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Abstract: It is generally known that peripheral nerve injury causes changes in expression of 

some growth factors in the dorsal root ganglion. Altered expression of ErbB receptors, a well-

known growth factor in somatic cells, reportedly follows peripheral nerve injury in the spinal 

dorsal horn; however, it remains unknown whether the expression of these receptors is altered in 

the dorsal root ganglion after nerve injury. Therefore, this study examined the gene expression 

profiles of ErbB receptors in bilateral lumbar (L)4/L5 dorsal root ganglia, using L5-selective 

spinal nerve ligation in model rats as a peripheral nerve injury model. The expression of ErbB2 

and ErbB3 was observed in the dorsal root ganglia of the mature rat, despite ErbB1 and ErbB4 

showing only subtle expression. We also demonstrated that peripheral nerve injury induced 

significant increases in ErbB2 and ErbB3 in the ipsilateral dorsal root ganglion as compared 

with uninjured nerve. Expression changes in ErbB receptors appear to play important roles in 

nerve injury and subsequent nerve regeneration.
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Introduction
Injury to peripheral nerves initiates a sequence of cellular changes known as Wallerian 

degeneration or retrograde degeneration, resulting in marked neuroregeneration, and 

this contributes to the development of neuropathic pain,1,2 although the functional 

mechanisms remain to be elucidated. Understanding the changes in expression pat-

terns of growth factors in the peripheral nerve system (PNS) and central nerve system 

(CNS) may be useful in understanding the mechanisms within neuroregeneration and 

neuropathic pain induced by peripheral nerve injury.

Neuregulins (NRGs) are known as a family of growth factors that have been 

identified to play a major role in the development and maintenance of the PNS and 

CNS.3 NRGs bind and activate a subfamily of the class I tyrosine kinase receptors 

known as the epidermal growth factor receptor (EGFR)/erythroblastic leukemia 

viral oncogene homolog (ERBB) family. There are four members in this family, 

ErbB1, ErbB2, ErbB3 and ErbB4.4,5 Previous studies have shown the importance of 

NRG1-induced activation of the ErbB receptors in the proper development of the 

nervous system. For example, large decreases have been shown by analysis of ErbB3 

knockout mice.3 Ligand binding is relevant for promoting receptor dimer formation 

and activation of ErbB receptors through phosphorylation of the tyrosine-containing 

cytoplasmic domain of the receptor protein.4 ErbB receptors are activated by forming 

homodimeric and/or heterodimeric receptor complexes. Heterodimers that are known 
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to form and result from the tyrosine phosphorylation, upon 

ligand binding, are ErbB1/2, 1/3, 2/3, 2/4, and 3/4. The 

ErbB2 receptor does not directly bind to NRG1 or any other 

ligands. Therefore, this receptor requires heterodimerization 

with ErbB3 or ErbB4 for phosphorylation induced by NRG1 

binding and signal transduction.6,7

Given that our recent study demonstrated the alterna-

tive expression of NRG1 after spinal nerve injury,8 it is 

reasonable to hypothesize that the ErbB receptor family 

may act on the sensory and motor neurons through EGFR 

signaling, activated by ligand binding. If this hypothesis is 

correct, then these neurons should express one or more 

of the ErbB receptors that mediate ligand (eg, EGF and 

NRG1) actions. To test this, we performed a global analysis 

of the expression of ErbB receptors in adult rat dorsal root 

ganglions (DRGs). Because NRG1 expression potentially 

targeting DRG sensory neurons and/or spinal cord motor 

neurons is induced after peripheral nerve injury, it is pos-

sible that neuronal expression of ErbB receptors mediat-

ing NRG1 responses may also be altered after axotomy. 

Consequently, our studies investigated the changes in 

expression of ErbB receptors in DRG after spinal nerve 

injury by ligation.

Materials and methods
Animals
This study was approved by the Animal Care and Use Com-

mittee of Okayama University Medical School. Animals 

were treated in accordance with the Ethical Guidelines 

for the Investigation of Experimental Pain in Conscious 

Animals issued by the International Association for the 

Study of Pain.9

Adult male Wistar rats (CLEA Japan Inc, Tokyo, Japan) 

weighing 190–220  g at the time of surgery were used. 

Animals were housed individually in cages, under a 12-hour 

light/dark cycle, with free access to food and water. The 

experimental rats were allowed to acclimatize to the facility 

for 5 to 7 days prior to surgery.

Nerve injury model
As the nerve injury model, a lumbar (L)5 spinal nerve liga-

tion (L5SNL) model was used. All the rats (n  =  7) were 

placed under anesthesia with pentobarbital sodium (40 mg/kg 

intraperitoneally). Additional inhalation anesthesia, with 

1.5%–2% of isoflurane in 100% oxygen, was given as 

needed. The L5SNL was performed using a modification of 

the procedure described previously.8 Briefly, the left trans-

verse process of the L6 vertebra was gently removed, and the 

left L5 spinal nerve was exposed and tightly ligated with a 

6-0 silk thread, with care being taken to avoid trauma to the 

nearby L4 spinal nerve. Sham surgery animals were prepared 

as controls for the SNL model, in an identical manner but 

without injuring the nerve.

Complete Freund’s adjuvant (CFA) was used in the 

preparation of a peripheral inflammation model (CFA model, 

n = 6), which was used as a non-nerve injury hyperalgesia 

control model. For this model, animals were treated with a 

subcutaneous injection of 100 µL of CFA (0.1% heat-killed 

Mycobacterium tuberculosis; Sigma-Aldrich, St Louis, MO, 

USA) into the plantar surface of the left hind paw, under ether 

anesthesia. “Sham” animals (n = 6) were injected with saline 

instead of CFA and used as controls for the CFA model. 

Naïve animals (n = 13) were used as negative controls for 

both the SNL and CFA models.

Behavioral assessment
The von-Frey test was performed to validate the model 

rats. For assessment of tactile allodynia, the sensitivity to 

mechanical stimulus was tested by determining the hind 

paw withdrawal response to von Frey filaments (Touch-

Test® Sensory Evaluator, Stoelting Co, Wood Dale, IL, 

USA). Rats were placed individually in a plastic cage 

(13 ×  10 ×  15 cm3) with an elevated wire mesh bottom, 

allowing full access to the plantar surface of both hind 

paws. Mechanical stimuli were applied to the medial plan-

tar aspect of each hind paw with one of a series of nine 

von-Frey filaments (0.4, 0.6, 1.0, 1.4, 2.0, 4.0, 6.0, 8.0, 

and 15.0 g). Each trial was started with a von Frey force 

of 2 g for 1–2 seconds. Stimuli were presented at intervals 

of at least 10  seconds, allowing for the apparent resolu-

tion of any behavioral responses to the previous stimuli. 

On the basis of the response pattern and the force of the 

final filament, the 50% paw withdrawal threshold (PWT) 

was determined using the up-down method of Dixon10 and 

calculated using the formula described by Chaplan et al.11 If 

the strongest filament did not elicit a response, the threshold 

was recorded as 15.0 g. For the SNL model and negative 

controls, the tests were done before surgery and 1–14 days 

after surgery. For the CFA model and negative controls, 

tests were conducted before the injection and on the third 

day after the injection.

After carrying out the behavioral assessment, rats were 

killed by decapitation under deep anesthesia, using an intrap-

eritoneal pentobarbital overdose (60 mg/kg). Bilateral L4/L5 

DRGs were dissected rapidly and frozen immediately. DRGs 

were stored at −80°C until use.
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Quantitative real-time polymerase  
chain reaction (PCR) analysis
Total RNA samples were prepared using standard acid-

phenol extraction procedures with ISOGEN (Nippon Gene 

Co, Ltd, Tokyo, Japan).

Complementary (c)DNA was synthesized by reverse tran-

scription from 2 µg of each total RNA sample, with ReverTra 

Ace® First Strand cDNA Synthesis Kit (Toyobo Co, Ltd, Osaka, 

Japan). Templates were amplified in 20 µL of reaction mixture 

containing 10 µL of Power SYBR® Green PCR Master Mix 

(Life Technologies, Carlsbad, CA, USA), 7.2 µL of DNase-

free water, 0.2 µM each of forward and reverse primer, and 

2 µL of cDNA solution. The sequences of forward and reverse 

primers for the EGFR, ErbB2, ErbB3, ErbB4, and the glyc-

eraldehyde 3-phosphate dehydrogenase (GAPDH) gene are 

shown in Table 1. Quantitative real-time polymerase chain 

reaction (PCR) was performed with the 7300 Real Time PCR 

system (Life Technologies), with the following amplification 

conditions: 95°C for 10 minutes, followed by 40 cycles of 

30 seconds at 95°C and 2 minutes at 59°C. Quantification was 

done by the Comparative Ct method, using the 7300 Real Time 

PCR System with Sequence Detection Software version 1.4 

(Life Technologies). The cDNA amount in each sample was 

normalized to the crossing point of the housekeeping gene 

GADPH. These assays were repeated twice in duplicate. All of 

the PCR products were validated by melting curve analysis.

Western blot analysis
An L5 DRG from each of the groups was homogenized in 

100 µL of radio-immunoprecipitation assay (RIPA) lysis buf-

fer (50 mM Tris-HCl [pH 8.0], 150 mM sodium chloride, 1.0% 

Igepal CA-630, 0.5% sodium deoxycholate, 0.1% sodium 

dodecyl sulfate [SDS]) (Sigma-Aldrich) with protease inhibi-

tor cocktail Cat# P8340 (Sigma-Aldrich) and phosphatase 

inhibitor cocktail 2 Cat# P5726 (Sigma-Aldrich). Lysates were 

centrifuged at 15,000 × g for 15 minutes at 4°C, and the protein 

concentration was determined by bicinchoninic acid (BCA) 

protein assay reagent (Thermo Fisher Scientific, Waltham, 

MA, USA). Western blot analysis was performed according 

to the guidelines of the Trans-Blot Turbo Transfer system 

protocol (Bio-Rad Laboratories Inc, Hercules, CA, USA). In 

brief, 40 µg of total proteins was heated for 5 minutes at 95°C 

and then separated on 4%–20% SDS-polyacryl-amide gel and 

electrotransferred to a nitrocellulose membrane (BIO-RAD 

Laboratories Inc). Visualization of the protein band was per-

formed with a standard enhanced chemiluminescence (ECL) 

detection system. Membranes were blocked in 5% of nonfat 

dry milk in Tris-bufferd saline-Tween 20 (TBS-T) buffer, and 

then incubated over night at 4°C with the following primary 

antibodies: 1:100 rabbit polyclonal anti-ERBB2 (sc-284: Santa 

Cruz Biotechnology Inc, Santa Cruz, CA, USA), 1:200 rabbit 

polyclonal anti-ERBB3 (sc-285, Santa Cruz Biotechnology, 

Inc) or 1:100,000 mouse monoclonal anti-GAPDH (G8795, 

Sigma-Aldrich). After washing with TBS-T, membranes were 

incubated with peroxidase-conjugated secondary antibody in 

TBS-T for 1 hour at room temperature. Blots were washed 

and hybridization signals were measured by ECL detection 

using the ECL Plus Western Blotting Detection System (Life 

Technologies, Grand Island, NY, USA) and ChemiDoc XRS 

System (BIO-RAD Laboratories Inc). Images were analyzed 

quantitatively using ImageJ 1.46r image analysis software.

Statistical analysis
All values are expressed as mean or mean ± standard devia-

tion (SD). For the data of behavioral tests, tactile withdrawal 

thresholds with von Frey filaments are nonparametric 

variables. Between testing days, the data were analyzed using 

Friedman analysis of variance (ANOVA) for repeated mea-

surements, followed by Wilcoxon matched pairs signed rank 

test, when appropriate. For the quantitative real-time PCR 

data, statistical significance was determined by the paired 

t-test. P , 0.05 was considered statistically significant.

Results
Behavioral assessment of L5SNL  
rats for validation of hyperalgesia
L5SNL model rats are well-established as a neuropathic pain 

model that shows hyperalgesia, without phenomena such as 

Table 1 Oligonucleotide sequences of primers for real-time RT-PCR

Target cDNA Accession no Forward (5′ to 3′) Reverse (5′ to 3′) Amplicon (bp)

ErbB1/Egfr NM_031507 tccctt tggagaacctgc ag tcgcacagcaccgatcagaa 152
ErbB2 NM_017003 gagcctctctccacatgacc taaaggaggctgaggctgaa 157
ErbB3 NM_017218 cgtcatgccagatacacacc agggctaccccttctcttcc 148
ErbB4 NM_021687 aggctacatgactcccatgc gctggaagcgctgtgatact 136
GAPDH NM_017008 gacaactttggcatcgtgga atgcagggatgatgttctgg 133

Abbreviations: RT-PCR, reverse transcription polymerase chain reaction; cDNA, complementary DNA; EGFR, epidermal growth factor receptor.
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paralysis, when spinal nerve ligation/injury is successfully 

induced.12 To investigate hyperalgesia in L5SNL rats, we 

performed behavioral assessments with the von-Frey test 

before and after L5SNL. We used a CFA model, which shows 

hyperalgesia as a non-nerve injury.13 Mechanical allodynia 

was observed in L5SNL model rats throughout the exami-

nation period (days 1–14 after L5SNL). The CFA injection 

induced allodynia at 3 days after treatment. Prior to SNL and 

intraplantar injection of CFA, there were no differences in 

50% PWT on the bilateral hind paws (ipsilateral 13.6 ± 1.8 g 

vs contralateral 13.6 ± 1.8 g; ipsilateral 15.0 ± 0 g vs contral-

ateral 15.0 ± 0 g, respectively). The 50% PWTs in the SNL 

group were 3.1 ± 0.8, 2.8 ± 0.9, 2.5 ± 1.4, 3.2 ± 1.2, 2.1 ± 0.4, 

and 2.5 ± 1.0 g at 1, 3, 7, 9, 11, and 14 days after surgery, 

respectively (Figure 1A). Significantly decreased 50% PWTs 

were observed from days 1 through 14 after surgery. In the 

CFA group, the ipsilateral 50% PWT was also significantly 

lower on days 1 and 3 (2.8 ± 1.8 g and 4.2 ± 3.8 g, respectively) 

(Figure 1B). There were no changes in the 50% PWT on the 

contralateral side in any of all the groups. There were also no 

changes in 50% PWT on either the ipsilateral or contralateral 

sides in the sham and naïve groups. The model rats were thus 

validated based on these results.

Spinal nerve injury increased  
the expression of ErbB2 and ErbB3  
in the DRG
The expression profiles of ErbB receptors were examined 

by quantitative real-time PCR in ipsilateral and contralateral 

L4/L5 DRGs of the SNL model, sham-SNL, and naïve rats 

(Figure 2). Expression of ErbB2 and ErbB3 was observed 

in both L4/L5 DRGs of mature naïve rats, despite the subtle 

expression of ErbB1 and ErbB4. The expression of ErbB2 

and ErbB3 was significantly elevated in ipsilateral L5 DRGs 

after spinal nerve injury (199% of the contralateral value, 

P = 0.0019; and 196%, P = 0.0005, respectively) (Figure 2). In 

contrast, the expression of ErbB receptors was not altered in 

ipsilateral L4 DRGs after spinal nerve injury. No expression 

changes were observed in the negative controls, sham-SNL, 

CFA, or sham-CFA (Figures 2 and 3). ErbB3 overexpres-

sion was also confirmed at the protein level, by Western 

blot (229% of contralateral value, P = 0.0020), while ErbB2 

expression could not be quantified due to the low protein 

abundance (Figure 4). This result is consistent with a finding 

that the expression of ErbB3 is higher than ErbB2 at mRNA 

(Figures 2 and 4).

Time course of ErbB2 and ErbB3 
expression after spinal nerve injury
We also investigated the time-dependent expression changes 

in expression ErbB receptors. Significantly increased expres-

sion of ErbB2 and ErbB3 was observed in the ipsilateral 

L5 DRGs at day 14, whereas the expression levels did not 

change until day 7 (Figure 5). Sham surgery did not induce 

any changes in ErbB receptor expression in either L4/L5 

DRGs at the mRNA level. Furthermore, basal expression 

of each gene was not altered. The time course of ErbB2 

and ErbB3 upregulation was not consistent with behavioral 
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Figure 1 (A) Behavioral assessment of the L5 spinal nerve ligation model (n = 7). There was no significant difference in 50% PWT between the ipsilateral and contralateral 
PWT of the sham group or between the contralateral sides of the SNL and sham groups; (B) behavioral assessment of the CFA model rats (n = 6). There was no significant 
difference in 50% PWT between the ipsilateral and contralateral PWT of the sham group or between the contralateral sides of the CFA and sham groups.
Notes: The mechanical sensitivity of the hind paw was determined as the 50% PWT. Data are mean ± SD, *P , 0.05 (A) vs the contralateral PWT of the SNL model; (B) vs 
the contralateral PWT of the CFA model rat.
Abbreviations: L, lumbar; SNL, spinal nerve ligation; PWT, paw withdrawal threshold; CFA, complete Freund’s adjuvant; SD, standard deviation; Ipsi, ipsilateral side; 
Contra, contralateral side.
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development (Figure 1A). These data suggest that upregula-

tion of ErbB2 and ErbB3 in the L5 DRG is correlated with 

the delayed event to response to spinal nerve injury.

Discussion
ErbB receptors are known to be involved in the proper devel-

opment of the nervous system.14–17 Recently, ErbB2 has been 

reported to be upregulated in the dorsal horn by spinal nerve 

injury.18 However, the expression profiles of ErbB receptors 

in adult rat DRGs and their alteration after nerve-ligation-

caused injury remain unknown, while the expression of 

ErbB2, ErbB3, and ErbB4 in intact rat DRG was confirmed.19 

In addition to this fact, NRG1, a ligand of ErbB receptors, 

has been identified to play a major role in the develop-

ment and maintenance of the PNS and CNS.3 Therefore, 

we hypothesized that adult DRG neurons express the ErbB 

receptors necessary for NRG1 responsiveness and that its 

altered expression may be induced by nerve injury. To test 

our hypothesis, we examined the basal expression profiles 

of the ErbB receptor in adult rat DRGs and investigated 

whether spinal nerve injury induced changes in the expres-

sion of ErbB receptors.

We observed that a subset of the ErbB receptors, ErbB2 

and ErbB3, were expressed in both L4 and L5 DRGs under 

uninjured conditions and were significantly altered by 

peripheral nerve injury in the L5 DRG, while ErbB1 and 

ErbB4 were weakly expressed and not altered by nerve injury. 

Consistent with our hypothesis, the upregulated ErbB2 and 

ErbB3 receptors are known as a subset of ErbB receptors 

that require NRG1 for activation.

In order to determine whether hyperalgesia induces 

changes in ErbBs in the DRG, a CFA model was used as a 

hyperalgesia model without nerve injury and was compared 

with the SNL model, which shows hyperalgesia with nerve 

injury (Figure 1). The patterns of ErbB expression in the 

L4/L5 DRGs in the CFA model were the same as those in 

naïve rat; thus, hyperalgesia is not directly related to the 

upregulation of ErbB2 and ErbB3  in DRGs. In the rats 

without nerve injury, no differences in ErbB expression 

in the L4/L5 DRGs were observed, and ErbB2 and ErbB3 

were intensely expressed, while the expression of ErbB1 and 

ErbB4 was modest. In contrast to the general understand-

ing of the importance of ErbB4 functions in the CNS,20 our 

findings suggest that ErbB2 and ErbB3 play important roles 
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Abbreviations: ErbB, erythroblastic leukemia viral oncogene homolog; L, lumbar; 
SNL, spinal nerve ligation; GAPDH, glyceraldehyde 3-phosphate dehydrogenase gene; 
Int, Intensity; SD, standard deviation; ANOVA, analysis of variance; C, contralateral 
side; I, ipsilateral side; SNL, spinal nerve ligation.

in the PNS through its compartment-specific expression, 

while the functional mechanisms of tissue- or cell-specific 

expression and localization remain to be elucidated in further 

studies. Nevertheless, as the actions of NRG1 are, instead, 

mediated when this factor binds to ErbB3 or ErbB4, with 

ErbB2 activation occurring when the kinase subsequently 

heterodimerizes with either of these occupied receptors,21 

our findings suggest that the ErbB2/ErbB3 heterodimer is 

related to PNS homeostasis.

We also clearly demonstrated that nerve injury from 

SNL induced significant increases in ErbB2 and ErbB3 in 

the injured DRG (Figures 2 and 4). This phenomenon was 

observed from 14 days after nerve injury, whereas the time 

course of ErbB2 and ErbB3 upregulation was not con-

sistent with behavioral development (Figures  1A and 5). 

Furthermore, from our data using the CFA model, transient 

inflammation occurring remotely from the DRG, with asso-

ciated mechanical allodynia, is not correlated with aberrant 

expression of ErbB receptors. These findings of injured-

DRG-specific increases in ErbB2 and ErbB3 suggest that 

upregulation of ErbB2 and ErbB3 in L5 DRG is correlated 

with the delayed response to spinal nerve injury (eg, nerve 

regeneration and late-onset chronic pain). In contrast with our 

results, Pearson and Carroll22 reported that DRG expression 

of ErbB2 and ErbB3 was modestly decreased after sciatic 

nerve transection, at 1 week after surgery, and that expression 

was regained in after a further week. These dissimilar find-

ings raise the possibility of differences in the type of neural 
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damage arising from transection and ligation. Persistent neu-

ral damage caused by SNL may lead to continuous increases 

in ErbB2 and ErbB3 expression in a delayed manner.

Similar to the receptor expression in the DRG, signifi-

cant increases in ErbB2 and ErbB3 in dorsal horn cells and 

neurons are induced by nerve injury, and corresponding 

enhancement of pain behavior has been also observed.18,22 

Furthermore, Matsuoka and Yang23 have suggested that the 

MAPK/ERK signaling pathway, one of the main pathways 

of ErbB signaling, was activated in the DRG of nerve injury 

model rat. Taken together, our data suggest that activation of 

ErbB signaling, which may be induced by ErbB2/3 heterodi-

merization, is correlated with nerve injury and is a potential 

therapeutic target of nerve-injury-induced neurological 

lesions (eg, neuropathic pain). Our data indicate that the 

ErbB2/3 heterodimer functions in the ipsilateral DRG after 

nerve injury, but this requires confirmation by further studies 

at the protein level and observation of long-term outcomes.

Conclusion
In this study, we investigated the expression of ErbB2 

and ErbB3  in rat DRGs. Spinal nerve injury induces 

overexpression of the ErbB2 and ErbB3 receptors in the L5 

DRG. Nevertheless, the mechanisms by which these recep-

tors are upregulated and the cells from which these receptors 

are derived (eg, sensory neuron, motor neuron, glia) remain 

to be elucidated in further studies. Our findings demonstrate 

that spinal nerve injury induces upregulation of the ErbB 

receptors in the DRG, and this may be of major importance 

in the study of neurogenesis in mature mammals.
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