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Commentary

We recently reported that glypican-2, a neuronal cell surface 
glycoprotein, is involved in age-dependent differences in 
axonal regenerative capacity in the mammalian central 
nervous systems (CNS) [1]. While several extrinsic inhibitory 
factors expressed or deposited in the lesion after trauma 
hinder axonal regeneration, our understanding of intrinsic 
factors expressed in neurons that regulate axonal regeneration 
is still limited. In this commentary, we will briefly overview the 
current information on neuronal intrinsic mechanisms for 
axonal regeneration, along with commenting on our recent 
achievements. 

Trauma to the adult CNS results in axonal dissection and 
functional dysfunction due to the disconnection of neural 
circuits. Regeneration of neuronal axons and reconstruction 
of neural circuits are almost hopeless, especially in the adult 
CNS. Extrinsic inhibitors of axon regeneration associated 
with the glial scar, including myelin inhibitors such as Nogo 
[2], MAG (myelin-associated glycoprotein) [3], and OMgp 
(oligodendrocyte-myelin glycoprotein] [4], CSPG (chondroitin 
sulfate proteoglycan) [5] and Sema3 [6] have been the focus 
of attention for understanding these mechanisms [7]. In 
contrast, embryonic or juvenile neuronal axons are known 
to have relatively better regenerative potential. It is also well 
recognized that pediatric spinal cord injury patients have 
better recovery prospects compared to adult ones. Indeed, 
embryonic neurons are able to extend their axons even on 
the mature CNS tissue [8]. These facts strongly suggest that 
there are significant differences in the intrinsic ability of 

axon regeneration across ages and that age-dependent pro-
regenerative gene expression determines the response of 
axons to injury [9,10]. Interestingly, it has also been reported 
that injured adult neurons are reprogrammed back to an 
embryonic state at the transcriptional level to facilitate axonal 
regeneration [11].

Another interesting phenomenon regarding axonal 
regeneration is “pre-conditioning.” Dorsal root ganglion (DRG) 
neurons have both peripheral and central axons. Primary 
damage to central axons does not result in their regeneration, 
but pre-lesioning of peripheral axons followed by central axon 
damage causes regeneration of central axons [12]. Although 
the situation is slightly different, pre-conditioning to the lens 
promotes axonal regeneration after subsequent optic nerve 
injury [13]. This pre-conditioning is known to drastically 
change the transcriptional state of injured neurons, partially 
through epigenetic reprogramming mediated by the calcium-
cAMP axis [13-15] and regulates specific pro-regenerative 
transcription factors such as KLF family members [16], c-Jun 
[17] and CREB [18]. In turn, these transcription factors activate 
several regeneration-associated genes (RAGs) and enhance 
axonal regeneration.

So far, several RAGs, including growth-associated protein 
43 (Gap43), small proline-rich protein 1A (Sprr1a), Arginase 
1 (Arg1), and galanin, have been identified along with pro-
regenerative transcription factors [17]. There is significant 
overlap to ignore between RAGs and age-dependent pro-
regenerative genes. For instance, the expression of the 
alpha2delta2 subunit of voltage-gated calcium channels 
(VGCCs) increases with neuronal development. Conversely, 
it is downregulated by pre-conditioning of the peripheral 



 
 Sakamoto K, Suzuki Y, Kadomatsu K. Glypican-2 as the Regeneration-Associated Gene (RAG). J Exp Neurol. 2023;4(2):84-
86.

J Exp Neurol. 2023
Volume 4, Issue 2 85

branch of DRGs. Pharmaceutical blockade of the alpha2delta2 
subunit by Pregabalin, which is already approved by the 
United States Food and Drug Administration (FDA) to treat 
neuropathic pain, promoted axonal regeneration after spinal 
cord injury in adult mice [19]. 

PI3P (phosphatidylinositol 3,4,5-trisphosphate)/Akt/mTOR 
(mammalian target of rapamycin) axis is indispensable for 
protein translation. The pathway is negatively regulated 
by PTEN (phosphatase and tensin homolog deleted on 
chromosome 10) through dephosphorylation of 3-phosphate 
group of PI3P. The expression of PTEN in retinal ganglion 
neurons (RGCs) is lower in young and higher in adults, 
indicating that de novo protein synthesis is limited in adult 
neurons. Deletion of PTEN by Cre-loxP systems in adult RGCs 
resulted in long-distance regeneration of optic nerve after its 
injury [20]. 

To study mechanisms of axonal regeneration and its 
inhibition, the in vitro glial scar model in which increased 
concentration of CSPG aggrecan was prepared on culture 
vessels was frequently utilized [21,22]. The system mimics the 
lesion center of spinal cord injury, where inhibitory CSPGs 
form an increasing concentration gradient from the epicenter 
to the core of the lesion. Primary cultured DRG neurons stop 
extending their axons on the CSPG gradient, forming so-called 
dystrophic endbulbs on their axonal terminals. Intriguingly, 
this response is specific to adult neurons. Embryonic neurons 
never form dystrophic endbulbs, even on the CSPG gradient, 
and continue extending their axons and breaking through 
the gradient. The receptor-type protein tyrosine phosphatase 
sigma (PTPσ) has been reported as a receptor for CSPG, 
mediating inhibitory signaling for axon regeneration in 
neurons [22-24]. Heparan sulfate proteoglycans (HSPG) 
are antagonistic ligands for PTPσ and rescue the inhibitory 
pathway through the CS-PTPσ axis [25,26]. Therefore, we 

hypothesized that some members of HSPG works as RAGs and 
found that glypican-2 was specifically expressed in embryonic 
neurons (Figure 1) [1]. Heparan sulfate was also enriched 
in embryonic neurons, and its removal resulted in the 
transformation of the growth cone into dystrophic endbulbs. 
Conversely, overexpression of glypican-2 in adult neurons 
restored the formation of dystrophic endbulbs on the CSPG 
gradient. Unfortunately, glypican-2 alone was not sufficient to 
induce full axonal elongation on inhibitory substrates. It is also 
unclear whether glypican-2 is induced by pre-conditioning, 
but glypican-2 is considered as promising RAG.

In order to achieve successful axonal regeneration in the 
adult CNS, a combinatorial strategy to modify both intrinsic 
and extrinsic mechanisms, along with the regulation of 
inflammation, remyelination, and synaptic integration, seems 
to be the most effective approach. Identifying controllable 
RAGs and establishing methods to manipulate their function 
will be particularly important in future research.
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Figure 1. Glypican-2 works as RAG in embryonic neuron. In adult neuron, CSPG activates its receptor PTPσ and induces dystrophic endball. 
Glypican-2, a cell-surface HSPG specifically expressed in embryonic neuron, antagonizes CS-PTPσ interaction and rescues dystrophic endball 
formation. Created by BioRender.
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