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Neurons are flexible electrophysiological entities in which the
distribution and properties of ionic channels control their behav-
iors. Through simultaneous somatic and axonal whole-cell record-
ing of layer 5 pyramidal cells, we demonstrate a remarkable
differential expression of slowly inactivating K* currents. Depo-
larizing the axon, but not the soma, rapidly activated a low-
threshold, slowly inactivating, outward current that was potently
blocked by low doses of 4-aminopyridine, a-dendrotoxin, and
rTityustoxin-Ka. Block of this slowly inactivating current caused a
large increase in spike duration in the axon but only a small
increase in the soma and could result in distal axons generating
repetitive discharge in response to local current injection. Impor-
tantly, this current was also responsible for slow changes in the
axonal spike duration that are observed after somatic membrane
potential change. These data indicate that low-threshold, slowly
inactivating K* currents, containing Kv1.2 « subunits, play a key
role in the flexible properties of intracortical axons and may
contribute significantly to intracortical processing.
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he precise distribution and properties of ionic channels in

cortical neurons strongly influence both the cell’s intrinsic
electrophysiological properties and its operation within cortical
networks. Although the properties of cortical neuronal cell
bodies and dendrites have been extensively studied, the study of
neocortical axons has been largely confined to recordings from
axonal segments near the cell body (e.g., see refs. 1 and 2).

Far from being simple static structures that merely commu-
nicate spikes, the dynamical properties of intracortical axons
may contribute critically to the operation of local cortical
networks (reviewed in ref. 3). Recently, it was shown that the
amplitude of excitatory postsynaptic potentials evoked be-
tween excitatory neurons depends on the membrane potential
of the presynaptic cell (4, 5). Modest somatic depolarization of
presynaptic neocortical pyramidal cells increased the average
excitatory postsynaptic potential (EPSP) amplitude evoked in
nearby pyramidal cells. Interestingly, simultaneous axonal and
somatic patch clamp recordings revealed that these somatic
depolarizations increased axonal spike duration over a time
course that was similar to the slow component of synaptic
facilitation. These results suggest that information transmis-
sion within local cortical networks may operate in a mixed
“analog” and ‘“digital” mode (4, 5) and that axonal spike
duration may be critically involved in this process, at least for
some intracortical synaptic interactions.

What controls intracortical axonal spike duration? The answer
to this question is largely unknown. Immunocytochemical studies
indicate that pyramidal cell axons contain a high density of
transient and persistent Na* currents, particularly in the axon
initial segment and nodes of Ranvier (6-8) and at least Kv1.2
a-subunit containing K* channels (6). In other preparations,
Kv1.1, 1.2, and 1.6 a-subunits contribute to the formation of
low-threshold K* channels that are important in determining
axonal excitability and axonal spike duration (9-12). In addition,
cortical synaptic transmission is strongly sensitive to low doses of
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4-aminopyridine and the Kv1.1, 1.2, and 1.6 channel blocker
a-dendrotoxin (13-15), indicating that K* channels containing
these subunits may be particularly important in presynaptic
axons and terminals.

Here, we demonstrate that a low-threshold, slowly inactivating
K* current, consisting, at least in part, of Kv1.2 a subunits, plays
a dominant role in controlling axonal excitability and spike
duration in neocortical layer 5 pyramidal cell axons. The time
and voltage dependence of this current may allow for dynamical
changes in intracortical synaptic transmission that are important
for cortical operation and information transfer (5).

Results

Simultaneous whole-cell recordings were obtained from both the
soma and the main axon of ferret and rat prefrontal cortical layer
S pyramidal cells (n = 53; Figs. 1 and 2) (1, 5). The axonal
recordings were obtained at a distance of 45-310 um from the
cell body through patching the terminal bleb of the main axon at
the surface of the slice (see Methods).

The intrasomatic injection of constant current initiated a train of
spikes in regular spiking cortical pyramidal cells, with each spike
propagating down the main axon (1). The injection of constant
current pulses into distal (> 100 wm) axons in contrast, initiates
single spikes only, followed by their back propagation into the soma
(Fig. 1A4). After this single spike, the axonal membrane potential
exhibited a slow depolarizing ramp (Fig. 14).

In other axonal preparations, the limitation of axonal re-
sponses to prolonged depolarization to a single spike results, in
part, from the activation of low-threshold and «-dendrotoxin
(a-DTX), 4-AP-sensitive K* currents (reviewed in ref. 10). To
test whether similar K* currents may contribute to the control
of axonal excitability in the neocortex, we examined the effects
of low doses of a-DTX (100 nM; n = 15) and 4-AP (40 uM; n =
16). The bath application of a-DTX to rat layer 5 pyramidal cells
reduced axonal spike threshold and converted the response from
a single spike to a train of spikes (Fig. 1B). Examination of the
dV/dt versus membrane potential phase plot of the somatic
spikes revealed two components, indicating that they were
initiated by back-propagating axonal spikes (16). The bath
application of a-DTX blocked the slow depolarizing ramp that
normally occurs with prolonged axonal depolarization (Fig. 1 4
and B). After the application of a-DTX, the intraaxonal injection
of larger depolarizing current pulses activated “spikelets,” which
did not invade the soma (Fig. 1 B and D). We assume that these
spikelets are either spikes that were generated in distal axonal

Author contributions: Y.S. and D.A.M. designed research; Y.S. and J.Y. performed research;
Y.S. and Y.Y. analyzed data; Y.Y. did model simulations; and D.A.M. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

Abbreviations: EPSP, excitatory postsynaptic potential; MNTB, medial nucleus of the trap-
ezoid body.

*To whom correspondence should be addressed. E-mail: david.mccormick@yale.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0702041104/DC1.

© 2007 by The National Academy of Sciences of the USA

PNAS | July3,2007 | vol. 104 | no.27 | 11453-11458

NEUROSCIENCE



http://www.pnas.org/cgi/content/full/0702041104/DC1
http://www.pnas.org/cgi/content/full/0702041104/DC1






http://www.pnas.org/cgi/content/full/0702041104/DC1
http://www.pnas.org/cgi/content/full/0702041104/DC1
http://www.pnas.org/cgi/content/full/0702041104/DC1
http://www.pnas.org/cgi/content/full/0702041104/DC1



http://www.pnas.org/cgi/content/full/0702041104/DC1
http://www.pnas.org/cgi/content/full/0702041104/DC1
http://www.pnas.org/cgi/content/full/0702041104/DC1






http://www.pnas.org/cgi/content/full/0702041104/DC1

