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Summary

Neocortical pyramidal cells possess voltage-depend-
ent dendritic sodium channels that promote propaga-
tion of action potentials into the dendritic tree but para-
doxically may fail to originate dendritic spikes. A
biophysical model was constructed to reconcile these
observations with known anatomical and physiologi-
cal properties. When dendritic and somatic sodium
channel densities compatible with electrophysiologi-
cal measurements were combined with much higher
densities in the axon initial segment then, regardless
of the site of stimulation, spikes initiated at the initial
segment and subsequently invaded the dendrites. The
lower initial segment threshold arose from high cur-
rent density and electrical isolation from the soma.
Failure of dendritic channels to initiate spikes was due
to inactivation and source-load considerations, which
were more favorable for conduction of back-propa-
gated spikes.

Introduction

The dendrites of central neurons contain a variety of voit-
age-gated ion channels that may be critical to the pro-
cessing of electrical signals. In particular, the presence
of fast voltage-dependent Na* channels in neocortical py-
ramidal cell dendrites (Huguenard et al., 1989; Stuart and
Sakmann, 1994) suggests that these channels may not
only underlie long-distance axonal propagation but aiso
shape dendritic function. Iin the subthreshold regime, den-
dritic Na* channels can be activated by local excitatory
synaptic potentials (Magee and Johnston, 1995), indicat-
ing that active Na* currents may amplify distal synaptic
events. In the superthreshold regime, synaptic potentials
may not only serve to initiate Na* spikes at various loci,
but may themselves be affected by action potentials invad-
ing the dendrites (Jester et al., 1995). A full grasp of the
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interplay between synaptic and voltage-gated currents will
clearly require a detailed understanding of the nature of
spike initiation and propagation.

Two recent studies of neocortical pyramidal cells have
provided conflicting evidence concerning the impact of
dendritic Na* channels on the initiation of action potentials
in neocortical pyramidal neurons. Using voitage-clamp
techniques, Regehr et al. (1993) concluded that distal syn-
aptic activation can initiate dendritic spikes far from the
soma. By contrast, Stuart and Sakmann (1994), using si-
multaneous dendritic and somatic recordings, found little
evidence for dendritic spike initiation following either elec-
trical or synaptic stimulation of the dendrite. Nevertheless,
dendritic Na* conductances substantially boosted the in-
vasion of action potentials from the soma back into the
dendrites (Stuart and Sakmann, 1994).

To help resolve these issues, we constructed a com-
puter model of action potential generation using indepen-
dent constraints from anatomical, physiological, and mo-
lecular data on neocortical pyramidal cells. Our main goals
were to explain the paradoxical ability of dendritic Na*
channels to support propagation but not initiation of den-
dritic spikes, to examine the role of the axoninitial segment
in spike initiation, and to determine the conditions that
might lead to ectopic spike initiation.

Results

We examined many different combinations of Na* channel
kinetics and distributions, in an effort to reproduce the
findings of Stuart and Sakmann (1994), and arrived at a
model that could account for their main observation, active
back-propagation without local initiation of dendritic
spikes. The model combined detailed reconstructions of
dendritic (Figure 1A) (D. K. Smetters and S. Nelson, un-
published data) and axonal anatomy (Figure 1B) (Farifias
and DeFelipe, 1991) of neocortical pyramidal cells with
Na* channel kinetics measured in dissociated neocortical
neurons (Figure 2) (Huguenard et al., 1988; Hamill et al.,
1991). A high density of Na* channels in the axon initial
segment, compared with the soma and dendrites, was
suggested by a variety of data and proved to be critical
to the resuits.

Current injection at either the soma or at points along
the apical dendritic shaft evoked action potentials that orig-
inated near the soma and then invaded the dendritic site
(Figure 3A). The speed of the dendritically propagating
spike and the decrement of its amplitude with distance
from the soma (Figures 3B and 3C) (compare to figures
1d and 2d in Stuart and Sakmann, 1994) were used to
calibrate the somatic/dendritic Na* channel density in the
model. The value obtained in this manner (2-3 um~?) was
comparable to those estimated by outside-out dendritic
patch recordings (Stuart and Sakmann, 1994; for a discus-
sion of these density estimates, see Experimental Proce-
dures, this study). That this density of Na* channels greatly
enhanced the invasion of back-propagating spikes can
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Figure 1. Anatomy of Dendritic Arbor and Axon Hillock and Initial Segment
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(A) Dendritic morphology of a rat layer 5 pyramidal cell recorded, filled, and reconstructed by D. K. Smetters and S. Nelson (unpublished).

(B) Geometry of the initial segment used in the model, based on three-dimensional serial electron microscopy reconstructions from cat layer 5
pyramidal cells (Farinas and DeFelipe, 1991). We refer to the proximal 10 um of the initial segment, which tapers from 4 um in diameter to 1 um,
as the “hillock” and the distal 15 um as the “initial segment.” Scale bars are 100 um (A) and 5 pm (B).

be seen by comparing the peak dendritic depolarization
produced by a back-propagating action potential in models
with active and passive apical dendrites (Figure 4).

The ability of low densities of Na* channels to conduct
but not to initiate action potentials can be partly explained
by considering Na* channel inactivation (Figure 5). Be-
cause the density of Na* channels in the somatic and den-
dritic membrane was low relative to the passive electrical
load, threshold voltage in these regions was high. Because
Na* channel inactivation began at voltages below this
threshold with a speed comparabie to the membrane time
constant, substantial Na* inactivation occurred while the
dendrite was being charged, greatly reducing the number
of available Na* channels. in contrast, a spike invading
the dendrite from the soma depolarized the membrane
more rapidly, thus mitigating the effects of inactivation.
This behavior is illustrated by plotting the time course of
Na* channel inactivation (the Hodgkin—-Huxley “h” parame-

ter) at the dendrite and soma during dendritic versus so-
matic stimulation (Figure 5).

Inactivation does not completely account for these ob-
servations, in that large and brief dendritic current pulses
(1-20 nA, 0.5 ms) also failed to initiate dendritic action
potentials (data not shown). Although these stimuli can
easily produce dendritic voltage transients larger than
those produced by a back-propagating action potential,
they do not mimic well the electrical effects of the action
potential. A spike initiated in the axon charges the soma
and proximal dendrites before reaching more distal sites
in the apical dendrite, while a dendritic current pulse first
charges the local dendritic membrane. When comparable
dendritic voltages are reached in the former case, a large
portion of the cell's membrane has been depolarized, while
in the latter, only the local dendritic region has been. Low
densities of dendritic Na* channels are sufficient to boost
a spike traveling from a depolarized region, but not to
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Figure 2. in, Kinetics

(A) Simulation of Na* currents from a series of voltage clamp steps
(Vooa = 90 mV, Vyam, = —60 to 0 mV). The current amplitude scale
is arbitrary. For the Na* channel density used in the standard modet
in the dendrites and soma (30 pS/um?), the peak current observed
was ~ 1 pA/jum?.

(B) Steady state (n¥.) and time constant (t.) of Na‘ channel activation
are plotted as a function of membrane voltage (see equations 2 and
3 in text). The voltage dependence of peak Na* conductance (thick
line), derived from the simulation above, is also shown

(C) The voltage dependence of steady-state Na” inactivation (h.) and
inactivation time constant (t»).

produce equally strong regenerative currents from a rest-
ing state.

Contribution of the Axon Initial Segment

The actual site of action potential initiation, as determined
by simultaneous somatic and axonal recordings (Stuart
and Sakmann, 1994), is in the axon, some distance
from the soma. Consistent with this observation, in the
model the site of initiation was ~25 um from the soma,
toward the end of the initial segment near the first myelin-
ated internodal segment (Figure 6). Depending on the

electrical space constant of the axon, about which there
is some amount of uncertainty, this locus moved further
out in the axon or closer to the soma. This is consistent
with previous suggestions that the site of initiation in spinal
motoneurons may sometimes be at the first node rather
than the initial segment (Coombs et al., 1957; Gogan et
al., 1983). There was relatively little dependence of the
site of initiation on the location of stimutation, consistent
with the simitarity of behavior with somatic and dendritic
current injection.

The axon hillock and initial segment contributed signifi-
cantly to the size and shape of the action potential seen
at the soma. The somatic membrane of the model con-
tained a low density of Na* channels, equal to the density
in the dendritic membrane (see Huguenard et al., 1988;
Stuart and Sakmann, 1994). The current underlying an
action potential in the soma was actually supplied largely
by Na* channels in the initial segment, particularly the
proximal portion (the hitlock), which was closest electro-
tonically to the soma. This could be demonstrated by simu-
lations in which the hillock Na* channel density was set
to 0. In addition, the sharpness of the voltage inflection
at the beginning of the action potential was a consequence
of initiation in the initial segment. Simulations in which the
axon was truncated after the hillock produced slowly rising
action potentials that originated in the hillock. Simulations
in which Na* channels in the basal dendrites were re-
moved showed that these channels also contributed to
the somatic action potential amplitude, although their
contribution was small compared with that of the initial
segment.

Because of the lower threshold for spike initiation, it has
been suggested that initial segment Na* channel kinetics
may have a voltage-dependence that is more negative
than those of the soma (Coombs et al., 1957; Dodge and
Cooley, 1973). We therefore examined the effect of shift-
ing the voltage dependence of dendritic and somatic Na*
channel kinetics +5 to +15 mV. We found that such shifts
increased the amplitude of dendritic action potentials but
were not sufficient in themselves to account for the data
in Figure 3 without a large difference between dendritic
and axonal channe! density.

The low threshold of the initial segment can be under-
stood by comparing the passive (capacitive) load to the
maghnitude of the source current (Na* conductance; Moore
etal., 1983). The larger the ratio of source to load, the more
quickly the source may charge and thereby depolarize the
local membrane. The high density of Na* channels in the
initial segment provided a very large source current, while
its small diameter gave minimal local capacitive load and
strong electrical isolation from the load of the soma. By
systematically varying the initial segment properties, it
was possible to assay which electrical and anatomical fea-
tures were most important in its contribution to reduced
threshold (Figure 6C). Threshold depended mainly on the
axial resistivity (R..), length, diameter, and Na* channel
density of the initial segment. The relationships between
these parameters and threshold level were similar to those
expected on the basis of the steady-state electrotonic at-
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Figure 3. Site of Action Potential Initiation
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(A) Voltage traces from the soma and apical dendrite. The dendritic site was on the main apical trunk 416 um from the soma. The same site was
also used in all subsequent figures involving dendritic recording unless otherwise noted. Action potentials were evoked by current steps to either
the soma (left, 170 pA) or dendrite (right, 210 pA). The insets in this and following figures show a schematic diagram of the simulated recording

and stimulation sites.

(B) Plot of the latency difference between peak somatic and peak dendritic potential at different distances from the soma. Action potentials were
elicited by somatic (solid line, 170 pA) or dendritic (dashed line, 100 pA) current injection. Latencies were measured using time to peak amplitude.
(C) Action potential amplitude plotted as function of distance from the soma under the same conditions as (B) following somatic injection. Amplitudes
were measured from threshold to peak. Threshold level was determined using the second derivative of membrane potential.

tenuation between the soma and the distal end of the initial
segment. In contrast, threshold level was insensitive to the
specific membrane capacitance (Cr) and the membrane
resistivity (Rn) of the initial segment within an order of
magnitude range around the standard parameter values.
This observation indicates that the load of the soma and
basilar dendritic tree on the initial segment is much larger
than the local load of the initial segment itself.
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Figure 4. Dendritic Back-Propagation

The electrical isolation of the initial segment from the
soma may have significant physiological and experimental
consequences. Uncontrolled action potentials were initi-
ated readily in the initial segment by simulated somatic
voltage clamp steps to superthreshold potentials (Figure
7A). These action potentials always propagated down the
axon. Although the amount of voltage escape of the so-
matic membrane potential from the command potential
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(A} A current step (170 pA) was injected into the soma of the standard model. For each dendritic segment of the model, the peak voltage is plotted.
The scatter of poinis reflects the different amounts of attenuation at locations in different dendritic branches.
(B) The same protocol is applied when Na* channels are removed from the apical dendrite (but not the basal dendrites or soma).
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Figure 5. Effect of Na* Channel Inactivation on Action Potential Initia-
tion

A current step was applied to either the soma ([B], 170 pA) or dendrite
([A], 210 pA). Membrane potential and Na* inactivation at the same
dendritic site are shown for these two stimulus locations. The inactiva-
tion trace corresponds to the Hodgkin—Huxley “h” parameter, which
has a range from 0 to 1 (0 indicates all channels are inactivated). The
fraction of available Na* channels at the time the spike is triggered is
much greater when the action potential is evoked by somatic compared
with dendritic current injection.

depended on the series resistance of the clamp, initiation
in the initiat segment occurred even during “ideal” somatic
clamp (series resistance approaching 0). Uncontrolled ac-
tion potential initiation in the initial segment could also be
seen when the soma was clamped during dendritic current
injection (see bel.ow).

Dendritic Back-Propagation
For an action potential initiated in the axon, the junction
between axon and soma in the pyramidal neuron presents
an enormous increase in electrical load and drop in Na*
current source. The ratio of soma area to initial segment
area (~ 1500:125 um?) and the ratio of soma diameter to
initial segment diameter (~ 15:1 pm) exceed an order or
magnitude. When the basal dendrites are taken into ac-
count, the load increase is even larger. Nevertheless, ac-
tion potentials have been reported to invade readily the
somata of pyramidal neurons from the axon even when
the soma is not otherwise depolarized (e.g., Cowan and
Wilson, 1994).

in the model, action potentials initiated at a distant axo-
nal location successfully invaded the soma when the cell
was at rest (Figure 8A). The localization of Na* channels
in the initial segment was crucial to this behavior. When
the same total channel count (product of channel density

and membrane area) was redistributed uniformly through
the soma, hillock, and initial segment, antidromic invasion
of the soma did not occur (Figure 8B). The geometry of the
initial segment was also important to antidromic invasion.
When the normal taper of the axon hillock was replaced by
a uniform cylinder abutting the soma, the action potential
amplitude in the soma decreased substantially (Figure
8C). This manipulation caused a similar reduction in action
potential amplitude when spikes were evoked by dendritic
or somatic current injection. Thus, “orthodromic” action
potentials were really “antidromic” in some sense, being
triggered in the initial segment and subsequently invading
the soma and then dendrites. The amplitude of the action
potential a few hundred micrometers from the soma into
the apical dendrite was not significantly reduced even
when the somatic spike amplitude was greatly attenuated,
indicating an “all-or-none” aspect to the dendritic invasion
of the action potential.

Scenarios for Dendritic Spike Initiation

In contrast to Stuart and Sakmann (1994), Regehr et al.
(1993) described synaptically triggered action potentials
in the dendrites of cortical pyramidal neurons. Their exper-
iments were performed by voltage clamping the soma; the
presence of dendritically initiated action potentials was
inferred by the ability of synaptic stimulation to elicit un-
clamped active currents, presumably occurring in distal,
unclamped dendritic regions. We approximated these ex-
perimental conditions by injecting current into the apical
dendrite while simulating a somatic voltage clamp. In this
situation, an action potential could indeed be initiated in
the very distal part of the apical dendrite. However, the
action potential failed to propagate down the apical den-
drite, and the corresponding voltage clamp current re-
corded at the soma was minimal, indicating a mismatch
between model and experiment.

The study of Regehr et al., 1993, was performed using
older animals than that of Stuart and Sakmann, 1994 (14—
27 days compared with 14 days), and during the second
and third weeks of maturation, significantincreases in Na*
channel density are known to occur (Huguenard et al.,
1988; Hamill et al., 1991; Cummins et al., 1994). We rea-
soned that increased dendritic Na* channel density could
be partly responsible for the discrepancy between the two
studies; we therefore examined the impact of such an in-
crease by performing simulations with increased somatic
and dendritic Na* channel density. With a 3-fold increase
in somatic and dendritic channel density (to 90 pS/um?),
the results of simulations were in much closer accord with
the data of Regehr et al., 1993 (Figure 9A, this study).
Dendritic current steps evoked either small or large regen-
erative currents. The small currents corresponded to den-
dritically initiated action potentials, while the large currents
corresponded to axonally initiated action potentials. As
reported by Regehr et al. (1993), the series resistance of
the clamp was critical to whether or not an axonally initi-
ated spike occurred. With better voltage control, the
somatic clamp prevented the initial segment from depolar-
izing sufficiently to reach threshold. Developmental in-
creases in other channels may be expected to accompany
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Figure 6. Role of Initial Segment in Action Potential Initiation

(A) Plot of membrane potential as a function of time (right) and space (left). Action potentials were initiated by current injection into the dendrite.
The traces on the left plot membrane potential across the axon at a series of time points to show the site of initiation. The traces on the right
show the membrane voltage time course at the soma and the distal end of the initial segment. The label “is/ah” indicates the initial segment and
axon hillock.

(B) Plot of the difference in action potential latency as a function of distance from the soma aldng the axon. Latency was determined using the
peak curvature of the voltage on the rising phase of the action potential. Simulations were run with a time step of 1 us.

(C) Effects of initial segment properties on action potential threshold. Current steps were injected into the soma, and the mode! parameters (length,
diameter, axial resistivity Rz, membrane resistivity R, and membrane capacitance Cn, as indicated) of the initial segment were varied to produce
the curves shown. The threshold level and the parameter values are shown normalized to the standard model (see Table 2). Similar results were
obtained using dendritic rather than somatic current injection. Threshold was measured as the somatic voltage at maximum somatic voltage
curvature and had a value of 11.6 mV in the standard model. The total number of Na* channels (the product of membrane area and channel
density) was conserved when length and diameter were varied.

increases in Na* channel density (Hamill et al., 1991). potential amplitude did not attenuate with distance from
Therefore, we performed the same voltage-clamp simula- the soma and was actually larger in dendritic than in so-
tions with a complementary 3-fold increase in somatic and matic regions.
dendritic K* channel density. Similar results to those in Because the density of Na* channels in fine caliber den-
Figure 9 were found. drites has not been measured directly, localized “hot
With the increased dendritic Na* channel density, den- spots” of Na* channels in these dendritic branches are
dritic current steps in the absence of voltage clamp readily an alternative mechanism for dendritic spike initiation
evoked action potentials of dendritic origin (Figure 9B; (Softky, 1995). Such hot spots would be likely sites for
compare to Figure 3A). Following dendritically originated initiation due to considerations of current source to electri-
spikes, the initial segment eventually reached threshold to cal load similar to those that make the initial segment a
produce a secondary spike that subsequently propagated likely initiation site. To explore the behavior of the model in
back into the dendrites. Thus, the dendritic recording such conditions, we simulated loci of high channel density
showed a characteristic biphasic waveform, with the first (ten times the normal dendritic density) in small diameter
component corresponding to the direct dendritically initi- dendritic branches and applied current steps to the apical
ated action potential and the second component corre- dendrite (Figure 10). Action potentials could be easily initi-
sponding to the back-propagated axonal action potential. ated at hot spots located in distal apical dendrites but not
Interestingly, the back-propagated action potentiai pro- readily at hot spots in more proximal oblique apical or
duced a greater peak depolarization in the dendrite than basal branches. Spikes initiated at distal hot spots were
the original dendritically initiated action potential. In gen- small but visible in the apical dendrite but barely visible

eral, with the higher density of dendritic channels, action at the soma.
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Figure 7. Voltage Clamp Fails to Prevent Action Potential Initiation in
Initial Segment

(A) Somatic voltage clamp steps of +10 to +15 mV from resting poten-
tial (from —70 mV) were simulated (upper). Despite low simulated series
resistance (1 MQ), the clamp showed large inward current responses
(lower) due to triggering of action potentials in the initial segment.
(B) The initial segment was not well space-clamped due to its electrical
isolation from the soma.

(C) The somatic membrane potential also showed voltage escape due
to the finite series resistance of the clamp.

Discussion

We have presented a model of action potential initiation
in neocortical pyramidal cells that is consistent with the
known physiological and anatomical properties of these
cells. In this model, the axon initial segment is the usual
trigger zone for spikes by virtue of its geometry and high
Na* channel density. The surprising ability of dendritic Na*
channels to substantially boost back-propagation of action
potentials while failing to support dendritic initiation (Stuart
and Sakmann, 1994) could be explained by the fast time

constant of Na* channel inactivation relative to the mem-
brane time constant and by the asymmetry of membrane
charging from dendrite versus soma.

The contradictory conclusions of Regehr et al. (1993),
that spikes may be dendritically initiated, could be recon-
ciled with the model by invoking a maturational increase
in dendritic Na* channel density (Huguenard et al., 1988;
Cummins et al., 1994) that might accompany the differ-
ence in the ages of rats used in the two studies. With
regard to the resolution of this issue, the model makes a
number of specific predictions: first, with dendritic spike
initiation, the form of dendritic spikes should be biphasic
(Figures 9 and 10); second, conditions that favor dendritic
spike initiation should lead to nondecremental amplitude
spikes in dendrites; third, when it becomes possible to
measure accurately the initial segment Na* channel den-
sity, it should be orders of magnitude larger than the so-
mato-dendritic density; finally, if it were possible to inacti-
vate the axon hillock and initial segment, a profound
change in spike initiation should be seen. The last experi-
ment may be extremely difficult due to the close apposition
of the hillock to the soma.

Most recent models of cortical and hippocampal pyrami-
dal cells and Purkinje cells have neglected the axon initial
segment, typically assigning high density of Na* channels
to the soma (Bernander et al., 1991; Lytton and Sejnowski,
1991; Traub et al., 1991; De Schutter and Bower, 1994;
Rhodes and Gray, 1994). In this study, we have found that
the axon hillock and initial segment are of critical impor-
tance for spike initiation.

A primary distinguishing feature of the initiai segment
of the neocortical pyramidal cell, shared with the nodes
of Ranvier, is the presence of an electron-dense under-
coating (Peters et al., 1968). It has long been speculated
that this undercoating is related to electrical conduction
(Peters et al., 1968, Palay et al., 1968), possibly relating
to an elevated density of Na* channels. The existence of
adiffusional barrier in the membrane between axon hillock
and soma (Srinivasan et al., 1988; Kobayashi et al., 1992)
could provide the molecular basis for the trapping of chan-
nels in the initial segment.

The initial segment was proposed some time ago as
the site for action potential initiation in spinal motoneurons
(Coombs et al., 1957; Frank and Fuortes, 1957). Yet the
demonstration of active currents in the dendrites of cortical
pyramidal neurons left the applicability of the classical
model to these cells uncertain. Our model expands upon
the pioneering models of Cooley and Dodge (1966; Dodge
and Cooley, 1973) and Moore et al. (1983) concerning the
locus of spike initiation in the spinal motoneuron. Dodge
and Cooley (1973) used a high Na* channel density in the
initial segment and changed the Na* (and K*) kinetics to
reduce threshold there. A shift in the voltage dependence
of channel kinetics could theoretically be caused by polar-
ization differences between somatic and neuritic mem-
brane (Bedlack et al., 1994) or by differences in Na* chan-
nel subtype expression (Westenbroek et al., 1989) or
phosphorylation state (Li et al., 1992; Murphy et al., 1993).
Experiments by Moore and Westerfield (1983) argued
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Figure 8. Antidromic Invasion

A current step (0.5 nA, 0.5 ms) was applied to
the tip of the axon (>500 um from soma) to
evoke an antidromic action potential. Traces
on the left show voltage time courses at the
first node of Ranvier (n), the distal end of the
initial segment (i), or the soma (s). Curves on
the right show voltage as a function of distance
from the soma at time steps of 0.1 ms. (A) In
the standard model, full invasion of the soma
occurs. (B) Na* channels are . 2distributed
evenly through the soma and initial segment
rather than being concentrated in the initial
segment. Somatic invasion fails. (C) The taper
of the hillock is eliminated and its Na* density
increased to compensate. Note that somatic
spike amplitude is decreased, but dendritic in-
vasion is not compromised (compare JA] and
[C] at arrows).

0.5 msec A
stim tec n is

against such axonal specialization. Accordingly, Moore et
al. (1983) used identical kinetics and channel densities to
the soma and initial segment and found that the initial
segment could be the site of initiation, owing solely to the
large ratio of the Na* conductance to the passive electrical
load there.

A recent model of the hippocampal CA3 pyramidal cell
by Traub et al. (1994) incorporated an initial segment with
high Na* channel density and Na* channet kinetics distinct
from those in the soma and dendrites. In the CA3 model,
as in the present study, dendritic stimuli produced spikes
that originated at the initial segment and antidromically

invaded the dendritic tree. However, in contrast to our
results, axonal initiation in the CA3 model was demon-
strated only with channel distributions that restricted Na*
conductances to the promixal dendrites and only when
the size of stimuli was limited (Traub et al., 1994).

In the present model, the initial segment was critical
in spike initiation. Because of the very high Na* channel
density (compared with the soma or dendrites), the initial
segment actually supplied a significant fraction of the de-
polarizing current observed at the soma during an action
potential. Without the contribution of current from the initial
segment, the amplitude of action potentials generated in
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Figure 9. Voitage Clamp during Dendritic Current Injection

With higher dendritic Na* channel density (90 pS/um?), an action poten-
tial was initiated in the apical dendrite by current injection (300 pA).
(A) A somatic voltage clamp showed a small regenerative current
caused by the dendritic spike or a much larger regenerative current
caused by a subsequent initial segment spike depending on the series
resistance of the ¢clamp (top: voltage-clamp current; middle: dendritic
voltage at injection site; bottom: voitage at initial segment; solid lines,
5 MQ; dashed lines, 10 MQ). Note strong voltage escape at both den-
dritic and initial segment sites.

(B) The same dendritic Na* channel density and stimulus under cur-
rent-clamp recording elicited an action potential in the apical dendrite
that preceded that in the axon.

10 msec

rec (h)
« stim/rec (d)

soma (s) 25 mV

dendrite(d)

Figure 10. Dendritic Spike Initiation by Na* Channel “Hot Spots”

A hot spot of high Na* channel density (300 pS/um?) was placed on
a fine branch in the distal apical tuft (0.8 um diameter, 34 um length;
719 um from the soma). Current injection into the main apical trunk
(210 pA) initiated an action potential at the hot spot. Note that the
spike failed to propagate into the apical trunk and several milliseconds
later a spike was initiated in the initial segment.

the soma was quite small. This result may be comparable
to recordings of dissociated pyramidal cells in acute cul-
tures (Hamill etal., 1991), which often showed small action
potentials and lack of sustained firing. In these studies, a
correlation between spike amplitude and the presence of
an apparent axon was noted (J. R. H., unpublished data).

The electrical isolation and high Na* current density of
the initial segment from the soma made voltage control
of spike initiation very difficult. Once the initial segment
became depolarized sufficiently to activate its Na* chan-
nels, somatic voltage clamp was completely ineffective in
preventing spike initiation. Because spike initiation does
not occur in the soma (as tends to be casually assumed)
a somatic voitage clamp suffers a severe space-clamp
problem in controlling large regenerative Na* currents
even under optimal voitage-clamp conditions (Regehr et
al., 1993). Thus, the properties of the spike generation
zone make interpretation of the locus of origin of un-
clamped regenerative events difficult (e.g., see Regehr et
al., 1992). It is also important to point out that when the
soma has been voltage clamped at potentials sufficiently
depolarized to inacfivate Na* channels in the initial seg-
ment, unclamped action potentials continue to be gener-
ated from more distal nodes in the axon where passive
electrical attenuation brings the membrane potential just
to a threshold level. The apparent cessation of somatic
action potentials when a neuron is clamped to positive
potentials—as for example during a pairing procedure
used to induce long-term potentiation (e.g. Malinow and
Tsien, 1990; Schuman and Madison, 1994) —does not in-
dicate that the cell has stopped firing.

The geometry of the axon hillock and initial segment
and the high axonal Na* channel density enhanced the
security with which action potentials from the axon suc-
cessfully invaded the soma and dendritic compartments.
The properties of the myelinated axon beyond the initial
segment may also be important to antidromic invasion,
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as suggested by Moore et al. (1983). The security of anti-
dromic invasion may be functionally significant if action
potentials are naturally generated axonally. Although we
do not know of any direct evidence for this phenomenon,
distal spike initiation followed by retrograde invasion is
one possible interpretation of several studies reporting un-
explained retrograde synaptic effects (Vincent and Marty,
1993; Pitler and Alger, 1994; Schuman and Madison,
1994).

Finally, the nature of the spike initiation zone may influ-
ence the reliability of spike initiation. Because of the sto-
chastic nature of single channel behavior and finite chan-
nel numbers, action potential currents might theoretically
be affected by single channel conductance fluctuations
(Skaugen, 1980). Modeling studies predict that these ef-
fects would be greatest in situations involving few chan-
nels and small electrical compartments (Skaugen, 1980).
Although the initial segment is small and isolated electri-
cally from the soma, the very high total number of Na*
channels would be expected to effectively wash out single
channel stochasticity. This prediction is in accord with the
observed reliability of action potential generation in neo-
cortical neurons (Mainen and Sejnowski, 1995). It remains
possible that dendritic spike initiation, in regions with a
much lower channel density, would be subject to greater
stochastic effects.

Experimental Procedures

A multicompartmental single-neuron model was implemented using
the simulation program Neuron (Hines, 1993). The fully implicit back-
ward Euler integration method was used with a time step of 25 ps
(unless otherwise noted).

Dendritic Anatomy

The dendritic morphology was based on a layer 5 pyramidal neuron
from a postnatal day 19 rat (D. Smetters and S. Nelson, unpublished
data) filled with biocytin and digitally reconstructed using the Eutectics
tracing system (Figure 1A). A spatial discretization of <50 um per
compartment was observed for all dendritic segments except the main
apical trunk, which was discretized at <10 um per compartment.

The geometry of this cell was similar to measurements from other
rat layer 5 pyramidal cells. The soma area was 1,578 pm?, comparable
to a reported average area of 1,393 pm? (Mason and Larkman, 1990).
The apical trunk tapered from 4.5 to 1.4 um between 100 and 600 um
from the soma, again similar to reported measurements (Larkman and
Mason, 1990). This required a slight correction of the trunk diameter
of the original reconstruction to obtain a more uniform taper. The total
dendritic length was 13,654 um (6,704 um basal, 4,167 um apical
oblique, 2,226 um apical tuft, 557 um apical trunk). The median overall
dendritic diameter was ~0.75 um.

Dendritic spines were taken into account by increasing the effective
membrane area (Stratford et al., 1989); see Electrical Properties below
Single spine area was 0.83 um (Harris and Stevens, 1989). Densities
were assigned to different areas based on spine counts per linear
micrometer from rat layer 5 pyramids (Larkman, 1991). The total den-
dritic membrane area was 36,344 um? before and 54,080 um? after
incorporation of spines.

Axonal Anatomy

A myelinated axon was attached to the soma of the neuron. The geom-
etry of the initial segment (the unmyelinated segment of the axon clos-
est to the soma) and axon hillock— the transitional zone between the
soma and initial segment proper (Palay et al., 1968), here used to refer
to the proximal, tapering portion of the initial segment—have been
documented in serial electron microscopic reconstructions for cat corti-

cal pyramidal cells (Farifias and DeFelipe, 1991). The average length
of the initial segment from this study is ~20 um and the average
diameter ~ 1 um, tapering from the proximal to the distal end. Similar
diameters have been reported in rat neocortex (Westrum, 1970).
Based on these data, our standard model consisted of a 10 um hillock
tapering from 4 to 1 um foliowed by a 15 pm initial segment of 1 um
diameter (see Figure 1B). Both hillock and initial segment were divided
lengthwise into 10 segments for simulation. '

Myeslination begins immediately at the end of the initial segment
(Farifias and DeFelipe, 1991). Measurements of cerebral axon diame-
ters are in the range of 0.5-2 um (Haug, 1968). The initial segment (and
nodes of Ranvier) are generally narrower than myelinated internodal
segments of the axon (Palay et al., 1968). We assumed an internode
diameter of 1.5 um and node diameter of 1 um. Internode lengths
were 100 um, comparable to measurements of the terminal arbors of
cat cortical axons (Deschénes and Landry, 1980). Nodes themselves
were 1 um in length. Internodes were divided into 25 segments, and
nodes were a single segment.

Electrical Properties
Membrane capacitance (C, } is often assumed to be 1 uF/em? but is
probably lower, in the range 0.6-0.8 uF/cm? (Major et al., 1994). We
used a value of 0.75 uF/cm® A membrane resistance of 40 kQ-cm?
and axial resistance of 200 Q-cm are in line with recent modeling
studies based on patch recordings (Major et al., 1994; Spruston et al.,
1994). These values gave a membrane time constant of 30 ms and
an input resistance of 74.2 MQ. Simulations were run to examine the
sensitivity of the results to the specific electrical constants and were
found to be insignificant to the results described.

The electrical properties of the axon are more difficult to estimate.
In the absence of better evidence, we assumed identical parameters
to the dendritic membrane, with two exceptions. First, capacitance of
the myelinated segments is much lower than unmyelinated membrane
(Black et al., 1990). Second, the membrane resistance of the nodes
is believed to be substantially lower than other membrane (Black et
al., 1990), helping to repolarize the membrane following an action
potential in the absence of a delayed rectifier current. In line with other
axon models (Graham and Redman, 1994), we chose Rmn-nse = 50
Q-cm? and Crn-myein = 0.04 pF/cm?. The electrical properties are sum-
marized in Table 1.

Channel Kinetics

We assumed that the primary contribution to the initiation and propaga-
tion of single action potentials is made by the fast Na* channel. Al-
though there are also dendritic voltage-dependent Ca?* channels (Ami-
tai et al., 1993; Yuste et al.,, 1994), these were not included in the
model. As the model was not required to produce repetitive firing,
other K* channels that sculpt such behavior were omitted. We used
asingle noninactivating, voltage-dependent K* current to provide spike
repolarization. No other channels were included.

The kinetics of the Na* currents were based on data obtained from
acutely isolated rat neocortical neurons (Huguenard et al., 1988; Ham-
ill et al., 1991) and were very similar to those reported in rat brain Na*
channel expressed in oocytes (Stiihmer et al., 1987) and rat and human
neocortex (Cummins et al., 1994). We reanalyzed the original data of
Hamill et al. (1991)to obtain the kinetics used. As these measurements

Table 1. Parameters for the Equations describing the Na* and K*
Currents

Current Variable Function A Vie k
Ina m a 0.182 -35 9
B 0.124 -35 9
h a 0.024 -50 5
[ 0.0091 =75 5

@ - —65 6.2
Ik m ['1 0.02 20 9
B 0.002 20 9

Refer to equations 3 and 4 in the text.
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and the experiments of Stuart and Sakmann (1994) and Regehr et al.
(1993) were performed at room temperature, no adjustment of kinetics
for temperature was necessary. The voltage dependence of the kinet-
ics was uniformly shifted ~ 5 mV depolarized in order to obtain a higher
threshold.

The equations for the Na* current were based on those of Hodgkin
and Huxley (1952) and were similar but not identical to those used by
McCormick and Huguenard (1992). The Na* current was calculated
using the standard ohmic relation

Ine = §Na m*h (Vi = ENa)y (4]

where Iy, is the Na* current, V., is the membrane potential, Ey. is the
equilibrium potential for Na* (assumed to be +60 mV), and m and h
are the activation and inactivation state variabies, respectively. The
variable m ranges from 0 (not activated) to 1 (fully activated), and h
ranges from O (fully inactivated) to 1 (no inactivation). The maximal
conductance isthe product gna = Ynapna, Where yu, is the single channel
conductance and px, is the channel density. Iy, activation was de-
scribed by the usual first order kinetic reaction, open = closed, which
yields steady-state value m.. time constant 1., given by

m. = 1
* T a+P
,
T @

where o and 8, the forward (opening) and backward (closing) reaction
rates, respectively, are functions of the local membrane potential. Spe-
cifically,

A(Vm — Vip)
(Vo) = 1 — @~ Vm-Vipik
— AV = Vi)
B(Vm) = T oV ®

where the A is a rate constant, V., is the half-activation voltage, and k
determines the slope of the activation curve. In contrast, ly, inactivation
was best described with independent functions for time constant and
steady-state values. Thus, 1, was described analogously to t,, but m,,
was given directly by

1

e = oo |
= 1 + eVm-Vik

4
The parameters for equations 3 and 4 were derived from the data of
Hamill et al., 1981, and are given in Table 2 of this study. The steady-
state and time-constant voltage dependencies are shown in Figure 2.

The peak open probability (Pope) was 0.53 (during a step from —90 to
+50 mV). A peak current of ~ 1 pA/um? occurred during voltage clamp

.

Table 2. Membrane Parameters Used in the Standard Model

Parameter Symbol Region Value Units
Resting potential Vies: -70 mv
Axial resistivity Rax 200 Q-cm
Membrane capacitance  Cn soma/dend 0.75 uFlem?
node 0.75 uFlcm?
myelin 0.04 wFlem?
Membrane resistivity Rn soma/dend 40,000 Q-cm?
node 50 Q-cm?

myelin 40,000 Q-cm?

Na' conductance density Gna soma/dend 30 pS/um?
node 30,000 pS/um?
myelin 30 pS/um?

K' conductance density gk soma/ 100 pS/um?
basal
elsewhere 0 pS/um?

“Node” indicates the axon hillock, initial segment, and nodal mem-
branes.

steps from —90 to —10 mV. At rest (-70 mV), 31% of channels were
inactivated.

The equations we used to describe the Na* activation function were
similar in form to those used in most modeling studies. However, the
steepness of the activation curve was notably shallower in ours than
in many others (Bernander et al., 1991; Lytton and Sejnowski, 1991;
De Schutter and Bower, 1994; Rhodes and Gray, 1994; Traub et al.,
1994). The decreased slope in the present study is in accord with the
data we analyzed (Hamill et al., 1991), as well as other experimental
reports (Belluzzi and Sacchi, 1986; Stiihmer et al., 1987; Huguenard
et al., 1988; Sah et al., 1988; Cummins et al., 1994). Although the
steeper slope apparently is adequate for most purposes, a shallower
slope had significant effects in the more detailed model examined
here, increasing the disparity between axonal and dendritic threshold
levels.

A noninactivating K* current was described by

Ik = g« M (Vo = Ex), (6)

where Ex was —90 mV. Activation kinetics were analogous to the
Na* activation variable (equations 2 and 3), with parameters given in
Table 1.

Channel Distributions

Comparisons between dendritic and somatic Na* channel densities
in neocortical pyramids have been made by whole-cell (Huguenard et
al., 1989) and patch recordings (Huguenard et al., 1989; Stuart and
Sakmann, 1994). Neither study found a difference between somatic
and dendritic densities. We therefore assumed a uniform density of
Na* channels throughout the soma and dendritic membrane. Somatic
and dendritic channel density in the model were adjusted in order to
match the amplitude and latency distributions reported by Stuart and
Sakmann (1994). We arrived at a maximal Na* conductance of 30 pS/
pm?. A 3-fold higher density (90 pS/um?) was used to reproduce results
of Regehr et al., 1993. These values are comparable to estimated
somatic/dendritic Na* conductance densities of 40-120 pS/um? (Hu-
guenard et al., 1989; Stuart and Sakmann, 1994).

Given the relatively low channel open probability during simulated
voltage-clamp steps, the effective Na* current density in the model
appears to be fower than experimental reports: model current density
of 1-83 pA/um?® compared with 4.6 pA/um? in cell-attached patches
(Stuart and Sakmann, 1994). At least three factors may contribute to
this quantitative discrepancy. First, Na* current densities in outside-out
patches may be larger than in intact cells because Na* concentrations
in the patch pipette (2 mM; Stuart and Sakmann, 1994) are significantly
lower than normal intracellular concentrations (10-30 mM; Erecinska
and Silver, 1989). Second, measurements of area of patches in which
Na' currents were measured were not available, and an area of 1.5
um? (Stuart and Sakmann, 1994) may underestimate the true patch
area. Third, Na* channels are down-regulated by protein kinase C,
cAMP-dependent protein kinase, and phosphoprotein phosphotases
(Li et al., 1992; Murphy et al., 1993). The absence of these enzymes
in the outside-out patch. configuration may therefore lead to an in-
crease in channel activity in patches compared with intact ceils.

Na* channel density in the initial segment and nodes of Ranvier
have been shown to be large compared with the internodal, somatic,
and dendritic membrane (Wollner and Catterall, 1986; Chiu and
Schwarz, 1987, Angelides et al., 1988; Black et al., 1990; Waxman
and Ritchie, 1993). We assumed an internodal density identical to the
somatic/dendritic density of 30 pS/um2. Conventional estimates for
nodal Na* channel density are around 1000-2000 channels/um? (re-
viewed in Waxman and Ritchie, 1993). Assuming a similarity between
initial segment and nodes of Ranvier, which have the same ultrastruc-
tural features (Palay et al., 1968; Peters et al., 1968), we used a value
of 30,000 pS/um? for the initial segment and nodal membrane, corre-
sponding to 1,500-2,000 channels/um? at 15-20 pS single channel
conductance (StGhmer et al., 1987; Alzheimer et al., 1993).

K* channel densities are less well known. We assumed a uniform
low density throughout the soma and basal dendrites: 100 pS/um?.
This was chosen to give weak but complete spike repolarization with
minimal activation below action potential threshold in order not to inter-
fere with initiation. No significant differences in the results were found
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when K* channels were restricted to the soma and/or initial segment
(data not shown). It was necessary to exciude fast K* channels from
the apical dendrites in order to reproduce the recordings of Stuart
and Sakmann (1994), which show extremely slow repolarization of
dendritic action potentials. However, appropriate dendritic repolariza-
tion and very similar overali results could aiso be obtained when low
densities of much more slowly activating (t > 25 ms) noninactivating
voltage-dependent K* channels were present in the apical dendrites
(data not shown). Because of the large leak conductance in the nodes
of the axon, no voitage-dependent K* current was necessary for action
potential repolarization in the axon (Kaars and Faber, 1981; Graham
and Redman, 1994). The channel densities used in the model are
summarized along with electrical constants in Table 1.
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