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Abstract

Background: Nogo-A, a major myelin-associated inhibitor, can inhibit injured optic nerve
regeneration. However, whether Amino-Nogo is the most important functional domain of
Nogo-A remains unknown. This study aimed to identify the role of Amino-Nogo following
optic nerve injury, and the mechanism of the Amino-Nogo-integrin av signaling pathway in
vivo. Methods: Sprague-Dawley rats with optic nerve crush injury were injected with Nogo-A
siRNA (Nogo-A-siRNA), the Nogo-66 functional domain antagonist peptide of Nogo-A
(Nep1-40) or a recombinant rat Amino-Nogo-A protein (A20) into the vitreous cavity to knock
down Nogo-A, inhibit Nogo-66 or activate the Amino-Nogo, resparately. Retinal ganglion cell
(RGC) density, axon regeneration and the pattern of NPN of visual electrophysiology (flash
visual evoked potentials [F-VEP]) at different times post-injury were investigated. Results: Our
study revealed a lower RGC survival rate; shorter axonal outgrowth; longer N1, P1 and
N2 waves latencies; and lower N1-P1 and P1-N2 amplitudes in the A20 group, and A20
treatment significantly attenuated integrin av expression and phosphorylated focal adhesion
kinase (p-FAK) levels. In the Nepl-40 and Nogo-A siRNA groups, there were higher RGC
survival rates, longer axonal outgrowth, shorter N1 and P1 wave latencies, and higher N1-P1
and P1-N2amplitudes. Nogo-A siRNA treatment significantly increased integrin av expression
and p-FAK levels. Nepl-40 treatment did not alter integrin av expression. In addition, there
was no significant change in integrin o5 in any group. Conclusion: These results suggest
that the integrin signaling pathway is regulated by Amino-Nogo, which inhibits optic nerve
regeneration and functional recovery, and that the integrin subunit involved might be integrin

av but not integrin a5. Copyright © 2015 S. Karger AG, Basel
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Introduction

Eyes detect light and convert it into electro-chemical impulses in the retina, which is
highly organized neural tissue and has been studied widely in neuroscience [1]. Retinal
ganglion cell (RGC) axons form the optic nerve, which is a part of the central nervous system
(CNS). Following injury, the optic nerve is unable to regenerate, which can result in visual
loss. Studies show that failure of axonal regeneration in the adult mammalian CNS is partly
due to the presence of endogenous inhibitors of regeneration, which include Nogo-A, myelin-
associated glycoprotein (MAG), and oligodendrocyte myelin glycoprotein (OMgp).

Nogo-A [2-4] has received much attention as an endogenous inhibitor, and its function
depends on its two inhibitory domains: the amino-terminu (172 amino acids) and the Nogo-
66 loop (located between two hydrophobic domains) [2, 4-5]. Nogo-66 combined with its
receptor (NgR) [5] plays a dual role in axonal regeneration, where it has been reported to
regulate axonal growth, guidance and CNS neurogenesis and plasticity, with a sole inhibitory
effect of Amino-Nogo on axonal regeneration having also beenreported [6-11]. In vitro studies
have shown that Amino-Nogo is an important inhibitory domain of RGC axonal outgrowth
and the mechanism may act via the integrin av signaling pathway [12]. Furthermore, Amino-
Nogo-integrin signaling pathway-related proteins (Nogo-A [13], integrin av, integrin o5 and
focal adhesion kinase (FAK)) are expressed in the visual system. However, whether Amino-
Nogo can promote optic nerve regeneration and the mechanism of Amino-Nogo-integrin
signaling pathway action in vivo, remain unknown. This study aimed to investigate the
effects of Amino-Nogo in optic nerve injury and its possible signaling pathway, and thereby
to provide a basis for promoting optic nerve regeneration and functional recovery. Optic
nerve-injured Sprague-Dawley (SD) rats were transfected with Nogo-A small interfering RNA
(siRNA) and injected with a Nogo-66 antagonist peptide (Nep1-40) or a recombinant Amino-
Nogo Fc chimera (A20) into the vitreous cavity. RGC survival rate, axonal regeneration and
visual functional recovery were observed. Our results demonstrate that the Amino-Nogo
domain decreased RGC survival, inhibited axonal regeneration and did harm to the recovery
of neurological functions. Furthermore, all of these actions were mediated by the integrin av
signaling pathway.

Materials and Methods

Materials and animals

Nogo-66 (1-40) antagonist peptide (Nep1-40) was purchased from Sigma Aldrich (MO, USA).
Recombinant rat NogoA Fc chimera (A20) was purchased from R&D Systems (MN, USA), and a RhoA
activation assay kit was purchased from Cytoskeleton (CO, USA). pAKD.CMV.bGlobin.eGFP.H1.shRNA was
purchased from Neuron Biotech (SH, China). Antibodies targeting Nogo-A, integrin av, integrin a5, FAK,
and p-FAK were purchased from Santa Cruz (CA, USA). Enhanced chemiluminescence (ECL) substrate was
purchased from Pierce (CO, USA). FluoroGold (FG) was purchased from Fluorochrome (CO, USA).

Adult SD rats of either sex weighing 180-220 g were provided by the Animal Experimental Center
(Institute of Surgery Research, Daping Hospital, Third Military Medical University, China). The Animal
Research Committee of the Third Military Medical University approved the study protocol.

Optic nerve crush injury

Surgical procedures were based on a previously described method [14, 15]. Briefly, adult SD rats were
anesthetized with pentobarbital sodium (30 mg/kg, i.p.). Optic nerve crush injury was induced under a
binocular surgical micro-scope. The right optic nerve of each animal was subjected to a crush injury with
a vascular clip 1-2 mm posterior to the globe for 10 s [16]. Sham-operated animals underwent surgery in
which the optic nerve was exposed but not crushed.

Virus transduction and intra-ocular injections
Smallinterfering RNA (siRNA) duplexes targeted the Nogo-A sequence: 5’-GATCCAGGC TATCCAGAAA-3'.
The negative control (NC) sequence was: 5-TTCTCCGAACGTGTCACGT-3. An H1 RNA polymerase III

KARGER

617

Downloaded by:

140.207.169.54 - 6/8/2015 4:38:15 AM


http://dx.doi.org/10.1159%2F000369723
hy-obio
高亮


Ce||u|ar Phy5|0|08y Cell Physiol Biochem 2015;35:616-626

. . DOL 10.11259/000300723 © 2015 S. Karger AG, Basel
and BlOChemIStl’y Published online: January 28, 2015 www.karger.com/cpb

Huo et al.: Amino-Nogo Inhibits Optic Nerve Regeneration

promoter drove the expression of Nogo-A. The Nogo-A shRNA was packaged with pAKD.CMV.bGlobin.eGFP.
H1.shRNA. Large-scale recombinant adeno-associated virus 2/8 (rAAV2/8) production and purification
were performed as previously described [17].

Intravitreal injections were made through the sclera just behind the cornea with a 30-gauge needle
micro-pipette. Approximately 10'2AAV particles in 10 pl phosphate-buffered saline (PBS) were injected into
the vitreous cavity 3 weeks before optic nerve surgery. Nep1-40 (500 nM) and A20 (400 nM) were injected
after the optic nerve crush. PBS (10 pl) was injected as the control group.

Retrograde labeling and counting of RGCs

One week before death, the rats were anesthetized with pentobarbital sodium (30 mg/kg, i.p.) placed
in a stereotactic apparatus and 3% FG was injected into both superior colliculi. To count RGCs, we divided
the retina into four parts (four quadrants). Three observation areas were selected at a distance of 1/6, 1/2,
and 5/6 of the retinal radius from the optic nerve disc at each radius quadrant. RGC densities were measured
in 12 visual fields and counted according to a double-blind method by three different investigators. The RGC
survival rate was presented as the ratio of the surviving RGC density after injury versus the sham-operated
RGC density at the same time point.

Quantification of axonal growth

Adult SD rats were anesthetized with pentobarbital sodium (30 mg/kg, i.p.). The optic nerve was cut
into 10 pm slices and visualized by immunofluorescent staining of growth associated protein-43 (GAP-43).
The number of regenerating axons at designated distances from the end of the crush sites was evaluated per
section as previously reported [18]. The number of regenerating axons per nerve was then averaged over
all sections of one nerve. Axon counts were converted into axon crossings (axons/mm). Xad, defined as the
total number of axons extending the distance of an optic nerve with a radius of r, was estimated by summing
over all sections of thickness t as follows: Xad = ir?x(average axons/mm width)/t.

F-VEP recording

A VETS-3 vision electrophysiological diagnostic apparatus (Electric Appliance Factory, Chongqing,
China) was used, in accordance with the International Society for the Clinical Electrophysiology of Vision
(ISCEV) standard for electrophysiological studies. Following 15 minutes of dark adaptation, flash visual
evoked potentials (F-VEP) were recorded using silver needle electrodes, which were implanted into the
eminentia post occiput. A reference electrode was implanted into the midpoint of the binoculus and ground
electrode was implanted into the tail of the rat. White flash stimuli were delivered at a frequency of 2 Hz,
250 ms for analysis. The responses were amplified 10,000 times and band-pass-filtered from 1 to 1000
Hz, and superposition was conducted 100 times. Stable wave forms were recorded three times in each eye
and the contralateral eye was shaded with an eyeshade. The parameters observed were F-VEP latency (N1,
P1, N2 wave response time, ms), N1-P1 amplitude (from N1 wave peak to P1 wave trough, mV) and P1-
N2 amplitude (from P1 wave trough to N2 wave peak, mV). All of the parameter values were measured
automatically by computer output, and the average of the three measurements was calculated.

Western blotting

Optic nerves were collected from rats at 14 days following injury. Protein samples were
electrophoretically resolved using 10% SDS-PAGE and transferred onto PVDF membranes. The membranes
were blocked for 2 hours at room temperature in 5% skim milk powder diluted with Tris-buffered saline
contaning Tween-20. The membranes were incubated overnight at 4°C with diluted anti-GAP-43, anti-
integrin av, anti-integrin o5, anti-p-FAK, anti-FAK (1:500) or anti-B-actin (1:2000) antibodies in 5% milk.
The membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for
1 hour at room temperature (rabbit anti-mouse HRP and goat anti-rabbit HRP, 1:5000). The signals were
detected using ECL-Plus and exposed to film. The signal intensity of each band on the western blot was
quantified using Labwork 4.6 and normalized to (3-actin.

Statistical analysis
All of the results are reported as the mean * SD of at least six independent experiments. Comparisons
of two groups were made using the unpaired t-test. Multiple-group statistical analyses were performed
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Fig. 1. Nogo-A expression in different rAAV2/8-Nogo-A-siRNA-transfected RGCs. The RGCs were transfec-
ted with rAAV2/8-eGFP, rAAV2/8-NC-siRNA or rAAV2/8-Nogo-A-siRNA for 4 and 8 weeks. A: Representa-
tive images showing rAAV2/8-eGFP expression in retinal sections. B: Representative western blotting and
summary data showing Nogo-A protein expression at 4 (left panel) and 8 weeks (right panel) after rAAV
injection. Error bars = SD, n = 6. **vs. rAAV2/8-eGFP, p < 0.01.

using one-way analysis of variance (ANOVA), followed by least significant difference post hoc tests. All
statistical analyses were performed using SPSS software (version 10.0 for Windows; SPSS Inc., Chicago, IL,
USA). P values less than 0.05 were considered statistically significant.

Results

Efficient knockdown of Nogo-A with rAAV2/8-Nogo-A-siRNA in vivo

To monitor RGC transfection with rAAV2/8, we injected rAAV2/8 expressing the eGFP
gene (rAAV2/8-eGFP) into the vitreous cavity. rAAV2/8-eGFP expression was detected in
retinal sections (Fig. 1A), confirming that the rAAV transfection of RGCs was successful. To
further confirm the efficacy of the RNAi, we examined Nogo-A protein levels by western
blot analysis 4 and 8 weeks after rAAV injection. rAAV2/8-eGFP-Nogo-A-siRNA caused the
greatest knockdown of Nogo-A when compared with the rAAV2/8-eGFP groups (p < 0.01),
whereas the rAAV2 /8-eGFP-NC-siRNA and rAAV2 /8-eGFP groups showed had no significant
difference in Nogo-A level (p > 0.05) at the 4 and 8-week time points. This observation
confirmed that the siRNA-mediated knockdown was a specific and significant response to
Nogo-A, and that rAAV-2/8 was an effective transfection vehicle to deliver siRNA into RGCs
(Fig. 1B).

Amino-Nogo inhibits RGC survival in optic nerve-injured rats

RGCs densities were detemined to analyze RGC survival. To assess RGC loss in PBS
control, NC siRNA, Nogo-A siRNA, Nep1-40 (500 nM), and A20 (400 nM)-injected RGCs,
we retrogradely labeled RGC neurons by injecting FG into the superior colliculus. The RGC
survival rate of each group is presented in Fig. 2D. At day 7d following optic nerve injury (Fig.
2A), the RGC survival rate in the Nogo-A siRNA-transfected group was significantly higher
than in the PBS control (p < 0.05). The RGC survival rates were 62.76%_in the Nep1-40
injected group and 51.28% in the PBS control group, but there was no significant difference
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Fig. 2. Status of RGC survival in different groups 7, 14 and 28 days following optic nerve crush injury. A-C:
Representative images of RGCs treated with sham control, PBS control, NC siRNA, Nogo-A siRNA, Nep1-40
(500 nM), or A20 (400 nM) at 7 (A), 14 (B) and 28 days (C) following optic nerve injury. D: Bar charts of
quantitative analysis. Error bar = SD, n = 6. *vs. PBS control, p < 0.05, **vs. PBS control, p < 0.01.

between them (p > 0.05). However, rats injected with A20 exhibited a significant reduction
of RGC survival in comparison with the PBS control (p < 0.05). At 14 (Fig. 2B) and 28 days
(Fig. 2C) following optic nerve injury, significantly higher RGC survival rates were observed
in both the Nogo-A siRNA- and Nep1-40-treated groups compared to the PBS control (p <
0.05), whereas a decreased RGC survival rate was observed in the A20-injected group. There
was no difference between the NC siRNA- and PBS-treated groups at day 7, 14 or 28 (p >
0.05).

Amino-Nogo inhibits axonal regeneration in optic nerve-injured rats

GAP-43 was used to evaluate newly-outgrown axons from the soma [19] (Fig. 3A). At
day 7 following the indicated treatments (Fig. 3B), the mean estimated numbers of outgrown
axons (200 um distal to lesion site) were significantly higher in the Nogo-A siRNA group (p
> 0.01) in comparison with the PBS group, whereas the shortest GAP-43 positive axons were
seen in the A20 group (p < 0.01 ). In addition, axons growing 400 um distal to the lesion
site were detected in the Nogo-A siRNA and Nep1-40 groups, and they were significantly
longer than the PBS group (p < 0.01). Furthermore, axons were significantly shorter in the
A20 group than in the PBS group (p < 0.01). At day 14 following the indicated treatments
(Fig. 3C), the mean estimated numbers of outgrown axons (400 um distal to lesion site)
were significantly higher in the Nogo-A siRNA group (p < 0.01) in comparison to the PBS
group, whereas no GAP-43-positive axons were observed in the A20 group compared with
the PBS group. At 800 um distal to the lesion site, GAP-43-positive axons were detected in
the Nogo-A siRNA and Nep1-40 groups, and they were significantly longer than those in the
PBS group (p < 0.01). Axons were also detected in A20 group, and they were significantly
shorter than those in the PBS group (p < 0.01). At day 28 following the indicated treatments
(Fig. 3D), the mean estimated numbers of outgrown axons (400 and 800 um distal to lesion
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Fig. 3. Lengths of regenerated optic nerve axons in the indicated groups. A: Representative images showing
longitudinal sections through optic nerve axons distal to the injury site immunostained for growth-associa-
ted protein 43 at 7, 14 and 28 days following nerve crush. B: Bar charts representing the estimated number
of regenerated fibers at 7d (B), 14d (C) and 28d (D) following optic nerve injury. The arrow indicates the
injury site; Scale bar = 100 um; Error bar = SD, n = 6. *vs. PBS control, p < 0.05; ** vs. PBS control, p < 0.01.
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site) were significantly higher in the Nogo-A siRNA (p < 0.01) and Nep1-40 groups (p < 0.01)
in comparison to the PBS group, whereas the shortest GAP-43 positive axons were seen in
the A20 group compared with the PBS group (p < 0.01).
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Fig. 5. Representative western blotting and summary data of Amino-Nogo-integrin signaling pathway pro-
teins in the indicated groups. RGCs were treated with NC siRNA, Nogo-A siRNA, Nep1-40 (500 nM) or A20
(400 nM) for 14 days. A: Representative western blotting and summary data showing integrin av and integ-
rin o5 protein levels in the indicated groups. B: Representative western blotting and summary data showing
P-FAK and total FAK protein levels in the indicated groups. Error bar = SD, n = 6. *vs. PBS control, p < 0.05;
**ys. PBS control, p < 0.01.

Amino-Nogo inhibits axonal function recovery in optic nerve-injured rats

To evaluate the functional recovery of the injured-optic nerves, we observed the
classical NPN wave pattern in the indicated groups (Fig. 4A). We detected the N1, P1 and N2
waves 28 days post-injury (Fig. 4B). Compared with the PBS group, the A20 group showed
a significantly prolonged peak latencies of the N1, P1, and N2 waves, but shorter N1 and
P1 waves were observed in the Nogo-A siRNA and Nep1-40 groups. The latency of the N2
wave was shorter in the Nogo-A siRNA group than in the PBS control, whereas the Nep1-
40 group was not significantly different from the control. No significant differences were
noted between the PBS and NC siRNA groups. The amplitudes of N1-P1 and P1-N2 (Fig.
4C) decreased in the A20 group compared with the PBS group but recovered in the Nogo-A
siRNA and Nep1-40 groups. There was no significant difference in the NC siRNA group in
comparison with the PBS group.
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Amino-Nogo attenuates the integrin av signaling pathway

To determine the underlying signaling pathway, we used western blotting to detect
Nogo-A-integrin related proteins (Fig. 5). As a downstream molecule, the phosphorylation
of FAK at Tyr397 was also evaluated. Nogo-A siRNA treatment significantly increased
integrin av expression (p < 0.01) and the p-FAK level (p < 0.01) compared with the PBS
group. Integrin av expression was unchanged in the Nepl-40 treatment group, but p-FAK
was suppressed (p < 0.01). A20 treatment significantly attenuated integrin av expression (p
< 0.05) and p-FAK levels (p < 0.01). No significant change in integrin a5 expression or total
FAK level were observed in any treatment group.

Discussion

The optic nerve as a part of CNS, damage to which is difficult to regenerate [20-23].
RGCs axons form the optic nerve, injury of which is one of the causes of visual loss. The
pathological basis of visual loss is based on the death of RGCs and the loss of nerve fibers [24,
25]. Axonal degeneration following optic nerve injury causes the death of a large number
of RGCs [26], which ultimately leads to irreversible loss of visual function [27]. Therefore,
promoting the survival of injured RGCs is the premise and the key to the treatment of optic
nerve injury.

Nogo-A is a major myelin-associated inhibitor [2-4] that plays an essential role in axonal
regeneration. Our study revealed that Nogo-A siRNA protected against RGC death (Fig. 2).
Apart from the survival rate of RGCs, axons regeneration also plays a critical role in vision
recovery following optic nerve injury. GAP-43 is a marker of neuronal development that
is expressed in the growth cones of regenerating axons [28, 29]. After optic nerve injury,
the induction of self-repair can increase immuno-histochemical staining for GAP-43 in
regenerating axons [30]. In our study, the number of regenerating axons increased in the
Nogo-A siRNA transfected group (Fig. 3). F-VEP was also examined in this study, as it can
objectively reflect the degree of optic nerve injury and nerve conduction. The latency of
F-VEP reflects the function of nerve conduction and axon myelin sheath integrity, and the
amplitude of F-VEP reflects the receptive function of the macula lutea and the number of
synaptic contacts between intact axons and their targets [31]. Post-injury, the peak latenies
of the N1, P1 and N2 waves increased and the amplitude of N1-P1 and P1-N2 decreased;
however, these changes were recovered in the Nogo-A siRNA group (Fig. 4). All of these
findings suggest that Nogo-A decreases RGC survival, inhibits axonal regeneration and does
harm to the recovery of neurological functions. However, the function of Amino-Nogo may
have been characterized more precisely if a specific peptide targeting Amino-Nogo had been
used, but such peptide was not yet commercially available.

Nogo-A has two functional domains: the Amino-Nogo domain and the Nogo-66 loop [2,
4-5]. The Nogo-66 domain both inhibits axonal regeneration and regulates axonal growth,
guidance and CNS plasticity neurogenesis. Therefore, knocking down Nogo-A expression
may affect nerve growth. Therefore, we used Nep1-40 to antagonize the Nogo-66 domain
and a recombinant Amino-Nogo functional fragment (A20) to demonstrate the role of
Amino-Nogo in the optic nerve. In our study, Nep1-40 protected against RGC death and A20
reduced the RGC survival rate (Fig. 2). The number of regenerating axons increased in the
Nep1-40 injected group, and decreased in the Amino-Nogo injected group (Fig. 3). In the
Nep1-40 treatment group, the latencies of the N1land P1 waves were shorter compared with
the PBS control, but the N2 latency failed to recover (Fig. 4). This observation indicates that
Nogo-66 inhibition is not optimally effective, for promoting regeneration, as endogenous
Amino-Nogo still inhibits functional recovery. In addition, obvious changes were detected
in the Amino-Nogo injected group, including a minimally visible waveform becoming low
and wide (Fig. 4). Taken together, these findings suggest that Amino-Nogo is harmful axonal
repair and/or regeneration in injured RGCs, thereby inhibiting the recovery of optic nerve
function.
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The most important finding of our study is the elucidation of the underlying mechanism
of Amino-Nogo inhibition of the optic nerve following injury. Integrins bind ligands in the
extracellular matrix and form adhesion complexes that couple to the actin cytoskeleton.
These complexes are necessary for cellular expansion and axonal growth [32]. Amino-Nogo
inhibits cell adhesion and axonal outgrowth by inhibiting integrins. Integrins contain several
subunits, and it is possible that the Amino-Nogo domain exerts an inhibitory function via
a specific integrin subunit [33, 34]. However, it is unclear how the Amino-Nogo-integrin
signaling pathway function in optic nerve regeneration.

Changes in integrin expression can activate downstream molecules [35, 36], such as FAK
[37-42]. Our previous study [12, 13] showed that Amino-Nogo-integrin signaling pathway-
related proteins (Nogo-A, integrin av, integrin a5 and FAK) are widely expressed in the
visual system. Results from this study (Fig. 5) clearly showed that Nogo-A siRNA treatment
significantly increased integrin av expression and the p-FAK level, but no changes in total
FAK level were observed. In addition, the lack of a significant change in integrin o5 levels
in our study may have been because the integrin signaling pathway is regulated by Nogo-A
and/or because the integrin subunit involved might be integrin av and not integrin a5.

To further clarify the specific function of Nogo-66 and the Amino-Nogo domain, we
used Nepl-40 and A20. Western blotting (Fig. 5) revealed that Nepl-40 treatment did not
alter integrin av expression, but A20 treatment significantly attenuated both integrin av
expression and the p-FAK level. These findings demonstrate that Amino-Nogo inhibits optic
nerve regeneration via an inhibitory effect on the downstream signaling pathway of Amino-
Nogo-integrin av. Moreover, as RhoA regulates FAK activation in turn [43-45], the p-FAK
level was decreased in the Nepl-40 treatment group. Together, these results demonstrate
that Amino-Nogo inhibits optic nerve regeneration via the integrin av signaling pathway.

In conclusion, our data suggest that the Amino-Nogo domain decreases RGC survival,
inhibits axonal regeneration and inhibits neurological functional recovery, all of which are
mediated by the integrin av signaling pathway. Nonetheless, the results from this study
indicate that the Amino-Nogo-integrin signaling pathway is a new molecular mechanism
for the promotion of axonal regeneration in the optic nerve, providing new insight into the
recovery of visual function after optic nerve injury.
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