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Neocortical pyramidal neurons express several distinct subtypes of
voltage-gated Na* channels. In mature cells, Na, 1.6 is the dominant
channel subtype in the axon initial segment (AIS) as well as in the
nodes of Ranvier. Action potentials (APs) are initiated in the AlS, and
it has been proposed that the high excitability of this region is re-
lated to the unique characteristics of the Na,1.6 channel. Knockout
or loss-of-function mutation of the Scn8a gene is generally lethal
early in life because of the importance of this subtype in noncortical
regions of the nervous system. Using the Cre/loxP system, we
selectively deleted Na,1.6 in excitatory neurons of the forebrain
and characterized the excitability of Na, 1.6-deficient layer 5 pyramidal
neurons by patch-clamp and Na* and Ca?* imaging recordings. We
now report that, in the absence of Na,1.6 expression, the AIS is
occupied by Na,1.2 channels. However, APs are generated in the
AlIS, and differences in AP propagation to soma and dendrites are
minimal. Moreover, the channels that are expressed in the AIS still
show a clear hyperpolarizing shift in voltage dependence of activa-
tion, compared with somatic channels. The only major difference
between Na,1.6-null and wild-type neurons was a strong reduction
in persistent sodium current. We propose that the molecular envi-
ronment of the AIS confers properties on whatever Na channel sub-
type is present and that some other benefit must be conferred by
the selective axonal presence of the Na, 1.6 channel.
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peration of neuronal networks relies on the ability of neu-
rons to generate complex electrochemical signals, called
action potentials (APs) (1). A precise characterization of the
mechanisms underlying this signaling is key to understanding sensory
processing, motor control, neuroplasticity, and other brain functions.
The mechanism of AP generation critically depends on the distri-
bution and properties of voltage-gated Na™ channels within the
cellular compartment where APs initiate. Thus, determining these
channel properties, including their molecular composition and their
activation and inactivation kinetics within the spike trigger zone, has
been a focus of intense research over the past decade (2, 3).
Central neurons of mammals express four genes (Scnla—Scn3a
and Scn8a) encoding Na* channels a-subunits Na,1.1-Na,1.3 and
Na,1.6 (4). Although the details of their cellular and subcellular
distribution are incompletely understood, it is widely believed
that the distinct channels are specifically expressed and targeted
and possess unique functional characteristics. In many central
neurons, the AP trigger zone, which is located in the distal
portion of the axon initial segment (AIS), contains almost exclusively
Na,1.6 channels (5-8). This fact makes it tempting to believe that it
is the presence of the Na,1.6 channels in the distal AIS that makes
it the preferable site for AP initiation. This idea is supported by
the finding that heterologously expressed Na,1.6 channels activate
at lower voltages than other channel subtypes (9) (but see refs. 10
and 11) and have a higher propensity to generate a noninactivating
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persistent Na* current (Inap) (9, 11, 12). Axonal Na* channels
within the trigger zone have also been shown to activate at lower
voltages (6, 13, 14) and to generate more In,p (15-17) than those in
soma and dendrites. Compartmental modeling predicts that the
threshold for spike initiation is influenced by Na* channel voltage
dependence (6, 13) and by In,p magnitude (18, 19). Therefore, APs
would be strongly biased to initiate at the site of the greatest
density of low-threshold channels that generate In,p if other con-
ditions are similar. These arguments are indirect, however. Also,
compartmental modeling shows that special low-threshold gating
of sodium channels is not necessary for the preferential initiation of
action potentials in the distal AIS, which can be predicted by
models with a single sodium conductance of uniform gating
properties provided there is a higher density in the AIS (20-23).

One direct strategy to address the role of Na,1.6 channels is
the suppression of their expression to test the consequences of
channel loss. Implementation of this approach for studying
cortical neurons, circuits, and cortex-related behavior, however,
has been impeded by the short life span of Na,1.6 null mice;
these mice die at the age of 21-24 d (24), long before
Na,1.6 expression in the forebrain reaches the adult level (25).
We therefore used a Cre/loxP approach to selectively ablate
the encoding Scn8a gene in excitatory neurons of the forebrain,
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Fig. 1. Expression of Na* channel subtypes at the AIS of L5 pyramidal neurons in control and Na, 1.6-cKO mice. (A-D) Confocal micrographs of Na,1.6 (A and
B), Na,1.2 (C and D), and AnkG immunostains in the layer 5 cortical sections of adult control (A and C) and Na,1.6-cKO (B and D) mice. Arrowheads indicate
the proximal boundary of the AnkG-labeled AIS. Yellow lines with asterisks indicate the cross-section positions analyzed in E and F. Na, 1.6 channels are
present over the entire AIS length in neurons of adult control mice, while they are absent in Na,1.6 cKO mice (A and B, merged images). Na, 1.2 channels are
barely detectable in AlSs of control neurons, but strongly up-regulated in the Na, 1.6-deficient neurons (C and D, merged images). (Scale bars, 10 um.) (E and F)
Sections across the AlSs (2.5 um on both sides) were used to quantify Na,1.6, Na,1.2, and AnkG expression in adult mice (analyzed as F/Fo). While AnkG
expression remained constant in control (black) and Na,1.6-deficient (red) AlSs, Na,1.2 is present in the Na,1.6-cKO AlSs at approximately the same levels as
Na, 1.6 in control AlSs. (G) Analysis of AlIS length as measured by AnkG expression did not reveal significant difference between Na,1.6-cKO (red) and control
(black) neurons. (H and /) Fractions of Na,1.6- and Na,1.2-positive AlSs of control (black) and Na,1.6-cKO (red) neurons in young (P25, H) and adult (P60, /)
mice. Note that the Na, 1.6 deficiency is almost completely compensated for by Na,1.2.

including cortical pyramidal cells, using the well-established
NEX-Cre knockin mouse line (26). While previous studies were
based on somatic electrical recordings alone, in the present work
we used a combination of electrical current- and voltage-clamp
recordings with direct measurements of axonal Na* fluxes using
high-speed fluorescence imaging (17, 27).

We found that the L5 pyramidal cell axons of the adult
NEX“*/Scn8a™ mice [referred to hereafter as Na,1.6 conditional
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knockout (cKO)] are deficient in Na, 1.6 channels, which apparently
fail to replace the Na, 1.2 channels in a course of postnatal maturation
(28). Surprisingly, APs elicited in cortical pyramidal neurons from
Na,1.6-cKO mice had a rapid onset and biphasic upstroke, in-
dicating that Na,1.6 is not critically important for positioning the
AP initiation site in the AIS. Imaging experiments revealed that
Na™ fluxes in the AIS of L5 cortical pyramidal neurons associated
with single or multiple APs were not significantly different in
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Fig. 2. Threshold for AP generation is higher in Na,1.6-cKO neurons. (A4) Single APs elicited in control (black trace) and Na,1.6-cKO (red trace) pyramidal
neurons by brief (2 ms), just-suprathreshold current pulses. (B) Current threshold is significantly increased and voltage threshold is depolarized in cKO
neurons. Dots represent the values for the current and voltage thresholds measured in individual control (black) and cKO (red) cells. The dashed lines indicate
the mean values. (C) Phase plots (dV/dt vs. V) of AP upstroke in control (black, n = 14) and cKO (red, n = 23) neurons are invariably biphasic. (Inset) Expanded
view of the initial phase of the AP upstroke, with superimposed linear fit (blue). (D) The temporal dynamics of spike upstroke is preserved in Na,1.6-cKO
neurons. Dots represent the values for the slope of the initial rise (Left), AP rate of rise at —40 mV (Middle), and dV/dtmax (Right) in control (black) and cKO

(red) neurons.

Na,1.6-cKO and control animals. Although the magnitude of
the axonal persistent Na* current in Na,1.6-cKO mice was
reduced, its activation was still leftward shifted compared with
the persistent current recorded in the soma, indicating that the
axo-somatic difference in In,p activation voltage is not solely
dependent on the difference in Na* channel subtype.

Results

Cell-specific conditional Scn8a knockout mice were generated by
crossbreeding NEX-Cre (Neuro D6) mice (26) with floxed Scn8a
mice (29). Since NEX promoter activity is largely restricted to
the principal excitatory neurons of the forebrain (26), including
L5 pyramidal neurons, Cre DNA recombinase expression and
ScnSa gene inactivation in NEX“™™-Scn8a™ animals is expected
to be confined to this neuronal population. Indeed, unlike mice
with nonconditional Scn8a ablation, that do not live more than
3 wk (24), the homozygous cell-specific conditional knockout
(Na,1.6-cKO) mice had a normal life span and did not developed
any obvious brain or behavioral abnormalities.

To characterize the subcellular distribution of Na® channel
subtypes in L5 pyramidal neurons, cortical sections from 1-mo-old
male control and Na,1.6-cKO mice were stained with Na,1.2 and
Na,1.6 antibodies (Fig. 1 A-D). AISs were identified by costaining
of the cytoskeletal protein, ankyrin-G (AnkG) that is present only
in the AIS and in nodes of Ranvier of myelinated cortical fibers
(30, 31). Quantitative evaluation of the immunofluorescent signals
revealed a complete loss of Na,1.6 expression in the AISs of the
Na,1.6-cKO neurons. Interestingly, this loss was compensated for
by complementary expression of Na,1.2 channels (Fig. 1 E and F).
This subunit exchange, however, did not affect the gross structural
organization of the AIS as no differences in the pattern of AnkG
expression could be detected in Na,1.6-cKO and control neu-
rons. AIS length, measured by the immunofluorescent signal
for AnkG, revealed no significant difference (29.6 + 2.7 pm in
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control mice vs. 30.0 + 3.7 pm in cKO, P = 0.7237, Mann—-Whitney
U test, Fig. 1G). Measuring AIS length using the functionally more
relevant Na, immunofluorescence, in both Na,1.6-cKO and con-
trol neurons, produced highly variable results, because of low
signal intensity at the distal AIS.

In young control mice (P25), most AnkG-positive AISs of
L5 neurons (n = 423) contained only Na,1.6 channels (91.3 +
12.3%), whereas Na,1.2 presence was detected in a few cells
(144 + 9.5%, Fig. 1H). In sections from brains of Na,1.6-cKO
mice, however, most of the analyzed AISs (n = 210) were Na,1.2-
positive (83.7 + 12.0%). At this age, only 0.32 + 0.45% of AISs
expressed Na,1.6. In adult control mice [postnatal day 60 (P60)],
829 + 13.0% of all AISs (n = 3385) were Na,l.6-positive while
only 1.8 + 1.6% were positive for Na,1.2. In adult Na,1.6-cKO
mice, however, only 1.26 + 0.8% of all AnkG-positive AISs (n =
3913) contained Na,1.6, while the large majority of the AISs
(619 + 11.5%) contained Na,1.2 (Fig. 1/). We concluded that
failure of up-regulation of Na, 1.6 expression during the maturation
of LS pyramidal cells results in retention of the juvenile channel
subtype, Na,1.2, in their axons.

Na,1.6 Deficiency Has a Minor Effect on AIS Spike Initiation. To
characterize the functional consequences of the Na, 1.6 deficiency,
whole-cell somatic current-clamp recordings were obtained from
large LS pyramidal neurons in coronal brain slices from 4- to 5-wk-
old Na,1.6-cKO mice and control littermates (Fig. 24). Since
damage to the proximal axon during preparation of the tissue slice
might significantly influence firing properties of pyramidal cells,
we made sure that the axons were preserved by filling the cells
with the fluorescent Na* indicator sodium-binding benzofuran
isophthalate (SBFI) and directly visualizing the thin neuronal
processes emerging from the cell body. Axons were distinguished
by their distinctive shape and by the magnitude of their spike-
elicited Na* transients (17). Data from cells in which the axons

Katz et al.
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Fig. 3. AP elicited [Na*]; elevations in control and Na,1.6-cKO neurons. (A) [Na']; elevations elicited in AIS of the control (Upper traces) and cKO (Lower
traces) cells by a single AP. (B) [Na*]; changes associated with a train of five spikes elicited by current pulses at 20 Hz. Note that the magnitudes, spatial
distributions, and time courses of the changes were similar for control and cKO neurons. Colors of traces indicate regions of interest in apical dendrite, soma,
and AIS. (C) The mean peak amplitude of the AIS Na* transients evoked by a single AP does not differ between the control (n = 11) and cKO (n = 14) neurons

(P > 0.05).

were cut at a distance of less than 150 pm from the soma were not
included in the analysis. The resting membrane potential and
passive membrane characteristics of Na,1.6-cKO neurons were
not significantly different from those of controls (SI Appendix,
Table S1). Current and voltage spike thresholds, however, were
slightly elevated in the Na,1.6-cKO neurons compared with con-
trols (Fig. 2B).

If the presence of low-threshold Na,1.6 channels in distal AIS
was indeed critical for AP initiation (6, 13, 14), loss of these
channels would be expected to exert a significant change in the
pattern of AP generation in response to orthodromic stimuli.
Therefore, we compared the phase plots of somatically recorded
APs in LS pyramidal neurons from Na,1.6-cKO and control mice
(Fig. 2C). The phase plot of the upstroke of the somatic spike
describes the rate of change of the membrane potential (dV,,/dr)
as a function of the instantaneous membrane potential (V). It is
typically biphasic, with the first phase generated predominately by
the lateral current from the AIS, and the second phase generated
by the local, somatic Na* channels (6, 32). Surprisingly, all fea-
tures of the AP dynamics, including biphasic shape, rapid onset,
voltage, and time dependence of the rate of rise were preserved in
Na,1.6-cKO mice (Fig. 2D). Thus, the role of Na,1.6 channels in
creating conditions for AP initiation in the distal AIS seems not to
be critical, as deletion of these channels is almost completely
compensated for by the retained Na,1.2 channels.

Pattern of AP-Associated AIS Na* Influx Is Not Altered by Na,1.6
Deletion. We considered the possibility that the somatic AP dy-
namics might be preserved in Na,1.6-cKO neurons because of
some compensatory change in AIS length or position relative to
the cell body (33, 34). Morphometric analysis of the AnkG
immunosignal, however, revealed a difference in neither AIS
position nor in its mean length (Fig. 1G). To characterize the
Na* channel distribution and density in proximal axons more
directly, neurons were filled with the Na* indicator SBFI. We
first focused on Na* signals elicited by single APs, as the peak
amplitude of these signals should be almost unaffected by lateral
diffusion and therefore can be used as a measure of local Na*
entry (17, 27). Single APs elicited rapidly rising, fast-decaying
Na™ transients that were prominent only in the AIS and were
poorly or not at all detectable in soma and dendrites (17, 27).

Katz et al.

Measurements of peak amplitude of the averaged AF/F tran-
sients over the 20 pm of distal AIS length revealed no significant
difference between the two groups of neurons (Fig. 34, 0.50 +
0.20%, n = 4, Na,1.6-cKO neurons vs. 0.70 + 0.14%, n =
4 control neurons, P > 0.05). Comparison of the axonal Na*
transients elicited by trains of five APs, each evoked by a 2-ms-long
current step, yielded qualitatively similar results (Fig. 3 B and C),
with no significant difference in per spike Na* elevation between
Na,1.6-cKO and control neurons. Trains of five spikes also elicited
Na* elevations in the somata and proximal apical dendrites of
Na,1.6-cKO and control cells. These transients, which were pre-
sumably generated by activation of the prevailing somato-dendritic
channel subtype Na,1.2 (6), were not affected by the Na,1.6
deletion.

Since the comparison of AF/F proportional to spike evoked
[Na™); elevations is based on the assumption that the axonal
surface-to-volume ratio, tissue autofluorescence, and other pa-
rameters are unchanged, we also compared the axo-somatic AF
ratios in Na,1.6-cKO and control neurons. Peak AF, a parameter
that is roughly proportional to the Na* influx per unit of mem-
brane area (17, 27), was measured in the soma and the AIS
following trains of five APs evoked by brief current steps (Fig.
44). The axo-somatic AF ratio in the Na,1.6-cKO neurons
(1.91 £ 0.32, n = 10) was not significantly different from the ratio
in control cells (2.65 + 0.63, n = 9, P > 0.05) (Fig. 4B).

Na,1.6 Deficiency Has a Minor Effect on Repetitive Spike Firing and
Dendritic Backpropagation. We next sought to determine whether
the Na, 1.6 channel loss would affect the ability of LS neurons to
fire repetitively during prolonged depolarizing current pulses
(Fig. 54). Under this stimulation protocol, most control and
Na,1.6-cKO neurons were identified as “regular-spiking” cells
(35). In the rare instances where cells exhibited an “intrinsic
burster” firing pattern, they were not included in the present
analysis. When depolarized by prolonged, suprathreshold cur-
rent pulses of incrementing amplitude, both control and
Na,1.6-cKO neurons generated trains of APs with progressively
increasing frequency. The frequency—current (F-I) characteristic
of Na,1.6-cKO neurons, constructed by plotting the mean in-
stantaneous AP frequency as a function of depolarizing current
pulse amplitude (Fig. 5B), was displaced to the right compared
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Fig. 4. AlS:soma ratio of AP-elicited Na* flux does not differ between
control and cKO neurons. (A) Representative somatic (black) and AIS (blue)
AF transients elicited by trains of five APs at 20 Hz in control and cKO
neurons. (B) The mean ratio of the AIS and somatic peak amplitude of the AF
transients evoked by trains of five APs does not differ between control (n =
9) and cKO (n = 10) neurons (P > 0.05).

with controls. However, the mean slope of the F-I relationship
measured in the current range of 0.08-0.28 nA in Na,1.6-cKO
neurons (85.2 + 6.2 Hz/nA, n = 22) was not significantly different
from in controls (102.4 + 9.3 Hz/nA, n = 13, P = 0.12).

Earlier studies (36, 37) have linked the ability of the central
axons to generate high-frequency trains of APs with the rapid
recovery of the axonal Na,1.6 channels from inactivation. We
therefore sought to compare the use-dependent changes in ax-
onal Na™ channel availability in Na,1.6-cKO and control neurons
during trains of APs elicited by brief current steps at 20 Hz. We
found that, at this firing frequency, consecutive APs elicit pro-
gressively smaller Na* elevations in AIS of both control and
Na,1.6-cKO neurons (Fig. 64). The use-dependent decline in the
amplitude of AF/F transients underwent a similar time course in
cKO and control cells (Fig. 6 B and C), indicating that there was
little or no difference in reactivation kinetics of the underlying
Na* channels.

Using immunogold labeling Lorincz and Nusser (38) found
low, but significant, densities of the Na,1.6 channels in soma and
dendrites of hippocampal pyramidal neurons. To determine
whether the Na,1.6 loss has an effect on active invasion of the
dendritic tree by the repetitive APs (39), we loaded the control
and cKO neurons with Ca®* indicator Oregon Green BAPTA-1
(OGB-1, 50 pM) via the somatic whole-cell pipette for at least
40 min. In both Na,1.6-cKO and control cells, Ca®* transients
elicited by single APs had a similar amglitude along the apical
dendrite, whereas the amplitude of Ca™" transients elicited by
trains of APs at 20 Hz decreased significantly with distance from
the soma (Fig. 74, Left). In distal locations, the transients typi-
cally peaked after the first few APs and then declined, with only
minor change in slope at the end of the train (39, 40), reflecting
the activity-dependent decrease in AP amplitude due to slow
inactivation of Na* channels (41). In both control and cKO
neurons, Ca®" transients elicited by spike trains at higher fre-
quency (50 Hz, Fig. 74, Right) were less prone to attenuate as a
function of distance (42). Dendritic profiles of the mean [Ca*'];
change following the spike train normalized to the amplitude of
single-spike—evoked Ca”" transients in 7 control (black circles)
and in 11 Na,1.6-cKO (red circles) neurons show a similar extent
of distance-dependent attenuation during spike trains at 20 and
50 Hz (P > 0.05, Fig. 7B). We conclude that Na,1.6 deletion has
a minimal effect on the fidelity of spike backpropagation in the
apical dendritic tree of L5 pyramidal cells.
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Persistent Na* Current in the AIS Is Primarily Generated by Na,1.6
Channels. To study the contribution of Na,1.6 channels to In,p, we
examined the changes in [Na‘*]; generated by slow depolarizing
voltage ramps under voltage clamp with pharmacologically
blocked K* and Ca®* conductances. The maximal amplitude of
the In,p generated by a slow ramp in Na,1.6-cKO neurons (329 +
205 pA, n = 7) was significantly smaller than in control cells (642 +
297 pA, n = 6) (P < 0.05) (Fig. 84). Analysis of ramp-evoked AIS
Na™ transients revealed that the peak amplitude in Na,1.6-cKO
neurons (11.2 + 1.7% AF/F, n = 6) was also reduced compared
with control cells (6.3 = 1.3%, n = 6, P < 0.05). Comparison of
voltage dependence of the ramp-elicited Na* fluxes, however,
revealed that, in both Na,1.6-cKO and control cells, the activation
of Inap at the AIS occurs at more negative potentials than somatic
Inap (Fig. 8B). The AlS-soma differences in In,p onset voltage
were not significantly different between the Na,1.6-cKO and
control neurons (=12.0 £ 2.1 mV,n =6vs. —11.2 + 1.8 mV, n = 6,
respectively, P = 0.78).

Discussion

Na, 1.6, the dominant Na* channel subtype in the AIS of mature
neocortical pyramidal cells, is widely believed to play an essential
role in positioning the AP initiation site within the proximal
axon. Our evidence, however, demonstrates that the presence of
this subunit is not critical. We also find that one of the most
important features of the behavior of axonal Na™ channels, the
leftward shift of their activation threshold (6, 13, 14), is not
entirely dependent on the Na* channel subtype. Instead, it
probably reflects local protein—protein interactions.

In contrast with previous studies in rat and human cortex (6,
8), we found that the large majority of AISs of pyramidal neu-
rons in adult control mice is Na,1.2 immuno-negative, whereas
the AISs of the adult Na,1.6-cKO neurons are almost exclusively
populated by this channel subtype. The reason for this discrep-
ancy remains unclear. It may reflect the species or age difference
or pathological alterations in human tissue samples. Highly
sensitive immunogold labeling (38) revealed low, but significant,
densities of Na,1.6 channels in soma and apical dendrites of
control pyramidal neurons. Uncompensated loss of these chan-
nels in Na,1.6-cKO cells would be expected to reduce dendritic
excitability. Our evidence (Fig. 7) that Na,1.6 deletion has no
obvious effect on the fidelity of spike backpropagation indicates
that the dendritic Na,1.6 loss is compensated for by expression of
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Fig. 5. Input/output gain is not altered in Na,1.6-cKO neurons. (A) Re-

petitive firing elicited by prolonged current pulses in representative control
and cKO neurons. Note that firing patterns are similar, but more current is
required to achieve the same frequency in cKO neurons. (B) F-I relationships
of neurons from control (black circles) and cKO (red circles) mice. Blue
dashed lines represent the linear fits for nearly linear portions of the F-I
relationships.
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other Na™ channel subtypes. The exact molecular identity of the
channels that substitute for Na,1.6 in the dendrites remains
elusive, however, because conventional immunofluorescence lo-
calization technique is not sufficiently sensitive.

Relatively subtle differences in excitable properties of layer
5 pyramidal neurons of conditional Na,1.6 knockout and control
mice, as described above, could be related to a difference be-
tween the Na,1.6 and Na,1.2 channels in their propensity to
enter the noninactivating gating mode and to produce persistent
current (9, 11, 12). Several groups have tried to determine the
role of Na,1.6 channels in axonal excitability by using mice that
bear the recessive muscle endplate disease mutation in the ScnSa
gene. This mutation causes the expression of a truncated non-
functional form of Na,1.6 by altering mRNA splicing due to
insertion of a LINE element in exon 2 (43). The functional
consequences of Na,1.6 deletion varied in different neuronal

A

|20 um

types, probably reflecting differences in Na,1.6 subcellular lo-
calization and time course of developmental appearance, as well
as mechanisms compensating for the lack of its expression (44).
Thus, the amplitude and voltage dependence of both transient
and persistent Na* currents in dissociated globus pallidus neu-
rons were not affected by Na,1.6 deletion (45). By contrast,
transient Na* current in dissociated Purkinje neurons and in
subthalamic nucleus neurons from mutant mice with ubiquitous
Na,1.6 deficiency was reduced by ~40% (36, 46—48), and In.p
reduction was even more prominent [by ~60% (36)]. Inap Was
also significantly reduced in CAl pyramidal cells from Na,1.6
KO mice, and the voltage dependence of activation of the
transient current was shifted to more depolarizing potentials by
~5 mV (49). Current-clamp recordings from these cells in slices
revealed a significant elevation of the somatic spike threshold in
Na,1.6 KO mice as well as a shortening of the estimated delay
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Fig. 7. Propagation efficiency of AP trains in apical dendrites is not affected by Na,1.6 loss. (A) Ca®* transients elicited in apical dendrites of the repre-
sentative control (Upper) and Na, 1.6-cKO (Lower) neurons by trains of 10 APs at frequencies of 20 and 50 Hz. Color of the traces indicates distance from the
soma (black: 25 um; green: 125 pm: pink: 225 pm). (Insets) Ca** transients evoked by a single AP. (B) The ratio of the peak amplitude of Ca* transients elicited
by a train and single APs plotted as a function of distance from the soma. The dashed lines are an exponential fit to the data. Note that in both control (n = 7)
and Na,1.6-cKO (n = 11) neurons, Ca* transients attenuate with a distance constant of ~360 pm (20-Hz train) and ~450 pm (50-Hz train).
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voltages as compared with the signal in the soma.

between spike initiation at the AIS and its arrival at the soma
(49). These earlier studies were based on somatic electrical re-
cordings alone. Here, using a more direct approach, Na* imaging
from axons of current- and voltage-clamped layer 5 cortical py-
ramidal cells, we found that neuron-specific deletion of
Na,1.6 causes significant reduction in In,p generation by AIS
Na* channels. Similarly, a heightened tendency to generate In.p
was found in studies of heterologously expressed Na* channels,
which consistently show that the noninactivating component is
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largest in Na,1.6 channels (9, 11, 12). Because of the pivotal role
of Inap in setting the AP threshold, the reduction in this current
amplitude alone could be sufficient to explain elevation in cur-
rent and voltage threshold and the lower instantaneous firing
rates observed in Na,1.6-cKO cells.

Based on the similar pattern of Na' influx in Na,1.2 and
Na,1.6 containing AIS of the Na,1.6-cKO and control neurons, we
presume that the underlying channel densities are not dramatically
different. The precise relationship between Na* influx and Na™
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conductance (gNa) is not simple, as it depends not only on
channel kinetics but also on the shape of the AP. In an extreme
example, the relationship could be quite flat in a spherical com-
pact cell if all of the Na* conductance is inactivated by the time
the AP reaches its peak. However, as has been shown experi-
mentally (50, 51), rapidly rising, narrow APs such as those of the
AIS at 22 °C have considerable Na* conductance during the re-
polarization phase. In this case, the influx more closely mirrors
gNa. Kole et al. (14) used models with different Na* channel
densities to show that the influx-gNa relationship is expected to be
nearly linear for a fairly broad range of gNa. The Na* influx—gNa
relationship could be significantly distorted if the inactivation ki-
netics of Na,1.2 and Na,1.6 channels differs. Our imaging data,
however, suggest that this is not the case, as the kinetics of cu-
mulative inactivation of axonal Na® flux during high-frequency
trains of spikes was roughly similar in cKO and control cells.

A common supposition is that the leftward shift in voltage de-
pendence of Na* channel activation in the AIS is due to the
presence of the molecularly distinct Na* channel subtype, Na,1.6.
The comparison of the voltage dependence of the heterologously
expressed Na,1.6 channels to other subtypes, however, has pro-
duced conflicting results: there are reports of leftward shifted (9),
rightward shifted (10), and unaffected (11) voltage dependence of
activation of Na,1.6 compared with Nay1.2 channels. Our evi-
dence—that the leftward shift of activation of the Na™ channels is
preserved within the Na,1.2-containing AIS trigger zone of
Na,1.6-cKO neurons—indicates that the leftward shift is not as-
sociated with a unique channel subtype. Rather, it probably re-
flects interactions of Na® channels with the proteins that
characterize the AIS (52). Indeed, the binding of one of the AIS
cytoskeletal proteins, ankyrin G (31, 53), to sodium channels can
regulate their inactivation gating (54).

In good agreement with our data, excitatory cell-specific deletion
of Na,1.6 has recently been shown to produce convulsive seizure
resistance due to cortical circuit hypoexcitability (55). Examination
of heterozygous Na,1.6 mutant mice (56) and humans (57) revealed
a much more complex phenotype than we observed, including
cognitive deficits, emotional instability, sleep-wake architecture,
and other neurohumoral derangements. Although these phenom-
ena could be related to a mild decrease in neuronal excitability
of various neuronal populations, it is more likely that they reflect a
difference in susceptibility of different Na* channel subtypes to
neuromodulation. For example, while somatodendritic Na,1.2
channels are very sensitive to regulation by protein phosphorylation
via the PKA and PKC pathways (58-60), the Na,1.6 channels
are largely refractory to such neuromodulation (11). It is there-
fore likely that compartmentalization of Na, 1.2 and Na,1.6 channels
in mature cortical neurons contributes to the selectivity of neuro-
modulation of the excitable properties of the axonal and
somatodendritic membrane.

Materials and Methods

Ethics Statement. This study was carried out at the University of Saarland and
the Max Planck Institute of Experimental Medicine in strict accordance with
the recommendations of European and German guidelines for the welfare of
experimental animals. Animal experiments were approved by the German
Federal States of Saarland and Lower Saxony. Mouse breeding was per-
formed in the animal facilities of the University of Saarland and Max Planck
Institute for Experimental Medicine.

Generation of Transgenic Mice. The mice were of C57BL/6NR] background.
Transgenic mice Scn8a™"™™ (29) were crossbred with Neurod6™'€ekan mjce
(26). Homozygous, floxed Scn8a allele mice positive for cre were used as
knockouts while littermates (homozygous, floxed Scn8a allele but negative for
cre or heterozygous, floxed Scn8a allele with cre) were used as control animals.
Mice of both genders were investigated without obvious differences.

Immunohistochemistry. Mice (P25 and P60) were deeply anesthetized by in-
jection of ketamine (1.4%) and xylazine (0.2%; 5 ml/kg body weight) and
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perfused intracardially with 2% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4). After perfusion, the brains were harvested and post fixed in the
same fixative solution for 2 h at room temperature (RT). Brains were washed
with PBS and cut with a vibratome (Leica VT 1000S; Leica Instruments) to
prepare free-floating 40-pm-thick brain slices. Frontal sections were collected
and treated with blocking solution (0.3% Triton X-100 and 5% horse serum
in PBS) for 1 h at RT. Primary antibodies were diluted in blocking solution.
Brain slices were incubated with primary antibodies for a minimum of 12 h
at 4 °C and washed with PBS after the incubation. Fluorescently tagged
secondary antibodies were diluted in blocking solution, and slices were in-
cubated for 1 h at RT. The primary antibodies used were as follows:
monoclonal mouse anti-Ankyrin G (AnkG, sc-12719, 1:50; Santa Cruz Bio-
technology), polyclonal rabbit anti-Na,1.2 (ASC-002, 1:100; Alomone), and
polyclonal rabbit anti-Na, 1.6 (ASC-009, 1:100; Alomone). Donkey anti-mouse
or rabbit secondary antibodies (1:2,000) conjugated with Alexa488 or
Alexa555 were purchased from Invitrogen.

Confocal Laser-Scanning Microscopy and Image Analysis. Confocal images
were taken with a laser-scanning fluorescence microscope (LSM-710; Zeiss)
using appropriate excitation and emission filters. Z-stacks of images were
taken at 0.5- to 1-pm intervals, processed with ZEN software (Zeiss) and
Image J, and displayed as maximum intensity projections. For counting the
AlSs in adult mice (Fig. 1), at least five animals per group were examined; for
P25 mice, immunosections were studied from one Na,1.6-cKO and one
control mouse. For the analysis of AIS density and length, three to six z-
stacks were taken randomly from the layer 5 cortical area of Na,1.2,
Na,1.6, and AnkG immunostained sections. For analysis of AlIS cross sections,
a custom-made Imagel plugin LRoi (available at sites.imagej.net/CIPMM-
MolPhys/) was used, where the fluorescence intensity was measured along
the axis perpendicular to the middle of the AIS (+2.5 pm to the right and left
side) to visualize the intensity of Na,1.6 and Na,1.2 immunofluorescense.

Statistical Analysis. Statistical differences were analyzed using the Mann-
Whitney U test (Na, expression in AIS and AIS length), the two-tailed t test
for two-group data, and the one-way Anova for three-group data. Data are
shown as mean + SEM.

Electrophysiology. Experiments were performed on L5 pyramidal neurons in
somatosensory neocortical coronal slices prepared from 4- to 5-wk-old mice,
using standard techniques as previously described (27). Mice were anes-
thetized with isoflurane (5%) and decapitated. Coronal slices (300 pm) from
the primary somatosensory cortex were cut on a vibratome (VT1200; Leica)
and placed in a holding chamber containing oxygenated artificial cerebro-
spinal fluid (ACSF) at room temperature; they were transferred to a re-
cording chamber after more than 1 h of incubation. The composition of the
ACSF was (in micromolar): 124 NaCl, 3 KCl, 2 CaCl,, 2 MgSOy, 1.25 NaH,PO,,
26 NaHCO3, and 10 glucose; pH was 7.4 when bubbled with 95% O,/CO,.

The cells were viewed with a 63x water-immersion lens in a Zeiss Axioskop
2 FS microscope (Zeiss) mounted on an X-Y translation stage (Luigs & Neu-
mann). Somatic whole-cell recordings were made using patch pipettes pulled
from thick-walled borosilicate glass capillaries (1.5-mm outer diameter;
Hilgenberg). The pipette solution contained (in micromolar): 130 K-gluconate,
6 KCl, 2 MgCl,, 4 Nadl, and 10 Hepes, with pH adjusted to 7.25 with KOH. Pi-
pettes had resistances of 5-7 MQ when filled with this solution supplemented
with 2 mM SBFI or with 50 pM OGB-1 (Molecular Probes). Current-clamp re-
cordings were made using an EPC10 amplifier (HEKA) controlled with Patch-
master software; data were low-pass—filtered at 30 kHz (-3 dB, six-pole Bessel
filter) and digitized at 200 kHz. The pipette solution for whole-cell voltage-
clamp experiments contained (in micromolar): 135 CsCl, 4 NaCl, 2 MgCl,, and
10 Hepes (cesium salt), pH 7.25, also supplemented with 2 mM SBFI; Ca®*
currents were blocked by adding 200 pM Cd?* to the bath. Voltage-clamp
recordings were made with an EPC10 amplifier in voltage-clamp mode; data
were low-pass—filtered at 2 kHz (-3 dB, six-pole Bessel filter) and sampled at
10 kHz. Care was taken to maintain membrane access resistance as low as
possible (usually 3-4 MQ and always less than 7 MQ); series resistance was
90% compensated for using the built-in circuitry of the amplifier.

All recordings were made at room temperature (21 + 1 °C). We opted for a
lower than physiological temperature to enhance the Na* transients (17).
Electrophysiological data analysis was accomplished using pCLAMP 10.0
(Axon Instruments) and Origin 6.0 (Origin Lab).

Imaging. Imaging experiments were performed as described previously (17).
SBFI fluorescence was excited with a 75-W Xenon arc lamp using a Semrock
Fura-2 filter set [excitation = 387(11) nm; dichroic (DC) = 409 nm; emission
(EM) = 510(84) nm]. OGB-1 fluorescence was excited with a high-intensity
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LED device (480 + 5 nm, Prizmatix), and the emission was collected using a
modified Zeiss GFP filter set (DC = 510 nm; EM = 515 nm). Changes in
fluorescence were acquired using a back-illuminated 80- x 80-pixel cooled
camera (NeuroCCD-SMQ; RedShirt Imaging) controlled by the Neuroplex
software. Images were acquired at 500 frames per second. Indicator
bleaching was corrected by subtracting an equivalent trace without
electrical stimulation.
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