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L5 Spinal Nerve Axotomy Induces Distinct
Electrophysiological Changes in Axotomized
L5- and Adjacent L4-Dorsal Root Ganglion

Neurons in Rats In Vivo

Laiche Djouhri,1 Asad Zeidan,1 Mohammad Alzoghaibi,2 Mohammad F. Al Otaibi,2 and Seham A. Abd El-Aleem3,4

Abstract

Peripheral neuropathic pain (PNP) is a major health problem for which effective drug treatment is lacking. Its underlying

neuronal mechanisms are still illusive, but pre-clinical studies using animal models of PNP including the L5-spinal nerve

axotomy (L5-SNA) model, suggest that it is partly caused by excitability changes in dorsal root ganglion (DRG) neurons.

L5-SNA results in two DRG neuronal groups: (1) axotomized/damaged neurons in L5- plus some in L4-DRGs, and (2)

ipsilateral L4-neurons with intact/uninjured fibers intermingling with degenerating L5-fibers. The axotomized neurons

are deprived of peripherally derived trophic factors and degenerate causing neuroinflammation, whereas the uninjured

L4-neuorns are subject to increased trophic factors and neuroinflammation associated with Wallerian degeneration of

axotomized L5-nerve fibers. Whether these two groups of DRG neurons exhibit similar or distinct electrophysiological

changes after L5-SNA remains unresolved. Conflicting evidence for this may result from some studies assuming that all

L4-fibers are undamaged. Here, we recorded somatic action potentials (APs) intracellularly from C- and A-fiber L4/L5

DRG neurons in vivo, to examine our hypothesis that L5-SNA would induce distinct electrophysiological changes in the

two populations of DRG neurons. Consistent with this hypothesis, we found (7 days post-SNA), in SNA rats with

established pain hypersensitivity, slower AP kinetics in axotomized L5-neurons and faster AP kinetics in L4-nociceptive

neurons including decreased rise time in Ad-and Ab-fiber nociceptors, and after-hyperpolarization duration in Ab-fiber

nociceptors. We also found several changes in axotomized L5-neurons but not in L4-nociceptive neurons, and some

changes in L4-nociceptive but not L5-neurons. The faster AP kinetics (decreased refractory period) in L4-nociceptive

neurons that are consistent with their reported hyperexcitability may lead to repetitive firing and thus provide enhanced

afferent input necessary for initiating and/or maintaining PNP development. The changes in axotomized L5-neurons may

contribute to the central mechanisms of PNP via enhanced neurotransmitter release in the central nervous system (CNS).
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Introduction

Chronic peripheral neuropathic pain (PNP), pain caused

by a lesion or disease of the somatosensory system1 is a major

health problem that affects *8% of the general population.2 PNP

is resistant to currently available drugs, and is characterized, in

humans, by hypersensitivity to normally painful (hyperalgesia)

and non-painful (allodynia) stimuli, and spontaneous/ongoing

pain.3 Pre-clinical studies using animal models of PNP including

the L5 spinal nerve ligation/axotomy (L5-SNL/SNA) model4

suggest that PNP is caused, at least partly, by abnormal hyperex-

citability of dorsal root ganglion (DRG) neurons.5,6 The L5-SNL/

SNA model results in two main DRG neuronal groups: (1) neurons

axotomized/damaged during surgery, mostly in L5 ‘‘L5-axot-

neurons’’ plus some in L4 ‘‘L4-axot-neurons’’; these neurons are

deprived of peripherally derived trophic factors and degenerate

causing neuroinflammation, and (2) ipsilateral L4-DRG-neurons

with intact/uninjured-fibers intermingling with degenerating

L5-fibers, which conduct nerve impulses to the central nervous

system (CNS) from their receptive fields: ‘‘L4-RF-neurons.’’

These L4-neurons are subject to influences of the neuroin-

flammation associated with Wallerian degeneration of axotomized
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L5-fibers and increased levels of peripherally derived trophic

factors because of a lack of uptake by the axotomized neurons.7

These opposing influences suggest that these two neuronal groups

(L5-axot-neurons and L4-RF-neurons) should exhibit opposing

changes.

A few ex vivo or in vitro studies compared the electrophysio-

logical changes in ‘‘L5-axot-neurons’’ and adjacent ipsilateral

L4-neurons following L5-SNL/SNA,8–10 and reported either

changes in ‘‘L5-axot-neurons’’ only9,10 or similar changes in

‘‘L5-axot-neurons’’ and L4-neurons.8 However, identification of

the receptive properties (receptive fields) of L4-neurons was not

possible in the in vitro studies.9,10 Even in the ex vivo study by Ma

and coworkers,8 only a few of the L4-neurons were identified as

‘‘L4-RF-neurons.’’ Therefore, whether ‘‘L5-axot-neurons’’ and

adjacent ‘‘L4-neurons’’ exhibit similar or distinct changes in their

electrophysiological properties after L5-SNL/SNA, remains un-

resolved. The conflicting evidence for this may result from some

studies assuming that all L4-fibers are undamaged. Furthermore,

there have been no in vivo studies that compared electrophysio-

logical properties of these two groups of DRG neurons after

L5-SNL/SNA. Even in our previous in vivo study6 in which we

reported some changes in electrophysiological properties of L4-

DRG neurons after L5-SNA, we did not examine changes in

electrophysiological properties of axotomized L5-DRG neurons.

Using immunostaining with activating transcription factor 3

(ATF3) (a neuronal injury marker), we11 and others12,13 have pre-

viously shown that a large percentage of L4-DRG neurons (range

from 11% to >35%) were ATF3-positive following L5 spinal nerve

injury. More importantly, surgical exposure of L5 spinal nerve

induces ATF3 in the L4-DRG neurons, irrespective of whether the

L5 nerve is subsequently cut,13 indicating that a substantial pro-

portion of L4-DRG neurons are unintentionally damaged during the

L5-SNA surgery. These injured L4 neurons ‘‘L4-axot-neurons’’ are

likely to exhibit similar phenotypic changes to those of ‘‘L5-axot-

neurons.’’ To exclude those ‘‘L4-axot-neurons,’’ in the present

study, we examined electrophysiological changes in ‘‘L5-axot-

neurons’’ and adjacent physiologically identified conducting L4-

neuorns; that is, ‘‘L4-RF-neurons’’ 7 days after L5-SNA in vivo. In

other words, all our L4-neurons in SNA rats were L4-RF-neurons.

As noted, ‘‘L5-axot-neurons’’ are deprived of target-derived tro-

phic factors such as nerve growth factor (NGF), and are therefore

referred to as ‘‘undertrophed,’’7 whereas ‘‘L4-RF-neurons’’ are

‘‘overtrophed’’ by NGF and brain derived neurotrophic factor

(BDNF).14,15 Consistent with the opposing influences on ‘‘L5-axot-

neurons’’ and adjacent conducting ‘‘L4-RF-neurons,’’ we found, in

the present study, opposite changes in these neuronal groups or

changes in one group only.

Methods

Animals and in vivo preparation

Experiments (sodium pentobarbitone 60 mg/kg i.p.) were con-
ducted on young adult female Wistar rats (150–180 g) under deep
anesthesia. All the experimental procedures (i.e., surgery and re-
cordings) complied throughout with the 1986 UK Scientific Pro-
cedures Animals Act. At the end of experiments, animals were
killed with an overdose of sodium pentobarbitone. Two groups of
rats were used in the present experiments. The first was a normal
untreated group of animals that had had no prior surgery; the nor-
mal L4 and L5 DRGs are abbreviated in Figures and Table 1 to
‘‘L4/5 Norm.’’ We did not use a separate sham-operated group
because: (1) sham operation (surgical exposure of the L5 spinal
nerve without its subsequent transection) results in a nearly iden-
tical number of injured neurons (ATF3-positive) in the L4 DRG as
the L5 spinal nerve transaction,13 and (2) the mean values of action
potential (AP) variables recorded intracellularly in DRG neurons
from sham operated rats8,16 did not differ from those recorded from
unoperated normal rats6,17,18 (see also the present study). There-
fore, the most appropriate control for comparison with nerve injury
is no nerve injury.

The second group was designated the SNA group. The L5-SNA
model of PNP is a modified version of the original SNL (Chung)
model4 and was produced as described previously.6,11 Briefly,
under sterile conditions, an incision was made at the level of the
lumbar spine to expose and remove the left transverse process of the
L6 vertebra. The ventral ramus of L5 spinal nerve was then isolated,
and tightly ligated with a 6-0 silk suture. To prevent fiber regen-
eration, the ligated L5 spinal nerve was transected just distal to the
suture, with care taken to minimize damage to the L4 spinal nerve.
The skin incision was then closed with intracutaneous sutures.
Healing occurred in all cases by day 7 after surgery. It is noteworthy
that a small population of L5 DRG neurons that project to the L5
dorsal primary ramus may be intact. Therefore, it is likely that there
is a small contamination of the presumed axotomized L5 popula-
tion with intact fibers.

All neurons from the adjacent ipsilateral L4 DRG that are in-
cluded and referred to in Figures and Table 1 as ‘‘L4 SNA’’ were
functionally identified. That is, they all had identified sensory re-
ceptive fields and conducted APs centrally from their peripheral
targets. They are referred to throughout this article as ‘‘L4-RF-
neurons.’’ For a detailed explanation of the importance of including
only L4 neurons with identified sensory receptive fields, see the
study by Djouhri and coworkers.6

Table 1. Summary of Changes in Electrophysiological Properties of L5-Axot-Neurons

and L4-Nociceptors 7 Days after L5-SNA

CV range Animal group n CV (m/s)
Em

(- mV)
AP height

(mV)
AP OVS

(mV)
AP DB

(ms)
Rise time

(ms)
Fall time

(ms)
AHP

AMP (mV)
AHP

80% (ms)

L5-AXOT 10 — — YY YY [ [ — — —
C-fiber L4 NOCI SNA 11 — — — — — — — Y —

L5 AXOT 15 — — — — [[[ — [[[ YY YYY
Ad-fiber L4 NOCI SNA 14 — — [[ — — Y — — —
Ab-fiber L5 AXOT 30 Y [ YY Y [[[ [[[ [[[ YYY [

L4 NOCI SNA 15 — — — [[ — Y — — Y

Mann–Whitney test was used to compare L5 axotomy groups with all normal (for n in all normal group, see figures).
One arrow, p < 0.05; two arrows, p < 0.01; three arrows p < 0.001.
SNA, spinal nerve axotomy; CV, conduction velocity; RMP, resting membrane potential; AP, action potential; OVS, overshoot; DB, duration at base;

AMP, amplitude.
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Pain behavioral testing

We have previously shown that SNA rats exhibit behavioral
indices of mechanical and heat hypersensitivity, but not sponta-
neous/ongoing pain.6,11 To confirm that the SNA rats used in the
present study also show PNP behaviors, pain behavioral testing was
assessed in 10 SNA rats. Briefly, paw withdrawal threshold (PWT),
paw withdrawal latency (PWL), and cold escape/nocifensive be-
havior were assessed on the ipsilateral (left) hind paw of each SNA
rat. As reported previously,6,11 mechanical and heat hypersensi-
tivities were indicated by a significant decrease in the mean PWT
and PWL respectively, whereas cold hypersensitivity was indicated
by a significant decrease in the duration of cold-evoked responses.
The tests were performed 1 day before induction of SNA to de-
termine the baseline values, and 7 days after SNA to determine
whether SNA rats develop PNP behaviors. An average of three
separate trials with at least 1 h separating each trial was used.

Intracellular electrophysiological recordings

Recordings were made 7 days post-operatively or in un-
operated normal rats of similar age/weight. At the time of re-
cording, rats weighed 150–180g. Full details of the animal
preparation were as reported previously in the rat.19,20 Briefly, to
allow artificial ventilation and monitoring of end-tidal CO2, a
tracheotomy was performed. End-tidal CO2 was maintained
between 3% and 4% by adjusting the rate and volume of the
respiratory pump. To enable regular injections of additional doses
of anesthetic and to monitor blood pressure, the left jugular vein
and carotid artery were cannulated. Any rats with blood pressure
<80–100 mm Hg were excluded.

A laminectomy from vertebrae L2 to L6 was performed to ex-
pose the L4 and L5 DRGs and their corresponding dorsal roots. The
exposed nervous tissue was covered with warmed paraffin oil
(30�C) in a large paraffin pool that was constructed using dental
impression material. To improve recording stability, a muscle re-
laxant (pancuronium, 0.5 mg/kg) was administered intravenously
to all rats during intracellular recordings. This was repeated ap-
proximately every hour and was always accompanied by an addi-
tional dose (10 mg/kg, i.v.) of the anesthetic. The dose and
frequency of the additional anesthetic was the same as that required
to maintain complete areflexia (absence of limb withdrawal re-
flexes to a noxious pinch) in the absence of muscle relaxant during
the preceding 2–3 h surgery period. The temperature in the paraffin
pool measured near the DRG under study was maintained
throughout close to *30� (mean 30.8�C; range 28–32�C).

Sharp glass microelectrodes filled with 3M or 1M KCl were used
for intracellular voltage recordings as described previously.19,21

Somatic APs were antidromically evoked by electrical stimulation
of the L4 or L5 dorsal roots with single rectangular pulses (0.03 ms
duration for A-fiber units or 0.3 ms duration for C-fiber units)
through bipolar platinum electrodes. The intensity of the electrical
stimulus (up to 25 V) was adjusted between 1 and 1.5 times
threshold for C-fiber units and twice threshold for A-fiber units.

Conduction velocity (CV)

The conduction distance (between 4.5 and 14 mm) and the la-
tency to onset of AP (evoked by dorsal root electrical stimulation)
were used to estimate the CV of each neuron. Neurons from the two
groups of rats (normal and SNA) were classified according to their
dorsal root CVs as C (£0.8 m/sec), Ad (1.5–6.5 m/sec), or Aa/b
(> 6.5 m/sec).21 The borderline between Ad and Aa/b waves and
between Ad and C waves was determined from the findings of
compound AP recordings reported previously21 in rats with the
same sex, age/weight, and recording conditions as in the present
experiments. The findings of those compound AP recording ex-
periments showed that the mean value for the borderline between
Ad and Aa/b waves was 6.5 – 0.32 m/sec, and that there are two C

waves, a fast wave and a slow wave. The fastest component of the
slower C wave displayed a conduction velocity of 0.7–0.8 m/sec,
whereas the fastest component of the faster wave (which we des-
ignated as a C/Ad wave) conducted at 1.4–1.5 m/sec. We also re-
ferred to our Review22 in which we described how Ab conduction
velocity is determined. We have now added this information to the
Methods section of this article. These CVs were relatively low, for
reasons discussed previously.22,23 These include the young age of
rats, the CVs being lower in the dorsal root than in peripheral nerve
fibers , inclusion of utilization time, and the low temperature in the
paraffin pool.

AP recordings

A Cambridge Electronics Design (CED) 1401 plus interface was
used to record APs online. APs were subsequently analyzed offline
using CED Spike II program as reported previously.19

AP variables and selection criteria

As described previously,19 the variables measured for each
neuron (see Figs. 1 and 2 and Table 1) included conduction velocity
(CV), resting membrane potential (RMP), AP height, AP over-
shoot, AP duration at base, AP rise time (RT), and AP fall time
(FT). The afterhyperpolarization (AHP) variables included dura-
tion to 80% recovery (AHP 80%) and AHP amplitude (between
RMP and maximum AHP depth). Neurons were included in the
analyses only if they had RMP £ -40 mV. A-fiber neurons were
included if they had an AHP, but for C-neurons, the presence of an
AHP was not required.24

It is noteworthy that changes in some of the variables included in
the present analysis including RMP and RT were published in our
previous studies.6,25 They were included in the present study (larger
sample of neurons) to enable comparison of directions and extents
of electrophysiological changes in all variables between L5-axoto-
neurons and L4-RF-neurons after L5-SNA.

Spontaneous activity/firing (SF) recordings

Following recordings of evoked APs by dorsal root electrical
stimulation to estimate CV, any spontaneously occurring APs were
recorded for *2 min. Neurons showing only short-lasting (a few
seconds) injury discharge (high frequency) caused by soma im-
palement with the microelectrode but no subsequent firing were not
classified as spontaneously firing units. For all neurons, assessment
of SF (ongoing stimulus-independent firing) was made before
sensory testing to avoid the possibility of inducing or influencing
such firing by natural search stimuli applied to the hindlimb.
Neurons were classified as firing spontaneously if they showed at
least one spontaneous AP during the assessment period regardless
of whether or not they met the selection criteria mentioned above.

Sensory receptive properties

Using hand-held innocuous and noxious mechanical and thermal
stimuli, the sensory receptive properties of non-axotomized DRG
neurons were identified as described previously in rat.19 Briefly,
normal L4/L5 DRG neurons, and non-axotomized L4-DRG neu-
rons in SNA rats were classified as nociceptive/nociceptors or low
threshold mechanoreceptors (LTMs). Neurons were classed as
nociceptors if they responded either to noxious mechanical stimuli
(applied with a needle, fine forceps, or coarse toothed forceps) only,
or to both noxious mechanical and noxious heat stimuli (hot water
at 50–65�C applied with a syringe), but failed to respond to non-
noxious mechanical stimuli.

Ipsilateral L4 nociceptive neurons with C-, Ad, or Ab-fibers
included: (1) high threshold mechanoreceptors (HTMs) that re-
sponded only to noxious mechanical stimuli or had subcutaneous
receptive fields and were, therefore, not tested with a heat stimulus;
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and (2) mechano-heat nociceptors with superficial or dermal
receptive fields that responded to noxious mechanical stimuli
and also promptly to a single application of noxious heat. As we
reported previously,19 DRG neurons were classified as Ab-
nociceptors if they failed to respond to the low-intensity (non-
noxious) mechanical stimuli including light brushing of limb fur,
skin contact, and light pressure with blunt objects, but responded to
noxious mechanical stimuli. Ab-nociceptors included ‘‘superficial
cutaneous’’ and ‘‘deep cutaneous’’ units. Superficial cutaneous

units were those that responded to needle pressure and pinching of
the superficial skin and lifting it away from the underlying tissue
with very fine forceps. These are presumed to have receptive ter-
minals in the epidermis or the superficial dermis. Deep cutaneous
units were those that did not respond to such manipulations of the
superficial layers of the skin but required stimulation (squeezing) of
a fold of skin, including soft dermal tissue.

In the present study, L4-neurons that were unresponsive (i.e.
whose receptive fields were not found despite an extensive search

FIG. 1. Electrophysiological variables in C-fiber L5-axot-neurons and L4-RF-neurons. Scatterplots of variables measured 7 days after
spinal nerve axotomy (SNA). These variables are: conduction velocity (CV) (A), resting membrane potential (RMP) (B), action
potential (AP) height (C), AP overshoot (D), duration after hyperpolarization (AHP) 80% (E), and AHP amplitude (F). The following
description applies to this Figure and Figures 2–4. Each dot represents a value from one neuron. Crossed (x) symbols (second column)
are L5-axot-neurons preceded by normal neurons (dotted symbols in first column) with which they are compared; symbols (fourth
column) are L4-nociceptive neurons preceded by their corresponding control (normal) nocioceptive neurons. In each graph in
Figures 1–3, column 2 (crossed symbols) includes all unidentified neurons (disconnected from the periphery by L5-axotomy), and
column 1 includes all recorded neurons (ALL) regardless of their sensory modalities (nociceptive, non-nociceptive, and unidentified
neurons) for comparison. Column 3 (dotted symbols) includes only physiologically identified L4-nociceptors (i.e., identified from their
receptive fields as being nociceptors) recoded from SNA rats. Nociceptive neurons in column 4 (SNA nociceptors) are compared with
their corresponding normal nociceptors in column 3 (dotted symbols) recorded from L4/L5 dorsal root ganglions (DRGs) in normal rats.
The variables shown in G, H, and I are AP duration (G), rise time (H), and fall time (I). ALL: all L4/5 neurons from normal rats (Norm)
regardless of sensory type (column 1); L5-AXOT: all L5 neurons recorded; these have no receptive fields because of axotomy (column
2). L4/5 Norm NOCI: all L4/5 nociceptive neurons in normal rats (column 3); L4 SNA NOCI: L4-nociceptive neurons in the ipsilateral
L4 DRG after L5 SNA. Medians are superimposed. Comparisons between medians in columns 1 and 2, and between columns 3 and 4
were with the Mann–Whitney U test. The level of statistical significance is as follows: *p < 0.05; **p < 0.01.
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with all the previously describer stimuli) in normal (unoperated)
rats (9 C- and 7 Ad-fiber neurons) and SNA (5 C-fiber neurons) rats
were excluded from the analyses to ensure exclusion of neurons
that were damaged by SNA surgery. Because we could not dis-
tinguish between silent nociceptors19 and damaged L4-neurons, we
included only physiologically identified L4 neurons (nociceptors or
LTMs6). As described previously,19 LTMs were those units that
responded to non-noxious mechanical stimuli including light
brushing of limb fur with a fine paint brush, skin contact and light
pressure with blunt objects, light tap, tuning forks vibrating at 100
or 250 Hz, and pressure with calibrated von Frey hairs. LTMs
conduct in all CV groups (C, Ad, and Aa/b), but the slowly con-
ducting C-and Ad-fiber LTMs,19 were not encountered in the
present study. Therefore, only Ab-LTMs were included in the
current study; they were classed as slowly adapting (SA) units or
rapidly adapting (RA) units including the guard (G) hair and field
(F) units that ere grouped together as G/F units.19 Ab-LTMs were
further divided into cutaneous and muscle spindle afferents, but
only cutaneous Ab-LTMs were included in the present study for
comparison with nociceptors, most of which were cutaneous.

Statistical analysis

Most of the electrophysiological data were not normally distrib-
uted, and therefore non-parametric statistics were used throughout.
Changes in axotomized L5-DRG neurons resulting from L5-SNA
were examined as follows. For each CV group (C-, Ad-, or Ab-fiber),
L5 axotomized neurons (no receptive fields) were compared with
neurons of all types (regardless of receptive field properties) in non-
axotomized L4/5-DRGs in normal rats. Mann–Whitney tests were
used for comparing the medians of the followings: (1) the variables in
these two groups of neurons (columns 1 and 2 of graphs in Figs. 1–3),
(2) the variables in ipsilateral C-, Ad-, or Ab-nociceptive L4-DRG
neurons in SNA rats (column 4 in Figs. 1–3) with those of their
corresponding normal nociceptive L4/L5 neurons (columns 3 in
Figs. 1–3), and (3) the variables in cutaneous L4 Ab-LTM neurons in
SNA rats (Fig. 4) with those of their corresponding normal (control)
Ab-LTM neurons. All tests were made with Graphpad Prism 8
software (Graphpad software Inc. USA). Significance for the above
tests was indicated as follows *p < 0.05, **p < 0.01, ***p < 0.001.
Summaries of significant changes are shown in Table 1.

FIG. 2. Electrophysiological variables of Ad L5-axot- and adjacent L4-RF-neurons. The variables shown and the details are as in
Figure 1.
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Results

SNA rats exhibit behavioral signs of mechanical,
heat, and cold hypersensitivity

As shown in Figure 5 and consistent with our previous stud-

ies,6,11 we found that all SNA rats exhibited, 7 days post-SNA,

significant ( p < 0.01) decreases in the mean PWT and in the mean

PWL, indicating that they developed behavioral signs of mechan-

ical and heat hypersensitivity respectively. We also examined

whether SNA rats exhibit cold hypersensitivity. Comparison of

cold sensitivity values 7 days after SNA with the baseline values

(before SNA induction) showed significant increases ( p < 0.01) in

the mean duration of cold-evoked responses indicating develop-

ment of cold hypersensitivity in SNA rats 7 days after SNA (Fig. 5)

in agreement with previous studies.26

In vivo intracellular voltage recordings
in normal and SNA rats

In vivo intracellular recordings of somatic APs were made from

251 DRG neurons in deeply anesthetized SNA rats (n = 29) 7 days

post-SNA or in normal rats (n = 43) of similar age/weight.

These neurons met the acceptance criteria defined in the

Methods. Of these, 119 neurons were recorded from L4/L5 DRGs

in normal rats (30 C-fiber, 23 Ad-fiber, and 66 Ab-fiber). Most of

the normal C-fiber (23/30) and Ad-fiber (18/23) neurons were

nociceptors, whereas most of normal Ab-fiber neurons (53/66)

were LTMs. Fifty-five neurons were recorded from axotomized

L5 DRGs (10 C-fiber, 15 Ad-fiber, and 30 Ab-fiber) 7 days post

L5-SNA; that is, they were L5-axot-neurons. The remaining 85

neurons were recorded from adjacent L4 DRGs in SNA-rats. All

these L4 DRG neurons were functionally identified as nociceptors

(23 C-fiber, 18 Ad-fiber, and 13 Ab-fiber) or Ab-fiber LTMs (7 G

hair/field [G/F] units, 14 RA units, and 10 SA units). The numbers

of all axotomized neurons and of functionally identified noci-

ceptive and Ab-LTM neurons in each CV group in normal and

SNA groups are indicated in Figures 1–4.

In the following sections, changes in electrophysiological

properties are described in relation to those of appropriate neurons

in normal rats. Note that especially for Ab-neurons, the medians

and ranges for some variables (e.g., AP duration and AHP duration)

in axotomy controls (column 1) differ from those in normal noci-

ceptors (column 3 in Figs. 1–3). This is because axotomy controls

include all neurons recorded in normal rats regardless of their

FIG. 3. Electrophysiological variables in Ab L5-axot- and L4-RF-neurons. The variables shown and details are as in Figure 1.
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sensory modality, and most of them are LTMs. It is noteworthy that

*80% of Ab-neurons23 are LTMs with electrophysiological

properties that differ from those of nociceptors.19

Typical examples of somatic APs in normal nociceptors, L5-

axot-neurons, and L4 nociceptors in SNA are shown in Figure 6

which illustrates the findings shown in Figs. 1–3, that APs in

L5-axot-neurons tend to be broader in all CV groups (both C and

A-neurons) than normal neurons. In contrast, APs in uninjured

conducting L4-nociceptors are narrower with faster kinetics than

those in normal rats (see Figs. 1–3). Scatterplot distributions of

the measured variables are given separately for C- (Fig. 1), Ad-

(Fig. 2), and Aa/b-neurons (Fig. 3). Figure 4 shL5-axot-neurons

ows the distribution of the variables in subgroups of cutaneous

Ab-LTMs. Results will be described for first and then for

L4-nociceptors, in the order of the CV groups: C-, Ad-, and Ab-

neurons (Figs. 1–3). This will be followed by a description of the

changes in L4-Ab-LTMs (Fig. 4). Summaries of the findings are

given in Table 1.

FIG. 4. Electrophysiological and action potential (AP) variables in cutaneous L4 Ab-low threshold mechanoreceptors (LTMs) after
L5-axotomy. The variables shown are conduction velocity (CV) (A), resting membrane potential (RMP) (B), AP amplitude (C), AP
overshoot duration (D), action potential (AP) duration (E), and AP rise time (F). Changes in the subclasses of cutaneous Ab-low
threshold mechanoreceptors (LTMs) (GF, rapidly adapting [RA], and slowly adapting [SA] units) are shown separately. As in Figure 1,
each dot represents one neuron, and comparisons were made between medians of the variables measured 7 days after SNA (SNA) in the
subclasses of Ab-LTMs and those of their respective normal (control). Con: control; G/F: G hair/field units; RA: rapidly adapting units;
SA: slowly adapting units. All comparisons were made with the Mann–Whitney U test. The level of statistical significance is as follows:
*p < 0.05; **p < 0.01.

FIG. 5. Behavioral indices of mechanical, heat and cold hypersensitivity in spinal nerve axotomy (SNA) rats. Data are presented as
mean – standard error of the mean (SEM). SNA rats exhibited significant decreases in the mean paw withdrawal threshold (A), the mean
paw withdrawal latency (B), and the mean duration of cold-evoked responses (C) 7days post-SNA indicating that the rats (n = 10) that
underwent SNA surgery developed mechanical, heat, and cold hypersensitivity, respectively. Comparisons were between values before
SNA induction (pre-SNA, dark gray bars) and 7 weeks post-SNA (7D, lighter gray bars). Statistical tests were made with paired t test.
The levels of statistical significance are *p < 0.05 and **p < 0.01.
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Spontaneous firing in SNA rats

As previously reported,6,11,20 C- and A-fiber neurons fired

spontaneously in SNA rats. For C-nociceptors, *4% of neurons

exhibited SA in normal rats, but this was reduced to 0% in the L5

DRGs after axotomy, and rose to *35 % in L4 DRGs in SNA rats.

None (0%) of the Ad- or Ab-nociceptors fired spontaneously in

normal rats, but *29% of L4 Ad-nociceptors and *13 % of

L4 Ab-nociceptors fired spontaneously in SNA rats. As for the

axotomized A-fiber neurons in the L5 DRG, *20% of Ad-fiber

neurons and Ab-fiber neurons fired spontaneously in SNA rats. It

should be noted that these values of SF incidence are for different

subtypes of DRG neurons regardless of whether or not they met the

selection criteria mentioned in the Methods.

Changes in axotomized L5-neurons (L5-axot-neurons)

The comparisons that follow are between data in columns 1 and 2

in Figures 1–3.

Changes in axotomized L5 C-fiber neurons. After L5-

SNA, the median RMP of axotomized C-fiber neurons (-45.41 mV),

was more depolarized (by *5 mV) than that of normal C-fiber

neurons (-49.89 mV). As shown in Figure 1B, and unlike in our

previous study,25 this change in RMP did not reach statistical sig-

nificance. However, the median AP height and AP overshoot in

axotomized C-fiber neurons was significantly ( p < 0.01) lower than

that in normal C-fiber neurons (Fig.1 C and D). The other AP

variables: median CV, AHP 80% and AHP amplitude shown in

Figure 1A, E, and F respectively exhibited no significant changes.

The median AP duration increased significantly (Fig. 1G); this was

largely because of a significant increase in RT (Fig. 1H) but not in

FT (Fig. 1I).

Changes in axotomized L5 Ad-fiber neurons. In ax-

otomized L5 Ad-fiber neurons, several variables changed signifi-

cantly compared with normal Ad-fiber neurons (Fig. 2). Their

median AHP 80% duration and AHP depth decreased significantly

(Fig. 2E and F), but there were no significant changes in the other

variables shown in Figure 2 A–D. The AP duration at base (Fig. 2G)

and AP FT (Fig. 2I) were both highly significantly increased, but

with no change in the AP RT (Fig. 2H). Thus, the AP kinetics of

axotomized L5 Ad-fiber neurons were reduced substantially.

Changes in axotomized L5 Ab-fiber neurons. Interestingly,

axotomized L5 Ab-neurons exhibited significant changes in all

measured variables (Fig. 3) particularly in AHP depth, AP duration

at base, RT, and FT, which were all highly significantly ( p < 0.001)

different from those in normal neurons. Simply, the APs were

shorter and broader with slower kinetics, and with a much less

pronounced AHP (Fig. 2). Therefore, the impact of L5-SNA on

large myelinated Ab-fiber neurons was very marked.

Changes in L4-nociceptive neurons

As described in the Methods section, the data from intact

nociceptive neurons in L4 DRGs after L5-SNA, shown in column

4 (L4 SNA, red dots) were compared with column 3 (controls,

purple dots) in Figures 1–3. The comparisons are to assess

whether the changes in uninjured L4 nociceptors (L4-RF-

neurons) are in the same or in the opposite direction from those in

the L5-axot-neurons.

Changes in L4 C-fiber nociceptive neurons. Compared

with normal C-nociceptors, there was no significant change in any

of the variables in the L4 C-fiber nociceptors measured after the L5

SNA (Fig. 1) except AHP amplitude that decreased significantly

(Fig. 1F). As shown in Figure 1, there was no significant change in

the AP variables (AP duration, RT, height and overshoot) that

changed significantly in axotomized L5 C-nociceptors. This indi-

cates that the slowing of AP kinetics seen in axotomized C-fiber

neurons (L5-axot-neurons) does not occur in C-fiber nociceptors

(L4-RF-neurons).

Changes in L4 Ad-fiber nociceptors. There were no statis-

tical differences between normal L4 Ad-nociceptors and uninjured

L4 Ad-nociceptors after L5-SNA (columns 3 and 4, Fig. 2), except

for a significant increase ( p < 0.01) in AP height (Fig. 2C) and a

significant decrease in AP RT (Fig. 2H). There was no significant

change in these variables in axotomized Ad-fiber neurons (Fig. 2),

which supports our hypothesis that the changes in L5-axot-neurons

and L4-RF-neurons are distinct.

FIG. 6. Diagram of experimental setup and examples of somatic
action potentials (APs). (A) The L5 spinal nerve was ligated (with
6.0 silk suture) and transected; the L4 spinal nerve was untreated.
Intracellular recordings of APs were made from the somata of
L5-axot.neurons in L5 dorsal root ganglions (DRGs) and adjacent
L4-RF-neurons in L4 DRGs 7 days post-SNA as well as normal
L5/L4 DRG neurons. APs were evoked antidromically by dorsal
root electrical stimulation (S). (B) Examples of these APs recorded
intracellularly from C- (top panel), Ad- (middle panel), and Ab-
fiber neurons (bottom panel). Column 1: normal nociceptive neu-
rons (L4/L5 Norm); column 2: L5-axot-neurons (L5 axot.); and
column 3: L4-nociceptive neurons from SNA-rats (L4 SNA). APs
are selected to represent the median values of AP duration at base,
afterhyperpolarization (AHP) amplitude, and AP overshoot. The
conduction velocity (CV) (m/sec) of each neuron is given. Note the
increased AP duration and decreased AHP amplitude in ax-
otomized L5 Ad- and Ab-neurons after L5-SNA (second column).
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Changes in L4 Ab-fiber nociceptors. L4 Ab-fiber nocicep-

tors in SNA rats exhibited a significant increase ( p < 0.05) in the AP

overshoot (Fig. 3D) and a significant decrease ( p < 0.05) in AHP

80% duration (Fig. 3E). Interestingly, as shown in Figure 3D and E,

the changes in these variables were in the opposite directions from

those in axotomized L5 Ab-fiber neurons.

Changes in L5-axot-neurons versus
intact L4-RF-nociceptors

Interestingly, most of the variables that changed significantly or

tended to change in nociceptive L4-neurons after L5-SNA were in

the opposite directions from those in axotomized L5-neurons.

These include AP overshoot (Fig. 3D), AHP duration (Fig. 3E), and

AP RT (Fig. 3H) in Ab-fiber neurons. The opposite changes in Ab-

fiber neurons may be expected if these changes were dependent on

factors derived from the periphery (see Discussion).

Changes in cutaneous L4 b-LTM neurons

We also examined whether the variables mentioned also

change in cutaneous L4 Ab-LTMs after L5 SNA. As shown in

Figure 4B, both G/F units and RA units had a more hyperpolarized

median RMP ( p < 0.01 in both cases) than their respective normal

groups. Both of these subtypes (G/F and RA) and SA units also

exhibited significantly greater AP amplitude than their respective

controls (Fig. 4C). There were no significant changes in the var-

iables shown in Figure 4 or other variables (not shown) in cuta-

neous L4 Ab-LTMs.

Discussion

We have found that electrophysiological changes in L5-axot-

neurons differ from those of adjacent L4-RF-neurons 7 days after

L5-SNA. L5-axot-neurons exhibited slower AP kinetics in all CV

groups (Aa/b-, Ad-, and C-fiber neurons) with significant changes

in all measured variables in Ab-fiber neurons, and several variables

in C-and Ad-fiber neurons (see Table 1). A few variables changed

significantly in L4-RF-neurons but not in L5-axot-neurons,

including decreased AHP amplitude in C-fiber nociceptors and

decreased RT and increased AP amplitude/height in Ad-fiber no-

ciceptors. More interestingly, all the significant changes seen in

L4 Ab-fiber nociceptors (L4-RF-neurons) were in the opposite di-

rection from those in axotomized L5 Ab-fiber neurons (L5-axot-

neurons). These opposite changes might be expected if they were

dependent on trophic factors derived from the periphery (described

subsequently). L4 Ab-fiber LTMs also exhibited significant chan-

ges in some variables (see Fig. 4). Whether similar or different

patterns of changes occur at other time points after nerve injury

remains to be determined. The faster AP kinetics (decreased re-

fractory period) in L4-RF-neurons that are essential for transmis-

sion of evoked pain signals to the CNS are consistent with their

reported hyperexcitability and spontaneous firing.6,11 The faster AP

kinetics in uninjured L4 neurons that may be related to increased

trophic factors and neuroinflammation associated with Wallerain

degeneration of axotomized L5-fibers (described subsequently)

may lead to repetitive firing, and thus provide enhanced afferent

input necessary for initiating and/or maintaining PNP development.

It should be noted that some of the electrophysiological changes in

L4-RF-neurons may also be caused by the impact of trauma at the

time of SNA surgery. In contrast, the slower AP kinetics in L5-

axot-neurons that could result from deprivation of target-derived

trophic factors such as NGF and glial cell line-derived neurotrophic

factor (GDNF) (described subsequently) are consistent with the

lack of spontaneous firing in axotomized C-fiber neurons reported

previously.6,11 These findings in axotomized L5-neuorns together

with their being disconnected from their peripheral targets suggest

that they are less likely to make a significant contribution to PNP

pathogenesis, although they may contribute to the central mecha-

nisms of PNP via enhanced neurotransmitter release in the CNS.

Electrophysiological changes in L5-axot-neurons
after L5-SNA

Our findings of changes in L5-axot-neurons are consistent with

those of previous studies showing that damaged L5-DRG neurons

have broader somatic APs with slower kinetics after L5-

SNL9,10,27,28 or L5-SNA.8,10,29–31 Such changes could result from

deprivation of target-derived trophic factors such as NGF and

GDNF,32 causing downregulation of Nav1.8, Nav1.9,33,34 and

Nav1.735 sodium channels. The trophic factor deprivation may well

explain similarities between changes in L5-axot-neurons in vivo

(present study) and those observed in previous in vitro and ex-vivo

studies, where such deprivation also occurs. These similarities in-

clude decreased AP height,9 increased AP duration,10 and slower

AP kinetics.8 In the present study, we found electrophysiological

changes in axotomized Ab-neurons to be proportionally greater and

more significant than those in Ad- or C-neurons (see Table 1),

probably because Ad- and C-neurons normally have slower AP

kinetics than Aa/b-neurons, and therefore less potential for further

slowing. These findings in L5-axot-neurons are consistent with

those reported by Ma and coworkers,8 who found several electro-

physiological changes including broader (slower) APs in the so-

mata of large- and medium-sized, but not small-sized neurons.

Conversely, our findings are not in line with those reported previ-

ously that excised Ad-fiber neurons exhibited the most pronounced

electrophysiological changes 20 days after SNL.10 This apparent

discrepancy might be the result of the differences in the time points

at which electrophysiological changes were examined (7 vs. 20

days), in the categorization of DRG neurons on the basis of dorsal

root CVs, and, more importantly, in the experimental type (in vivo

vs. in vitro). The borderlines between CV groups in our rat studies

are relatively low (lower than those of Sapunar and coworkers10)

for reasons reported previously (see Methods). In our study, neu-

rons were classified as Ad-type if their dorsal root CVs were

>1.5 m/sec and <6.5 m/sec. As reported previously,21 our classifi-

cation is based on compound AP recordings from L4/L5 dorsal

roots of female rats of the same age/weight as used in the present

study, and the same recording conditions. Interestingly the elec-

trophysiological changes in L5-axot-neurons seen in the present

study were in the same direction in all CV groups (see Table 1),

consistent with common underlying mechanisms in all CV groups.

Electrophysiological changes in uninjured
L4-RF-neurons after L5-SNA

A few previous studies examined the impact of L5-SNL/SNA on

electrophysiological properties of adjacent L4-neurons in exteri-

orized and superfused ex vivo DRGs,8 acutely excised or cultured

dissociated DRG neurons,9,10,27,28 and in vivo.6,16 Some of these

studies reported changes in axotomized L5-neurons but not in

L4-neurons, including AP height9 and increased AP duration.10 Of

the aforementioned studies, the study with the closest methodology

to ours was that in vivo by Boada and coworkers,16 who recorded

from rat L4-RF-neurons 7 days after partial L5-SNL (pSNL), but

as in our previous study,6 they did not record from axotomized
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L5-neurons. Their L4 neurons showed decreased AHP durations

(at half-amplitude) in A-HTMs. We also found a significant de-

crease in AHP duration in L4 Ab-nociceptors (see Table 1), but not

in A-HTMs (combined Ab-and Ad-fiber nociceptors). This might

be because of the differences in the type of spinal nerve injury (L5

SNA vs. partial pSNL), the animal age (young adult vs. juvenile) or

rat strains (Wistar vs. Sprague–Dawley). Interestingly, Boada and

coworkers16 also reported that pSNL induced sensitization of L4 A-

HTMs after pSNL, a sevenfold reduction in mechanical threshold

of L4 A-HTMs and a sevenfold increase in their receptive fields.

We and others have also previously shown that L4 Ab- nocicep-

tors36 and L4 Ad- and C-fiber nociceptors37 become sensitized to

mechanical and/or heat stimuli after L5-SNA/SNL.

Our current in vivo findings that significant changes in

L4-nociceptors occurred only in L4-RF-neurons (C-and Ad-fiber

nociceptors) or being in the opposite direction from those in ax-

otomized L5 Ab-neurons (Ab-nociceptors, see Table 1), differ

from those of the aforementioned ex vivo study,8 which reported

similar changes in both groups of DRG neurons after SNL. This

apparent discrepancy may be because of the differences in data

sampling. Indeed, it is possible that some of the similarities be-

tween L5-axot-neurons and adjacent L4-neurons reported by Ma

and coworkers8 resulted from their inclusion of injured L4-neurons

(e.g., because of L5 surgery). This is because only a few of their L4-

neurons were L4-RF-neurons (had identified sensory receptive

properties), whereas all of our L4-neurons were L4-RF-neuron; that

is, they were all physiologically identified as nociceptors or LTMs.

We believe that the role of intact L4 neurons in PNP induced by

L5 SNA/SNL needs to be studied in vivo because of losses in vitro

of: (1) the chemical environment including peripherally derived

trophic factors and/or inflammatory mediators, and (2) sensory

terminals and fibers (after dissociation) preventing CV measure-

ment. Loss of in vitro environment and damage profoundly alter

neuronal properties including previously intact L4-neurons (after

L5 SNA/SNL), and normal (untreated) neurons, thus altering nor-

mal values against which comparisons are measured.38 In vivo in-

fluences on intact L4-neurons after L5-SNA/SNL may include

increased inflammatory mediators (e.g., tumor necrosis factor

[TNF]-a and other cytokines), and availability/transport of NGF to

their somata,14 plus lowered pH. NGF and inflammation have

profound effects on DRG neurons. For example, we have previ-

ously shown that increases in AP kinetics and spontaneous firing in

C- and Ad-nociceptors induced by persistent inflammation were

NGF dependent.39 Therefore, some of the changes in intact L4

nociceptors reported here may depend on raised NGF. TNF-a
triggers ongoing firing in DRG neurons especially after nerve in-

jury40,41 and reduces mechanical thresholds of afferent fibers.42

These findings suggest that other inflammatory mediators such as

TNF-a may also contribute to the electrophysiological properties in

L4-RF-neurons after SNL/SNA. Neuroinflammatory mediators

may directly activate fibers of L4 neurons and/or be transported to

somata of these neurons causing long-term changes in receptor or

ion channel expression/activation and thus membrane properties

(for reviews Watkins and Maier43).

Possible ionic mechanisms of the changes
in axotomized L5-and adjacent L4-neurons

The changes in AP variables (AP height, overshoot, duration, RT

and all time) in L5-axot-neurons including the decreases in AP

height and AP overshoot in C-and Ab-fiber neurons are likely to be

caused by decreased expression in voltage-gated Na+ (Nav) chan-

nels. This is because: (1) these related variables are dependent on

expression of Nav1.8 that carries the majority of the AP inward

current,44,45 (2) Nav1.8 is correlated with AP overshoot in Nav1.8

positive DRG neurons,46 and (3) expression of Nav1.7 and Nav1.8

channels and the tetrodotoxin (TTX)-resistant Na+ current is de-

creased in axotomized DRG neurons.47–50 The increased duration

of AP fall time in axotomized L5 Ab-and Ad-fiber neurons (L5-

axot-neurons) which is often associated with an inflection/hump on

AP falling phase of some neurons may result from reduced TTX-

resistant Na+ currents.51 Calcium activated channels (Cav) may also

contribute because Ca2+ contributes a large inward current (ICa)

during the AP repolarization phase, leading to a prolongation or

inflection of the descending limb, whereas removing Ca2+ shortens

AP duration.52 Direct evidence for the role of Cav channels in the

AP prolongation in L5-axot-neurons was provided more recently

by McCallum and coworkers27 who found that ICa decreased sub-

stantially in small- and medium-sized L5-neurons after SNL, and

that ICa losses were associated with AP prolongation in these

neurons. They also found that Ca2+ channel blockade with antag-

onists significantly prolonged AP duration and reduced ICa. Based

on these findings, they concluded that AP prolongation in L5-axot-

neurons is attributable to the loss of ICa.27 Calcium activated k+

channels (Kca) that contribute to the AP repolarization and dura-

tion53 are unlikely to contribute to the increased AP duration in

L5-axot-neurons, because blockers of Ca2+- activated BK (large-

conductance) and SK (small-conductance) channels had no con-

sistent effect on AP duration in mouse DRG neurons.54

We have previously reported a significant depolarization in

RMP in axotomized C-neurons.25 Such RMP depolarization did not

reach statistical significance in our current sample of axotomized

C-neurons probably because of the difference in the sample sizes

between the two studies. Depolarized RMP in axotomized C-fiber

neurons may result from loss of two pore domain K+ channel (K2P)

expression/activity because these channels are the greatest con-

tributor to their RMP and because of axotomy-induced loss of

membrane-associated-TREK2 in axotomized C-fiber neurons.25

Changes in expression and/or activation properties of other chan-

nels/currents such as Ih,55,56 M currents,57 and/or Nav1.921 may

also contribute. The decreased AHP amplitude in axotomized Ab-

and Ad-fiber neurons could result from axotomy-induced decreased

K+ currents.58 Ca2+-activated BK and SK channels that conduct the

currents underlying the fast AHP and the medium and slow AHP

respectively59,60 are likely to contribute to the decreased AHP

amplitude and duration seen in axotomized Ad-fiber neurons. This

is because all IKCa subtypes that are mediated by different Kca

channels were found to decrease in axotomized medium-and small-

sized DRG neurons, which also exhibited a decrease in these AHP

parameters after L5 SNL.27,28

As for the changes seen in L4-RF-neuorns (see Table 1 and

Figs. 1–3), including the increased AP height in Ad-fiber noci-

ceptors and cutaneous L4 Ab-LTMs, increased AP overshoot in

Ab-fiber nociceptors, and decreased AP rise time in Ad-and Ab-

fiber nociceptors, they may be related to the upregulation of Nav1.7

and Nav1.8 and increased Na+ current density, which has been

reported in L4 DRG neurons after L5 SNL/SNA.61–65

Conclusion

The changes in membrane properties of L5-axot-neurons in-

duced by the L5-SNA generally differed from those of L4-RF-

neurons, with most of the changes occurring in L5-axot-neurons but

not L4-RF-neurons or occurring in the opposite direction in the two
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populations of DRG neurons. Our findings that most changes, in the

two groups of DRG neurons, are in the opposite direction are

consistent with decreases of the neurotrophic influences ‘‘hypo-

trophy’’ on L5-axot-neurons and increases of the trophic factors

‘‘hypertrophy’’ or inflammatory mediators on intact L4-RF-

neurons, respectively. As noted, the changes in L5-axot-neurons

and adjacent L4-RF-neurons are likely to contribute differentially

to mechanisms of PNP.
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