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BACKGROUND: The sodium channel blocker amitriptyline has been shown to inhibit
ectopic discharge in injured nerves. In the present study, we characterized ectopic
discharges of afferent fibers following L5/L6 spinal nerve ligation (SNL) by their
electrophysiological properties and sensitivities to inhibition by amitriptyline in the
decentralized L5 dorsal root in SNL rats.
METHODS: Rats exhibiting withdrawal thresholds �4.0 g after SNL were selected for
the present study. After laminectomy in pentobarbital-anesthetized rats, the L5
dorsal root was decentralized close to its entry to the spinal cord, and the
spontaneous activities of single units were recorded peripherally before and after
IV administration of amitriptyline. The mean frequency of afferent fiber activity
and instantaneous frequency were measured.
RESULTS: The spontaneous activities of afferent fibers in naïve rats had high
frequency (35.23 � 6.63 Hz) and pattern discharge based on their instantaneous
frequencies and interspike interval distributions. In rats that had received SNL,
afferent fibers exhibited spontaneous discharge (mean of 11.05 � 3.66 Hz) with an
irregular discharge pattern or short bursting activity in some cases. Only 5/13
(38%) afferent fibers from naïve rats showed reduced spontaneous activities after
amitriptyline (2 mg/kg, IV), whereas amitriptyline significantly inhibited ectopic
discharge in 13/18 (72%) afferent fibers from SNL rats (ID50 � 1.66 � 0.17 mg/kg).
Furthermore, the greatest inhibitory effect of amitriptyline was consistently ob-
served on those afferent fibers exhibiting low frequency (�20 Hz) and/or bursting
discharge.
CONCLUSION: These results provide direct evidence that amitriptyline, which is used
clinically for the treatment of neuropathic pain, selectively inhibits ectopic dis-
charge of low frequency and bursting discharge in the rat neuropathic pain model.
(Anesth Analg 2009;108:1671–9)

After peripheral nerve injury, primary afferent sen-
sory fibers generate continuing discharges of ectopic
origin (ectopic discharge), which are believed to trigger
central sensitization and persistent pain.1 Ligation of the
L5 spinal nerve is a often used model of neuropathic
pain in rats that results in four to sixfold increase in the
prevalence of spontaneous ectopic discharges in sensory
A-fibers.2 Although the specific fiber types involved in
the generation of central sensitization after neuropathy
are a subject of debate,3 studies tend to assume that
inhibitory effects of test compounds on ectopic dis-
charges recorded from afferent fibers in rat models of
neuropathic pain indicate the therapeutic potential of
compounds in neuropathic pain.4,5 In the present study,
we sought to characterize the properties of these afferent

fibers in naïve rats and rats that had received L5/L6
spinal nerve ligation (SNL) by examining: 1) spontane-
ous activity frequencies, 2) discharge patterns based on
instantaneous frequencies and interspike intervals, and
3) pharmacological sensitivity to amitriptyline. Although
changes in mean frequency of afferent fiber discharge
have been traditionally used to measure effects on fiber
activity, the temporal pattern of fiber discharge has been
proposed to be important in nociceptive transmission in
a rat model of painful peripheral neuropathy.6

To quantitatively investigate this, we analyzed the
instantaneous frequency of afferent fibers and classi-
fied these fibers based on their interspike interval
histograms. Additionally, effects of amitriptyline on
spontaneous afferent fiber activity were determined.
Amitriptyline is a monoamine reuptake inhibitor and
sodium channel blocker and is considered one of the
first options for the management of neuropathic
pain.7,8 In rat neuropathic pain models, amitriptyline
has previously been shown to inhibit ectopic dis-
charge and behavioral hypersensitivity.5,9–11 We spe-
cifically examined the effects of amitriptyline on the
different populations of afferent fibers as defined by
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the criteria described above. The results demonstrate
that amitriptyline is most effective in inhibiting activ-
ity of the low frequency, irregular bursting discharge
fibers found in rats after SNL.

METHODS
The experimental protocol was approved by the

Institutional Animal Care and Use Committee of
Merck & Co., West Point, PA.

Neuropathic Pain Model-SNL
Male Sprague-Dawley rats weighing 350–450 g

(Taconic Farms, PA) were used. All animals were
tested for baseline withdrawal thresholds to mechani-
cal stimulus. Rats were placed on a wire mesh screen,
and a series of calibrated von Frey filaments with
differing forces were applied to the plantar surface of
the hindpaw until a withdrawal response was ob-
served. The withdrawal threshold (g) of the paw was
recorded using the “up-down” method.12 Only ani-
mals exhibiting thresholds 15 g or more were selected
for SNL surgery. Seven to 14 days after surgery, rats
were tested as described above for decreased hindpaw
withdrawal thresholds (allodynia), and only those rats
exhibiting withdrawal thresholds not exceeding 4.0 g
were selected for nerve recording. Rats which did not
meet these criteria were immediately euthanized.

According to the method of Kim and Chung,13

nerve ligation was done at L5/L6 spinal nerves, the
distal process of the dorsal root ganglion. Rats were
anesthetized with isoflurane, and the dorsal thoracic
surface was shaved. The skin was aseptically prepped
with betadine/alcohol wipes and a dorsal midline
incision was made from approximately spinal nerve
L3 to S2. A combination of sharp and blunt dissection
was used to expose the left L6/S1 posterior interar-
ticular process. The L6 transverse process was visual-
ized and removed, and the left L4 and L5 spinal
nerves were then exposed distal to their emergence
from the intervertebral foramina. The L5 nerve was
tightly ligated with 6-0 silk suture. The L6 nerve was
located caudal and medial to the sacroiliac junction
and tightly ligated with 6-0 suture. The muscle was
closed with 4-0 absorbable suture and the skin closed
with wound clips. All animals undergoing any of the
above surgeries were immediately housed in cages
with clean and soft bedding and monitored for any
signs of possible distress.

Recording of Afferent Nerve Action Potentials
Rats were anesthetized initially with 40–45 mg/kg

IP sodium pentobarbital (Nembutal®, Abbott Labora-
tories, Chicago, IL). Anesthesia was maintained by IV
infusion of pentobarbital (5–10 mg � kg�1 � h�1). The
right femoral artery and vein were catheterized for
measurement of arterial blood pressure and adminis-
tration of drugs, respectively. The trachea was also

cannulated. Some rats were paralyzed with IV pancu-
ronium bromide (1 mg/kg), and their lungs subse-
quently ventilated with room air (55–60 strokes/min,
3–4 mL stroke volume). Mean arterial blood pressure
was monitored continuously and was maintained
above 80 mm Hg by IV injection of 5% dextrose in
saline given in a bolus of 1–1.5 mL as required. Core
body temperature was maintained at 36°C by a hot
water circulating heating pad placed under the rat
with feedback-controlled system (thermoprobe in-
serted into the thoracic esophagus). The lumbosacral
spinal cord was exposed by laminectomy (T13-S2).
The dura was carefully removed and the spinal cord
was covered with warm (37°C) mineral oil.

The L5 dorsal root, the proximal process of the dorsal
root ganglion was decentralized close to its entry to the
spinal cord. Recordings were made from the distal cut
end of the central processes of primary afferent fibers.
The dorsal rootlet was split into thin bundles and a fine
filament was isolated from the bundle to obtain a single
unit. Electrical activity of the single unit was recorded by
placing the teased fiber over one arm of a bipolar
platinum electrode. A fine strand of connective tissue
was placed across the other pole of the electrode as a
balance. Action potentials were monitored continuously
by analog delay and displayed on a storage oscilloscope
after initial amplification through a low-noise AC differ-
ential amplifier. The action potentials were processed
through a window discriminator and counted using the
spike2/CED 1401 data acquisition program (CED, Cam-
bridge, England). Peristimulus time histograms (1-s bin-
width), raw action potentials, and arterial blood pressure
were displayed on-line continuously. In some experi-
ments, two or three afferent fibers were recorded, and
their wave forms were discriminated off-line by Spike2
program.

Experimental Protocol
The spontaneous activities were recorded from L5

dorsal root in naive and SNL rats. The stable firing
was recorded continuously for at least 10 min. Once
stable firing was obtained, cumulative doses of IV
amitriptyline were tested. Each dose of drug was
given 2 min after the previous testing.

In some additional experiments in naïve rats, we
purposely searched for the mechanosensitive afferent
nerve fibers innervating the left hindpaw from the L5
dorsal root. The mechanosensitive afferents were
identified by electrical stimulation of the left hindpaw
(single pulse 0.5 ms square-wave at 3–8 mA) and
responses to mechanical stimulation using von Frey
filaments. The fibers with conduction velocities (con-
duction velocities) �2.5 m/s were considered unmy-
elinated C-fibers, and those with conduction velocities
�2.5 m/s were considered thinly myelinated A�-
fibers.14 We did not use noxious stimuli to search for
afferents to avoid sensitization of afferent terminals.
However, light stroking across the skin was used to
identify low threshold, mechanoreceptive afferents.
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Fibers that did not respond to light touch/stroking were
tested with a pinch stimulus by pinching the hindpaw
using forceps and fingers. Receptive fields of the afferent
nerves were located using noxious mechanical stimula-
tion by von Frey filaments. The loose property of skin
was exploited to carefully discriminate cutaneous versus
deep receptive field. Stimulus-response functions to 10 s
force of 0.6, 1, 1.4, 2, 4, 6, 8, 10, 15, 26, 60, 100, 180, and
300 g, at 2-min intervals, were determined in all fibers.
Responses of mechanosensitive afferents to repeated
noxious force of 200 g every 3 min were then evaluated
in studies involving IV administration of 2 mg/kg
amitriptyline, given 60 s before force testing.

Data Analysis
The mean frequency of afferent fiber activity in 1 s

bins, instantaneous frequency and interspike interval
histograms were analyzed by the Spike2 program. For
mechanosensitive afferent fibers, the resting activity of
a fiber was counted for 60 s before stimulation and the
response to a stimulus was determined as the increase
in discharge during stimulation above its resting ac-
tivity. The response threshold was determined by the
first response to the lowest force. Mechanosensory
afferent fibers having response thresholds more than
15 g were considered high threshold, and all recorded
fibers from naïve rats had this characteristic.

All data are expressed as mean � sem. Results were
analyzed with Student’s t-test or an analysis of vari-
ance for repeated measures by Sigmastat (Systat Soft-
ware). The inhibitory dose 50 (ID50; dose to produce
50% inhibition of nerve activity) and 95% confidence
intervals were calculated from the 20% to 80% com-
ponent of the cumulative dose-response curve by
Prism (GraphPad Software). A value of P � 0.05 was
considered statistically significant.

RESULTS
Thirty-one afferent fibers on the left side of the L5

dorsal root were studied for spontaneous nerve activi-
ties. Thirteen fibers were recorded from naïve rats, and
18 fibers were recorded from SNL rats in which the
hindpaw withdrawal threshold had decreased from 15 g
to 3.62 � 0.20 g (n � 12, P � 0.05), indicating allodynia.

Spontaneously Active Primary Afferent Fibers in
Naïve Rats had High-Frequency Discharges with Distinct
Firing Patterns

The mean frequency of discharge was stable in all
spontaneously active afferent fibers in naïve rats with
a mean of 35.23 � 6.63 Hz (0.75–75.84 Hz). Twelve of
13 afferent fibers displayed a distinct pattern discharge in

Figure 1. Example of spontaneous activity of an afferent fiber recorded from a naïve rat. (A) The frequency discharge of the
fiber is illustrated as a peristimulus time histogram with a 1-s binwidth. (B) The instantaneous frequency of fiber discharge
is represented by each dot. Note that this fiber contains instantaneous frequency patterns with three events marked as “a,”
“b,” and “c.” (C) The discharge wave form of the afferent fiber during the first 3 s recording period. The interspike intervals
“a,” “b,” and “c” correspond to instantaneous frequencies of “a,” “b,” and “c” in (B). The action potential wave forms
illustrated below have the same shapes providing evidence that the spontaneous activities are from the same single fiber. (D)
The interspike interval histograms (5 ms bins) on the time axis. The fiber activity has interspike interval patterns with three
events at intervals of 0.025, 0.05, and 0.075 s.
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which the interspike intervals or instantaneous fre-
quencies were even and regularly interrupted by one
or two relatively long but fixed interspike intervals or
low instantaneous frequency discharges. Thus, spike
generation appeared to be precise and time-locked or
patterned. Figure 1A shows an example of a stable
fiber discharge from a naïve rat with a mean fre-
quency of 32.47 Hz. The instantaneous frequency trace
of this fiber in Figure 1B shows that fixed instanta-
neous frequencies (approximately 40 Hz) (marked
“c”) were interrupted by relatively low instantaneous
frequencies marked “a” (approximately 13 Hz) and
“b” (approximately 20 Hz). The low instantaneous
frequencies at “a” and “b” also had fixed values
similar to instantaneous frequencies at “c.” Interspike
interval histograms constructed from the spontaneous
activity of this fiber are shown in Figure 1D, in which
interspike intervals were collected in equal bins of 5
ms width. Interspike interval histograms of this fiber
revealed three distinct populations of firing events:
more events having interspike intervals of 0.025 s and
fewer events having interspike intervals of 0.075 s. The
interspike intervals of 0.025, 0.050, and 0.075 s corre-
sponded to instantaneous frequencies of 40, 20, and 13
Hz, respectively.

IV injection of pancuronium bromide (1 mg/kg)
did not affect the firing pattern or mean frequency
discharge (prepancuronium � 20.32 � 4.31 Hz; post-
pancuronium � 20.61 � 4.58 Hz; n � 6, P � 0.05).

Spontaneously Active Primary Afferent Fibers in SNL Rats
had Low-Frequency Irregular or Burst Discharge

In SNL rats, the mean frequency of spontaneous
fiber discharge was 11.05 � 3.66 Hz (0.77–60.14
imp/s). Based on the instantaneous frequency or the

interspike interval, discharges of 11/18 fibers were
irregular, whereas seven displayed regular interval
patterns. Among the seven fibers displaying patterned
discharges, three of them had high-basal frequencies
of discharge (22, 40, and 60 Hz). The remaining four
fibers had lower discharge frequencies (3, 4, 5, and 15
Hz) and displayed “on-off” short bursting discharge.
The bursting discharges were interrupted by long
silent periods. As an example, the afferent fiber in
Figure 2A had a mean frequency of 2.52 Hz and the
instantaneous frequency depicted in the middle panel
illustrates the typical irregular discharge. Interspike
interval histograms shown on the lower panel for this
fiber revealed one distinct population of instantaneous
frequency discharge. In another example (Fig. 2B), this
fiber had a mean spontaneous frequency of 3 Hz. The
instantaneous frequency depicted in the middle panel
shows a relatively long interruption “a” (interspike
interval of approximately 2 s, instantaneous frequency
of approximately 0.5 Hz) of bursting discharges “b”
(interspike interval of approximately 0.025 s, instanta-
neous frequency of approximately 40 Hz) for each
cycle. Interspike interval histograms constructed from
interspike intervals of this fiber in bins of 5 ms width
are shown in the lower panel, revealing at least two
distinct populations of discharge events.

Amitriptyline Selectively Attenuated Ectopic Discharges in
SNL Rats

Only 5/13 (38%) afferent fibers from naïve rats
showed reduced spontaneous activities after IV amitrip-
tyline (2 mg/kg), whereas amitriptyline significantly
inhibited ectopic discharge in 13/18 (72%) afferent fibers
from SNL rats. The mean ID50 values for amitriptyline in
naïve rats and SNL rats were 3.98 � 0.61 mg/kg

Figure 2. Representative examples of
discharge patterns of afferent fibers
recorded from spinal nerve ligation
(SNL) rats. (A) Example of irregular,
low-frequency discharge of an affer-
ent fiber. The discharge frequency of
the fiber is illustrated in the top panel
as the peristimulus time histogram
with a 1-s binwidth. Each dot repre-
sents an action potential plotted as
instantaneous frequency, and this fi-
ber had irregular pattern discharge.
The action potential wave forms illus-
trated underneath. The bottom histo-
gram shows the unimodal distribution of
interspike intervals with 5 ms inter-
vals. (B) An example of short bursting
discharge of an afferent fiber. The
discharge frequency of the fiber is
illustrated in the top panel as the
peristimulus time histogram with a
1-s binwidth. Each dot represents an
action potential plotted as instanta-
neous frequencies. Interburst and in-
traburst interspike interval marked
with “a” and “b,” respectively.
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(2.77–5.19, slope: �0.21) and 1.66 � 0.17 mg/kg
(1.31–2.00, slope: �0.42), respectively (Fig. 3A). The
example in Figure 3B from a naïve rat demonstrates that
amitriptyline did not inhibit spontaneous fiber discharge
until a relatively high dose of 4 mg/kg was adminis-
tered. The interspike interval histogram in Figure 3C
shows that amitriptyline also did not change the firing
pattern of this fiber at ineffective doses. In SNL rats,
amitriptyline dose-dependently inhibited spontaneous
fiber discharges, an example is shown in Figure 3D. We
examined the effects of amitriptyline on on-off/burst
discharge, concentrating on changes both in interspike
interval during burst, and to the on-off cycle. Before
complete inhibition of discharge, burst events were

reduced by cumulative administration of 0.5 and 1
mg/kg amitriptyline, evidenced by decreasing but not
shifting the peak (fraction/bin) of short interspike inter-
vals. The peak of slow events was reduced and length-
ened by amitriptyline (Fig. 3E). This same phenomenon
was found in other bursting discharge fibers.

The efficacy of amitriptyline was found to vary
between afferent fibers in SNL rats, especially at
cumulative doses �2 mg/kg (Fig. 4A). The inhibition
of spontaneous discharge by amitriptyline was found
to be correlated to mean frequencies of afferent dis-
charge (slope of 1.53 � 0.5; P � 0.05; Fig. 4B), such that
amitriptyline strongly suppressed activity in fibers
displaying low-frequency discharges.

Figure 3. Inhibition of spontaneously active afferent fibers in naïve rats and spinal nerve ligation (SNL) rats by amitriptyline.
(A) Dose-response curve after IV administration of amitriptyline. The activity is represented as % of control � sem. (B)
Example of amitriptyline effect on a patterned spontaneously active afferent fiber in a naïve rat. The arrows indicate the
cumulative dose of IV amitriptyline. Instantaneous frequency was not affected before complete block occurred. (C) Histogram
of the distribution of interspike intervals with 5 ms bins before and after amitriptyline. The interspike interval histogram
illustrates that the interspike interval was not affected by IV administration of amitriptyline. (D) Example of pronounced
inhibition of short bursting discharge in an afferent fiber by amitriptyline in a SNL rat. The arrows indicate the cumulative
dose of IV amitriptyline. The fast instantaneous frequency events were reduced dose dependently leading to a complete block
of activity which recovered after 30 min. (E) Histogram of the distribution of interspike interval histogram with 5 ms bins
before and after amitriptyline. The interspike interval histogram illustrates that the counts/bin of the fast event was reduced,
but the peak of the fast event was not shifted. However, the peak of the slow event was reduced and prolonged after IV
administration of amitriptyline.
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Figure 4C summarizes the inhibition of afferent
fibers with irregular and burst discharges in SNL rats
by 2 mg/kg amitriptyline. In those afferents display-
ing discharge frequencies �20 Hz, amitriptyline inhib-
ited activity to 30.79% � 4.13% and 10.8% � 9.96% of
control for fibers displaying irregular and bursting
discharges, respectively. The inhibition of discharge in
bursting fibers was significantly greater compared
with that in irregular fibers (P � 0.05).

Amitriptyline Inhibits Responses of Cutaneous Afferent
Nerve to Noxious Mechanical Stimulation in Naïve Rats

Five mechanosensitive afferents (one C-fiber and
four A�-fibers) were identified in naïve rats, which
responded to mechanical stimulation of the hindpaw
with von Frey filaments. The receptive fields of these
afferent fibers were small (approximately 1 mm diam-
eter, Fig. 5A). One A�-fiber had low thresholds for
mechanical response and exhibited spontaneous dis-
charge of 12 Hz and four fibers had high thresholds
for response, of which three had spontaneous activity
of 0.77 � 0.27 Hz and one had no spontaneous
activity. Amitriptyline (IV 2 mg/kg) inhibited re-
sponses of all five mechanosensitive afferent fibers to
noxious mechanical stimulation to 33.15% � 16.4%
control (P � 0.05). Figure 5B illustrates a typical
inhibition of response to phasic mechanical stimula-
tion before and after administration of amitriptyline.
We also noticed that the inhibition by amitriptyline (2
mg/kg) was not seen at the initial high frequency
response to mechanical stimulation but rather started
1–2 s after the onset of stimulation and was enhanced
during continuous stimulation (Fig. 5C).

Figure 4. Summary of the effects of amitriptyline in spinal
nerve ligation (SNL) rats. (A) Dose-response curve after IV
administration of amitriptyline. The activity is represented
as % of control � sem. Light-weighted lines show the
activities of individual fibers. (B) Inverse regression compar-
ing inhibition of activity by amitriptyline (2 mg/kg) to basal
mean frequency afferent activity in naïve and SNL rats (P �
0.05). (C) Inhibition of irregular and short bursting dis-
charges by 2 mg/kg amitriptyline in SNL rats, expressed as
% of control.

Figure 5. Inhibition of responses of afferent fibers to acute
mechanical stimulation by amitriptyline. (A) Receptive
fields of all five fibers (four high-threshold afferents marked
“H” and one low-threshold afferent marked “L”). (B) Ex-
ample of a response of a mechanosensory afferent fiber to
noxious mechanical stimulation (200 g, 10 s every 3 min)
before (top) and after (bottom) IV administration of 2 mg/kg
amitriptyline. (C) Mean fiber responses during 10 s mechani-
cal stimulation before and after 2 mg/kg amitriptyline
expressed relative to the maximal control response. The
shaded area represents the sem of each data point.
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DISCUSSION
In the present study, we found that afferent fibers

from rats that had received SNL displayed ectopic
discharge with irregular discharge patterns or short
bursting activity. The ectopic activity was dose-
dependently inhibited by amitriptyline. Moreover, these
irregular fibers with low-frequency discharges or burst-
ing fibers showed enhanced sensitivity to inhibition by
amitriptyline. The inhibitive effect of amitriptyline on
ectopic discharges is consistent with amitriptyline’s effi-
cacy in treating neuropathic pain both in the clinic and in
rat models.7,11,15

Ectopic Discharge Frequency and Pattern from SNL Rats
The mean frequency discharge of fibers after SNL

in the present study (11 � 3.6 Hz) is consistent with
that found by others.2,5,16 Sun et al.17 found that the
mean frequency of fiber discharge after SNL was
time-dependent as higher mean frequency discharge
was observed 24 h post-SNL (25 Hz), which dimin-
ished by 7–14 days post-SNL (3–7 Hz).

Afferent fibers after SNL were found to exhibit
irregular discharge or short bursting activity. Instan-
taneous frequencies of activity are proportional to the
instantaneous membrane potential, and the exact tim-
ing of spikes has been proposed to be essentially
determined by membrane potential fluctuations.18,19

Thus, changes in the expression and location of so-
dium and potassium channels along fiber axons fol-
lowing neuropathy may cause alterations in the
instantaneous membrane potential resulting in aber-
rant oscillation frequencies and irregular fiber dis-
charges.20–24 The short bursting activity observed in
approximately 1/3 of fibers in SNL rats has also been
reported by others.17,24–26 Action potential bursting
activity has been shown to modulate cell secretion and
neurotransmitter release,27 and thus this burst firing
pattern found in fibers from SNL rats may contribute
to the development of central sensitization.

In the present study, many spontaneously active
afferent fibers were recorded from naïve rats that
displayed relatively high mean discharge frequencies,
which were patterned based on their instantaneous
frequency and interspike interval distributions. High
frequency spontaneous activity has been observed in
uninjured spinal nerve.28 Possible sources of this high-
frequency spontaneous activity in naïve rats may
include cutaneous thermoreceptors and/or slowly
adapting Type II mechanoreceptors innervating
muscle spindles or joints.29,30

Attenuation of Ectopic Discharge by Amitriptyline
In addition to its role as a monoamine reuptake

inhibitor, amitriptyline has been reported to block
sodium channel activity.10,31,32 The present study
clearly demonstrates the amitriptyline inhibition on
ectopic discharge in SNL rats. Moreover, potent effects
are observed on those fibers exhibiting low frequency

or short bursting activity. This observation is consis-
tent with the notion that sodium channels have an
important role in the electrogenic rhythm associa-
ted with ectopic discharge.24,33 The high degree of
frequency-dependent and state-dependent inhibition
by sodium channel blockers observed in in vitro elec-
trophysiological studies may be pharmacologically
relevant for the treatment of neuropathic pain.32 In the
present study, we observed the frequency-dependent
inhibition of afferent fiber activity by amitriptyline.
However, amitriptyline is most effective in inhibiting
activity of low-frequency discharges. Similarly, inhi-
bition of ectopic discharge by sodium channel block-
ers lidocaine and lamotrigine at fixed concentrations
demonstrated a negative correlation between fre-
quency of ectopic discharge and efficacy of tested
drugs in vivo.33 Thus, both studies suggest that fre-
quency dependence is not the primary mechanism of
sodium channel blockers on neuropathic pain.

Only 38% of afferent fibers from naïve rats showed
weak reduction in spontaneous activities after IV
amitriptyline administration (2 mg/kg). The effective
inhibition of ectopic discharge by the sodium channel
blocker amitriptyline can be interpreted by its selec-
tive inhibition on different sodium channel subtypes.
After injury of peripheral nerves, the composition of
sodium channel isoforms expressed in sensory neu-
rons undergoes significant changes,34 with an in-
creased expression of tetrodotoxin-sensitive NaV1.3 in
cell bodies of sensory neurons.21 Amitriptyline more
potently blocks tetrodotoxin-sensitive sodium chan-
nels than tetrodotoxin-resistant sodium channels. The
potency shifted from 8- to 1.4-fold at a holding poten-
tial of �80 and �140 mV, respectively.35 The shifted
potency at different levels of resting potentials could
be attributed to the difference in affinities of resting
and inactivated channels by amitriptyline. It has been
reported that there is an accumulation of inactivated
sodium channels at less negative resting membrane
potentials after peripheral neuropathy.36–38 Amitrip-
tyline blocks voltage-gated sodium channels in a
state-dependent manner, with a preference for open
and inactivated rather than for resting channel
states.39,40 It is important to note that at the less
negative resting membrane potentials in injured
nerves, the fraction of inactivated channels is higher
for tetrodotoxin-sensitive sodium channels compared
with tetrodotoxin-resistant sodium channels based on
their different inactivation properties. Thus, it is con-
ceivable that variability of inhibition on ectopic dis-
charge by amitriptyline might be dependent on the
fraction of available inactivated tetrodotoxin-sensitive
sodium channels. Taken together, both altered expres-
sion of sodium channel subtypes and reduced resting
membrane potentials in injured nerves may account
for the differences in discharge characteristics and
pharmacological sensitivities of ectopic discharge in
injured nerves by amitriptyline. Changes in sodium
channels in patients with neuropathic pain are more
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complex; owing to the heterogeneity of pathological
conditions. Whether altered expression of sodium
channels contributes to the inconsistent efficacy in
pain treatment by sodium channel blockers, e.g., ami-
triptyline requires further investigation.

Use-dependent block arises from amitriptyline
binding to inactivated channels recruited during re-
petitive firing and from amitriptyline dissociation
from inactivated states with a time constant slower
than the frequency of the discharges. We simulated
this process by analyzing the time course of mechani-
cal responses of afferent fibers after amitriptyline
administration in naïve rats. We found that amitrip-
tyline did not block the initial high-frequency re-
sponse but produced a pronounced inhibition of
mechanosensitive afferent responses to maintained
phasic mechanical stimulation. This sustained me-
chanical stimulation could result in the accumulation
of inactivated sodium channels, and thus, use-
dependent inhibition of afferent fiber responses by
amitriptyline may contribute to its mechanism of
action.

Finally, rats were pretreated by systemic adminis-
tration of sodium pentobarbital in this study. Anes-
thetics may target at sites of synaptic transmission
across the entire central nervous system. In addition,
by competing with the common pathway, sodium
channel blockers have been reported to antagonize the
effect of anesthetics.41 The potential effects of the
anesthetic on the peripheral nerves are not under-
stood. However, pentobarbital might produce a similar
interaction on ectopic discharges and their pharmaco-
logical responses.

In summary, the results from the present study
demonstrate afferent fibers from SNL rats exhibited
lower mean frequency discharge that was irregular or
consisted of short bursting activity in some cases. An
effect of amitriptyline in inhibiting fiber activity was
observed in SNL rats, and amitriptyline appeared
most effective in inhibiting those fibers displaying
short bursting activity. These results provide direct
functional evidence that amitriptyline inhibits ectopic
discharge, demonstrating a peripheral site of action
associated with the antinociceptive effect of amitrip-
tyline in the SNL model.
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