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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, �-dendrotoxin, and
rTityustoxin-K�. 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.

axon � cortex � plasticity � synaptic transmission

The 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
�-subunit containing K� channels (6). In other preparations,
Kv1.1, 1.2, and 1.6 �-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

4-aminopyridine and the Kv1.1, 1.2, and 1.6 channel blocker
�-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 � 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
5 pyramidal cells (n � 53; Figs. 1 and 2) (1, 5). The axonal
recordings were obtained at a distance of 45–310 �m 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 �m) axons in contrast, initiates
single spikes only, followed by their back propagation into the soma
(Fig. 1A). After this single spike, the axonal membrane potential
exhibited a slow depolarizing ramp (Fig. 1A).

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
(�-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 �-DTX (100 nM; n � 15) and 4-AP (40 �M; n �
16). The bath application of �-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 �-DTX blocked the slow depolarizing ramp that
normally occurs with prolonged axonal depolarization (Fig. 1 A
and B). After the application of �-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
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locations or the failed local generation of spikes at or near the
recording site (Fig. 1 B and D). Finally, the application of �-DTX
dramatically increased the duration of axonal spikes (from
1.24 � 0.23 msec control to 3.3 � 1.3 msec, �-DTX, n � 5; P �
0.01) but only slightly broadened somatic spikes (Fig. 1C; 1.1 �
0.1 msec control, 1.2 � 0.1 msec, �-DTX; n � 5; P � 0.01). The
prolongation of axonal spike duration occurred through a se-
lective reduction of spike repolarization rate (Fig. 1C).

Slow Changes in Axonal Spike Duration Blocked by 4-Aminopyridine.
The duration and, to some extent, amplitude, of axonal spikes is
strongly sensitive to somatic (and axonal) membrane potential
(5). Here, we examined the possibility that the sensitivity of
axonal spike duration may result from the properties of a 4-AP-
and �-DTX-sensitive current. Spikes were initiated in the axon
initial segment (1, 2, 17) through the intrasomatic injection of
short duration (1–2 msec) depolarizing current pulses. Depolar-
ization of the soma from resting membrane potentials (typically
�62 to �72 mV) to near firing threshold (typically �49 to �55

mV) rapidly (within 50 msec) increases somatic spike duration
(from an average of 0.61 � 0.04 msec to 0.72 � 0.05 msec; n �
9; P � 0.01; measured at half-height). Somatic spike duration
often slowly decreased slightly after an initial peak with the onset
of tonic depolarization (Fig. 2 A). Removal of the somatic
depolarizing constant current injection rapidly decreased so-
matic spike duration, which then slowly increased slightly over
several seconds (Fig. 2 A).

Axonal spikes behaved markedly different from those in the
soma, even though they were recorded simultaneously. Al-
though axonal membrane potential was depolarized rapidly by
depolarization of the soma, the duration of axonal spikes was
increased only over several seconds (Fig. 2B). This increase in
duration could be well fit (r2 � 0.98) with a single exponential
function with a time constant (�) of 4.9 s or by a two-
exponential function (r2 � 0.99) with �s of 0.58 s (38%
contribution) and 7.58 s (62%) (n � 9). Upon removal of the
somatic depolarization, the membrane potential of the axon
returned to rest rapidly. However, axonal spike duration
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Fig. 1. An �-dendrotoxin-sensitive current controls cortical axonal excitabil-
ity. (A) Simultaneous somatic and axonal recording. The intraaxonal injection
of current pulses results in only single spikes in both the axon and the soma,
followed by a slow ramping depolarization of the axon. (B) After bath
application of �-dendrotoxin (100 nM; �-DTX) axonal spike threshold is lower,
trains of spikes are initiated with moderate amplitude current pulses, the slow
depolarizing ramp of the axonal membrane potential in response to depo-
larization was blocked, and larger intraaxonal current pulses initiated ‘‘spike-
lets’’ that were not evident in the somatic recording. (C) The application of
�-DTX strongly increased axonal spike duration but not in the soma (first spike
to each pulse shown). (D) Expansion of two normal spikes and several ‘‘spike-
lets’’ (in �-DTX). Axon recorded at 110 �m (P20 rat prefrontal cortex).

Fig. 2. A 4-AP sensitive current controls slow changes in axonal spike
duration. (A) Somatic depolarization rapidly, but only mildly, increases spike
duration in the soma (n � 9; single cell traces are shown on right). (B) The
somatic depolarization (from an average of �65 to �52 mV) also rapidly
depolarizes the axon (top trace; example from one trial in one cell) and slowly
increases axonal spike duration over 10s of seconds. (C) Bath application of
4-AP (40 �M) results in a small increase in somatic spike duration. Dashed trace
(control) is a spike obtained at hyperpolarized levels before application of
4-AP. (D) The 4-AP increases axonal spike duration and blocks the time-
dependent changes with membrane potential. The data presented on the left
in A–D are the average of nine cells from ferret PFC. The raw data presented
on the right are from one paired somatic-axonal recording (100 �m).
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decreased slowly, with a time course that could be well fit (r2 �
0.97) with a � of 2.54 seconds or with a two-exponential
function (r2 � 0.99) with �s of 0.99 s (60%) and 5.28 s (40%)
(n � 9). The membrane potential of the axon exhibited only
small (� 1 mV) changes over the course of the depolarization
and hyperpolarization, indicating that the changes in spike
duration were not a consequence of changes in local membrane
potential.

Studies have shown that low doses of 4-AP block a K� current
(D-current) that activates rapidly, inactivates slowly, and may
contribute to spike repolarization (18–21). We tested the pos-
sibility that a K� current that is highly sensitive to block by 4-AP
may contribute to spike repolarization in the soma and axon of
ferret layer 5 pyramidal cells. Bath application of 4-AP (40–50
�M) only slightly broadened somatic spikes at resting membrane
potential (from 0.61 � 0.04 to 0.685 � 0.08 msec; n � 9; P � 0.01)
as well as exaggerated the slow changes in somatic spike duration
induced by tonic depolarization and hyperpolarization (Fig. 2C).

In contrast, 4-AP markedly increased the duration of the same
spikes in the axon (Fig. 2D); increasing their duration to 1.39 �
0.06 from 0.51 � 0.07 msec (n � 5; P � 0.01). In the presence
of 4-AP, depolarization of the soma had only a small, and rapid,
effect on axonal spike duration. Similar results were obtained
with bath application of �-DTX (100 nM; n � 4; not shown).
Finally, bath application of low doses of 4-AP lowered spike
threshold by �2.1 � 0.2 mV in the axon and �3.0 � 0.8 mV in
the soma.

Cortical Axons Contain a Slowly Inactivating K� Current. Our results
suggest that intracortical axons may contain slowly inactivating,
4-AP- and �-DTX-sensitive K� currents that are critical to the
repolarization of axonal spikes. To examine this possibility, we
applied a series of voltage clamp pulses before and after the bath

application of 4-AP and �-DTX (Fig. 3; in TTX, 1 �M). Axonal
voltage steps (holding potential of �100 to �80 mV) activated
a slowly inactivating outward current, that was blocked by 4-AP
(Fig. 3 A–C; n � 7) and �-DTX (Fig. 3 D–F; n � 10). The 4-AP-
and �-DTX-sensitive components of the depolarization-
activated outward currents consisted of both slowly inactivating
and steady state (as measured at 5 sec) components (Fig. 3). The
depolarization-activated outward current that remained in the
axon after bath application of 4-AP or �-DTX did not exhibit
evidence of slow inactivation (Figs. 3B and E and 4B).

The 4-AP- and �-DTX-sensitive current activated rapidly
(within 1 msec) and slowly inactivates with a time course that
could be well fit (r2 � 0.95) by a single exponential function of
1.5 � 0.5 s or even better fit (r2 � 0.99) by a double-exponential
function with �s of 68 (� 10) msec and 1.44 � 0.23 sec (not
shown). These two time courses were not strongly voltage
dependent over the voltage range of �75 to 0 mV (not shown;
n � 10).

�-DTX selectively blocks K� channels that contain either
Kv1.1, 1.2, or 1.6 subunits (9, 22, 23), whereas low doses of
4-AP blocks Kv 1.1, 1.2, 1.5 and 3.1 subunits (9, 22). However,
we found that application of 4-AP (40 �M) did not block any
additional depolarization-activated outward current after the
application of �-DTX [100 nM; n � 5; supporting information
(SI) Fig. 6], indicating that the effects of 4-AP observed here
are mediated largely or exclusively through �-DTX-sensitive
channels. rTityustoxin-K� is relatively selective for Kv 1.2
subunits (24), whereas dendrotoxin-K is relatively selective for
Kv1.1 subunits (25). Bath application of rTityustoxin-K�
(50–100 nM) resulted in a strong suppression of the slowly
inactivating K� current (n � 6), with the additional application
of �-DTX having only a small added block (n � 2; SI Fig. 7).
In contrast, bath application of dendrotoxin-K (100 nM) had
either no or mild suppressing effects on the slowly inactivating
K� current (n � 4), and the additional application of �-DTX
resulted in a strong block of the residual slowly inactivating K�

current (n � 3; SI Fig. 7).

The 4-AP- and �-DTX-Sensitive K� Current Is Prominent in the Axon but
Not in the Soma. The dramatic difference in the effect of �-DTX
and 4-AP on spike duration in the soma versus the axon suggests
that there may be substantial regional differences in the contri-
bution of this current to depolarization-activated outward cur-
rents. Indeed, the bath application of �-DTX (n � 4) or 4-AP
(n � 5) blocked a noninactivating K� current in somatic
recordings (Fig. 4A), with a relative lack of the large, slowly
inactivating �-DTX- and 4-AP-sensitive K� current that is seen
in nearly all of our axonal recordings (Fig. 4B). Indeed, com-
parison of the amplitude and voltage dependence of the �-DTX-
sensitive component in the soma and axon initial segment
revealed a significantly larger amplitude in the axon (Fig. 4C),
with a voltage threshold in both locations of approximately �65
to �70 mV. The 4-AP- or �-DTX-sensitive component was, on
average, 46.3 � 11.1% of the outward axonal currents activated
by depolarization. Bath application of 4-AP (40 �M) had no
consistent effect on the frequency of spike generation versus
current injected (f-I) plot during the intrasomatic current injec-
tion (n � 6; not shown).

The Slowly Inactivating Axonal K� Current Exhibits a Low Threshold.
Examination of the voltage dependence of the slowly inactivating
outward current in axons revealed an activation threshold of
approximately �70 to �75 mV and complete activation at �10 to
0 mV (Fig. 5C). Fitting the activation curve with a Boltzmann
equation revealed a half-activation value of �43 mV and a slope of
14. The voltage dependence of steady-state inactivation of this
current was examined through the application of 5-sec-long hyper-
polarizing voltage steps and then examining the amplitude of the
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Fig. 3. A slowly inactivating outward current in the axon is blocked by 4-AP
and �-DTX. (A) Axonal (150 �m from soma) voltage steps activates a slowly
inactivating outward current. (B) The slowly inactivating current is blocked by
4-AP (40 �M). (C) Subtraction reveals the 4-AP outward current to be rapidly
activating, slowly inactivating, and containing a persistent component. (D)
Axonal (110 �m) voltage steps in another cell. (E) �-DTX (100 nM) blocks the
slowly inactivating current. (F) Subtraction reveals that �-DTX has effects
similar to 4-AP.
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slowly inactivating outward current subsequently activated upon
stepping back to �40 to �5 mV (Fig. 5B). Group data revealed that
the current inactivated with a threshold of �90 to �100 mV, and
inactivation was complete at �40 to �50 mV (Fig. 5C). Fits with
a Boltzmann equation revealed values of half-inactivation of �67
mV and a slope of 7.3. Examination of the standard error of the
mean bars (Fig. 5C) indicates that there is considerable variation
between cells in the voltage dependence of inactivation. It is likely
that these curves are broadened from the actual voltage depen-
dence of activation and inactivation, owing to the limitations of
single electrode voltage clamp applied to the cut end of a long
cylindrical process such as an axon. However, our simulations
suggest that this error may not be large (SI Figs. 8 and 9).

Recovery of Inactivation Is Slow and Voltage-Dependent. The slow
time course with which axonal spikes return to normal with
hyperpolarization (Fig. 2) suggests that the current responsible may
have a slow time course of removal of inactivation. To examine this
possibility, we applied hyperpolarizing current steps of varying
amplitudes and durations from a holding potential of �40 mV (Fig.
5 D–G). These voltage steps revealed at least two time courses for
removal of inactivation (Fig. 5 D and E). At each membrane
potential tested, the time course of removal of inactivation could be
well fit (r2 � 0.98) by a combination of two exponential functions,

with the first exponential function having an average value of 0.36 �
0.4 s and the second having an average value of 6.7 � 2.9 s.
Examining the voltage dependence of these two exponential func-
tions, however, revealed that the more rapid component may
shorten significantly with increased hyperpolarization (Fig. 5F),
whereas the second, slower component was less sensitive to mem-
brane potential, having a value between 3.2 and 10.6 s at all levels
(data not shown). The amplitude of both components increased
with hyperpolarization of the axon, with the slow component being
larger at all membrane potentials (Fig. 5G), and with the relative
contribution of the slow-to-faster component peaking at approxi-
mately �90 mV. Because the time constant of the faster component
shortened with hyperpolarization, the slowest removal of inactiva-
tion occurred at the most depolarized membrane potentials. In
addition, at hyperpolarized membrane potentials, removal of inac-
tivation exhibited a clear, two-component time course (Fig. 5E).
Simulations suggest that the time constants of inactivation and
removal of inactivation of the slowly inactivating K� current are
consistent with the slow changes in axonal spike duration observed
with somatic depolarization and hyperpolarization (SI Figs. 9
and 10).

Discussion
We demonstrate here that cortical pyramidal cell axons exhibit
a prominent, slowly inactivating K� current that is blocked by
�-DTX and low doses of 4-AP. This slowly inactivating current
is responsible for axonal spike repolarization and controls axonal
excitability. Voltage-dependent changes in this transient out-
ward current contribute strongly to time- and voltage-dependent
changes in axonal spike duration, which may have important
functional implications for the operation of cortical networks
and could be used as a mechanism for the intracortical ‘‘analog’’
transfer of information.

Rapidly activating K� currents that slowly inactivate over a
period of seconds and are blocked by low doses of 4-AP and �-DTX
have been characterized in multiple cell types including hippocam-
pal and cortical pyramidal cells (18–20, 26, 27). Because the
activation of this type of current often occurs below spike threshold,
they can cause a prolonged delay in the generation of the first spike,
resulting in this class of current being called ID (18, 19). Similarly,
here, we noted that depolarization of layer 5 pyramidal cell axons
caused a slow depolarizing ramp that was blocked by 4-AP (Fig. 1).
The rapid activation kinetics (�1 msec) of this current allows it to
contribute strongly to the repolarization of axonal spikes. In fact,
the strong prolongation of axonal spikes with low doses of 4-AP or
�-DTX suggests that ID is the major current underlying spike
repolarization in these intracortical axons. Hippocampal and cor-
tical somatic spike duration can be prolonged by 4-AP or �-DTX,
although typically to a much more modest degree then observed
here for intracortical axons (21, 26, 28–31). The ability of 4-AP
and/or �-DTX to prolong spikes is most prominent in neocortical
neurons that generate short-duration spikes, such as fast spiking
GABAergic interneurons or thin spiking pyramidal cells (21, 30,
31), suggesting that 4-AP- and �-DTX-sensitive K� currents are
especially important in the generation of short-duration spikes.
There is considerable evidence that K� channels containing Kv3.1
are also important for spike repolarization in fast spiking inhibitory
interneurons (32).

A role for 4-AP- and �-DTX-sensitive K� channels in controlling
cortical axonal excitability has long been suggested by the observed
ability of these agents to increase the evoked or spontaneous release
of excitatory or inhibitory transmitters (13–15). Extracellular re-
cordings of hippocampal axonal fiber potentials have observed
increases in duration with application of low doses of 4-AP (14). In
the cerebellum, simultaneous direct recordings of basket cell axon
terminals and somata reveal a prominent role for slowly inactivat-
ing, 4-AP- and �-DTX-sensitive K� currents in spike repolarization
in the axon but not in the soma (33). At hippocampal mossy fiber

Fig. 4. A slowly inactivating, 4-AP-sensitive, outward current is prominent in
the axon but not the soma. (A) Voltage clamp steps from �85 to �25 mV
applied to the soma results in the activation of outward currents, a component
of which is blocked by �-DTX. (B) Axonal (120 �m from the soma) voltage
clamp steps activate the typical slowly inactivating outward current that is
blocked by �-DTX. (C) Plot of the voltage dependence and peak amplitude (as
measured at the point illustrated by the arrows) of the �-DTX blocked outward
currents, including the noninactivating component.
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terminals, an �-DTX-sensitive transient K� current strongly con-
trols activity-dependent changes in spike duration, although this
current rapidly inactivates like an A-type K� current. Prolonged
depolarization or repetitive spike generation can result in inactiva-
tion of this current, leading to an increase in presynaptic spike
duration, an increase in spike-dependent Ca2� entry, and subse-
quent facilitation of evoked transmitter release (34). In some
presynaptic terminals, such as at the calyx of Held in the medial
nucleus of the trapezoid body (MNTB), 4-AP- and �-DTX-
sensitive K� currents strongly control axonal and terminal excit-
ability, limiting responses to single spikes, without a strong contri-
bution to spike duration (10).

�-DTX specifically blocks K� channels that contain at least
one � subunit that is Kv1.1, 1.2, or 1.6, whereas low doses of 4-AP
appears to block channels containing these subunits as well as
those containing Kv3.1. Tityustoxin-K�, which is relatively spe-
cific for K� channels containing Kv1.2 subunits (24) strongly
blocked the slowly inactivating K� current in cortical axons,
whereas dendrotoxin-K, which is relatively specific for Kv1.1
subunits (25, 35), exhibited only marginal effects. Together,
these results implicate K� channels containing Kv1.2 subunits,
either in a heteromeric or homomeric mixture (11, 36, 37) are the
mediators of the D-current responsible for axonal spike repo-
larization. Immunocytochemical studies reveal the prominent
expression of Kv 1.2 channels in axons and axonal terminal fields
throughout the brain (6, 11, 38, 39). In the neocortex, Kv1.2 is
of particularly high density in the more distal portions of the
axon initial segment of cortical pyramidal cells (6). In addition

to this localization, other axonal preparations have consistently
revealed the prominent localization of Kv1 channels in the
juxtaparanodal region of nodes of Ranvier (10, 39).

Previously, we demonstrated that prolonged depolarization of
layer 5 somata results in a slow increase in spike duration in the
main axon, even up to 300 �m distal (5). Here, we demonstrate that
this effect is mediated by the inactivation and removal of inactiva-
tion of the axonal D-current. The ability of the D-current to control
spike duration according to membrane potential may have a
significant and important functional effect on synaptic transmission,
particularly in the cerebral cortex, where many neurons form a
dense local network of interconnections (40). We observed that
small (10–15 mV) somatic depolarizations could have a significant
enhancing effect on the amplitude of single-spike EPSPs between
nearby cortical pyramidal cells, opening up the possibility that local
cortical communication may operate in a mixed ‘‘digital’’ and
‘‘analog’’ mode (5). At least part of this depolarization-induced
enhancement of synaptic transmission had a time constant that was
similar to that observed here for changes in spike duration through
the inactivation and removal of inactivation of ID (5), and previous
studies have demonstrated that small increases in presynaptic spike
duration can strongly enhance EPSC amplitude (34). It remains to
be determined whether or not block of the slowly inactivating K�

currents results in an abolition of the ability of presynaptic somatic
depolarization to enhance local excitatory synaptic transmission.
Results obtained at the hippocampal mossy fiber synapse between
dentate granule cells and CA3 pyramidal cells (4) as well as at the
calyx of Held in the MNTB (41) indicate that changes in presynaptic
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spike generation may not be the major mechanism of depolariza-
tion-induced enhancement of transmitter release at these locations.
Instead, both calcium-dependent, and non-calcium-dependent pre-
synaptic mechanisms other than changes in spike duration have
been implicated (4, 5, 41). Even so, our results indicate that a slowly
inactivating, 4-AP-sensitive, K� current is critical in the control of
axonal spike duration, and therefore, by implication, in intracortical
synaptic communication.

Materials and Methods
Slice Preparation. Coronal slices from prefrontal cortex were pre-
pared from 7- to 12-week-old ferrets and P17–22 Sprague–Dawley
rats. The results obtained from both species were qualitatively
similar and were therefore combined. Animals were initially deeply
anesthetized with pentobarbital (30 mg/kg) and decapitated and
slices formed as described (1). Slice solution contained 126 mM
NaCl, 2.5 mM KCl, 2 mM MgSO4, 2 mM CaCl2, 26 mM NaHCO3,
1.25 mM NaH2PO4, and 25 mM dextrose (315 mOsm, pH 7.4), and
the temperature was 35°C for incubation and 36°C–36.5°C for
recording.Corticalneuronswerevisualizedwithanupright infrared-
differential interference contrast (IR-DIC) microscope
(BX51WI; Olympus, Melville, NY).

Electrophysiological Recordings. Whole-cell recordings were
achieved from both soma (see SI Methods) and the terminal bleb
of the cut main axon of layer 5 regular spiking neurons by using
a Multiclamp 700B amplifier (Axon Instruments, Union City,
CA) as described (1, 5). Patch pipettes (5–6 M� for soma and
9–15 M� for the axon) were filled with 140 mM potassium
gluconate, 3 mM KCl, 2 mM MgCl2, 2 mM Na2ATP, 10 mM
Hepes, and 0.2 mM EGTA (pH 7.2 with KOH, 288 mOsm).
Alexa Fluor 488 (100 �M) and biocytin (0.2%) were added to the
pipette solution for tracing and labeling the recorded pyramidal
cells. During recording, access resistance was monitored fre-
quently and was compensated by up to 70%. Recordings with
access resistance �25 M� for somatic recording or 45 M� for
axonal recording, were discarded. Bridge balance and capaci-
tance neutralization were carefully adjusted before and after
every experimental protocol. The distance of the axonal record-
ing site was measured after fixation and biocytin visualization.
Action potential durations were measured at half-amplitude.

The cut end of the main axon, through which we obtained our

axonal recordings, is, to some degree, an abnormal structure. We
do not feel that this had a strong adverse effect on our results.
Although the recordings will be, to some degree, influenced by the
local properties of the bleb, the relatively small size (3–5 �m) of the
terminal bleb in comparison with the 50–300 �m of the main axon
to which it is attached indicates that the ionic currents and spike
properties that we record are likely to be strongly dominated by
those of the intact axon. Computational models have confirmed
that changing the density of ion channels in this terminal bleb does
not significantly affect the properties of the currents expected from
whole-cell recordings from our axons (data not shown) (16). Finally,
at subthreshold membrane potentials, we have measured the axonal
length constant to be �400 �m (5), although the activation of K�

currents with depolarization will cause this to shorten significantly.

Measurements of Ionic Currents. The slowly inactivating outward
current was measured 100 msec after the onset of the depolar-
izing voltage step to avoid measurement of the rapidly inacti-
vating K� current, IA. The current remaining after �5 s (100
msec before the end of the depolarizing step) was taken as an
estimate of the noninactivating component and was subtracted
from the peak outward current, to yield a measure of the
inactivating component. This inactivating component is com-
pletely blocked by 4-AP and �-DTX (Figs. 3 and 5), indicating
that it is not necessary to apply these drugs to every cell to
measure the 4-AP- and �-DTX-sensitive, slowly inactivating
outward current. The voltage dependence of activation and
inactivation of the slowly inactivating component was measured
by estimating the conductance by using an ohmic relationship:
G � I/(V � Vrev), where I is the amplitude of the inactivating
component, V is the step potential, and Vrev is �107 mV, the
estimated reversal potential for K�, given our internal and
external ion solutions. The activation and inactivation curves
were then normalized to the maximal conductance for each cell.

Data are presented as mean � standard deviation in the text.
Error bars in the illustrations are standard error of the mean. A
liquid junction potential of 10 mV was subtracted from each
recording (42, 43).
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