
10948 |     The FASEB Journal. 2020;34:10948–10965.wileyonlinelibrary.com/journal/fsb2

Received: 21 February 2020 | Revised: 28 May 2020 | Accepted: 8 June 2020

DOI: 10.1096/fj.202000377R  

R E S E A R C H  A R T I C L E

Identification of a new functional domain of Nogo-A that 
promotes inflammatory pain and inhibits neurite growth through 
binding to NgR1

Huaicun Liu1 |   Dongqiang Su1 |   Lei Liu2,3 |   Ling Chen1 |   Yan Zhao1 |   
Sun-On Chan4 |   Weiguang Zhang1 |   Yun Wang2,3 |   Jun Wang1

1Department of Human Anatomy, Histology and Embryology, School of Basic Medical Sciences, Peking University, Beijing, China
2Department of Neurobiology, School of Basic Medical Sciences and Neuroscience Research Institute, Key Lab for Neuroscience, Ministry of Education of 
China and National Health Commission and State Key Laboratory of Natural and Biomimetic Drugs, Peking University, Beijing, China
3PKU-IDG/McGovern Institute for Brain Research, Peking University, Beijing, China
4School of Biomedical Sciences, Faculty of Medicine, The Chinese University of Hong Kong, Hong Kong SAR, China

© 2020 Federation of American Societies for Experimental Biology

Weiguang Zhang, Yun Wang, and Jun Wang are contributed equally to this work.  

Abbreviations: CFA, complete Freund's adjuvant; CNS, central nervous system; DIV, days in vitro; DRG, dorsal root ganglia; F-actin, filamentous actin; 
FRET, fluorescence resonance energy transfer; G-actin, globular actin; KO, knockout; LIMK1, LIM domain kinase 1; NEP1-40, Nogo extracellular peptide 
1-40; NgR1, Nogo-66 receptor; PDL, poly-d-lysine; PWL, paw withdrawal latency; ROCK, RhoA/Rho-associated protein kinase; S1PR2, sphingosine-1-
phosphate receptor 2; TRPM8, transient receptor potential cation channel subfamily M member 8; TRPV1, transient receptor potential vanilloid subfamily 
member 1.

Correspondence
Jun Wang and Weiguang Zhang, 
Department of Human Anatomy and 
Histology and Embryology, School of 
Basic Medical Sciences, Peking University, 
Beijing 100191, China.
Email: wangjun74008@bjmu.edu.cn (J. W.) 
and zhangwg@bjmu.edu.cn (W. Z)

Yun Wang, Department of Neurobiology, 
Neuroscience Research Institute, Peking 
University, School of Basic Medical 
Sciences, Peking University, Beijing 
100191, China.
Email: wangy66@bjmu.edu.cn

Funding information
Natural Science Foundation of Beijing 
Municipality (Beijing Natural Science 
Foundation), Grant/Award Number: 
7192089; National Natural Science 
Foundation of China, Grant/Award Number: 
81971053, 31530028, 31720103908 
and 81821092; The Ministry of Science 
and Technology of China, Grant/Award 
Number: 2017YFA0701300; Hong Kong 
Research Grant Council, Grant/Award 
Number: CUHK14113815

Abstract
Nogo-A is a key inhibitory molecule to axon regeneration, and plays diverse roles 
in other pathological conditions, such as stroke, schizophrenia, and neurodegenera-
tive diseases. Nogo-66 and Nogo-Δ20 fragments are two known functional domains 
of Nogo-A, which act through the Nogo-66 receptor (NgR1) and sphingosine-1- 
phosphate receptor 2 (S1PR2), respectively. Here, we reported a new functional do-
main of Nogo-A, Nogo-A aa 846-861, was identified in the Nogo-A-specific seg-
ment that promotes complete Freund's adjuvant (CFA)-induced inflammatory pain. 
Intrathecal injection of its antagonist peptide 846-861PE or the specific antibody at-
tenuated the CFA-induced inflammatory heat hyperalgesia. The 846-861 PE reduced 
the content of transient receptor potential vanilloid subfamily member 1 (TRPV1) in 
dorsal root ganglia (DRG) and decreased the response of DRG neurons to capsaicin. 
These effects were accompanied by a reduction in LIMK/cofilin phosphorylation and 
actin polymerization. GST pull-down and fluorescence resonance energy transfer 
(FRET) assays both showed that Nogo-A aa 846-861 bound to NgR1. Moreover, we 
demonstrated that Nogo-A aa 846-861 inhibited neurite outgrowth from cortical neu-
rons and DRG explants. We concluded that Nogo-A aa 846-861 is a novel ligand of 
NgR1, which activates the downstream signaling pathways that inhibit axon growth 
and promote inflammatory pain.
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1 |  INTRODUCTION

Most tissues of the body have the ability to regenerate and 
repair after injury, except the central nervous tissues in adult 
mammals, which has very limited capacity in regeneration 
largely due to the presence of myelin associated inhibitors.1-3 
Nogo-A is one of the most important inhibitors in central 
nervous system (CNS) regeneration.1,4,5 It is also known to 
involve in many pathological processes of neurological dis-
eases, such as ocular inflammation,6,7 multiple sclerosis,8,9 
amyotrophic lateral sclerosis,10,11 stroke,12,13 Alzheimer's dis-
ease,14,15 and schizophrenia.16,17

Nogo-A is the longest isoform of Nogo protein encoded 
by the nogo gene. It has about 1192 amino acids (aa) in 
human and 1163 aa in rat. Two main domains have been re-
ported that mediate inhibitory functions of Nogo-A: Nogo-
66 (rat aa 1026-1091) and Nogo-Δ20 (rat aa 544-725).18,19 
The Nogo-66 functional domain is located in the C termi-
nus of Nogo protein and shared by all three Nogo isoforms 
(Nogo-A, Nogo-B, and Nogo-C).5,20 Nogo-66 domain binds 
to Nogo-66 receptor (NgR1), which activates the small 
GTPase RhoA, LIM domain kinase 1 (LIMK1), and the actin 
depolymerization factor/cofilin.19,21-23 Another function do-
main Nogo-Δ20 is a unique region near the N-terminus19,24 
of Nogo-A, which is not shared by other Nogo isoforms. The 
receptor of Nogo-Δ20 is sphingosine 1-phosphate receptor 
2 (S1PR2).25 The downstream molecules of Nogo-Δ20 con-
verge with those activated by Nogo-66, which involve the 
RhoA/Rho-associated protein kinase (ROCK) signal path-
way. Both Nogo-A and Nogo-Δ20 modulate the cytoskeleton 
dynamics that involve actin, tubulin and actomyosin.

In addition to Nogo-66, two other regions including 
Nogo-A-24 (rat aa 966-989) and Nogo-C39 (rat aa 1125-
1163) close to the Nogo-66 domain are shown to bind NgR1. 
Furthermore, the Nogo-22 (rat aa 922-1163) domain that 
contains the Nogo-A-24, Nogo-66, and Nogo-C39 regions 
seems to have stronger inhibitory effects than Nogo-66 alone 
after their binding to NgR1.26 It was proposed that Nogo-A 
may have multiple binding sites for NgR1, which play a syn-
ergistic function by binding to the NgR1 complex.

Our recent study has shown that Nogo-A regulates the 
function of ion channel in DRG neurons via modulation of 
the cytoskeleton and promotes the development of inflamma-
tory heat hyperalgesia.27 The underlying mechanism is that 
binding of Nogo-A to NgR1 triggers the expression and func-
tion of transient receptor potential vanilloid subfamily mem-
ber 1 (TRPV1) channels that causes inflammatory heat pain 
sensitization.28,29 However, it is still unclear which segments 

of Nogo-A protein are involved in the interaction with NgR1 
in this process.

In this study, we aimed to determine whether there are 
additional segments on Nogo-A that may serve as functional 
domains to mediate the action of Nogo-A. Using bioinfor-
matics analysis, we identified two new functional domains 
on the Nogo-A protein: Nogo-A aa 415-430 and Nogo-A aa 
846-861. Functional analysis revealed that only the Nogo-A 
aa 846-861 was involved in pain regulation. Furthermore, 
using GST pull-down assay and FRET, we have found that 
Nogo-A aa 846-861 binds directly to NgR1, which activates 
its downstream molecules LIMK/cofilin/actin, and mod-
ulates the function of TRPV1 that generates inflammatory 
pain. Finally, we have demonstrated that Nogo-A aa 846-861 
is inhibitory to neurite growth from DRG and cortical neu-
rons, supporting that this protein segment is a novel ligand of 
NgR1, which regulates functions of Nogo-A in inflammatory 
pain and neurite outgrowth.

2 |  MATERIALS AND METHODS

2.1 | Animals

Male Sprague-Dawley rats weighing 200-250 g and female ICR 
mice 16.5-day after pregnancy were supplied by the Animal 
Center of Peking University Health Science Center. The 
Nogo-A (Rtn4) knockout rats were generated in the Nanjing 
Biomedical Research Institute of Nanjing University (Nanjing, 
China). The animals were housed in climate-controlled rooms 
(temperature: 24 ± 2°C and humidity: 50 ± 5%) on a 12-hour 
light-dark cycle (light on 8:00 AM) with free access to food 
and water. All experimental procedures were approved by the 
Experimental Animal Welfare Ethics Branch of Biomedical 
Ethics Committee of Peking University and efforts were made 
to minimize the discomfort of the animals.

2.2 | Induction of inflammatory pain

The inflammatory pain was performed as described pre-
viously.27 About 25% of the complete Freund's adjuvant 
(CFA) was diluted with incomplete Freund's adjuvant 
(CFA: F5881, IFA: F5506, Millipore Sigma, Burlington, 
MA, USA) was injected into the left hind-paw of adult rats 
under brief isoflurane anesthesia. CFA injection can pro-
duce local swelling characterized by erythema, edema, and 
hypersensitivity.

K E Y W O R D S
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2.3 | Plasmids and constructs

To express the Nogo-A aa 846-861 and NgR1, the rat 
adult-brain cDNA was synthesized with the TransScript 
All-in-One First-Strand cDNA Synthesis SuperMix for 
qPCR Kit (TransGen Biotech, Beijing, China). The gene 
was amplified from the rat adult-brain cDNA library 
using primers with the sequences: Nogo-A aa 846-861: 
5′-CCCACGTTTGTCAGTGCTAAAGATGATTCTCCT 
AAATTAGCCAAGGAG-3′ and 5′-CTCCTTGGCTAATTT 
AGGAGAATCATCTTTAGCACTGACAAACGTGGG-3′; 
NgR1: 5′-ATGAAGAGGGCGTCCTCCGGAGGAAGCCG 
GC-3′ and 5′-AGCACAACCCTCTAAGTCACTGGTAGC 
C-3′. The amplified sequences were subcloned into the 
pGEX-5X1-GST tag and pET-28a-HIS tag plasmid vec-
tor with EcoR I and Sal I restriction sites. Similarly, we 
constructed the pECFP-N1-Nogo-A aa 846-861 and pE-
YFP-N1-Nogo-66- Receptor plasmid vectors with Xhol 
I and Hind III restriction sites for FRET experiment (The 
pECFP-N1 and pEYFP-N1 plasmid vectors were purchased 
from Changsha Youbao Bio technology Co. LTD) (Nogo-A 
aa 846-861: 5′-CCCACGTTTGTCAGTGCTAAAGAT 
G A T T C T C C T A A A T T A G C C A A G G A G G T T G 
TTGACCTCCTCTACTGG-3′ and 5′-AAAGCTGATAGT 
CACCGAGAGCGGGCCA-3′; Nogo-66receptor: 5′-ATGA 
AGAGGGCGTCCTCCGGAGGAAGCCGGC-3′ and 5′-GC 
AGGGCCCAAGCACTGTCCAAAGTACCA-3′).

2.4 | Intrathecal injection of 
peptides and antibody

Implantation of intrathecal cannulae was performed as de-
scribed previously.30 Rats were anesthetized with isoflurane. 
The vertebral column was exposed and a needle was inserted 
in the intraspinal space between lumbar vertebra 4 and 5 (L4 
and L5). The correct intrathecal location was confirmed by 
a tail-flick or a paw retraction. PE-10 polyethylene catheters 
(o.d. 0.61 mm) were implanted using a catheter-through-nee-
dle technique to reach the lumbar enlargement of the spinal 
cord. The outer end of the catheter was plugged and fixed to 
the skin upon closure of the wound. After surgery, the rats 
were individually housed and recovered, excluding the motor 
impaired animals after intrathecal cannula placement.

Five days after the surgery, Nogo-A peptide antagonists 
or blocking antibody was infused into the intraspinal space 
to suppress Nogo-A signaling in DRG neurons. The pep-
tides were synthesized and purified by the GL Biochem Ltd 
(Shanghai, China). The sequences were listed in Table 1. The 
peptides were dissolved in saline to a final concentration of 
1 μg/μL, and were injected via a catheter in a volume of 3, 
10, 17, or 30 μL, followed by 5 μL air and 10 μL of saline for 
flushing, over a period of 3-5 minutes. After the injection, the 

needle remained in situ for 2 minutes before withdrawal. A 
purified rabbit polyclonal antibody (IgG) of Nogo-A aa 846-
861 was made using immunoaffinity purification by AbMax 
Biotechnology Co., LTD (Beijing, China). Nogo-A antibody 
or normal rabbit IgG (sc-2028, Santa Cruz Biotechnology, 
CA, USA) (prepared in a concentration of 0.2 μg/μL) was in-
jected intrathecally in a volume of 3 μL.27 Half hour after the 
injection of peptide or antibody, 25% of CFA was injected. 
Nociceptive responses were measured 1, 2, 6, and 24 hours 
after CFA administration.

The sequences of blocking peptides were listed in Table 1.

2.5 | Assessment of thermal hyperalgesia

Thermal hyperalgesia was assessed using the methods 
described previously.31 First, animals were allowed to ac-
custom to the environment for 20-30 minutes before test-
ing. Then, paw withdrawal latency in response to radiant 
heat was recorded. A cut-off time of 30 seconds was set to 
prevent tissue damage. The paw withdrawal latency was 
recorded and tested five times at 10 minutes intervals in a 
blinded fashion.

2.6 | F-actin/G-actin in vivo assay

The actin polymerization assay in DRG was analyzed using 
an F-actin/G-actin in vivo assay kit (BK037, Cytoskeleton 
Inc, Denver, USA), and the ratio of filamentous actin 
(F-actin) vs globular actin (G-actin) was measured as de-
scribed previously.27 The rats were deeply anesthetized 
with isoflurane. DRG at L4-L6 were collected and homog-
enized in F-actin stabilization buffer. The tissue lysates 
were centrifuged at 100 000 g, 37°C for 1 hour. The pellet 
contained F-actin and the supernatant contained G-actin. 
The supernatant was removed and immediately placed on 
ice, and 100  μL of F-actin depolymerization buffer was 
added to each pellet. The samples were then incubated on 
ice for 1  hour. The same volume of G-actin and F-actin 
samples were mixed with SDS-PAGE sample buffer and 
run on a 10% of SDS-PAGE.

T A B L E  1  The sequences of blocking peptides

Peptide Sequence

846-861 PE PTFVSAKDDSPKLAKE

Scramble 1 KDKESLDTPPVAFAKS

415-430 KP KDSEGRNEDASFPSTP

Scramble 2 ADDSRTNEPSEPGFKS

623-640 SA SYDSIKLEPENPPPYEEA

Scramble 3 YYSIKLPDPESPENEAPE
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2.7 | Western Blot

The rats pretreated with Nogo-A aa 846-861 peptide (10 μg) 
were sacrificed 2 hours after CFA injection. DRG at L4-L6 level 
were removed and immediately frozen in liquid nitrogen, then, 
homogenized in ice-cold lysis buffer at 4°C for 40  minutes. 
The homogenates were centrifuged at 12 000 g for 3 minutes 
at 4°C and the supernatant was analyzed. Protein concentration 
was measured using a BCA assay kit (Pierce Biotechnology, 
USA). Each sample (50 μg) was boiled for 3-5 minutes with 
SDS-PAGE sample buffer and subjected to SDS-PAGE using 
10% of running gels (60  V for about 60  minutes, and then, 
100 V until the loading buffer reached the bottom of the gel) 
and transferred onto a nitrocellulose membrane (Pall Gelman 
Laboratory). Membranes were blocked with 5% of nonfat milk 
in TBST for 30 minutes at room temperature, and then, incu-
bated overnight at 4°C with the primary antibody. The blots 
were then washed three times (5 min per time) in TBST. The 
membranes were incubated with HRP-conjugated secondary 
antibody (1:5000, goat anti-rabbit, rabbit anti-goat, or goat 
anti-mouse; Bio-Rad Laboratories, Hercules, CA, USA) for 
2 hours at room temperature. Finally, the blots were developed 
using the chemiluminescent HRP substrate kit (WBKLS0500; 
MilliporeSigma).

The primary antibodies used in this study are shown 
below: Nogo-A (1:1000, #13401, Cell Signaling Technology), 
Nogo-A aa 846-861 antibody (1:1000, AbMax Biotechnology 
Co., LTD, Beijing, China), TRPV1 (1:200, sc-12498, Santa 
Cruz Biotechnology), LIMK1 (1:1000, sc-5576; Santa 
Cruz Biotechnology), p-LIMK (1:1000, ab131341, Abcam, 
Cambridge, United Kingdom), cofilin (1:1000, sc-33779; 
Santa Cruz Biotechnology), p-cofilin (Ser 3) (1:2000, sc-
12912-R/sc-21867-R; Santa Cruz Biotechnology), β-actin 
(1:3000, TA-09; Zhongshan Golden bridge Biotechnology, 
Guangdong, China), GST (1:1000, C1303; Applygen 
Technologies Inc, China), His (1:1000, C1301; Applygen 
Technologies Inc, China).

2.8 | Isolation of DRG neurons and Ca2+ 
imaging assay

Isolation of adult rat DRG neurons and Ca2+ imaging 
assay were performed as described previously.32 Rats were 
treated with intrathecal delivery of 3, 10, 17, and 30  μL 
Nogo-A aa 846-861 peptide (1 μg/μL), or with same vol-
ume of scramble 1 peptide (1 μg/μL) for 30 minutes, after 
the injection of 100  μL of 25% CFA into the left hind-
paw. Rats were terminated with overdosed anesthetics 
2 hours after CFA injection. The left L4-5 DRG were re-
moved and digested with collagenase type IA (1.5 mg/mL; 
MilliporeSigma) for 60  minutes, and then, with 0.125% 
of trypsin (MilliporeSigma) for 11  minutes at 37°C. The 

enzymatic treatment was terminated by FBS. After cen-
trifuged at 500  rpm for 3 minutes, the cell pellet was re-
suspended in DMEM. The dissociated cells were plated on 
poly-d-lysine-coated confocal dish and kept for 2 hours at 
5% of CO2 at 37°C in incubators.

The DRG cells were washed with DPBS (NaCl: 0.8%, 
Na2HPO4: 0.29%, KCl: 0.02%, KH2PO4: 0.02%, MgCl2: 
0.01%, CaCl2: 0.01%, pH adjusted to 7.4-7.6) containing 
1% of BSA and incubated in Fura-2 AM (5 μM; Invitrogen) 
in DPBS at room temperature for 30  minutes. Cells were 
washed with DPBS and incubated in neurobasal medium 
without phenolsulfonphthalein at room temperature in the 
dark for 1 hour. For calcium imaging, an inverted fluorescent 
microscope equipped with 340 and 380 nm excitation filter 
sets (Olympus) and a computer with Metafluor software were 
used. Fluorescence images and the F340/F380 ratio were ac-
quired every 5 seconds. TRPV1 activation was evoked by the 
addition of capsaicin. After the acquisition of 10 images for 
baseline, capsaicin was added with a final concentration of 
5 μM, and then, the rapid and robust increase in intracellular 
Ca2+ was acquired.

2.9 | GST pull-down assay

The GST-tagged Nogo-A aa 846-861 and His-tagged 
NgR1 protein were expressed in Escherichia coli BL21 
(DE3) cells and purified using Glutathione Sepharose TM 
fast flow beads (Cat# 17-5132-01, Amersham Pharmacia) 
and nickel-nitrilotriacetic acid agarose beads (Cat# 30 210, 
Qiagen) according to the instructions of the manufacturer. 
For binding assays, the eluted His-tagged NgR1 protein 
was incubated with GST-tag protein-bound beads (or in-
cubated the eluted GST-tagged Nogo-A aa 846-861 pro-
tein with His-tag protein-bound beads), and then, mixed 
the suspension with pre-iced washing buffer (0.1% Triton 
X-100/1 × TBS) at 4°C for 2 hours. Then, the beads were 
washed with pre-iced washing buffer for 6 times, and cen-
trifuged at 3000  rpm for 1 minute to remove nonspecific 
binding. About 10 μL of GST-tag elution buffer was added 
to each tube for 10-20  minutes on ice. The protein was 
eluted, mixed with 5  × SDS-PAGE electrophoresis load-
ing buffer, and run on SDS-PAGE electrophoresis using 
protocol the same as Western blot.

2.10 | DRG culture, primary culture of 
cortical neurons and transfection

The DRG tissues were obtained from embryonic day 16.5 
ICR mouse embryos. Cortical neurons was obtained from the 
cerebral cortex of the embryos, after digestion with 0.25% of 
trypsin (MilliporeSigma) for 30 minutes at 37°C. The DRG 
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tissues or dissociated cells were plated onto 35-mm dishes 
coated with poly-d-lysine (1 mg/mL, PDL, MilliporeSigma). 
After 4 hours in DMEM complete media (10% of fetal bo-
vine serum in DMEM), the cultures were transferred to neu-
robasal medium supplemented with 2% of B27 and 0.5 mM 
GlutaMAX-I (Gibco Invitrogen). The 4  μM of Nogo-A 
P4 peptide, 2 μM of Nogo-A aa 415-430 peptide, 2 μM of 
Nogo-A aa 846-861 peptide, 2 μg of Nogo-A aa 846-861-spe-
cific antibody and the same amount of their control peptide or 
IgG were added into the neurobasal medium.

For analysis of the length and number of neurites, corti-
cal neurons were transfected at the second day in vitro (DIV) 
with YFP-expressing plasmid (pEYFP-N1) to label entire 
neurons using Lipofectamine-2000 (Invitrogen). Images of 
neurons at DIV 3 were obtained using an inverted Leica con-
focal microscope (scanner Leica TCS STED, Germany) with 
an APO 40 × objective. The transmitted light images of DRG 
tissues were obtained using a light microscope.

2.11 | HEK293 cell transfection and 
FRET assay

HEK293 cells were recovered from liquid nitrogen and cul-
tured on 3.5 cm dishes with DMEM complete medium (10% 
of FBS and Penicillin-Streptomycin solution, 1:1000) at 5% 
of CO2 and 37°C. The pECFP-N1-Nogo-A aa 846-861 and 
pEYFP-N1-Nogo-66 Receptor plasmids were transfected 
using Lipofectamine 2000 (Invitrogen) when the cell density 
reached 30 to 50%. The plasmids were transfected in three 
combinations (Donor only group: pECFP-N1-Nogo-A aa 
846-861; Donor plus empty vector group: pECFP-N1-Nogo-
A aa 846-861 plus pEYFP-N1; and FRET group: pECFP-N1-
Nogo-A aa 846-861 plus pEYFP-N1-Nogo-66 Receptor). 
After 48 hours, cells were fixed with 4% of paraformaldehyde, 
and sealed with cover glass of 0.17  mm in thickness. The 
FLIM-FRET imaging was performed using a Leica TCS SP8 
SMD scanning confocal microscope (Leica Microsystems, 
Wetzlar, Germany; APO 64×/NA  =  1.4, donor activation 
wavelength is 458 nm). The maximal photon counting rate 
was around 1 × 106 counts s−1, and fluorescence lifetime im-
ages were acquired over 250  seconds. Fluorescence decay 
curves, lifetime maps (256 × 256 pixels), and lifetime dis-
tribution histograms were calculated from the pixels of cells 
of interest by using the commercially available TCSPC soft-
ware (SymPhoTime 64 software, PicoQuant GmbH).

2.12 | Statistical analysis

Data were presented as means ± SEM. Statistical analyses 
were performed using Prism 6.0 software. Differences be-
tween groups were compared using either Student's t tests 

or one-way ANOVA followed by Newman-Keuls post hoc 
tests, or two-way repeated measures ANOVA followed by 
Bonferroni's post hoc tests. Statistical significance was set at 
P < .05. For Western blot analysis, films were scanned using 
Image J (version: 1.50i-64bit) software and the density of 
relevant bands was measured and normalized with an inter-
nal loading control. For morphological analysis, axon length 
from DRG and neuron dendrites were also counted using the 
Image J software. For the behavioral tests, the baseline value 
measurement was carried out to randomize the group (ex-
cluding abnormal animals), and then, a blind experiment was 
performed to observe the difference between groups.

3 |  RESULTS

3.1 | Nogo-A aa 846-861 was involved in the 
CFA-induced inflammatory heat hyperalgesia

The human Nogo-A protein has 1192 residues, among which 
a unique 800 amino acid residues encoded by exon 3 of nogo 
gene is not shared with Nogo-B and Nogo-C.33,34 Till now, 
Nogo-Δ20 is the only well-defined functional domain among 
this unique region of Nogo-A.18,19 We conducted a bioin-
formatics analysis of the structure of Nogo-A protein and 
identified two new amino acid fragments that may serve as 
potential functional domains. Both sequences have a rotating 
structure and are easily exposed on the surface of the mem-
brane. They are the human Nogo-A aa 435-451 and Nogo-A 
aa 872-888 (Supporting Figure S1A). The corresponding rat 
amino acid sequences are Nogo-A aa 415-430 and Nogo-A 
aa 846-861 (Supporting Figure S1B).

These two potential sequences, together with Nogo-Δ20, 
share the potential as functional domains in Nogo-A-specific 
region that may work with Nogo-66 in modulating inflamma-
tory heat hyperalgesia induced by CFA, as suggested in our 
earlier study.27 To investigate whether the Nogo-A aa 415-430 
and Nogo-A aa 846-861 contribute to the induction of pain 
hypersensitivity, two corresponding antagonist peptides and 
scramble peptides (846-861 PE and scramble 1; 415-430 KP 
and scramble 2) were synthesized and intrathecally infused at 
different concentrations 30 minutes before injection of CFA 
(Figure 1A). Paw withdrawal latency (PWL) in response to 
radiant heat was measured during the 24 hours period after 
CFA injection. It was found that although the 846-861 PE pro-
duced no detectable effect at low (3 μg) and high dose (30 μg) 
when compared with the scramble peptide (Figure 1B,E), it 
increased the withdrawal latency in the ipsilateral paw at in-
termediate doses (10 and 17  μg), and the differences were 
statistically significant (Figure  1C,D). These results sug-
gested that Nogo-A aa 846-861 fragment is involved in the 
development of inflammatory heat hyperalgesia. Another an-
tagonist peptide 415-430 KP produced no detectable effect 
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at the doses examined (10 and 30 μg) when compared with 
the scramble peptide (Figure 1F,G), suggesting that Nogo-A 
aa 415-430 fragment was not involved in the inflammatory 

heat hyperalgesia. The Nogo-Δ20 fragment was the unique 
functional region of Nogo-A protein that have been reported. 
We have shown that Nogo-Δ20 fragment is not involved in 
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inflammatory heat hyperalgesia via the S1PR2 receptor in 
our earlier study.27 In order to exclude the possibility that 
Nogo-Δ20 functions through other unknown receptors, we 
synthesized an antagonist peptide specific for Nogo-Δ20, 
623-640 SA, and its scramble peptide. Consistently with our 
previous findings, the 623-640 SA antagonist peptide did 
not affect the ipsilateral withdrawal latency of rats with CFA 
injection at both 10 and 30 μg (Supporting Figure S2A,B), 
confirming that Nogo-Δ20 fragment did not contribute to the 
inflammatory heat hyperalgesia.

To further confirm the role of Nogo-A aa 846-861 on in-
flammatory heat hyperalgesia, the Nogo-A aa 846-861-specific 
antibody was produced. The specificity of the antibody was 
verified using Nogo-A knockout (KO) rats. It was found that 
the Nogo-A antibody specific to the aa 846-861 has a compa-
rable binding specificity with the existing commercially avail-
able Nogo-A antibody (#13401, Cell Signaling Technology) 
(Figure 1H). In another study, the protein was immunoprecipi-
tated with this antibody and detected with commercial available 
CST antibody of Nogo-A. The results showed that our Nogo-A 
846-861 antibody could recognize the Nogo-A protein at the 
correct MW (not shown), indicating the specificity to Nogo-A. 
Infusion of this Nogo-A-specific antibody at the dose (0.6 µg 
per rat) similar to that used in our earlier study27 increased the 
ipsilateral withdrawal latency of the rat paw with CFA injection. 
The differences were statistically significant when compared 
with that treated with normal rabbit IgG (Figure 1I). Taken to-
gether, these findings suggested that Nogo-A aa 846-861 pro-
moted the induction of inflammatory heat hyperalgesia, and this 
effect was not mediated by Nogo-A aa 415-430 and Nogo-Δ20.

3.2 | Disruption of Nogo-A aa 846-861 
signaling with 846-861PE inhibited the 
function and expression of TRPV1

TRPV1 protein is a key nociceptor on DRG neurons me-
diating the inflammatory thermal nociception, and its 

functions have been shown to be modulated by Nogo-A 
protein.27,29 Here, we investigated whether Nogo-A aa 
846-861 worked as a functional domain to modulate 
TRPV1 activity in CFA-induced inflammatory heat hy-
peralgesia. Calcium imaging experiment showed that the 
antagonist peptide 846-861 PE at the doses of 3, 10 and 
17  μg consistently produced a significant suppression in 
the rapid and robust increase of intracellular Ca2+ triggered 
by 5  µM capsaicin, when compared with control scram-
ble peptide 1 at the same concentrations (Figure  2A-C).  
However, this inhibitory effect was not detected at high 
dose (30 μg) (Figure 2D). These results indicated that in-
terruption of Nogo-A aa 846-861 signaling inhibited the 
capsaicin-induced TRPV1 activity during inflammatory 
heat pain hypersensitivity.

Further analysis using Western blot showed that intra-
thecal infusion of antagonist peptide 846-861 PE at doses of 
10 μg did not affect the level of TRPV1 in DRG of rats with-
out CFA injection (Figure 2E). However, the antagonist pep-
tide caused a significant reduction in the elevated expression 
of TRPV1 resulted from CFA injection when compared with 
the scramble peptide 1 (Figure 2F). Therefore, we concluded 
that Nogo-A aa 846-861 signaling is necessary to maintain 
the elevated activity of TRPV1 during inflammatory pain 
hypersensitivity.

3.3 | 846-861 PE inhibited the activation of 
LIMK-cofilin pathway and polymerization of 
actin in CFA-induced inflammatory pain 
hypersensitivity

LIMK/cofilin is the classical signal pathway downstream of 
Nogo-A that regulates actin cytoskeleton,23,35 which has been 
shown to be activated by Nogo-A/NgR1 in the CFA-induced 
inflammatory heat hyperalgesia.27 To investigate the down-
stream signaling pathway of Nogo-A aa 846-861, we exam-
ined the changes of phosphorylated LIMK, phosphorylated 

F I G U R E  1  The Nogo-A aa 846-861 in adult rat DRG promoted the inflammatory heat hyperalgesia. A, Diagram showing the functional 
domains of Nogo-A. Two candidate functional domains (Nogo-A aa 415-430 and Nogo-A aa 846-861) were identified by bioinformatics analysis. 
Nogo-Δ20 and Nogo-66 are the known functional domains. B-E, Intrathecal injection of Nogo-A aa 846-861 antagonist peptides, 846-861 
PE, attenuated the heat hyperalgesia in CFA-induced inflammatory pain. (B-E, left) Time courses of the paw withdrawal latency (PWL) after 
intrathecal injection of 3, 10, 17, and 30 μg 846-861 PE or the scramble peptide 1. The values represent means ± SEM. Data were analyzed by 
two-way ANOVA (matched values are stacked into a sub-column), followed by Bonferroni posttests, compared with the same amount of control 
peptide at corresponding time points. (*P < .05, compared with the scramble peptide groups). (B-E, right) Quantification analysis of the areas 
under the curve (AUC) (1-24 h) after intrathecal injection of antagonist peptides 846-861 PE or the control peptide in the left panel. In the right 
plots, data were analyzed by unpaired Student's t test (n = 4-7, *P < .05, compared with the scramble peptide groups). F-G, Intrathecal injection of 
10 or 30 μg 415-430 KP (antagonist peptide for Nogo-A aa 415-430) did not produce obvious effect to the ipsilateral heat hyperalgesia in CFA-
induced inflammatory pain. H, The expression of Nogo-A protein in DRG of WT and KO rats was detected by two different Nogo-A antibody. 
(Left) A single band of Nogo-A protein at the MW of 220 kDa was detected by commercially available Nogo-A antibody. (#13401, Cell Signaling 
Technology). (Right) A single band at the same MW was detected by the Nogo-A aa 846-861-specific antibody. I, Intrathecal injection of 0.6 µg 
Nogo-A aa 846-861-specific antibody attenuated the inflammatory heat hyperalgesia (n = 3, compared with the IgG group, *P < .05, **P < .01). 
Three independent experiments were done for each analysis
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cofilin and ratio of polymeric F-actin to monomeric G-actin 
(indicating the actin filament polymerization) in DRG of rats 
after CFA injection.

The results of Western blot showed that phosphorylated 
LIMK and phosphorylated cofilin were both reduced signifi-
cantly in DRG treated with 846-861 PE after CFA injection, 
while the levels of total LIMK and total cofilin were not 
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affected by the antagonist peptide (Figure 3A,B). Moreover, 
the 846-861 PE decreased significantly the ratio of F-actin/
G-actin in the DRG ipsilateral to CFA injection when com-
pared with the scramble peptide (Figure  3C). In summary, 
these findings supported that Nogo-A aa 846-861 functioned 
through the LIMK-cofilin pathway to stimulate polymeriza-
tion of actin filaments in the CFA-induced inflammatory pain 
hypersensitivity.

3.4 | Nogo-A aa 846-861 bound directly 
to NgR1

All the results above suggested that Nogo-A aa 846-861 
shares the same downstream signaling pathway of NgR1 to 
modulate TRPV1 channel in inflammatory pain. Furthermore, 
Nogo-A aa 846-861 is located relatively close to Nogo-66 (rat 
amino acid 1026-1091), which is the ligand of NgR1. Hence, 
we hypothesized that the Nogo-A aa 846-861 might also bind 
NgR1 to activate its downstream signaling pathway.

To test this hypothesis, GST pull-down assay was per-
formed. The coomassie blue staining and Western blot 
showed that the GST-tagged Nogo-A aa 846-861 and His-
tagged NgR1 protein were successfully induced and purified 
(Figure  4A,B). Glutathione Sepharose TM fast flow beads 
were used to pull down the His-tagged NgR1 protein. The 
results showed that NgR1 protein could be pulled down by 
the GST-tagged Nogo-A aa 846-861 protein (but not the GST 
protein alone) (Figure 4C). The same results were found when 
we used the His-tagged NgR1 protein to pull down the GST-
tagged aa 846-861 protein (Figure 4D). Therefore, we con-
cluded that Nogo-A aa 846-861 could bind directly to NgR1.

To further test this hypothesis, FRET assay was per-
formed. The ECFP-Nogo-A aa 846-861 and EYFP-NgR1 
plasmids were co-transfected to HEK 293T cells. The positive 
FRET signals were found only in the FRET group (pECFP-
N1-Nogo-A aa 846-861 plus pEYFP-N1-Nogo-A Receptor), 
but not in the donor only group (pECFP-N1-Nogo-A aa 846-
861) and the control group (ECFP-Nogo-A aa 846-861 plus 
EYFP) (Figure  5A). The peak value of frequency counts 
in FRET group cells exhibited a significant shift toward 

shorter lifetimes when compared with other control groups 
(Figure 5B). The τ value (τa) of cell membrane in the FRET 
group was shortened to approximately 1.914 ns (the control 
group: 2.121 ns), and the difference was statistically signifi-
cant (Figure 5C). The average FRET efficiency on the HEK 
293 cell membrane was 10.08% in the FRET group, indicat-
ing that there was direct interaction between ECFP-Nogo-A 
aa 846-861 and the EYFP-NgR1 protein. These findings pro-
vided further support to the binding of Nogo-A aa 846-861 
to NgR1.

3.5 | The Nogo-A aa 846-861 functional 
domain inhibited neurite outgrowth from DRG 
neurons and cortical neurons

One characteristic function of Nogo-A protein is inhibition of 
axon growth, and the exact functional domains contributing 
to this function is still not fully defined.21 To test whether 
Nogo-A aa 846-861 plays a role in this function, in addition 
to promoting inflammatory pain, neurite outgrowth were 
examined in DRG and cortical neurons after treatment with 
Nogo-A aa 846-861 peptide.

The DRG explants were prepared from E16.5 ICR mouse 
embryos and cultured in the medium with addition of Nogo-A 
P4, Nogo-A aa 415-430 or Nogo-A aa 846-861. Nogo-A P4 
peptide at 4  μM virtually abolished the neurite outgrowth 
from DRG (Figure 6A), which was consistent with its inhib-
itory effect on the axon regeneration.5 Nogo-A aa 415-430 
(2  μM) did not show any inhibitory action to neurite out-
growth from DRG explants (Figure 6B), supporting that this 
Nogo-A fragment is not a functional domain in regulating 
axon growth. On the contrary, Nogo-A aa 846-861 peptide 
(2 μM) showed a strong inhibitory effect on neurite growth. 
Statistical analysis showed that the length of DRG neurites in 
Nogo-A aa 846-861 group was significantly shorter than that 
of the control group (Figure 6C).

To exclude the possibility of toxic effects of Nogo-A aa 
846-861 and Nogo-P4 peptide on the neurite outgrowth, the 
medium containing these two inhibitor peptides was replaced 
by fresh medium. The DRG neurites originally inhibited 

F I G U R E  2  Disruption of Nogo-A aa 846-861 signaling by intrathecal injection of antagonist peptide 846-861 PE inhibited the function and 
expression of TRPV1 protein in DRG neurons. A-D, Comparison of intracellular Ca2+ signals in response to capsaicin in DRG neurons isolated 
from rats with intrathecal injection of 846-861 PE peptide at different dosages with that of the corresponding controls (A-D, left). The statistical 
analysis of the F340/F380 ratios showed that intrathecal injection of 846-861 PE at 3, 10, or 17 µg significantly decreased the response of TRPV1 
channel to capsaicin when compared with the corresponding control (A-D, right). In A-D, data were analyzed by two-way ANOVA (matched 
values are stacked into a sub-column), followed by Bonferroni posttest (**P < .01, ***P < .001, compared with corresponding control groups, 
three independent experiments). E and F, Western blot showed intrathecal infusion of 10 µg 846-861PE decreased the amount of TRPV1 in DRG 
of rats with CFA injection, although it did not affect the basal expression of TRPV1 in DRG without CFA injection. In this experiment, the bands 
of the monomer, glycosylation, and polymerization of TRPV1 were all included for the quantification of the amount of TRPV1.27 The plots showed 
means ± SEM. The data were analyzed by unpaired Student's t tests (n = 4, **P < .01, ***P < .001, compared with corresponding control group). 
Scale bar = 100 μm
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by both peptides resumed their growth after 30 h in culture 
(Supporting Figure S3A,B). Moreover, we used the Nogo-A 
aa 846-861-specific antibody (2 μg) to neutralize the func-
tion of Nogo-A aa 846-861 in the medium. It was found the 
growth ability of DRG neurites was rescued by Nogo-A aa 
846-861-specific antibody, while normal rabbit IgG did not 
show such effect (Figure 6D).

To further determine the inhibitory effect of Nogo-A aa 
846-861 peptide on axon growth, we observed the length 
of outgrowth from the primary cortical neurons at DIV 3. 
Compared with the scramble peptide group, 2 μM of Nogo-A 
aa 846-861 peptide significantly inhibited the growth of 
cortical neurites and reduced the number of neurites arising 

from the soma of the neuron (Supporting Figure  S4A,B; 
Figure 7A,B). The differences were statistically significant 
(Figure  7E,F). When Nogo-A aa 846-861-specific anti-
body (2 μg) was added to block the function of Nogo-A aa 
846-861, the inhibitory effects on both the neurite length 
and the number of neurites from the soma were rescued, 
when compared with the normal rabbit IgG (Supporting 
Figure S4C,D; Figure 7C,D), which were supported by the 
statistical analysis (Figure 7E,F). In summary, these results 
demonstrated that the Nogo-A aa 846-861 fragment shared 
the classical inhibitory function of Nogo-A in axon growth, 
in addition to its function of promoting inflammatory heat 
hyperalgesia.

F I G U R E  3  Disruption of Nogo-A aa 846-861 signaling suppressed phosphorylation of LIMK and cofilin, resulting in disassembly of actin 
microfilament in DRG of rats following CFA injection. A, Western blot analysis of phosphorylation of LIMK after intrathecal injection with 
10 µg 846-861 PE (left column in A). Statistical analysis showed that 846-861PE significantly decreased the phosphorylation of LIMK, but had no 
obvious effect on the total LIMK (right column in A). B, Western blot analysis showed that 846-861 PE significantly reduced the phosphorylation 
level of cofilin, but had no influence on the total cofilin. C, Western blot and quantification analysis of G- and F-actin levels in DRG 2 h 
after intrathecal injection of 846-861 PE decreased the actin filament polymerization induced by CFA administration. Each column refers to 
mean ± SEM. Data were analyzed by unpaired Student's t test (**P < .01, ***P < .001, compared with corresponding control groups, n = 5, three 
independent experiments)
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4 |  DISCUSSION

The major finding of this study is the identification of a novel 
domain in the Nogo-A-specific segment that binds directly 
to NgR1 and promotes inflammatory heat hyperalgesia via 
modulating the TRPV1 channels in DRG neurons. This 
Nogo-A aa 846-861 domain activates polymerization of actin 
via the LIMK/cofilin pathway. GST pull-down and FRET as-
says demonstrate that Nogo-A aa 846-861 binds and inter-
acts directly with NgR1. Moreover, Nogo-A 846-861 inhibits 
neurite growth from both DRG explants and cortical neurons. 
Hence, we conclude that Nogo-A 846-861 is a new ligand of 
NgR1 that regulates versatile functions of Nogo-A.

4.1 | Nogo-A aa 846-861 is a functional 
domain of Nogo-A involved in CFA-induced 
inflammatory heat hypersensitivity

In the CNS, Nogo-A protein is predominantly expressed on the 
oligodendrocytes. However, in the peripheral nervous system 
it is localized largely in the middle to small-diameter neurons 
in DRG,27,36 which are responsible for conducting nociceptive 
stimulation in inflammatory heat hyperalgesia. In our previous 
study, it was found that Nogo-A in DRG is elevated as earlier 
as 0.5 hour after CFA administration, and plays an essential 

role in development of inflammatory heat hyperalgesia in the 
rat.27 Since both the antagonist peptide of NgR1 (NEP1-40) 
and genetic deletion of Nogo-A attenuate the inflammatory 
heat hyperalgesia, it is inferred that there are at least two re-
gions in Nogo-A contributing to this process. One is the Nogo-
66 domain shared by all Nogo isoforms; another one should be 
a domain located in the Nogo-A-specific segment.

One major finding in this study is that the Nogo-A aa 
846-861 located in the Nogo-A-specific segment proximal 
to the Nogo-66 domain contributes to the inflammatory 
heat hyperalgesia, while Nogo-Δ20 (a known functional 
domain of Nogo-A) and Nogo-A aa 415-430 (a potential 
functional domain) did not participate in CFA-induced heat 
hyperalgesia. The Nogo-Δ20 region is shown to activate 
the small GTPase RhoA for its inhibitory effects to axon 
growth and regeneration.37,38 However, its receptor S1PR2 
is not expressed in the DRG tissues.27 Intrathecal injection 
of antagonist peptide 623-640SA of S1PR2 does not show 
significant effect to improve the PWL of rats with CFA in-
jection, lending further supports that Nogo-Δ20 is not con-
tributing to the development of inflammatory pain.27 On the 
contrary, we have shown in the current study that Nogo-A 
aa 846-861 is able to stimulate phosphorylation of LIMK 
and cofilin, which generates an increase of actin filament 
polymerization. The actin filaments serve as a scaffold 
for maintaining the function of TRPV1 in inflammatory 

F I G U R E  4  The GST pull-down assay showed that the Nogo-A aa 846-861 could directly bind to the Nogo-66 receptor (NgR1). A, Coomassie 
blue staining showed that the GST-tagged Nogo-A aa 846-861 at the MW of 28 kDa and His-tagged NgR1 protein at the MW of 55 kDa were 
successfully induced. B, Western blot analysis showed the GST-tagged Nogo-A aa 846-861 and His-tagged NgR1 were successfully purified. C, 
Using the Glutathione Sepharose TM fast flow beads to pull the His-tagged NgR1 protein, it was demonstrated that Nogo-A aa 846-861 could 
directly bind with NgR1. D, Using the nickel-nitrilotriacetic acid agarose beads to pull the GST-tagged aa 846-861, it was shown that the NgR1 
could directly bind with Nogo-A aa 846-861
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pain.27,35 This signaling cascade is shared by the activation 
of NgR1 with Nogo-66,27 suggesting strongly that Nogo-A 
aa 846-861 may trigger the inflammatory pain through in-
teraction with NgR1.

It is worth noting that intermediate dose (10 and 17 μg) of 
antagonist peptide 846-861PE is effective in attenuating the 
inflammatory thermal pain, but such analgesic effect is not 
observed at high dose of antagonist (30 µg). The mechanism 

F I G U R E  5  The sensitized emission-fluorescence resonance energy transfer (FRET) assay showed that the Nogo-A aa 846-861 interacts 
with NgR1 on the cell membrane of 293T cells. A, Using the FLIM-FRET microscopy to detect the ECFP channel, EYFP channel, and Intensity-
weighted channel, the positive FRET signals were only found in the FRET group on the cell membrane. B, Histogram of the peak value of 
frequency counts showed that FRET group cells exhibited an obvious shift toward shorter lifetime when compared with other control groups. C, 
The average lifetime of τa of the cell membrane in the FRET group was significantly shortened when compared with that of the control groups. The 
τa value was calculated from the histograms of τ distribution of individual cells. Error bars represent the standard deviation of the mean of τa from 
25 to 50 cells. Data of these cells were collected from three replicate experiments. The values represent means ± SEM. The data were analyzed by 
one-way ANOVA, followed by Turkey's multiple comparison tests (***P < .001, ###P < .001). Scale bar: 25 μm
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F I G U R E  6  The new functional domain of Nogo-A aa 846-861 could inhibit the outgrowth of axons from DRG explants. A, Nogo-A P4 
peptide at 4 μM abolished the outgrowth of the primary DRG tissues compared with the vehicle of saline. Statistical analysis of the average axon 
length 30 h after tissue culture showed a significant difference between the Nogo-A P4 and the control group. B, Nogo-A aa 415-430 peptide at 
2 μM had no inhibitory effect on neurite growth of the DRG explant. There was no significant difference in the average neurite length 30 h in 
culture between the Nogo-A aa 415-430 peptide and the control scramble peptide. C, The 2 μM Nogo-A aa 846-861 peptide abolished the neurite 
growth from the DRG explants, and the statistical analysis of the neurite length showed a significant difference between the Nogo-A aa 846-861 
peptide and the scramble peptide. D, The Nogo-A aa 846-861-specific antibody (2 μg) rescued the inhibitory effect of Nogo-A aa 846-861 to 
neurite outgrowth from DRG comparing with the normal rabbit IgG. In all experiments, data were analyzed by unpaired Student's t test (n = 3 
independent experiments, ***P < .001, compared with the control groups). The scale bar is 50 μm, shared by all pictures
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F I G U R E  7  The confocal image of cortical neurons cultured at DIV 3 showing the addition of Nogo-A aa 846-861 strongly inhibited neurite 
growth and branching in vitro. A and B, 2 μM Nogo-A aa 846-861 (B) significantly inhibited the length of neurites arising from the cortical neurons 
(labeled with EYFP) and reduced the number of branching compare with the control peptide (A). C and D, The fluorescence images of cortical 
neurons showed that 2 μg Nogo-A aa 846-861-specific antibody blocked the inhibitory effect of 2 μM Nogo-A aa 846-861 to neurite growth and 
branching (D), while the normal rabbit IgG did not show similar effects (C). E and F, The quantification analysis of the neurite length of cortical 
neurons (E) and the number of neurites (F). The values represent means ± SEM. The data were analyzed by one-way ANOVA (matched values are 
stacked into a sub-column), followed by Turkey's multiple comparison tests (***P < .001). Figure A-D share the same scale bar of 50 μm
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of this biphasic response is unknown, possibly caused by an 
off-target effect when the antagonist peptide is present in 
abundance. The present results reveal an optimal concentra-
tion of antagonist peptide 846-861PE has to be used to block 
the function of Nogo-A aa 846-861. Another discrepancy is 
that the antagonist peptide at low dose (3 μg) blocks the func-
tion of TRPV1 as reflected by the calcium imaging results in 
vitro, while such dosage cannot produce analgesic effect in 
vivo. One possible explanation is that the behavioral response 
may involve blocking of other ion channels in addition to 
TRPV1, while the calcium imaging experiment only reflects 
the influence of 846-861PE to TRPV1. We have observed 
recently that Nogo-A aa846-861 influences activity of tran-
sient receptor potential cation channel subfamily M member 
8 (TRPM8) in DRG neurons (unpublished results), which 
may result in different or even opposite effects to TRPV1.39 
The effect of Nogo-A aa 846-861 in modulating other ion 
channels remains to be investigated.

4.2 | Nogo-A aa 846-861 is a new ligand 
for NgR1

The Nogo-66 domain is the best known ligand of NgR1 
that mediates multiple biological functions of Nogo pro-
tein, including suppression of axon growth and promotion 
of inflammatory pain.27,40,41 However, it is reported that it 
is not the only functional domain of Nogo-A that binds and 
activates NgR1. Two fragments of Nogo-A (Nogo-A-24 and 
Nogo-C39), which are separated from Nogo-66 by trans-
membrane domains, also bind to NgR1. Although binding of 
these two fragments does not trigger the downstream RhoA 
signaling and hence cannot inhibit axon growth,24,26,42 the 
Nogo-22 domain that contains Nogo-A-24, Nogo-66 and 
Nogo-C39 regions seems to produce stronger inhibitory ef-
fects than Nogo-66 alone after its binding to NgR1.26 It is 
likely that there are other domains on Nogo-A that activate 
through the NgR1 and modulate the inflammatory pain more 
prominently than Nogo-66. In the current study, we have 
shown using GST pull-down and FRET assays that Nogo-A 
aa 846-861 can bind directly to NgR1. Moreover, it shares 
similar downstream signaling pathways with Nogo-66 to me-
diate inflammatory pain. Furthermore, Nogo-A aa 846-861 
is able to inhibit neurite outgrowth from DRG and cortical 
neurons, supporting strongly that Nogo-A aa 846-861 is a 
functional and novel ligand of NgR1 that mediates diverse 
functions of Nogo.

Nogo-A and NgR1 are both expressed in DRG neurons27 
and the FRET analysis shows that Nogo-A 846-861 and 
NgR1 on the same cell can interact with each other. This 
cis-binding interaction is a new mode of interaction on pain 
modulation between Nogo-A and NgR1 on DRG neurons, 
which is different to that in axon inhibition where Nogo-A is 

expressed predominantly on the glia and NgR1 on the axons. 
This cis-binding interaction is also reported in immune cells 
such as natural killer cells and mast cells, in which the recep-
tor recognizes the interacting molecules on the same cell to 
mediate the immune functions.43,44 Another possible mode 
of interaction involves a release of Nogo-A aa 846-861 from 
the DRG neuron that binds to the receptor on the same cell 
and adjacent neurons, as it has been reported that Nogo-A 
fragments can be released in exosomes that inhibit axon 
regeneration.45

Both Nogo-A aa 846-861 and Nogo-66 promote the CFA-
induced inflammatory heat hyperalgesia via interaction with 
NgR1. It is possible that these two functional domains have 
a synergistic interaction or competing with each other for 
binding to NgR1. The Nogo-66 functional domain is located 
at the C terminus of Nogo protein and shared by all Nogo 
isoforms.5,20 However, the Nogo-A aa 846-861 domain exists 
only in Nogo-A. Compared with Nogo-66, the Nogo-A aa 
846-861 domain appears to play a more pivotal role in in-
flammatory pain based on our previous study in Nogo-A KO 
rats, in which the Nogo-A-specific region is deleted while the 
Nogo-B isoform is elevated dramatically.27 Although there is 
a large amount of Nogo-66 domain in Nogo-B, the inflamma-
tory heat sensitivity is attenuated dramatically in KO rats due 
to the loss of Nogo-A-specific domain.27 Hence, we argue 
that Nogo-A aa 846-861 is necessary for the development of 
inflammatory heat hyperalgesia, and the function of Nogo-66 
in the inflammatory pain may need the presence of Nogo-A 
aa 846-861 domain. However, this hypothesis needs further 
exploration.

4.3 | Nogo-A aa 846-861/NgR1 signaling 
inhibits axon growth

Nogo-66 and Nogo-Δ20 are the two well defined func-
tional domains of Nogo-A protein that are known to inhibit 
axon growth, each of which has its own specific receptor. 
Both functional domains signal through the RhoA-ROCK 
pathway and modulate the cytoskeletal architecture.19,46 
Here, we show that the Nogo-A aa 846-861 domain inhib-
its axon outgrowth from both DRG and cortical neurons. 
Furthermore, these inhibitory effects can be rescued by the 
Nogo-A aa 846-861-specific antibody, providing further 
support that Nogo-A aa 846-861 plays a role in the regula-
tion of axon growth. This novel functional domain may also 
be involved in other disease models, such as spinal cord in-
jury, stroke, amyotrophic lateral sclerosis and Alzheimer's 
disease, which deserve further investigations. The antago-
nist peptide 846-861PE and Nogo-A aa 846-861-specific 
antibody have the potential to serve as therapeutic agents 
to promote axon regeneration and attenuate inflammatory 
pain.
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In summary, we have demonstrated that Nogo-A aa 846-
861 is a new Nogo-A-specific functional domain. It binds to 
NgR1, activates downstream LIMK/cofilin/actin signaling 
pathway, which plays an important function in inflammatory 
heat hyperalgesia and axon growth inhibition (Figure 8). The 
signaling processes are blocked by the antagonist peptide 
846-861PE and the Nogo-A aa 846-861-specific antibody, 
suggesting a role of these agents as potential analgesic drugs 
in inflammatory heat hyperalgesia and to promote axon re-
generation in CNS.
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F I G U R E  8  Diagram showing that Nogo-A aa 846-861/NgR1 signaling in inflammatory pain and axon growth. The new Nogo-A-specific 
functional fragment, Nogo-A aa 846-861, binds to the Nogo-66 receptor (NgR1). The binding of Nogo-A aa 846-861 and NgR1 increases the 
phosphorylation of the downstream LIMK and cofilin, and results in the increase of actin filament polymerization. The actin filaments serve as a 
scaffold for maintaining the function of TRPV1, which promotes the development of inflammatory pain.27,35 Nogo-A aa 846-861/NgR1 signaling 
pathway is also involved in the inhibition of neurite outgrowth. The antagonist peptide 846-861 PE and the Nogo-A aa 846-861-specific antibody 
may be used to alleviate the inflammatory heat hyperalgesia or promote axon regeneration in the injured central nervous tissues
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