backpropagation into the soma
(data not shown). At the point of spike initiation, spikes rose
smoothly from baseline (Fig. 8d), giving rise to a monophasic
dV/dt versus V phase plot (Fig. 8e). In contrast, spikes in the soma
had a kinky appearance (Fig. 8a), and exhibited a biphasic dV/dt
versus V phase plot (Fig. 8b). Comparison of the variation in
spike threshold revealed that it was higher in the soma than in the
axon initial segment (Fig. 8, compare c, f). Quantifying these
results revealed that they fell within the normal range of spike
threshold variance and rate of rise for normal neurons (Fig. 2e;
supplemental Fig. 14, available at www.jneurosci.org as supple-
mental material). We have examined a variety of models of cor-
tical neurons, including one that is based on only a 3� increase in
gNa � density in the axon initial segment and a change in voltage
sensitivity of Na� channels (supplemental Fig. 11, available at
www.jneurosci.org as supplemental material) (Hoffman et al.,
1997; Migliore et al., 1999; Poolos et al., 2002) and another based
on recent measurements of the properties of Na� currents in the
axon initial segments of layer 5 pyramidal cells (Kole et al., 2008)
(supplemental Fig. 12, available at www.jneurosci.org as supple-
mental material). All of these HH models exhibited action poten-
tials whose rate of rise at spike onset and apparent variability of
spike threshold were similar to those exhibited by real layer 5
pyramidal cells (supplemental Fig. 14, available at www.
jneurosci.org as supplemental material), as long as the action

potentials naturally initiated within the axon initial segment and
backpropagated into the soma.

Discussion
We demonstrate here that normal spike generation in cortical
pyramidal cells, which results from the initiation of the action
potential in the axon initial segment followed by backpropaga-
tion into the soma and dendrite (Stuart et al., 1997a; Palmer and
Stuart, 2006; Shu et al., 2007b), is characterized by two features: a
sharp rate of rise at onset and an apparent high level of somatic
spike threshold variance. Using simple models, as well as full
cortical neuronal models, we demonstrate that these properties
are as expected from HH models, if spike propagation is taken
into account.

Functional implications of apparent high somatic spike
threshold variability
Variability in somatic spike threshold has been suggested to be an
important factor in cortical processing, both limiting the reliabil-
ity of information transfer as well as contributing to “coinci-
dence” detection as a possible mechanism of neuronal function
(Azouz and Gray, 1999, 2000, 2003; Wilent and Contreras, 2005).
Two sources of spike threshold variability have been identified:
variations in spike threshold caused by changes in the rate of
membrane potential change (dV/dt) approaching the action po-
tential onset, and the history of action potential generation
(Azouz and Gray, 1999, 2000; Henze and Buzsaki, 2001; Shu et
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Figure 8. A full dendritic model of a layer 5 cortical pyramidal cell exhibits properties similar to those recorded in actual layer 5 cortical pyramidal cells. a, Action potentials in the soma exhibit a
kink and larger threshold variance (dashed horizontal lines). Inset illustrates Vm response to noise injection with spike threshold indicated by green horizontal dashes. b, Phase plot of dV/dt versus
V of an action potential as it occurs in the soma. Note the biphasic nature of the spike. c, Expansion of the dV/dt versus V phase plot for somatic spikes illustrating spike threshold variance (range
indicated by vertical dashed green lines). d, In contrast to the soma, action potentials at the site of spike generation show a smooth onset and low threshold variance. Inset is as in a. e, Phase plot
of dV/dt versus V for axonal spikes. f, Illustration of the lower variance in spike threshold in the axon initial segment (range indicated by vertical dashed green lines).
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al., 2003). However, these two variables are only able to explain
�40 – 60% of somatic spike threshold variability. Our results in-
dicate that a major factor contributing to somatic spike threshold
variability is that the spikes are initiated at a distance, in the axon
initial segment. We found that actual spike threshold variability
at the point of spike initiation is significantly lower than previ-
ously appreciated from somatic recordings. This result indicates
that variation in membrane potential between the axon initial
segment and soma is an important source for apparent variability
of somatic spike threshold, and that variation in actual spike
threshold is limited and likely to contribute less to cortical pro-
cessing than has been emphasized.

In addition, our results emphasize the importance of ionic
and synaptic currents along the axon initial segment as being
critical to determining spike timing and spike threshold variance.
The axon initial segment is a unique structure containing a high
density of transient and persistent Na� currents (Komada and
Soriano, 2002; Astman et al., 2006; Inda et al., 2006; Kole et al.,
2008), slowly inactivating K� currents (Kole et al., 2007; Shu et
al., 2007a), and modulatory neurotransmitter receptors (Azmitia
et al., 1996), and is selectively contacted by axoaxonic (chande-
lier) GABAergic interneurons (for review, see Howard et al.,
2005). The unique electrophysiological and synaptic features of
the AIS can result in significant variations in membrane poten-
tials between this structure and the soma/dendrites, resulting in
an apparent high level of spike threshold variance in the latter.
These results emphasize the key role of the currents, synapses,
and receptors in the AIS in the determination of the processing
properties of cortical neurons, and by extension, to the operating
principles of the cortex itself. One particularly interesting exam-
ple is our demonstration of significant “remixing” of subthresh-
old frequencies and action potential timing with propagation
through neuronal processes (Fig. 6). A well known property of
filters is that they not only change the amplitude of a signal, but
also its phase relationship, both in a frequency-dependent man-
ner. This distance-dependent variation in phase relationship,
which varies with frequency, will restrict spike-timing dependent
plasticity for neurons experiencing the complicated patterns of
synaptic barrage expected to occur in vivo, because the temporal
relationship between membrane potential, distal dendritic syn-
aptic inputs, and backpropagating action potentials may exhibit
significant variation throughout different parts of the neuron.
Phase variations can even result in action potentials occurring on
the hyperpolarizing trough of membrane potential deviations in
some regions of the model cortical neuron (Yu and McCormick,
unpublished observations).

Recently, the validity of the Hodgkin–Huxley model for spike
generation in cortical neurons was brought into question (Gut-
kin and Ermentrout, 2006; Naundorf et al., 2006). Single- and
two-compartment models of nonpropagating spike generation
in cortical neurons were unable to generate action potentials that
simultaneously had the property of rapid rise of Vm at spike ini-
tiation and a high threshold membrane potential variance
(Naundorf et al., 2006). Naundorf et al. (2006) suggested that
Na� channel gating cooperativity, in which Na� channels open
and close in unison, is responsible for these features of spike
initiation in cortical pyramidal cells. However, our results reveal
a more parsimonious explanation (McCormick et al., 2007). We
demonstrate here that the initiation of action potentials in the
axon initial segment, followed by the backpropagation of these
spikes into the soma and dendrite, results in both the appearance
of an unusually rapid rate of rise at the foot of the somatic spike,
as well as an unusually high level of spike threshold variance. Both

our simple and full HH models are able to replicate these prop-
erties and indeed are in reasonable agreement with results ob-
tained with simultaneous somatic and axonal whole-cell record-
ings from layer 5 pyramidal cells.

One important parameter of models of cortical spike genera-
tion is the density and properties of the Na� conductance in the
soma, dendrites, and axon. Immunocytochemical studies reveal a
high density of Na� channels in the axon initial segment of cor-
tical pyramidal cells (Komada and Soriano, 2002; Inda et al.,
2006; Kole et al., 2008) as well as other cell types (Wollner and
Catterall, 1986). Initial patch-clamp recordings from axon initial
segments of pyramidal neurons suggested a Na� channel density
that is only one to three times that of the soma (Colbert and Pan,
2002), although more recent studies have demonstrated that this
low density may be an artifact of a tight association of Na� chan-
nels with the intra-axonal cytoskeleton, which limits the ability to
draw Na� channels into the recording pipette during the patch
procedure (Kole et al., 2008). Kole et al. (2008) demonstrate with
Na� imaging, axonal patch-clamp recording before and after
disruption of the actin cytoskeleton, ion replacement, and mod-
eling that the density of Na� channels in the AIS of layer 5 pyra-
midal cells is �50� that of the soma and dendrites.

In our full neuron model, we adjusted the density of gNa in our
models such that the peak rate of rise of action potentials was
comparable with that obtained in our axonal “bleb” recordings or
in direct patch-clamp recordings of the axon initial segment
(Kole et al., 2007). Using this approach, we found it satisfactory to
use a density of Na� channels in the axon initial segment that was
�10-fold that of the soma. We found that the presence of a kink
and increased variability in somatic spike initiation was robust
over a wide range of axonal and somatic Na� channel densities
(ratio of axonal to somatic densities from 3 to 15,000�) and
across different models of spike initiation, including one based
on a low activation threshold for Na� channels in the axon initial
segment (supplemental Figs. 11, 12, 14, available at www.
jneurosci.org as supplemental material). Because the kink and
increased spike threshold variability arises from the recording of
action potentials distal to their site of generation, we found that
every model that initiates spikes at a distance exhibited these basic
properties. We conclude that the suggestion that Na� channels
act cooperatively to generate rapidly initiating action potentials
with high threshold variability (Naundorf et al., 2006) is unwar-
ranted and counter to the properties of real cortical pyramidal
cells.

Understanding the transformation of the ever-changing vari-
ations of membrane potential resulting from the complex synap-
tic barrages arriving in individual neurons into trains of action
potentials and variations in synaptic release (Shu et al., 2006) is
critical to understanding the basic operating principles of the
neocortex. Future investigations will need to consider carefully
the properties of the region of spike generation, the axon initial
segment, and how the timing and properties of these axon-
initiated action potentials interact with local and distal dendritic
compartments as they propagate throughout the cell.
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