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NEURAL REGENERATION RESEARCH 

Role of axon resealing in retrograde neuronal death 
and regeneration after spinal cord injury

Introduction
Immediately after neural trauma, severed axons must reseal 
their axolemma to restore homeostasis and limit exposure to 
toxic-mediators in the extracellular environment. In mam-
mals, this process often ends in the formation of dystrophic 
end bulbs with accompanying loss of function (Ramón y Cajal 
and May, 1928). Unlike mammals, the sea lamprey, Petro-
myzon marinus, recovers swimming behavior after complete 
spinal cord transection facilitated by heterogeneous regenera-
tion of the reticulospinal (RS) system. Those neurons that fail 
to regenerate undergo a delayed form of apoptosis (Shifman 
et al., 2008). In a recent article in Brain Sciences, we demon-
strated that artificially inducing membrane resealing with 
polyethylene glycol (PEG) reduces injury-induced caspase 
activation within this population (Zhang et al., 2018a). The 
present review leans heavily on the lamprey findings, but 
PEG has also shown potential therapeutic benefits in mam-
malian axon injury. Although the underlying mechanism(s) 
are still not fully understood, it is clear that the determinants 
of axon regeneration and cell survival are strongly influenced 
by the initial cellular response to transection-induced trauma. 
Elucidating the key steps in activating the regeneration pro-
gram or initializing a terminal caspase cascade will yield new 
insights and reveal novel molecular targets to promote neural 
regeneration after traumatic injury, not only in lampreys, but 
also in mammals. We have performed a PubMed literature 
search of articles on axotomy-induced neuronal death, axon 
resealing, and PEG as a therapeutic fusogen published from 
January 1989 to September 2018.

Neuron Survival after Axon Injury
In mammals, the question of whether spinal cord injury 
induces retrograde neuronal of death of spinal projecting 
neurons remains controversial. Following transection of T9 
dorsal corticospinal tract (CST) fibers, 39% of retrogradely 
labeled rat corticospinal neurons became terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL) 
positive within 1 week of injury, which was followed by an 
approximate 50% reduction in cell count between 2 and 4 
weeks, suggesting significant cell death. Similar findings have 
been observed in rats among retrogradely labeled rubrospi-
nal neurons after cervical spinal cord injury, and within the 
pontine reticular formation after complete T8 transection 
(Mori et al., 1997; Novikova et al., 2000; Wu et al., 2003). 
However, these studies have been challenged by reports that 
suggest that spinal cord injury induces atrophy, rather than 
cell death, among spinal projecting neurons. These studies 
did not detect significant supraspinal cell loss but found that 
surviving neurons were significantly smaller in size than un-
injured controls (McBride et al., 1989; Nielson et al., 2011). 
In one notable study, a stereological analysis in rat red nu-
cleus and motor cortex found no significant reduction in 
surviving neurons 1 year after unilateral transection of the 
C4 dorsolateral funiculus (Kwon et al., 2002). However, the 
lack of retrograde labeling in this study prevented a clear de-
termination that all of the cells included in the analysis were 
truly injured. 

The most plausible explanation for the discrepancy of at-
rophy vs. death is that retrograde neuronal death is partly a 
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function of the distance of the axotomy from the neuron’s 
cell body. When axotomy is close to the cell body, as in optic 
nerve crush, neuron death is unambiguous. After optic nerve 
crush, over 90% of rat and approximately 73% of mouse ret-
inal ganglion cells undergo apoptosis (Garcia-Valenzuela et 
al., 1994; Mead et al., 2014). In these models, suppressing the 
caspase cascade after optic nerve crush by overexpressing 
the anti-apoptotic bcl2 family protein, Bcl2, or inhibiting the 
pro-apoptotic bcl2 protein, Bax, provided neuroprotection 
(Chierzi et al., 1998; Qin et al., 2004). Similarly, around half 
of CST neurons are lost by two weeks after subcortical axo-
tomy (Hollis et al., 2009). Within the spinal cord, local cell 
death occurs around the injury site and retrograde tracing 
has shown that propriospinal neurons are selectively vulner-
able to axotomy close to the cell body (Conta Steencken et 
al., 2011). However, the closer an injury is to the cell body, 
the more likely it is that environmental factors such as isch-
emia and inflammation can account for the neuronal death. 
While it is clear that axotomy-induced retrograde cell death 
occurs in mammals under certain conditions, the difficulty 
in obtaining unambiguous results and untangling the multi-
faceted mechanisms driving these processes makes a strong 
argument for modeling spinal cord injury in simpler ner-
vous systems.

One of the major advantages of the lamprey model is the 
lack of ambiguity in the spinalized nervous system. Supra-
spinal motor control is mediated by the RS system, which 
comprises approximately 2000 small neurons along with 18 
pairs of large identifiable neurons (McClellan, 1992; Swain 
et al., 1993; McClellan, 1994). After complete transection, 
approximately 50% of the lamprey’s large identifiable RS 
neurons regenerate their axons across the lesion (Davis and 
McClellan, 1994). Many of those large neurons that fail to 
regenerate ultimately die by a delayed form of caspase-me-
diated apoptosis. Studies have detected active caspases in the 
proximal axon tip by 1 day after transection and in the brain 
as early as 1 week post-injury (Barreiro-Iglesias and Shifman, 
2012; Hu et al., 2013; Barreiro-Iglesias and Shifman, 2015). 
Despite early caspase activation, TUNEL-positive staining 
has not been reported until approximately 1 month after 
injury and cells do not begin to disappear until 4 months 
(Shifman et al., 2008). Since caspase activation occurs long 
before any possible anatomical regeneration, the delayed 
apoptosis observed in poorly regenerating RS neurons is 
likely initiated as a primary physiological response to tran-
section and not as a secondary consequence of failing to 
regenerate. Although the long delay between caspase acti-
vation and cell death presents a window to rescue poorly 
regenerating neurons, the best opportunity for therapeutic 
intervention may be immediately after injury.

Axon Resealing Kinetics 
Traumatic axon injury depolarizes the membrane and leads 
to an influx of cations and other components of the extracel-
lular milieu into the axoplasm. Calcium entry, in particular, 
is essential to initiate the membrane repair process, which 
involves vesiculation of adjacent axolemma to form a plug. 

Molecularly, this process depends on intracellular cascades 
that involve local activation of calpains, increased levels of 
cAMP, and cytosolic oxidation, which ultimately lead to 
activation of the vesicle recycling protein, N-ethylmaleim-
ide-sensitive factor (Howard et al., 1999; Zuzek et al., 2013).
The kinetics of axon repair vary widely among species, neu-
ron types, and distance of the injury from the soma. Among 
invertebrates, reported resealing times after transection 
include: less than 10 minutes for cultured sea slug (Aplysia 
californica) axons, less than 30 minutes for the cockroach 
(Periplaneta american) ventral nerve, 1 hour for earthworm 
(Lumbricus terrestris) giant axons, and more than 2.5 hours 
for axons from the giant squids (Loligo paelei and Sepio-
teuthis lessoniana) (Yawo and Kuno, 1985; Spira et al., 1993; 
Krause et al., 1994). It is important to note that even after 
a functional seal is achieved, the repair process continues 
as vesicles form an increasingly tighter and more stable 
plug. In earthworms, morphological assays showed that the 
complete process can take over 24 hours post-transection 
(Lichstein et al., 2000). Axon resealing has not been exam-
ined as intensively in the mammalian nervous system, due 
to its complexity. In isolated white matter strips from guinea 
pig (Cavia porcellus) spinal cord, axons sealed to horseradish 
peroxidase (HRP; 44 kDa, 308 amino acid residues) within 
30 minutes of transection (Shi et al., 2000). Over 80% of 
mouse B104 neuroblastoma cells axotomized more than 50 
µm from the perikaryon resealed within 10 minutes, com-
pared to only 50% of cells transected less than 50 µm from 
the cell body (McGill et al., 2016). For both the guinea pig 
explant and the B104 cells, axon resealing was dependent on 
the presence of calcium in the culture medium as resealing 
was inhibited in low calcium concentrations.

In lampreys, the resealing time of an RS axon is closely cor-
related with the cross-sectional area of its perikaryon, which 
in turn correlates with the caliber of its axon (Zhang et al., 
2018a). Axons of the largest neurons remained open to fluo-
rescently-tagged 10,000 MW dextrans in excess of 24 hours, 
albeit with reduced labeling intensity, indicating a partial 
seal. Intriguingly, this is consistent with the observation of a 
strong, inverse correlation between lamprey neuron size and 
the probability that its axon would regenerate (r = –0.92, P < 
0.0001, unpublished observations), which suggests that de-
layed resealing might be an important factor inhibiting axon 
regeneration. Critically, over 60% of RS neurons with axons 
that remained open for at least 24 hours were positive for ac-
tivated caspases at 2 weeks after transection, compared with 
less than 10% of neurons with sealed axons. Together, these 
results indicate that axon resealing after transection may play 
a critical role in determining cell fate (Figure 1). 

Axotomy-Induced Mitochondrial Dysfunction 
Traumatic axotomy exposes the interior of the cell to the 
extracellular environment leading to a precipitous influx of 
cations and, potentially, other toxic factors. After injury, in 
both lampreys and mammals, free cytosolic calcium rises 
well above physiological ranges forming a spatiotemporal 
gradient that is maximal at the injured tip (Strautman et al., 
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1990; Ziv and Spira, 1995). Moreover, injury-induced mem-
brane depolarization, calpain activation, and high levels of 
free cytosolic calcium and sodium lead to a second influx 
of: a) extracellular calcium through voltage-gated calcium 
channels and reversal of the sodium-calcium exchanger; and 
b) release of calcium from intracellular stores (Stys, 2005; 
Villegas et al., 2014). Both sources of calcium are buffered, 
in part, by calcium binding proteins in the cytosol, such as 
parvalbumin, and by local mitochondria, which remove cal-
cium from the cytosol principally through the mitochondri-
al calcium uniporter (Ganitkevich, 2003; Obal et al., 2006). 
However, high levels of calcium can overwhelm the buffer-
ing capacity of mitochondria, increasing oxidative stress and 
leading to the opening of the permeability transition pore on 
the mitochondrial inner membrane (Barrientos et al., 2011). 
This, in turn, leads to mitochondrial swelling, the generation 
of reactive oxygen species, adenosine triphosphate depletion, 
cytochrome c release, and release of mitochondrial calcium 
into the cytosol. Inhibiting either the influx of extracellular 
calcium or release of calcium from intracellular stores can be 
neuroprotective (Stys et al., 1990; Stys, 2005). However, che-
lating extracellular calcium alone is not sufficient to prevent 
mitochondrial dysfunction after membrane injury (Villegas 
et al., 2014). 

In lampreys, removing calcium from the dissecting 
fluid and chelating extracellular calcium with ethylene 
glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid 
(EGTA) not only prolonged the time to axolemmal resealing, 
but also exacerbated caspase activation (Zhang et al., 2018a). 
These results indicated that the initial influx of extracellular 
calcium was not the primary determinant of injury-induced 
degeneration in lamprey neurons. Rather, caspase activa-
tion had to be a consequence either of influx of other toxic 
factors from the extracellular environment, or of secondary 
calcium entry into the cytosol from intracellular stores, or 
across the axolemma, once the EGTA was washed out. Mas-
sive entry of sodium while the axolemma is still unsealed 
might lead to reversal of the Sodium-calcium exchanger 
with net release of calcium from mitochondria and other 
intracellular organelles, even in the total absence of extra-
cellular calcium. It is possible that mitochondrial dysfunc-
tion underlies the cell death observed among large, slowly 
resealing, RS neurons. Conversely, reduced mitochondrial 
damage among quickly resealing, small RS neurons may 
be a key driver of their superior survival and regenerative 
ability. Thus it is possible that in lamprey axons, in addition 
to accelerating axon resealing, PEG treatment suppressed 
apoptosis by exerting a protective effect on mitochondria. 

This study is supported by a recent report that gamma-am-
inobutyric acid (GABA) agonism is neuroprotective in 
lampreys (Romaus-Sanjurjo et al., 2018). In that study, bath 
administration of GABA or the GABA-B receptor agonist, 
baclofen, reduced caspase activation among the large RS neu-
rons at 2 weeks post-transection and, after substituting GABA 
with the GABA analogue, gamma-amino-β-hydroxybutyric 
acid (GABOB), promoted axon regeneration at 12 weeks 
post-injury. Since GABA inhibits calcium influx by inactivat-
ing voltage dependent calcium channels, these results suggest 

that calcium-mediated injury plays an important role in 
transection-induced retrograde neuronal death. Indeed, the 
authors noted that in identified RS neurons, increased expres-
sion of the GABA-B1 receptor subunit after transection may 
help compensate for transection-induced calcium influx. Fur-
ther studies will be needed to determine more precisely the 
role of calcium after transection and, in particular, the role of 
mitochondria in guiding the cell towards either regeneration 
or retrograde neuronal death. 

Convergence of Neuron Survival and Axon 
Regeneration Pathways 
Proper mitochondrial function underlies not only cell sur-
vival but axon regeneration as well. Mitochondrial trans-
location to injured C. elegans’ axons was an important 
mediator of regeneration independently of their ability to 
buffer calcium (Han et al., 2016). In mammals, the extent of 
neuron death following axon damage depends largely on the 
severity of injury (Fehlings and Tator, 1995). In lampreys, 
the strong correlation between the ability of an identified RS 
neuron to regenerate its axon post-transection and its ability 
to withstand apoptosis (Shifman et al., 2008) is not a trivial 
consequence of the inability of dead neurons to regenerate 
because the apoptosis is delayed for several weeks after re-
generation is observed. Rather, neuron-intrinsic factors that 
determine a neuron’s susceptibility to retrograde cell death 
must represent points of convergence between the signaling 
for regeneration and for survival after axotomy. 

The pathways connecting axon-injury and retrograde 
neuronal death have yet to be fully elucidated. In mice, 
particularly in retinal ganglion cells after optic nerve crush, 
activation of the mTOR pathway, most famously through 
PTEN deletion, promotes both neuronal survival and axon 
regeneration (Park et al., 2008). There are at least 30 types of 
retinal ganglion cells, and most of them die after their axons 
are crushed. However, the α-retinal ganglion cells selectively 
survive, and in mice with PTEN deletion, it is these same 
α-retinal ganglion cells that give rise to the regenerating 
axons (Duan et al., 2015). These α-retinal ganglion cells 
have uniquely high levels of mTOR activity, and also selec-
tively express osteopontin and insulin-like growth factor 1. 
Whether this is true of lamprey RS neurons that are good 
regenerators and survivors is not yet known, but our re-
cent observations that regenerative ability and likelihood of 
survival correlate inversely with neuron size and very slow 
axonal resealing after axotomy suggest that fairly simple 
mechanical factors may play a role. Moreover, these results 
suggest that promoting efficient resealing may be a potent 
strategy to reduce cell death and promote regeneration. 

Therapeutic Potential of Polyethylene Glycol
The hydrophilic polymer, PEG, is perhaps the most doc-
umented membrane fusogen, and is commonly used to 
generate hybridomas for monoclonal antibody production. 
Applied to an injured axon, it rapidly induces resealing of 
damaged plasmalemma, independently of endogenous re-
pair mechanisms, as demonstrated by several studies. For 
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example, in a compression injury model of isolated guinea 
pig spinal cord explants, application of a 50% w/v solution of 
1800 MW PEG restored compound action potentials and sig-
nificantly reduced horseradish peroxidase (HRP) penetration 
into injured axons (Shi and Borgens, 1999, 2000). Important-
ly, PEG sealed the axons effectively regardless of caliber (Shi 
and Borgens, 2000). In both B104 cultures and rat spinal cord 
injuryatic nerve explants, PEG induced axolemmal resealing, 
even in the presence of calcium-free extracellular medium, 
which inhibits endogenous resealing. Moreover, in B104 cells, 
PEG was effective at restoring resealing in the presence of 
antagonistic pharmacological agents that inhibit vesicle mo-
bilization, including the N-ethylmaleimide-sensitive factor 
inhibitors, N-ethylmalemide and botulinum neurotoxin type 
A, along with the protein kinase A (PKA) pathway inhibitor, 
protein kinase inhibitor. Although the exact mechanism has 
yet to be fully elucidated, the ability of PEG to bypass the 
endogenous repair process led the authors to speculate that 
PEG induces fusion of the plasmalemma leaflets directly at 
the severed stump (Spaeth et al., 2012). 

In mammals, the therapeutic potential of PEG has been 
extensively investigated in a T10–11 compression spinal cord 
injury model in Guinea pigs. Here, immediate application 
of a 50% w/v solution of 2000 MW PEG has been shown to 
reduce oxidative stress and local apoptotic cell death within 1 
week of injury (Luo and Shi, 2007). Surprisingly, in this same 
model, delayed PEG application, even at timepoints as late 
as 1 month post-injury, has been reported to improve func-
tional outcome and reduce the extent of the lesion (Borgens 
et al., 2002; Duerstock and Borgens, 2002). In rats, acute IV 
infusion of a 30% w/v solution of PEG, 2 grams per kilogram 
total dose, after a T4 compression injury resulted in signifi-
cantly greater recovery on the BBB scale than controls and, 
when combined with magnesium sulfate, resulted in greater 
myelin sparing (Ditor et al., 2007). 

These findings suggest that PEG conveys neuroprotection 
beyond mechanical membrane resealing. It has been report-
ed that PEG protects mitochondria from calcium-mediated 

damage, possibly by blocking the mitochondria permeabil-
ity transition pore (Chen et al., 2009). This is supported by 
additional studies showing mitoprotective effects, including 
inhibition of oxidative stress and cytochrome c release (Luo 
et al., 2002, 2004). Consequently, a duel mechanism model 
of PEG-mediated neuroprotection after axon injury has 
been proposed. In this model, while most of the PEG applied 
directly after axon injury acts to reseal the axolemma, some 
fraction of the polymer enters the axoplasm and interacts 
with mitochondria to prevent permeability transition. This 
hypothesis has been supported by in vitro studies using fluo-
rescently decorated PEG to show that PEG can indeed enter 
the cytosol of damaged neurons (Liu-Snyder et al., 2007).

In addition to membrane resealing, PEG has been a key 
component of the controversial therapeutic strategy of axon 
fusion, whereby proximal and distal nerve segments are re-
joined to form a continuous functional unit. Although PEG 
is well known to mediate fusion of cells in culture, most 
notably in the production of hybridomas used to synthesize 
monoclonal antibodies, it is less clear whether mammalian 
axons are intrinsically capable of rejoining once severed in 
vivo (Davidson and Gerald, 1977). Therapeutic axon fusion is 
supported, in part, by evidence from invertebrates, including 
the nematode, Caenorhabditis elegans, where axon fusion oc-
curs as part of the endogenous neural regeneration program 
(Neumann et al., 2011). In explants of the earthworm ventral 
nerve cord, PEG application facilitated physical rejoining of 
apposed nerve segments after transection, and subsequent 
labeling with Lucifer Yellow indicated morphological con-
tinuity of severed giant axons (Krause and Bittner, 1990). 
Building on earlier work, a 1999 report suggested PEG-me-
diated axon fusion after Transection could restore electrical 
conduction in isolated earthworm giant axons, rat spinal cord 
injuryatic nerve, and rat white matter spinal cord strips. Us-
ing a PEG-infused hydrogel, to add mechanical strength, this 
approach was also able to fuse earthworm giant axons func-
tionally in vivo (Bittner et al., 2015). 

Claims regarding PEG’s ability to fuse axons in mammals 

(A, C) At 24 hours after spinal cord TX and ap-
plication of control Ringer solution (A) or PEG 
(C) to the cut ends, neurons with unsealed axons 
were labeled retrogradely with dextran-tetrameth-
ylrhodamine (DTMR) applied to the lesion. (B, 
D) Two weeks later, the brains were dissected live 
and labeled by fluorochrome-labeled inhibitors 
of caspases (FLICA) to identify neurons that con-
tained activated caspases. Neurons with delayed 
sealing were more likely to be FLICA+. (E) Hy-
pothesis to explain results. Delayed resealing raises 
cytosolic calcium levels and injures mitochondria, 
which releases accumulated calcium along with low 
molecular weight mitochondrial molecules includ-
ing cytochrome c, which propagates the intrinsic 
caspase activation pathway, leading to cell death. 
PEG rapidly reseals the axolemma independently 
of the calcium-dependent endogenous pathway. 
Extracellular calcium chelation with ethylene gly-
col-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic 
acid (EGTA) reduces calcium influx but degenera-
tion is not inhibited, either because of the entry of 
other toxic substances, or because sodium influx 
promotes calcium release from intracellular stores. 

Figure 1 Polyethylene glycol (PEG)-induced axon sealing reduces post-complete spinal cord 
transection (TX) caspase activation. 
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vary widely from modest restoration of electrical conduction 
after axotomy to facilitating partial motor recovery follow-
ing complete spinal cord transection (Bamba et al., 2017; 
Liu et al., 2018). Undoubtedly, strong claims should be con-
sidered with caution. In the rat peripheral nervous system, 
PEG-infused nerve allografts and direct PEG-induced fusion 
of apposing nerve segments have been reported to facilitate 
rapid connection across a transection, leading to enhanced 
plasticity, reduced Wallerian degeneration, reduced loss 
of muscle innervation, and ultimately, improved func-
tional outcome (Mikesh et al., 2018a, b). These and similar 
studies have yielded a clinical trial, with results expected 
in 2019, to assess the ability of 3350 MW PEG to improve 
nerve function in an interposition graft following traumat-
ic upper extremity nerve injury (Clinical trials identifier, 
NCT02359825). While this study may give some indication 
of PEG’s potential as a therapeutic fusogen additional stud-
ies are needed to fully elucidate the multiple mechanisms by 
which PEG may convey neuroprotection. 

In lampreys, application of a 40% w/v solution of 3350 
MW PEG to the proximal spinal cord stump immediately 
after Transection significantly reduced the number of large 
RS neurons that remained unsealed 24 hours after injury by 
approximately 40% (Zhang et al., 2018a). Histological evi-
dence suggested that PEG-induced resealing of the proximal 
stump rather than fusion between opposing axon segments. 
As predicted, PEG treatment reduced caspase activation 
within the perikaryon at 2 weeks post-transection by 69.5%. 
Because the perikarya of RS axons are more than 1 cm from 
the transection, they were remote from the local inflamma-
tory response, and thus the neuroprotection was unlikely to 
be mediated by cell non-autonomous effects (Zhang et al., 
2018b). Rather, these results suggest that a delay in resealing 
after axotomy promotes an intracellular degenerative pro-
cess that inhibits axon regeneration and ultimately leads to 
retrograde cell death. Future studies will be needed to eluci-
date the role of delayed axon resealing on axon regeneration 
and whether the mitochondrial response to transection dif-
fers between those RS neurons that regenerate and those that 
undergo apoptosis. Identifying the mechanisms connecting 
axon resealing with regeneration and survival will increase 
our understanding of traumatic axotomy and potentially 
reveal new therapeutic targets to enhance recovery in central 
nervous system-injured humans. 

Acknowledgments: The authors thank Kathy Zhang, PhD (Shriners Hospital 
Pediatric Research Center (Center for Neural Repair and Rehabilitation), Phil-
adelphia, PA, USA) for providing the lamprey micrographs shown in Figure 1 
A–D. 
Author contributions: Manuscript drafting and writing: WR and MES.
Conflicts of interest: The authors declare no conflicts of interest.
Financial support: This work was supported by grants R01-NS092876 (NIH, 
to MES), SHC-85400 (Shriners Research Foundation, to MES), SHC-85220 
(Shriners Research Foundation, to MES).
Copyright license agreement: The Copyright License Agreement has been 
signed by both authors before publication.
Plagiarism check: Checked twice by iThenticate.
Peer review: Externally peer reviewed.
Open access statement: This is an open access journal, and articles are 
distributed under the terms of the Creative Commons Attribution-NonCom-
mercial-ShareAlike 4.0 License, which allows others to remix, tweak, and 

build upon the work non-commercially, as long as appropriate credit is given 
and the new creations are licensed under the identical terms.

References
Bamba R, Riley DC, Boyer RB, Pollins AC, Shack RB, Thayer WP (2017) 

Polyethylene glycol restores axonal conduction after corpus callosum 
transection. Neural Regen Res 12:757-760.

Barreiro-Iglesias A, Shifman MI (2012) Use of fluorochrome-labeled in-
hibitors of caspases to detect neuronal apoptosis in the whole-mount-
ed lamprey brain after spinal cord injury. Enzyme Res 2012:835731.

Barreiro-Iglesias A, Shifman MI (2015) Detection of activated caspase-8 
in injured spinal axons by using fluorochrome-labeled inhibitors of 
caspases (FLICA). Methods Mol Biol 1254:329-339.

Barrientos SA, Martinez NW, Yoo S, Jara JS, Zamorano S, Hetz C, Twiss 
JL, Alvarez J, Court FA (2011) Axonal degeneration is mediated by the 
mitochondrial permeability transition pore. J Neurosci 31:966-978.

Bittner GD, Sengelaub DR, Trevino RC, Peduzzi JD, Mikesh M, Gher-
gherehchi CL, Schallert T, Thayer WP (2016) The curious ability of 
polyethylene glycol fusion technologies to restore lost behaviors after 
nerve severance. J Neurosci Res 94:207-230. 

Borgens RB, Shi R, Bohnert D (2002) Behavioral recovery from spinal 
cord injury following delayed application of polyethylene glycol. J Exp 
Biol 205:1-12.

Chen H, Quick E, Leung G, Hamann K, Fu Y, Cheng JX, Shi R (2009) 
Polyethylene glycol protects injured neuronal mitochondria. Pathobi-
ology 76:117-128.

Chierzi S, Cenni MC, Maffei L, Pizzorusso T, Porciatti V, Ratto GM, 
Strettoi E (1998) Protection of retinal ganglion cells and preservation 
of function after optic nerve lesion in bcl-2 transgenic mice. Vision 
Res 38:1537-1543.

Conta Steencken AC, Smirnov I, Stelzner DJ (2011) Cell survival or cell 
death: differential vulnerability of long descending and thoracic pro-
priospinal neurons to low thoracic axotomy in the adult rat. Neurosci-
ence 194:359-371.

Davidson RL, Gerald PS (1977) Induction of mammalian somatic cell 
hybridization by polyethylene glycol. Methods Cell Biol 15:325-338.

Davis GR Jr, McClellan AD (1994) Long distance axonal regeneration of 
identified lamprey reticulospinal neurons. Exp Neurol 127:94-105. 

Ditor DS, John SM, Roy J, Marx JC, Kittmer C, Weaver LC (2007) Effects 
of polyethylene glycol and magnesium sulfate administration on clini-
cally relevant neurological outcomes after spinal cord injury in the rat. 
J Neurosci Res 85:1458-1467.

Duan X, Qiao M, Bei F, Kim IJ, He Z, Sanes JR (2015) Subtype-specific 
regeneration of retinal ganglion cells following axotomy: effects of os-
teopontin and mTOR signaling. Neuron 85:1244-1256.

Duerstock BS, Borgens RB (2002) Three-dimensional morphometry of 
spinal cord injury following polyethylene glycol treatment. J Exp Biol 
205:13-24.

Fehlings MG, Tator CH (1995) The relationships among the severity of 
spinal-cord injury, residual neurological function, axon counts, and 
counts of retrogradely labeled neurons after experimental spinal-cord 
injury. Exp Neurol 132:220-228.

Ganitkevich VY (2003) The role of mitochondria in cytoplasmic Ca2+ 
cycling. Exp Physiol 88:91-97.

Garcia-Valenzuela E, Gorczyca W, Darzynkiewicz Z, Sharma SC (1994) 
Apoptosis in adult retinal ganglion cells after axotomy. J Neurobiol 
25:431-438.

Han SM, Baig HS, Hammarlund M (2016) Mitochondria localize to in-
jured axons to support regeneration. Neuron 92:1308-1323.

Hollis ER 2nd, Lu P, Blesch A, Tuszynski MH (2009) IGF-I gene delivery 
promotes corticospinal neuronal survival but not regeneration after 
adult CNS injury. Exp Neurol 215:53-59.

Howard MJ, David G, Barrett JN (1999) Resealing of transected myelin-
ated mammalian axons in vivo: evidence for involvement of calpain. 
Neuroscience 93:807-815.

Hu J, Zhang G, Selzer ME (2013) Activated caspase detection in living 
tissue combined with subsequent retrograde labeling, immunohisto-
chemistry or in situ hybridization in whole-mounted lamprey brains. J 
Neurosci Methods 220:92-98.

Krause TL, Bittner GD (1990) Rapid morphological fusion of severed 
myelinated axons by polyethylene-glycol. Proc Natl Acad Sci U S A 
87:1471-1475.



404

Rodemer W, Selzer ME (2019) Role of axon resealing in retrograde neuronal death and regeneration after spinal cord injury. 
Neural Regen Res 14(3):399-404. doi:10.4103/1673-5374.245330

Krause TL, Fishman HM, Ballinger ML, Bittner GD (1994) Extent and 
mechanism of sealing in transected giant-axons of squid and earth-
worms. J Neurosci 14:6638-6651.

Kwon BK, Liu J, Messerer C, Kobayashi NR, McGraw J, Oschipok L, 
Tetzlaff W (2002) Survival and regeneration of rubrospinal neurons 1 
year after spinal cord injury. Proc Natl Acad Sci U S A 99:3246-3251. 

Lichstein JW, Ballinger ML, Blanchette AR, Fishman HM, Bittner GD 
(2000) Structural changes at cut ends of earthworm giant axons in 
the interval between dye barrier formation and neuritic outgrowth. J 
Comp Neurol 416:143-157.

Liu-Snyder P, Logan MP, Shi R, Smith DT, Borgens RB (2007) Neuro-
protection from secondary injury by polyethylene glycol requires its 
internalization. J Exp Biol 210:1455-1462.

Liu Z, Ren S, Fu K, Wu Q, Wu J, Hou L, Pan H, Sun L, Zhang J, Wang B, 
Miao Q, Sun G, Bonicalzi V, Canavero S, Ren X (2018) Restoration of 
motor function after operative reconstruction of the acutely transected 
spinal cord in the canine model. Surgery 163:976-983.

Luo J, Shi R (2007) Polyethylene glycol inhibits apoptotic cell death fol-
lowing traumatic spinal cord injury. Brain Res 1155:10-16.

Luo J, Borgens R, Shi R (2002) Polyethylene glycol immediately repairs 
neuronal membranes and inhibits free radical production after acute 
spinal cord injury. J Neurochem 83:471-480.

Luo J, Borgens R, Shi R (2004) Polyethylene glycol improves function 
and reduces oxidative stress in synaptosomal preparations following 
spinal cord injury. J Neurotrauma 21:994-1007.

McBride RL, Feringa ER, Garver MK, Williams JK Jr (1989) Prelabeled 
red nucleus and sensorimotor cortex neurons of the rat survive 10 
and 20 weeks after spinal cord transection. J Neuropathol Exp Neurol 
48:568-576.

McClellan AD (1992) Functional regeneration and recovery of locomo-
tor activity in spinally transected lamprey. J Exp Zool 261:274-287.

McClellan AD (1994) Time course of locomotor recovery and functional 
regeneration in spinal cord-transected lamprey: in vitro preparations. 
J Neurophysiol 72:847-860.

McGill CH, Sunkesula SRB, Poon AD, Mikesh M, Bittner GD (2016) 
Sealing frequency of B104 cells declines exponentially with decreasing 
transection distance from the axon hillock. Exp Neurol 279:149-158.

Mead B, Thompson A, Scheven BA, Logan A, Berry M, Leadbeater W 
(2014) Comparative evaluation of methods for estimating retinal 
ganglion cell loss in retinal sections and wholemounts. PLoS One 
9:e110612.

Mikesh M, Ghergherehchi CL, Hastings RL, Ali A, Rahesh S, Jagannath K, 
Sengelaub DR, Trevino RC, Jackson DM, Bittner GD (2018a) Polyeth-
ylene glycol solutions rapidly restore and maintain axonal continuity, 
neuromuscular structures, and behaviors lost after sciatic nerve tran-
sections in female rats. J Neurosci Res 96:1223-1242.

Mikesh M, Ghergherehchi CL, Rahesh S, Jagannath K, Ali A, Sengelaub 
DR, Trevino RC, Jackson DM, Tucker HO, Bittner GD (2018b) Poly-
ethylene glycol treated allografts not tissue matched nor immuno-
suppressed rapidly repair sciatic nerve gaps, maintain neuromuscular 
functions, and restore voluntary behaviors in female rats. J Neurosci 
Res 96:1243-1264.

Mori F, Himes BT, Kowada M, Murray M, Tessler A (1997) Fetal spinal 
cord transplants rescue some axotomized rubrospinal neurons from 
retrograde cell death in adult rats. Exp Neurol 143:45-60. 

Neumann B, Nguyen KCQ, Hall DH, Ben-Yakar A, Hilliard MA (2011) 
Axonal regeneration proceeds through specific axonal fusion in tran-
sected C. elegans neurons. Dev Dyn 240:1365-1372.

Nielson JL, Strong MK, Steward O (2011) A reassessment of whether 
cortical motor neurons die following spinal cord injury. J Comp Neu-
rol 519:2852-2869.

Novikova LN, Novikov LN, Kellerth JO (2000) Survival effects of BDNF 
and NT-3 on axotomized rubrospinal neurons depend on the tempo-
ral pattern of neurotrophin administration. Eur J Neurosci 12:776-
780. 

Obal I, Engelhardt JI, Siklos L (2006) Axotomy induces contrasting 
changes in calcium and calcium-binding proteins in oculomotor and 
hypoglossal nuclei of Balb/c mice. J Comp Neurol 499:17-32. 

Park KK, Liu K, Hu Y, Smith PD, Wang C, Cai B, Xu B, Connolly L, 
Kramvis I, Sahin M, He Z (2008) Promoting axon regeneration in 
the adult CNS by modulation of the PTEN/mTOR pathway. Science 
322:963-966.

Qin Q, Patil K, Sharma SC (2004) The role of Bax-inhibiting peptide in 
retinal ganglion cell apoptosis after optic nerve transection. Neurosci 
Lett 372:17-21.

Ramón y Cajal S, May RM (1928) Degeneration & Regeneration of the 
Nervous System. London: Oxford University Press, Humphrey Mil-
ford.

Romaus-Sanjurjo D, Ledo-Garcia R, Fernandez-Lopez B, Hanslik K, 
Morgan JR, Barreiro-Iglesias A, Rodicio MC (2018) GABA promotes 
survival and axonal regeneration in identifiable descending neurons 
after spinal cord injury in larval lampreys. Cell Death Dis 9:663.

Shi R, Borgens RB (1999) Acute repair of crushed guinea pig spinal cord 
by polyethylene glycol. J Neurophysiol 81:2406-2414.

Shi R, Borgens RB (2000) Anatomical repair of nerve membranes in 
crushed mammalian spinal cord with polyethylene glycol. J Neurocy-
tol 29:633-643.

Shi RY, Asano T, Vining NC, Blight AR (2000) Control of membrane 
sealing in injured mammalian spinal cord axons. J Neurophysiol 
84:1763-1769.

Shifman MI, Zhang G, Selzer ME (2008) Delayed death of identified 
reticulospinal neurons after spinal cord injury in lampreys. J Comp 
Neurol 510:269-282.

Spaeth CS, Robison T, Fan JD, Bittner GD (2012) Cellular mechanisms 
of plasmalemmal sealing and axonal repair by polyethylene glycol and 
methylene blue. J Neurosci Res 90:955-966.

Spira ME, Benbassat D, Dormann A (1993) Resealing of the proximal 
and distal cut ends of transected axons - electrophysiological and ul-
trastructural analysis. J Neurobiol 24:300-316.

Strautman AF, Cork RJ, Robinson KR (1990) The distribution of free 
calcium in transected spinal axons and its modulation by applied elec-
trical fields. J Neurosci 10:3564-3575.

Stys PK (2005) General mechanisms of axonal damage and its preven-
tion. J Neurol Sci 233:3-13.

Stys PK, Ransom BR, Waxman SG, Davis PK (1990) Role of extracellular 
calcium in anoxic injury of mammalian central white matter. Proc 
Natl Acad Sci U S A 87:4212-4216.

Swain GP, Snedeker JA, Ayers J, Selzer ME (1993) Cytoarchitecture of 
spinal-projecting neurons in the brain of the larval sea lamprey. J 
Comp Neurol 336:194-210.

Villegas R, Martinez NW, Lillo J, Pihan P, Hernandez D, Twiss JL, Court 
FA (2014) Calcium release from intra-axonal endoplasmic reticulum 
leads to axon degeneration through mitochondrial dysfunction. J 
Neurosci 34:7179-7189.

Wu KL, Chan SH, Chao YM, Chan JY (2003) Expression of pro-inflam-
matory cytokine and caspase genes promotes neuronal apoptosis in 
pontine reticular formation after spinal cord transection. Neurobiol 
Dis 14:19-31.

Yawo H, Kuno M (1985) Calcium dependence of membrane sealing at 
the cut end of the cockroach giant-axon. J Neurosci 5:1626-1632.

Zhang G, Rodemer W, Lee T, Hu J, Selzer ME (2018a) The effect of axon 
resealing on retrograde neuronal death after spinal cord injury in lam-
prey. Brain Sci 8:E65.

Zhang G, Hu J, Rodemer W, Li S, Selzer ME (2018b) RhoA activation in 
axotomy-induced neuronal death. Exp Neurol 306:76-91. 

Ziv NE, Spira ME (1995) Axotomy induces a transient and localized ele-
vation of the free intracellular calcium concentration to the millimolar 
range. J Neurophysiol 74:2625-2637.

Zuzek A, Fan JD, Spaeth CS, Bittner GD (2013) Sealing of transected 
neurites of rat B104 cells requires a diacylglycerol PKC-dependent 
pathway and a PKA-dependent pathway. Cell Mol Neurobiol 33:31-46.

C-Editor: Zhao M, Yu J; T-Editor: Liu XL


