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Abstract
As the primary connection between the eye and brain, the optic nerve plays a pivotal role in visual information transmission. 
Injuries to the optic nerve can occur for various reasons, including trauma, glaucoma, and neurodegenerative diseases. Retinal 
ganglion cells (RGCs), a type of neurons that extend axons through the optic nerve, can rapidly respond to injury and initiate 
cell death. Additionally, following optic nerve injury microglia, which serve as markers of neuroinflammation, transition 
from a resting state to an activated state. The phosphorylation of collapsin response mediator protein2 (CRMP2) in the sema-
phorin 3A (Sema3A) signalling pathway affects several processes, including axon guidance and neuron regeneration. In this 
study, we used an optic nerve crush (ONC) mouse model to investigate the effects of suppressing CRMP2 phosphorylation 
on microglia activation. We found that CRMP2 phosphorylation inhibitor suppressed RGCs loss and promoted neuronal 
regeneration following ONC. In addition, CRMP2 S522A mutant (CRMP2 KI) mice exhibited decreased microglial activa-
tion in both the retina and optic nerve following ONC. These results suggest that inhibiting the phosphorylation of CRMP2 
can alleviate the loss of RGCs and microglial activation after optic nerve injury, providing insight into the development of 
treatments for optical neuropathies and neurodegenerative diseases.
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Abbreviations
RGCs	� Retinal ganglion cells
CRMP2	� Collapsin response mediator protein 2
Sema3A	� Semaphorin 3A
ONC	� Optic nerve crush
CRMP2 KI	� CRMP2 S522 mutant
CNS	� Central nervous system
CRMPs	� Collapsin response mediator proteins
Cdk5	� Cyclin-dependent kinase-5
GSK3β	� Glycogen synthase kinase-3β
HupA	� (-)-Huperzine A

PFA	� Paraformaldehyde
PBS	� Phosphate-buffered saline
TBS	� Tris-buffered saline
BDA	� Biotinylated dextran amine
GCL	� Ganglion cell layer

Introduction

As our understanding of the central nervous system (CNS) 
deepens, the challenges associated with mechanistic research 
on injury and regeneration have correspondingly increased. 
Neuroinflammation, an enduring research focus, stands at 
the crossroads of neurodegenerative disease progression 
and neural repair. As a part of the CNS, the optic nerve 
transmits visual information from the retina to the brain. 
Injury to the optic nerve leads to optic neuropathies, which 
can cause loss of visual function and even blindness. The 
progressive loss of retinal ganglion cells (RGCs), which are 
projection neurons in the retina, is linked to several optic 
neuropathies, including glaucoma and traumatic injury 
(Levin et al., 1996). Retinal neuroinflammation, defined as 
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the inflammatory response which occurs after optic nerve 
impairment, is associated with the rapid activation of the ret-
inal microglia (Chang et al., 2009; Rathnasamy et al., 2019). 
Microglia function as the macrophages of the retina, and 
are believed to exist in a resting state in the healthy CNS; 
conversely, under injury conditions, they become sensitive 
to change, with activated microglia responding to damage, 
scavenging for pathogens,, aggregates, or debris (Guo et al., 
2022). When triggered by neuronal inflammation, injury, 
and neurodegenerative disorders, microglia exhibit altera-
tions in gene expression and morphology, characterized by 
an ameboid form (Kettenmann et al., 2011). Previous studies 
have shown that microglia are activated and migrate follow-
ing optic nerve injury, triggering them to actively phago-
cytose cellular debris, including damaged RGCs and their 
axons (Heuss et al., 2018).

Collapsin response mediator proteins (CRMPs) play 
diverse roles, including in neuronal development, regenera-
tion, and inflammation (Nakamura et al., 2020). The first 
discovered member of the CRMP family, CRMP2 (originally 
named CRMP-62), plays a critical role in the semaphorin 3A 
(Sema3A) signalling pathway by affecting axonal guidance, 
dendritic spine development, and synaptic plasticity, primar-
ily through phosphorylation (Goshima et al., 1995; Yamash-
ita et al., 2012). The phosphorylation sites of CRMP2 are 
predominantly located in its C-terminal region, and cyclin-
dependent kinase-5 (Cdk5) is a key kinase acting in CRMP2 
phosphorylation. Cdk5 is a serine/threonine kinase that is 
crucial for the regulation of neuronal development, survival, 
and apoptosis. It is activated by forming a complex with 
its neuron-specific activator p35, which phosphorylates 
CRMP2 at Ser522 (Ohshima et al., 1996). In addition, high 
calcium levels can convert p35 to p25, thus enhancing Cdk5 
activity. CRMP2, in its dephosphorylated form, effectively 
drives the formation of axonal microtubules, thereby con-
ferring axonal traits to neurons. This mechanism involves 
the formation of heterotrimers with GTP-tubulin, which 
ensures the proficient development of axonal microtubules 
in the nascent axon (Niwa et al., 2017). Upon phosphoryla-
tion, CRMP2 exhibits a distinctively opposite effect, lead-
ing to growth cone collapse. The phosphorylation triggers 
conformational changes in the C-terminal tail of CRMP2. 
This alteration affects both the intramolecular interactions 
within the CRMP2 tetramer and its interaction with GTP-
tubulin. Therefore, phosphorylated CRMP2 is incapable 
of forming heterotrimers with GTP-tubulin, which in turn 
impairs its ability to construct and maintain axonal micro-
tubules (Sumi et al., 2018). Based on the previous work on 
the microglia cellular geometry and neuronal inflammation 
(Rosito et al., 2023), a hallmark of microglia activation is the 
remodelling of the microtubule cytoskeleton which highly 
associated with the function of CRMP2. The phosphoryla-
tion of CRMP2 by Sema3A at the Ser522 residue, followed 

by further phosphorylation by glycogen synthase kinase-3β 
(GSK3β) at several sites, is associated with significant roles 
in neuronal processes.

Sema3A, a member of the semaphorin family, has been 
identified as an extracellular ligand in this phosphorylation 
pathway that affects growth cone dynamics and axonal elon-
gation (Yamashita et al., 2012). Moreover, Sema3A is known 
to influence microtubule dynamics and exert regulatory roles 
in inflammation and immune responses. Recent studies have 
shown that Sema3A modulates M1-like microglial activation 
and induces apoptosis in ganglion cells following optic nerve 
injury (Yun-Jia et al., 2021). Our previous work showed that 
the suppression of CRMP2 phosphorylation in a CRMP2 
S522A mutant (CRMP2 KI) mouse model alleviated RGC 
death (Brahma et al., 2022). Due to prior research showing 
the importance of Sema3A-induced CRMP2 phosphoryla-
tion and microglial activation after optic nerve injury, we 
aimed to determine whether CRMP2 phosphorylation affects 
neuroinflammation after impairment.

Optic nerve crush is a surgical technique widely used in 
the investigation of optic neuropathies; this technique dam-
ages retinal ganglion cell axons, leading to RGC loss (Kondo 
et al., 2019). Changes of RGC following optic nerve injury 
are also addressed. A study aimed on relevant properties of 
RGC apoptosis in the ONC model revealed that p53-induced 
protein with a death domain can prevent RGC loss via inhibit 
caspase-2 and tBid activation (Zhang et al., 2019). RGCs 
experienced the temporal loss after ONC, characterized by 
two phases: a 65% reduction within the first 7 days, fol-
lowed by an additional 4% reduction between days 7 and 10 
(Sánchez-Migallón et al., 2016). In Rat, apoptosis-related 
marker, caspase-3 and TUNEL have been verified to par-
ticipate in the process following ONC (Wu et al., 2014). 
(-)-Huperzine A (HupA), an alkaloid derived from the 
herb Huperzia serrata, inhibits CRMP2 phosphorylation 
at Ser522, thus reducing RGC loss in models of normal-
tension glaucoma (Wang et al., 2024). To investigate the role 
of CRMP2 phosphorylation in Sema3A-induced microglial 
activation, we employed the optic nerve crush method to cre-
ate an injury model, and utilized both genetic and chemical 
approaches to suppress CRMP2 phosphorylation, specifi-
cally through the CRMP2 KI model and HupA treatment.

Materials & Methods

Experimental Animals

Animal experiments were approved by the Institutional Ani-
mal Care and Use Committee of WASEDA University. All 
mice were housed under a 12-h dark/light cycle, with access 
to food and water provided ad libitum. Following the results 
of a previous study (Yamashita et  al., 2012), wild-type 
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and CRMP2 KI mice were generated to maintain a hybrid 
genetic background of the 129 Sv and C57BL/6 J strains. 
All subjects in the experimental group were male, aged 
10–16 weeks at the time of the optic nerve crush (ONC) 
operation.

Optic Nerve Crush

Mice were anesthetized by intraperitoneal injection of 
avertin, and standard ONC was performed as previously 
described (Cameron et al., 2020). Briefly, all surgical tools 
were sterilized with 70% ethanol before surgery. Mice were 
anaesthetizing by Avertin and the anesthesia depth was 
verified using the hindlimb pinch response test. To expose 
the eyes, the upper and lower eyelids were gently separated 
using forceps. A moist cotton swab was used to clear stray 
hair and excess fluid from around the eye. The conjunctiva 
was pinched with forceps and incised to create a 1 mm inci-
sion. Subsequent enlargement of this incision allowed the 
removal of the obstructive fat around the optic nerve, avoid-
ing injury to the orbital sinus. Once the optic nerve was fully 
exposed and visible, it was compressed using self-closing 
forceps approximately 1–1.5 mm posterior to the globe, for 
a duration of 5 s.

Treatment Strategies

HupA (Chemodex, Switzerland) was orally administered to 
the mice by mixing powder with regular food. The mice 
were fed a dose of 0.7 mg/kg daily. The duration of HupA 
administration varied slightly, depending on the experimen-
tal design. All groups of mice commenced HupA adminis-
tration two days prior to ONC, to ensure the rapid action of 
the active ingredients following ONC.

Immunostaining

To obtain flat mount retinal samples, mice were intracar-
dially perfused with 4% paraformaldehyde (PFA) in 0.1% 
PBS (pH 7.4). Eyes were isolated from the eyecup, enucle-
ated, and dissected. Each retina was scored with four evenly 
spaced slits such that they could be laid flat on the slides. 
As per a previous retinal sample immunostaining protocol 
(Wang et al., 2024), following dissection and retinal sam-
pling, retinal samples were incubated in 4% PFA for 24 h for 
post-fixation. Before treatment with the primary antibody, 
the retinal samples were incubated in Tris-buffered saline 
(TBS), methanol, and TBS for 10 min each. Thereafter, the 
samples were incubated in a blocking solution (3% horse 
serum in TBS with 0.1% Tween 20 (TBST)) for 1 h. The 
samples were then incubated with the diluted primary anti-
body (anti-RBPMS, 1:500, rabbit, PA5-31,231, Invitrogen, 
CA, USA) overnight at 4 °C. After incubation, samples were 

washed three times with TBST, for 10 min for each. The 
samples were then incubated with an Alexa Fluor conjugated 
secondary antibody for 2 h at room temperature. The sam-
ples were then washed twice in TBST for 30 min each, and 
finally incubated in TBS for 30 min. Immunostained retinal 
samples were mounted with Fluoromount Aqueous Mount-
ing Medium (F4680; Sigma-Aldrich), and covered with 
coverslips. Images of the immunostained retinal samples 
were captured and analyzed using a confocal microscope 
(FV1000, Olympus) and ImageJ software.

For cryosection, retina and optic nerve samples were 
placed in PBS at 4 °C (6–12 h), after which the PBS was 
replaced with 10% sucrose and subsequently 20% sucrose, 
each time incubated at 4 °C for 12–24 h. The samples were 
embedded in a solution of Tissue-Tek optimal cutting tem-
perature compound and 20% sucrose at a 2:1 ratio in PBS 
for the preparation of frozen blocks. Samples were cryo-
sectioned longitudinally at 14 μm and mounted on MAS-
coated glass slides (Matsunami glass). The immunostaining 
protocol applied to the optic nerve samples was the same 
as that used for the retinal samples. The primary antibod-
ies used in this section are Anti-iba1antibody (1:500 rabbit, 
PAM4131); Biotin anti-Tubulin β (TUBB3) (1:1000, mouse, 
BioLegend); Anti-GAP43 (Ab-41) antibody (1:1000, rab-
bit, Sigma-Aldrich, SAB430052); Anti β-actin Monoclonal 
Antibody (1:1000; Fujifilm Wako). The secondary antibod-
ies were all conjugated with Alexa Flour, in the respective 
species.

Western Blot

Mice were euthanized by cervical dislocation at the site 
of spinal dislocation, and their heads were subsequently 
dissected. Optic nerve samples spanning from the eye 
to the optic chiasm were collected for protein extraction 
for western blotting. These samples were flash frozen in 
liquid nitrogen and stored at − 80 °C until further use. 
Protein extraction was carried out by adding 100 μl of 
Western lysis buffer to the sample tubes, followed by 
homogenization and centrifugation at 4 °C for one hour. 
The supernatant was subsequently transferred to new 
tubes after centrifugation at 12,000 rpm for 15 min at 
4 °C. Protein quantification was performed using a BSA 
(Sigma) calibration standard from the Bio-Rad Protein 
Assay Kit (Bio-Rad Laboratories), and protein concen-
trations were determined using GeneQuant 1300 (GE 
Healthcare). Known protein concentrations were mixed 
with an appropriate amount of 4 × sample buffer. The 
protein solution was boiled for 5 min at 90 °C, and then 
loaded onto a 12.5% polyacrylamide gel for SDS-PAGE 
analysis. Excel Band 3 Colour Pre-stained Protein Marker 
(SMOBIO, PM2500-2) was used as a molecular weight 
marker. Immobilon-P transfer membranes (MILLIPORE) 
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were pre-soaked in 100% methanol (WAKO) and washed 
with the western blotting buffer. Proteins were transferred 
from the gel to a membrane at 360 mA for 60 min. Fol-
lowing transfer, membranes were incubated in a blocking 
buffer at 4 °C for 30 min, and then overnight. Membranes 
were then incubated in the primary antibodies diluted in 
blocking buffer for 1 h at room temperature, followed 
by two washes with 0.05% TBST for 10 min each. The 
membranes were then incubated in blocking buffer for 
10 min at room temperature before reacting with sec-
ondary antibodies diluted in blocking buffer for 1–2 h at 
room temperature. After three washes with 0.05% TBST 
for 10 min each, the membranes were covered with 1 ml 
of ECL Plus Western Blotting Detection Reagent (GE 
Healthcare) for chemiluminescence. Chemiluminescence 
was detected using a LAS-3000 luminescent image ana-
lyzer (FUJIFILM).

BDA Axonal Tracing

To anterograde trace the axonal regeneration after optic 
nerve injury, 3 μl of Biotinylated Dextran Amine (BDA-
10,000, Thermo Fisher Scientific) was injected intravitre-
ally via a Hamilton syringe (Lazarov, 2013). The mice 
were intraperitoneally injected with avertin for anesthesia. 
Mice were dissection four weeks after ONC, and the optic 
nerve was isolated and post-fixed in 4% PFA overnight. 
After washing with PBS for 30 min, the optic nerve sam-
ples were incubated in 10% and 20% sucrose solution for 
12–24 h, after which they were embedded in a 2:1 ratio 
of Tissue-Tek optimal cutting temperature compound and 
20% sucrose in PBS, and frozen by liquid nitrogen. The 
frozen samples were longitudinally sectioned in a 14 μm 
slice, and mounted on MAS-coated glass slides (Matsu-
nami glass). The BDA tracing staining method followed 
the protocol described in our previous study (Kondo et al., 
2019). Briefly, the sliced samples were washed in PBS for 
30 min and in 0.01% PBST three times for 5 min each. 
The same blocking solution mentioned above was used 
to block the samples for 30 min, after which they were 
incubated in avidin-Alexa568 at 4 °C overnight, blocked 
from light. After several washes in PBS, the sliced sam-
ples were mounted with Fluoromount Aqueous Mounting 
Medium (F4680; Sigma-Aldrich) and covered with cover-
slips to avoid air bubbles. Images were captured using an 
FV1000 confocal microscope (Olympus, Tokyo, Japan). 
Quantification of the BDA-positive axons extending at 
distances of 0.5, 1, 1.5, 2, 2.5, and 3 mm from the injury 
site was performed on a minimum of four nerve sections 
per mouse. Axons were counted and normalized based on 
the cross-sectional width of the optic nerve at specified 
locations as detailed above.

Statistical Analysis

All data in this study were graphically presented as the 
mean ± standard error of the mean (SEM). Statistical differ-
ences in the two-group analysis were compared using Stu-
dent’s t-tests with unpaired two-tailed tests and post-hoc tests 
using Tukey’s multiple-comparison test. For comparisons 
between more than two groups, statistical differences were 
calculated using one-way analysis of variance (ANOVA), 
followed by Tukey’s post-hoc multiple-comparison test, as 
appropriate to the design. Statistical significance was set at 
p < 0.05 for all analyses, with results indicated by asterisks 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Statis-
tical analyses were performed using GraphPad Prism soft-
ware version 8.3.0.

Results

CRMP2 Phosphorylation Inhibitor Suppressed RGC 
Loss After Optic Nerve Injury

Previous research has suggested that CRMP2 KI, which 
genetically inhibits CRMP2 phosphorylation, triggers 
decreased axonal degeneration, improved axonal regenera-
tion, and decreased RGCs loss following optic nerve injury 
(Kondo et al., 2019). Furthermore, our previous work has 
shown that HupA exhibits the ability to inhibit CRMP2 
phosphorylation at the same site as in the CRMP2 KI mutant 
(S522)(Y. Wang et al., 2024). To examine the effect of sup-
pressing CRMP2 phosphorylation on the number of RGCs 
after ONC, anti-RBPMS immunostaining was performed 
on the retinas of HupA-treated WT mice at two- and four 
weeks post-ONC. Each mouse underwent ONC on the left 
eye, while the left right eye was intact as an autologous con-
trol. Eight wild-type (WT) mice were randomly divided into 
HupA-treated and untreated groups. Oral administration of 
HupA was initiated two days prior to ONC surgery, and was 
continued until dissection. Whole flat mount retina samples 
were used in this experiment, with RBPMS-labelled RGCs 
being counted in twelve regions along the horizontal and 
vertical directions. The survival rate of RGCs, defined as 
the ratio of RGCs on the ONC side to those on the intact 
side in the same mice, served as a metric for quantitative 
analysis. The results (Fig. 1) showed that noticeable RGC 
loss was observed in the retina of the ONC side, regardless 
of the presence or absence of HupA treatment, whereas the 
intact side maintained a high number of RGCs. This is con-
sistent with previous studies that have shown RGC’s num-
ber decrease after optic nerve injury (Berkelaar et al., 1994; 
Quigley et al., 1995). Comparison between the results of the 
HupA-treated and untreated groups revealed a significant 
reduction in the number of RGCs in the eye subjected to the 
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ONC in the treated group. This indicates a mitigating effect 
of HupA on ONC-triggered RGC loss. Furthermore, upon 
comparing the outcomes at two and four weeks after ONC, 
it was evident that the protective effect of HupA on RGCs 
increased concomitantly with the duration of administration.

Inhibition of Microglia Activation After Optic Nerve 
Injury in CRMP2 KI Mice

The function of the CRMP2 KI mutant in promoting post-
ONC neuronal regeneration by inhibiting phosphorylation at 
S522 has been well established (Kondo et al., 2019). More-
over, an increase in Sema3A expression has been shown 
to promote the proliferation of M1-like microglia and loss 
of RGCs after optic nerve injury (Yun-Jia et al., 2021). 
This section therefore investigates the impact of Sema3A-
induced CRMP2 phosphorylation on the neuroinflammatory 
response characterized by microglial activation after injury. 
Immunostaining for Iba1 was conducted on both the retina 
and optic nerves of same-aged WT and CRMP2 KI mice. 
Six mice from each group were subjected to ONC in the left 
eye, while the left right eye was left intact as an autologous 
control. The samples were fixed three days after ONC. For 
the longitudinally cut retina samples, results were captured 
at distances ranging from 0.5 to 1.5 mm from the optic disc. 
The ganglion cell layer (GCL), with a width of 14 μm, was 
defined based on the DAPI-labelled RGC nuclei. To iden-
tify activated microglia, we count cells with an amoeboid 
morphology, characterized by an enlarged cell body and 
retracted, thickened processes. In contrast, resting microglia 
are identified by their ramified morphology, which includes 
a small cell body and extensive, thin, highly branched 
processes. The activated microglia number, the ratio of 
Iba1 positive signals in the GCL were used as metrics for 

quantitative analysis. For the optic nerve results, four images 
were uniformly captured from each sample, and Iba1 posi-
tive signals were counted as a metric for quantitative analy-
sis. From the staining results of the retina (Fig. 2A), it was 
evident that microglial activation in the ganglion cell layer 
(GCL) of the ONC side was significantly higher than that on 
the intact side. The quantitative analysis demonstrated that 
the activated microglia on the ONC side were significantly 
higher than those on the intact side. This aligns with the 
fact that injury will lead microglia to change from resting 
to activated. The number of activated microglia on CRMP2 
KI mice ONC side was slightly lower than WT ONC, which 
gives evidence that suppressing phosphorylation of CRMP2 
may contribute to inhibiting the microglia activate (Fig. 2B). 
The ratio of activated microglia to the overall microglial 
demonstrates that the number of activated microglia is sub-
stantially higher on the injured side relative to the intact side 
(Fig. 2F). Through comprehensive quantitative analysis, it is 
evident that CRMP2KI mice exhibit a significant reduction 
in the number of microglia on the ONC side compared to 
WT mice. This indicates that CRMP2 KI, in which the phos-
phorylation of CRMP2 at S522 is inhibited, exhibit a certain 
degree of inhibition on microglial activation. A similar trend 
was observed in the optic nerve staining results, further cor-
roborating these findings (Fig. 2D, G).

CRMP2 Inhibitors Alleviate Microglia Proliferation 
Following Optic Nerve Injury

HupA, a previously validated inhibitor of CRMP2 phos-
phorylation at S522 (Y. Wang et al., 2024), was considered 
as another option to suppress CRMP2 phosphorylation in 
this study, in order to validate our findings in CRMP2 KI 
mice. Twelve WT mice were randomly assigned to either the 

Fig. 1   HupA suppresses RGC death after ONC. A, C Immunostain-
ing for Anti-RBPMS in flat mount retinas of HupA untreated/
treated mice 2 or 4 weeks after ONC. B, D Quantification of RGCs 

2 or 4  weeks after ONC. Data are presented as the mean ± SEM, 
statistical comparison was performed using students’ t-tests; Scale 
bar = 100 μm. (n = 4; ****p < 0.0001)
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HupA-treated or non-treated groups, and HupA administra-
tion was initiated two days prior to ONC. Consistent with 
preceding methodologies, ONC was performed on the left 
eye, while the right eye served as an autologous control. The 
retinal samples were fixed three days after ONC. Statistical 

analysis method was same as CRMP2 KI group. Immu-
nostaining with an anti-Iba1 antibody (Fig. 3A) revealed 
distinct microglial activation in the GCL on the ONC side 
compared to that on the intact side. In particular, the quantity 
of activated microglia on the injured side is significantly 

Fig. 2   CRMP2 phosphorylation inhibition by CRMP2 KI causes the 
inhibition of microglia proliferation in the retina and optic nerve. A 
Anti-iba1 and Hoechst Immunostaining on the retina of CRMP2 KI 
and WT mice 3 days after ONC. B Quantification of the number of 
activated microglia per mm2 of retina. C The ratio of Iba1 positive 
signal in the GCL on RGC numbers in each section. D Immunostain-

ing for anti-Iba1 and Hoechst in the optic nerves of CRMP2 KI and 
WT mice 3 days after ONC. E Quantification of the number of acti-
vated microglia per mm2 of optic nerve. Scale bar = 50 μm. Data are 
presented as the mean ± SEM, statistical comparison was performed 
using one-way ANOVA, with a Tukey’s multiple comparisons post-
hoc test (n = 6; *p < 0.05; **p < 0.001; ****p < 0.0001)

Fig. 3   CRMP2 phosphorylation inhibition by HupA causes the 
inhibition of microglia proliferation in the retina and optic nerve. A 
Immunostaining for Iba1 and Hoechst of HupA untreated/treated ret-
ina 3  days after ONC. B Quantification of the number of activated 
microglia per mm2 of retina. C The ratio of Iba1 positive signal in 
the GCL on RGC numbers in each section. D Immunostaining for 

Iba1 and Hoechst in the optic nerve of HupA-treated and untreated 
WT mice 3 days after ONC. E Quantification of the number of acti-
vated microglia per mm2 of optic nerve. Data are presented as the 
mean ± SEM, statistical comparison was performed using one-way 
ANOVA, with a Tukey’s multiple comparisons post-hoc test, Scale 
bar = 50 μm. (n = 6, *p < 0.05; ***p < 0.001; ****p < 0.0001)
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higher than on the uninjured side. Quantitative analysis of 
the positive iba1 signal in the GCL revealed a significant 
decrease between HupA-treated mice and untreated mice 
after ONC (Fig. 3C, E). In the optic nerve, HupA-treated 
mice demonstrated a significant reduction in microglial acti-
vation compared to untreated WT mice 3 days after ONC 
(Fig. 3D, G). A comparison between the HupA-treated and 
untreated groups indicated a slight reduction in microglial 
signalling in the GCL on the ONC side following HupA 
administration, suggesting a suppressive effect of HupA on 
microglial activation.

Axon Regeneration in WT Mice Treated with HupA

In addition to microglia labelled with Iba1, this study also 
examined the alterations in class III β-tubulin marked by 
Tuj1 and growth-associated protein 43 (GAP43) follow-
ing ONC injury. Prior research has shown that CRMP2 KI 

mutants demonstrate increased stabilization of microtubules 
after spinal cord injury (Nagai et al., 2016). Our previous 
work has also shown that microtubule stability increases 
and axon regeneration occurs in CRMP2 KI mice following 
ONC (Kondo et al., 2019). We performed anti-GAP43 retina 
immunostaining on HupA-treated WT mice four weeks after 
ONC, with western blotting of tuj1 and GAP43 four weeks 
after ONC. GAP-43, a major biomarker associated with 
growth cones explicitly distributed in axons, is commonly 
used to evaluate axonal regeneration ability (Kaneda et al., 
2008). The anti-GAP43 immunostaining of retina samples 
was qualified based on relative fluorescence intensity. The 
results revealed a significant higher GAP43 positive signal in 
HupA ( +) ONC group compare with HupA (−) ONC group 
(Fig. 4 A, B). This suggests that HupA promotes axonal 
regeneration following ONC. Due to the involvement of 
microtubule dynamics and neuronal regeneration in the vali-
dation, we subsequently performed quantitative analysis of 

Fig. 4   HupA promotes optic nerve regeneration after ONC. A Repre-
sentative images of anti-GAP43 immunostaining on flat mount retina 
samples from HupA-treated/untreated mice 4  weeks after ONC. B 
Quantification of fluorescence intensity (n = 4, Scale bar = 50  μm). 
C, E Western blot of HupA untreated/treated optic nerves. The HupA 
treatment period lasted 4 weeks. D, F Quantification of Tuj1/β-actin 

and GAP43/β-actin. (n = 4, Scale bar = 200  μm) Data are presented 
as the mean ± SEM, statistical comparison was performed using one-
way ANOVA, with a Tukey’s multiple comparisons post-hoc test 
(*p < 0.05; **p < 0.01; ***p < 0,001; ****p < 0. 0001; ns: no signifi-
cant)
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the western blots for Tuj1 and GAP43 (Fig. 4 C, D). β-actin 
served as a housekeeping gene, and the expression level 
was normalized to the expression of Tuj1 and GAP43 (Tan 
et al., 2015). Consistent with the immunostaining results, 
the HupA-treated group exhibited slight but significant 
upregulation of Tuj1 expression. Both sets of results suggest 
a protective effect of post-injury HupA treatment against 
microtubule loss.

Anterograde Tracing of Optic Nerve Regeneration 
Improvements

BDA, a biotin-conjugated dextran amine, has been widely 
utilized as a neuroanatomical tracer in many regeneration 
studies (Au et al., 2022; Yang et al., 2020). Our previous 
study validated the role of inhibiting CRMP2 phosphoryla-
tion at S522 in axonal regeneration following optic nerve 
injury in a CRMP2 KI model (Kondo et al., 2019). In the 
current study, we applied the same methodology to inves-
tigate the effect of the CRMP2 phosphorylation inhibitor 
HupA on neuroregeneration four weeks after optic nerve 

injury. As shown in Fig. 5, the optic nerves of mice receiv-
ing continuous HupA administration four weeks after ONC 
exhibited significantly higher levels of positive axon signals 
than the non-treated group. This trend aligns with previous 
findings revealing the efficacy of HupA-mediated inhibition 
of CRMP2 phosphorylation in promoting post-injury axonal 
regeneration.

Discussion

The research direction of this study was intricately con-
nected with those of our previous investigations (Kondo 
et al., 2019). Previous studies have aimed to elucidate the 
protective role of inhibiting CRMP2 phosphorylation at 
S522 using the CRMP2 KI model, whereas this study placed 
greater emphasis on an alternative phosphorylation inhibi-
tion approach, specifically targeting the inhibitor HupA. 
In the current study, we evaluated the modulatory effect 
of the CRMP2 phosphorylation inhibitor HupA on RGC 
death following optic nerve injury. HupA has been used in 

Fig. 5   BDA tracing of HupA-treated WT mice 4  weeks after ONC. 
A BDA tracing of HupA untreated/treated optic nerves. The HupA 
treatment period lasted 4 weeks. Red asterisks mark the injury sites. 
Scale bar = 500  μm. B Magnification of different distances from 
the crush site. Scale bar = 100  μm. C Quantification of regenerat-

ing axons at the indicated distances beyond the crush site in optic 
nerves in HupA untreated/treated mice (n = 4) Data are presented as 
the mean ± SEM, statistical comparison was performed using one-
way ANOVA, with a Tukey’s multiple comparisons post-hoc test 
(****p < 0. 0001; ns: no significant)
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traditional Chinese medicine for centuries as a remedy for 
inflammation, schizophrenia, and memory loss (Friedli & 
Inestrosa, 2021). It is renowned for its ability to antago-
nize NMDA receptors as an acetylcholinesterase inhibitor 
(Coleman et al., 2008; Wang et al., 2006). Multiple studies 
have confirmed the beneficial effects of HupA in the treat-
ment of Alzheimer's disease (AD) (Xu et al., 1995; Yang 
et al., 2013), while our recent study further demonstrated the 
inhibitory role of HupA in CRMP2 S522 phosphorylation 
(Wang et al., 2024), which coincides with the phenotype of 
the CRMP2 KI mutant. Therefore, the introduction of HupA 
serves as a complementary approach to inhibit CRMP2 
phosphorylation. Moreover, microtubules associated with 
cytoskeleton dynamics and GAP-43 related to axonal regen-
eration were examined in the current study to elucidate the 
axonal regenerative effects of HupA, beyond neuroprotec-
tion. As a mature therapeutic agent, the protective effects of 
HupA against RGC loss after optic nerve injury and its inhi-
bition of neuroinflammatory microglial activation shown in 
this study provide novel evidence for future clinical research 
on the treatment of optic nerve lesions. Simultaneously, the 
regenerative capacity of CRMP2 KI (Kondo et al., 2019) can 
be partially attributed to its ability to inhibit neuroinflamma-
tion triggered by microglial proliferation at the injury site. 
As a therapeutic agent for AD, Huperzine A is associated 
with several side effects, including nausea, vomiting, loss 
of appetite, and increased frequency of bowel movements 
(Yang et al., 2013). Although HupA has been approved for 
human use, its efficacy in ameliorating neuroinflammation 
following optic nerve injury still requires comprehensive 
clinical trial data for validation. In a meta-analysis study, 
significant enhancements in cognitive function, as measured 
by the Mini-Mental State Examination, and improvements in 
activities of daily living were observed in patients with AD 
following oral administration of HupA. These effects were 
noted after a treatment period ranging from 8 to 24 weeks at 
daily doses of 300 to 500 μg (Wang et al., 2009). The effi-
cacy and optimal dosing of HupA in the treatment of optic 
neuropathy remain to be elucidated through future clinical 
trials. HupA has demonstrated therapeutic effects on various 
neurodegenerative diseases, such as AD and normal-tension 
glaucoma (NTG) (Wang et al., 2024; Yang et al., 2013). 
Given the evidence presented in this study regarding HupA’s 
ability to alleviate neuroinflammation following optic nerve 
injury, future clinical trials might consider including patients 
with multiple neurodegenerative conditions and injuries in 
the inclusion criteria.

The extracellular ligand Sema3A is involved in a vari-
ety of biological processes, including neural development 
and axonal guidance, and plays a crucial role in neuronal 
positioning and connectivity by aiding in the formation of 
correct neural networks (Boczek et al., 2014). Microglial 
proliferation induced by neural verification can be alleviated 

by inhibiting Sema3A (Yun-Jia et al., 2021). HupA has dem-
onstrated potential therapeutic effects in NTG mouse models 
by inhibiting the phosphorylation of CRMP2 and modulat-
ing M3 mAChR (Wang et al., 2024; Yu et al., 2021). Mean-
while, HupA has been shown to mitigate oxidative stress 
in NTG models (Wang et al., 2024), similar effects in optic 
nerve injury models remain to be confirmed in the future 
study. In this study, we found that CRMP2, a protein in the 
Sema3a signalling pathway, exhibits an anti-neuroinflam-
matory effect by inhibiting its phosphorylation. Inhibiting 
CRMP2 phosphorylation at S522, achieved either through 
genetic modification of the CRMP2KI mutant or inhibitor 
administration of HupA, can effectively suppress microglial 
activation within 3 days post-injury. This finding provides 
new directions for future studies on other targets in this path-
way. It further offers a new option for neuroinflammatory 
protection against optical neuropathies caused to traumatic 
optic nerve injury.

To address the limitations of this work, In the present 
study, the use of a single dose of the CRMP2 phosphoryla-
tion inhibitor is a notable one. Using a single dose restricts 
the ability to determine the full spectrum of the HupA's effi-
cacy and safety. It prevents the identification of an optimal 
dose and may overlook both sub-therapeutic and toxic effects 
that could emerge with different dosing regimens. Multiple 
dose studies are essential to establish a more comprehensive 
pharmacological profile. Future research should explore var-
ying doses that are tolerable in animal models to elucidate 
the differences in efficacy among different doses. Moreo-
ver, in this study, the administration strategy involved oral 
HupA administration prior to injury, which does not exclude 
the possibility of its potential neuroprotective effects before 
ONC. Future research could explore post-ONC administra-
tion to evaluate the therapeutic efficacy of HupA.

In conclusion, this study primarily demonstrates the 
inhibitory effects on microglial activation following ONC 
through two approaches: inhibiting CRMP2 S522 phospho-
rylation via genetic modification and oral administration of 
HupA. Results in this paper have provided valuable insight 
into molecular mechanisms of neuroinflammation after the 
optic nerve injury and the potential treatment of optical 
neuropathy. Sustained activation of microglia in response 
to the injury condition are considered a crucial process in 
pathogenesis. However, the mechanisms underlying the rela-
tionship between CRMP2 phosphorylation and neuroinflam-
mation remain unclear. Future studies should address the 
effects of inhibiting CRMP2 phosphorylation at other sites 
in the CNS on neuroinflammation, and delve deeper into the 
molecular mechanisms involved. The potential therapeutic 
role of inhibiting CRMP2 S522 phosphorylation in optic 
neuropathy should be supported by further animal experi-
ments and clinical trials. As a potential target for optic 
nerve injury and other neurodegenerative disease, the small 
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molecule delivery and phosphorylation inhibition of CRMP2 
warrant continued in-depth investigation.

Acknowledgements  This work was supported in part by Japan Soci-
ety for the Promotion of Science (JSPS) KAKENHI Grants-in-Aid for 
Scientific Research (JP22K06464 to T.O).

Author Contributions  Conceptualization: Toshio Ohshima; Formal 
analysis and investigation: Yuebing Wang, Sayaka Harada; Writ-
ing—original draft preparation: Yuebing Wang; Writing—review 
and editing: Toshio Ohshima; Funding acquisition: Toshio Ohshima; 
Resources: Yoshio Goshima; Supervision: Toshio Ohshima. All 
authors read and approved the final manuscript.

Funding  Funding was provided by Japan Society for the Promotion of 
Science (Grant No: JP22K06464)

Data Availability  The data that support the findings of this study are 
available from the corresponding author upon request.

Declarations 

Conflict of interest  The authors declare that there is no conflict of in-
terest regarding the publication of this paper.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Au, N. P. B., Kumar, G., Asthana, P., Gao, F., Kawaguchi, R., Chang, 
R. C. C., So, K. F., Hu, Y., Geschwind, D. H., Coppola, G., & 
Ma, C. H. E. (2022). Clinically relevant small-molecule promotes 
nerve repair and visual function recovery. Npj Regenerative Medi-
cine, 7(1), 50. https://​doi.​org/​10.​1038/​s41536-​022-​00233-8

Berkelaar, M., Clarke, D., Wang, Y., Bray, G., & Aguayo, A. (1994). 
Axotomy results in delayed death and apoptosis of retinal ganglion 
cells in adult rats. The Journal of Neuroscience, 14(7), 4368–
4374. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​14-​07-​04368.​1994

Boczek, N. J., Ye, D., Johnson, E. K., Wang, W., Crotti, L., Tester, D. 
J., Dagradi, F., Mizusawa, Y., Torchio, M., Alders, M., Giudicessi, 
J. R., Wilde, A. A. M., Schwartz, P. J., Nerbonne, J. M., & Acker-
man, M. J. (2014). Characterization of SEMA3A -encoded sema-
phorin as a naturally occurring K v 4.3 protein inhibitor and its 
contribution to brugada syndrome. Circulation Research, 115(4), 
460–469. https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​115.​303657

Brahma, M. M., Takahashi, K., Namekata, K., Harada, T., Goshima, 
Y., & Ohshima, T. (2022). Genetic inhibition of collapsin response 
mediator protein-2 phosphorylation ameliorates retinal ganglion 
cell death in normal-tension glaucoma models. Genes to Cells, 
27(8), 526–536. https://​doi.​org/​10.​1111/​gtc.​12971

Cameron, E., Xia, X., Galvao, J., Ashouri, M., Kapiloff, M., & Gold-
berg, J. (2020). Optic nerve crush in mice to study retinal ganglion 
cell survival and regeneration. BIO-PROTOCOL. https://​doi.​org/​
10.​21769/​BioPr​otoc.​3559

Chang, R.C.-C., Chiu, K., Ho, Y.-S., & So, K.-F. (2009). Modulation 
of neuroimmune responses on Glia in the central nervous system: 
implication in therapeutic intervention against neuroinflammation. 
Cellular & Molecular Immunology, 6(5), 317–326. https://​doi.​org/​
10.​1038/​cmi.​2009.​42

Coleman, B. R., Ratcliffe, R. H., Oguntayo, S. A., Shi, X., Doctor, 
B. P., Gordon, R. K., & Nambiar, M. P. (2008). [+]-Huperzine 
A treatment protects against N-methyl-d-aspartate-induced sei-
zure/status epilepticus in rats. Chemico-Biological Interactions, 
175(1–3), 387–395. https://​doi.​org/​10.​1016/j.​cbi.​2008.​05.​023

Friedli, M. J., & Inestrosa, N. C. (2021). Huperzine A and its neu-
roprotective molecular signaling in Alzheimer’s disease. Mole-
cules, 26(21), 6531. https://​doi.​org/​10.​3390/​molec​ules2​62165​31

Goshima, Y., Nakamura, F., Strittmatter, P., & Strittmatter, S. M. 
(1995). Collapsin-induced growth cone collapse mediated by 
an intracellular protein related to UNC-33. Nature, 376(6540), 
509–514. https://​doi.​org/​10.​1038/​37650​9a0

Guo, L., Choi, S., Bikkannavar, P., & Cordeiro, M. F. (2022). Micro-
glia: Key players in retinal ageing and neurodegeneration. Fron-
tiers in Cellular Neuroscience, 16, 804782. https://​doi.​org/​10.​
3389/​fncel.​2022.​804782

Heuss, N. D., Pierson, M. J., Roehrich, H., McPherson, S. W., 
Gram, A. L., Li, L., & Gregerson, D. S. (2018). Optic nerve as 
a source of activated retinal microglia post-injury. Acta Neuro-
pathologica Communications, 6(1), 66. https://​doi.​org/​10.​1186/​
s40478-​018-​0571-8

Kaneda, M., Nagashima, M., Nunome, T., Muramatsu, T., Yamada, 
Y., Kubo, M., Muramoto, K., Matsukawa, T., Koriyama, Y., 
Sugitani, K., Vachkov, I. H., Mawatari, K., & Kato, S. (2008). 
Changes of phospho-growth-associated protein 43 (phospho-
GAP43) in the zebrafish retina after optic nerve injury: A long-
term observation. Neuroscience Research, 61(3), 281–288. 
https://​doi.​org/​10.​1016/j.​neures.​2008.​03.​008

Kettenmann, H., Hanisch, U.-K., Noda, M., & Verkhratsky, A. 
(2011). Physiology of microglia. Physiological Reviews, 91(2), 
461–553. https://​doi.​org/​10.​1152/​physr​ev.​00011.​2010

Kondo, S., Takahashi, K., Kinoshita, Y., Nagai, J., Wakatsuki, S., 
Araki, T., Goshima, Y., & Ohshima, T. (2019). Genetic inhibi-
tion of CRMP2 phosphorylation at serine 522 promotes axonal 
regeneration after optic nerve injury. Scientific Reports, 9(1), 
7188. https://​doi.​org/​10.​1038/​s41598-​019-​43658-w

Lazarov, N. E. (2013). Neuroanatomical Tract-Tracing Using Bioti-
nylated Dextran Amine. In R. Zhou & L. Mei (Eds.), Neural 
Development (pp. 323–334). Humana Press.

Levin, L. A., Clark, J. A., & Johns, L. K. (1996). Effect of lipid per-
oxidation inhibition on retinal ganglion cell death. Investigative 
Ophthalmology & Visual Science, 37(13), 2744–2749.

Nagai, J., Owada, K., Kitamura, Y., Goshima, Y., & Ohshima, T. 
(2016). Inhibition of CRMP2 phosphorylation repairs CNS by 
regulating neurotrophic and inhibitory responses. Experimental 
Neurology, 277, 283–295. https://​doi.​org/​10.​1016/j.​expne​urol.​
2016.​01.​015

Nakamura, F., Ohshima, T., & Goshima, Y. (2020). Collapsin 
response mediator proteins: Their biological functions and 
pathophysiology in neuronal development and regeneration. 
Frontiers in Cellular Neuroscience, 14, 188. https://​doi.​org/​10.​
3389/​fncel.​2020.​00188

Niwa, S., Nakamura, F., Tomabechi, Y., Aoki, M., Shigematsu, H., 
Matsumoto, T., Yamagata, A., Fukai, S., Hirokawa, N., Goshima, 
Y., Shirouzu, M., & Nitta, R. (2017). Structural basis for CRMP2-
induced axonal microtubule formation. Scientific Reports, 7(1), 
10681. https://​doi.​org/​10.​1038/​s41598-​017-​11031-4

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41536-022-00233-8
https://doi.org/10.1523/JNEUROSCI.14-07-04368.1994
https://doi.org/10.1161/CIRCRESAHA.115.303657
https://doi.org/10.1111/gtc.12971
https://doi.org/10.21769/BioProtoc.3559
https://doi.org/10.21769/BioProtoc.3559
https://doi.org/10.1038/cmi.2009.42
https://doi.org/10.1038/cmi.2009.42
https://doi.org/10.1016/j.cbi.2008.05.023
https://doi.org/10.3390/molecules26216531
https://doi.org/10.1038/376509a0
https://doi.org/10.3389/fncel.2022.804782
https://doi.org/10.3389/fncel.2022.804782
https://doi.org/10.1186/s40478-018-0571-8
https://doi.org/10.1186/s40478-018-0571-8
https://doi.org/10.1016/j.neures.2008.03.008
https://doi.org/10.1152/physrev.00011.2010
https://doi.org/10.1038/s41598-019-43658-w
https://doi.org/10.1016/j.expneurol.2016.01.015
https://doi.org/10.1016/j.expneurol.2016.01.015
https://doi.org/10.3389/fncel.2020.00188
https://doi.org/10.3389/fncel.2020.00188
https://doi.org/10.1038/s41598-017-11031-4


NeuroMolecular Medicine           (2024) 26:37 	 Page 11 of 11     37 

Ohshima, T., Ward, J. M., Huh, C. G., Longenecker, G., Veeranna, 
P. H. C., Brady, R. O., Martin, L. J., & Kulkarni, A. B. (1996). 
Targeted disruption of the cyclin-dependent kinase 5 gene results 
in abnormal corticogenesis, neuronal pathology and perinatal 
death. Proceedings of the National Academy of Sciences, 93(20), 
11173–11178. https://​doi.​org/​10.​1073/​pnas.​93.​20.​11173

Quigley, H. A., Nickells, R. W., Kerrigan, L. A., Pease, M. E., Thiba-
ult, D. J., & Zack, D. J. (1995). Retinal ganglion cell death in 
experimental glaucoma and after axotomy occurs by apoptosis. 
Investigative Ophthalmology & Visual Science, 36(5), 774–786.

Rathnasamy, G., Foulds, W. S., Ling, E.-A., & Kaur, C. (2019). Retinal 
microglia—A key player in healthy and diseased retina. Progress 
in Neurobiology, 173, 18–40. https://​doi.​org/​10.​1016/j.​pneur​obio.​
2018.​05.​006

Rosito, M., Sanchini, C., Gosti, G., Moreno, M., De Panfilis, S., Giu-
bettini, M., Debellis, D., Catalano, F., Peruzzi, G., Marotta, R., 
Indrieri, A., De Leonibus, E., De Stefano, M. E., Ragozzino, D., 
Ruocco, G., Di Angelantonio, S., & Bartolini, F. (2023). Micro-
glia reactivity entails microtubule remodeling from acentrosomal 
to centrosomal arrays. Cell Reports, 42(2), 112104. https://​doi.​
org/​10.​1016/j.​celrep.​2023.​112104

Sánchez-Migallón, M. C., Valiente-Soriano, F. J., Nadal-Nicolás, F. M., 
Vidal-Sanz, M., & Agudo-Barriuso, M. (2016). Apoptotic retinal 
ganglion cell death after optic nerve transection or crush in mice: 
Delayed RGC loss With BDNF or a caspase 3 inhibitor. Investiga-
tive Ophthalmology & Visual Science, 57(1), 81–93. https://​doi.​
org/​10.​1167/​iovs.​15-​17841

Sumi, T., Imasaki, T., Aoki, M., Sakai, N., Nitta, E., Shirouzu, M., & 
Nitta, R. (2018). Structural insights into the altering function of 
CRMP2 by phosphorylation. Cell Structure and Function, 43(1), 
15–23. https://​doi.​org/​10.​1247/​csf.​17025

Tan, M., Cha, C., Ye, Y., Zhang, J., Li, S., Wu, F., Gong, S., & Guo, G. 
(2015). CRMP4 and CRMP2 Interact to coordinate cytoskeleton 
dynamics, regulating growth cone development and axon elonga-
tion. Neural Plasticity, 2015, 1–13. https://​doi.​org/​10.​1155/​2015/​
947423

Wang, B., Wang, H., Wei, Z., Song, Y., Zhang, L., & Chen, H. (2009). 
Efficacy and safety of natural acetylcholinesterase inhibitor 
huperzine A in the treatment of Alzheimer’s disease: An updated 
meta-analysis. Journal of Neural Transmission, 116(4), 457–465. 
https://​doi.​org/​10.​1007/​s00702-​009-​0189-x

Wang, R., Yan, H., & Tang, X. (2006). Progress in studies of huperzine 
A, a natural cholinesterase inhibitor from Chinese herbal medi-
cine1. Acta Pharmacologica Sinica, 27(1), 1–26. https://​doi.​org/​
10.​1111/j.​1745-​7254.​2006.​00255.x

Wang, Y., Brahma, M. M., Takahashi, K., Blanco Hernandez, A. N., 
Ichikawa, K., Minami, S., Goshima, Y., Harada, T., & Ohshima, 
T. (2024). Drug treatment attenuates retinal ganglion cell death by 
inhibiting collapsin response mediator protein 2 phosphorylation 

in mouse models of normal tension glaucoma. NeuroMolecular 
Medicine. https://​doi.​org/​10.​1007/​s12017-​024-​08778-1

Wu, Y., Xu, F., Huang, H., Chen, L., Wen, M., Jiang, L., Lu, L., Li, 
L., Song, D., Zeng, S., Li, L., & Li, M. (2014). Up-regulation of 
SKIP relates to retinal ganglion cells apoptosis after optic nerve 
crush in vivo. Journal of Molecular Histology, 45(6), 715–721. 
https://​doi.​org/​10.​1007/​s10735-​014-​9589-9

Xu, S. S., Gao, Z. X., Weng, Z., Du, Z. M., Xu, W. A., Yang, J. S., 
Zhang, M. L., Tong, Z. H., Fang, Y. S., & Chai, X. S. (1995). 
Efficacy of tablet huperzine-A on memory, cognition, and behav-
ior in Alzheimer’s disease. Zhongguo Yao Li Xue Bao = Acta 
Pharmacologica Sinica, 16(5), 391–395.

Yamashita, N., Ohshima, T., Nakamura, F., Kolattukudy, P., Honno-
rat, J., Mikoshiba, K., & Goshima, Y. (2012). Phosphorylation 
of CRMP2 (collapsin response mediator protein 2) is involved 
in proper dendritic field organization. The Journal of Neurosci-
ence, 32(4), 1360–1365. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​
5563-​11.​2012

Yang, G., Wang, Y., Tian, J., & Liu, J.-P. (2013). Huperzine A for 
Alzheimer’s Disease: A systematic review and meta-analysis of 
randomized clinical trials. PLoS ONE, 8(9), e74916. https://​doi.​
org/​10.​1371/​journ​al.​pone.​00749​16

Yang, S.-G., Li, C.-P., Peng, X.-Q., Teng, Z.-Q., Liu, C.-M., & Zhou, 
F.-Q. (2020). Strategies to promote long-distance optic nerve 
regeneration. Frontiers in Cellular Neuroscience, 14, 119. https://​
doi.​org/​10.​3389/​fncel.​2020.​00119

Yu, P., Dong, W.-P., Tang, Y.-B., Chen, H.-Z., Cui, Y.-Y., & Bian, 
X.-L. (2021). Huperzine A lowers intraocular pressure via the 
M3 mAChR and provides retinal neuroprotection via the M1 
mAChR: A promising agent for the treatment of glaucoma. 
Annals of Translational Medicine, 9(4), 332–332. https://​doi.​org/​
10.​21037/​atm-​20-​8093

Yun-Jia, L., Xi, C., Jie-Qiong, Z., Jing-Yi, Z., Sen, L., & Jian, Y. 
(2021). Semaphorin3A increases M1-like microglia and retinal 
ganglion cell apoptosis after optic nerve injury. Cell & Bioscience, 
11(1), 97. https://​doi.​org/​10.​1186/​s13578-​021-​00603-7

Zhang, M., Chen, L., Xu, F., Jiang, L., Yan, W., Kunwar, B., Tang, F., 
Yang, K., Shen, C., Huang, H., Lv, J., Qin, C., Wu, X., Zeng, S., 
Li, M., Zhong, S., & Chen, Q. (2019). Involvement of upregulated 
P53-induced death domain protein in retinal ganglion cells apop-
tosis after optic nerve crush. Current Molecular Medicine, 20(1), 
51–59. https://​doi.​org/​10.​2174/​15665​24019​66619​09181​60032

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1073/pnas.93.20.11173
https://doi.org/10.1016/j.pneurobio.2018.05.006
https://doi.org/10.1016/j.pneurobio.2018.05.006
https://doi.org/10.1016/j.celrep.2023.112104
https://doi.org/10.1016/j.celrep.2023.112104
https://doi.org/10.1167/iovs.15-17841
https://doi.org/10.1167/iovs.15-17841
https://doi.org/10.1247/csf.17025
https://doi.org/10.1155/2015/947423
https://doi.org/10.1155/2015/947423
https://doi.org/10.1007/s00702-009-0189-x
https://doi.org/10.1111/j.1745-7254.2006.00255.x
https://doi.org/10.1111/j.1745-7254.2006.00255.x
https://doi.org/10.1007/s12017-024-08778-1
https://doi.org/10.1007/s10735-014-9589-9
https://doi.org/10.1523/JNEUROSCI.5563-11.2012
https://doi.org/10.1523/JNEUROSCI.5563-11.2012
https://doi.org/10.1371/journal.pone.0074916
https://doi.org/10.1371/journal.pone.0074916
https://doi.org/10.3389/fncel.2020.00119
https://doi.org/10.3389/fncel.2020.00119
https://doi.org/10.21037/atm-20-8093
https://doi.org/10.21037/atm-20-8093
https://doi.org/10.1186/s13578-021-00603-7
https://doi.org/10.2174/1566524019666190918160032

	Inhibition of CRMP2 Phosphorylation Suppresses Microglia Activation in the Retina and Optic Nerve and Promotes Optic Nerve Regeneration After Optic Nerve Injury
	Abstract
	Introduction
	Materials & Methods
	Experimental Animals
	Optic Nerve Crush
	Treatment Strategies
	Immunostaining
	Western Blot
	BDA Axonal Tracing
	Statistical Analysis

	Results
	CRMP2 Phosphorylation Inhibitor Suppressed RGC Loss After Optic Nerve Injury
	Inhibition of Microglia Activation After Optic Nerve Injury in CRMP2 KI Mice
	CRMP2 Inhibitors Alleviate Microglia Proliferation Following Optic Nerve Injury
	Axon Regeneration in WT Mice Treated with HupA
	Anterograde Tracing of Optic Nerve Regeneration Improvements

	Discussion
	Acknowledgements 
	References


