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1 Modeling

1.1 Kinetic gating models

8-state Nav channel gating model. A set of linear di�erential equa-
tions was defined for each kinetic gating model using the Q-matrix
approach of Colquhoun andHawkes (1977) and numerically solved
using custommade so ware written in C++with linear algebra rou-
tines from LAPACK (http://www.netlib.org/lapack/). To describe
the functional properties of Nav channel gating, we developed a
kinetic gating model with three closed states C1–3 , one open state O
and 4 closed-inactivated states I1–4 (8-state gating model), resulting
in the following gating scheme:
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¿e forward and backward transitions were modeled using rate
constants which were exponentially dependent on voltage (Bischof-
berger et al., 2002). Activation and deactivation transition rates
were calculated using

α i(V) = p i ,1e p i ,2V and (6)

β i(V) = p i ,3e −p i ,4V , (7)

where i is an index running from 1 to 3 for the three transition
steps, p i ,n are free parameters and V is voltage. Transition rates for
inactivation and recovery from inactivation were calculated using

αh(V) =
ph ,1

1 + ph ,2e ph ,3V
and (8)

βh(V) =
ph ,4

1 + ph ,5e −ph ,6V
, (9)

where ph ,n are free parameters and V is voltage. ¿is resulted in a
total number of 18 free parameters. Conductance changes were cal-
culated from the proportion of channels being in the open state O.
¿e analysis of simulated data was identical to that of experimental
data. Model data were filtered in the same way as experimental
data using a Gaussian filter kernel ( fc = 10 kHz for time constants;
fc = 1.5 kHz for peak activation and steady-state inactivation). ¿e
simulated activation, deactivation and inactivation time courses
were fitted with exponential functions as described above. ¿e
values for activation τa, delay δ, deactivation τd, inactivation τi,
peak activation and steady-state inactivation were compared with
experimental data by calculating the sum of the squares of the

di�erences. ¿is sum was minimized by first using a genetic algo-
rithm to explore the parameter space (NSGA-II; Deb, 2001), and
subsequently Brent’s principal axis algorithm (Brent, 2002). Weight
factors were set to the inverse of the maximum value of each data
set. In addition, the following weight factors w were applied:

Value w
Peak activation (−60mV) 24.0
Peak activation (−50 to −10mV) 8.0
τa , τd (−50mV) 1.5
Steady-state inactivation 50.0
τi (≥ −20mV) 2.0

¿e best-fit parameters are shown in supplemental Table 2.
Hodgkin-Huxley (HH) type Nav channel gating model. For com-

parison, an HH type Nav channel gating model was fitted to the
data (Hodgkin and Huxley, 1952). Na+conductance was described
as

gNa = m3 h ḡNa , (10)

wherem and h represent activation and inactivation state variables,
respectively. Transitions between permissive and non-permissive
forms of m and h were governed by the first-order reactions

1 −m
αmÐ⇀↽Ð
βm

m and (11)

1 − h
αhÐ⇀↽Ð
βh

h . (12)

Activation and deactivation transition rates were calculated using

αm(V) = −p1
V − p2

e
−(V−p2)

p3 − 1
and (13)

βm(V) = p4e
V
p5 . (14)

Transition rates for inactivation and recovery from inactivation
were calculated using

αh(V) = p6e
V
p7 and (15)

βh(V) =
p8

e
−(V+p9)

p10 + 1
, (16)

where pn are free parameters and V is voltage. ¿is resulted in a
total number of 10 free parameters (Engel and Jonas, 2005). ¿e
best-fit parameters (supplemental Table 3) were found as detailed
for the 8-state gating model.
M&S-type gating model. Another HH-type Nav channel gat-

ing model was used to compare our results to data from myeli-
nated axons. ¿is gating model was originally fitted to Na+current
recordings from dissociated layer V pyramidal cells (Mainen et
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al., 1995) and has been adapted to reproduce Na+current record-
ings from somata and axons of layer V pyramidal cells (Kole et
al., 2008). ¿e model source code was retrieved from ModelDB
(http://modeldb.yale.edu, accession number: 114394).
E&J-type gating model. To compare Nav channel gating in the

proximal axon and in mossy fiber boutons (MFBs), we used a third
HH-type Nav channel gating model that has previously been fitted
to Na+current recordings from MFBs (Engel and Jonas, 2005). Ac-
tivation time constants in Fig. 6A were analyzed in the same way as
our experimental and modeling data (eqn. 1). ¿is explains small
di�erences between our figure and the values given in the original
publication.

1.2 Compartmental cable models

Current clamp simulations were performed using Neuron 6 or
7 (Carnevale and Hines, 2006) running under GNU/Linux. In
Fig. 5–7, a detailed compartmental cable model of a granule cell
with morphological properties representative of a typical gran-
ule cell (Schmidt-Hieber et al., 2007) was used as a passive skele-
ton into which we inserted kinetic gating models of Na+and
K+conductances. A representative axon with a length of 1mm
and a terminal diameter of 0.3 µm was connected to the soma. ¿e
diameter decreased linearly from 2.3 to 1.2 µm over the course of
the first 8 µm and from 1.2 µm to 0.3 µm over the course of further
20 µm. ¿e passive membrane properties were assumed to be uni-
form, with a specific membrane capacitance of 1 µF cm−2 , a specific
membrane resistance of 40 kΩ cm2 and a specific intracellular re-
sistivity of 200Ω cm in the soma and dendrites (Schmidt-Hieber
et al., 2007) and 120Ω cm in the distal axon (Alle and Geiger, 2006;
Scott et al., 2008). ¿e reversal potential of the leak conductance
was set to −82mV, resulting in a resting membrane potential of
−80mV.¿e integration time step was set to 5 µs. Segment length
was adjusted according to the “dλ rule” (Carnevale andHines, 2006)
as follows. ¿e alternating current (AC) length constant λAC at
1 kHz was calculated for each section, and the number of segments
per section (nseg) was increased until the length of each segment
was below 10% of λAC .
Nav channels. Nav channels were implemented as the 8-state

gating model obtained by fitting our experimental data (Fig. 4),
except where indicated otherwise. ¿e Na+equilibrium potential
ENa was set to 75mV in current-clamp simulations.
ḡNa in the axon (Fig. 5A; supplemental Table 4) was described

by

ḡNa(d) = ḡNa,s + (ḡNa,a − ḡNa,s) a(d) with (17)

a(d) = (1 − e
−d
λ1 )(1 + a0 e

−d
λ2 ) , (18)

where a(d) is a biexponential function describing an increase of
ḡNa(d) from the soma to a peak in the proximal axonwith λ1 = 5 µm
and a decay of ḡNa(d) from this peak towards the distal axon with
λ2 = 10 µm, and d is the distance from the axonal border of the
soma. ¿e decay length constant λ2 was chosen so that it matched
the experimentally determined value of 10 µm (Fig. 1E and Kress et
al., 2008). ḡNa,s (the somatic density) was set to the experimentally
determined value of 188 pS µm−2 (Fig. 1D). ḡNa,a (the density in the
distal axon) was set to 390 pS µm−2 so that it matched the asymp-
totic value from the exponential fit in Fig. 1E. At the same time, this
value allowed to reproduce the experimentally determined axonal
AP propagation speed of ∼0.25m s−1 (Kress et al., 2008; Schmidt-
Hieber et al., 2008; supplemental Fig. 6E). a0 is a dimensionless
scaling factor that was set to 18.0 so that the average ḡNa in the prox-
imal axon (between 0 and 40 µm distance from the soma) matched

the experimentally determined value of 940 pS µm−2 (Fig. 1D and
1E). In Figure 6B and 6C, a0 was increased for some simulations to
obtain an average ḡNa of 2250 pS µm−2 in the proximal axon.
ḡNa in the soma and dendrites (Fig. 5A) was described by

ḡNa(d) = ḡNa,d +
ḡNa,s − ḡNa,d
1 + e

∣d∣−80µm
40µm

. (19)

ḡNa,d (the density in the distal dendrites) was set to 38 pS µm−2,
similar to values reported for the dendrites of layer V pyramidal
cells (Stuart and Sakmann, 1994). With this value, APs faithfully
propagated back into the dendritic tree (Stocca et al., 2008). At
the same time, the relatively low dendritic density (20% of the so-
matic value) is compatible with the finding that action potentials
are attenuated when propagating into the dendrites and that supra-
linear summation of EPSPs can be blocked by application of TTX
(Krueppel et al., 2009).
In Fig. 6B–C, the M&S-type gating model was inserted in the

soma and axon of the model cell using the respective kinetics de-
scribed by Kole et al. (2008). In Fig. 6B, the E&J-type gating model
was inserted into the axon of the model cell while leaving the so-
matic 8-state gating model unchanged.
Voltage shi s. For current-clamp simulations, the voltage de-

pendence of both activation and inactivation of the 8-state gat-
ing model was shi ed by 12mV toward positive potentials in all
compartments to obtain an AP voltage threshold of ∼ −53mV, as
observed experimentally (Kress et al., 2008). ¿is voltage shi 
may account for di�erences in the Donnan and liquid junction
potentials between the whole-cell and isolated-patch configuration
(Marty and Neher, 1995; Engel and Jonas, 2005). Additionally, we
found that steady-state inactivation curves in somatic outside-out
patches were shi ed by ∼10mV toward more negative potentials
as compared to nucleated patches (supplemental Fig. 3A). ¿is
shi established within the first minutes of formation of somatic
and axonal outside-out patches and may be due to wash-out of
cytoplasmic factors (supplemental Fig. 3B). Consistently, voltage-
dependence of inactivation time constants of nucleated patches
could be reproduced by shi ing inactivation rates of the somatic
best-fit gating model by 10mV to the right (supplemental Fig. 3B,
inset). To account for this shi , the voltage dependence of inactiva-
tion was additionally shi ed by 10mV toward positive potentials in
all compartments, resulting in a total shi of 22mV. By contrast, we
found no significant di�erence when comparing peak activation
and activation time constants of nucleated and somatic outside-out
patches (supplemental Fig. 3D, E).
Experimental data and Nav channel gating models (Fig. 1–4, 6A,

supplemental Fig. 1–4, 5A, 7) are presented without correction for
these shi s. ¿e E&J-type gating model was subjected to the same
correction procedure as described for the 8-state gating model
when we inserted it into compartmental models.
Kv channels. A non-inactivating Hodgkin-Huxley type

K+current density (IK) was described by

IK = ḡK n4 (V − EK) , (20)

where EK is the K+equilibrium potential (assumed to be −95 mV),
ḡK is the peak K+conductance density and n is the activation state
variable (Engel and Jonas, 2005; Schmidt-Hieber et al., 2008). n
was calculated using the following activation rates:

αn(V) = pα
−V − 55mV
e
−(V+55 mV)

10 mV − 1
and (21)

βn(V) = pβ e
−(V+65 mV)

80 mV , (22)
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where V is voltage. ¿e values for ḡK, pα and pβ were cho-
sen so that the AP waveform, especially the maximal rate of de-
cay, matched the experimentally determined values in the axon
and in the soma (Fig. 5B–D, supplemental Fig. 6). pα was set to
0.01ms−1mV−1 in the soma and 0.03ms−1mV−1 in the axon. pβ was
set to 0.125ms−1 in the soma and 0.375ms−1 in the axon. ḡK was
set to ḡK,s = 40 pS µm−2 throughout the dendrites, soma and proxi-
mal axon and to ḡK,a = 100 pS µm−2 in the distal axon according to
a sigmoid function with a midpoint at 100 µm distance from the
soma:

ḡK(d) = ḡK,a −
ḡK,a − ḡK,s
1 + e

d−200 µm
100 µm

, (23)

where d denotes the axonal distance from the soma. Conductance
densities are summarized in supplemental Table 4.
¿e contribution of voltage-gated K+channels to the rate of rise

of isolated singleAPs is likely to be small: Wehave previously shown
that increasing the holding potential to −60mV reduces the maxi-
mal rate of rise in the axon to∼75% of its value at a holding potential
of−90mV (Schmidt-Hieber et al., 2008). If A-type Kv channels had
significantly been inactivated with depolarization, the maximal
rate of rise would have increased. Similar results were obtained
using the compartmental model: At −65mV, the maximal rate of
rise decreased to 72% of its value at −90mV. ¿erefore, we did not
attempt to dissect the kinetics of the various K+conductances that
are likely to be found in granule cell axons.
Synaptic conductances. Excitatory synaptic conductance changes

were simulated using the sum of two exponential functions with
τrise = 0.2ms and τdecay = 2.5ms, a reversal potential of 0mV and
peak conductances between 0.05 and 1.5 nS (as indicated). A single
synapse with a peak conductance of 0.2 nS elicited a somatic EPSC
with an amplitude of ∼5 pA when simulating a somatic voltage-
clamp, comparable to the amplitude of a single miniature EPSC
in granule cells of juvenile rats (Bekkers and Clements, 1999). For
the synchronous activation of multiple synapses (Fig. 6), 500 of
these synapses were distributed throughout the dendritic tree at
a distance of 50 to 200 µm from the soma. ¿e onset times were
drawn from a normal distribution with σ = 100 µs.
Inhibitory synaptic conductance changes in Fig. 6C were

simulated using the sum of two exponential functions with
τrise = 0.24ms and τdecay = 6.6ms (Kraushaar and Jonas, 2000), a
reversal potential of−74mV (OverstreetWadiche et al., 2005) and a
peak conductance of up to 2 nS (as indicated). 30 of these synapses
were distributed along the most proximal 30 µm of the axon and
synchronously activated 0.5ms before the onset of the excitatory
synapses.

1.3 Energy e�ciency modeling

Quantification. Energy e�ciency of AP generation in the proximal
axon was assessed by comparing the charge that is minimally neces-
sary to depolarize the membrane (Qmin) with the total Na+charge
(QNa) flowing during the AP (Carter and Bean, 2009). Qmin and
QNa were calculated as follows:

Qmin = C ∆VAP and (24)

QNa = ∫ INa dt , (25)

where C is the total membrane capacitance of the simulated com-
partment, ∆VAP is the voltage amplitude of the AP measured from
baseline to peak, and INa is the sodium current flowing from the
beginning until the end of the AP. ¿e e�ciency was expressed as
the ratio QNa/Qmin (Alle et al., 2009).

Multicompartment simulations without net propagated charge.
At the site of AP initiation in the proximal axon, axial current is
flowing from the site of initiation towards the soma and the distal
axon. ¿erefore, only a fraction ofQNa entering the cell depolarizes
the membrane at this site, while another fraction will leave this
compartment to propagate towards the soma and the distal axon
and won’t contribute to membrane depolarization at the initiation
site. To avoid the e�ects of asymmetric propagated (lateral) current
and isolate the contribution of QNa to membrane depolarization in
a realistic multicompartmental model of the proximal axon, these
current-clamp simulations were performed in the middle of a long
cylinder (10mm length; 1 µm diameter; 5 µm segment length) with
similar electrotonic properties as the proximal granule cell axon,
where the di�erence between the charge entering the compartment
(Qin) and the charge leaving the compartment (Qout) during an AP
is negligible. When an AP was elicited at one end of the cylinder
by a brief current injection, the net propagated charge ∣Qin − Qout ∣
in the middle of the cylinder was less than 2% of the minimal ca-
pacitive charge Qmin . Passive membrane properties of the cylinder
were set to the same values as for the granule cell model axon, with
a specific membrane capacitance of 1 µF cm−2 , a specific membrane
resistance of 40 kΩ cm2 and a specific intracellular resistivity of
120Ω cm. To reproduce the waveform of APs recorded in the prox-
imal granule cell axon (Schmidt-Hieber et al., 2008), we proceeded
as follows: For each simulation run, ḡNa was adjusted to match
the maximal slope of rise (485V s−1) of recorded APs. ¿en, ḡK
was adjusted to match the half duration (2.1ms) and the maximal
slope of decay (60V s−1) of recorded APs. By using current-clamp
instead of voltage-clamp simulations, changes of the AP waveform
induced by changes in the gating parameters could be taken into
account.

Inactivation kinetics. To assess the impact of inactivation kinet-
ics on energy e�ciency, the inactivation gating rates αh (eqn. 8)
and βh (eqn. 9) were multiplied with a scaling factor fh ranging
from 0.5 to 3.0. ḡK and ḡNa were adjusted for each simulation run
as described above.

Contribution of Kv channel activation kinetics. In our approach,
ḡK was adjusted for each simulation to reproduce the half dura-
tion and maximal slope of decay of experimentally recorded APs,
which are shaped to a large extent by the activation time course
and peak amplitude of K+current. ¿erefore, the initial K+current
waveform is confined by the AP waveform, and we predicted that
our simulations should be largely independent of the Kv channel
activation kinetics. To test this prediction, we multiplied the acti-
vation gating rates of Kv channels with either 0.5 or 1.5 (Fig. 7D).
As before, we then adjusted ḡK for each simulation run so that the
experimentally recorded AP was reproduced. Indeed, QNa/Qmin
varied only little for the di�erent Kv channel activation kinetics.
Most importantly, the energy e�ciency obtained with the experi-
mentally determined inactivation kinetics ( fh = 1) remained very
close to the minimal value independent of the Kv channel activa-
tion kinetics. With activation scaling factors beyond 1.5, it wasn’t
possible to reproduce experimental APs, indicating that Kv channel
kinetics in our simulations were within a plausible range.

MFB model. For the MFB model (Fig. 7E–F), the cylinder had
a smaller diameter (0.4 µm) representing the distal mossy fiber
axon. A model MFB (diameter: 4 µm) was placed in the middle of
the cylinder. ḡK and ḡNa were adjusted for each simulation run to
obtain an AP with a maximal rate of rise of 500V s−1 and a half du-
ration of 0.9ms (Bischofberger et al., 2002). All other parameters
were set to the values described above.
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2 Supplemental Figures
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Supplemental Figure 1. Estimation of peak Na+conductance density.
A, Bar graph showing uncorrected peak Na+current in somatic (−27.4± 3.1 pA) and axonal (−146.5± 27.0 pA; n= 14) paired outside-out patch recordings.
B, For estimation of peak conductance densities ḡNa , the recorded data d(t) (red trace) were divided by a monoexponential function e−t/τi (blue trace) fitted to the decay of the
current to account for inactivation. The resulting trace is shown in black.
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Supplemental Figure 2. No distance-dependence of activation midpoint potentials.
Midpoint potentials (Vmid) of activation were plotted against axonal distance from the soma. The continuous line shows a linear regression fitted to the axonal data points (r = 0.006;
P = 0.99).
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Supplemental Figure 3. Voltage dependence of inactivation is shifted by∼10 mV toward negative potentials in outside-out patches
A, Steady-state inactivation curves. Conductance was normalized to the maximal value and plotted against test pulse potential. Midpoint potentials of inactivation were−89.0 mV
(k = 9.1 mV) in axonal outside-out patches (red),−81.4 mV (k = 10.5 mV) in somatic outside-out patches (black), and−70.0 mV (k = 9.6 mV) in nucleated patches (green). Thus,
midpoint potentials of inactivation of somatic channels are∼11 mVmore negative when measured in outside-out patches than when measured in nucleated patches (P < 0.001).
B, Plot of midpoint potentials of inactivation against time during axonal (red circles, n= 5) and somatic (black circles, n= 6) outside-out patch recordings. Whole-cell recording time
was minimized (less than∼10 s). Recordings were started as soon as possible after formation of the outside-out patch at t = 0. An exponential function was fitted to the binned data
points (continuous curve). Extrapolating this function to t = 0 revealed that midpoint potentials of inactivation shifted toward more negative potentials by∼10 mV during the first
5 min of outside-out patch recordings, similar to the di�erence between nucleated and somatic outside-out patch recordings shown in A. The inset shows a plot of inactivation
time constants against voltage for the three recording conditions. Continuous curves represent simulations using the best-fit gating models as shown in Fig. 4F. Inactivation time
constants in nucleated patches could be reproduced by shifting the inactivation rates of the somatic gating model to the right by 10 mV (dashed black curve).
C, Steady-state inactivation curves. The dashed curves represent the unshifted results of the best-fit models as shown in Fig. 4C. The continuous curves represent corrected
steady-state inactivation of the gating model as it was used for compartmental current-clamp simulations. Shifts to the right were applied to account for Donnan and liquid junction
potentials (12 mV) and for left-shifted inactivation in outside-out patches (10 mV).
D, Midpoint potentials of activation were−47.3 mV (slope factor k = 6.4 mV, n= 12) in axonal outside-out patches (red),−41.4 mV (k = 6.9 mV, n= 12) in somatic outside-out
patches (black), and−37.3 mV (k = 6.1 mV, n= 5) in nucleated patches (green). Activation midpoint potentials of somatic outside-out and nucleated patches were not significantly
di�erent (P > 0.1). The inset shows the mean peak current-voltage (I-V) relation for somatic (black) or axonal (red) outside-out patches and nucleated patches (green). Data were
fitted with the product of a linear and a Boltzmann function (continuous curves).
E, Plot of midpoint potentials of activation against time during somatic outside-out patch recordings (n= 11). The same recording procedure as described in Bwas used. A linear
regression fitted to the binned data points (black line) revealed that midpoint potentials remained stable during the first minutes of recording (r = −0.32; P = 0.60). The inset
shows a plot of activation time constants against voltage for the three recording conditions. Continuous curves represent simulations using the best-fit gating models as shown in
Fig. 4E. No obvious shift could be observed when comparing activation time constants in somatic outside-out and nucleated patches.
F, Same plot as in C , but for peak activation. Activation gating rates were shifted to the right by 12 mV to account for Donnan and liquid junction potentials. The small di�erence in
activation curve shapes is attributable to the e�ect of the inactivation shift on activation analysis. Similarly, shifting the inactivation rates of the somatic gating model to the right by
10 mV (dashed black curve in E) had a small e�ect on the analysis of activation time constants.
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Supplemental Figure 4. Subthreshold inactivation kinetics.
A, Time course of onset of inactivation from closed channel states in a somatic outside-out patch. First trace (left), Na+current without prepulse. The inset shows the pulse protocol:
holding potential,−80 mV; 50-ms pulse to−120 mV; pulse to−70 mV of varying duration (see data points in B); 30-ms pulse to 0 mV.
B, Inactivation onset at−70 mV. Na+peak current amplitude, normalized to a response evoked by a test pulse without prepulse, was plotted against prepulse duration. Curves
represent monoexponential functions plus a constant fitted to the data points. The time constant was 10.5 ms in the axon and 10.9 ms in the soma.
C , Time course of recovery from inactivation in an axonal outside-out patch. Responses to the conditioning pulse (left); responses to the test pulse (right). The inset shows the pulse
protocol: Holding potential,−80 mV; 50-ms pulse to−120 mV; 30-ms conditioning pulse to 0 mV; pulse to−90 or−120 mV of varying duration (see data points in D); 30-ms test
pulse to 0 mV. Arrows in A and C correspond to t = 0 in the pulse protocol.
D, Ratio of peak amplitude of the Na+current evoked by the test pulse to that evoked by the conditioning pulse, plotted against the duration of the interpulse interval. Red symbols:
axonal data. Black symbols: somatic data. Squares: Pulse to−90 mV. Circles: Pulse to−120 mV. Curves represent monoexponential functions fitted to the data points. The time
constants in the axon were 14.7 and 5.9 ms at−90 and−120 mV, respectively. The time constants in the soma were 12.9 and 4.2 ms at−90 and−120 mV, respectively.
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Supplemental Figure 5. An 8-state gating model with independent activation rate equations fits the data better than a HH-type model.
A, Plot of deactivation and activation time constants against test pulse potentials. Red symbols: Axonal data. Black symbols: Somatic data. Squares: Deactivation time constants.
Circles: Activation time constants. Continuous lines: Best-fit 8-state model. Dashed lines: Best-fit HH-type model. Activation and deactivation time constants at−50 mV could
simultaneously be reproduced with the 8-state model.
B, Bar graphs comparing experimental AP properties from Schmidt-Hieber et al. (2008) to simulated APs. The AP was evoked by a brief current injection into the soma (0.5 ms;
2.0 pA), as shown in Fig. 5B. The axon of the model cell was cut at 30 µm distance from the soma and a bleb (2 µm diameter) was connected to the cut end. Left: Maximal rate of
rise in the soma. Experiment: 297± 12 V s−1 ; 8-state model: 300 V s−1 ; HH model: 271 V s−1 . Right: Maximal rate of rise in the axon. Experiment: 485± 12 V s−1 ; 8-state model:
505 V s−1 ; HH model: 386 V s−1 .
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Supplemental Figure 6. AP properties can be reproduced by the computational model.
A–E, Bar graphs comparing experimental AP properties from Schmidt-Hieber et al. (2008) and Kress et al. (2008) to the simulations described here. The AP was evoked by a brief
current injection into the soma (0.5 ms; 2.0 pA), as shown in Fig. 5B. For A–D, the axon of the model cell was cut at 30 µm distance from the soma and a bleb (2 µm diameter) was
connected to the cut end. In E, an intact axon was used (see Methods).
A, Maximal rate of rise in the soma. Experiment: 297± 12 V s−1 ; model: 300 V s−1 .
B, Maximal rate of rise in the axon. Experiment: 485± 12 V s−1 ; model: 505 V s−1 .
C , Maximal rate of decay in the soma. Experiment: 70± 2 V s−1 ; model: 71 V s−1 .
D, Maximal rate of decay in the axon. Experiment: 59± 2 V s−1 ; model : 63 V s−1 .
E, AP propagation velocity. Experiment: 0.25 m s−1 ; model: 0.25 m s−1 .

0

0.25

0.5

0.75

1

g/
g
m
ax

−100 −50 0

V (mV)

A

0

100

200

300

τ d
,τ

a
(µ
s)

−100 −75 −50 −25 0

V (mV)

B

0

2

4

6
τ i
(m
s)

−60 −40 −20 0 20

V (mV)

8-state (axon)

8-state (soma)

M&S (axon)

M&S (soma)

C

0

0.25

0.5

0.75

1

g/
g
m
ax

−100 −50 0

V (mV)

D

0

100

200

300

τ d
,τ

a
(µ
s)

−100 −75 −50 −25 0

V (mV)

E

0

2

4

6

τ i
(m
s)

−60 −40 −20 0 20

V (mV)

8-state (axon)

8-state (soma)

M&S (axon, shifted)

M&S (soma, shifted)

F

Supplemental Figure 7. Comparison of axonal Nav channel models.
A–C , Comparison of the 8-state model (continuous lines) with a model that was fitted to data from Layer V pyramidal cell somata and axons (M&Smodel; dashed lines; Mainen et al.,
1995; Kole et al., 2008). Models were fitted to axonal (red) or somatic data (black).
A, Peak activation and steady-state inactivation curves.
B, Plot of deactivation and activation time constants against test pulse potentials.
C , Plot of inactivation time constants against test pulse potentials.
D–E, Same plots as in A–C , but voltage dependence of the rates of the pyramidal cell model (dotted-dashed lines) was shifted to the left by 10 mV to align peak activation curves
shown in D.
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Supplemental Figure 8. Energy-e�cient AP initiation at physiological temperature.
APs were evoked by a brief current injection at one end of a very long cylinder (10 mm length, 1 µm diameter). APs (black traces at bottom), Na+(red traces) and capacitive (blue
traces) currents were measured at the center of the cylinder. Energy e�ciency was assessed as the ratio of total Na+charge transfer and the minimal charge that is required to
depolarize the membrane during the AP. Gating kinetics were scaled to 37°C using a Q10 value of 2.5 for all rates.
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3 Supplemental Tables

Supplemental Table 1. Gating properties of Nav channels in soma and axon of n= 12
granule cells. Significance levels P:
****, P < 0.001; ***, P < 0.005; **, P < 0.01; *, P < 0.05; n. s., not significant.

Parameter Axon Soma P

Activation and deactivation

Vmid (mV) −47.27 −41.36 *
k (mV) 6.38 6.91 n. s.
τa , −50mV (µs) 146 ± 10 208 ± 45 n. s.
τa , −40mV (µs) 93 ± 7 183 ± 22 ***
τa , −30mV (µs) 61 ± 4 133 ± 22 ***
τa , −20mV (µs) 47 ± 1 85 ± 13 ****
τa , −10mV (µs) 39 ± 2 59 ± 9 *
τa , 0mV (µs) 34 ± 3 55 ± 13 *
τa , 10mV (µs) 29 ± 2 46 ± 10 n. s.
τa , 20mV (µs) 22 ± 3 32 ± 6 n. s.
δ, −50mV (µs) 58 ± 6 93 ± 29 n. s.
δ, −40mV (µs) 47 ± 4 64 ± 12 n. s.
δ, −30mV (µs) 43 ± 3 52 ± 9 n. s.
δ, −20mV (µs) 35 ± 3 50 ± 4 ***
δ, −10mV (µs) 31 ± 2 42 ± 4 n. s.
δ, 0mV (µs) 23 ± 3 33 ± 5 *
δ, 10mV (µs) 21 ± 3 29 ± 3 n. s.
δ, 20mV (µs) 24 ± 3 29 ± 4 n. s.
τd , −110mV (µs) 26 ± 4 32 ± 6 n. s.
τd , −100mV (µs) 31 ± 4 44 ± 7 *
τd , −90mV (µs) 43 ± 5 48 ± 8 n. s.
τd , −80mV (µs) 56 ± 5 70 ± 8 n. s.
τd , −70mV (µs) 82 ± 6 93 ± 8 n. s.
τd , −60mV (µs) 128 ± 8 140 ± 14 n. s.
τd , −50mV (µs) 153 ± 10 186 ± 20 n. s.
τd , −40mV (µs) 159 ± 14 193 ± 29 n. s.

Inactivation

Vmid (mV) −89.00 −81.38 ****
k (mV) 9.13 10.55 n. s.
τi , −120mV (ms) 5.94 4.24 **
τi , −90mV (ms) 14.65 12.87 n. s.
τi , −70mV (ms) 10.49 10.86 n. s.
τi , −50mV (ms) 2.91 ± 0.26 4.95 ± 0.66 **
τi , −40mV (ms) 1.42 ± 0.13 2.36 ± 0.23 *
τi , −30mV (µs) 828 ± 54 1182 ± 90 **
τi , −20mV (µs) 507 ± 33 714 ± 47 ****
τi , −10mV (µs) 394 ± 35 541 ± 68 *
τi , 0mV (µs) 343 ± 31 428 ± 32 n. s.
τi , 10mV (µs) 307 ± 17 501 ± 161 n. s.
τi , 20mV (µs) 291 ± 15 382 ± 64 n. s.

Supplemental Table 2. Best-fit values for the 8-state gating model to 4 significant
figures.

Parameter Axon Soma

p1,1 (ms−1) 62.65 45.85
p1,2 (mV−1) 0.01161 0.02394
p1,3 (ms−1) 1.937 ⋅ 10−3 0.01441
p1,4 (mV−1) 0.1377 0.08848
p2,1 (ms−1) 34.78 19.81
p2,2 (mV−1) 0.02996 0.02218
p2,3 (ms−1) 0.09575 0.5650
p2,4 (mV−1) 0.09281 0.06108
p3,1 (ms−1) 76.70 71.81
p3,2 (mV−1) 0.05374 0.06594
p3,3 (ms−1) 1.249 0.7531
p3,4 (mV−1) 0.03115 0.03648
ph ,1 (ms−1) 6.883 0.5758
ph ,2 4.654 ⋅ 103 162.8
ph ,3 (mV−1) 0.02958 0.02680
ph ,4 (ms−1) 3.574 2.830
ph ,5 0.1933 0.2890
ph ,6 (mV−1) 0.07497 0.06960

Supplemental Table 3. Best-fit values for the HHmodel to 4 significant figures.

Parameter Axon Soma

p1 (mV−1 ms−1) 136.4 128.5
p2 (mV) 113.1 115.4
p3 (mV) 19.35 18.70
p4 (ms−1) 0.3593 0.2954
p5 (mV) 25.31 25.75
p6 (ms−1) 9.896 ⋅ 10−4 2.113 ⋅ 10−3
p7 (mV) 25.16 30.34
p8 (ms−1) 5.007 3.030
p9 (mV) 8.052 14.73
p10 (mV) 16.78 14.87

Supplemental Table 4. Distribution of conductance densities. See eqn. 17, 19 and 23
for details.

ḡNa ḡK
Compartment (pS µm−2) (pS µm−2)
Distal dendrites 38 40
Soma 188 40
Distal axon 390 100
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