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Multiple Interacting Sites of Ectopic Spike Electrogenesis in
Primary Sensory Neurons
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Ectopic discharge generated in injured afferent axons and cell somata in vivo contributes significantly to chronic neuropathic dysesthesia
and pain after nerve trauma. Progress has been made toward understanding the processes responsible for this discharge using a prepa-
ration consisting of whole excised dorsal root ganglia (DRGs) with the cut nerve attached. In the in vitro preparation, however, spike
activity originates in the DRG cell soma but rarely in the axon. We have now overcome this impediment to understanding the overall
electrogenic processes in soma and axon, including the resulting discharge patterns, by modifying the bath medium in which recordings
are made. At both sites, bursts can be triggered by subthreshold oscillations, a phasic stimulus, or spikes arising elsewhere in the neuron.
In the soma, once triggered, bursts are maintained by depolarizing afterpotentials, whereas in the axon, an additional process also plays
arole, delayed depolarizing potentials. This alternative process appears to be involved in “clock-like” bursting, a discharge pattern much
more common in axons than somata. Ectopic spikes arise alternatively in the soma, the injured axon end (neuroma), and the region of the
axonal T-junction. Discharge sequences, and even individual multiplet bursts, may be a mosaic of action potentials that originate at these
alternative electrogenic sites within the neuron. Correspondingly, discharge generated at these alternative sites may interact, explaining

the sometimes-complex firing patterns observed in vivo.
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Introduction
Repetitive discharge that develops ectopically in injured afferents
after nerve trauma makes a significant contribution to chronic
neuropathic dysesthesia and pain (Sheen and Chung, 1993; De-
vor and Seltzer, 1999; Sukhotinsky et al., 2004). The discharge is
attenuated by blockers of voltage-sensitive Na * channels, includ-
ing systemic local anesthetics, tricyclics, and certain anticonvul-
sants, drugs that attenuate pain in patients with neural trauma
(Catterall, 1987; Lai et al., 2004). Likewise, it is facilitated by
blockers of voltage-sensitive K channels such as tetraethyl am-
monium (TEA) and 4-aminopyridine (4-AP), drugs that exacer-
bate neuropathic dysesthesias and pain (Devor, 1983; Kocsis et
al., 1986; Chabal et al., 1989; Lees, 1996; Amir et al., 2002b).
Studies of dorsal root ganglion (DRG) neurons in vitro have be-
gun to uncover the cellular processes underlying this discharge
and to account for characteristic discharge patterns.
High-frequency subthreshold membrane potential oscilla-
tions are an essential trigger of ectopic discharge. The oscillations
overcome membrane accommodation that normally precludes
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repetitive firing in DRG neurons in response to tonic or slow-
onset physiological stimuli (Amir et al., 1999; Liu et al., 2000;
Xingetal., 2001). Some injured afferents fire singlet spikes at low
frequency with an irregular pattern. Each such spike is triggered
by the upstroke of an oscillation sinusoid that crosses threshold
(Amir et al., 2002a). Other neurons fire sustained trains of regu-
larly spaced spikes, or sequences of spike bursts. Here, only the
first impulse in the train is triggered by an oscillation sinusoid;
subsequent spikes are triggered by depolarizing afterpotentials
(DAPs) (Amir et al., 2002a; Liu et al., 2002). Bursting may occur
when tonic firing activates a prolonged afterhyperpolarization
(AHP), which stops the firing until the next burst is triggered.
Oscillations reflect rapidly reciprocating transmembrane Na ™
and K™ currents, DAPs reflect rebound from the postspike hy-
perpolarization, and prolonged AHPs reflect recruitment of a
Ca?"-activated K" current (Amir and Devor, 1997; Amir et al.,
1999, 2002a; Pedroarena et al., 1999; Wu et al., 2001; Xing et al.,
2003). Oscillations and DAPs are related, but not identical, phe-
nomena. Some cells, for example, have DAPs but not oscillations
(Amir et al., 2002a)

Despite progress in understanding neuropathic electrogene-
sis, significant gaps remain. Most important, although both DRG
somata and neuroma endings contribute to ectopia in vivo, ec-
topic discharge originating at the site of axonal injury is rarely
encountered under in vitro conditions in which ectopia is re-
corded in the cell soma. This limits our ability to infer whether the
same electrogenic mechanisms apply in the cell soma and axon,
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and it restricts our vision to a single ectopic source, although we
know that in vivo, there may be multiple interacting sources. A
potential solution to this problem arose during the course of
recent studies in which a variety of K channel blockers were
applied (Amir et al., 2002b). All blockers enhanced ectopic firing,
but one of them, 4-AP, appeared to facilitate electrogenesis in
axons. Using this pharmacological tool, we were able to docu-
ment ectopic discharge initiation in both the axons and the DRG
and, hence, to compare the electrogenic process at these sites and
to observe interactions.

Materials and Methods

Electrophysiological preparation. Recordings were made from DRG neu-
rons in juvenile (1826 d of age; 43-75 g) and adult (290-310 g) Wistar-
derived Sabra strain rats (Lutzky et al., 1984). Some animals underwent
unilateral neurectomy 4 or 6 d before electrophysiological evaluation; in
others, neurectomy was acute. Briefly, under pentobarbital anesthesia
(Nembutal; 50 mg/kg, i.p.), the sciatic nerve was exposed in the popliteal
fossa, tightly ligated with 5-0 silk, and cut just distal to the ligature.
Approximately 5 mm of the distal nerve stump was excised. Surgical
wounds were closed in layers, and the animals were treated with a topical
bacteriostatic powder and 50,000 U/kg penicillin (intramuscular). Re-
covery was uneventful. All protocols were approved by the Institutional
Animal Care and Use Committee of the Hebrew University of Jerusalem
and followed the ethical guidelines of the International Association for
the Study of Pain.

On the day of the experiment, animals were overdosed with pentobar-
bital sodium (=60 mg/kg, i.p.) and killed by carotid exsanguination. L4
or L5 DRGs were excised with their dorsal roots (DRs), spinal nerve and
a variable length of sciatic nerve attached, and immersed in ice-cold
Krebs’ solution containing the following (in mwm): 124 NaCl, 26
NaHCO;, 3 KCl, 1.3 NaH,PO,, 2 MgCl,, and 10 dextrose, saturated with
95% O, and 5% CO,, pH 7.4 (290-300 mOsm). In nerve-injured ani-
mals, the neuroma was always included. After 60 min of recovery, ganglia
with DR and cut nerve end were pinned in a single compartment record-
ing chamber and superfused at 1-3 ml/min with the Krebs’ solution, to
which 2 mm CaCl, was added (room temperature, ~20°C). In juvenile
rats, the DRG capsule could be penetrated by recording electrodes,
whereas in adults, it was necessary to slit the capsule open to successfully
impale DRG neurons. Results from these two groups of animals did not
differ in any noticeable way, however, and have been combined.

Sharp glass microelectrodes were used for intracellular recording and
stimulation of DRG neurons in current-clamp mode (20-50 M filled
with 3 M KCl). In many experiments, 4-AP (Sigma, St. Louis, MO) was
added to the superfusion solution at a concentration of 1 mm. This con-
centration is widely used in vitro, although in slice preparations where
capsular diffusion barriers are absent, a lower concentration may be
preferred [e.g., 200 uMm used by Pedroarena et al. (1999)]. All cells re-
ported here had a stable resting membrane potential (V,) more negative
than —45 mV and an overshooting spike on intracellular (somatic) or
extracellular axonal stimulation. Data were recorded digitally on video-
tape. The compound action potential, evoked by sciatic/spinal nerve
stimulation and monitored on the DR using a suction electrode, was an
indicator of spike propagation through the ganglion (Fig. 2A).

Because the preparation did not permit determination of receptive
fields, neurons were categorized by axonal conduction velocity (CV) and
the shape of the intracellularly recorded spike as described previously
(Koerber and Mendell, 1992; Amir and Devor, 1996). Here, we focus
exclusively on myelinated (A-) neurons (CV, >1 m/s). CV is not much
reduced by axotomy at the survival times used, and even if it had been,
the slowest conducting axons included in our sample would nonetheless
have been A-fibers before axotomy. Although in normal tissue nocicep-
tive signaling is attributable primarily to neurons with slowly conducting
myelinated (Ad) axons and unmyelinated (C-) axons, a substantial pro-
portion of A-fiber nociceptors have rapidly conducting (AB-) axons
(Djouhri and Lawson, 2004). Moreover, neurons with Af3 axons are the
major cell type responsible for tactile hypersensitivity in neuropathic
pain (Torebjork et al., 1992; Devor and Seltzer, 1999).
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After sciatic nerve cut, many neurons in both the L4 and L5 DRGs
remain intact as their axons reach target organs via peripheral nerves that
branch off the nerve trunk proximal to the cut (Devor et al., 1985). Cells
in chronically neurectomized preparations were identified as intact or
axotomized by placing an Ag/AgCl-stimulating electrode pair across the
sciatic nerve ~5 mm proximal to the neuroma. A spike recorded in the
soma in response to sciatic nerve stimulation indicated that the cell had
in fact been axotomized.

Electrophysiological analysis. Some DRG neurons show sinusoidal sub-
threshold oscillations in their membrane potential (V) (Amir et al.,
1999, 2002a,b; Xing et al., 2001). To analyze these oscillations, signals
were bandpass filtered at 1 Hz to 10 kHz and digitized at 5 kHz. Oscilla-
tion frequency was quantified as power spectral density during 1-4 s
spike-free epochs and processed using a Fast Fourier Transform (FFT)
routine (CP Analysis; DataWave Technologies, Minneapolis, MN). Os-
cillations were usually obvious but, when necessary, we used as a formal
criterion that amplitude peaks be at least 1.5X the amplitude of the
background noise level present during brief pauses in the oscillations
and/or that there be a distinct peak in the FFT plot at the frequency
expected from visual inspection of the voltage trace. Because the presence
and amplitude of the oscillations are voltage sensitive, we usually exam-
ined cells at V, and then depolarized the membrane in a slow ramp and
hold (~20 mV/s; hold, >2 s) until oscillations occurred or until V,,
reached more than —20 mV. In the presence of 4-AP, the prevalence of
oscillatory behavior and repetitive firing was not significantly different in
acute and chronic axotomized cells; therefore, we have combined the
results from these groups.

A second type of analysis involved the regularity of the interspike
interval (ISI) and the interval between spike bursts. We observed two
quite different styles of burst firing: (1) neurons that fired bursts trig-
gered by oscillations and maintained by DAPs (in these cells, the ISI
within bursts was regular, but the interval between bursts was variable)
and (2) neurons that fired in a “tonic autorhythmic” pattern in the ab-
sence of visible oscillations and DAPs [in these cells, singlet spikes, or
multiplet bursts (doublets, triplets, etc.), recurred in a highly regular,
“clock-like” pattern]. To distinguish these contrasting firing patterns, we
used a “variability index.” The index was defined as the ratio between the
SD and the mean of the interval between bursts recorded at the same V...
Low values of the variability index indicate highly regular, clock-like
burst discharge. High values indicate an irregular pattern of bursting.
The interval between bursts or multiplets was measured from the first
spike of a burst to the first spike of the next burst in the train. To exclude
possible effects of burst/multiplet duration on the interval between
bursts, and thus on the variability index, we only compared bursts of
similar duration. For cells in which burst duration was highly variable, we
restricted ourselves to a range of durations in which there was no corre-
lation ( p > 0.1) between burst duration and the interval between bursts.
A similar approach was used to quantify the variability of interspike
intervals within a burst: SD of the interval between the first and second
spike in a series of bursts was divided by the mean of the interval between
these two spikes.

Computational model. Membrane potential decay from the soma was
simulated using an explicit model of vertebrate primary sensory neurons
(Amir and Devor, 2003a) using NEURON software (version 4.2.1; ww-
w.neuron.yale.edu) (Hines and Carnevale, 1997). Briefly, in the model,
the soma gave rise to an unmyelinated initial segment that was followed
by four short myelinated internodes (“stem axon”) ending at the
T-junction (see Fig. 54). Distal to the T-junction along both the periph-
eral and central axon branches, the first three internodes were short, and
these were followed by 30 consecutive internodes of “normal” length for
a total of 33 internodes.

Data for nodes and equations for the nodal action potential are based
on measurements from toad peripheral myelinated axons (Xenopus lae-
vis) by Frankenhaeuser and Huxley (1964) as provided in the th.mod file
in the EXAMPLES directory of NEURON. These parameters were
adopted for modeling the soma and initial segment with some modifica-
tions (Amir and Devor, 2003a). Prolonged depolarizing steps (usually
200 ms) or sinusoidal oscillations were injected into the soma or axon
under current-clamp conditions, and recordings were made in the soma
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at nodes along the stem axon, the peripheral A
and central axonal branches, and the
T-junction. We used the Crank-Nicholson
second-order accuracy method for integration

(dt = 0.01 ms). Temperature was 20°C. 47mV. 0.25

All means are given * SD. Statistical com-

parisons were based on two-tailed ¢ tests, the
Kolmogorov—Smirnov (K-S) test, Fisher exact
probability test, and Mann—Whitney U test B
with a significance criterion of p = 0.05.

Results

Ectopic firing recorded in DRG neurons

-45mV-

Repetitive firing normally originates from Figure1.
subthreshold oscillations

In previous in vitro studies conducted in
both noninjured and chronically axoto-
mized primary afferents, the first spike in
each burst was triggered within the cell

soma by the depolarizing limb of oscilla-
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Clock-like versusirregular bursting. A, This cell fired multiplet bursts consisting of four spikes per burst, with clock-like
regularity in the presence of 4-AP. A single burst is shown on an expanded time scale and gain on the right. Bursts were not
preceded by subthreshold oscillations and were not followed by a DAP. Note the regular interval between multiplets (variability
index, 0.02). B, Burst firing in a different cell was triggered by subthreshold oscillations and maintained by DAPs (B, right
arrowhead). The interval between bursts was not as regular as the cell in A (variability index, 0.3). Both cells had a highly reqular
ISl within bursts (variability index: A, 0.08; B, 0.06). Calibration bars refer to both A and B.

Table 1. Effect of 4-AP on biophysical parameters of DRG neurons

tion sinusoids, and subsequent spikes in

.. . V. (mV R, (MQ Spike amplitude (mV)  Spike duration (ms) ~ AHP amplitude (mV
the burst were maintained by somatic (V) n (M€ pike amplitude (m¥) _Sp (ms) plitude (mY)
DAPs. This is our experience from record-  Before 4-AP —59.5+8.2 19.8 = 12.4 86.0 = 12.18 1.2+09 13.0 =19
ings from >500 DRG A-neurons in the After4-AP  —407=82 31276 9511105 20+09 6.6+ 3.1
excised DRG preparation, >100 of which  Diffrence’  p<0.05 p=006  p<002 p<0.001 p<0.005

Cellssampled  n=6 n=>5 n=13 n=13 n=238

showed repetitive firing at rest or on depo-
larization. There were no exceptions
(Amir et al., 1999; Liu et al., 2000). We
now report that after bath application of 4-AP, ectopic firing may
be recorded in the DRG in the absence of subthreshold
oscillations.

Repetitive firing in the DRG in the absence of oscillations

In a sample of 16 DRG A-neurons tested in drug-free medium,
none had subthreshold oscillations at V,, and only one developed
oscillations that triggered spike bursts when depolarized. Bath
application of 4-AP elicited oscillations and firing in an addi-
tional two. However, repetitive firing in the absence of oscilla-
tions appeared in an additional eight (at V,). In subsequent cell
impalements in these ganglia (in eight cells), five additional neu-
rons with ongoing spike discharge but no oscillations were en-
countered. Overall, 18 of 24 (75%) neurons sampled in the pres-
ence of 4-AP fired at V, 13 of 18 without oscillations (72%). This
compares to 15 0f 290 neurons (5%) that fired repetitively at V. in
both control and sciatic-injured preparations in vitro, in the ab-
sence of 4-AP ( p < 0.00001; Fisher’s test), none without oscilla-
tions (0%; p < 0.00005) (Amir et al., 1999, 2002a). The observa-
tion of repetitive spike discharge in the absence of subthreshold
oscillations challenges our previous conclusion that oscillations
are a sine qua non of ectopia.

Figure 1 shows examples of repetitive spiking recorded in
DRG cells that did and did not have subthreshold oscillations.
Those without oscillations (Fig. 1 A) had a distinctive firing pat-
tern seen previously in vivo but only rarely in vitro. Specifically,
almost all (12 of 13) discharged with a regular (tonic) clock-like
ISI. Two cells fired singlet spikes in this manner, but in most (10
of 12), firing was in multiplets of 2, 3, 4, or more closely spaced
spikes separated by a fixed and much longer intermultiplet inter-
val (Fig. 1A). The repetition rate of singlet and multiplet spikes
was 2—-10 Hz (mean, 4.2 = 2.5 Hz at V,), and the variability index
was 0.05 * 0.03 (range, 0.02-0.1; n = 12), indicating regular
clock-like activity. The remaining cell fired bursts at irregular
intervals (variability index, 0.4), very much like cells in which

“Based on paired two-tailed t test.

burst firing is triggered by subthreshold oscillations (Fig. 1B)
(variability index, 0.28 £ 0.15; n = 13; p < 0.001 compared with
those with clock-like bursts). In both types of cells, ISI within
bursts was highly regular (variability index, 0.07 * 0.08, n = 7 for
nonoscillating cells; 0.04 = 0.01, n = 14 for oscillating cells).

Other changes induced by 4-AP (Table 1) included depolar-
ization, increased R;,, increased spike height and duration, and
the appearance of an inflection on the falling phase of the spike of
A-neurons that previously had no inflection (in 7 of 21 cells).
Likewise, the amplitude of the postspike hyperpolarization was
reduced, and its peak was delayed, blurring the distinction orig-
inally apparent in some cells between brief and slow AHP phases
(five of five cells). These changes are consistent with previous
reports of K channel (I,) block in primary afferent somata (Puil
et al., 1989; Hille, 2001; Amir et al., 2002b), and they confirm
cellular access of the 4-AP.

In a previous study, we determined why block of K* conduc-
tances with drugs such as 4-AP has facilitatory effects on spike
electrogenesis in DRG neurons (Amir et al., 2002b). Our aim in
the present study was to understand ectopic electrogenesis in the
absence of subthreshold oscillations.

Ectopic firing in the absence of subthreshold oscillations is
triggered outside of the DRG

The nerve end neuroma as pacemaker

Consider the neuron illustrated in Figure 2. At V, (=58 mV), this
cell fired irregularly spaced singlet action potentials at ~10 im-
pulses/s (Fig. 2 B,C). No oscillatory behavior was present during
the intervals between spikes, and spikes arose from a flat baseline
rather than from the depolarizing phase of oscillatory sinusoids.
Hyperpolarization eliminated the soma spike. However, unlike
cells of which spiking originates in somatic subthreshold oscilla-
tions (Amir et al., 1999), hyperpolarization left a small unitary
potential (Fig. 2Biv) (“m-spike;” —70 mV), the frequency of
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Figure2. Spontaneous discharge originating in the axon rather than in the cell soma. 4, The

experimental setup. CAP, Suction electrode recording compound action potential; R&S,, intra-
cellular recording micropipette; SCN, sciatic nerve; Sy, stimulating electrode on nerve. B, This
neuron fired spontaneous spikes at ¥, (—58 mV) but did not have subthreshold oscillations.
Depolarization induced the appearance of a DAP after each spike, which sometimes triggered
subsequent spikes, resulting in burst firing (traces at —37 and —40 mV). Hyperpolarization to
—70mV caused failure of soma spikes, leaving only residual (axonal) m-spikes. Thus, the soma
spikes (singlets and bursts) at more depolarized potentials were triggered by action potentials
of axonal origin. These axonal spikes also propagated into the L5 DR as demonstrated by the
spike-triggered average of the signal recorded on the DR suction electrode (inset adjacent to the
trace at —58 mV). (, Consistent with this interpretation, the frequency of the singlet spikes at
—58 mV matched that of m-spikes at —70 mV (and spike bursts at —37 mV). The plot shows
the cumulative distribution of singlet spike and m-spike ISI (d = 0.16; p > 0.2; K-S test;
http://www.physics.csbsju.edu/stats/KS-test.html). D, Electrical stimulus pulses delivered to
the spinal nerve (1 Hz; asterisks) triggered soma spikes. These summed with the spontaneously
occurring spikes. Transection of the spinal nerve just distal to the stimulating electrode (arrow)
eliminated the spontaneous spikes but not the stimulation-evoked spikes.

which was identical to that of the full soma spike (“s-spike”) that
had been quenched (Fig. 2C). This indicates that the firing orig-
inated in the axon and only secondarily invaded the soma (Ito,
1959).

When the soma was depolarized, the invading spikes began to
develop a brief DAP (Fig. 2 Bii, —40 mV). The amplitude of this
DAP increased with additional depolarization until it was big
enough to trigger a second spike, and then a third, eventually
yielding spike bursts (Fig. 2 Bi, —37 mV). Bursting was irregular
(variability index, 0.55), and burst repetition rate averaged 10/s,
as with the original singlet spikes. Acute transection of the spinal
nerve 8§ mm from the DRG eliminated the spontaneous firing,
although the cell continued to respond to electrical stimulus
pulses delivered to the nerve just proximal to the cut (Figs. 2 D, 3).

Together, these observations indicate that the original spon-
taneous singlet spiking arose at the cut end of the sciatic nerve
(Michaelis et al., 1995) and that, when the soma was depolarized,
the invading axon spike triggered DAP-evoked spike bursts that
originated in the cell soma. Note that under these conditions,
individual bursts were of hybrid origin, the first spike in each
burst being axonal and subsequent spikes somatic. Because the
spikes that set the pace of bursting (i.e., the first spike in each
burst) came from the axon, far from the soma, shifts of the so-
matic V,, (depolarization or hyperpolarization) did not affect the
frequency of singlet spikes or of bursting, which remained fixed at
10/s. But such shifts did affect somatic bursting. Of the 13 neu-
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Figure 3.  Repetitive firing after 4-AP application originated in the nerve-end neuroma. 4,
This neuron, which wassilentat V, (—52 mV), began tofire bursts (with occasional misses) after
4-AP application (1 mw). cont., Control. B, Shifting the membrane potential between —32 and
—84mV had no effect on the ISI within a burst, although the AHP became smaller with hyper-
polarization, and eventually the soma spike blocked, leaving residual m-spikes (at —84mV).C,
The voltage independence of firing frequency is also illustrated in this ISI dot raster plot. Dots
above the main scatter at ISI = 215 ms (corresponding to a firing frequency of 4.7 Hz) are
integer multiples of the basic IS, indicating that they represent spikes missed within the burst
(Matzner and Devor, 1993). D, Transection of the spinal nerve (arrow) eliminated the spiking,
affirming its origin in the distal part of the axon.
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Figure 4.  Evidence for ectopic electrogenesis in the neuronal stem axon or T-junction. 4,
Tonic discharge emerged in this neuron after application of 4-AP. Subthreshold oscillations are
absent; the spikes were triggered from outside of the cell soma (i.e., from the axon). However,
the interval between adjacent spikes in the train (I5I) varied with the somatic membrane po-
tential (range, —30to —94 mV), indicating that the axonal site of spike initiation was within a
few space-constants of the soma (hence the stem axon or T-junction). When the cell was
hyperpolarized (—94 mV), soma spikes failed, leaving residual m-spikes. Note that at the
axonal site of electrogenesis, firing was frequently in doublets (interval, 15 ms) but only at more
hyperpolarized potentials. The first spike of each doublet triggered a soma spike; the second
appeared as an m-spike within the AHP of the soma spike. B, In a second neuron that also fired
tonically after 4-AP application, shifting ¥/, in the hyperpolarizing direction (from — 48 to —98
mV) caused a shift from singlet to multiplet discharge and a progressive increase in the interval
between bursts. IS within multiplets, in contrast, decreased with hyperpolarization, and the
number of spikes per multiplet increased. All traces show three superimposed sweeps.

rons that fired repetitively in the absence of subthreshold oscilla-
tions, eight behaved in this way, suggesting that their pacemaker
activity originated in the cut nerve end (see below).

Electrogenesis at the T-junction

In the remaining five DRG neurons, firing frequency was modu-
lated by hyperpolarizing and depolarizing shifts of somatic V,,
(Fig. 4). In these neurons, spike initiation occurred outside of the
cell soma but close enough to the soma that shifts in somatic
membrane potential could affect rhythmogenesis. Based on con-
siderations presented below, we conclude that firing in these neu-
rons originated at the axonal T-junction.
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The maintenance of ectopic multiplet bursts and spike trains

Bursting and tonic firing is normally maintained by DAPs
Consistent with previous reports, in the neurons of which dis-
charge originated in somatic subthreshold oscillations (n = 5),
bursts were maintained by DAPs. Somatic depolarization de-
creased the latency of the DAPs, thus decreasing ISI within bursts
and increasing firing rate (Amir et al., 2002a; Liu et al., 2002).

One of the five cells showed an instructive variant. Oscillation
sinusoids triggered clock-like tonic firing of doublet spikes. The
first spike in each doublet was triggered when V, rebounded
from a prolonged postdoublet AHP. This depolarizing rebound
might actually be considered a type of extended DAP. The inter-
val between doublets, which was voltage sensitive, was 218.7 =
18.8 ms at —64 mV (variability index, 0.09), whereas the interval
between spikes within the doublet was 9.7 = 1.0 ms (variability
index, 0.1) Although the first spike in each doublet was triggered
in this manner, the second spike was not triggered by a conven-
tional somatic DAP. We know this because the cell did not gen-
erate short-latency postspike DAPs when stimulated, or on ax-
onal spike invasion, and because depolarizing the soma increased
the interval between the doublet spikes, eventually eliminating
the second spike altogether. Depolarization is known to decrease
DAP latency (Amir et al., 2002a). We infer that the first spike of
each doublet was generated in the soma, whereas the second was
generated at the T-junction (see below). This situation, in which
component spikes of a burst are generated at different locations,
is apparently not uncommon (Fig. 2 B) (see below).

Bursts can be maintained in the absence of somatic DAPs

As noted above, in neurons that fired repetitively in the absence
of oscillations, firing was triggered at sites outside of the cell soma
(i.e., at the neuroma or the T-junction). The clock-like firing of
these neurons indicates that their basic firing rhythm, the interval
between multiplet bursts, was set by DAPs rather than by sub-
threshold oscillations. The variability index of the clock-like
bursts, 0.05 = 0.03, was very close to that of ISIs within bursts
maintained by somatic DAPs (0.04 * 0.01; n = 14; p > 0.2) but
far less than that of bursts triggered by somatic oscillations
(0.28 = 0.15; n = 13; p < 0.001). The multiplet bursts generated
by 10 such neurons were also maintained in the axon rather than
in the soma; none of the spikes were preceded by a DAP or any
other generator prepotential visible in the soma. Moreover, the
variability index of ISI within multiplets (0.07 = 0.08; n = 7) was
close to that of somatic DAPs (0.04 = 0.01; p > 0.2). The nature
of the axonal pacemaker potential that triggered the multiplet
bursts, and the potential that determined the IST of spikes within
multiplets, is discussed below.

Ectopic firing in the absence of subthreshold oscillations is
maintained outside of the DRG

Firing maintained within the neuroma

In 8 of 13 neurons that fired repetitively in the absence of oscil-
lations, shifting V,, failed to affect the interval between multip-
lets. Moreover, in seven of the eight, shifting V|, had no effect on
ISI within the bursts. In the example shown in Figure 3, Band C,
spikes within a burst arrived at intervals of 215 ms (4.7 impulses/
s). ISI was unaffected by shifts in V,, of >50 mV, and hyperpo-
larization (to —84 mV) blocked the s-spikes revealing m-spikes
with the identical ISI. Insensitivity of ISI between and within
bursts indicates that bursts are both triggered and maintained far
from the soma. Silencing of firing after a brief “injury discharge”
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by resection of the nerve end (Fig. 3D) suggests that the pace-
maker location is in the neuroma. In the remaining neuron,
changing V|, had no effect on the interval between multiplets, but
it did affect the ISI within multiplets and the number of spikes per
multiplet. Thus, although multiplets were triggered in the cut
nerve end, subsequent spikes within a multiplet were triggered at
an axonal location nearer to the soma. This location is probably
the T-junction (see below).

Firing triggered and maintained at the T-junction

In some neurons that fired without subthreshold oscillations,
hyperpolarization increased the interval between multiplets and
also affected ISI within multiplets (five neurons) (Fig. 4). Voltage
dependence suggests that the processes of burst triggering and of
maintenance occurred electrically close to the cell soma, a dis-
tance of no more than a few space constants. The only obvious
candidate site is the axonal T-junction, a location where there are
several structural specializations that favor spike electrogenesis,
including a large junctional node of Ranvier and closely spaced
perijunctional nodes (Ito and Takahashi, 1960; Ha, 1970; Spencer
etal., 1973).

Interestingly, shifting V,,, did not change the ISI within bursts
in the manner that might have been expected from the effect of
such shifts on interburst interval. In three of the five neurons,
rather than hyperpolarization increasing ISI and hence reducing
within-burst firing rate, the opposite effect was observed: hyper-
polarization decreased the within-burst ISI and increased firing
rate. The number of spikes per burst also increased (Fig. 4A, B).
In a fourth neuron, changing V., had complex effects. At first,
hyperpolarization increased ISI and decreased the number of
spikes per burst. However, additional hyperpolarization de-
creased ISI and increased the number of spikes per burst. In the
final cell, the effect of V,, on bursting could not be determined.
The likely explanation of this behavior is discussed below.

To test the hypothesis that voltage dependence of bursting and
within-burst ISIin cells without subthreshold oscillations reflects
electrogenesis at the T-junction, we used our explicit simulation
of a vertebrate DRG neuron (see Materials and Methods) (Amir
and Devor, 2003a). Step depolarizations were delivered at the cell
soma, and measurements of the steady-state potential were taken
along the length of the axon, including at the T-junction. Shifting
V., atthe somayields a change 0of 20-25% in V,,, at the T-junction
(Fig. 5). For example, a 25 mV depolarization in the soma shifted
the T-junction V,, by ~6 mV. A depolarizing shift of this mag-
nitude is expected to noticeably increase firing frequency at the
T-junction-encoding site [Amir et al. (2002b), their Fig. 4C;
Matzner and Devor (1992)]. In contrast, the same 25 mV shift
produced only a negligible (<0.1 mV) change in membrane po-
tential beyond 10 mm along the peripheral axon. Because the
sciatic nerve end was usually >10 mm from the DRG, shifting V,,
is not expected to alter electrogenesis in neuroma endings.

Multiple discharge sources in a single fiber and interactions

Spikes generated at multiple sources may interact to generate
complex discharge patterns. Figure 2 illustrated the ability of
spontaneous discharge generated at one site (axon) to trigger
bursts at another (DRG). In the example in Figure 6A (left),
ongoing spike activity consisted of interleaved spikes, some of
which originated in the DRG (unmarked) and some in the axon
(marked with arrowheads). As above, the distinction is based on
whether the spike emerges from an oscillation sinusoid or DAP
(DRG origin) or from a flat baseline (axonal origin). Here too,
spikes originating in the axon triggered subsequent spikes, or
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Figure5.  Simulation of the membrane potential decay from the soma to the T-stem and the
central and peripheral branches. A, A sketch of the cell model. B, Depolarizing pulses (200 ms)
were applied to the soma (current clamp), and the level of resultant depolarization at steady
state was recorded in subsequent nodes along the T-stem and the central and peripheral axonal
branches. IS, Initial segment, the unmyelinated part of the T-stem; T, T-junction. The three
internodes between Tand N in both peripheral and central branches were short and had fewer
myelin wraps. Subsequent internodes had “normal” parameters (Amir and Devor, 2003a).

spike bursts, in the DRG. A small shift in V,, was enough to
abolish the interaction; hyperpolarization of only 3 mV (from
—42 to —45 mV) was enough to block electrogenesis in the soma
(oscillations and DAPs) leaving only axonal discharge (Fig. 64,
right). Interactions between multiple sources can also be sup-
pressive. In the cell illustrated in Figure 6B, a tonic spike train
originated in the axon (T-junction). A brief burst of spikes, gen-
erated either by tetanic stimulation of the nerve or step depolar-
ization of the soma (asterisk), silenced the tonic firing for several
seconds. We reported previously similar results in vivo (Lisney
and Devor, 1987).

Afterdischarge bursts recorded in the DRG

Afterdischarge is normally triggered by somatic DAPs

Some DRG neurons respond to single brief stimulus pulses ap-
plied to the soma or axon with a short burst of spikes rather than
with a single spike; this is afterdischarge (Lisney and Devor, 1987;
Devor and Wall, 1990; Gottrup et al., 2003). Normally, the sec-
ond, third, and subsequent spikes forming an afterdischarge
burst are generated within the soma by DAPs (Fig. 7A) (Amir et
al., 2002a). However, in preparations treated with 4-AP, afterdis-
charge was sometimes observed in neurons that did not generate
a somatic DAP.

Afterdischarge can occur in the absence of somatic DAPs
We examined afterdischarge in 10 cells before and after applying
4-AP. In the control bath solution, all 10 responded to single-
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Figure 6. Interaction among alternative sources of repetitive firing. A, Left, Spontaneous

activity of singlets and short bursts recorded from the soma of a DRG neuron ~6 min after 4-AP
application. This cell exhibited both oscillations and DAPs only after 4-AP superfusion. Some of
the spikes were generated in the soma by oscillations and DAPs (unmarked spikes), whereas
others (arrowheads) invaded the soma after generation elsewhere. Spikes are truncated. Right,
Hyperpolarization abolished oscillations, DAPs, and resultant soma spikes, leaving only invad-
ing spikes. These were generated in a tonic pattern with multiplets. After additional hyperpo-
larization, the ISI within a multiplet was gradually decreased, and the number of impulses
increased; however, intermultiplet interval was unaffected. B, Tonic spontaneous activity in the
absence of oscillations and DAPs, indicating that the firing was generated outside the soma. A
100 ms (left) or 200 ms (right) suprathreshold depolarizing pulse applied via the recording
micropipette (asterisks) generated a burst of soma spikes and then abolished firing for several
seconds, too long to be accounted for by spike collision. The spike burst apparently silenced
electrogenesis at the axonal pacemaker site.

Figure7. Afterdischarge triggered by stimulus pulses applied to the nerve (4, ) or the soma
(B; asterisks) in the presence of 4-AP. A—C show three different neurons. A, Afterdischarge
maintained by a postspike DAP (arrowhead). B, Afterdischarge triggered in the absence of a
DAP, long after recovery from a prolonged AHP (3 traces; in 1 trace, afterdischarge was not
evoked). G, In this neuron, axonal stimulation evoked two bursts of doublets. The first spike in
the second doublet was triggered by a DAP (C, left, arrowhead). The second spike, however,
appears during the falling phase of the first spike as seen on a faster time scale (C, right). In all
panels but € (right), spikes are truncated. Two sweeps are superimposed in A, and three sweeps
are superimposed in Band C.

pulse stimulation with single spikes. Only one showed a DAP (at
V). This is typical of normal DRG neurons (Amir et al., 2002a).
After 4-AP application, however, five cells began to show after-
discharge bursts in response to stimulus pulses despite the con-
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tinued absence of a visible DAP. Subse-
quent impalements confirmed that
afterdischarge had now become common.
In the next eight cells examined, all had
afterdischarge. In two, afterdischarge was
maintained by DAPs as expected (Fig. 7A),
but in the others, no DAP was present
(Fig. 7B,C right). Thus, afterdischarge
bursts were observed in the absence of
DAPsin 11 cells. In these cells, the bursts
were maintained at locations outside of
the cell soma.

The high incidence of afterdischarge in
the present study (13 of 18 cells) was al-
most certainly induced by 4-AP, as in con-
trol and axotomized preparations at V,
without 4-AP, it was very rare (9 of 315
cells; p < 0.0001; Fisher’s test) (Lisney and
Devor, 1987; Devor and Wall, 1990; Amir
et al., 2002a). Afterdischarge usually con-
sisted of short bursts (two to four spikes)
with a briefISI (8.3 = 1.7 ms; n = 7). This
is similar to afterdischarge bursts seen in
cells studied in normal bath solution
(7.2 = 1.2 ms; p > 0.2; Mann—Whitney)
(Amir et al., 2002a). In some of the cells,
however, the ISI was much longer (15 and
23 ms in two cells; 227.2 = 111.9 ms in
four cells).

Three cells (all axotomized) were un-
usual in that stimulus pulse-induced after-
discharge took the form of repetitive mul-
tiplets (two to five spikes per multiplet)
that lasted for an extraordinary length of
time, tens of minutes in two of the three
(Fig. 8). The remaining cell responded to
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Figure 8.  Afterdischarge of prolonged rhythmic multiplets after chronic nerve lesion in the presence of 4-AP. A, The experi-
mental setup. CAP, Suction electrode recording compound action potential. B, C, In this cell, a single stimulus pulse triggered a
prolonged train of rhythmic multiplets, each multiplet consisting of up to six spikes. Traces in B show the first multiplet after the
sciatic nerve stimulus at a variety of membrane potentials. € (right) shows subsequent multiplets. Changing membrane potential
did not affect ISI between or within multiplets, indicating that they were generated at the cut nerve end. Note that the third spike
was aborted (arrowheads). D, Firing rate plot shows that this afterdischarge burst pattern persisted for many minutes after the
initiating stimulus pulse (asterisk). Imp./s, Impulses per second.

single stimulus pulses with a pair of dou-

blet spikes. Although the first doublet was

triggered directly by the stimulus, the second doublet was trig-
gered by a soma DAP (Fig. 7C, left). Interestingly, the second
spike in both doublets emerged in the absence of a noticeable
DAP (Fig. 7C, right), implying that it originated in the axon.

Relationship between spontaneous and

afterdischarge bursting

Both in vivo and in vitro spontaneous firing and afterdischarge are
commonly recorded in the same cells (Devor and Wall, 1990;
Amir et al., 2002a). A stimulus pulse applied during a silent pe-
riod in a spontaneous burster typically triggers an afterdischarge
that, in turn, resets the spontaneous firing cycle, entraining it to
the stimulus pulse (Lisney and Devor, 1987).

In the present study, most of the DRG neurons that showed af-
terdischarge also fired spontaneously (11 of 13), whereas no sponta-
neous firing was seen in neurons that had no afterdischarge (five
neurons tested under the same conditions; p < 0.005). Spontaneous
firing and afterdischarge bursts appear to originate at the same sites
and by similar mechanisms. In 2 of the 11 neurons, spontaneous
bursts were maintained by DAPs, indicating a source in cell soma.
Afterdischarge bursts in these cells also originated in the soma. In the
remaining nine cells, both spontaneous firing and afterdischarge
bursts originated outside of the DRG (Fig. 7, compare A and B).
Additional evidence of a common origin comes from a comparison
of the ISI within the spontaneous multiplets versus afterdis-

charge ISI. In all cases, these were nearly identical (slope of the
regression line, 0.496; r = 0.99; p < 0.0001). The interval
between the spontaneous multiplets, in contrast, was not pre-
dictive of the afterdischarge ISI (r = 0.48; p > 0.2; both plots
based on eight cells with spontaneous firing and
afterdischarge).

Discussion

Modification of the excised whole DRG preparation by the addi-
tion of 4-AP to the bath yielded ectopic spike activity that was not
related to somatic oscillations or DAPs. A variety of approaches
established that these spikes arise in the axon, either at the site of
axotomy (neuroma) or in the region of the T-junction. Charac-
teristics of the discharge suggest that electrogenic processes in the
axon are similar to those in the cell soma.

Multiple sites of ectopic impulse initiation

Spike generation requires some form of prepotential. In the
soma, this role was filled by the depolarizing limb of oscillatory
sinusoids and DAPs. Discharge rate increased continuously on
depolarization and was quenched when the soma was hyperpo-
larized. Cells in which spike generation occurred distally along
the axon were characterized by the absence of oscillations, DAPs,
or any other prepotential visible in the soma, insensitivity of fir-
ing rate to somatic V,,, and inability to quench the firing by
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somatic hyperpolarization. In these cells, discharge could often
be eliminated by blocking or severing the spinal nerve, indicating
that it originated at the neuroma end. Finally, in a third class of
cells, no prepotential was visible, but firing rate was (modestly)
sensitive to somatic V,,,. Based on computer simulations, we con-
clude that spike origin was at the T-junction, the only site electri-
cally close to the soma that has structural specializations that
might sustain electrogenesis (Ha, 1970; Spencer et al., 1973).
Our inability to record intra-axonally from fine fiber endings
in the neuroma, or from the T-junction axon, precludes defini-
tive identification of the electrogenic process at these ectopic
pacemaker sites. Nevertheless, the similarity of firing patterns, no
matter where the spike originated, leads us to infer that the burst
and tonic discharges that originated outside of the soma are also
triggered by subthreshold oscillations (Kapoor et al., 1997) and
maintained by axonal DAPs (Fig. 7C) (but see below). This infer-
ence is strengthened by the observation that afterdischarge bursts
have similar properties, whether generated in the soma or in the
axon. Axonal oscillations and DAPs are not expected to be visible
in somatic recordings. At resting membrane potential, oscilla-
tions and DAPs are usually =3 mV in amplitude (Amir et al.,
1999, 2002a; Liu et al., 2000). Simulation showed that such sig-
nals, if present in the neuroma, would be so attenuated in somatic
recordings as to be undetectable, their amplitude falling within
the baseline noise. Even if originating closer, at the T-junction,
oscillations would be attenuated by between 80% (for oscillation
frequency; f = 100 Hz) and 65% (for f = 5 Hz). This would
render them undetectable in the soma in almost all cases.

Ectopia in soma versus axon

Although 4-AP was used at relatively high concentration (1 mm),
it had relatively minor effects on electrogenesis in the cell soma.
In vivo, also, 4-AP preferentially induces spike discharge in de-
myelinated axons, neuroma endings, and developing and regen-
erating axons (Kocsis et al., 1982; Devor, 1983; Bowe et al., 1985;
Targand Kocsis, 1986; Eng et al., 1988; Honmou et al., 1994; Lees,
1996; Cabanes et al., 2003). The difference between axon and
soma is probably attributable to the specific K™ conductances
targeted by the drug. 4-AP is relatively selective for the fast-
inactivating K * conductance I, (Bostock et al., 1981; Castle et al.,
1989; Strong, 1990; Safronov et al., 1996; Hille, 2001). I, is ex-
pressed in axons, but it is also present in large-diameter DRG
somata (Gold et al., 1996; Everill et al., 1998). Why, then, was
spike electrogenesis in the soma essentially resistant to 4-AP? A
likely reason is that I, is mostly inactivated at the relatively depo-
larized potentials at which oscillations normally appear in the
soma (Everill et al., 1998; Fedulova et al., 1998). This implies that
spiking is generated at relatively hyperpolarized potentials in the
axon. At 1 mm, 4-AP also partially blocks the slowly inactivating
K™ conductance I, (Everill et al., 1998; Fedulova et al., 1998).
Finally, our data resolve an anomaly in observations by Puil et al.
(1988, 1989) in trigeminal ganglion (TRG) neurons. In their
study, 4-AP suppressed membrane resonance in the cell soma but
nevertheless enhanced spiking. We suggest that the spiking orig-
inated at cut axon ends rather than in the TRG cell soma.

Spontaneous bursting, afterdischarge, and

tonic autorhythmicity

Bursts are normally triggered by oscillation sinusoids. However,
at cellular locations that generate DAPs but have no such local
pacemaker, DAP-sustained discharge can be triggered by exoge-
nous spikes. When triggered by electrical stimulus pulses, the
result is afterdischarge. Bursts can also be triggered by spikes that
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invade from a pacemaker site elsewhere in the neuron. This is one
of the modes of interaction among alternative ectopic spike
sources (see below).

DAP-sustained firing is stopped by burst-induced prolonged
AHP. In neurons that do not generate a prolonged AHP, DAP-
sustained firing may continue indefinitely. Such sustained firing,
“tonic autorhythmicity,” is very different from the slow, irregular
firing triggered by subthreshold oscillations in neurons that fire
singlet spikes. Because consecutive spikes in the train are trig-
gered by DAPs, not intermittent threshold-crossing sinusoids,
firing rate is high (typically 10-50 Hz), and ISI is very regular.
Tonic autorhythmicity is common in recordings from DRG neu-
rons and neuroma endings in vivo (Devor, 1989). When
quenched artificially (e.g., using pharmacological agents such as
tetrodotoxin or lidocaine) (Devor et al., 1992), its restoration is
dependent on a triggering spike. In the absence of such a trigger,
silence is expected to persist. This bistable behavior may account
for the fact that systemically applied membrane-stabilizing drugs
sometimes yield relief from pain for much longer than can be
expected from the half-life of the drug itself (Chaplan et al., 1995;
Araujo et al., 2003; Gottrup et al., 2003).

Clock-like multiplets

Clock-like multiplet firing was the predominant discharge pat-
tern in axons in this study. This pattern is probably attributable to
an electrogenic mechanism unique to axonal pacemaker sites. In
intra-axonal recordings made in the presence of 4-AP, Honmou
et al. (1994) reported that stimulus pulses were followed by de-
layed depolarization that is distinct from the DAPs recorded in
the cell soma. Delayed depolarizations, which are thought to re-
flect the opening of slowly activating and inactivating Na * chan-
nels, last for a few tens of milliseconds and often generate a burst
of action potentials. Specific evidence of this mechanism comes
from the neurons in which ISI within bursts was shortened by
hyperpolarization, resulting in increased within-burst firing fre-
quency and an increased number of spikes per burst (Fig. 4B).
Hyperpolarization delays postspike DAPs and, hence, is expected
to increase ISI within multiplets and suppress bursting (Amir et
al., 2002a). On the other hand, hyperpolarization increases the
amplitude of the delayed depolarization [Honmou et al. (1994),
their Fig. 5]. Thus, in the cell soma, the pacemaker process trig-
gers bursts maintained by DAPs, whereas in the axon, multiplets
may be maintained by delayed depolarization.

Interactions among multiple ectopic sources and

functional implications

The presence in a neuron of more than one site capable of ectopic
electrogenesis makes possible the assembly of individual bursts
from spikes that originate at several locations, interactions
among pacemaker and afterdischarge sites, and complex spike
patterning. A number of such cases were pointed out in the Re-
sults. For example, we observed cells in which individual spikes
generated at an axonal pacemaker site invaded the cell soma and
triggered somatic afterdischarge bursts. These somatic spikes, in
turn, could propagate back to the axonal pacemaker site and
initiate a second cycle of axonal afterdischarge and/or reset the
timing of the axonal pacemaker rhythm. Such interactions can set
up reciprocating, reverberating sources of ectopic discharge
(Tagini and Camino, 1973; Amir and Devor, 2003b) and could
account for previously unexplained complex firing patterns seen
occasionally in recordings from injured nerves (Devor, 1989).
Calvinetal. (1977) proposed that in dysmyelinating diseases such
as multiple sclerosis, such reverberations might generate sus-
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tained cascades of extra spikes, contributing to neuropathic dys-
esthesias and pain. Indeed, this process might be more general in
neuropathy because any nerve trauma is capable of yielding at
least three ectopic pacemaker sites, the neuroma, T-junction, and
soma. The present study focused on neurons with myelinated
axons. This cell population contributes importantly to neuro-
pathic pain hypersensibility in two ways. First, it includes AB and
A& nociceptive afferents. Second, in the presence of central sen-
sitization, activity in A afferents yields tactile allodynia and aug-
mented spontaneous pain (Torebjork et al., 1992; Devor and
Seltzer, 1999).

The facilitation of oscillatory behavior, ectopic firing, and af-
terdischarge capability by K+ conductance block is more than an
experimental tool; it may be an important cause of ectopic hyper-
excitability after axotomy. Specifically, axotomy leads to reduced
expression of K* channel Kv1.2 and Kv2.1 mRNA in DRG neu-
rons (Ishikawa et al., 1999) and reduces I, by 65% and I, by 60%
(Everill and Kocsis, 1999). Downregulation of these K conduc-
tances, like the application of K * channel antagonists, is expected
to powerfully augment ectopic electrogenesis. Indeed, K * chan-
nel downregulation may be as important as the upregulation and
acceleration of Na ™ conductances (Everill et al., 2001) for the
facilitation of subthreshold oscillatory behavior, ectopic spiking
after nerve injury, and neuropathic pain (Kocsis and Devor,
2000).
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