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Neurons are structurally unique and have dendrites and axons that are vulnerable to injury. Some neurons in the
peripheral nervous system (PNS) can regenerate their axons after injuries. However, most neurons in the central nervous
system (CNS) fail to do so, resulting in irreversible neurological disorders. To understand the mechanisms of axon
regeneration, various experimental models have been utilized in vivo and in vitro.
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| 1. Introduction

Neurons are specialized cells with long and thin projections that are essential for neuronal functions, making connections
to their targets throughout the animal body. Although these projections of different neurons generally perform similar
functions such as molecular transport and transmitting signals, different types of neurons exhibit strikingly distinctive
axonal morphologies. Ramon y Cajal dedicated his life to the illustration and description of neurons and neuroanatomical
networks, leading to a better visual understanding—and development of the concepts—of the nervous systemll. Cajal's
discovery was the decisive evidence for the neuron doctrine, which proposes that the nervous system is a discontinuous
entity and is composed of discrete individual cells. In addition, he asked why some nervous tissues in highly evolved
animals fail to regenerate after injuries that cause permanent disorders described as a ‘harsh decree’. A number of
neurobiologists have discovered key mechanisms of neuronal functions and now we are even uncovering the map of the
complete networks from human brains. However, the mechanisms of axon regeneration and degeneration is still under
investigation with different models. Neurons are vulnerable to injury due to their projections. Some neurons in the
peripheral nervous system (PNS) can regenerate their axons after injury. However, most neurons in the central nervous
system (CNS) fail to regenerate, potentially resulting in irreversible neurodegeneration. Therefore, the mechanisms
underlying axonal regeneration in the PNS have been extensively investigated to understand regeneration program and to
find methods for promoting axon regeneration in CNS. To study axon regeneration, experimentally modeling the whole
processes from injury to regeneration is useful as dissecting the complex process governed by multiple regulatory steps
(Eigure 1).
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Figure 1. Injury responses in the peripheral nervous system (PNS) [2ISI4ISI6IIZBI910[11][12]13][14]15][16][17)[18][19][20][21]

First, the axons locally synthesize multiple proteins that regulate injury-associated responses after axonal injury, which is
mediated by the endoplasmic reticulum (ER) and other organelles required for protein synthesis. Simultaneously, calcium-
dependent membrane resealing occurs, and the growth cone is newly constructed by cytoskeletal remodeling. Meanwhile,
cell bodies recognize and activate the regeneration programs through injury-induced calcium flux and retrograde signaling
that subsequently induce a shift from a naive to a regenerative state in the neurons. Injury-responsive transcripts are
produced and some of them, known as pro-regenerative transcripts or transcripts of regeneration-associated genes
(RAG), bind to RNA-binding proteins (RBPs) to form ribonucleotide protein (RNP) complexes; these complexes are known
to associate with kinesin and transport to the axons anterogradely. All these processes are coordinately regulated and
required for successful axon regeneration as well as axonal reinnervation to the original targets, thereby resulting in the
formation of functional synapses and restoring neuronal function. In contrast with regeneration, neurons also show axonal
degeneration, an active process of axonal self-destruction. This is known as Wallerian degeneration[22[23][24] 5
phenomenon that is a characteristic feature that is only seen from neuronal cells. The distal parts of the nerve, containing
the axons disconnected from their cell bodies, activate the degeneration process, resulting in the degradation of the
myelin sheath and engulfment by macrophages. As briefly described here, axonal injury activates multiple biological
processes in distinctive spatiotemporal regulatory systems; for example, a growth cone reforms at the tip of the transected
axon, causing the regenerating axon to reinnervate its original target. Therefore, experimental models, specifically
designed to investigate individual steps in the processes, are required.

Understanding differential regenerative potential from various conditions is essential for developing applications that
promote axonal regeneration in the brain and spinal cord. For examples, glial proteins, such as chondroitin sulfate
proteoglycan (CSPG), oligodendrocyte-myelin glycoprotein (OMgp), and myelin-associated glycoprotein (MAG), induced
in response to CNS tissue injury, are absent in PNS and serve as molecular barriers that inhibit axonal regeneration22!,
This is one of the most understood key factors responsible for differential regeneration from the CNS and the PNS
neurons. Interestingly, neurons in the medulla and adjacent spinal cord regenerate their injured axons into the bridges of
the transplanted peripheral nerves, indicating the intrinsic regenerative potential of the CNS neurons(28. In addition,
although the PNS axons generally exhibit robust axonal regeneration, diverse factors can impair the process, thereby
causing a permanent neurological deficit by either failing to reinnervate or recover the function properly!2Z. These findings
emphasize that both the extrinsic and intrinsic neuronal determinants should be targets for understanding the molecular
mechanisms of axonal regeneration and that it would require manipulation of all the determinants for complete functional
recovery following any injury (28!,

To develop methods that promote functional recovery in the adult mammalian CNS and PNS, it is critical to understand
the molecular mechanisms that trigger a regenerative response and the associated transcriptional regulation and
epigenetic changes in injured neuronsiZdi2ABA porsal root ganglion (DRG) neurons activate the injury-response that



directs axons to either regenerate or degenerate after traumatic nerve injury. Shin et al. compared the injury-induced
transcriptomic changes, i.e., differentially expressed genes (DEGSs), between the regenerating and degenerating nerve
segments B, The spatiotemporal profiles of the transcriptomes are different, indicating differential regulation between re-
and degenerating neurons. However, further research is needed to determine the complexity of the mechanisms that
support regeneration—and their regulation—for the development of effective therapies aimed at promoting neuronal repair
in the PNS and CNS[22.

Different experimental models help us understand the mechanisms underlying axonal regeneration and identify ways to
overcome technical and biological limitations. In this review, we collated results from various experimental models to
comprehensively analyze the ability of neurons to regenerate in different systems. The recent innovation in the field of
axon degeneration includes the identification of SARM1 as the executioner of axonal self-destruction¥2%. The
mechanisms of Wallerian degeneration and the role of nicotinamide mononucleotide adenylyltransferase 2 (NMNAT2)
have been extensively dissected and Sterile Alpha and Toll Interleukin Receptor Motif-containing protein 1 (SARM1) was
identified as a positive regulator of axon degeneration2d. Osterloh et al. identified dSarm by utilizing in vivo axon
degeneration assay in a loss-of-function screening in Drosophila 2. The functional analysis of SARM1 revealed that
SARML1 is an essential factor of the axon degeneration and triggers an irreversible axonal deathl233]. Similarly, RNAi-
based in vivo screening using the Drosophila models identified the new key players regulating axon degeneration such as
transmembrane protein 184b (TMEM184b) and MORN repeat containing 4 (MORN4) 433, |n addition, an image-based
large scale screening analysis identified novel functions of glycogen synthase kinase (GSK3) in axonal degeneration [2€!,
This loss-of-function analysis was performed at a genome-wide scale efficiently by utilizing in vitro axotomy and
degeneration assay method that is introduced in this review. These innovative experimental model systems revolutionize
the identifications of new players regulating axon regeneration and degeneration.

| 2. In Vitro Axon Injury Model

Primary cultured DRG neurons, dissected from embryonic or adult mice, are used to establish a model system for the in
vitro regeneration assays and to monitor the axonal outgrowth efficiency with the manipulation of gene expression by viral
vector-mediated gene delivery systems. In vitro injury can be induced by two different types of injury; axotomy (Eigure 2A)
or detaching and replating methods (Figure 2B).
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Figure 2. Experimental models to study axon regeneration. (A) Primary cultured eDRG neurons are axotomized using a

blade and the regenerating axons are investigated 13!, (B) eDRG cells are replated to investigate axonal regeneration 22,
(C) Sciatic nerve is dissected after three days of injury then immunostained with anti-SCG10 antibody to identify the
regenerating axons B8l (D) EHL muscle is observed for the target reinnervation 4117]. (E) Adult DRGs are trypsinized
and dissociated for single-cell culture, (F) Adult DRGs are dissected and explanted to investigate the mechanistic



pathway more easily2d. (G) A laser lesion to the brain and spinal cord for a better understanding of the dynamics of single
axons2d. (H) In vivo imaging is performed by implantation of the spinal window in the spinal cordl. (Images created
with BioRender.com)

2.1. Blade Axotomy

Primary cultured embryonic DRG neurons are prepared using the spot-culture method (Eigure 2A). Seven days post-spot-
culture, axonal injury is induced by axotomy using a surgical blade (Fine Science Tools, 10035-10), under a
stereomicroscope. Axotomy terminates the delivery of all soma-derived cargoes to the distal axons, and therefore axons
under the axotomy line undergo self-destructive degeneration. However, the axons that are still connected to the cell body
initiates axon regeneration. These regenerating axons are quantified by counting the number of axons that cross the
axotomy line within 24 to 40 h after axotomy or utilizing immunofluorescence intensities acquired by particular marker
proteins such as Pl tubulin and superior cervical ganglion 10 (SCG10)13. Regenerating axons can be labeled with a
growth-associated neuronal protein, SCG10, highly expressed in developing and regenerating axons#243l Therefore, the
cultures are immunostained with anti-SCG10 and anti-Blll tubulin antibodies, and regeneration indexes are calculated
based on the fluorescence intensity of a square area 100 ym distal to the axotomy line and normalized to the same area
100 pm proximal to the axotomy line 3. This assay enables to monitor the neuronal injury responses directly from the
axons and the cell bodies.

2.2. Replating Assay

Areplating assay can be used to monitor both axon reformation and regeneration in dispersed single neurons (Figure 2B).
The dissociation of the DRGs for primary culture serves as the conditioning lesion. Replated cultured neurons mimic the
pre-conditioning effect and exhibit improved neurites “4l45]. Primary cultured embryonic DRG neurons are trypsinized,
dissociated into single-cell bodies, and transferred to new culture plates coated with poly-D-lysine/laminin. The replated
neurons are incubated overnight at 37 °C in the presence of 5% CO,. Axonal regeneration is calculated as a measure of
increasing neurite lengths from the cell body#2. The in vitro axon injury model serves as a convenient system for
evaluating the role played by specific genes in axonal regeneration under various injury conditions, providing a supportive
evidence as an in vivo validation. In addition, these methods allow monitoring neuronal response without potential effects
from glial cells, which is dangerous for leading to misunderstanding the true processes that naturally occur in vivo in
neural tissues. Therefore, it is strongly required to remember that these experimental settings have limitations of the
artifacts, which is not fully simulated in the in vivo condition.

| 3. In Vivo Axon Injury Model

Genetically modified animals serve as useful models for validating the targets identified based on the in vitro experiments
and understanding proof-of-principle axon regeneration after spinal cord injury (Eigure 2C,D,G,H) 48], Diverse options are
not available for studying genetics in peripheral sensory neurons, especially in the context of in vivo regeneration. The
Advillin-Cre driver mouse line contains Cre recombinase under the regulation of the sensory neuron-specific Advillin
promoter. This mouse line is a powerful tool for the targeted expression of genes of interest in sensory neurons, such as
DRG neurons 47, Additionally, the Hb9-Cre mouse is an established model for motor and interneuron-specific gene
expression in the spinal cord8l49. As it can be used with Cre-dependent recombination to target genes from excitatory
interneurons, the Hb9-Cre mouse line efficiently expresses specific genes in postmitotic motor neurons 5%,

3.1. Sciatic Nerve Injury Model

The sciatic nerve injury model is useful for testing peripheral axon regeneration given the following: (a) its anatomical
position is easily accessible and (b) it is structurally long and thick. The sciatic nerves were dissected three days after
crush injury and immunostained with SCG10 to selectively label the regenerating axons (Eigure 2C). The fluorescent

intensity of SCG10 was measured at regular intervals of 100 pm starting from the crush site up to the distal part of the
nerve. The intensity is normalized to the intensity at the crush site and presented as a regeneration index [EI[51],

The sciatic nerve injury model can be used to perform additional experimental methods. In a previous study, it was
revealed that injury to the peripheral branch of DRG neurons—*“conditioning lesion"—prior to the injury to the central
branch promotes the regeneration of central axons®a[E3 This indicates that retrograde injury signals travel from the
peripheral injury site back to the soma to increase the intrinsic growth capacity of the neuron. Furthermore, DRG neurons
—hours after injury to the sciatic nerve—respond by activating pro-regenerative factors in the cell body that in turn induce
a pro-regenerative program and accelerate axonal regrowth and mediate the preconditioning effect4. To assess this, the



sciatic nerve was injured for three days to allow the induction of the pro-regenerative program, and then a second crush
was applied slightly proximal to the first crush; this allowed the axons to re-grow for one day 52!,

Nerve ligation injures axons and blocks axonal transport so that the transported cargoes accumulate near the knots.
Retrograde cargoes accumulate in the proximal segment of the nerve whereas, anterograde cargoes are concentrated in
the distal segment, so the ratio of protein present in the proximal/distal segment is a measure of the retrograde
transport8l57. For double ligation experiments, the sciatic nerve is ligated using silk sutures introduced a few millimeters
apart. This method enables to monitor differential transports of injury-responsive molecules with directionalities. In
addition, immunohistochemistry or biochemical analysis can be applied with this method to quantitively investigate injury-
related differential movements of target molecules.

3.2. Motor Axon-Reinnervation Model

The functional recovery of motor axons requires successful regeneration not only at the injury site but also at the
endplates of the neuromuscular junctions for reinnervation into the target muscle B4, The extensor hallucis longus (EHL)
muscle is used to observe the reinnervation of the motor axons that regenerate through the sciatic nerves in a
neuromuscular junction (Eigure 2D). The EHL muscles are dissected two weeks following sciatic nerve injury to assess
the reinnervation efficiency or speed of growth of motor axons in the sciatic nerve into a neuromuscular junction.
Paraformaldehyde-fixed EHL muscles are stained with fluorophore-conjugated a-bungarotoxin to visualize the endplates
of neuromuscular junctions. Whole-mounted or flat-mounted samples are microscopically observed to assess the extent
of motor axon reinnervation 531,

3.3. Spinal Cord Injury Model

Most studies on regeneration in the CNS used retinal ganglion cells of the optic nerve or the spinal cord as the model
system[B8l5960] Relevant models used for clinical translation are contusion and hemisection injury, and these recapitulate
of the pathology seen following spinal cord injuries in humans. After traumatic CNS injury, a variety of cell types, including
macrophages and astrocytes, invade the injury site. These cells produce fibrotic and astrocytic scar secreting inhibitory
factors that define the lesion site and serve as a physical barrier for regenerating axons!6l.

Performing a laser lesion causes minimal scarring in the brain and spinal cord of mammals#i62 (Figure 2G). When
lesions are generated in axons using a highly localized laser, the extrinsic injury response is minimized®Y. Thus, the
intrinsic response can be studied in more detail with the laser axotomy which can be studied for the dynamics of single
axons . Depending on the objective used, the power of the laser and the depth of the axon in the spinal cord
determines successful lesioning€2!,

3.4. In Vivo Imaging

Imaging strategies have been developed to visualize axonal regeneration in the spinal cord; these strategies allow us to
investigate simple axonal dynamics after injury and axonal outgrowth after pre- and post-conditioning, retraction bulb
formation, and degeneration®l41l[84] Because wide-field microscopy does not produce images with high spatiotemporal
resolution, two-photon imaging is used®3. Two-photon imaging enables lesion development in single axons with laser
pulse [BUES] exhibits deeper tissue penetration, and induces lower photo-toxicity, thereby improving the conditions
required for in vivo imaging.

In vivo dynamics in the spinal cord can be visualized acutely or chronically (Figure 2H). For acute visualization, the spinal

cord is stabilized with fixed holders on printed 3D microscope inserts 83l The surgical procedure is performed precisely
on a mouse placed under a two-photon microscope, all the while maintaining the physiological conditions®3l. Chronic
imaging is performed at different time points after injury, making it stressful for the mouse due to the need for repetitive
surgical interventions. Therefore, the spinal window has been developed to perform chronic imaging[€8IEZI6EI69]  The
implantation of the spinal windows in the spinal cord enables the imaging of the same axons for up to one year without
any damage to the spinal cord (83l Furthermore, the choice of imaging might depend on the chosen injury model.

| 4. Ex Vivo Injury Model

DRGs extend a single axon with two branches, one goes to the peripheral nerve and the other enters the spinal cord.
After the nerve injury, the peripheral branch regenerates, while the central branch does not. Therefore, mouse DRG
neurons are a valuable model for studying axon regeneration. There are two methods to culture DRG neurons to better
understand neuronal functions in various experiments (Eigure 2E,F).



4.1. DRG Explant Culture

Explant cultures of adult mouse DRG are used as an organotypic ex vivo injury model (Eigure 2E). Once DRGs are
dissected, they are plated in a culture dish pre-coated with a gelatinous protein mixture for incubation. DRGs are then
gently covered with the culture medium to maintain the explants under culture conditions. The DRG explant culture is
more suitable than the single-cell culture models, as it mimics the biological responses associated with the physiological
and pathological conditions of the PNS €9, The explant culture allows for the ex vivo transfer of an entire neuronal
network and can be maintained for several days. Therefore, the DRG explant system offers sufficient flexibility to study
various events related to biological, physiological, and pathological conditions in a cost-effective mannerl€,

4.2, Dissociated DRG Neuron Culture

Culture-dissociated adult DRGs serve as another ex vivo model (Eigure 2F). Primary sensory neurons and satellite glial
cells can be co-cultured—from dissociated DRGs—to investigate the neuronal-glial interaction, neuritogenesis, the
interaction of the axonal cone with the extracellular microenvironment, and neuronal metabolism B9, The details of adult
DRG culture have been previously described’. Mouse L4 and L5 DRGs are collected and incubated in DMEM
supplemented with Liberase Blendzyme 3 (Roche), DNase | (Sigma), and bovine serum albumin for 15 min at 37 °C. The
DRGs are then incubated with trypsin-EDTA for 15 min at 37 °C, followed by trituration. Dissociated cells are plated on
culture dishes®4l,

Both the DRG explants and dissociated neuronal cultures can be virally transduced through treatment with virus-
containing medium and subsequent incubation at 37 °C.
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