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Abstract The number of c-Fos protein-like immunore-

active (c-Fos-IR) neurons in the spinal dorsal horn evoked

by noxious stimulation was previously shown to be

increased following peripheral nerve injury, and this

increase was proposed to reflect the neuropathic pain state.

The aim of this study was to investigate whether anoma-

lous convergent primary afferent input to spinal dorsal horn

neurons contributed to nerve injury-induced c-Fos hyper-

inducibility. Double immunofluorescence labeling for

c-Fos and phosphorylated extracellular signal-regulated

kinase (p-ERK) was performed to detect convergent syn-

aptic input from different branches of the sciatic nerve after

injury to the tibial nerve. c-Fos expression and the phos-

phorylation of ERK were induced by noxious heat stimu-

lation of the hindpaw and also by electrical stimulation

(ES) of the injured tibial nerve, respectively. The number

of c-Fos-IR neurons was significantly decreased 3 days

after the injury. However, the number of c-Fos-IR neurons

returned to the control level 14 days after the injury.

P-ERK immunoreactive (p-ERK-IR) neurons were induced

in the central terminal field of the tibial nerve by ES of the

tibial nerve. The topographic distribution pattern and

number of such p-ERK-IR neurons remained unchanged

after the nerve injury. The time course of changes in the

number of double-labeled neurons, that presumably

received convergent primary afferent input, showed a

pattern similar to that of c-Fos-IR neurons after the injury.

These results indicate that convergent primary nociceptive

input through neighboring intact nerves may contribute to

c-Fos hyperinducibility in the spinal dorsal horn.
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Abbreviations

ANOVA Analysis of variance

CNS Central nervous system

ES Electrical stimulation

c-Fos-IR c-Fos protein-like immunoreactive

MAPK Mitogen-activated protein kinase

p-ERK Phosphorylated extracellular signal-regulated

kinase

p-ERK-IR p-ERK immunoreactive

Introduction

Peripheral nerve injury has been shown to induce abnormal

pain sensations such as hyperalgesia and allodynia. In

addition to pain as a direct result of the injury itself, the

manifestation of aberrant chronic pain has been reported
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within as well as outside the peripheral territory of the

injured nerve. Previous studies demonstrated that the

somatotopy map of second order neurons in the spinal dorsal

horn was disrupted and also that neurons disconnected from

their original receptive fields began to respond to stimulation

of the skin outside their original receptive field [1–4]. The

transection of a peripheral nerve was shown to enhance

neuronal c-Fos induction in the spinal and medullary dorsal

horns in response to the stimulation of spared primary

nociceptors [5, 6]. We recently reported exaggerated c-Fos

expression in the medullary dorsal horn evoked by electrical

stimulation (ES) at the C-fiber intensity of a spared uninjured

nerve rather than the injured nerve itself [7]. These changes

may be responsible for hyperalgesia expanding to the area

adjacent to those innervated by the injured nerve. Although

the mechanism underlying hypersensitivity in the sur-

rounding area innervated by the injured nerve has not yet

been elucidated in detail, it may be attributed to the reor-

ganization of primary afferents in the central nervous system

(CNS). We hypothesize that peripheral nerve injury acti-

vates convergent nociceptive input from spared intact

nerves, and such anomalous convergence contributes to the

c-Fos hyperinducibility and hyperalgesia.

Extracellular signal-regulated kinase (ERK) is a member

of the mitogen-activated protein kinase (MAPK) family.

The phosphorylation of ERK was previously shown to be

involved in the neuronal plasticity responsible for learning

and memory and also pain hypersensitivity [8, 9]. Similar

to c-Fos expression, phosphorylated ERK (p-ERK)

expression was shown to be induced in spinal and medul-

lary dorsal horn neurons by noxious stimulation [10, 11].

Therefore, p-ERK expression has also been used as a

marker for neuronal activation following noxious stimula-

tion. However, p-ERK expression in dorsal horn neurons

following noxious stimulation was shown to be markedly

quicker and more transient than that of c-Fos [10, 12].

The aim of this study was to examine whether the

development of anomalous convergent primary afferent

input occurred to spinal dorsal horn neurons disconnected

from their normal receptive field. Double immunofluores-

cence labeling for c-Fos and p-ERK was performed to

detect convergent synaptic inputs after the nerve injury.

c-Fos expression and phosphorylation of ERK were

induced by noxious heat stimulation of the hindpaw and

also by ES of the tibial nerve, respectively.

Materials and Methods

Animals

All surgical and experimental procedures described herein

were reviewed and approved by the Animal Care and Use

Committee, Okayama University, Government Animal

Protection and Management Law (No. 105), Japanese

Government Notification on Feeding and Safekeeping of

Animals (No. 6) and the National Institutes of Health

Guide for the Care and Use of Laboratory Animals (NIH

Publications No. 80-23), revised 1996. Male Sprague–

Dawley rats weighing 180–200 g at the time of surgery

were used in this study. Rats were housed at 20 �C with a

daily light period of 12 h, and fed food and water ad libi-

tum. Every attempt was made to minimize the number of

animals used and reduce their suffering at all stages of the

study.

Surgery

A tibial nerve injury was performed under anesthesia with

an i.p. injection of pentobarbital sodium (50 mg/kg) as

follows. The sciatic nerve was exposed between the mid-

thigh level and the popliteal fossa by a skin incision and

blunt dissection through the biceps femoris muscle. The

three major divisions of this nerve (the tibial, sural, and

common peroneal nerves) were separated in the proximal

part of this segment by their individual perineuria. The

tibial nerve was ligated firmly at two separate points with

7-0 silk suture, and the nerve bundle between the two

ligatures was transected with fine scissors. Sham-operated

animals, in which the tibial nerve was exposed without

nerve ligation or transection, were used as controls.

Double Immunofluorescence Labeling for c-Fos and p-

ERK

Double immunofluorescence labeling was used to detect

convergent synaptic input to second order neurons. In this

model, c-Fos expression and the phosphorylation of ERK

were induced by noxious heat stimulation to the hindpaw

and also by ES of the tibial nerve, respectively. c-Fos/p-

ERK double-labeled cell profiles, which appeared after the

nerve injury, were considered to have received convergent

primary afferent inputs from intact and injured nerves. 3, 7

and 14 days after the tibial nerve injury or sham surgery

(n = 5 in each group), re-anesthetized rats received nox-

ious heat stimulation to the hindpaw 2 h before perfusion

and the injured or uninjured tibial nerve was subsequently

exposed for ES 15 min prior to perfusion (Fig. 1). The

hindpaw was immersed in hot water (55 �C) for 10 s for

noxious heat stimulation. Silver hock electrodes were

placed beneath the isolated tibial nerve for ES, and a train

of rectangular pulses (5 mA, 5 ms) was delivered at 5 Hz

for 10 min. These stimulation parameters were previously

determined as sufficient for exciting C-fibers [7, 13–17].

Rats were perfused transcardially with saline followed by

4 % paraformaldehyde in 0.1 M phosphate buffer (PB, pH
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7.4) 2 h after noxious heat stimulation and 5 min after ES

(Fig. 1). The spinal cord of the 4th and 5th lumbar segment

was dissected out, postfixed in the same fixative for 24 h

and then immersed in 20 % sucrose in 0.02 M phosphate-

buffered saline (PBS, pH 7.4) for 48 h.

Frozen 10 lm-thick sections of the spinal cord were cut

on a cryostat and mounted onto silane-coated slides. Sec-

tions were incubated for 48 h at RT with a mixture of the

rabbit polyclonal anti-c-Fos antibody (1:8,000; Santa Cruz

Biotechnology, Santa Cruz, CA, USA) and mouse mono-

clonal anti-phospho-p44/42 MAP kinase antibody (1:2,000;

Cell Signaling, Beverly, MA, USA). Alexa-488 and Alexa-

568 (Molecular Probes, Eugene, OR, USA; 1:1,000)-con-

jugated secondary antibodies were used to visualize pri-

mary antibody binding. The primary antibody was omitted

for negative controls. Sections were coverslipped with a

mounting medium (DAKO Fluorescent Mounting Medium,

DAKO, Carpinteria, CA, USA). The labeled sections were

examined with a Nikon (Tokyo, Japan) fluorescence

microscope, and images were captured with a CCD spot

camera. The analysis is based on previous observations [5,

18] that medial 1/3 (tibial territory) of the superficial dorsal

horn around the junction of 4th and 5th lumbar segments

receives primary projection from the tibial nerve that

innervate the planter surface of the hindpaw, whereas the

lateral 1/4 is innervate by primary neurons supplying the

posterior cutaneous nerve of the thigh. The area between

them (peroneal territory) receives primary projection from

the superficial peroneal and sural nerves that innervate the

dorsal and lateral aspects of the hindpaw. The numbers of

c-Fos protein-like immunoreactive (c-Fos-IR), p-ERK

immunoreactive (p-ERK-IR), and c-Fos/p-ERK double-

labeled cell profiles were counted separately for tibial and

peroneal territories in laminae I and II (I/II) of the spinal

dorsal horn. Five sections within 1 mm rostral or caudal to

the junction of 4th and 5th lumbar segments were randomly

selected for statistical analysis and the average of five

sections was recorded for each rat. To confirm the reli-

ability of double immunofluorescence labeling, a single

stimulation, either noxious heat stimulation or ES to the

tibial nerve, was conducted in a separate group of animals

(n = 3 in each stimulation group) and processed for double

immunofluorescence labeling.

Statistical Analysis

Results are presented as the mean ± SEM. Statistical

analysis was performed using a one-way analysis of vari-

ance (ANOVA) followed by the post hoc Tukey–Kramer

test or Student’s t test. The criterion used for significance

was p \ 0.05.

Results

Many dorsal horn cells exhibited immunofluorescence

labeling for c-Fos and p-ERK following noxious heat

stimulation to the hindpaw and ES to the injured or unin-

jured tibial nerve. Figure 2 shows examples of single- and

double-labeled cell profiles in the spinal dorsal horn.

Immunoreactivity for c-Fos was confined within the neu-

ronal nucleus and yielded intense red fluorescence

(Fig. 2a). Immunoreactivity for p-ERK spread over the

neuronal cytoplasm and appeared as green labeling

(Fig. 2b). Therefore, we tentatively referred to these pro-

files as c-Fos-IR neurons and p-ERK-IR neurons hereafter.

Double-labeled neurons were distinguished by their green

labeling in the cytoplasm and intense red or yellow nuclear

labeling (Fig. 2c). These double-labeled neurons were

considered to have responded to both noxious heat stimu-

lation and ES because double-labeled neurons were rarely

observed in sections after a single stimulation; i.e., noxious

heat stimulation alone yielded red nuclear labeling for

c-Fos, whereas ES of the tibial nerve only yielded cyto-

plasmic green labeling for p-ERK (Fig. 2d, e). In other

words, immunoreactivity for c-Fos and p-ERK represented

the responses to noxious heat stimulation and ES, respec-

tively. The number of single labeled neurons for c-Fos or

p-ERK after a single stimulation was similar to that after

double stimulation (data not shown). These results indicate

that noxious heat stimulation does not affect p-ERK

expression evoked by ES to the tibial nerve and conversely,

ES does not affect c-Fos expression evoked by noxious

heat stimulation.

Double immunofluorescence labeling for c-Fos and

p-ERK following noxious heat stimulation and ES was

performed at several time points following the tibial nerve

injury. Single- and double-labeled neurons were the most

abundant in the medial 1/2 of laminae I/II in sham-operated

or nerve-injured animals irrespective of the post-injury

interval (Fig. 3). Labeled neurons were rarely found in the

deeper laminae III/IV. Along the rostro-caudal axis,

labeled neurons were concentrated in the caudal part of L4

and rostral part of L5 (data not shown). This distribution

pattern was consistent with the previously reported central

Fig. 1 Time course of surgery, noxious heat stimulation, ES of the

tibial nerve, and perfusion for double immunofluorescence labeling
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Fig. 2 Examples of c-Fos-IR, p-ERK-IR, and double-labeled neu-

rons. Immunofluorescence was seen for c-Fos (red; a) and p-ERK

(green; b) in the dorsal horn following noxious heat stimulation of the

hindpaw and ES of the tibial nerve in sham-operated animals. A

merged image is shown in (c). Arrowheads indicate the nuclei of

c-Fos-IR neurons. Arrows indicate the cell bodies of p-ERK-IR

neurons. Double-labeled neurons are indicated by double-arrow-

heads. Single stimulation, either noxious heat stimulation to the

hindpaw (d) or ES to the tibial nerve (e), resulted in either c-Fos or

p-ERK immunoreactivity. Scale bars = 50–100 lm in (c, e),
respectively

Fig. 3 Merged images of double immunofluorescence for c-Fos (red)

and p-ERK (green) in the spinal dorsal horn following noxious heat

stimulation to the hindpaw and ES of the tibial nerve 3, 7, and 14 days

after a tibial nerve injury and sham surgery. Representative data from

one animal in each group are shown. Arrowheads indicate double-

labeled neurons in the spinal dorsal horn. c-Fos-IR and double-labeled

neurons decreased in number, especially in the tibial territory of the

dorsal horn, 3 and 7 days after the injury. However, a marked

recovery in the number of c-Fos-IR and double-labeled neurons was

seen 14 days after the injury. Tibial, tibial territory; Peroneal,

peroneal territory; I/II, laminae I and II; III/IV, lamimae III and IV.

Scale bar = 100 lm
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terminal field of primary neurons in the sciatic nerve [18].

The most lateral part of the dorsal horn, which corre-

sponded to the terminal field of primary neurons supplying

the posterior cutaneous nerve of the thigh, was almost

devoid of immunoreactivity.

We counted c-Fos-IR, p-ERK-IR and double-labeled

neurons in laminae I/II at the level of the L4 and L5

junction. Double-labeled neurons were included in the

populations of both c-Fos-IR and p-ERK-IR neurons. The

number of c-Fos-IR neurons 3 and 7 days after the nerve

injury was smaller than that in sham-operated rats. The

c-Fos-IR neurons induced were restricted to the peroneal

territory and the tibial territory was almost devoid of c-Fos-

IR neurons. However, the induced c-Fos-IR neurons reap-

peared in the tibial territory 14 days after the nerve injury,

and the number of c-Fos-IR neurons was significantly

higher than that 3 days after the injury (Figs. 3, 4). ES of

the tibial nerve induced a large number of p-ERK-IR

neurons in the superficial dorsal horn ipsilateral to the ES,

however, the number of these neurons remained unchanged

after the nerve injury (Figs. 3, 4). c-Fos-IR and p-ERK-IR

neurons were rarely found on the contralateral side and a

change in the number of labeled neurons was not detected

(data not shown). Double-labeled neurons for c-Fos and

p-ERK were distributed mainly in the tibial territory in the

superficial laminae of the spinal dorsal horn on the ipsi-

lateral side. The number of double-labeled neurons was

significantly lower in rats 3 and 7 days after the nerve

injury than that in sham-operated controls. However, a

large number of double-labeled neurons reappeared

14 days after the nerve injury. The number of double-

labeled neurons was significantly higher 14 days after the

injury than 3 days after (Figs. 3, 4). A small number of

double-labeled neurons were also observed in the peroneal

Fig. 4 The number per section

of c-Fos-IR (top), p-ERK-IR

(middle), and double-labeled

neurons (bottom) in the tibial

territory (left column) and the

peroneal territory (right column)

in the superficial laminae of the

spinal dorsal horn following

noxious heat stimulation to the

hindpaw and ES of the tibial

nerve 3, 7, and 14 days after a

tibial nerve injury and sham

surgery. c-Fos-IR and double-

labeled neurons decreased in

number 3 and 7 days after the

injury. However, a significant

increase was observed in the

number of c-Fos-IR and double-

labeled neurons 14 days after

the injury. Each bar represents

the mean value ± SEM of five

individual experiments. The

asterisk at each bar indicates a

significant difference from the

sham-operated group

(***p \ 0.001, ANOVA with

the post hoc Tukey–Kramer

test). Sharps indicate significant

differences from the day 3

group (##p \ 0.01, ANOVA

with the post hoc Tukey–

Kramer test)
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territory, however, the number of these neurons remained

unchanged after the nerve injury (Figs. 3, 4).

Discussion

The present study examined the spinal dorsal horn in an

attempt to elucidate the mechanisms underlying the

development of neuropathic pain. Injury to the tibial nerve

altered the c-Fos response to noxious heat stimulation to

the hindpaw; the number of c-Fos-IR neurons induced was

significantly reduced 3 and 7 days after the injury, and then

increased, returning to the sham-operated control level by

day 14. The number of double-labeled neurons for c-Fos

and p-ERK following the injury showed a temporal dis-

tribution pattern similar to that for c-Fos-IR neurons. On

the other hand, the number of p-ERK-IR neurons was not

affected by the injury and remained at a level similar to the

control level throughout the examined post-injury period.

Previous studies demonstrated that the distribution of

c-Fos-IR neurons in the spinal and medullary dorsal horns

following noxious mechanical and thermal stimulation of

the skin was somatotopically organized and also that the

number of such neurons increased in a stimulus intensity-

dependent manner [6, 19–23]. In support of these findings,

the distribution of c-Fos-IR neurons following noxious heat

stimulation in sham-operated control rats was largely

restricted to the medial half of the dorsal horn around the

L4 and L5 junction. This distribution resembled the central

terminal field of the primary neurons constituting the sci-

atic nerve [18]. The c-Fos-IR neurons induced were

restricted to the peroneal territory 3 days after the injury to

the tibial nerve, while those in the tibial territory (the

medial part of the sciatic territory) were rare. We consider

this to be the basal level of c-Fos induction by the noci-

ceptive signal transmitted by the primary thermonocicep-

tors of the peroneal nerve [5]. However, a significant

number of induced c-Fos-IR neurons reappeared in the

tibial territory 14 days after the injury, and the number of

c-Fos-IR neurons in the tibial territory returned to a level

similar to that in sham-operated rats. The time course of

changes in the number of c-Fos-IR neurons was consistent

with our recent study showing nocifensive responses to

mechanical and noxious heat stimulation were attenuated

3 days after the nerve injury, recovered at 7 days, and were

further augmented at 14 days [24]. Similarities in the time

course of changes strongly suggest that the injury-induced

increase in the c-Fos response reflected neuropathic pain

including allodynia and thermal hyperalgesia. Since injured

tibial nerve axons were prevented from regenerating by a

tight ligature on the proximal nerve stump, the apparent

recovery in the number of induced c-Fos-IR neurons should

be considered to reflect the exaggerated response of

secondary neurons to the nociceptive signal conveyed by

the spared nerve. These changes may be involved in the

expansion of hyperalgesia to the area adjacent to the

denervated area. Consistent with these findings, our recent

study showed that the local application of a selective

adenosine A1 receptor agonist to the common peroneal

nerve attenuated the c-Fos response evoked by noxious

heat stimulation to the hindpaw and behavioral hyperal-

gesia after a tibial nerve injury [24].

MAPKs play an important role in intracellular signal

transduction during the activation of neurons following

various noxious stimuli [11, 25–27]. ERK was previously

shown to be phosphorylated following noxious peripheral

stimuli in an intensity-dependent manner [11, 26–29]. The

phosphorylation of ERK was markedly increased within a

few minutes, peaked after 5 min, and returned to control

levels 2 h after noxious stimulation [10, 12]. Based on

these findings, we utilized the phosphorylation of ERK as

the second marker for the activation of nociceptive dorsal

horn neurons. We observed a large number of induced

p-ERK-IR neurons in the medial 1/2 of the spinal dorsal

horn 5 min after ES of the tibial nerve. The number of

p-ERK-IR neurons induced by ES remained unchanged

after the nerve injury. These results are consistent with a

previous finding in which noxious C-fiber intensity stim-

ulation of a chronically injured nerve did not induce

extraneous c-Fos-IR neurons beyond normal levels in the

spinal or medullary dorsal horn [7, 15]. Therefore, a nerve

injury may not enhance the transmission of a nociceptive

signal from injured primary nociceptors.

Double-labeled neurons were considered to have

responded to both noxious heat stimulation and ES of the

tibial nerve. Both noxious heat stimulation to the hindpaw

as well as ES to the tibial nerve were expected to have

excited primary neurons in the tibial nerve of sham-oper-

ated controls. A large number of double-labeled neurons

were found in the spinal dorsal horn. The number of dou-

ble-labeled neurons was markedly decreased 3 and 7 days

after the injury, and reappeared after 14 days. Since

peripheral axons in the injured tibial nerve were prevented

from reinnervating the skin receptive field, double labeling

in nerve-injured rats was considered to represent the con-

vergence of sensory signals from both tibial and peroneal

nerves. The time course of changes in the number of

double-labeled neurons matches that for c-Fos-IR neurons

after the injury, suggesting that convergent nociceptive

input may contribute to the c-Fos hyperinducibility after

nerve injury. A possible explanation for this result may be

that a nociceptive spinal dorsal horn neuron originally had

convergent collateral primary input, which is normally

insufficient to induce c-Fos up-regulation. Such a neuron

may become responsive to a previously ‘‘silent’’ synaptic

input when it loses the dominant input. Such ‘‘unmasking’’
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of a previously silent input could result in an increase in

c-Fos-IR neurons induced by noxious stimulation, and may

also cause the referral and spread of pain. Indeed, chronic

partial deafferentation by single dorsal rhizotomy induced

c-Fos hyperinducibility in spinal dorsal horn neurons in

response to convergent primary nociceptive input through

neighboring intact dorsal root fibers [30].

In summary, we demonstrated that injury to the tibial

nerve augmented c-Fos expression in the spinal dorsal horn

induced by noxious heat stimulation to the hindpaw.

Increased double immunofluorescence labeling for c-Fos

and p-ERK suggested that collateral synaptic input to

second order spinal dorsal horn neurons become active

after the nerve injury and disconnection from their domi-

nant receptive field. These results indicate that convergent

nociceptive input through neighboring intact nerves may, at

least in part, contribute to c-Fos hyperinducibility in the

spinal dorsal horn and the pathogenesis of neuropathic pain

following peripheral nerve injury.
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