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As initially shown in the squid axon (Hodgkin, 1976)

action potentials in central neurons result from the activity

of voltage-dependent ion currents. The depolarising phase

of the action potential results from activation of voltage-

dependent Na+ and Ca2+ currents (Llinás, 1988), while the

time course of repolarisation is determined by a

combination of Na+ current inactivation and activation of

a number of different K+ currents (Storm, 1990). During

repetitive activity action potential repolarisation is often

slower for subsequent spikes. Such broadening of action

potentials has been observed in a wide variety of

invertebrate and vertebrate neurons both in vitro and in
vivo. Spike broadening occurs in all compartments of the

neuron in which it has been examined: soma (Aldrich et al.
1979; Ma & Koester, 1996; Shao et al. 1999), dendrite

(Andreasen & Lambert, 1995) and axon terminal (Jackson

et al. 1991; Geiger & Jonas, 2000). In most neurons, action

potentials are accompanied by rises in cytosolic Ca2+

initiated by the opening of voltage-gated Ca2+ channels. As

the resulting Ca2+ influx during action potentials largely

occurs during repolarisation (Llinás et al. 1981), the

duration of the action potential is a key determinant of the

amount of Ca2+ influx. Rises in intracellular Ca2+ are

responsible for initiating a range of cellular processes,

from transmitter release to gene transcription (Ghosh &

Greenberg, 1995). For example, at the presynaptic nerve

terminal, the width of the action potential determines the

amount transmitter release (Augustine, 1990; Sabatini &

Regehr, 1997; Geiger & Jonas, 2000) and in regions outside

the terminal, the amplitude and kinetics of Ca2+-activated

K+ currents, which play a role in the frequency of action

potential firing, are dependent on the amount of Ca2+

influx (Sah, 1992, 1996). Thus action potential broadening

has an important role in many aspects of neuronal activity.

The mechanisms underlying spike broadening during

repetitive firing have been examined in a number of

different neural systems. In invertebrates, where it was first

studied, broadening is frequency dependent and is due to

cumulative inactivation of voltage-gated K+ currents that

contribute to action potential repolarisation (Aldrich et al.
1979; Quattrocki et al. 1994; Ma & Koester, 1996). A

similar conclusion was reached in experiments on

mammalian nerve terminals in the pituitary (Jackson et al.
1991) and at mossy fibre terminals in the hippocampus

(Geiger & Jonas, 2000). These K+ currents include slowly

inactivating, delayed rectifier type currents (Aldrich et al.
1979; Geiger & Jonas, 2000) and the low threshold, rapidly

inactivating A-type K+ currents (Ma & Koester, 1996;

Giese et al. 1998). In a recent study, spike broadening in

hippocampal pyramidal neurons was also found to involve

inactivation of a Ca2-activated K+ current mediated by

rapidly inactivating large conductance BK channels (Shao

et al. 1999).
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In the present study we have examined spike broadening

during repetitive firing in the lateral nucleus of the

amygdala (LA). The amygdala is part of the limbic system

that plays a key role in assigning emotional significance to

sensory input, and has been shown to be particularly

important for emotional learning, such as during fear

conditioning (LeDoux, 2000; Davis & Whalen, 2001). The

LA is a cortical-like structure that receives sensory

information from cortical and thalamic areas and projects

to other nuclei within the amygdala, as well as sending

recurrent connections to the cortex and thalamus (Sah et
al. 2003). Two types of electrophysiologically distinct

neuron are present within this structure, pyramidal-like

projection neurons and local circuit inhibitory inter-

neurons (McDonald, 1984; Paré & Gaudreau, 1996;

Mahanty & Sah, 1998). As in other cell types, a number of

voltage- and Ca2+-dependent K+ currents contribute to the

action potential time course in LA projection neurons

(Faber & Sah, 2002). We have previously reported that

following somatic current injections spike broadening

occurs during trains of action potentials fired by

projection neurons (Faber et al. 2001). Here we show that

this broadening is a frequency-dependent phenomenon

that occurs during firing evoked by both somatic current

injections and synaptic activation. This broadening results

in part from inactivation of large conductance BK-type

Ca2+-activated K+ channels.

METHODS 
All experiments were performed on rat brain slices maintained in
vitro. Wistar rats (unsexed, 21–28 days old) were anaesthetised
with intraperitoneal pentobarbitone (50 mg kg_1) and were killed
by decapitation. Rat brains were rapidly removed and placed in ice
cold artificial cerebral spinal fluid (aCSF) containing (mM): NaCl
118, KCl 2.5, NaHCO3 25, glucose 10, MgCl2 2.5, CaCl2 2.5 and
NaH2PO4 1.2. Coronal slices (400 mm thick) containing the
amygdala were cut using a microslicer DTK-1000 (Dosaka). The
slices were allowed to recover in oxygenated (95 % O2/5 % CO2)
aCSF at 34 °C for 30 min and then kept at room temperature for a
further 30 min before experiments were performed. Slices were
then transferred to the recording chamber as required. These
procedures were in accordance with the guidelines of the
Institutional Animal Ethics Committee. Within the recording
chamber slices were held in position using a nylon net, stretched
over a flattened U-shaped platinum wire, and were continuously
perfused with oxygenated aCSF maintained at 30 °C. When using
Cd2+ to block voltage-gated Ca2+ channels, NaHPO4 was omitted
from the aCSF to prevent precipitation of cadmium phosphate.

Whole-cell recordings were made from neurons in the LA using
IR/differential interference contrast (DIC) techniques. Electrodes
(3–6 MV) were coated with beeswax to reduce capacitance and
filled with pipette solution containing (mM): KMeSO4 135, NaCl
8, Hepes 10, Mg2ATP 2 and Na3GTP 0.3 (pH 7.2 with KOH,
osmolality 300 mosmol kg_1). On some occasions 10 mM BAPTA
was included in the internal pipette solution. Signals were
recorded using a patch clamp amplifier (Axon instruments,
Axopatch 1-D or Multiclamp 700A, Foster City, CA, USA). No
differences in spike broadening were seen when using the two

different amplifiers. Responses were filtered at 5 kHz and digitised
at 10 kHz (Instrutech, Greatneck, NY, USA, ITC-16). All data
were acquired, stored and analysed on a Macintosh G4 using
Axograph 4.6 (Axon Instruments). Only cells with a membrane
potential greater than _55 mV were included in this study. Access
resistance was 5–30 MV and was monitored throughout the
experiment. In all experiments, drugs were applied by diluting to
the correct concentration in the superfusate.

To investigate the firing properties of neurons, six to eight current
injection steps (600 ms) were applied from _100 to +600 pA in
100 pA increments. Spike half-widths were measured at 50 % of
the peak using the event detection macro in Axograph. This
analysis was carried out on spikes evoked either using the
prolonged current injections described above, or by brief 2–5 ms
current injections of 0.8–2 nA at varying frequencies. When
examining the action of drugs on broadening, action potentials
were either evoked by a train of five brief (5 ms) current injections
(0.8 nA) at 50 Hz, or by a prolonged (600 ms) depolarising
current injection (300 pA), and spike half-widths were measured
before and after drug applications. Afterhyperpolarisations
(AHPs) were evoked by giving a 50 ms 400 pA current injection
from a holding potential of _50 mV. For nucleated patch
recordings, 10 mM EGTA or BAPTA was included in the internal
solution in half of the experiments and on some occasions TTX
(1 mM) and Cd2+ (250 mM) or Ni+ (5 mM) were included in the
superfusate. However no differences in the outward current were
seen with and without EGTA or BAPTA, and with and without
TTX, Cd2+ and Ni+, and for this reason the results have been
pooled. To obtain nucleated patches, after obtaining a whole-cell
recording, negative pressure was applied to the pipette and the
pipette was slowly withdrawn from the cell (Sather et al. 1992).
Capacitance transients were compensated for using a P/4 protocol
and 80 % series resistance compensation was used, with a lag
of < 3 ms. To examine outward currents evoked by brief
depolarisations, 5 ms voltage steps to +40 mV from a holding
potential of _60 mV were applied at varying intervals. To examine
the outward currents activated during action potentials, a voltage
waveform of a train of spikes evoked by either 600 or 5 ms
depolarising steps, recorded in current clamp, were used as the
voltage clamp command. All K+ currents shown are averages from
five to ten sweeps. For afferent stimulation, a bipolar stimulating
electrode was placed in the external capsule. Tetanic stimulation
was given as 10 stimuli at 50–100 Hz. Results are expressed as
means ± S.E.M. Student’s t tests were used for statistical
comparisons between groups.

Drugs and chemicals
Iberiotoxin (Ibtx) and a-dendrotoxin (a-DTX) were obtained
from Alomone Laboratories. Ni+, Cd2+, paxilline, BAPTA, EGTA,
tetraethylammonium (TEA) and 4-aminopyridine (4-AP) were
obtained from Sigma. All drugs were applied by directly adding
them to the superfusate from stock solutions. Drugs were applied
until their action was maximal. However, in instances where
washout of drugs was tested (e.g. Fig. 5I), drugs were only applied
until they started to have an effect when washout was started.

RESULTS 
We have previously shown that LA projection neurons

exhibit a continuum of firing properties, ranging from

cells that fire one to five spikes in response to a prolonged

(600 ms) depolarising current injection before fully
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accommodating, to those that fire repetitively throughout

the current injection (Faber et al. 2001). In the present

study we have concentrated only on cells that

accommodate, which comprise approximately 80 % of LA

projection neurons. In all cells the second action potential

in a train was significantly broader than the first

(P < 0.0001; n = 266, Fig. 1). The mean half-widths of the

first and second spikes evoked in response to a prolonged

400 pA current injection were 1.09 ± 0.03 and

1.54 ± 0.04 ms respectively, giving a mean percentage

increase between the first and second spike of 43 ± 3 %

(P < 0.001, n = 49, Fig. 1). However, no further significant

broadening occurred after the second spike, with the mean

half-width of the third spike being 1.64 ± 0.04 ms

(P > 0.05, 6 ± 1 % versus the second spike, n = 49). The

measured spike half-widths of the first spike and spike

broadening between the first two spikes (Fig. 1F) remained

stable over a recording period of 20 min.

Frequency dependence of broadening
Spike broadening has been shown to be frequency

dependent in a number of different neurons (Aldrich et al.
1979; Quattrocki et al. 1994; Ma & Koester, 1996; Shao et
al. 1999). To test whether broadening in the LA was also

frequency dependent, action potentials were evoked with

increasingly larger current injections. Action potentials

evoked by larger current injections fired at higher

frequencies and showed greater broadening (Fig. 2). The

mean frequency of discharge between the first two spikes

was 25 ± 4 Hz with a 200 pA current injection, 45 ± 4 Hz

for a 300 pA current injection and 69 ± 5 Hz for a 400 pA

current injection (n = 49). It was noted that action

potentials that were broader showed a more depolarised

threshold, slower rate of rise and smaller amplitudes.

These effects are due to inactivation of the underlying

voltage-dependent Na+ current (E. Faber and P. Sah,

unpublished observations). On average, action potential

half-width increased by 24 ± 2 % (P < 0.001, n = 49) with

a 200 pA current injection, by 36 ± 3 % (P < 0.001, n = 49)

with a 300 pA current injection and by 43 ± 3 %

(P < 0.001, n = 49) with a 400 pA current injection.

We next sought to ascertain whether the enhanced

broadening with larger current injections is due to the

higher frequency of firing or results from the more

sustained and larger depolarisation of the membrane

associated with long current injections. To test this we

applied trains of brief (5 ms) current steps (0.8–1.5 nA) to

evoke single spikes at a fixed frequency. Broadening still

occurred between the first two spikes when action

potentials were evoked by brief current injections at 50 Hz

(26 ± 3 %, P < 0.001, n = 25, Fig. 3A and B). This

broadening showed a similar pattern to that seen when

action potentials were evoked at an equivalent frequency

by prolonged current injections in the same cells (Fig. 3B).

The extent of broadening with the brief steps was

frequency dependent with greater broadening observed at

higher frequencies of stimulation (n = 11, Fig. 3C).

Spike broadening in LAJ Physiol 552.2 485

Figure 1. Action potential
broadening in projection
neurons in the lateral amygdala
Trains of action potentials evoked in
the same cell in response to a long
(600 ms), 200 pA (A) and 400 pA (B)
depolarising current injection. C and
D, the numbered action potentials in
(A and B) have been superimposed to
show the extent of spike broadening
between the first three action
potentials. E, average data from 49
cells showing action potential half-
width for the first seven action
potentials in response to a 400 pA
current injection. F, action potential
half-width of the first spike (filled
circles) and broadening between the
first two spikes (open circles) are
stable over 20 min of whole-cell
recording (n = 4).
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Such frequency-dependent broadening is consistent with

inactivation of a K+ current(s) that contributes to action

potential repolarisation (Aldrich et al. 1979; Jackson et al.
1991; Quattrocki et al. 1994; Ma & Koester, 1996). As

recovery from inactivation is voltage dependent, being

faster at more negative membrane potentials, we next

tested whether broadening could be reversed by

membrane hyperpolarisation. A hyperpolarising current

(400–600 pA) was applied between two depolarising

current injections delivered at 33 Hz. At this stimulation

frequency the increase in half-width between the first and

second spikes was 26 ± 5 % (P < 0.05, n = 9). Following

insertion of a hyperpolarising step between the

depolarising steps no significant broadening occurred

between the two spikes (0 ± 3 %, n = 9, P > 0.05, Fig. 3D).

These results suggest that broadening in LA neurons is due

to voltage-dependent inactivation of currents active

during spike repolarisation.

Currents underlying spike broadening
As in many other neurons (Storm, 1990; Sah, 1996), BK

channels also play a role in action potential repolarisation

in LA neurons (Faber & Sah, 2002). In hippocampal

pyramidal neurons, inactivation of BK channels has been

shown to contribute to broadening during repetitive

activity (Shao et al. 1999). We therefore tested whether a

similar mechanism is active in LA neurons. We first

blocked activation of BK channels by reducing Ca2+ influx

by applying the Ca2+ channel blockers Ni+ (5 mM) or Cd2+

(250 mM). When action potentials were evoked by

prolonged current injections (300 pA), application of Ni+

(Fig. 4) or Cd2+ broadened action potentials, presumably

due to blockade of BK channel activation (Faber & Sah,

2002). However, spike broadening was not significantly

altered. In the presence of Ni+ (5 mM), the first and second

spikes broadened by 40 ± 6 % compared with 45 ± 5 % in

control (P > 0.05, n = 7, Fig. 4C). Similarly, the effect of

Cd2+ (250 mM, data not shown) on broadening did not

reach statistical significance, where broadening during the

first two spikes evoked by a 300 pA current injection was

36 ± 5 % in control conditions and 25 ± 9 % in the

presence of Cd2+ (P > 0.05, n = 4). Lowering the

concentration of extracellular Ca2+ to 0.5 mM also failed to

significantly prevent broadening with a 25 ± 5 %

broadening in 0.5 mM Ca2+ containing aCSF and 35 ± 6 %

broadening in the control (P > 0.05, n = 6).

As expected (Faber & Sah, 2002), application of Ca2+

channels blockers attenuated the AHP and reduced spike

frequency adaptation (n = 6, Fig. 4A and B). Thus it is

possible that the broadening seen when BK channels are

blocked results from the increase in spike firing frequency.

To test for this we examined the action of Ni+ on

broadening when action potentials were evoked with a

train of 5 ms current injections at 50 Hz (Fig. 4D). In

contrast with the long current injections, Ni+ significantly

reduced spike broadening between the first and second

spikes when they were evoked at a fixed frequency (Fig. 4E,

E. S. L. Faber and P. Sah486 J Physiol 552.2

Figure 2. Frequency
dependence of spike
broadening
A, action potential trains evoked by
600 ms current injections of 200,
300 and 400 pA. Note the increase in
the frequency of action potential
discharge with increasing current
injections. B, the first two action
potentials have been superimposed
for each current injection. C, action
potential half-width is plotted for
each action potential for the three
current injections shown in A. The
frequency of discharge for the first
two spikes is shown for each current
injection. The averaged data for 49
neurons is shown in D, together with
the mean firing frequency of the first
two spikes.
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F and J). Under control conditions the first and second

spikes had mean half-widths of 1.2 ± 0.05 ms and

1.6 ± 0.1 ms respectively, a broadening of 33 ± 3 %

(n = 8). In contrast, in the presence of Ni+ (5 mM), the first

two spikes had half-widths of 1.5 ± 0.1 and 1.8 ± 0.2 ms

respectively, a mean increase of 21 ± 1 % (P < 0.005, n = 8,

Fig. 4E). This effect of Ni+ was reversible upon washout

(Fig. 4F). In addition to blocking Ca2+ influx we also tested

the effect on spike broadening when cells were loaded with

the fast Ca2+ chelator BAPTA (10 mM) to block BK channel

activation. Upon depolarisation with a 600 ms current

injection, cells loaded with BAPTA fired repetitively due to

blockade of the slow AHP (Faber & Sah, 2002), and the

spikes were broader due to blockade of BK channels

(Fig. 4G and I). With a 300 pA current injection, spike

broadening was similar to that under control conditions,

with a broadening between the first two spikes of 45 ± 4 %

(P > 0.05, n = 5, Fig. 4I and J). However, when spikes were

evoked with brief current injections at 50 Hz, broadening

was significantly reduced to 16 ± 2 % in the presence of

BAPTA, with half-widths of the first and second spikes of

1.5 ± 0.1 and 1.7 ± 0.04 ms respectively (P < 0.005, n = 4,

Fig. 4I and J).

Spike broadening in LAJ Physiol 552.2 487

Figure 3. Action potential broadening does not require prolonged depolarising current
injections

A, action potentials evoked by repetitive 5 ms current injections at 50 Hz. The first two action potentials have

been superimposed on the right to show the spike broadening. B, average data from 25 neurons comparing

the action potential broadening for five action potentials evoked at 50 Hz (open circles) with a prolonged

(600 ms) 300 pA current injection giving a mean discharge frequency of 45 Hz for the first two spikes (filled

circles). C, frequency dependence of spike broadening. Percentage broadening of the first two action

potentials at different frequencies shows that broadening is more pronounced at higher stimulation

frequencies (n = 11). D, spike broadening can be reversed with a hyperpolarising current injection. Upper

traces show the action potential broadening evoked by two 5 ms current injections delivered at 33 Hz. The

action potentials have been superimposed on the right. In the lower panel a hyperpolarising current injection

(400–600 pA, 20 ms) is delivered between the two depolarising voltage steps (same neuron). The two action

potentials superimposed on the right show no significant broadening (n = 9).
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Figure 4. Ca2+ influx contributes to spike broadening
A, action potential train evoked by a 300 pA current injection before (left) and after (right) blockade of Ca2+

influx with 5 mM Ni+. Note the reduction in spike frequency adaptation as the slow afterhyperpolarisation
(AHP) activated by a current injection is blocked in the presence of Ni+ (B). C, the first two action potentials
before and after Ni+ have been superimposed. Ni+ does not reduce broadening with this protocol. D, action
potential train (50 Hz) evoked by brief current injections before (left) and after (right) blockade of Ca2+

influx with 5 mM Ni+. E, the first two action potentials before and after Ni+ nickel have been superimposed
showing that Ni+ attenuated broadening between the first two spikes. F, time course showing the reversibility
of the effect of Ni+ on broadening. G, action potential train evoked by a prolonged 300 pA current injection in
a cell loaded with 10 mM BAPTA. H, action potentials evoked by 5 ms current injections in a BAPTA loaded
cell. I, superimposed first and second spikes evoked by prolonged (left) and brief (right) current injections in
a BAPTA-loaded cell; broadening is reduced when the spikes are evoked by brief current injections.
J, average data illustrating that spike broadening is unaffected by Ni+ or BAPTA when action potentials are
evoked by prolonged current injection but is reduced when action potentials are evoked by brief current
steps. Note that the interspike interval for prolonged current injections is shorter in the presence of Ni+ due to
the reduction in accommodation. Control values for the long (300 pA) and short current injections have
been averaged.
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Figure 5. Contribution of BK channels to spike broadening
A, action potential train evoked by a 300 pA current injection before (left) and after (right) blockade of BK
channels with the specific blocker paxilline (10 mM). B, the first action potential before and after paxilline has
been superimposed and shows that paxilline significantly broadens the spike compared to the control. C and
D, spike broadening is still present in the presence of paxilline. E, action potential train evoked by brief
current injections before (left) and after (right) application of 10 mM paxilline. F, mean data for 6 cells
comparing the extent of broadening over the five action potentials in control (open circles) and in the
presence of paxilline (filled circles). G, the first two action potentials superimposed before and after paxilline
show that spike broadening in response to brief current injections is reduced by paxilline. H, the first two
action potentials evoked by brief current injections superimposed before (left) and after (right) iberiotoxin
(50 nM) show that broadening is attenuated by iberiotoxin. I, average data showing broadening between the
first two spikes following application of paxilline and iberiotoxin when action potentials have been evoked
with long or short current injections. Control values for the long (300 pA) and short current injections have
been averaged. J, time course of reduction of spike broadening of spikes evoked by brief current injections by
paxilline. 
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As BK channels are both voltage- and Ca2+-sensitive (Cui

et al. 1997), it is possible that in the presence of Ni+ and

BAPTA, Ca2+ concentrations at BK channels were not low

enough to fully block their activation at the peak of the

action potential. Thus we further tested the possible

involvement of BK channels in spike broadening by using

the selective BK channel blockers iberiotoxin (Ibtx) and

paxilline. Application of BK channel blockers significantly

slowed spike repolarisation (Faber & Sah, 2002). However,

as with the Ca2+ channel blockers (Fig. 4), spike

broadening during repetitive firing was unaffected when

measured during a prolonged current injection

(Fig. 5A–D). Broadening between the first and second

spikes in control conditions was 40 ± 3 and 45 ± 4 % in the

presence of 10 mM paxilline (1.4 ± 0.1 to 2.0 ± 0.1 ms,

n = 18, Fig. 5C and D). However, with brief current

injections to evoke spikes at a fixed frequency, spike

broadening was attenuated by paxilline. In the presence of

paxilline, broadening between the first two spikes was

significantly reduced from 26 ± 3 to 16 ± 3 % (P < 0.05,

n = 13, Fig. 5E–G). As with paxilline, Ibtx (50 nM) also

reduced broadening from 21 ± 2 % in control conditions

to 13 ± 1 % in Ibtx (1.4 ± 0.1 to 1.6 ± 0.1 ms, P < 0.05,

n = 5, Fig. 5H and I). Together, these results indicate that

while inactivation of BK channels contributes to spike

broadening, a second mechanism, independent of BK

channels, also contributes to spike broadening. This

second mechanism is more prominent following

prolonged depolarising steps than brief depolarising steps.

In addition to BK channel inactivation, inactivation of the

A-current (IA), a low threshold rapidly inactivating K+

current that contributes to action potential repolarisation

in some neurons (Storm, 1987; Kang et al. 2000), has also

been shown to contribute to spike broadening in

hippocampal pyramidal neurons (Giese et al. 1998). To

test for the possible involvement of the A-current in LA

neurons we used the blocker 4-aminopyridine (4-AP,

5 mM). At this concentration, 4-AP blocks a number of K+

channels, including those mediating IA (Coetzee et al.
1999). Application of 4-AP significantly broadened action

potentials (Fig. 6). However, 4-AP had no effect of spike

broadening, measured using brief current injections to

keep the firing frequency constant (Fig. 6). The extent of

broadening between the first two spikes in control

conditions was 51 ± 7 and 46 ± 10 % in the presence of

5 mM 4-AP (P > 0.05, n = 4). It should be noted that the

effect of 4-AP in action potential repolarisation is likely to

be due to blockade of currents other than the A-current

because presence of such currents have not been evident

under whole-cell voltage clamp (E. Faber & P. Sah,

unpublished observations). In addition, action potentials

initiated from _80 mV were not significantly broader

(half-width 1.4 ± 0.1 ms) than those evoked from a

holding potential of _55 mV (half-width 1.3 ± 0.03;

P > 0.05, n = 3), further showing that A-currents are not

active during action potential repolarisation in LA

pyramidal-like neurons.

In mossy fibre terminals, a-dendrotoxin (a-DTX), a toxin

that blocks K+ channels containing Kv1.1, 1.2 and 1.6

subunits (Coetzee et al. 1999), was found both to broaden

spikes and to prevent broadening during repetitive firing

(Geiger & Jonas, 2000). We therefore examined the effects

E. S. L. Faber and P. Sah490 J Physiol 552.2

Figure 6. The A-current is not
involved in spike broadening
IA (the A-current, a low threshold
rapidly inactivating K+ current) was
blocked by application of 4-
aminopyridine (4-AP, 5 mM).
A, action potential train evoked by
brief current injections before (left)
and after (right) 4-AP application.
B, the first two action potentials
evoked by a brief current injection
have been superimposed before and
after application of 4-AP. C, average
data from 4 neurons showing the
normalised broadening in control
(open circles) and in 4-AP (filled
circles) over the five action potentials.
D, mean data for 4 cells showing the
percentage broadening between the
first two spikes is not reduced by
4-AP.
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of a-DTX on spike broadening. In LA pyramidal cell

neurons, application of a-DTX (100 nM) failed to prevent

spike broadening (Fig. 7). The mean half-widths of the

first and second spikes evoked by brief current injections

were 1.2 ± 0.05 and 1.6 ± 0.03 ms under control

conditions, and 1.2 ± 0.05 and 1.6 ± 0.1 ms in the

presence of a-DTX (P > 0.05, n = 4). This result is perhaps

not surprising since a-DTX did not significantly broaden

action potentials in LA neurons, indicating that thea-DTX-sensitive current is not a major contributor to

action potential repolarisation in these neurons (Faber &

Sah, 2002).

Finally, we examined the effect of TEA (10 mM), a broad

spectrum voltage-gated K+ channel blocker. TEA had no

significant effect on spike frequency discharge (91 ± 7 Hz

in control versus 89 ± 12 Hz in TEA, P > 0.05, n = 3) when

spikes were elicited by a prolonged 300 pA current

injection. TEA significantly broadened spikes, but did not

prevent spike broadening during repetitive firing (not

shown). Under control conditions, the first and second

spikes had mean half-widths of 1.37 ± 0.2 and 2 ± 0.2 ms

respectively, giving a mean increase of 46 ± 7 % (n = 3). In

contrast, in the presence of TEA, the first and second

spikes had half-widths of 2.1 ± 0.2 and 6.9 ± 1.3 ms, giving

a mean increase in half-width of 117 ± 27 % (n = 3).

K+ currents measured in nucleated somatic patches
These results show that as in hippocampal pyramidal

neurons (Shao et al. 1999), spike broadening in LA

projection neurons is partly mediated by BK channel

inactivation. However, it is clear that inactivation of a

voltage-dependent K+ current(s) other than that mediated

by BK channels also contributes, and is likely to account

for the residual spike broadening in the presence of BK

channel blockers. Unlike in hippocampal neurons or

mossy fibre terminals (Giese et al. 1998) this residual

broadening cannot be accounted for by inactivation of IA

(Shao et al. 1999) or a-DTX-sensitive channels (Geiger &

Jonas, 2000). To test for the presence of outward currents

that show frequency-dependent inactivation we excised

nucleated patches. Depolarisation of nucleated patches

from a holding potential of _60 mV activated TTX-

sensitive inward Na+ currents and large outward currents.

These currents did not show any inactivation aver 5 ms

and were insensitive to a-DTX (100 nM, n = 7, data not

shown). These outward currents showed marked

frequency-dependent inactivation that plateaued after the

first three repetitions (Fig. 8A). When evoked at 50 Hz,

the peak amplitude of the outward current evoked by the

second voltage step was 86 ± 2 % of the first (P < 0.001,

n = 9), while that evoked by the third step was 79 ± 3 % of

the first (P < 0.05 for second versus third step, n = 9). No

further significant reduction in the amplitude of the

outward currents evoked by the fourth and fifth

depolarisations was observed (P > 0.05, n = 9). This

voltage-dependent inactivation was relieved by brief

hyperpolarising steps to _100 mV (Fig. 8B and C). With

hyperpolarising voltage steps the outward current elicited

by the second step was 12 % greater than that elicited by

the first (P > 0.05, n = 6). The frequency dependence of

inactivation of outward currents evoked by two

depolarising voltage steps was examined over a range of

inter-stimulus frequencies up to 100 Hz. Similar to spike

broadening (see Fig. 3C), inactivation was greater at higher
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Figure 7. Spike broadening does
not require a-dendrotoxin
(a-DTX)-sensitive K+ channels
A, action potentials evoked by brief
current injections before (left) and
after 100 nM a-DTX (right). B, the
first two superimposed action
potentials in control and following
application of a-DTX. C, average
broadening is shown for the five
action potentials before (open circles)
and after addition of a-DTX (filled
circles, n = 4). D, mean percentage
broadening between the first two
spikes is unchanged in the presence ofa-DTX (n = 4).
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Figure 8. The K+ current in nucleated patches shows cumulative inactivation
A, nucleated patch outward currents were evoked by 5 ms depolarising voltage steps to +40 mV from a
holding potential of _60 mV (inset). B, same patch as shown in (A) but with a 10 ms hyperpolarising step to
_100 mV between the depolarising voltage steps. C, average data from 9 neurons showing normalised peak
outward current with (filled circles) and without (open circles) a hyperpolarising voltage step. D, frequency
dependence of outward current inactivation (n = 8). Outward currents were evoked with a pair of
depolarising steps to +40 mV, at frequencies from 2 to 100 Hz. The percentage reduction of the outward
current during the second pulse is plotted against the interpulse frequency. Superimposed outward currents
recorded at inter-stimulus frequencies of 50 Hz (left) and 2 Hz (right) are shown in the inset. E, outward
currents evoked by action potential train command waveforms from _60 mV elicited by a prolonged
(600 ms) depolarising step in the presence of TTX (1 mM) and Cd2+ (250 mM) undergo inactivation. F, the
current evoked by a single action potential waveform. The vertical dashed line marks the peak of the action
potential. Note that as expected, the K+ current is maximal during membrane repolarisation. G, outward
currents evoked by action potential train command waveforms from _60 mV elicited by brief (5 ms, see
inset) depolarising steps. H, cumulative inactivation of the outward currents activated by action potential
waveforms shown in E and G (n = 6). Note the greater inactivation of outward current with the prolonged
depolarising action potential waveform (filled circles) compared with the brief depolarising action potential
waveform (open circles). The data for inactivation during 5 ms voltage steps from (C) have been
superimposed (open triangles).
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frequencies, and recovery from inactivation at _60 mV

was almost fully achieved at a 2 Hz inter-stimulus

frequency, with the current evoked by the second step

recovering to 96 ± 1 % of control (n = 8, Fig. 8D).

To confirm that these outward currents are also active

during action potentials, we used trains of action

potentials that had been evoked in current clamp by either

prolonged 600 ms or brief 5 ms depolarising steps as the

voltage command. The outward current elicited by the

600 ms step-evoked action potential waveform underwent

a similar pattern of inactivation to that seen with the

voltage step commands (n = 6, Fig. 8E and H). In contrast,

inactivation of the outward current was substantially

attenuated when evoked by a spike waveform recorded

using 5 ms depolarising steps (n = 3, P < 0.05, Fig. 8G and

H). These results demonstrate the presence of an outward

current in LA neurons that undergoes voltage-dependent

inactivation. This outward current shows significantly

more inactivation when evoked by action potentials

activated by a prolonged depolarising step as compared

with action potentials generated by brief depolarising

steps. It can be seen that the inactivation of this current

continues during the first four step depolarisations

(Fig. 8C, E and H), similar to the broadening of action

potentials evoked when BK channels have been blocked

(cf. Fig. 5F). Application of TEA reduced the outward

current evoked by brief depolarising steps to 47 ± 10 % of

control and further addition of 4-AP reduced it to

26 ± 8 % (n = 3). However, in the presence of these

compounds the frequency-dependent inactivation of the

remaining current was little affected, consistent with the

spike broadening seen in the presence of TEA or 4-AP.

Spike broadening during synaptic stimulation
Finally, to examine the extent of broadening under more

physiological conditions, action potentials were initiated

by synaptic activation. In some instances two spikes could

Spike broadening in LAJ Physiol 552.2 493

Figure 9. Action potentials evoked by synaptic stimulation show spike broadening
A, two action potentials evoked by synaptic stimulation of the external capsule (traces on left). The two
action potentials, superimposed on the right, show spike broadening. B, high-frequency train of action
potentials evoked by tetanic afferent stimulation (100 Hz) evokes action potentials that show spike
broadening for the first three action potentials. The first two and the second and third action potentials have
been superimposed in the lower traces. C, average spike broadening data during tetanic stimulation (filled
triangles, n = 53). For comparison the data obtained from cells in which action potentials were evoked by a
brief, 5 ms current injection (open circles) have been superimposed. D, action potentials evoked during a
train of synaptic stimulation (50 Hz) before and after application of paxilline. Action potentials are broader
in the presence of paxilline but continue to show broadening during the first two spikes. E, average data from
6 cells showing spike broadening between the first two action potentials in a train following application of
paxilline.
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be evoked by a single shock applied to the external capsule

(Fig. 9A). The first spike had a mean half-width of

1.2 ± 0.1 ms and the second of 1.7 ± 0.2 ms (n = 5,

P < 0.05, Fig. 9A). This broadening is similar to that seen

with somatic current injections (P > 0.05). To examine

spike broadening during trains of more than two spikes,

tetani of 10 stimuli at 100 Hz were applied to the external

capsule (Fig. 9B). Following synaptic stimulation,

broadening of action potentials during repetitive firing

was similar to that seen with somatic current injections

(Fig. 9C). However, following a tetanus the broadening

between the first three spikes was more graded. Thus, the

second spike was significantly broader than the first

(1.35 ± 0.03 and 1.15 ± 0.03 ms respectively, n = 53,

P < 0.001) and the third spike was significantly broader

than the second (1.5 ± 0.05 and 1.35 ± 0.03 ms, n = 53,

P < 0.01). This is in contrast with the somatic current

injections, where most of the broadening occurs between

the first two spikes, and the third spike is not significantly

broader than the second (see Figs 1–3). The graded

broadening of action potentials evoked by synaptic

stimulation more closely resembles that seen in the

presence of BK channel blockers. One possible

explanation of this result is that inactivation of BK

channels plays a lesser role in spike broadening when

action potentials are evoked by synaptic stimulation,

possibly due a different locus of spike initiation during

somatic current injection as compared to EPSPs (see

below). To test for this possibility we also examined spike

broadening during synaptic stimulation when BK

channels were blocked with paxilline. For these

experiments tetanic stimulation was applied at 50 Hz to

enable direct comparison with the brief current injections,

which were also given at 50 Hz. Application of paxilline

increased the amplitude of evoked EPSPs, presumably due

to blockade of presynaptic BK channels and the resultant

spike broadening (Hu et al. 2001). However, spike

broadening of the action potentials evoked by repetitive

synaptic stimulation was largely unaffected in the presence

of paxilline. Under control conditions the first and second

spikes had mean half-widths of 1.3 ± 0.05 and 2.0 ± 0.2

respectively, giving a mean increase of 56 ± 15 %, whereas

in paxilline the first and second spikes had mean half-

widths of 1.4 ± 0.06 and 2.4 ± 0.3 ms respectively, a mean

increase of 78 ± 28 % (P > 0.05, n = 5; Fig. 9D). This is

similar to the effect of paxilline when action potentials

were evoked with prolonged current injections (Fig. 5) and

is perhaps not surprising since the summating EPSPs

would be expected to generate a sustained depolarisation

not unlike that during a prolonged current injection. Thus

the other inactivating K+ current that contributes to spike

broadening (see above) would be more likely to play a

greater role than BK channel inactivation in spike

broadening under these conditions.

DISCUSSION
As reported previously for pyramidal neurons in both the

cortex and hippocampus, we have shown that action

potentials fired by projection neurons in the lateral

nucleus of the amygdala show broadening during

repetitive firing. This broadening is apparent during trains

of spikes evoked by either prolonged or brief somatic

current injections as well as following synaptic

stimulation. Two lines of evidence point to voltage-

dependent inactivation of a repolarising K+ current

mediating spike broadening. Firstly, the broadening is

frequency dependent, consistent with the frequency-

dependent inactivation displayed by several K+ currents.

Secondly, broadening is relieved by hyperpolarising the

membrane between action potentials, which enhances

recovery from inactivation. These properties are

characteristic of spike broadening in other neurons where

it has been shown to be due to voltage-dependent

inactivation of K+ currents active during action potential

repolarisation (Aldrich et al. 1979; Jackson et al. 1991;

Quattrocki et al. 1994; Giese et al. 1998; Shao et al. 1999;

Geiger & Jonas, 2000; Van Goor et al. 2000).

Broadening in LA neurons plateaus rapidly, requiring at

most three action potentials, similar to the broadening

described in hippocampal CA1 pyramidal neurons, where

the increase in spike duration largely results from

inactivation of BK-type Ca2+-activated K+ channels (Shao

et al. 1999). Similarly in LA neurons, when action

potentials are evoked by brief current injections at fixed

interspike intervals, spike broadening is also markedly

reduced when BK channels are blocked. Thus, under these

conditions inactivation of BK-type Ca2+-activated K+

channels contributes to spike broadening. BK channels are

well suited to fulfil such a role in mediating spike

broadening due to their dependence on both voltage and

Ca2+ for activation (Sah & Faber, 2002) and IC, the

macroscopic current mediated by BK channels, can show

rapid inactivation (Hicks & Marrion, 1998).

Although a significant attenuation of broadening was seen

when BK channels were blocked, a residual broadening

remained. This result indicates that currents other than

those mediated by BK channels also contribute to spike

repolarisation (Faber & Sah, 2002) and undergo

significant inactivation. A similar conclusion has also been

reached for action potential broadening in hippocampal

pyramidal neurons where both IC (Shao et al. 1999) and IA

(Giese et al. 1998) contribute to spike broadening. We

have shown that outward currents that undergo

frequency-dependent inactivation are present on the

somata of LA pyramidal neurons. However, the exact

identities of the currents that underlie the residual

broadening under physiological conditions remain

elusive. The residual spike broadening is unlikely to be due
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to inactivation of either the A-current (Giese et al. 1998) ora-DTX sensitive channels (Geiger & Jonas, 2000) as

neither 4-AP nor a-DTX blocked spike broadening. It

should be noted that under normal conditions, rapidly

activating K+ currents are partially responsible for action

potential repolarisation. However, as action potentials

broaden when some of these conductances are blocked (as

with TEA or 4-AP) currents that activate more slowly can

also contribute to repolarisation and thus the currents

responsible for action potential broadening under these

conditions may not be the same as those under control

conditions. Furthermore, due to the much longer duration

of the action potential, currents that are normally active

during repolarisation would undergo more inactivation

than under control conditions (Ma & Koester, 1996). Thus

for example, action potentials evoked in the presence of

10 mM TEA had a half-width of 2.1 ms and broadening

between the first two spikes was 117 % compared with

46 % under control conditions where the action potential

had a half-width of 1.4 ms.

The outward currents that undergo frequency dependent

in LA projection neurons do not appear to show any

inactivation over 5 ms. Thus these channels would have to

undergo substantial voltage inactivation from closed states

(Jerng et al. 1999; Ding & Lingle, 2002) to contribute to

spike broadening. It is clear from the data shown in Fig. 8

that Ca2+-independent outward currents activated during

action potentials undergo inactivation between spikes.

Moreover, the extent of inactivation of the outward

currents activated by action potentials was significantly

larger when using spikes generated by prolonged current

injections (Fig. 8), correlating with the discrepancies in the

pharmacology of spike broadening of spikes evoked by

long and short current injections. One explanation for this

difference could be that the K+ currents that inactivate

during the action potential recover much less when the

interspike trajectory is more depolarised (inset Fig. 8). In

agreement with this, spike broadening between the first

two spikes when evoked with the short current injections

at 50 Hz (26 ± 3 %) is less than that seen with a prolonged

current injection of 300 pA (36 ± 3 %) where the

interspike frequency for the first two spikes is 45 ± 4 Hz.

As shown in Fig. 5, when action potentials were evoked by

prolonged current injections, blockade of BK channels had

little effect on broadening. This difference is likely to

result from more depolarised interspike trajectory, and

thus greater inactivation of voltage-dependent K+

currents (Fig. 8) under these conditions. Given these

considerations, the relative contribution of BK channel

versus non-BK channel inactivation to broadening under

physiological conditions, when the spike has not been

artificially broadened, remains unclear.

Spike broadening in LA neurons was saturated by the third

spike, suggesting that the repolarising currents are fully

inactivated within the first few spikes. This behaviour is

similar to that seen in BK-channel-mediated broadening

in somatic recordings from CA1 hippocampal neurons,

where spike broadening was maximal after the second or

third spike (Giese et al. 1998; Shao et al. 1999). However,

this contrasts with spikes recorded in the dendrites of

hippocampal neurons and in mossy fibre terminals. In

these neurons there was a progressive cumulative

broadening from the first spike up to the 100th spike.

Furthermore, recovery from inactivation took several

seconds (Jung et al. 1997; Geiger & Jonas, 2000). This

discrepancy indicates that there is much variability in the

types of K+ currents that contribute to action potential

repolarisation in different cells. Voltage-gated and Ca2+-

activated K+ channel densities and subtypes have been

shown to vary along the somatodendritic axis in a number

of neurons (Sah & Bekkers, 1996; Hoffman et al. 1997;

Magee et al. 1998; Poolos & Johnston, 1999; Bekkers, 2000;

Hausser et al. 2000; Bekkers & Delaney, 2001). As K+

channels have a varied repertoire of biophysical properties

(Coetzee et al. 1999), variations in K+ channel distribution

can lead to different types of broadening in different cell

compartments. For example, recordings made directly

from cortical presynaptic elements showed a greater

degree of broadening than at the somata (Geiger & Jonas,

2000). Similarly, dendritic recordings in hippocampal

pyramidal neurons revealed broader action potentials and

a greater degree of broadening than at the soma (Poolos &

Johnston, 1999). Thus, the extent of broadening seen in

somatic recordings in LA pyramidal neurons may be an

underestimation of the broadening that occurs at the

terminals and in the dendrites of these cells. These

differences may also explain the more graded spike

broadening seen during synaptic stimulation compared

with somatic current injections in LA neurons.

Physiological consequences of spike broadening
As Ca2+ influx during action potentials mainly occurs

during repolarisation, changes in spike half-width have a

large impact on the amount of Ca2+ influx, which has

important implications for many neuronal processes. In

most pyramidal neurons influx of Ca2+ during action

potentials activates a number of Ca2+-activated K+ currents

that control action potential repolarisation and the

frequency of cell spiking. Both the amplitude and the

decay kinetics of these currents depend on the amount of

Ca2+ influx (Sah, 1992). Thus spike broadening would

contribute to the early spike frequency adaptation seen in

many neurons (Connors & Gutnick, 1990; Schwindt et al.
1992; Stocker et al. 1999). In presynaptic terminals, the

steep Ca2+ dependence of transmitter release indicates that

broader spikes would lead to enhanced transmitter release.

This has been clearly demonstrated at the squid giant

synapse (Augustine, 1990) and several mammalian

terminals (Jackson et al. 1991; Sabatini & Regehr, 1997;

Geiger & Jonas, 2000). Such an enhancement of
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transmitter release and the resultant enhancement of

excitatory postsynaptic potentials with spike broadening

may boost plasticity, particularly during high-frequency

activity where the broadening is greater (Regehr et al. 1994;

Geiger & Jonas, 2000). This may be relevant to LA

projection neurons, which can fire up to 100 Hz in vivo.

Consistent with this, a clear impairment of several learning

tasks was apparent in transgenic mice lacking the Kvb1.1

subunit, where spike broadening was attenuated (Giese et
al. 1998). In addition to presynaptic enhancement of

transmitter release with spike broadening in the axon

terminals, spike broadening in dendrites may also play an

important functional role postsynaptically in synaptic

integration. Broader back propagating action potentials

may increase the window of opportunity for plasticity

achieved by pairing of EPSPs and postsynaptic action

potentials (Magee & Johnston, 1997). In the amygdala,

and in particular in the LA, such plasticity is likely to play

an important role in fear conditioning (LeDoux, 2000).
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